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ABSTRACT 

Sesamum is one of the oldest oil crop traditionally and medicinally used since ages and act as a substitute 

for cooking oil. Sesame is gaining popularity for its antioxidant derivatives, numerous health benefits and 

for economically very useful seed oil.  Sesame oil with 85% unsaturated fatty acids, is highly stable with 

reducing effect on cholesterol levels and prevents coronary heart diseases among other several health 

benefits.  Being short duration crop sesame grows in all seasons in a year, fits well into various cropping 

systems and emerging as an important drought tolerant oil crop.  The objectives of the review were to 

emphasize on the work carried out mainly on molecular grounds in Sesamum indicum.  Different 

molecular markers are used across Sesame accessions in wild and elite germplasms to study the genetic 

diversity across the world.  Average to high polymorphism is detected with different molecular markers. 

Apart from genetic diversity studies, gene and association mapping work is also reviewed. High-density 

genetic linkage map and QTL(Quantitative Trait Loci)  analysis for sesame provides a good foundation 

for further research on sesame genetics and for marker-assisted selection. 
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INTRODUCTION 

Sesame is an annual herb reaching an height of more than one meter (Mina Kazemian Ruhi et al., 2014) 

and belongs  to the family Pedaliaceae. Sesamum indicum L. syn  S. orientale L.  is  cultivated species 

whereas  S. malabaricum or S.mulayanum are wild species apart from S. calycinum, sp Baumii.  Other 

specices, S. angustifolium, and S.radiatum are also used as food (Elly Kafiriti and Omari Mponda, 2008).  

Sesamum, queen of oil seeds,  originated  in Africa (Ethiopia)  spread through West Asia, China,  Japan 

and thought to be first  domesticated  in Africa (Nayar and Mehra, 2008) and India(Bedigian, 2004).   

Around 60 to 65 countries all over the world produce sesame seed, distributed across Asia, Africa, 

Europe, Central and South America of tropical and temperate regions. Among them Asia and Africa are 

the major sesame producing countries.  The world on an average produces close to 3 million tons of 

sesame seed every year.  Major sesame producing countries are India, China, Myanmar, Sudan, Pakistan, 

Mexico, Ethiopia, Sri Lanka and Burma whereas Sudan and Nigeria are major exporting countries.  

According to NMOOP 2015-16 reports, India covers an area (lakh ha) of 18.93 under cultivation, 

followed by Myanmar (11.11), Nigeria (5.29), China (4.53), Ethiopia (3.20), Ugand (2.1) and other 

countries(34.1).  China produces the highest yield of 1234 kg/ha seed and India an average yield of 413 

kg/ ha.  In India, West Bengal produces maximum yield when compared to other sesame producing states 

for its many nutraceuticals, industrial and pharmaceutical uses(Bradley Morris, 2002).  High amounts of 

both sesamin and sesamolin compounds are present (Sirato-Yasumoto et al., 2001) in sesame which 

increases the hepatic mitochondrial and peroxisomal fatty acid oxidation rate.  It also contains antioxidant 

and health promoting activities (Kato et al., 1998), apart from preventing cancer and heart diseases 
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(Cooney et al., 2001).  Keeping in view its increasing importance’s an attempt has been made to review 

Sesamum  Genetic Diversity, QTL analysis and Gene Mapping methods. 

 

GENETIC DIVERSITY WITH DIFFERENT MOLECULAR MARKERS 

Plant genetic diversity can be conserved through modern analytical tools and techniques which are widely 

available for genetic manipulations.  Genomic diversity studies plays important role in determining the 

evolution of traits.  Different biological approaches were reviewed by  Sharad Tiwari et al., 2011 to 

overcome the slow pace of improvement in sesame crop through tissue culture, molecular marker-assisted 

breeding, functional genomics and genetic transformational studies.  Similar study was also reviewed by 

Ekta Sharma et al., in 2014 on genetic divergence in sesame emphasizing on different molecular markers 

usage.  A over view of genetic diversity was assessed with molecular markers is given in Table:I.  Komivi 

Dossa et al., 2016 studied the genetic diversity of 96 sesamum accessions collected from 22 countries 

distributed over six geographic regions of Africa and Asia were genotyped using 33 polymorphic SSR 

markers   revealing   large genetic variability within the germplasm.  Similarly Rapheal et al., 2018 

identified more than fifty percent of SSR markers which are polymorphic in accessions collected in 

Northern Ghana region.  A detail study was reviewed by Komivi Dossa et al., 2017 regarding the genetic 

resources so far available.   

Sovetgul et al., 2018 studied 129 sesame landraces and cultivars using 70 simple sequence repeats (SSR) 

markers which resulted in 23 polymorphic markers which produced 157 alleles. The number of alleles 

arranged form 3-14.  In a recent study in assessing the genetic diversity by Eveline de Sousa Araujo et al., 

2019 used ten SSR markers to assess 36 sesame germplasms which showed average polymorphism.  

Polymorphism was also obtained by Anandan et al., 2017 when assessed among low diversified sesame 

accessions. Nweke Friday Nwalo, 2015 observed genetic diversity in Nigerian Sesame cultivars and its 

relationship with phytochemical composition using SSR markers and with spectrophotometric methods. 

High genetic variability was observed among the genotypes with significant variations in phytochemical 

composition. Similar study was also carried by Jong-Hyun Park et al., 2013 in germplasm collected from 

different parts of the world with SSR markers. Vijaya Sudhakara Rao Kola et al., 2012 used specific 

microsatellite markers, of which forty six markers found to be polymorphic with genetic similarity 

coefficient ranging from 79 to 92% suggesting that the cultivars developed are from diverse origin 

exhibiting good variability. Kiranmayi et al., 2016 and Raphael Adu-Gyamfi et al., 2019 concluded the 

same by working with SSR markers.  

Whereas fairly low genetic diversity was observed in Turkish accessions when EST based SSRs were 

used (Ummu Seyitalioglu, 2010), whereas higher heterozygosity obtained when Daniel Endale 

Gebremichael and Heiko  Parzies, 2010 used ten Simple Sequence Repeats (SSRs) markers to study  

genetic variation in Ethiopian accessions.  In a study carried out by Anupam dixit et al., 2005 fifty 

microsatellite sequences were isolated from an enriched library of sesame, out of which ten polymorphic 

microsatellites were used to determine the diversity. When Maini Bhattacharjee et al., 2019 assessed 30 

diverse genotypes for genetic diversity with SSRs, showed PIC 0.87. Whereas Labhya Rani Gogoi et al., 

2018 when assessed 33 indigenous genotpyes of sesame with 27 polymorphic SSR markers resulted in an 

average of 2.87 allele per locus with polymorphism information content (PIC) value varied from 0.99 to 

0.01. Aejaz Ahmad Dar et al., 2017 studied germplams collected from different agroclimatic zones of 

India and assessed with 22 RAPD and 18 SSR primers showing high genetic variability. Even in few 

germplams assessed for genetic diversity showed polymorphism. Khames Mourad et al., 2019 evaluated 

few germplasm assessed with only 5 SSR markers showed 53% polymorphism. Through employing 

selective hybridization strategy, 95 mining expressed sequence tags from the NCBI database used to 

characterize genetic diversity of 16 sesame germplasms by Jyothi Badri et al., 2014. The number of 

alleles per microsatellite locus ranged from 2 to 5 with an average of 3.11 alleles.   

Apart from SSRs, genetic diversity was also observed with other molecular markers such as ISSR 

(Admas Alemu et al., 2013; Hitesh Kumar et al., 2012), EST-SSR (Sarita Pandey et al., 2015 and Arna 
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Das et al., 2013), RAPD (Fazal Akbar et al., 2011) and AFLP (Hernan Laurentin  et al., 2008; Ghulam 

Ali, 2007).  Dagmawi Teshome et al., 2015 studied 82 sesame accessions from Ethiopia and 38 exotic 

germplasms with 6 ISSR primers which resulted in high polymorphism among the local germplasms. 

Similar work was also carried out by Mohammed Abate et al., 2015 with 128 accessions with 7 ISSR 

primers gave 92.2% polymorphism. Admas Alemu et al., 2013 studied the genetic diversity of sesame in 

major growing areas of Ethiopia.  Six farmers cultivars and varieties of sesame from the north western 

Ethiopia each consisting of ten individual samples were analyzed using four inter simple sequence repeat 

(ISSR) markers. The four ISSR primers yielded 37 amplification products of which 36 bands exhibited 

polymorphism.  ISSR markers were also used by Tapaswini Hota et al., 2016 to study the genetic 

relationship and agro-morphological characters in sesame.  Out of the tested 30 ISSR primers, 18 primers 

produced 114 detectable fragments of which 97(85.08%) were polymorphic.  

Sesame accessions collected from Sudan were assessed for genetic diversity with RAPD markers showed 

high polymorphism (Abdellatef et al., 2008). Twelve Cambodia and Vietnam sesame accessions were 

evaluated for genetic diversity with RAPD markers by Toan Duc Pham et al., 2011 revealed relatively 

high genetic diversity. Similarly Satyendra Nath, 2014 studied with 200 RAPD markers to determine the 

genetic diversity among 60 Indian sesame genotypes. Germplasm collected from different geographical 

regions of the world were also analyzed for genetic diversity by Rajendra Pujar and Chandrashekar Patil, 

2016. They studies 40 sesame germplasms screened RAPD markers and obtained 122 polymorphic 

fragments. High genetic diversity was also obtained by Soumen Saha et al., 2019 when 15 sesame 

germplasm from West Bengal were analyzed for genetic diversity with RAPD markers. Patil et al., 2016 

also worked with RAPD markers to determine the polymorphism among the sesame accessions. Sarita 

Pandey et al., 2015 confirmed that both genetic and phenotypic diversity in a combined way could 

efficiently evaluate the variations present by studying 60 genotypes with 36 microsatellite markers. 

Ghulam Ali, 2007 assessed 96 sesame accessions collected from different parts for the world using AFLP 

technique. Twenty one primers generated a total of 445 bands and among them 157 were polymorphic. 

Florent Jean-Baptiste Quenum and Qichuan Yan, 2017 assessed genetic variation among a mini core 

germplasm of sesame using biochemical and RAPD markers. A SDS-PAGE of protein extracts of sesame 

seeds revealed 31 protein markers, out of which only 4 were polymorphic indicated that this technique is 

also suitable for studying genetic diversity. Mediterranean sesame accessions were analyzed for genetic 

diversity with 5292 high quality SNPs identified by double-digest restriction site associated DNA (dd 

RAD) sequencing by Merve Basak et al., 2019.  Results indicated a highly dense genetic resource among 

the collection and with a genetic distance between pairs of accessions 0.023 to 0.524. 

 

Table I: Over view of the genetic diversity assessment with different molecular marker systems in 

Sesamum indicum 

S.No. Author Collection Accessions 

Marker 

Type 

Marker 

Number Result 

1 

Anupam dixit et 

al., 2005 Korean 16 SSR 50 

PIC ranged from 0.34 

to 0.80 

2 Ghulam Ali 2007 

Different parts 

of the world 96 AFLP 21 65% polymorphic 

3 

Abdellatef  E et 

al., 2008 Sudan 10 RAPD 25 

Low level of 

similarity 

4 

Hernan Laurentin 

et al., 2008 

Different parts 

of the world 10 AFLP 8 

Traits affected by 

chemical phenotype 

5 

Ummu 

Seyitalioglu 2010 Turkish  161 

EST-

SSR 318 

Low Genetic 

Diversity 

6 

Daniel Endale 

Gebremichael and Ethiopian  50 SSR 10 

PIC  ranged from 

0.393 to 0.820 
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Heiko K Parzies 

2010 

7 

Fazal Akbar et al., 

2011 Pakistan 20 RAPD 10 75% polymorphic 

8 

Toan Duc Pham et 

al., 2011 

Cambodia and 

Vietnam 12 RAPD 10 Highly polymorphic 

9 

Sharad Tiwari et 

al., 2011 

Different parts 

of the world 96 AFLP 21 35% polymorphic 

10 

Vijaya Sudhakar 

Rao Kola 2012 India 9 SSR 207 Good Variability 

11 

Hitesh Kumar et 

al., 2012 Punjab, India  94 ISSR 34 Overlapping diversity  

12 

Admas Alemu et 

al., 2013 

Ethiopia and 

North western 

region 6 ISSR 4 High genetic diversity 

13 

Arna Das et ala 

2013 

Indian 

genotypes 7 

EST-

SSR 4 

Genetic diversity 

value above 0.5 

between parents 

14 

Jong-Hyun Park et 

al., 2014 

Korea and 

China 70 SSR 14 PIC=0.23to 0.77 

15 

Satyendra Nath 

Sharma 2014 

Indian 

genotypes 60 RAPD 10 High polymorphism 

16 

Nweke Friday 

Nwalo, 2015 Nigerian 30 SSR 10 

High genetic 

variability 

17 

Sarita K Pandey et 

ala 2015  

Different parts 

of the world 60 

EST-

SSR 36 High Diversity 

18 

Mohammed Abate 

et al., 2015 Ethiopia 128 ISSR 7 92.2% polymorphic 

19 

Admas Alemu et 

al., 2015 

Farmer 

cultivars and 

north western 

Ethiopia 6 ISSR 4 High genetic diversity 

20 

Anne Frary et al., 

2015 Turkish 137 AFLP 140 Low Variability 

21 

Kiranmayi SL et 

al., 2015 

Andhra 

Pradesh, India 23 SSR 10 

4 markers 

polymorphic 

22 

Komivi Dossa et 

al., 2016 22 countries 96 SSR 33 

Large genetic 

variability 

23 

Tapaswini Hota et 

al., 2016 

Different 

geographical 

regions of the 

India 33 ISSR 30 85.08% polymorphic 

24 

Kiranmayi et al., 

2016 

Local area of 

Andhra 

Pradesh, India 23 SSR 10 4 % polymorphic 

25 

Rajendra B Pujar 

and 

Chandrashekar 

Patil G 2016  

Dharwad, 

India 40 RAPD 28 

High level of 

polymorphism 
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26 

Patil CG et al., 

2016 

Dharwad, 

India 7 RAPD 28 

Average 

Polymorphism 

27 

Anandan R et al., 

2017 

Tamil Nadu, 

India 9 

RAPD 

and 

SSR 10 

Appropriate for 

evaluation of low 

diversified sesame 

varieties 

28 

Bazel H Ali Al 

somain et al., 2017 

Saudi and 

from different 

geographical 

environment 52 SRAP 17  

High Degree of 

genetic polymorphism 

29 

Florent Jean-

Baptiste Quenum 

and Qichuan Yan 

2017 China 

15 Mini 

core 

germrplasm RAPD 53 

High Genetic 

Similarity 

30 

Sovetgul et al., 

2018 Korea 129 SSR 70  

High variance 

individuals within 

populations 

31 

Labhya Rani 

Gogoi et al., 2018 Jorhat, India 

33 

Indigenous 

genotypes SSR 27 

High diversity among 

local germplasm, 

PIC=0.43 

32 

Rapheal et al., 

2019 

Northerrn 

Ghana  

25 land 

races SSR 38 Highly polymorphic 

33 

Eveline de Sousa 

Araujo et al., 2019 Brazil 36 SSR  10 

Significant genetic 

diversity 

34 

Souman Saha et 

al., 2019 

West Bengal, 

India 15 RAPD 25 

High Genetic 

diversity 

35 

Maini 

Bhattacharjee et 

al., 2019 

Different parts 

of West 

Bengal, parts 

of India and 

USA and 

Bulgaria 30 SSR 32 PIC=0.87 

 

 

IDENTIFICATION OF QTLS AND LINKAGE MAPS 
Restriction Fragment Length Polymorphism is considered as the first DNA-based molecular marker 

system and it is used for the preparation of linkage maps and for mapping of several traits of interest in 

many crops. The greater abundance and other desirable features of RFLPs as compared to phenotype and 

protein markers, prompted the development of other relatively more convenient DNA marker systems like 

random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), simple 

sequence repeat (SSR), etc. Single nucleotide polymorphism (SNP) has emerged as the most abundant 

molecular marker that is amenable to high-throughput genotyping.  RAPD method detects high level of 

polymorphism in plants and used to construct high-density genetic maps in several crop species(Singh 

and Singh, 2015).   

Haiyang Zhang et al., 2013 were the first to study QTL with high density linkage map in Sesamum.  Two 

accessions coI1134(white seeded, P1) and R x BS (black seeded, P2) were taken for segregation, three 

replicates of the P1, P2, F1, BC1, BC2 and F2 populations were grown.  An F2 population of 260 is taken 

to construct a genetic linkage map and locate QTLs. Estimated size of the sesame genome is 1380.938cM.  

A total of 653 marker loci were identified on 14 linkage groups.  The dominant heritability for all QTLs 
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ranged from 1.28-7.18%.  A significant negative correlation in oil content with that of protein content 

were found through association mapping among 369 world-wide sesame germplasm accessions under five 

environments using 112 polymorphic SSR markers when used by  Chun Li et al., 2014 (Table II) 

Kun Wu et al., 2014 identified a total of 3,769 SNPs from RAD-Seq using 89 polymorphic PCR markers 

including 44 Expressed Sequence Tag- simple sequence repeats(EST-SSRs), 10 genomic SSRs and 35 

Insetion-Deletion Markers.  The final map resulted in 1,230 markers distributed on 14 linkage groups.  

While Venkata Ramana Rao et al., 2014   developed a molecular map   for   important agro-botanic traits 

in sesame.  Two genotypes, Chandana and TAC-89-309 were studied for F2 population, F1 and Parents 

were evaluated under field conditions for nine agro-botanic traits.  Based on parental 

polymorphism(23.07%), a mapping population of 120 F2 individual with 60 RAPD markers were selected 

to map nine linkage groups, and about 60% of the genome with length ranging between 58.8 to 423.8cM 

resulted in identification of ninteen QTL and two genomic regions. Out of the 19 QTLs identified, one 

QTL for corolla colour, number of nodes were detected.   

Yanxin Zhang et al., 2013 constructed a high density genetic map containing 201,488,285 pair-end reads. 

Total of 71,793 high quality SLAFs were detected of which 3,673 SLAFs were polymorphic and 1,272 of 

the polymorphic markers met the requirement of use in the construction of a genetic map. Lin Bin et al., 

2009 used three types of PCR-based markers to construct a map for F2 segregating population of an 

intraspecific cross between two cultivars of sesame. Ten EST-SSR markers, 80 AFLP markers and 244 

RSAMPL markers were screened to obtain 284 polymorphic loci.  A total of 220 molecular markers were 

mapped in 30 linkage groups with a genetic length of 936.72cM.  Haiyang Zhang  et al., 2013 studied 

sesame cp(chloroplast) genome which is a circular molecule containing a total of 153,338 base pairs and a 

total of 114 unique genes. Similar study was carried out by Dong-Keun Yi and Ki-Joong Kim (2012) on 

complete chloroplast (cp) genome of S. indicum.  The length is almost similar with slight variation of 

153,324bp and has a pair of inverted repeat (IR) regions that comprise 25,141bp each.  The two IR 

regions divide the genome into a large single copy (LSC) region and a small single copy (SSC) region. 

The LSC region is 85,170bp, whereas the SSC region is 17,872bp.  The complete cp sequence of 

S.indicum is 153,324bp in length of which 58% is coding regions and 42% is non-coding regions.  

In recent studies, genome-wide SNP makers were used for assessing genetic diversity structure and 

linkage disequilibrium by Chengqi Cui et al., 2017. Genotyping of 366 sesame germplasm accessions by 

using 89,924 high quality SNPs. All these SNPs covered all 13 linkage groups. Largest number of SNPs 

were found on LG5 followed by LG3 and least number occurred on LG4 with lowest marker density on 

LG6. Further studies by Haiyang Zhang et al. 2016 in determining the growth habit indicated that sesame 

recessive gene controls the determinate trait dt1 and a second determinate line, dt2. Later, Hua Du et al. 

2019 constructed a genetic map which compromised of 2159 SNP markers distributed on 13 linkage 

groups and was 2128.51cM in length with an average distance of 0.99 cM  between adjacent markers. 

Linhai Wang et al., 2017 through his study, developed 7,357 SSR markers from sesame genome and 

transcriptomes and a genetic map was constructed by generating 424 novel polymorphic markers using 

cross pollination with 548 recombinant inbred lines. The genetic map developed with 13 linkage groups, 

ranged in size of 113.6 to 179.9cM and 14 QTL for sesame Charcoal rot disease resistance. Similar 

approach was carried out by Ayse Ozgur Uncu et al., 2016 studied through sequencing analysis resulted 

in a total of 15,521 SNPs. Ramya and Bhat, 2018 developed 60 SSR markers used in genomic 

hybridization assay, of which 12 were found to be polymorphic. The linkage map constructed contained 

26 markers in three linkage groups covering a distance of 298.6cM, 694.4cM and 86.4cM.  Similar study 

was also carried out by Xin Wei et al., 2014 in genetic linkage map construction and marker assisted 

selective breeding in sesame to identify a total of 218 SSR markers through whole genome survey.  

Genes for morphological as well as biological traits were also studied to construct high resolution genetic 

maps. Hongxian Mei, 2017 constructed a genetic map with 9,378 SLAF markers with 13 linkage groups.  

The map spanned a total genome of 1,974.23 cM and the mean LG length of 151.86 cM.  Genes for basal 

branching habit and flowers per leaf axils were mapped to LG5 and LG11 respectively. Haiyang Zhang; 
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Hongmei Miao et al., 2013 analyzed genetic segregation and quantitative trait loci(QTL) for sesame seed 

coat in 6 generations. Results showed that two major genes with additive-dominant epistatic effects and 

polygene with additive-dominant epistatic effects were responsible for controlling seed coat color trait. 

Rong Zhou et al., 2018 studied genome-wide association of 39 sesame seed yield related traits.  They 

observed a total of 646 loci were significantly associated with the 39 traits and resolved to 547 

quantitative trait loci(QTLs).  Genome wide association study was carried out by  Komivi Dossa et al., 

2019 for traits related to drought tolerance using 400 diverse sesame accessions, including landraces and 

modern cultivars revealed ten stable QTLs explaining more than 40% of the phenotypic variation and  

four linkage groups were significantly associated with drought tolerance related traits. 

 

Table II:  Genetic and Association mapping studies in Sesamum indicum 

S.No. Author 

Trait/genome 

assembly 

Marker 

Type/method 

Population 

studied Result 

1 Lin-Bin et al., 

2009 

Linkage map EST-SSR, 

AFLP, 

RSAMPL 

F2 segregation Genome length 

1,232.53 cM 

2 Dong-Keun Yi 

and Ki-Joong Kim 

2012 

Chloroplast 

genome 

Cp DNA 

sequence 

analysis 

             ------ Chloroplast genome 

size 153,324 bp in 

length 

3 Yanxin Zhang et 

al., 2013 

High density 

genetic map 

SLAF-seq F2 population Final map length 

1,474.87cM 

4 Haiyang Zhang, et 

al., 2013 

Seed coat colour AFLP and 

RSAMPL 

P1, P2, F1, 

BC1, BC2,and 

F2 

Two major genes 

for seed coat colour 

5 Haiyang  Zhang et 

al., 2013 

Chloroplast 

genome 

Illumina 

technology 

            ----- Chloroplast genome 

size 153,338  bp in 

length 

6 Chun et al., 2014  Seed oil  and 

protein content 

SSR 369 germplasm 

accessions 

A negative 

correlation to oil 

content to protein 

content 

7 Venkata Ramana 

Rao et al., 2014 

Agro-botanic 

traits 

60 RAPD 120 F2 19 QTLs identified 

8 Kun Wu et al., 

2014 

Grain traits RAD-seq RIL 13 QTL identified 

9 Ayse Qzgur Uncu 

et al., 2016 

------ Genotyping by 

Sequencing 

approach 

RIL population 15,521 SNPs 

identified 

10 Haiyang Zhang 

2016 

Growth habit Re-sequencing  Parents and F2 

population 

Same  recessive 

gene controls the 

dt1 and dt2 

11 Linhai Wang et 

al., 2016 

Plant height and 

seed coat colour 

Genome 

assembly 

430  

recombinant 

inbred lines 

41 QTLs for plant 

height and 9 for 

seed coat colour 

12 Chengqui Cui et 

al., 2017 

Growth habit Genome wide 

SNP 

366 sesame 

accessions 

LG5, LG3 largest 

SNPs identified 

13 Linhai Wang et 

al., 2017 

Charcoal rot 

resistance 

SSR 548 recombinant 

inbred lines 

14 QTL for charcoal 

rot disease 

resistance 
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14 Hongxian Mei et 

al., 2017 

Basal branching 

& flower per 

leaf axil 

SLAF-seq 300 population 

of BC1 

Genetic distance 

1,974.23cM 

15 Ramya P an Bhat 

KV 2018 

Yield traits SSR Hydridization 

Assay 

Three linkage 

groups 

16 Rong Zhou et al., 

2018 

39 seed yield 

related  

Genome wide 

association 

studies 

705 diverse 

lines 

82 QTLs and 

candidate genes, 

SiLPT3 and 

SiACS8 

17 Hua Du et al., 

2019 

Seed related  SLAF-seq F2 population Genetic map 

2128.51 cM in 

length 

18 Komivi Dossa et 

al., 2019 

Drought 

tolerance 

Genome wide 

association 

studies 

400 diverse 

accessions 

Ten stable QTLs 

identified 

 

 

CONCLUSION 

Due to increasing demand for edible oils with the growing population, there is substantial need to increase 

cultivation of oil crops.  Among the different oil crops cultivated, Sesamum indicum cultivation is 

increasing on a larger scale, and there is a need for extensive research in obtaining better varieties which 

are high in yield traits. So far minimum molecular studies were carried out. Still there is a need for further 

studies and its confirmation. And more important, there is a need to stabilize the results obtained and 

further carry out extensive studies which improvises the yielding aspects by balancing abiotic and biotic 

factors through molecular techniques in Sesamum indicum 
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Abstract 

WCM is also known as short-term financial management and is focused mainly with CA and CL activities. Due 

to its high impacts on profitability and liquidity, WCM is important to the success of enterprises. The study's 

primary objective was to examine at the impact of WCM on Profitability with reference to the BSE Listed 

FMCG Companies. Panel Data has been collected for Analysis, 71 FMCG listed Companies, 5 years balance 

sheets data used for analysis. The analysis tracked down a solid negative connection between the proportions of 

WC management including AR, AP, CCC, FATA, SL and DR with profitability. The findings of an 

investigation of the association between WCM and profitability on the Bombay Stock Exchange clearly found 

that the number of days AR, INV, and profitability are mostly negative. As an outcome, we say that managers 

can increase revenue by reducing the number of days AR and INV. 

Keywords: Working Capital, WCM, Profitability, FMCG 

I. Introduction 

WCM is also known as short-term financial management and is focused mainly with CA and CL activities. 

WCM is also known as short-term financial management and is focused mainly with CA and CL activities 

(Richard Kofi Akoto, et, al. 2013). The way WC is managed has a significant impact on a company's 

profitability. This result shows that there is a specific amount of WC requirements that may optimise 

returns.(Deloof, 2003) defines WCM entails planning and regulating CA and CL in a way that, on the one hand, 

decreases the risk of incompetence in meeting required short-term needs and, on the other hand, prevents 

wasteful investment in these assets. (Bis.org and Eljelly, 2004). WCM is described as an accounting strategy 

that focuses on maintaining correct CA and CL levels. WCM gives a corporation with adequate liquidity to 

fulfil its short-term obligations (Raheman & Nasr, 2007). WCM is very important in terms of profitability 

growth. This is because the firm's activities are difficult to manage without a good WCM. WCM has been a big 

concern, particularly in developed nations, and as a result, research has been performed in many areas of the 

world, particularly in developed nations, to explain the link between WCM and profitability (Ntui Ponsian, et.al 

2014). 

II. Literature Review: 
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Deloof, 2003 the Study on WCM and Profitability with 1009 Belgium NFF firms for the Duration of 1992-

1996. Managers may boost profitability by lowering the amount of days on the job, according to the research. 

AR and INV are active. A Smaller number of profitable firms stand by longer to cover their bills. 

Ioannis Lazaridis & Dimitrios Tryfonidis, 2006  investigate Study between the relationship of Profitability 

and WCM, with 131 From 2001 to 2004, firms were listed in the ASE. The findings of our investigation 

revealed that there is a real relationship between profitability, as evaluated by GPR, and the CCC. Furthermore, 

managers may earn revenues for their business by properly controlling the CCC and maintaining each part (AR, 

AP, INV) best level. 

Huynh et. al, 2010 investigate study between From 2006 to 2008, the link between profitability, CCC, and 

its components for listed enterprises in VSK. According to the findings, there is a considerable negative 

association between profitability as evaluated by GPR and the CCC. This implies that CCC raises, it lead to 

decreasing the profitabilit.  

Richard Kofi Akoto, et, al.,2013 Research reveals a significant unfavourable link between profitability and 

AR days, studied by WCM and the profitability of 13 companies in Ghana from 2005 to 2009. However, the 

business' CCC, CA ratio, size, and CA turnover all have a significant impact on profitability. According to the 

study, managers may produce value for their investors by generating incentives for their AR to be reduced to 30 

days In order to enhance demand for local goods in the short and long term, community policies that safeguard 

indigenous firms and hinder distributor migration should be established in Ghana. 

Jakpar S1 et,al, 2017 With a sample of 164 enterprises included in MBBM from 2007 to 2011, the 

influence of WCM on the profitability of companies was evaluated. Exact evidence has established that the 

exogenous variable, ACP, INV and company size, and their endogenous variable - which is company 

profitability - have a positive link. The findings also demonstrate that the debt ratio (liverages) and the 

profitability of the company are somewhat reversed, but the company has the capacity to quickly convert WC 

into cash, since the proxy for the CCC log does not affect profitability. 

Kofi Amponsah-Kwatiah & Michael Asiamah, 2020 The impact examines between WCM on profitability 

in Ghana with From 2015 to 2019, 20 manufacturing enterprises were listed on the NYSE. According to the 

findings, INV management, AR, AP, CCC, CA, CR, and firm size all have a beneficial impact on ROA and 

ROE, however leverage has a negative impact. 

Research Methodology: 

1. Objectives & Hypothesis: 

The study focuses on identifying the impact of WCM on Profitability (Dr. Ch Shankar, 2020). 

H1: Considerable relation in between AR & GPR. 

H2: Considerable relation in between AP & GPR. 

H3: Considerable relation in between IN & GPR. 

H4: Considerable relation in between SL & GPR. 

H5: Considerable relation in between DR & GPR. 

H6: Considerable relation in between FATA & GPR. 

2. Data Collection:  

Panel Data has been collected for Analysis, 71 FMCG listed Companies, 5 years balance sheets data used for 

analysis. 

3. Variables: 

https://www.emerald.com/insight/search?q=Kofi%20Amponsah-Kwatiah
https://www.emerald.com/insight/search?q=Michael%20Asiamah
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The variables extracted from previous studies and existing literature. the following variables considered for 

this study: 

a. Gross Operating Profitability (GPR): GPR may be computed by gross revenues and gross expenses. 

The total assets minus financial contributions can be divided by Total Assets minus Financial Asses 

(Adam Hayes, 2021). 

 

𝑮𝑷𝑹 = (𝐒𝐚𝐥𝐞𝐬 –  𝐂𝐨𝐬𝐭 𝐨𝐟 𝐆𝐨𝐨𝐝𝐬 𝐒𝐨𝐥𝐝)/ (𝐓𝐨𝐭𝐚𝐥 𝐀𝐬𝐬𝐞𝐭𝐬 –  𝐅𝐢𝐧𝐚𝐧𝐜𝐢𝐚𝐥 𝐀𝐬𝐬𝐞𝐭𝐬) 

b. Account Receivables (AR): The formula to calculate AR Turnover is to add the beginning and 

ending AR to get the average AR for the period and then divide it into the net credit sales for the 

year. 

𝐀𝐑 =  𝐀𝐯𝐞𝐫𝐚𝐠𝐞 𝐨𝐟 𝐚𝐜𝐜𝐨𝐮𝐧𝐭𝐬 𝐫𝐞𝐜𝐞𝐢𝐯𝐚𝐛𝐥𝐞 / 𝐒𝐚𝐥𝐞𝐬 ∗  𝟑𝟔𝟓 

c. Account Payables (AP): AP turnover is calculated by dividing the total purchases made on credit by 

the average AP balance for any given period. 

𝑨𝑷 =  𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝒐𝒇 𝒂𝒄𝒄𝒐𝒖𝒏𝒕𝒔 𝒑𝒂𝒚𝒂𝒃𝒍𝒆 / 𝑪𝒐𝒔𝒕 𝒐𝒇 𝒈𝒐𝒐𝒅𝒔 𝒔𝒐𝒍𝒅 ∗ 𝟑𝟔𝟓 

d. INV (IN): Cost of beginning INV to cost of purchases during the period. This is the CoGavailable 

for sale. Multiply the gross profit % by sales to find the estimated CoGsold. Subtract the 

CoGavailable for sold from the CoGsold to get the ending INV. 

𝐈𝐍𝐕 =  𝐀𝐯𝐞𝐫𝐚𝐠𝐞 𝐨𝐟 𝐢𝐧𝐯𝐞𝐧𝐭𝐨𝐫𝐲 / 𝐂𝐨𝐬𝐭 𝐨𝐟 𝐠𝐨𝐨𝐝𝐬 𝐬𝐨𝐥𝐝 ∗  𝟑𝟔𝟓  

e. Sales (SL): Ln is the natural logarithm of the pre-emergency book value of the millions of dollars in 

assets. Ln(sales) is a natural record of company sales in millions a year before the offer. (Institut 

numerique, 2012).  

f. Debt Ratio (DR): The debt ratio is often referred to as the debt-to-asset ratio or the debt-to-total-

assets ratio. Therefore, the debt ratio formulation is: total debt divided by total assets. The debt ratio 

is the percentage of total asset quantities due to creditors (as recorded on the balance sheet) (Harold 

Averkamp, 2020). 

𝑫𝑹 =  𝑻𝒐𝒕𝒂𝒍 𝒅𝒆𝒃𝒕/ 𝑻𝒐𝒕𝒂𝒍 𝒂𝒔𝒔𝒆𝒕𝒔  

g. Fixed Assets to Total Assets: The fixed-to-net value ratio is a tool of financial analytics that 

indicates in% the part of the total FA-binding assets of your organisation. It demonstrates the extent 

to which firm funds, such as property, plant, and equipment, are frozen in the form of FA. (Chron 

Contributor, 2020). 

𝑭𝑨𝑻𝑨 =  𝑭𝒊𝒙𝒆𝒅 𝒇𝒊𝒏𝒂𝒏𝒄𝒊𝒂𝒍 𝒂𝒔𝒔𝒆𝒕𝒔/ 𝑻𝒐𝒕𝒂𝒍 𝒂𝒔𝒔𝒆𝒕𝒔 

III. Data Analysis: 

1. Descriptive Analysis: 

Table 1: Descriptive Statistics 

 

N 

Minimu

m 

Maxim

um Mean 

Std. 

Deviation 

Varian

ce Skewness Kurtosis 

Statistic Statistic Statistic Statistic Statistic 

Statisti

c 

Statist

ic 

Std. 

Error 

Statisti

c 

Std. 

Error 

GPR 71 -.2884 1.0999 .210244 .2170051 .047 1.367 .285 4.188 .563 
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AR 
71 .0574 

165.252

3 

38.85576

4 

33.07998

50 

1094.2

85 
1.528 .285 2.907 .563 

AP 
71 2.8222 

218.073

0 

46.40189

8 

36.90490

52 

1361.9

72 
2.233 .285 7.143 .563 

IN 
71 

-

148.8648 

156.413

8 

80.16426

5 

49.37276

39 

2437.6

70 
-1.506 .285 5.510 .563 

CCC 
71 

-

130.5986 

219.311

5 

72.61813

0 

68.94259

62 

4753.0

82 
-.308 .285 .342 .563 

DR 71 .1611 2.6828 .725341 .4785038 .229 1.734 .285 4.257 .563 

FATA 71 .0000 .5168 .031445 .0811119 .007 4.014 .285 19.138 .563 

SL 
71 6.766422 

12.2461

05 

8.981224

79 

1.206611

904 
1.456 .232 .285 .015 .563 

Valid N 

(listwise) 
71          

Intrepretation:  

The total observations sums N = 71 Companies 5 years data. The GPR average is 0.210 and variance is 0.47. 

AR mean 38.85 and the variance shows 1094.285 where as AP mean is 46.40 and the SD is 36.90. The average 

INV is 80.16 where as variance is 2437.67. the debt ratio is 0.725 and the variance is 0.229. 

2. Correlations: 

Table 2: Correlations 

 GPR AR AP IN CCC DR FATA SL 

GPR Pearson 

Correlation 
1 -.353** -.036 -.055 -.189 -.144 .129 .313** 

Sig. (2-tailed)  .003 .769 .651 .114 .230 .283 .008 

N 71 71 71 71 71 71 71 71 

AR Pearson 

Correlation 
-.353** 1 .108 -.313** .198 .160 .051 -.352** 

Sig. (2-tailed) .003  .372 .008 .097 .183 .675 .003 

N 71 71 71 71 71 71 71 71 

AP Pearson 

Correlation 
-.036 .108 1 -.314** -.708** .577** .013 .140 

Sig. (2-tailed) .769 .372  .008 .000 .000 .913 .243 

N 71 71 71 71 71 71 71 71 

IN Pearson 

Correlation 
-.055 -.313** -.314** 1 .734** .012 .031 .215 

Sig. (2-tailed) .651 .008 .008  .000 .919 .800 .072 
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N 71 71 71 71 71 71 71 71 

CCC Pearson 

Correlation 
-.189 .198 -.708** .734** 1 -.223 .039 -.090 

Sig. (2-tailed) .114 .097 .000 .000  .061 .746 .454 

N 71 71 71 71 71 71 71 71 

DR Pearson 

Correlation 
-.144 .160 .577** .012 -.223 1 .023 .219 

Sig. (2-tailed) .230 .183 .000 .919 .061  .850 .067 

N 71 71 71 71 71 71 71 71 

FAT

A 

Pearson 

Correlation 
.129 .051 .013 .031 .039 .023 1 .121 

Sig. (2-tailed) .283 .675 .913 .800 .746 .850  .316 

N 71 71 71 71 71 71 71 71 

SL Pearson 

Correlation 
.313** -.352** .140 .215 -.090 .219 .121 1 

Sig. (2-tailed) .008 .003 .243 .072 .454 .067 .316  

N 71 71 71 71 71 71 71 71 

**. 2-tailed Correlation significant at 0.01 level. 

Intrepretation:  

GPR shows a negative relationship with AR, AP,IN, CCC and DR, and it has a positive correlationship with 

FATA and SL. AR shows a positive relationships with AP, IN, CCC and FATA. AP shows a high 

correlationship with CCC. IN shows a high positive correlationship with CCC. FATA shows a less positive 

corelation with other variables. 

3. Regression: 

Variables Entered/Removeda 

Model Variables Entered Variables Removed Method 

1 SL, CCC, FATA, DR, AR, APb . Enter 

a. Dependent Variable: GPR 

b. Tolerance = .000 limit reached. 

Model Summaryb 

Mod

el R 

R 

Square 

Adjusted R 

Square 

Std. Error 

of the 

Estimate 

Change Statistics 

Durbin-

Watson 

R Square 

Change 

F 

Change df1 df2 

Sig. F 

Change 
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1 .492a .242 .171 .1975520 .242 3.411 6 64 .006 2.172 

a. Predictors: (Constant), SL, CCC, FATA, DR, AR, AP 

b. Dependent Variable: GPR 

ANOVAa 

Model Sum of Squares df Mean Square F Sig. 

1 Regression .799 6 .133 3.411 .006b 

Residual 2.498 64 .039   

Total 3.296 70    

a. Dependent Variable: GPR 

b. Predictors: (Constant), SL, CCC, FATA, DR, AR, AP 

 

Collinearity Diagnosticsa 

Mod

el 

Dim

ension Eigenvalue 

Condition 

Index 

Variance Proportions 

(Constan

t) AR AP CCC DR FATA SL 

1 1 4.811 1.000 .00 .01 .00 .00 .01 .01 .00 

2 .850 2.379 .00 .00 .02 .02 .01 .74 .00 

3 .778 2.487 .00 .01 .03 .11 .01 .23 .00 

4 .336 3.781 .00 .67 .00 .01 .01 .00 .00 

5 .162 5.448 .01 .01 .02 .05 .70 .00 .01 

6 .056 9.271 .02 .12 .93 .80 .23 .00 .02 

7 .007 26.723 .97 .18 .00 .00 .04 .02 .96 

a. Dependent Variable: GPR 

 

Coefficientsa 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. 

Collinearity Statistics 

B Std. Error Beta Tolerance VIF 

1 (Constant) -.029 .208  -.140 .889   

AR -.001 .001 -.159 -1.210 .231 .687 1.456 

AP -.001 .001 -.200 -.977 .332 .283 3.538 
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CCC -.001 .001 -.310 -1.750 .085 .377 2.649 

DR -.061 .065 -.135 -.942 .350 .576 1.736 

FATA .327 .295 .122 1.108 .272 .973 1.027 

SL .049 .022 .272 2.191 .032 .768 1.302 

a. Dependent Variable: GPR 

 

Intepretation:  

The CCC is used popular to determine effectiveness of WCM. From the aftereffect of the regression, running 

shows that there is a negative correlation among's CCC and GPR. This implies increase or decrease in CCC 

fundamentally influences the profitability of the firm. R2 change is 17.1%.The coefficient of the F measurement 

is 3.411. The coefficient is - 0.310 by p-value 0.085. 

“The regression model verified for multicollinearity. VIF or explanatory tolerances are used to determine if 

predictors are closely associated with the remainder of the predictors. If your forecastor is correlated VIF 

examines the variance of the projected retrogression rate rise (Dimitrios 2006). Lazaridis, Ioannis & Tryfonidis. 

Muticollinearity is typically used as the biggest VIF incorporating all predictors. All of the foretellers have an 

inflation factor of 1-3.5, which fully shows that the predictors in the regression models do not have 

multicolinearity (D.C. Montgomery and E.A. Peck (1982). 

IV. Findings, Conclusions and Suggestions: 

This paper support for existing literatures such as Deloof(2003), Ioannis Lazaridis & Dimitrios Tryfonidis 

(2006), Huynh Phuong Dong & Jyh-tay Su (2010) , Richard Kofi Akoto, et, al. (2013) and who tracked down a 

solid negative connection between the proportions of WCM including AR, AP, CCC, FATA, SL and DR with 

profitability.  

The negative correlation between AR-measured profitability and CCC-measured WCM efficiency 

demonstrates that when CCC is longer, profitability is smaller. This study indicates that managers can increase 

shareholder value by lowering the CCC to a tolerable level. 

The results of a research of the relationship between WCM and profitability on the BSE also show that there 

is a negative relationship between the number of days AR, the number of days INV, and profitability. As a 

result, we contend that managers increase profitability by reducing the number of days AR and INV. 

Furthermore, our analysis suggests that profitable enterprises are waiting for retentive to pay their expenses. 

However, compared to other earlier research on the association between WCM and profitability, the duration of 

the present study is brief. The sample does not reflect the population profoundly, thus. Furthermore, the research 

only refers to internal elements but does not examine outside influences the degree of economic activity as a 

stupid industry. For future studies these constraints might be overcome by a gander. 
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Abstract 

 

Consumer buyer behavior is considered to be an inseparable part of marketing and Kotler and 

Keller (2011) state that consumer buying behavior is the study of the ways of buying and disposing 

of goods, services, ideas or experiences by the individuals, groups and organizations in order to 

satisfy their needs and wants. In today’s world, consumers’ product and service preferences are 

constantly changing. Marketing managers must understand these desires in order to create a proper 

marketing mix for a well-defined market. Understanding the customer behavior is very essential 

to design marketing strategies which influences the customer buying behavior. This paper focuses 

on the various factors to consider in order understanding the customer behavior. The importance 

of having loyal customers and building the same is shown by taking Maggi as a case study. Based 

on the case study conclusion has been made of what are the points to be considered.  

 

Key Words: Customer Connect, Customer Loyalty, Marketing Mix, Monopoly. 

 

Objective 

 

Marketing is identifying the customer needs, wants and meeting them. But in today’s marketing 

world Customer behavior plays an important role in defining the marketing strategies. Hence this 

paper talks in-depth about the importance of customer behavior analysis for running a successful 

business by taking case study of Maggi. Maggi has been in India for 38 years, and it has 

revolutionized the way people eat breakfast. From evening snacks at 5 p.m. to morning breakfast, 
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Maggi has replaced all types of breakfast from south to north, from Dosa to Paratha to Dhokla. 

The taste, as well as how simple and fast it could be made, played a role; in this article, we'll look 

at how the product survived after the ban based on customer. 

 

 

Introduction 

 

It all began in May 2015, Food Safety Regulators from Barabanki, a district of Uttar Pradesh, India 

reported that samples of ‘Maggi Two Minute Noodles’ had unexpectedly high levels of 

monosodium glutamate, as well as up to seventeen times the permissible limit of lead. A repeat 

test at the Central Food Laboratory in Kolkata, a referral lab, was also conducted. The Gorakhpur 

lab tested for monosodium glutamate (MSG) to check Nestle’s claim that Maggi had none. Both 

tests found MSG; in addition, the Kolkata lab found very high quantities of lead, 17.2 parts per 

million, according to Uttar Pradesh authorities. On 3rd June 2015, the New Delhi Government 

banned the sale of Maggi in New Delhi stores for 15 days due to these findings. On 4th June 2015, 

the Gujarat FDA banned the noodles for 30 days after 27 out of 39 samples were detected with 

objectionable levels of metallic lead, among other things. Assam had banned sale, distribution and 

storage of Maggi’s “extra delicious chicken noodles” variety for 30 days since 4th June 2015 after 

tests carried out at the state public health laboratory concluded the particular variety to contain 

added MSG and excessively high lead content. Some of India’s biggest retailers like Future Group 

which includes Big Bazaar, Easyday and Nilgiris also imposed a nationwide ban on Maggi. 

Thereafter multiple state authorities in India found an unacceptable amount of lead and it has been 

banned in more than 5 other states in India. 

 

Present marketing strategies are built around the words customer connect, customer loyalty, 

changing trends, society responsibilities etc., customer behavior towards products and services are 

changing, this change is due to various reasons break of social barriers, awareness of other 

competitor products, no compromise and intolerance attitude, this era is of  “new trends” marketers 

have to continuously cope up with the changes. Hence now customer’s habits and attitude matter 

more. In the paper we will be discussing how impulse buyer has to be treated or strategy should 

be different, as reference of impulse buyers have been taken from the papers; ‘Longitudinal 

analysis versus cross-sectional analysis in assessing the factors influencing shoppers impulse 

purchase behavior’. Also, information on Marketing strategies have been taken from ‘Marketing 

Strategies of Micro Finance Institutions in India’. 

 

Methodology 

 

In the present paper will be focusing on customer behavior which plays the crucial role in designing 

marketing strategies. We will understand the factors that influence the customer behavior. In-depth 

analysis of the same will be done by taking into consideration of live example. With the help of 
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the example, we can understand customer behavior on introduction of the product and customer 

behavior of different level of product cycle. 

 

 

Literature Review 

Maggi was new product for the Indian market, new product or we can say an alien product to be 

accepted in traditional Indian market is a task, in the paper Success of New Product Launch by New 

Process Flow, Deepa, talks about the importance of the same. 

Customer perception of the product plays a major role in consumer buying behavior, the paper 

Digital Marketing A Catalyst In Creating Brand Image Through Customer, Ennala Deepa , talks about how 

perception creates customer and then there loyalty.  

Impact of service environment for effective customer behavior in Retail Industry with reference to Heritage 

super market, Mr. L Komagan and Dr. Kiran Kumar Thoti Turkish Journal of Computer And Mathematics 

Education, retail business has boomed post FDI in India, hence marketing and de-marketing products In 

retail business plays a major role. 

 

Brand Loyalty, plays a Vital role  and how it works for Brand loyal customers is a task, reference of brand 

loyalty has been taken from the Factors Determining the Role of Brand in Purchase Decision Of Sportswear, 

Kunal Gaurav 

As per the article “The return of Maggi: A Case Study” by Syed Kazim and Ajai Thomas Abraham, 

talks about the history of the product Maggi, post exposure of lead content, the decline of sales, 

competition of the product. The information was very much relevant to build the article 

introduction. 

Article “the relationship between customer loyalty and customer satisfaction”, John T Bowen, and 

Shiang-Lin Chen, talks about how customer loyalty is linked with satisfaction and measurement if 

customer loyalty 

A Customer Loyalty Model For E-Service Context, Hsin-Hui Lin and Pin Luarn This research is 

a response to the call for customer loyalty research in the e-service context. Utilizing the proposed 

loyalty model as a theoretical framework, the direct and indirect influences of customer 

satisfaction, trust, perceived value, and attitudinal commitment on behavioral (purchase) loyalty 

were observed. The contributions of this study to customer loyalty research are twofold. First, it 

has successfully applied the traditional conceptualization of customer loyalty in a new e-service 

context that is different from the marketplace examined in prior studies. Second, customer 

satisfaction, trust, perceived value, and attitudinal commitment were found to be important 

determinants of purchase loyalty. It was also suggested in this study that commitment plays a 
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crucial intervening role in the relationship of customer satisfaction and perceived value to loyalty. 

The findings of this study have implications for e-service managers to develop their customer 

loyalty. Considering the millions of dollars that have been invested in e-services worldwide, it is 

of paramount importance to ensure that customers will have repeat Web purchase behaviors and 

show loyalty to a specific e-service brand 

A study on Maggi ban and simultaneously launch of Patanjali Atta noodle, Ayushi Jain - TMIMT 

International Journal “Special Issue- 2016”, ISSN 2348-988X, this paper talks about how customers are 

considering the product which is good for the health. Nestle India Ltd.’s Maggi-2-minute noodles row has 

led to a sort of chaos in the whole country. Parents, children, workers, investors, suppliers, etc. just do not 

know how to deal with the situation. This is the India’s worst food scare in a decade after that of presence 

of pesticides in soft drinks. The scare over Maggi instant noodles, India’s one of the most popular snacks, 

has gripped increasingly various sections of the society. So, the research is imperative to assess that upto 

what extent this Maggi row has impacted India so that future plans for remedy can be prepared accordingly 

Customer Preference For Selecting The Diary Products In Covid-19, Circumstances with references to 

Andhra Pradesh, Dr. Orguganti Surya Soma Sankar, Dr. Kiran Kumar Thoti, information of the paper can 

be taken to understand the customer preference and due to milk adultery going on , the paper information 

can be used for demarketing such product for social benefits. 

 

Impact of service environment for effective customer behavior in Retail Industry with reference to Heritage 

super market, Mr. L Komagan  and Dr. Kiran Kumar Thoti Turkish Journal of Computer And Mathematics 

Education, retail business has boomed post FDI in India, hence marketing and de-marketing products In 

retail business plays a major role. 

 

Mr. Rahul .M.Mhabde , Mrs. Rajeshri Son2 Analytical study on Consumer behavior towards “Maggi Instant 

noodle” in Mumbai –A post ban, Vol-3 Issue-1 2017 IJARIIE-ISSN(O)-2395-4396, data has been studied 

the article survey shows, of the 50 respondent majority of respondent preferred to eat noodle i.e. 74% of 

the total population. Following the graphical representation of the same. majority of population buy Maggi 

instant noodle over any other brand which shoes the popularity of Maggi in the market. following is the 

graphical representation of the same, it is observed that majority of respondent are not aware about of 

presence of unhealthy lead and the same number of respondents i.e.. 36% are not sure about the same, it 

has been observed that majority of population still buy Maggi which conclude that respondent decision 

making is not much affected due to ban. comparative analysis shows that frequency to consume has reduced 

after its relaunch. Before ban majority population were consummating Maggi thrice a week. i.e. 30% of the 

total population were of this category however data shows that it has gone down to 4% after its relaunch. It 

means ban has affected consumption frequency of Maggi. it shows that Maggi is still choice of the consumer 

as maximum consumer consumed Maggi after it is back in market. majority of population are under the 

belief said that Maggi test is same as before. they believe t at ban has not change the test and confidence of 

consumer 
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Analysis 

 

 
Reference: Engel-Kollat-Blackwell Model 

The reference of Engel-Kollat-Blackwell Model, can be taken to understand the perception and attention 

the customer is exposed to which plays a vital role in the customer buying behaviour. Which is very relevant 

to the case we are studying. 

Firstly, let’s understand what factors influence the behavior of the customer. Culture factors exert 

a broad and deep influence. Culture is the most basic cause of person’s wants and behavior. A 

person’s likes, dislikes, wants, desires etc., are built on his/her family. Next the social class Upper, 

Middle, Working and Lower class. Social class is not determined by a single factor, such as 

income, but is measured as combination of occupation, income, education, wealth and other 

variables. Social Factors, word of mouth influence, the impact of the personal words and 

recommendations of trusted friends, associates and other consumers on buying behavior. 

Marketers of brands subjected to strong influence must figure out how to reach opinion leaders. 

Personal factors age, occupation, Economic situation, Lifestyle etc.,  a person buying choice can 
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be further influenced by Psychological factors motivation, perception, learning and beliefs and 

attitudes.  

 
 

Customer behavior enables companies to take appropriate marketing decision on Marketing Mix 

the 6P’s Product, Price, Promotion, Packing, Positioning and Place of Distribution.  

Maggi instant noodles. Maggi 2minutes an instant food product, was introduced in 1982. Maggi 

noddle’s is the leading brand of instant noodles in India enjoying market share of 79.3%. In this 

product the marketers have created a want. In that time the Indian customers were very 

conservative and did not expose themselves to any changes. Hence to get there product accepted 

as a major challenge. The main marketing point was “instant noodles” this is first kind of food 

category introduced in India. Based on its USP the working women were targeted but the approach 

failed. To understand the cause of the failure Maggi conducted a study which revealed that the 

Maggi taste was liked by children. Hence the targeted customers were children through mothers.  

Maggi was a Monopoly and later had competitors but to create the brand it followed the STPD 

analysis. Segmentation: Maggi brand have segmented the market on the basis of lifestyle and 

habits of Urban Families. Target: they targeted the kids, office going, and working woman. 

Positioning: Maggi has positioned itself in the SNACKS category since Indians did not consider 

noodles as proper food the Maggi have developed itself  in instant food product with positioning 

statements such as “2 minutes noodles” and “Easy to cook” “ good to eat”. POD: post of 

differentiations, the brand differentiated they brand from its competitors in terms of taste flavors 

and packing.  

By introducing product like Maggi the need was created not identified. Smart companies like 

Maggi try to understand the customer behavior decision process. "The Buyer Decision Process”
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Let’s understand the customer behavior. When evaluating the potential alternatives, consumer used 

two types of information the first is the list of brands from which they plan to make their selection 

and the second criteria from which they plan to make their decision. Beliefs and attitude are 

acquired by experience and learning, Maggi has always provided its consumers with something 

new time to time which has developed a good belief has helped them to choose them from their 

alternatives. Customer behavior depends on experience with the product, if performance falls short 

of expectation the consumer is disappointed and if it meets the expectation of the consumer is 

satisfied.  

Following is the purchase based on age category:  

 1990 1995 2000 2005 2010 2015 

Children 2-9yrs 169999 181521 187940 189211 184457 184376 

Teenagers 10-14yrs 89781 100560 109302 114583 117137 114226 

Teenagers 13-19yrs 120293 127645 142432 153781 160728 162495 

Studying Age 18-22 80812 85918 92074 103179 110642 115126 

Young Adult 15-29 230839 249149 270576 294103 319267 336193 

Middle Age 30-59 243295 277343 316065 358164 398405 440655 

Baby Boomers 40-59 134212 151646 174986 202754 232801 261349 

Pensioners 60+ 57029 65643 75712 86585 99728 117168 

 

 

Findings 

 

By understanding the Maggi noodle, we can say they have following strengths: 

 

 Family based advertising, high advertising share 

 Emotional relationship with the consumer 

 A strong distribution channel 

The main point to focus on “Emotional relationship with the consumer” Customers are so used to 

the product that it is identified by the following: 

 Yellow Packing 

 Tasty Snack 

 Sunday Breakfast 

 Fun in having 

They created a Family Brand by providing taste and preference of consumers, they closely watched 

consumers preferences they introduced Chicken Maggi, wheat flour Maggi. They exceeded the 

expectation.  
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July 2015 Maggi was banned By (FSSAI) Food Safety and Standards Authority of India calling it 

unsafe and hazardous for consumption. On June 8 post 3days after the ban the Maggi share price 

went down to 5,539.8 lowest during that year 

 

Consumption Before Ban 

Age Everyday Thrice a week Twice a week Once a week Once a month Never Total 

15-25 1 5 8 6 4 1 25 

25-35 0 4 5 4 4 0 17 

35-45 0 2 2 3 1 0 8 

Total 1 11 15 13 9 1 50 

 

Consumption After Ban 

Age Everyday Twice a week Once a week Once a month Never Total 

15-25 1 2 5 14 3 25 

25-35 0 1 3 10 3 17 

35-45 1 1 3 1 2 8 

Total 2 4 11 25 8 50 

 

Maggi has maintained trust and confidence even after post ban period. A product’s success/failure 

is the evaluation of consumer response to a particular marketing strategy. It also indicates if the 

organization has been successful in fulfilling their wants and needs and their impact on the society. 

To sum up all the arguments stated above, it is clear that better understanding the consumer buying 

behavior through studying and identifying their needs leads to huge long-term benefits to the 

businesses.  

 

Conclusion 

 

The points to be considered by marketers while designing the marketing strategies are the 

psychology of how customer thinks and feels the brand product. What are his /her thought process, 

behavior while purchase of the product in the market. Customer knowledge on the product. Product 

importance for the consumer or ranking. How consumers are influenced by their environment, 

culture, media. Limitations in consumer knowledge or information processing abilities influence 

decisions and marketing outcome.  
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ABSTRACT 

Wireless sensor networks, often known as "WSNs," are networks that collect data from sensors 

that are embedded in the surrounding environment and put it to specific uses. The base station (BS) 

in the sensor network is responsible for the collection of data and the subsequent wireless 

transmission of that data to the sensors. Each sensor has a central processing unit (CPU) that has 

memory, a source of electricity, and actuators. The proliferation of wireless sensor networks 

(WSN) in recent years has been nothing short of spectacular. Applications for wireless sensor 

networks (WSN) that use body area networks (BAN) are varied and appealing. Through the use of 

wireless body area networks, medical professionals are able to keep track of their patients' fitness 

levels, chronic conditions, and overall health. Sensor devices and diagnostic software or hardware 

are the two components that make up the Internet of Things. Over the course of the last 10 years, 

much research has been conducted on this topic. There have been a number of procedures, 

guidelines, and suggestions developed. In hospitals and other medical facilities, a system known 

as the Wireless Body Area Network (WBAN) uses coordinating devices like smart phones or 

personal digital assistants to collect and wirelessly transfer the data that is collected from other 

sensor nodes. Apps designed for medical use may now continually monitor key signal data and 

capture biological signs at the receiver end. The collection, analysis, and transmission of data are 

all capabilities offered by these applications. Last but not least, they will provide the user with 

feedback. The surge in popularity of wireless body area networks may be attributed to the fact that 

they are simple to use. 

Keywords: Wireless SensorNetwork, Medical Server, Wireless Wearable Body Area Network 

(WBAN),  Energy Consumption, applications, research trends. 

1. INTRODUCTION 
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 Several aspects of medical treatment, such as diagnosis, therapy, and patient monitoring, have 

been demonstrated to have benefited significantly by advances in biomedical technology. The 

biomedical system is more effective than other ways for preserving human lives. As time passes, 

these systems get smaller, more dependable, and more patient-friendly. Utilizing these methods 

will increase productivity. In the biomedical field, wireless technology is currently gaining 

popularity. It enables patients and staff members to convey information, resulting in more 

autonomy. Body Area Networks that operate over the air (WBAN). 

There has been an increase in the number of persons utilising wireless communication networks. 

This opens the door to a vast array of opportunities in the medical and healthcare fields. Body area 

network particularly developed for wireless usage. A sensor network that permits the placement 

of a variety of sensors either within or outside the body. These sensors are implanted into the 

patient's body and may simultaneously communicate with one another and the physician. Wireless 

body area networks enable the development of solutions that are both adaptable and economical. 

WBAN is used because of the benefits provided by sensor nodes, including the patient's enhanced 

mobility. Because of this, people are able to carry out their daily tasks without any limitations, 

including mobility. In addition, WBAN offers a location-independent monitoring system that 

allows the physician to monitor the health of the patient remotely. The sensor captures and 

communicates samples to the attending medical personnel after being applied to the patient. 

Internet connectivity is required for WBAN in order for sensor nodes to send data remotely and 

maintain data. 

A wireless body network is a technology used to monitor people's health and find early warning 

signs of possible danger. There is interaction between medical personnel and caregivers. This 

system is capable of segmentation based on the operating configurations. The implanted area 

network is used inside the body, whereas the wearable area network is utilized outside. 

 

2. Wireless Body Area Networks (WBAN) 

Wireless Body Area Networks are a new technology that allows for real-time health monitoring 

and diagnosis of life-threatening diseases. WBAN supports many medical and nonmedical 

applications and operates in close proximity to, inside, or on the human body. IEEE 802 has formed 

a TaskGroup known as IEEE 802.15.6 to standardize WBAN. This task force is charged with 

creating a standard for communication which is low-power, and can be used in many applications, 

both medical and non-medical. 

IEEE 802.15 Task Group 6 BAN is currently working on a protocol for communication that is 

optimized for devices that use low power. IEEE 802.15 TG6 is a group formed on November 7, 

2007 when it has since begun operations in Taipei as TG6. The group had received 34 suggestions. 

They were then combined into one candidate. A draft of the standard was created at the beginning 

of March in 2009. The draft has gone through thorough editing. It was later followed with five 

Letter Ballots. The Letter Ballot #79 was approved on July 13, 2011. It was authorized on July 
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22nd to begin the Sponsor Ballot. It is expected to be finalized in November 2011 during the TG6 

conference in Atlanta, USA.    

WBAN technology allows individuals to instantly exchange digital business cards or profiles 

through social networking by simply shaking their hands. WBAN architectures are used in medical 

applications. Fig.1. 

 
Fig 1:  WBAN Applications targeted by IEEE 802.15.6  

 

3 WBAN Security Issues and Requirements 

WBAN presents a number of research issues that must be considered when designing radio 

frequency (RF), wireless systems. These include frequency band selection model of the channel, 

design and antenna, and designing PHY-related protocols. QoS reliability, QoS privacy and 

security are all significant concerns. These concerns, particularly security concerns [10were 

carefully studied and are now being addressed by a variety of emerging technologies. 

Data Confidentiality - Data confidentiality is a key issue in WBANs. Data confidentiality is 

essential to prevent data disclosure. WBANs are not allowed to divulge crucial information to 

external or neighbouring networks. WBANs should utilize encryption with symmetric keys 

because public-key cryptography is costly for sensors with limited energy. 

Data Integrity. Although data confidentiality is important, it does not guarantee that the data will 

be protected from outside modifications. An adversary will always be able to alter the data. He/she 

can add fragments to The data can be altered or changed to alter the information contained in the 
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packet. The packet is then transmitted to the coordinator. Data integrity issues can often be 

dangerous, especially for life-critical events or in cases where emergency data has been modified. 

Bad communication environment may also result in data loss. 

Data authentication is the verification of the origin node's identity. In addition to manipulating 

Data packets that the adversary could also alter packet streams by adding fake messages. The 

coordinator must be able to confirm the source of the data. Data authentication may be 

accomplished using an Authentication Message Code. This is done to differentiate the two (from 

Medium Access Control) and is displayed with bold letters. It is typically determined with an 

encryption code that is shared with the user. 

Data Freshness. To make the coordinator think twice In order to confuse the coordinator, an 

adversary may collect data while it is in transit , and then play them back in the future using an old 

key. Freshness of data refers to the fact that the information is not old and one is able to read 

through old messages. There are two kinds of freshness of data. The weak type ensures partial 

ordering of data frames, but it doesn't guarantee delays. The strong type assures that data frames 

are ordered without delay. 

Secure Localization. A majority of WBAN applications require accurate localization. The absence 

of intelligent tracking techniques allows attackers to make false reports regarding the location of 

a patient via false signal strength reporting or replaying signals. 

Availability: A physician's information must be available at all times. An adversary may attempt 

to disable or capture a node in WBAN, which could lead to loss of lives. A good way to avoid 

losing control of a network node that is being attacked is to change it to a different node. 

Secure Management: The coordinator must ensure key distribution to all nodes in order to 

decryption and encryption operation. The coordinator secures the addition or removal of nodes 

during association and disassociation. 

 

4. ADOPTING PROTOCOLS FOR WBAN  

With new technology in healthcare, WBANs are now available. Wearable sensors collect vital 

information from patients and send it to the sink with the sink using short-range wireless 

communication methods (9the sink by using short-range wireless communication methods [9. 

WBANs are classified into three categories three levels: master nodes; power sensor nodes, as well 

as the Internet or local. The sensor nodes with low batteries have to function for prolonged periods 

without charging [10]. They can be implanted, or placed in the body. Second-level nodes, 

sometimes referred to coordinator or gateway nodes, can be used to control all sensors. They also 

consume less power because of their use. This last level, the Internet or local level, is used to 

monitor. These three levels require energy, and energy consumption remains a challenge for 

WBANs. There are many routing protocols that can be used to route data. This has an impact on 

the energy consumption of WBANs [11]. The life span of sensor nodes is limited and it consumes 

energy. 
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1.  Each path is designed for data routing. They should be aware of their energy and not generate 

a lot of heat as nodes are located in the human body.  

2.  Complex algorithms are the main obstacle to energy efficient routing.  

Although many routing protocols are designed to be efficient, there are still some flaws. Some do 

not address delay tolerance and postural information. [10].  

 
Fig 2 : Classification of WBANs Routing Protocols 

 

Many protocols are not concerned with temperature rise. There has been a lot of research into 

routing protocols. Liang and other [11] proposed the idea of a Prediction that is based on Secure 

and Reliable(PSR) routing system that is safe and secure routing. 

Khan, et . al. [12] An Energy Aware Wearing Routing Protocol, (EPR), has been suggested to 

reduce the load on energy and traffic. The proposed model is an energy-conscious and QoS aware 

routing protocol for communications devices within health care. But, these protocols aren't without 

their flaws. 

Nadeem and others Nadeem, et. al. stable and can increase throughput. It is able to improve the 

efficiency of links in WBANs. To minimize heat generated by sensors, thermally aware routing 

protocols have been proposed. Cluster-based routing has been suggested to cut down on the 

amount of power and delay required in addition to enhancing longevity of the network and link 

quality. [14]. 

Postural-Movement-based routing protocols were proposed for handling the link disconnection 

that occurs due to the body movement. The cross-layered routing protocol has been suggested to 

solve the issues of the network as well as MAC Layer [15]. Following a brief overview of the 

protocols, we'll go over the protocols in the section on routing. 
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5. Design Issues Of Routing Protocols  

WBANs need to be linked to control, monitoring and remote systems. Thus, the systems need to 

offer high reliability and low latency. Network-specific requirements make it difficult to create an 

appropriate routing protocol effective for WBANs. In the next article, we will be discussing the 

routing issues that are related to WBANs. 

a)  Dynamic Nature of Network WBANs network is dynamic because of the dynamic topologies 

and mobility of nodes. The dynamic nature and duration of the network reduces its lifespan [16]. 

Link quality is also affected by body postural and bodily movement. So routing protocols need to 

be adaptive in order to deal with topological changes within the network.  

b)  Heterogeneous Environment Different types of heterogeneous environments can be used to 

analyze various parameters with WBANs. These NODES that are heterogeneous are utilized to 

calculate, store data, as well as power consumption. WBANs are often challenged by the 

heterogeneity and complexity of the environment.  

c)  Topological Partitioning WBANs have another problem: topological partitioning. This is 

because of body movement and the limited distance of communication devices. It is crucial to use 

a reliable routing protocol in place to handle this challenge. The protocol can be one-hop, multihop 

or cluster-based depending on how large the network is.  

d)  Energy Efficiency WBANs face major challenges when it comes to energy utilization. Patients 

are often uncomfortable and find replacing batteries difficult. Sensor batteries' life spans depend 

on the applications and batteries used. Overheating can cause tissue damage and death. WBANs 

are very concerned about energy consumption and network life expectancy. These networks still 

have to deal with energy consumption problems due to limited energy resources.   

e) Interference and Temperature Another issue when designing routing protocols in WBANs is 

temperature rise. Temperature rise can be attributed to two factors: energy consumption by nodes 

and antenna radiation absorption. It is therefore important to develop and design energy-efficient 

routing protocols that use minimal energy and have less interference.  

f) Limited Resources WBANs need limited resources. They have a narrow bandwidth of 

communication, a limited amount of storage and energy, as well as limited bandwidth. These 

constraints must be taken into account when routing protocols are designed.  

g)  Security and Privacy WBANs are also concerned about privacy and security. All tires should 

have security and devices must be able to authenticate and remain intact. Security must be 

maintained at both the data and system levels [11Security must be at both the data and system 

levels [11. There are numerous security measures that you can employ to safeguard your personal 

data. Privacy is, however is the term used to describe patients' rights to restrict the collection of 

personal data as well as their usage. WBANs must meet all security requirements in order to protect 

patient data.   

h) Quality of Services (QoSs) For data transmissions within WBANs that are different from those 

described above, QoSs may be required. The [18] author describes The patient's data can be 

classified into three categories three types: sensitive, critical and normal. EEG, heartbeat as well 
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as other important information is collected by sensors. Sensors for sensitive data collect data using 

images processing, video streaming vital signals, as well as monitoring the rate of respiration. The 

data on body temperature is the foundation of regular data. It is crucial for routing protocols to be 

developed to meet all QoS requirements. QoSs need to have high speed of packet delivery, minimal 

transmission delay , and no collisions. QoSs may also be assessed at lower levels of protocols. 

 
Fig 3 : Comparison of Protocols 

 

6. CONCLUSION 

 Wireless body area networks, more often referred to as WBANs, are a rapidly developing field 

that provide a diverse variety of advantages. It is difficult to send the information that the sensors 

pick up back to the drain because of the movements of the human body as well as other restrictions. 

WBANs categories the routing protocol into the following five primary groups: methods for 

routing that are based on QoS, which include temperature-based, cluster-based (cross-layer), 

postural movements, and base QoS. In this study, we will focus on and critically examine several 

temperature-aware routing techniques for wireless body area networks (WBANs). Temperature-

aware protocols do not consider other aspects of routing, such as energy consumption or utilization 

delay, packet delivery, or energy use. This review will help researchers design an efficient 

temperature-sensitive WBAN routing method, which is one of the benefits of reading it. The next 

step is to do research on the primary requirements and challenges related to environmentally 

conscientious routing systems (WBANs). 
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Recently, the usage of automated microfluidic integrated platforms in chemical synthesis has emerged as an extremely useful tool
for nano/micro structures fabrication. Owing to their cost-effectiveness, portability and low sample consumption, these devices has
gained substantial attention especially towards industrial outlook. The physical, chemical, mechanical and magnetic properties of
the nanomaterials are greatly influenced by their morphological aspects. The broad spectrum applications of nanostructures in
versatile fields like biomedical, energy storage/harvest, biosensing, catalysis, imaging, electronics and engineering, hugely depend
on their morphology. Therefore, an automated, robust but customizable synthesis is the key to attain uniformity and reproducibility
of morphology. Therefore, microfluidic devices offer features like control fluid flow, faster mixing of reagents, precise heat transfer
mechanism and well-regulated pressure, giving a homogenous quality of nanocrytalline material for multiplexed applications. The
studies have reported that the micro-devices assisted synthesized nanoparticles have less particle size distribution curve than those
prepared traditionally. During the last decade, nano-and-micro sized crystals, colloids, particles, clusters have been synthesized so
far using micro-controlled devices. This review summarizes the recent advances and the future scope of various miniaturized and
microfluidic automated devices to realize nano crystalline materials.
© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
2162-8777/abdb19]

Manuscript submitted October 9, 2020; revised manuscript received January 2, 2021. Published January 22, 2021. This paper is
part of the JSS Focus Issue on Solid State Reviews.

The realization of the unique properties of nanocrystalline
materials and their broad way applications has increased the demand
for their synthesis on a large scale. The need for fabrication of these
materials with outstanding physical/chemical properties has grown
extensive.1 As versatile applications of nanoparticles are emerging
day by day, the nonmanufacturing methods for these materials via
cost effective, fast and highly reproducible approaches rendering
negligible impact on the environment is the need of the hour.2 The
physico-chemical properties of the nanocrystals are dependent on
their structural morphology. Hence, the shape, size and crystallinity
of the engineered materials has to be monitored throughout the
production. The bigger challenge is to attain the precise reproduci-
bility in each batch. In this context, the emergence of microfluidic as
a forerunner technology in chemical synthesis with more precision
has acquired substantial attention, especially in the industrial sector.3

Microfluidic devices offer manufacturing of nanocrystals with
controlled size distribution and crystal phase. The microfluidic based
synthetic routes provide added advantages like improved accuracy,
portability, cost efficiency due to lesser raw material consumption,
safer storage and handling. Other advantages include controlled flow
of reagents leading to size uniformity, maintaining identical reaction
conditions ensuring reproducibility, automation, thus, lesser prone to
manual errors and most importantly eco-friendly as these routes
utilizes fewer reagents and chemicals,4 over conventional chemical
ones. In addition, they offer varied range of applications from
biomedical to industrial. These devices are strategically designed to
control the flow of reagents in the microchannels so that the resultant
nanoparticles are uniform even with low reagent consumption. Also,
efficient mixing of the reagents in the channels, offer rapid rate of
chemical reaction with equivalent heat and mass transfer. Therefore,
the obtained nanoparticles show case great degree of evenness.5

Traditionally, the synthesis of nanoparticles is accomplished by
two basic approaches namely (a) Top-down approach (b) Bottom-up
approach.6 Figure 1 shows the general schematic representation of
the two approaches.

Top-Down Approach

Herein, nanomaterials, <100 nm sized particles are prepared
through breaking down of bulk material. Usually, lithographic
techniques like optical, (photon based) method, wherein an image
is projected on to a photo sensitive emulsion coated substrate like
silicon wafer. It is most commonly used in lithography especially in
the industrial front, electron beam, X-ray, etching and advanced
micro-machining which involve mechanical, thermal and electro-
chemical are employed to cut, mill and shape the particles.7 It is
basically done by either milling or attrition. However, though they
are useful in small scale production of nanoparticles and shows
appreciable reproducibility, yet these approaches are quite difficult
to deploy for the synthesis on grand scale. In such cases, the bottom-
up method is adopted.

Bottom-Up Approach

In this chemical synthesis method, the nanoparticles are grown
chemically through formation of molecules and clusters via atom-
by-atom arrangement till the ideal particle morphology is obtained.1

Owing to the ease of practical application of this method in
industrial level production, bottom-up approach has gained signifi-
cant attention and is widely adapted. Several chemical methods
wherein, super saturated reagent solutions are used for producing
spontaneous nanoparticles with consistent shape and size are
reported.8 Although advantageous over the top-down approach,
this method has its own drawbacks. Reagent consumption and
handling becomes challenging. To overcome this, microfluidic
devices has proven to be a boon. They notably reduce the reagent
volume and produce high quality nanocrystals with desired
properties.

Microfluidic devices utilize bottom-up approach, i.e.; chemical
synthesis route of nanomaterial fabrication. Bottom-up route has two
stages (a) Nucleation phase (b) Growth phase. In the nucleation
phase, the precursor particles (starting material) form precipitation in
the reaction solution followed by growth phase, wherein, solutes get
deposited and forms the desired particle size under the influence of
pyro lytic, temperature, heat, pressure etc.9 The chemical reaction
takes place spontaneously to a point where reaction mixture becomes
supersaturated. Finally, the solute particles aggregate to form the
desired particles. As this phenomenon is highly dependent onzE-mail: sgoel@hyderabad.bits-pilani.ac.in
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external factors like concentration of reagent, temperature and
pressure. In this regard, microfluidic devices ensures uniform and
rapid mixing of reagents to allow equivalent concentration, at the
same time, these devices are designed strategically to maintain heat,
mass, temperature, pressure all through the chemical reaction
mixture.10

Mixing in microfluidic chemical reactors.—Crucial function of
these mini reactors is the appropriate mixing of starting reagents.
Thus, the microfluidic devices focus on enhancing the mixing
strategies in short length microchannels, henceforth, reducing the
overall device size. Likewise, thorough mixing of the reagents helps in
improving the throughput of these systems for development of
efficient lab-on-chip technology. Mixing in microfluidic reactors is
quite essential for various chemical, biological reactions to take place,
for dilution of sample and homogenizing the reagent for complete
reaction to take place. Owing to the problem of laminar flow in the
microchannels, mixing becomes challenging. The laminar flow arises
due to low Reynolds number. This can be theoretically explained like,
the hydraulic diameter of channel is used as length given by 4 A/Pw.
A represents the cross-sectional area, and Pw, wetted perimeter of the
channel. Due to high surface-volume ratio and low length, greater heat
and mass transfer occur within devices. The low hydraulic diameter,
back pressure form the kinetic velocity of the sample and small flow
velocities leads to laminar flows giving low Reynolds number. Hence,
turbulent mixing of reagent that usually takes place in bulk reactors is
not possible in these devices.11–13

In recent years, several literature reports have shown different
microfluidic mixing techniques. Broadly, they are categorized as
active and passive mixing. Active mixing involves an external force
like magnetic, electro kinetic, acoustic, ultrasonic etc. are required
for inducing the appropriate mixing.12 Whereas, the passive mixing
does not require any such additional force. Commonly, diffusive
mixing, i.e.; a type of passive mixing is widely used in microfluidics.
The basic pattern has “T” shaped microchannel wherein, flow of the
two different reagents into “T” shaped inlets takes place which
further flows into the common outlet. While in the outlet, the
diffusion of the particles takes place due to concentration gradient.

Figure 2a shows a typical “T” shaped microfluidic channel. A
slightly improved version is a “Y” shaped microchannel (Fig. 2b)
wherein, two inlets allow the fluids to come in contact and diffuse. A
single outlet permits the mixed solution out. In order to improve the
mixing further, several modifications in the channel shapes are being
done based on the requirement. For instance, a simple “Y” shaped
microchannel can be further modified as a serpentine microchannel
to enhance the mixing. Figure 2c shows the schematic representation
of this basic design. Similarly, over the years, a variety of designs
have been developed. There are microchannels fabricated for more
than one inlets and so on. Figure 2d, shows a design of microfluidic
channel with multiple inlets for three different reagents to enter and
diffuse in a single channel and exit through single outlet. As can be
seen in Fig. 2d, reagent C enters into the channel only after reagent
A and B are thoroughly mixed. Figure 2e is a sample design
wherein, three inlets allow three different reagents to enter the
channel at different times. The flow of the reagents is monitored. To
further improve the mixing, ridges, grooves and slanted wells are
incorporated within the channels.12 Therefore, mixing in micro-
fluidic reactors are easily tailored based on the conditions and
parameters required.

Flow monitoring.—In order to complete the chemical synthesis
in the microfluidic reactors, efficient usage of flow controller plays a
key role in monitoring the reagent flow. There are primarily three
flow monitoring systems based on the source of pressure controller
used. (a) Compressed air (b) Mechanical energy based and (c) Non-
mechanical energy based.

Compressed air.—This Pressure controller utilizes compressed
air source to pressurize the reservoir containing reagent which is in
turn is connected to the microfluidic channel through tubes. The
reagent moves into the channel due to pressure difference.

Mechanical energy based.—Utilizes mechanical pumps like most
commonly, peristaltic and the syringe pumps to displace the desired
volume reagent into the channels. Syringe pumps, containing an
electrical stepper motor pushing the syringe filled with reagent liquid
at a fixed rate, being user friendly and precise are used more
predominantly. By modulating the syringe size and motor speed,
flow rate can be monitored. On the other hand, the peristaltic pump
has a mechanical rotor that gives compressions and relaxations
which draws the reagent and gives the flow.

Non-mechanical energy based.—Also known as passive tech-
nique, utilizes non-mechanical energy or chemical energy processes
like capillary action, hydrostatic force, electro-osmosis etc. to flow
the reagent into the channels.14

In order to monitor the flow rate via any of the above technique,
flow sensors like thermal, mass and mechanical are employed. Thus,
flow of reagents and mixing of them for the chemical reaction to take
place are carefully monitored.

Temperature controller.—Thermal management in a micro-
fluidic platform is imperative and plays an essential role in
nanomaterial synthesis. For the same, micro-controller based por-
table thermal management devices performs this task. Recently,
Madhusudan et al., reported an IoT Enabled Portable Thermal
Management System for synthesizing Manganese oxide nano
particles. Herein, an automated device is fabricated that has a
microcontroller, DC-DC converter, cartridge heaters, and feedback
thermocouple sensors. These helps in control of specified tempera-
ture via Proportional-Derivative-Integral (PID) based technique.
Thus, it gives accuracy and precision. Figure 3 shows the image
of a microfluidic reactor over the heating block.15 An arduino based
heating platform enabled an integrated PID controller feature, thus,
easy of use and faster response was achieved.

To synthesize the MnO2 particles, the authors designed a Poly
(methyl methacrylate)(PMMA) (also known as an acrylic polymer)

Figure 1. Schematic representation of the two approaches (a) Top-down
(b) Bottom-Up for nanocrystals synthesis.
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microfluidic device. This device offered appropriate reaction para-
meters, faster mass and heat transfer, and high reproducibility. The
starting materialswere manganese sulphate (MnSO4. H2O) and
Potassium permanganate (KMnO4) in 1:2 ratio dissolved in 10 ml
of DI water. The solution was magnetically stirred and 1 ml of it was
transferred into the microfluidic device kept over the fabricated
heating block. The reaction mixture in the microfluidic device was
heated to 90 °C continuously for 12 h. The resulted product was a

brownish black color powder. It was filtered and washed with DI
water and dried at 65 °C for 3 h before use.15 The authors have
further compared the advantages conventional hydrothermal method
with the proposed portable microfluidic method. Table I summarizes
the overall advantages of synthesis of nanoparticles in a micro/
miniaturized devices over conventional bulk synthesis methods.

Fabrication of Microfluidic/Miniaturized Reactors

The most common technique adopted for fabricating microfluidic
device is soft lithography. No matter how efficient this method is, it
battles a huge drawback of clean room requirement. Hence, the clean
room establishment is costly and fabrication in clean room is labor
intensive, requires skilled technicians.16 To overcome this, certain
methods like laser jet printers,17 photolithography,16,18 3D-printing,16,17

laminates,16 Moulding,16 Embossing,16 are being explored recently for
the fabrication.

Molding.—This technique involves formation of a master mould
using photolithography with materials like silicon. Liquid polymer is
poured over this mould, cured and solidified. There are broadly three
types of molding methods: (1) Replica molding (Soft lithography)
(2) Inject molding (3) Hot embossing. These techniques involve the
use of high temperatures, heat and pressure over liquid polymers

Figure 2. Schematic representation of a “T”, “Y”, “Y”-serpentine shaped microfluidic channel.

Figure 3. Micro-channel placed over the thermal management device
(Copyright@2020).
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poured on master molds followed by solidifying the elastomers to
form microdevices.16

Soft lithography.—Since 1998,16 huge domination of soft litho-
graphic techniques using polymer materials like polydimethylsi-
loxane (PDMS)19 for making these devices have been observed. Soft
lithography is method of self-assembling and replica moulding; a
non-photolithographic technique. Xia et al. in 1998, reported a
detailed study on soft-lithographic fabrication.18 They reported that
an elastomeric block consisting of designed structures on its surface
plays a key role in fabrication. The process involves conversion of
liquid materials like polyimides, PDMS, polyurethanes, etc. into
solid elastormers. Cast moulding is used for making these PDMS or
other elastomeric stamps. Herein, a master mould is prepared via
micromachining, the liquid polymer mixed a commercially available
curing agent (mixture of platinum complex and copolymers) is
poured over this master which has desired pattern on its surface.
Further, heating to high temperatures will solidify the material.18

Figure 4 is a basic schematic representation of the process.

Photo lithography.—This technique basically uses optical means
for drawing desired patterns on the substrate. Otherwise known as
optical lithography, it is used to draw channels, patterns on thin film
or bulkier substrates. Conventional projection photolithographic
techniques are capable of designing patterns on small substrates
∼250 nm. However, modern photo lithographic techniques utilizes
soft X-ray, e-beam, focused ion beam, Ultra-violet beam and can
make patters upto 100 nm size.18

Laminates.—This technique involves stacking and bonding of
independently cut layers. Basically it has three layers; bottom layer,
intermediate layer wherein channels are cut, and top layer. These
layers are bonded to form a firm device. However, the number of
layers can vary as per the requirement of the device. There are three
important steps in these. (1) Selection of material (2) cutting the
desired channels on the layer (3) bonding the stacked layers. Glass
slides, polymer layers like PMMA, polycarbonate, PLA etc.,
adhesive transfer tapes are the preferred materials used. Knife plotter
or laser cutting (commonly CO2laser) is often used for cutting the
desired micro channels and patterns. Although laser cutting offers
much précised dimensions, it is expensive and skill oriented
handling is needed. In comparison, knife plotter is cost-effective.
Nevertheless, the choice of the cutting method is influenced by the
material used. The use of adhesives, like double sided tapes, and
thermal bonding are the common methods of bonding the stacked
layers. In thermal bonding, the temperature of each layer is increased
to near the glass transition temperature (Tg-temperature at which
30–50 carbon chains starts to move in an amorphous material. They
undergo transition from a solid rigid state to more flexible state)
followed by applying force which bonds the stacked layers into
functional device.16

3D printing.—Also known as additive manufacturing is a layer-
by-layer material deposition technique wherein, new layer of a
specified material gets deposited over its previous layers. Conductive
filaments like Ploy Lactic acid (PLA), Acrylonitrile Butadiene Styrene
(ABS), Wood Fiber (Cellulose + PLA), Polyethylene Terephthalate
(PET), Poly Vinyl Alcohol used in 3D printed devices. The general

method of fabrication involves a designing a 3D microfluidic device
using a Computer Aided Design (CAD) software. Further, this
designed model is converted to a Standard Triangle Language (STL)
file which is compatible with the 3D printer software. This software
forms 3D image into a sequential 2D layer giving a G-code file which
then the 3D printer can fabricate the device via layer by layer material
deposition. Figure 5 gives an over view of various 3D printing
methods.16

Any of the above mentioned techniques are suitable for fabrica-
tion of microfluidic chemical reactors. Selection of the technique and
the material depends upon the parameters of the reaction condition
like, temperature, pressure, heat generation, starting material etc.

Types of Microfluidic Reactors for Nanomaterial Synthesis

Classification of microfluidic reactor based on flow condi-
tion.—The broad classification of the microfluidic reactors based

Table I. Comparative table of conventional and portable microfluidic device based synthesis of MnO2 particles.
15

Parameters Traditional Bulk Hydrothermal Process Synthesis in Micro/Miniaturized Devices

Thermal Features Requires high pressure and temperatures for the reaction Generally, reaction occurs at low temperatures
Processing time Takes more time for complete synthesis Less reaction time for nanoparticle synthesis
Space Occupancy Bulky Instrumentation, requires thermal oven or furnace Portable device, miniaturized device. Easy to handle
Volume Higher volume of reagents Lesser volume of reagents
Reaction chamber Requires autoclave/oven in most of the cases Microchannel reservoir with μl to a few ml of sample

Figure 4. Schematic representation of PDMS replica fabrication.
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on flow condition is typically of three categories. (1) Continuous
flow microreactor (2) Microdroplet segmented flow microreactor (3)
Capillary tube microreactor.

Continuous flow synthesis.—In the continuous flow reactor,
diffusion dependent laminar flow allows a steady mix and reaction of
the starting material. Continuous flow synthesis allows the reaction
between the reagents in micro channels. The optimal particle
dimensions are obtained by efficient reagent concentration, mixing,
controlled temperature, reaction time etc.4 Significant amount of
reports are documented in the literature for continuous flow based
nanoparticle synthesis in the microfluidic devices. For example, in
2002, Edel et al., reported a procedure for synthesis of Cadmium
Sulfide (CdS) nano particles. Herein, they used a simple two inlet
based microreactor through which the aqueous solutions of sodium
sulfide and cadmium nitrate were made to flow in the reactor.
Syringe pump was deployed to deliver these starting material into
the microchannels. The channels of the reactor were structured in
such a way that it mixes the two reagents via splitting into multiple
streams before contact. Post mixing, channels were combined to a
single outlet. The total volume required was not more than 600 nl.
The flow rate was optimized between 10–300 ml min−1. They also
found that, as the flow rate was increased, the uniformity of the
particles was also improved. The particles were obtained just by
mixing of the reagents and analyzed by absorption spectra.20

Likewise, Wang et al., fabricated titania nanoparticles in their
designed interface microchannel reactor. Figure 6 shows the typical
diagram of their micro reactor.21

Hexanol/Titanium Tetraisoproxide and Formamide were delivered
through two syringe pumps in the micro reactor as reagents. The
microchannels allowed mixing of the reagents resulting in formation
of titania particle which were collected through outlets in the bottle.21

In another work, Chan et al., in 2003 reported Cadmium Selenide
nanoparticles by changing flow rate, concentration of reagent, reaction
time and temperature. Se/Cd(CH3)2/tributylphosphine was the starting
reagent mixed with surfactant was delivered to the reactor via syringe
pump. The reactor temperature was set at 180 °C for optimal time
300 s. The reaction occurred to yield CdSe nanoparticles.22 Lin et al.,
stated a methodology for synthesizing mono dispersed silver nano-
particles. Herein, they used a thermal reduction process. Silver
Pentafluoropropionate and Trioctylamine taken in isoamyl ether
were used as the starting reagents. The reactor channel was a stain
less steel 20 cm lengthy tubular coil. Syringe pump was used to

introduce the reagents in the microchannel. The micro tubular channel
was immersed in an oil bath to maintain a temperature range of 100 °C
to 140 °C. The formed particles were collected through the outlet in
glass tubes. They investigated and compared the size of the formed Ag
nano particles varying flow rate, temperature and reaction time.23 In
2007, Shalom et al. reported synthesis of thiol functionalized gold
nanoparticles in a continuous flow micro reactor. A photolithographic
method was used for the device fabrication in which precursor
reagents, pre-pared gold thiolate polymer and aq. Sodium borohydride
were used. The reaction happened at a room temperature with a
reaction time of 4–40 s. The effect of reaction time and temperature
was also studied.24 Xu et al., in 2015, reported Nickle nano particle
synthesis via aqueous reduction process. Nickel sulfate was used as
the starting material and Hydrazine as a reducing agent. A “T” shaped
continuous flow reactor channel of 1.58 mm was used. Separate
pumps were used to deliver the reagents. The reaction temperature was
maintained 80 °C, however, effect of temperature and reaction time
was also investigated.25 Recently, Heshmatnezhad et al., in 2020,
came up with method of synthesizing, polycaprolactone nanoparticles
in a continuous flow microfluidic chip device. The device was
prepared by a standard wet-chemical etching process and thermal
bonding. Syringe pump was used for flow monitoring. They have also
investigated five different designs of microfluidic devices for efficient
synthesis of the polycaprolactone nanoparticles.26

Microdroplet (emulsion) segmented flow.—In a two-phase
segmented flow synthesis, nanoparticles are formed due to the
chemical reactions taking place within the mircodroplets. This type
of synthesis wherein emulsion droplets are used as reactors is not
new.27 Usually, organic or fluorocarbon oils are used for generation of
these droplets.28 Figure 7a depicts a typical diagram explaining how
the microdroplets formed in the micro channels acts as micro chemical
reactors (modified print copyright permission@2020).29 The aqueous
droplets carry starting materials along with the buffer. The reaction
parameters like temperature and concentrations must be optimized by
different permutation and combination. The reactions are carried out
in two categories (1) Liquid plugs encapsulated in an immiscible
liquid. (2) Aqueous slugs separated with other immiscible phase.
Figure 7b gives the schematic representation of these two types of
microdroplet reactors (modified print copyright permission@2020).29

Microdroplet Generation Process

Microdroplets get generated through various techniques. Ikram
et al. summarized some of the commonly used droplet generation
devices. Figure 8 gives the pictorial representation of various
processes.30

The generation of these microdroplets can be obtained through
different approaches. Some of the common methods are discussed
below.

Figure 5. Over view of various 3D printing techniques.

Figure 6. Schematic representation of the microfluidic reactor fabricated by
Wang et al.
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(i) Piezoelectric Ejector:

In 2001, Jones et al., developed a method for generating tiny
droplets of picolitre volume through piezoelectric ejector. The
device developed by them could deposit droplets of approximately
7 nl on polyimide surface. Since, the droplet generated is exposed to
the atmospheric ambience, the use of this approach in chemical
synthesis is a disadvantage as the reagent could evaporate even
before the reaction occurs. Also, controlling the multiple droplets
using this technique is a herculean task.31 Thus, attempts to improve
this technique are being done. Bransky et al., reported an improved
piezoelectric actuator based droplet generator that can translate
electric voltage to mechanical translation to determine the fluid
segment volume.32

(ii) Microfluidic channels:

In order to achieve high-throughput generation of microdroplets
from microfluidic channels, the use of needles, micro-injectors and

electric field is employed. Droplets get generated when aqueous
medium is introduced into an immiscible liquid (oil). Generally,
“T”-junction and flow focusing technique is used. In a “T”-junction
method, aqueous phase is introduced into a continuous oil phase
perpendicularly. Owing to the force between two distinct phases,
droplet generation occurs.33 In a typical flow focusing technique,
liquid (aqueous) flows into the central channel and an immiscible
liquid (oil) flow through the two outer side channels. These two
phases are forced to flow downstream of the three channels via
orifice. The outer fluid applies pressure on the inner fluid into narrow
stand that forms droplets.34 This techniques give reduced size
droplets hence advantageous.35

(iii) Electric field based generator:

He et al., in 2005 described electro-generation of aqueous micro
droplets ranging from femtoliter to picoliter volume. Likewise, Link
et al., in 2006 reported electronic control of microdroplets generation
based on the combination of electrostatic charge on the droplets and

Figure 7. (a): Schematic representation of a basic micro droplet based reactor. (b) Schematic of two types of micro droplet reactor (Copyright
permission@2020).

Figure 8. Schematic representation of common microdroplet generation methods. D-dispersed phase, C-Continuous phase. (a) Flow focusing (b) T-junction (c)
Cross flow (d) Cross-flow device (e) Capillary based (f) Flow focus.
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the high electric fields employed on the micro device. The device
was fabricated with softlithography using PDMS as base material.
Electric field was generated by ITO electrodes patterned along the
microchannels. Flow focusing technique is deployed for drop
formation. High electric field pulse is applied to the two liquid
phase interfaces (oil-water). This leads to generation of electrostatic
force between the interfaces leading to droplet formation. A
minimum of 1 kV of electric field is needed for this. This method
has a key advantage that it does not require any complex flow
controls and gives high throughput manipulation of droplets.36,37

(iv) Mechanical valve:

Lee et al., in 2009, developed a new strategy wherein they used
mechanical valve to generate microdroplets. Mechanical cutting
technique was used to generate droplet at “T” shaped microchannel.
Softlithography was used to make PDMS micro device with T
shaped channel. A main flow channel forms T junction in accor-
dance with other side flow two channels. The main channel has a
continuous phase flow and the dispensed phase enters into the main
channel through the side channels. A mechanical valve was attached
to the side channels hence, dispensed phase flow into the main
channel was controlled. Droplets were generated when the side
channels carrying the dispensed phase was closed completely with
the valve. The opening time of the mechanical valve was regulated
to get the uniformity in size of the droplets generated.38

However, the generation of microdroplet is not limited to the
discussed methods only. Other techniques like light actuation
(UV-light),39 elastomeric sponges,40 pneumatic actuation,41 surfactant
based,42 centrifuge based,43 temperature controlled,44 microinjection45

etc. Wei et al., in 2019, gave a detailed overview of various advances
in the microdroplet generation approaches.46

Types of Microdroplet Reactors

These microdroplet reactors can be emulsions, capsules of
polyelectrolyte, micelles, vesicles etc. The major advantage of this
microreactor based preparation is that the particles will not aggre-
gate.

Emulsions.—These microreactors are water droplets in oil. Each
droplet carries the reagent.47 Herein, either both the starting
materials are dissolved separately in a dispersion medium or one
can of it can be dissolved in a surfactant. Another technique called
micellar exchange process can be used wherein, different micro-
droplets carrying separate reagents can aggregate together to form
single droplet comprising of all the reacting chemicals and allow the
chemical reaction.48 Literature reports preparation of several metal
oxides like ZnO2, SiO2, TiO2, FeO3via micellar exchange approach
wherein, corresponding metal salts are dissolved in aqueous media

and base to the oil. Owing to the advantages like ease of handling,
single-step preparation and less time consumption, these methods
are used. Nevertheless, certain drawbacks like pH control, ionic
concentration strength control limits this method for fabricating
fewer types of nanomaterials only.

Micellar.—Micellar are water droplets encapsulated by surfac-
tants stabilized via their hydrophilic heads. The hydrophobic tails
has continuous solvent contact. Reagents are dissolved within the
water center of the micelle where reaction occurs.48 This method has
been reported in the literature for synthesis of semiconductors
(Q-Size), of ZnS, PbS, CdS, ZnSe, CdSe, CdTe etc.48 The use of
anionic surfactant has also gained much attention. Herein, metal salt
is entrapped in the micellar center and then anion is added in the
solvent phase. Preparation of metal particles like Au, Ag, Pd, Fe, Co,
Cu have been reported through this method. Metal salts are
embedded in the micelle core and reduced by strong reducing agent
like H2gas, Sodium Boro Hydride, Hydrazine etc.

Capsules.—Polyelectrolyte capsules were introduced by Donath
et al. in 1998. Capsules were prepared using polymers like polystyrene
sulfonate, polyvinyl sulfate, polyallylamine. Colloidal particles when
immersed in these ionic polyelectrolytes alternating the charge, gives
self-assembled multilayered adsorbed over the surface. These deposition
leads to formation of hollow cores forming capsule like structures. The
polyelectrolytes are highly permeable, thus, reagents can enter these
capsules and acts as microreactor.48 These capsules offers features like
tunable pH, concentration variation and highly selective permeability,
henceforth, advantageous to fabricate magnetic, fluorescent and optical
nanoparticles. Although efficient, it has limitations related to controlling
the permeability especially if the ions are smaller. In addition, the
preparation of the capsules is skill based and time-consuming. Therefore,
not many types of nanoparticles can be synthesized in these.48

Significant literature is available using this method of synthesis.
For instance, in 2004, Millman et al., reported a novel method for
synthesizing aniotropic particles. Herein, they used microchips con-
trolled by electric field. The process involved perfluorinatead oil
droplets that carried starting reagents/polymer solutions. Self-as-
sembled anisotropic particles were obtained.28 Likewise, Shestopalov
et al., developed a multi-stepped synthesis CdS and CdSe nano
particles in a PDMS microfluidic device in milliseconds.49 Hung et al.
reported in 2006, an interesting approach of Cadmium sulfide
nanoparticle synthesis. They fabricated a double-T junction micro-
fluidic device with three inlets and a switch-back outlet. Molding
technique via PDMS stamp was used for fabricating the device.
Reagents; Cadmium Nitrate and Sodium sulfide were delivered to the
channels with syringe pump and silicon oil was used for droplet
generation. Each droplet acted as a microreactor for formation of CdS
particles which were collected through outlet.

Figure 9 represents the schematic picture of the device created by
Hung et al.50 Similarly, Wacker et al. in 2012, developed fluorescent
silica nanoparticles in PDMS based microfluidic device using soft
lithography. By manipulating the reaction time and the concentration
of the reagents, the size of the particles obtained were varied. A
comparative investigation of the nanoparticles synthesized in micro-
droplet reactor and bulk revealed that the size of the nanoaprticles
obtained in microdroplet could be controlled widely as the growth of
speed is more. They further functionalized the nanoparticles with
fluorescent dye.51

It was later in the year 2017, when Abalde-Cela et al., came up
with synthesis of branched gold nano particles in two different
approaches. This was the first time when on-chip synthesis of
branched gold nanoparticles was achieved. They attempted surfac-
tant free and PVP (surfactant) based methods and compared the
morphological aspects of the nanoparticles obtained in them.
Photolithography technique was used to design the PDMS based
microfluidic devices.

Figure 10 represents the designs of the two devices by Abalde-
Cela et al. For surfactant free synthesis, Hydrochloric acid,

Figure 9. Schematic diagram of the droplet microfluidic reactor designed by
Hung et al.(modified and redrawn).
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Chlorauric acid, ascorbic acid, Silver nitrate and gold seeds were
delivered to the channels along with surfactant. The reaction took
place in the microdroplets and resultant nanoparticles were collected.
Whereas for the surfactant based, PVP in DMF, Choloauric acid
were used as reagents, Au-nanoparticles were reduced in the droplets
generated due the chemical reaction of the reagents. Thus, synthesis
was obtained on chip.52

Apart from the traditional chemical synthesis approach, the
microdroplet reactors are also being utilized in biosynthetic route
of fabricating metal nanoparticles. Figure 11 is gives a detail
description of the biosynthetic route used (reprint from Lee et al.
2012). Lee et al., reported artificial cellular bioreactors using
hydrogel polymer, E. coli cell and microdroplet. The device used
was fabricated with photolithography using a silicon mold of PDMS.
Plasma bonding was used. Microdroplets of cell extract and
N-isopropylacrylamide (NIPAM) monomer were generated with a
flow focusing technique. Upon polymerization, NIPAM acts as an
artificial membrane. Thus, forming cellular bioreactor. The size of
these reactors were controlled between 26 to 53 μM in dimension.
Precursor solutions: i.e.; metal salts are introduced in the artificial
cellular membranes through absorption. The cellular extract reduces
the salts into nanoparticles. Gold, Selenium, Cadmium, and Iron
were precursors used. Using this bioreactor, metallic nanoaprticles,
quantum dots, magnetic nano particles and nanocrystals were
fabricated successfully. TEM characterization and UV–vis was
used to study the morphological features of these different nanoma-
terials synthesized in these biomimetic reactors.53

Green synthesis of metallic nanoparticles in micro reactors were
also attempted. For example; Fernandes et al., in 2013 reported greenly
synthesized silver nanoparticles in a microreactor. The reagents used
were betanin (phytochemical from beetroot), silver nitrate (metal salt)
and sodium hydroxide for pH balance. They utilized a commercially
available microreactor with capability of four pumps. Aqueous solu-
tions of betanin and silver nitrate were introduced in the micromixer
through syringe pumps. Post thorough mixing, aqueous solution of
sodium hydroxide was introduced into the pre mixed reactant and kept
at 80 °C. The effect of reaction time and concentration of reagents was
investigated with reference to the particle morphology.54

Capillary tube microreactor.—Herein, normal tube reactors are
scaled down to mico dimension capillary tube. It comprises of a flow
cross-sectional area. These tubes are generally made up of stainless
steel, glass, silica and polymer. Due to the micro size of tubes,
temperature control is uniform giving size controlled nanoparticles.
In order to achieve multiple step synthesis, many tubes can be
connected in series. Nanoparticles like ZnS, CdSe are prepared using
this method.55 He et al., reported preparation of silver nanoparticles
in a capillary tube reactor. Polytetrafluoroethylene capillary tube was
used as microreactor. Silver acetate, oleylamine and 1,2-dicholor-
obeenzene were the starting materials used. The regents were
introduced into coiled capillary tube kept in oil bath at 170 °C.
Different size of colloidal silver nano particles were synthesized by
manipulating the flow rate and reagent concentration. Reaction time
was dependent on the flow rate.56

Types of Nanoparticles Synthesized in Various Microfluidic/
Miniaturized Devices

Nanoparticles ranging from metallic/inorganic, semiconductors,
polymer, biomaterial, magnetic, quantum dots, ternary particles, colloidal
etc. have been synthesized using microfluidic devices. Literature reports
various methods for the same.

Metal/Inorganic nanoparticles.—Metal nanoparticles are usually
synthesized in these reactors using metal salts are precursor materials.
Various metal nanoparticles like, gold, silver, palladium, zinc, nickel,
cobalt, copper, iron, titanium etc. have been prepared. In 2004,
Wagner et al., reported preparation of Au nanoparticles utilizing Au
seeds prepared from chloroauric acid and trisodium citrate and
ascorbic acid as reducing agent. The microfluidic device had three
inlets, one outlet, two mixing areas, engraved via wet etching on Pyrex
glass and silicon. Syringe pumps were used to introduce these reagents
into microfluidic device channel of 2.3 μl volume. Figure 12a shows
schematic of the device.57 Similarly, Shalom et al., reported thiol
functionalized Au nanoparticles,24 with two reagent inlets and one
outlet on a chrome glass substrate. They employed standard photo-
lithographic and chemical etching approach to engrave the micro-
channels. Lazarus et al. reported protocol for fabricating mono
dispersed Au nanoparticles using ionic liquids. They designed a
PDMS based device using photolithography with four inlets and one
outlet of size 3*5 cm, volume capacity of 7.6 μl. The central middle
inlet was used to generate oil droplets at the junction while other three
supplied reagents. A serpentine channel was used for mixing/reaction
zone. Figure 12b is the schematic representation of the device.2 Weng
et al. in 2008, synthesized hexagonal gold nanoparticles in microfluidic
reactor. Reagents used were chloroauric acid and sodium citrate. The
device fabricated had micro-pumps, micro-valve for flow control, micro-
mixer to mix the reagents and a micro temperature controller. Figure 12c
gives the schematic over view of the device.58 Yang et al. in 2010
reported PDMS based microfluidic device with micropump, valve and
vortex micro mixer. The automated system enables reagents to transfer,
mix and react. The chip is placed on a commercial temperature controller
at a fixed temperature of 100 °C, chloroauric acid and sodium citrate are
the starting materials introduced in the mixer and reaction is allowed.
Sodium citrate acts as reducing agent forming Au-nanoparticles at
100 °C.59 Ftouni et al., reported Au-nanoparticles of 1.8 nm diameter by
citrate reduction.60 Monodispersed Au nanoparticles were synthesized in
a simple glass microfluidic device with Y shaped channel.
Tetracholoauric acid was used as metal salt, and a combination of
sodium citrate and tannic acid as reducing agent. These solutions were
injected into chip through syringe filters and reaction lead to formation of
uniform Au-nanoaprticles which were collected through the outlet.
Reaction zone on the chip was about 131.5 mm. Figure 12d shows the
schematic diagram of their microfluidic device.61 A glass capillary
microfluidic device was fabricated for synthesis of polyvinylpyrrolidone
capped Au-nanoparticles. Ascorbic acid and tetrachloroaurate trihydrate
(HAuCl4.3H2O) were used as source of metal salt and reducing agent.
Two glass capillary tubes: one round tube with 1 mm outer and 0.58 mm
inner diameter, square tube with 1.05 mm inner diameter were used.62

Figure 10. Images of the (a) Surfactant free (b) surfactant based microfluidic synthesis chip design for branched gold nano particle synthesis; reprint from
Abalde-Cela et al. 2018 (Copyright permission@2020).
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Silver metallic salts upon treating with reducing agents under
controlled temperature and reaction conditions gives silver nano-
particles. Microfluidic reactors can be used for this. Patil et al.,
fabricated Ag nanoparticles in a typical Y channel microfluidic
reactor. Figure 12e is schematic drawing of their device. Silver nitrate
solution with added surfactant; sodium dodecyl sulfate was introduced
into the channel through one inlet using syringe pump and sodium
borohydride with surfactant from the other inlet. Effect of flow rate,
reaction time and temperature was investigated. The resultant Ag
nanoparticles were collected through the outlet.63 Ionic liquids were
also used for Ag nanoparticle synthesis.2 Baber et al. in 2016,
fabricated Ag nanoparticles in an impinging jet reactor. Syringe
pump was used to let the reagents (Silver nitrate with trisodium
citrate through inlet one and sodium borohydride through inlet two)
into the jet reactor. Flow rate was monitored to obtain desired jet
speed. Once the jets of reagents collided, reaction takes place giving
nanoparticles. Figure 12f shows schematic representation of impinging
jet reactor.64 Lei et al. developed a microfluidic device with PDMS
using soft lithography. A simple three inlet based device, of micro-
channel width (200 μM) and height (50 μM) with T junction, one
outlet was used. Herein, segmented microdroplet method was adapted.

Mineral oil containing surfactant was the continuous phase in which
the two aqueous reagent solutions, silver nitrate and sodium borohy-
dride, flows into the co-flowing oil phase forming microdroplet
reactor. The reaction occurred at room temperature and syringe pumps
were used for monitoring the flow. Figure 12g is the schematic
diagram of the device.65 Kwak et al., customized the microfluidic
reactor for synthesis of Ag nanoparticles. The microreactor had two
“T” junctions, three inlets and single outlet. Aqueous solution of
reagents silver nitrate and polyethyleneimine were introduced to inlets
through microsyringe. First T junction was used for introducing
reagents in static mixer and second for generation of droplets.
Reaction was carried out at 60 °C for 60 min and resultant particles
were collected in isopropyl alcohol followed by centrifugation.
Figure 13a is the schematic representation of the device.66

Composites of silver nanoparticles-chitosan were also attempted in
microfluidic chip devices. PMMA sheet engraved with microfluidic
channels with CO2 laser was used. It comprised of three inlets, one
outlet, orifice and one cross junction channel. Middle inlet was
introduced with dispersed phase i.e.; silver nitrate with chitosan, the
other two were for continuous oil phase. Droplets were generated at T
junction and further droplets were collected through outlet in sodium

Figure 11. Schematic represent1ation of metal nano particles formed from biosynthesis using E. coli (reprint from Lee et al. 2012 copyright@2020).
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hydroxide solution which acted as a reducing agent forming silver
nano-chitosan composites. Figure 13b gives the schematic diagram.67

Song et al. fabricated a microfluidic device using polyether-
etherketone for fabrication of palladium nanoparticles. Herein,
Palladium chloride and lithium hydrotriethyl borate in THF were
used as reagents. The device had five inlet parallel channels to
increase the production and yield. Metal salt was added through four
inlets and reducing agent through one into the mixer where reaction
took place. Figure 13c depicts the schematic representation of the
device along with the reprint of microfluidic chip.68 Karim et al.,
reported a unique microreactor for synthesis of palladium nanopar-
ticles of size as small as 1 nm. Palladium acetate and oleylamine and
trioctylphosphine were used as reagents. Microfluidic device had a

serpentine channel of 270 μM in depth, 700 μM in width, 80 cm in
length and 150 μl of the total volume requirement. Reaction time
was 95 min. The inlet and outlet ports were kept cooler using
additional serpentine channel with flowing RT water. The reaction
zone serpentine channel was heated to 60 °C and 100 °C to obtain
palladium nanoparticles. Figure 13d is the reprint of the device from
karim et al.69 Palladium nanorods were synthesized by Sebastian et al.
The microfluidic device consisted of three inlets, one outlet divided
into two zones; mixing and reaction zone. Laminar segmented flow,
wherein, Na2PdCl4as metal salt, in mixtures of water, ethylene glycol,
polyvinyl pyrrolidone, and KBr were used. Pd nanorods were formed
by usage of air as segmentation, temperatures were modulated from
160 °C to 190 °C. Reaction time was 2 min. The obtained nanorods

Figure 12. Schematic representations of the various microfluidic devices reported.
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were upto 4 nm in size. Figure 13e is the schematic representation of
the microfluidic device designed by them.70 Sharada et al. designed a
simple continuous flow microreactor with two inlets. Syringe pumps
were used to introduce palladium chloride and sodium borohydride in
a Y shaped channel. The Y shaped junction lead to coiled capillary
tube which not only allowed mixing of reagents but also led to
reaction between reagents. The tube was kept in a water bath wherein
temperature was controlled upto constant 25 °C. Pd nanoparticles
formed were collected through single outlet. Figure 13f depicts the
experimental set up of the microfluidic device.71 Very recently, Gioria
et al. in 2020, reported green synthesis route. Herein, a mixture of
palladium chloride, starch and glucose were used as reagent one and
introduced to one inlet through syringe pump. Sodium hydroxide was
introduced through second inlet. T shaped junction let the reagents to a
micro mixer which leads into coiled Tygon tube of 1.3 mm diameter

(reaction zone). The tube was kept in a water bath at 60 °C. The
formed particles were then collected through single outlet. Figure 14a
shows the typical schematic diagram of the microfluidic device.72

Inorganic metal oxide nanoparticles are also prepared in these
microreactors. For example, ZnO nanoparticles were synthesized by
Kang et al. Microchannels were created using silicon substrate. The
device had T shaped junction with two inlets, channel and single
outlet. Syringe pump was used to inject starting material aqueous
zinc acetate dehydrate through one inlet and sodium hydroxide
through other inlet. The channel allowed reaction and mixing of
reagents and was kept at 60 °C. The formed ZnO was collected
through single outlet. Figure 14b is the schematic representation of
the microfluidic channel.73 Wang et al., prepared ZnO nanoparticles
using microemulsions in a microchannel reactors. The microemul-
sions has smaller reaction zone therefore, limiting the size to nano.

Figure 13. Schematic representations of various types of microfluidic devices. (D) reprint from Karim et al. (Copyright permission@2020).
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Three different types of zinc salts, zinc nitrate, zinc sulfate and zinc
chloride were investigated as starting reagent. Sodium hydroxide
was the reducing reagent. Concentration of metal salt, temperature
and flow rate was investigated. The particles obtained were of
16 nm. The microreactor had two inlets for injected reagents through
HPLC pumps into a micromixer. Micromixer was 300 * 300 μM,
connected to a stainless steel tube reactor (Spiral) of 6.35 mm * 1 m.
The reactor was kept on temperature controller. The formed product
is collected through outlet. Figure 14c shows the schematic of the
microfluidic reactor.74 Zukas et al., reported ZnO synthesis in a
PDMS based microfluidic device with three inlets and single outlet.
One inlet was fed with aqueous zinc acetate, another inlet with
1-octanol, whose droplets were generated. Second inlet was fed
with sodium hydroxide in 1-octanol, at a T junction. The droplets
with reagents was let into tubular channel kept in water bath at

temperature varying from 25 °C–80 °C. Post completing the reac-
tion, ZnO particles were collected through single outlet. Figure 14d
is the pictorial representation.75 Ghifari et al. reported, ZnO
synthesis via flow focusing method. Microdevice using softlitho-
graphy, PDMS was prepared with channels of width and depth as
60 μM * 60 μM. Syringe pump was used to inject the continuous oil
phase and dispersed phase at T junction. Figure 14e shows the
schematic diagram of the microdevice.76

Iron oxide particles being magnetic in nature have great potential
in varies applications. Literature reports several approaches wherein
Iron oxide nanoparticles are synthesized in microfluidic reactors. For
example, Hassan et al., fabricated a coaxial flow based device using
laminar flow. Capillary tube channels with PDMS substrate is used
to fabricate the device. Acidic Ferric chloride solution is used as
metal salt and tetramethylammonium hydroxide as reducing agent.

Figure 14. Pictorial representation of various microfluidic devices used as microreactors.
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Flow rate was manipulated in such a nm way that magnetic iron
oxide particles of size < 7 nm were obtained. Microdevice had
capillary tubes with two inlets and one outlet. One inlet had
continuous flow of the reducing agent. The other inlet supplied
Iron(II/III) salt solutions into the flowing reducing agent stream. The
product was collected from outlet.77 Frenz et al. designed micro-
device with two hydro dynamically separated nozzles. The starting
reagents were Ferrous/Ferric chloride in hydrochloric acid as metal
salt and ammonium hydroxide as reducing agent. The particles
obtained were of 4 nm and magnetic in nature.78 Lee et al., in 2009
designed PDMS and glass substrate based microfluidic device with
micropumps, micro valve and micro mixer. Electromagnetic valve
were used for controlling the flow. Iron oxide was synthesized at
room temperature with co-precipitation method. The device had a
central micro loop mixer. On the either side of the mixer were five
inlets. Two on one side and three on other. Bottom of the micro loop
mixer was the single outlet channel. Through inlet 1, HCl was
injected followed by Ferric and Ferrous chloride through 2 and 3
inlet which was fed into the micro mixer. Through inlet 4 and 5,
NaOH was injected to the micro mixer. Reaction took place at
ambient temperature for 12 min. Post which Iron oxide particles
were formed as dark brown precipitate in the micromixer. The valve
was used to collect them through the outlet.79

In 2012, Kumar et al. developed dextran coated super para-
magnetic Iron oxide nanoparticles using glass capillary microdroplet
reactor device. Capillary glass tubes were used as inlets to feed the
reagents aqueous Ferrous and Ferric chloride as metal salt, ammo-
nium hydroxide as reducing agent, with precursor dextran.

Octadecene was used as carrier fluid. The reagents were fed into
the channels through separate syringe pumps. The size of tubes was
2 mm. Figure 15a gives the schematic representation of the
microdevice.80 Synthesis of super paramagnetic Iron oxide nano-
particles at elevated temperature (280 °C) was reported by Uson
et al. The fabricated device had two stages with different tempera-
tures. Iron(III) acetylacetonate was the metal salt used as precursor
along with triethylene glycol and Hydrochloric acid. The inlets fed
the reagents to spiral micro mixer then to the first stage. First stage
was kept at 180 °C which caused nucleation followed by second
stage at 280 °C were growth takes place.81 Recently, Ahrberg et al.
in 2020 developed a sophisticated microdroplet reactor for preparing
Iron oxide and gold core–shell hybrid nanoparticles. Capillary
tubing based reactor was used for the same. The reactor had a three
side inlets: central Tygon tubing inlet carrying mineral oil (for
droplet generation) connected at a junction with two capillary tubes
above and below carrying the Ferric chloride and Sodium hydroxide.
The generated droplets (carrying reagents) were fed into spiral
mixing tubing. The mixing zone was connected with three more
inlets from which gold salt solution was fed as a precursor. The gold
solution encapsulated the microdroplet carrying Iron oxide formed
giving gold/Iron oxide hybrids which were collected through single
outlet. Figure 15b gives schematic representation of their
microdevice.82

Copper nanoparticle synthesis in microfluidic system has also
gained much attention due to their increasing applications. A simple
method is to use copper salt and a reducing agent. Many research
groups have designed various microreactors for the same. For

Figure 15. Schematic representation of various microfluidic devices used for nanoparticle synthesis.

ECS Journal of Solid State Science and Technology, 2021 10 017002



example, Zhang et al. developed a simple two and three inlet, one
outlet based Y shaped channel. Syringe pumps were used to
introduced pre-pared [Cu(NH3)4](OH)2 as precursor and dilute
N2H4(Hydrazine) as reducing agent. A curved channel enabled
mixing and reaction to give Cu nanoparticles of 3.4 nm diameter in
28 seconds.83 3D-Cu/Carbon core sheath nanostructures were pre-
pared via in situ electrodeposition by Parisi et al. The fabricated
microdevice was through softlithography, PDMS based integrated
with three-electrodes on silicon base. Copper acetate hydrate was the
Cu precursor used. On applying potential, the nanostructures were
electrodeposited in the microchannel. Figure 15c is the schematic
representation of their experimental set up of microfluidic device.84

Xu et al. developed Cu nanoparticle in a T shaped microfluidic
device. It had three inlets, with oil as continuous phase in one. The
other two had aqueous reagents, copper sulfate and sodium
borohydride as reducing agent fed into the T junction through
syringe pumps. The reaction took place at RT and the formed
particles were collected through single outlet. Figure 15d is the
diagrammatic representation of their microdevice.85

A nanocomposite of Cu@Cu2Owas prepared using solution
phase approach in microfluidic system at room temperature.
Copper sulfate and sodium borohydride were used at pH 10–12.
PVP was used as dispersant. Microdevice used was stainless steel
inter digital micromixer of 40 μM width. Reaction was carried out at
RT and flow rate was maintained as 15 ml min−1.25 Xu et al. in 2015
developed an easy approach of preparing copper nano colloids in a
continuous flow micro system. Starting material; copper sulfate and
reducing agent sodium borohydride was continuously supplied from
a reservoir through pumps into a commercially available T shaped,
stainless steel microreactor of diameter 1/16 inches. The micro-
reactor had two inlets and one outlet. The reaction took place at
room temperature. Figure 16a gives the schematic representation of
the microdevice.86 Likewise, Liang et al. designed a glass micro-
fluidic device of 260 μM wide and 70 μM deep for Cu nanoparticle
synthesis. Y shaped channel with 2 inlets lead into a serpentine

channel reaction zone followed by 1 outlet. Copper (II) chloride
dehydrate and L-Ascorbic acid in ethylene glycol were introduced
through inlet 1 and 2 using syringe pumps. The device was kept at a
constant temperature 160 °C using a thermostat. The synthesized
particles were collected through the outlet. Figure 16b gives the
schematic representation of the microdevice.87

Several methods have been reported in the literature in recent
decade for synthesis of Cobalt nanoparticles in microfluidic devices.
Song et al. developed a has controlled microdevice. The device was
a polymeric microreactor which had two inlets that injected Cobalt
chloride and lithium hydro triethylborate through pumps into a
serpentine channel. The temperature was monitored throughout the
reaction. The obtained particles were collected through the outlet.68

Nano crystals of Co nanoparticles were fabricated in a microfluidic
reactor by Song et al. The synthesis was carried at low temperatures
not more than 50 °C.88 Hassan et al., synthesized hybrid nanopar-
ticles of cobalt ferrite (CoFe2O4). The reaction occurred in two
simultaneous microreactors coupled together. In the first micro-
reactor, mixing of reagents at room temperature took place to form
hydroxides of Iron and cobalt. The second reactor’s temperature was
elevated to 98 °C, wherein, the hydroxides converted to crystalline
CoFe2O4.

89

Unlike Cobalt, literature reports significant approaches about
Nickel nanoparticles synthesis in micro reactors. For example, Goyal
et al., developed multiplexed microreactor with PDMS for preparing
nanoparticles of various metals like Nickel, Iron and Palladium
using the metal salts and reducing agent. Herein, thermal decom-
position played the key role in synthesis.90 Similarly, Zheng et al.,
developed Ni nanoparticles in continuous flow system. Nickel
chloride in ethanol and hydrazine hydrate in sodium hydroxide
were used as reagents injected into caterpillar micromixer through
HPLC pumps. The reaction was carried out in a fluorinated-
ethylene-propylene tube 1 mm diameter. The tube was kept in an
oil bath to maintain temperature. Effect of temperature, surfactant,
and reaction time was studied. The particles obtained were as small

Figure 16. Schematic representations of various micro devices used for synthesis of nano particles.
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as 68 nm. Figure 16c gives the schematic representation of the
microfluidic reactor set up.91 Eluri et al. developed an uncomplicated
method for Ni nanoparticle synthesis using continuous flow. Nickle
chloride in ethylene glycol and hydrazine hydrate in sodium
hydroxide were fed into T shaped micro channel mixer through
two inlets via syringe pumps. T mixer was connected to a stainless
steel tubular coiled reactor. To maintain the temperature, tubular
reactor was kept in a glycol bath. The formed particles were
collected through the single outlet. Figure 16d gives the schematic
picture of the microfluidic reactor set up.92 Similar approach
wherein, nickel sulfate and hydrazine were employed for Ni
nanoparticle synthesis microreactor was attempted. The device had
T shaped micro mixer follower by a tubular reactor maintained in
water bath at 80 °C. The formed particles were collected through
outlet.25

Titanium oxide synthesis in microfluidic reactor is of much
significance. Cottom et al., developed a simplified Y junction
serpentine channel based micro reactor for TiO2nanorods synthesis.
The channel was 100 μM wide and 100 cm long. The microreactor
was kept in an oven at 90 °C to accelerate the reaction.93 Eun et al.
described a single step synthesis of titania hollow spheres with
nanoparticles. In micro capillary reactor.94 Lan et al. described a
process of synthesizing Titania-silica core–shell microspheres using
titanium alkoxide as starting reagent. Coaxial flow channels let silica
sol droplet formation dispersed in oil phase. Titanium alkoxide was
hydrolyzed to form titanium hydroxide surrounded by gel shell.95

However, synthesis of titania is not limited to the above discussed
methods. In addition, other metal nanoparticles like Manganese,
Magnesium, Calcium etc. are also reported.

Quantum dots.—Quantum dots (QDs) are nanocrystals capable
of transporting electrons. Microfluidic reactors have been success-
fully used for efficient synthesis of QDs. Owing to the ease of
synthesis, high conductivity, and light stability, CdSe quantum dots
are most commonly prepared.96 As discussed earlier, Shestopalov

et al., developed CdSe QDs in a continuous micro fluidic system.49

Hung et al. developed microdroplet based CdS particles.50 CdSe
nanocrystals in high temperature were synthesized by Chan et al.22

The microfluidic device was made up of glass wafer that had inlets
leading into serpentine channel of 65 cm in length, 150 μM width
and 47 μM depth. In 2005, Yen et al., developed protocol for
synthesizing CdSe QDs. They used gas-liquid based segmented flow
technique for mixing and reaction of the reagents. Cadmium 2,4-
pentanedionate and octylphosphine selenide were used as starting
reagents for Cd and Se. The reaction occurred at elevated tempera-
tures in the microreactor made up of silicon. The microreactor has
two zones, heating zone where reaction takes place and a cooling
region near outlet. The reaction channel is a serpentine channel with
1 m length and 380 μM diameter Fig. 17a is a reprint of the
microdevice used by them.97 Zhang et al. used microfluidic spinning
technology for solvent less green synthesis of CdSe QDs. Cadmium
acetate dehydrate and selenium powder were used as precursors.98

Tian et al. slightly modified the procedure of CdSe QDs preparation
by preheating the precursor. They investigated the QDs prepared by
non-preheated and preheated precursors. They pre-heating lead to
formation of high quality QDs. The microfluidic device was simple
two inlet and one outlet based. Reagents were injected through
syringe pumps and Y shaped mixer led into tubular coiled reactor
kept in oil bath. The reaction time was 40 s at 270 °C. The particles
were collected through outlet.99 They also reported CdSe nano-
crystal QDs by preparing the precursor cadmium oxide and selenium
with fatty amines ligands. Two inlet Y junction microfluidic chip of
PMMA was designed for the same. Syringe pumps were used for
introducing reagent into serpentine micromixer followed reaction
zone kept in oil bath for 45 s. Reaction temperature was optimized
and resultant particles were collected through the outlet. Wag et al.
demonstrated a shape controlled synthesis of CdSe nanocrystals. The
microchannel was made up of polytetrafluoroethylene and steel. The
total length of the channel was 208 cm, comprising 15 cm of
polytetrafluoroethylene tube and 153 cm of stainless steel tube

Figure 17. Reprints (Copyright permission@2020) and schematic representation of microfluidic devices for nanoparticles.
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followed by 40 cm PTFE tube. The inside diameter of the micro-
channel was 0.75 mm. Precursor solution was fed through syringe
pumps. Reaction was carried out in different temperatures 150 °C to
300 °C.100 Similarly, Kwak et al. developed strategy for size
controlled growth of CdSe QDs in continuous flow. CdSe precursor
were fed through syringe pumps, and N2 gas was also let into the
reactor. The capillary tube reactor was kept in oil bath at temperature
250 °C for different time duration.66 Liu et al. synthesized CdSe in
microfluidic and bulk methods and did a comparative study.
Cadmiun oxide and selenium were the reagents used as precursors.
The microfluidic device had three inlets, preheating chamber, tubular
spiral reactor and outlet. Syringe pumps were used to deliver
reagents to the preheating chamber followed by mixing and reaction
in spiral tubular reactor kept in hot bath to maintain temperature. The
prepared QDs were collected through single outlet.101

Apart from CdSe QDs, other metals based QDs are also
fabricated. Like, Shu et al., in 2015, reported first time the Ag2S
QDs using microdroplet reactor. These QDs were water soluble.
PDMS based micro device was prepared with flow focusing
technique. The starting reagent used were 3-mercaptopropionic
acid in soybean oil as continuous phase while glycol containing
silver nitrate acted as the dispersed phase. A serpentine channel with
60 μM widh kept over temperature controller acted as reaction zone.
Figure 17b gives the schematic representation of the microdevice.102

Size controlled ZnO QDs were fabricated by Schejn et al.
Anhydrous zinc acetate and tetramethylammonium hydroxide were
the precursor solutions used. Two syringe pumps were used to inject
the precursors into Y junction micromixer. This led into a circular
tubing which was heated at temperatures varying from 20 °C–90 °C.
Formed ZnO QDs were collected through outlet. Figure 17c is the
diagrammatic representation of the microdevice.103 Kwon et al.
firstly reported in situ preparation of ZnSe/ZnS core–shell QDs. Zinc
acetate and Selenium powder pre prepared precursor solutions were
injected into micro reactor. The device had three inlets and one
outlet. It had a mixing zone and heating zone made up of serpentine
channel. The reaction took place at a heating temperature of at
220 °C. Figure 17d is the schematic representation of the
microdevice.104 Lignos et al., in 2015 prepared PbS QDs in micro-
droplet reactor.105

Carbon QDs preparation is also being explored. A simple organic
carbon source is used as a precursor. Usually, these precursors are
exposed to elevated temperatures leading to their decomposition and
eventually forming desired QDs. A few of the simplistic carbon QDs
prepared are: Lu et al. in 2014, prepared carbon QDs from glucose
starting reagent. Syringe pump introduced glucose to Teflon
capillary tube. The capillary was heated at 180 °C in oil bath for
2 min. The product resulted was collected from outlet.106 Using
ascorbic acid as source of carbon dissolved in DMSO solvent, Pedro
et al. fabricated carbon QDs in microfluidic reactor. The micro-
reactor was examined at various temperatures 180 °C–240 °C. The
size of the particle obtained were 3.3 nm.107 Rao et al., in 2017,
developed carbon QDs using anhydrous citric acid and ethylene-
diamine as precursors. Syringe pumps were used for injecting the
precursors into the microreactor. The microreactor had a serpentine
channel and the reactor was heated between 80 °C–160 °C using a
temperature controller.108 Tang et al. prepared nitrogen doped
carbon dots in micro reactor. Foamy copper with varying porosities
was used. Microreactor temperature was varied from 150 °C–280 °C
for less than 8 mins.109

Semiconductor nanoparticles.—Owing to their properties and
wide spread applications in optical, electrical, mechanical, chemical
and energy harvesting applications, semiconductor nanoparticles are
high in demand. Numerous bulk synthesis of variety of semicon-
ductor nanoparticles with metals like Au, Ag, Pd, Pt, Cu, Cd etc. are
reported. However, CdS, CdSe, CdSe/ZnS are most commonly
prepared semiconductor nanoparticles in the microreactors due to
their uncomplicated procedure and extensive application in optical,
electrical devices and as fluorescence tags.55 Some of the common

ways of preparation of CdS and CdSe in microfluidic devices has
been discussed above.20,22,49,50,53,66,97,100,101 It is also reported that
capping the CdSe nanocrystals with ZnS or CdS improves their
fluorescence behavior.55 Hence, Talapin et. al in 2001, Wang et al. in
2005, Luan et al. in 2008, Toyota et al. in 2010 developed various
techniques of capping.55 In last decade extensive research has been
done for developing various capping procedures.110–113

Polymer nanoparticles/biomaterials.—Biocompatible polymer
materials like hydrogels, alginate, polyethylene glycol, poly(lactic
acid) poly (glycolic acid) etc. are common biomaterials used in drug
delivery and other biomedical applications. Therefore, preparation of
these polymer based nanoparticles and biomaterials in microfluidic
system is of great importance.4 Synthesis of organic nanoparticles in
microfluidic system is challenging due to the occurrence of
uncontrolled polymerization, particle size distribution. Karnik
et al. reported that an appropriate mixing can resolve this. They
developed poly(lactic-co-glycolic acid)-b-poly(ethylene glycol) na-
noparticle. They optimized flow rate, polymer concentration and
composition for size control and uniformity. A “T” junction
microfluidic channel was used with polymer in acetonitrile solvent
and water, with a flow focusing technique and nanoprecipitation.
Figure 18a shows the schematic representation of the microdevice
used by them.114 Dendukuri et al. prepared polymer micro particles
with “T” junction microchannels made up of PDMS. Water with
surfactant was used as continuous phase and polymer as dispersed
phase. The inner diameter of the channel was 40 μM, however, the
polymer particles were collected at 200 μM channel outlet.115 A
PDMS based device for preparing nylon-6,6 coated aqueous droplets
was developed. Flow focusing technique was used wherein two
inlets were for continuous phase and one for dispersed phase.
Microdroplets coated with nylon-6,6 were obtained through the
outlet.116 Lim et al. reported preparation of poly(lactide-co-glyco-
lide)-b-polyethyleneglycol (PLGA-PEG) nanoparticles of 13–
150 nm. Three dimensional, hydrodynamic flow focus methods in
a microfluidic device. Figure 18b is the reprint of microdevice.117

Kohler et al. prepared Polyacrylamid-Silver composite particles.
Silver seeds were prepared by reducing silver nitrate with sodium
borohydride. These seeds were pre mixed with polymer and fed into
the microreactor made up of PDMS.118 Puigmartí-Luis et al.,
developed polymer nanofibers ith metal ions in microfluidic reactor.
The reactor had simple Y shaped junctions with four inlets and
single outlet. Laminar flow was employed to introduce the reagents
into channels.119 A hybrid of Lipid and poly-(lactic-co-glycolic) acid
(PLGA) in acetonitrile composite nanoparticles were prepared. The
morphology was manipulated by varying viscosities. T junction
microfluidic channel with three inlets and one outlet of width 50 μM,
height 60 μM and length 2.5 μM was used for this. PLGA in
acetronitrile and Lip-PEG was used as reagents.120 Randeau et al.
described a unique microfluidic device to prepare alginate nanopar-
ticles. Flow focus technique was used to form biopolymer nano-
particles of size 10–300 nm. Polymer concentration and kinetics
cross linking reaction.121 Ding et al. gave an elaborative overview of
microfluidic preparation of nanoparticles with polymeric drug
nanoparticles.122 Very recently, Zhang et al., prepared polymer
protein nanoparticles via electro kinetics, rapid mixing based
microfluidics. They were able to obtain a better size distribution
by controlling the mass ratio of protein and the polymer starting
reagent. Figure 18c is the reprint of their microfluidic device.123

Synthesis of biocompatible materials in microfluidic devices has
also been investigated. Zhang et al. made hydrogel biopolymer
microcapsules. An organic phase was used to emulsify biopolymer
into droplets. The concentration of cross linking agent and residence
time of droplet in the microfluidic device was optimized to get uniform
structure. This method was used for preparing capsules of alginate,
carrageenan and carboxymethyl cellulose.124 Sugiura et al., developed
calcium alginate beads encapsulating living cells. The beads of
50–200 mm. Live cells were trapped in 162 mm beads.47 Calcium
alginate microparticles in microfluidic device were fabricated by Liu
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et al. A continuous microfluidic reactor was used. Size was controlled
by adjusting flow rates. Sodium alginate and calcium chloride are the
starting material. Flow focusing technique was used. The microdevice
had a T shaped channel with wherein, central inlet channels are
200 μM wide and tapers to 50 μM at junction. It has a orifice of
200 μM long with width as 50 μM which increases to 100 μM.125

DeGeest et al. fabricated microgels using dextranhydroxyethyl metha-
crylate and oil. 10 μM size biodegradable hydrogel particles were
formed in the PDMS microfluidic device with two inlets and one
outlet. These particles were highly useful in protein delivery.126

Polymeric microparticles using hydrogel and oil were prepared by

photopolymerization in microfluidic device made up of PDMS. Glass
micropipette capillary was used to generate microparticles.127 A
detailed review about magnetic composite polymers applied to
microfluidic devices has been discussed by Gray.128

Others.—Core–shell particles, colloidal particles, composites like
zeolites, ternary particles (particles with two or more physical or
chemically different surface) etc. have also been prepared using
microfluidic devices. Nei et al. in 2006, reported a method for
fabricating ternary polymer particles of 40–100 μm. Thermodynamic
and hydrodynamic forces and UV irradiation were used for instant

Figure 18. Microdevices designed for synthesis of nanoparticles. Reprints with copyright permission@2020.
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polymerization. The device used was made from polyurethane and had
flow-focusing technique. Monomers were injected into middle chan-
nels whereas surfactant into side channels. The channel length was
200 μM. Towards the exit from middle channel, monomers were sent
through orifice giving droplets.129 Zhao et al. fabricated ternary
calcium alginate particles. It had two hemispheres, one magnetic
and another for cell trapping. The magnetic portion can be altered
through magnetic field whereas the other half was biocompatible for
carrying cells. A PDMS and glass microchip device was fabricated
with Ni array of dimensions 80 * 80 * 20 μM with a spacing of
120 μM.130 Yi et al. in 2003 designed a microfluidic device with
softlithography for fabricating uniform colloidal particles. The device
had two inlets, one for aqueous and one for oil phase, two outlets. The
channels are connected with T junctions to create droplets and
serpentine channel to mix and react the reagents. The resulted particles
are collected from the two outlets. Figure 19a gives the schematic
representation of the microdevice.131 Khan et al. demonstrated
strategy for synthesis of colloidal silica particles in laminar flow and
segmented flow reactors. Owing to improved mixing, segmented flow
technique gave appropriate mixing, hence, uniform particles were
gained. They have designed three different types of microdevices. One
with two liquid inlets, and one outlet, with 400 μM length and 0.975 m
long. The other had two liquid, one gas inlets and one outlet with

400 μM width150 μM depth and 0.975 m length channels. Another
device had four liquid inlets, one gas inlet and one outlet 300 μM
width, 2.3 m length and 200 μM depth.132 Pan et al., in 2009 prepared
Zeolite crystals via two-phase segmented microfluidic device. Various
particle sizes zeolite was prepared. Sodium aluminate, sodium silicate
and sodium hydroxide were the starting reagents used. Coaxial dual
tubes were used in microreactor for enhanced fabrication. Figure 19b
shows the schematic of the microfluidic set up.133 Gong et al., in 2009,
fabricated core–shell particles with aspirin in center surrounded by
chitosan. Magnetic nanoparticles were embedded inside the core–
shell. Flow focusing micro reactor was used for this.134 Wang et al. in
2009 synthesized barium sulfate nanoparticles in a high throughput
tube in tube microfluidic reactor. The microreactor had two tubes,
inner and outer. Dispersed phase goes through inner tube, continuous
phase passes through outer tube. The gap between these tubes was
750 μM which also acted as mixing zone. The pore size of tubes were
varied and studied. The size of the particle was controlled between
30–150 nm. Particle size was reduced by increasing the flow rate and
reactant concentration.135 Various nanocomposites like calcite, nickel-
manganese mixed oxalate, barium titanate was fabricated by Jongen
et al. A continuous segmented flow reactor was used. The powders
obtained were of better quality than commercial. The reactor had a
micro mixer, segmenter and reaction took place in tubular rector.

Figure 19. Schematic representations of the various microfluidic devices used.
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Figure 19c is the schematic of the microreactor.136 All these varied
nanostructures and materials prepared by microdevices can be used for
multiplexed sensing applications.137

Future Outlook

The vast information available in the literature clearly predicts that
off lately, there has been a tremendous advancement in synthesizing
approaches of various types of nanoparticles under controlled micro-
fluidic environment. In comparison to the conventional bulk synthesis,
these micro-device based methodologies have given several advan-
tages like portability, automation, better control of morphology,
reproducibility, cost affectivity due to lesser reagent use etc. This
review focusses on recent emerging trends in the micro-based devices,
with various designs, throughputs, materials and reaction mechanisms
for nanomaterial synthesis. Several types of nanoparticles, such as
metallic, non-metallic, composites, polymers, quantum dots etc., have
been prepared with significantly innovative attributes. Therefore, it is
clearly foreseen that there is ample amount of future scope in design
and development of novel microfluidic techniques for fabrication of
nanoparticles with specified functionalities and desired properties.
This could give a cutting edge leverage to various industrial sectors
like biomedical, genetics, electronic and electrical, mechanical etc.
The design of the microfluidic reactors plays a key role in the quality
output. Broadly there are four types of designs used, microchips,
micro capillaries, micro-tubular coils, and segmented flow. The design
is chosen based upon the ease of operation considering the scalability
aspect.

The choice of material used for making device also is of great
importance. Depending upon the reaction parameters, like thermal
system, hydrothermal, pH, reagents, photosensitivity, the material is
chosen. Commonly used materials involve but not limited to glass,
silicon, PDMS, polymers etc. However, with modern soft-litho-
graphy strategy, other organic, inorganic polymers and composites
are also being used based on the requirement. Hence, noteworthy
upgradation is expected in future. Nonetheless, despite aforemen-
tioned advantages, the wet chemical synthesis of nanoparticles in
micro-devices possess certain limitations and challenges as well. For
instance, controlling of critical morphological features like shape,
size and crystal structure of the nanomaterial is still challenging. In
order to overcome this, novel designs for laminar flow control and
segmented flow reactors are being adapted. Secondly, improving the
yield obtained is a herculean task. Owing to the fact that, these
devices have lesser reagent consumption, the yield obtained is also
affected. Attempts are being made to overcome this through
manipulation of flow rate and retention time. Specifying the shape
of nanomaterials is another challenge that has to be addressed in
future. Mostly it is observed that spherical nanomaterials are formed
using these microreactors. However, near future with approaches
like changes in microchannel design and dimensions, anisotropic,
cubical and fibrous nanoparticles can also be prepared. Blockage and
leakage of microchannels is also one of the challenges to be
overcome. Usually due to the agglomeration of formed nanoparticles
or reagents, there are blockages developed in the microchannels
effecting the performance of the device. At times, leakages due to
improper bonding in the midway of the reaction may also occur.
These issues can be resolved by optimizing the reaction conditions
like pH, temperature, flow pumps, use of surfactants, detergents and
stabilizers to remove blockage, appropriate bonding adhesives and
methods. It is also predicted that fabrication of new flexible
materials for manufacturing of these devices could also help in
resolving this issue.

Prediction of reaction mechanism of the nanoparticle formation
is another challenge in the microfluidic conditions as the inter-
mediate reactant products cannot be accessed in this case.
However, in case of bulk wet-chemical process, the intermediate
products can be obtained and characterized and reaction can also
be arrested mid-way to predict the mechanism. However, this still
remains challenging in microfluidic environment. It is anticipated

that in near future, the design manipulation and reaction condition
of devices could solve this problem. Lastly, the scaling up of this
approach to meet the industrial demand is highly challenging.
Substantial amount of research is still under progress to resolve
this issue. The major setback is from the fabrication of micro-
devices with suitable materials in large quantity pertaining cost-
efficiency. Owing to the ongoing development it is expected that
notable development is expected in future resolving these above-
mentioned challenges.138

Conclusions

The present paper summarizes a brief overview of miniaturized/
microfluidic devices for automated synthesis of nanoparticles. Wide
applications of nanostructures in industry and academia for mechanical,
electrical, optical, biomedical etc. has increased their demand for
fabrication. Their unique properties are dependent on their morphology.
Thus, various methods to obtain uniform shape and size nanoparticles
are essential. The key factor is to get reproducibility in each batch
synthesized. In this regard, miniaturized microfluidic devices offers
great control over shape, size and reproducibility. Owing to the fact that
microfluidic devices require less reagents as starting precursor materials
and are easily tunable for manipulating temperature and pressure, they
not only are eco-friendly but also produces uniform particles in each
batch. This paper also describes bottom up approach of nanoparticle
synthesis in micro devices. Various methods of fabricating micro
devices are also discussed. Typical microchannel designs, microdroplet
formations and reagent mixing techniques are also reviewed. Some of
the reported literatures wherein in nanostructures of inorganic/metal,
polymer, composite, semiconductor, quantum dots etc. are briefly
stated. With a rapid growth in application of microfluidic devices for
nanomaterial synthesis, there is great future scope and demand of these
methods.
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Abstract

This communication examines heat alongside mass

transport in a nonlinear free convection magnetohy-

drodynamics (MHD) non‐Newtonian fluid flow with

thermal radiation and heat generation deep‐rooted in a

thermally stratified penetrable medium. The Casson

and Williamson fluid considered in this communica-

tion flos simultaneously across the boundary layer and

are mixed together. The model of heat alongside mass

transport is set up with chemical reaction and thermal

radiation alongside heat generation to form a system of

partial differential equations (PDEs). Appropriate si-

milarity variables are used to simplify the PDEs to

obtain systems of coupled ordinary differential equa-

tions. An efficiently developed numerical approach

called the spectral homotopy analysis method was used

in providing solutions to the transformed equations.

A large value of Casson term is observed to degenerate

the velocity plot while the Williamson parameter en-

hances the velocity profile. The parameter of thermal

stratification is found to enhance the rate of heat

transport within the boundary layer. An incremental

value of the magnetic parameter declines the velocity

of the fluid and the entire boundary layer thickness.
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The present result was compared with previous stu-

dies and was seen to be in good agreement.

KEYWORD S

Casson and Williamson fluids, heat and mass transport, Lorentz
force, MHD, nonlinear convection flow, spectral homotopy
analysis method, thermally stratified medium

1 | INTRODUCTION

The viscous flow of heat alongside mass transport of non‐Newtonian fluids past an accelerating
permeable surface has attracted the interest of researchers in applied science because of the
various applications in the pipe industry, production of food, petroleum reservoir, extraction of
metal, and so on. All physical properties along with the shear stress of non‐Newtonian fluids
vary and are hereby classified into the Ellis model, Carreau model, Casson fluid model,
Williamsom model. and so on. Among all these models, the Casson and Williamson fluid has
unique properties. The Casson is a yield exhibiting type of fluid while the Williamson is known
for having low viscosity at μ0 and high viscosity at ∞μ , respectively. The study of Idowu and
Falodun1 explored under the impact of Soret‐Dufour, effects of varying thermal conductivity
alongside viscosity on non‐Newtonian liquids flow in a vertical penetrable plate. In 2018,
Fagbade et al.2 elucidated the natural magnetohydrodynamic (MHD) convection motion of a
viscoelastic liquid. Rehman et al.3 examined double‐stratification in Casson liquid motion.
Their model was solved with numerical techniques and they finalized that as the Casson
parameters approach infinity, their model turned to Newtonian. Tamoor et al.4 presented the
MHD motion of Casson liquid. They found in their study that, the velocity declines with a large
value of the Casson parameter. Rehman et al.5 conducted a numerical simulation of MHD
Casson Navier's slip nanofluid flow. They finalized that a higher value of the Casson term
diminishes the velocity profile. Seth et al.6 examined double diffusion of MHD Casson liquid
flow with Newton heating and thermo‐diffusion influence. Hayat et al.7 elucidated the
boundary layer flow of Williamson liquids. They employed analytical solutions to their flow
equations and found out that an increase in the Williamson parameter produces an increase to
the velocity profile. Tesfaye et al.8 recently examined heat along with mass transport in the
unsteady flow of a Williamson nanofluid. They found out in their study that the rate of heat
transport increases with the unsteadiness parameter. Lund et al.9 elucidate the flow of
Williamson fluids along with MHD and slippage. They concluded in their exploration that the
magnetic parameter declines the thickness of the hydrodynamic layer of the liquid. Megahed10

examined Williamson fluids flow because of a nonlinearly stretching sheet. The recent study of
Idowu and Falodun11 elucidates the flow of Casson liquid over an Inclined plate. They em-
ployed the spectral homotopy analysis method (SHAM) to solve their model equations and
noticed a large Casson term degenerates the velocity.

Heat and mass transport (double‐diffusive) motion of a fluid situated in a stratified thermal
and penetrable medium is gaining attention in the recent time. In a working liquid, the
stratified thermal medium finds importance when the fluid environment is at a higher tem-
perature. Hence, the importance of thermal radiation in such boundary layer flows. The im-
portance of this area lies in heat exchanger devices, thermal explosion, and the nuclear

THARAPATLA ET AL. | 3481



literature. Mukhopadhyay12 examined heat transport past an exponentially stretching sheet
situated in a stratified thermal medium. Raju et al.13 examined heat along with mass movement
in the MHD motion of a Casson liquid. They concluded in their study that the Casson fluid
model shows a good heat transport analysis compared to the Newtonian model. Wahab et al.14

elucidate the impact of viscosity, which depends on temperature, on non‐Newtonian fluid flow
together with double stratification. Their flow equations were solved numerically and a de-
crease in velocity profile is observed with large stratification parameter. Ali et al.15 examined
heat alongside mass transport on MHD motion of free convection. A large Prandtl number is
noticed to elevate the Nusselt number in their study. Koriko et al.16 elucidate MHD motion of a
Micropolar fluid in a thermally stratified medium. In their study, an analytical solution was
obtained and the results show that a large stratification parameter degenerates the velocity plot.
Stratified thermal motion of Jeffrey liquid with the heat flux non‐Fourier model has been
examined by Ijaz and Ayub.17 They concluded in their study that a large stratification number
degenerates the temperature plot. Hayat et al.18 elucidate the temperature as well as con-
centration stratification impact on the motion of Oldroyd‐B fluid. The influence of coupled
stratification on heat alongside mass transport in MHD motion of a nanoliquid has been in-
vestigated by Mutuku and Makinde.19 In 2019, Falodun and Omowaye20 elucidated double‐
diffusive motion of heat alongside mass transport embedded in a stratified thermal channel.

MHD in convective motion through a penetrable medium has gained much attention in
recent times because of its engineering applications. Most fluids that are electrically conducting
have an MHD nature. It is applicable in power engineering, MHD accelerators, metallurgy, and
so on. Hayat et al.21 elucidate Marangoni flow with Joule heating alongside nonlinear radiation.
They concluded in their study that large radiation leads to a thick thermal layer. Ramana Reddy
et al.22 elucidate MHD non‐Newtonian liquids flow. They concluded that Casson fluid influ-
ences the fluid velocity more than the Maxwell fluid. Upreti et al.23 determined the solution to
the MHD flow of an Ag–water nanofluid. Their results show that the MHD nature of the fluid
declines the velocity profile. Hayat et al.24 discussed MHD Jeffrey liquid motion owing to
a nonlinear radially stretching sheet. The MHD nature of the flow has a decreasing effect on the
velocity profile. Rashidi et al.25 elucidate heat alongside mass transport in MHD motion of a
viscoelastic liquid. Idowu and Falodun26 explained the impact of magnetism alongside radia-
tion on the motion of free convection in a penetrable medium. The impact of Soret alongside
Dufour on the motion of natural convection in a penetrable medium with viscosity diversity has
been investigated by Moorthy and Senthilvadivu.27 Kumari and Sreedevi28 elucidate heat plus
mass transport motion of a viscous conducting electrically liquid. Alao et al.29 elucidate
Soret alongside Dufour's impact on heat alongside mass transport of chemically reacting
motion of a liquid. Jhansi et al.30 studied heat together with mass transport behavior on MHD
motion past a slanted plate situated in a penetrable medium. Kumari et al.31 investigated the
mathematical analysis of the convective warmth moreover accumulations transmit pour of
micro‐polar liquid through an absorbent standard in a rectangular enclosure with heat sources.
Ayegbusi et al.32 explored MHD heat alongside mass transport convective motion with thermal
radiation. Research on the mechanism of heat alongside mass transport motion has been
elucidated by Ahmed et al.33 Reddy and Ferdow34 recently examined species and thermal
radiation on micropolar hydromagnetic dusty liquid flow across a paraboloid revolution. In
another study of Reddy et al.,35 zero‐mass flux and Cattaneo‐Christov heat flux through a
Prandtl non‐Newtonian nanofluid in Darcy‐Forchheimer porous space was examined. Reddy
et al.36 explored temperature‐dependent viscosity and second‐order slip flow on a MHD Casson
radiative nanofluid over a stretching sheet. Sandeep and Reddy37 studied MHD Oldroyd‐B fluid
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flow across a melting surface with cross‐diffusion and double stratification. Machireddy and
Sandeep38 considered heat and mass transfer in a radiative MHD Carreau fluid with cross‐
diffusion.

Our survey of the literature indicates that studies on heat alongside mass transport in MHD
nonlinear convection motion of non‐Newtonian liquids in a thermally stratified medium is
minimal. Few studies on thermally stratified medium have considered the Newtonian model
while studies on non‐Newtonian fluids in thermally stratified medium do not consider non-
linear free convection flow. We are therefore motivated by the literature discussed in this study
to elucidate heat alongside mass transport in an MHD nonlinear free convection non‐
Newtonian fluid flow situated in a stratified thermal penetrable medium. To our under-
standing, studies of this type have not been done before in the literature. The present study is
unique because it elucidates the simultaneous motion of Casson and Williamson fluids together
in a penetrable stratified thermal medium.

2 | EQUATIONS OF MOTION

We considered the motion of double non‐Newtonian liquids in a stratified thermal pene-
trable medium with linear and nonlinear convection flow. The fluid motion direction is
vertically upward in the x‐direction. A magnetism of uniform potency B( )0 is enforced on
the liquid motion. At the wall, we have the temperature to be T x( )w , concentration to be
C x( )w and velocity to be U x( )w while the free stream temperature alongside concentration

∞T and ∞C are considered to exist outside the thermally stratified porous medium as shown

FIGURE 1 Physical geometry [Color figure can be viewed at wileyonlinelibrary.com]
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in Figure 1. The difference between the wall temperature and concentration are given as

∞T T( − )w and ∞C C( − )w , respectively. The Casson fluid flows together with Williamson
fluid within the thermally stratified porous medium and is mixed together. The thermally
stratified porous medium is assumed to be homogeneous. We assumed the level of species
concentration to be large, thus the effect of Soret‐Dufour is significant. The fluid particles
flow from a hot to a cold region, thus the thermophoresis term is considered to be sig-
nificant. All fluid attributes are considered to be unchanged. The Boussinesq and boundary
layer approximation is valid. The rheological equation of a Casson fluid base on Idowu and
Falodun1 can be written as:

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟τ μ T
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π
e π π τ μ T
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2
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where Py indicate fluid yield stress given as
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μ T π
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( ) (2 )
,y

b (2)

μb = plastic dynamic viscosity, π e e= ij ij = deformation rate multiplying itself and eij = rate of
deformation and πc is the critical value regarding the Casson model. With the motion of Casson
fluid, where π π> c, we can have the expression

μ μ T
P

π
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2
.b

y
0 (3)

Invoking Equation (2) into (3), the kinematic viscosity is valid on plastic dynamic viscosity
μb, the density ρ and the Casson term β leads to

⎛
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ρ β
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1
.b

0 (4)

The liquid is set into motion because of the stretching sheet. The Williamson fluid con-
stitutive equation gives:

S pT τ= − + , (5)
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From which the pressure is p, I denotes Identity, τ is stress tensor, μ0 is zero along with the
infinite rate of shear and ∞μ , Γ > 0 denotes constant time, A1 denotes tensor of Rivlin‐Erickson
and ̇γ is given as
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∂

∂

∂

∂
γ

u

c

u

x

v

x

v

y
˙ − +

1

2
+ + = 0,

2 2 2
1
2

(8)
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where π = second invariant strain tensor. It should be noted in this study that the case when

∞μ = 0 and ̇γΓ < 1 is explored in the present study. Hence, Equation (6) is the extra stress
tensor which takes the form:

⎡
⎣⎢

⎤
⎦⎥τ

μ

γ
A−

1 − Γ ˙
= 0.0

1 (9)

Therefore, the components of the extra stress tensor shown in Equation (9) are:

⎛
⎝⎜

⎞
⎠⎟

∂

∂

∂

∂

∂

∂
τ μ γ

u

x
τxy τyx μ γ

u

y

v

x
− 2 [1 + Γ ˙ ] = 0, = = [1 + Γ ˙ ] + ,xx 0 0

∂

∂
τ μ γ

v

y
τxz τyz τzx τzy τzz= 2 [1 + Γ ˙ ] , = = = = = 0.yy 0 (10)

The heat flux on the fluid motion is based on the utilization of Rosseland approximation as
explored in Alao et al.28 and Fagbade et al.2 and

∂

∂
q

σ

k

T

y
= −

4

3
,r

s

e

4

(11)

where Stefan‐Boltzman constant = σs, mean absorption coefficient = ke. It is summarized that
the differences between temperature in the fluid motion are small and T4 could be written in a
linear function by simplifying T4 about ∞T by employing the Taylor series and the pre-
vious terms of higher‐order to give

≅ ∞ ∞T T T T4 − 34 3 4 (12)

substituting (12) into (11), the energy equation becomes

∂

∂

∂

∂
∞q

y

σ T

k

T

y
− =

16

3
.r s

e

3 2

2
(13)

Based on the exploration of Idowu and Falodun,26 VT in Equation (4) is given as

∇ ∂

∂
V kν

T

T

kν

T

T

y
= − = − ,T

ref ref

(14)

where k denoted the thermophoretic coefficient given as

⎡⎣ ⎤⎦( )
( )

( )
k

C C K K C C e

C K C K
=

2 + 1 + +

(1 + 3 ) 1 + 2 + 2
.

s
λ

λ t n n

m n
λ

λ t n

1 2
g

p

C
Kn

g

p

− 3

(15)

C1, C2, C3, Cm, Cs, and Ct are constants, λg and λp denote fluid thermal conductivities and
diffused particles, Kn denote the Knudsen number.

Based on all the assumptions above, the equations that govern the present model are:

∂

∂

∂

∂

u

x

v

y
+ = 0, (16)
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(18)

∂

∂

∂

∂

∂

∂

∂

∂

∂

∂
∞u

C

x
v
C

y
D

C

y

Dk
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T

y
K C C

V C

y
+ = + − ′( − ) −

( )
.T

m

T
2

2

2

2
(19)

Subject to:

u U x Bx v ν x T T C C y= ( ) = , = − ( ), = , = , at = 0w w w (20)

→ → → → ∞∞ ∞u T T C C y0, , , as , (21)

u and v represents the relations ∂

∂
u =

ψ

y
and ∂

∂
v = −

ψ

x
. With this definition of u and v, the free

stream is ψ x y( , ). It automatically satisfies the continuity equation. The following variables are
utilized on the model

⎜ ⎟
⎛
⎝

⎞
⎠ ∞ ∞ ∞ ∞η

B

ν
y ψ νB xf η θ η T T T ϕ η C C C C= , = ( ) ( ), ( ) = (T − )( − ) , ( ) = ( − )( − ) .w w

−1 −1

1
2 1

2

(22)

The wall temperature T( )w and concentration C( )w and ambient temperature ∞T and con-
centration ∞C as defined in Falodun and Omowaye20 is given as:

∞ ∞T T m x C C m x T T m x C C m x= + , = + , = + , = +w w0 1 0 3 0 2 0 4 (23)

Employing the above similarity variables on the equations of motion (17)–(19) subject to
(20) and (21) obtains the following coupled ordinary differential equation (ODE):

⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠β

f ff f A θ Acϕ Grθ Gcϕ M
Po

f αf f1 +
1

‴ + ″ − ( ′) + + + + − +
1

′ + ″ ‴ = 0,T
2 2 2 (24)

⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟R θ Prfθ Doϕ Ec
β

f Heθ1 +
4

3
″ + ′ + ″ + 1 +

1
( ″) + = 0,2 (25)

ϕ Scfϕ ScCrϕ ScSoθ τ ϕθ θ ϕ″ + ′ − + ″ + [ ″ + ′ ′] = 0, (26)

subject to:

f η f η S θ η St ϕ η St η′( ) = 1, ( ) = , ( ) = (− + 1), ( ) = (− + 1), at = 0,w (27)

→ → → → ∞θ η f η ϕ η η( ) 0, ′( ) 0, ( ) 0, as (28)

where ∞A =T
gβ T T

B x

( − )T w
2

2 is the nonlinear convective parameter for temperature, ∞Ac =
gβ C C

B x

( − )c w
2

2

is the nonlinear convective parameter for concentration, ∞Gr =
gβ T T

B x

( − )T w

2 is the linear convective
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parameter for temperature, ∞Gc =
gβ C C

B x

( − )c w

2 is the linear convective parameter for concentra-

tion, M =
σB x

ρB

( )0
2

signifies the magnetic term, Po =
K B

μ

p signifies the permeability term,

( )α U x= Γ ( )w
B

ν

2
1
2 is the non‐Newtonian Williamson term, Pr = ν

α
signifies the Prandtl number,

∞R =
σ T

Ke

4 s
2

signifies the radiation term, ∞

∞
Do =

Dk C C

νc c T T

( − )

( − )
T w

s p w
is the Dufour number,

∞
Ec =

Bx

c T T

( )

( − )p w

2

signifies the Eckert number, He = Q

ρc Bp
signifies heat generation term, Sc = ν

D
signifies the

Schmidt number, Cr = K

B
l signifies the chemical reaction term, ∞

∞
So =

Dk T T

νT C C

( − )

( − )
T w

m w
signifies the

Soret number, and τ = K

Tref
is the thermophoresis parameter.

The practical curiosity for engineering are the local skin friction coefficient C( )f , Sherwood

number Sh( ), and Nusselt number Nu( ). They are given in this study as follows:
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3 | METHOD OF SOLVING THE EQUATIONS OF MOTION

The dimensionless Equations (24)–(26) subject to (27) and (28) has been solved by employing
SHAM. SHAM is a numerical approach that combines the concept of the spectral method with
the homotopy analysis method. To apply SHAM, we use the Chebyshev spectral collocation
approach to decompose the equations into linear and nonlinear forms. Furthermore, the
Chebyshev differentiation matrix is applied to the linear terms to form a systematic matrix form
of the equation. To proceed with the application of SHAM, first all regions of the problem
are changed from ∞[0, ) to [−1, 1] by employing the domain truncation technique.39 Therefore,
the solution would be obtained within the interval ∞η[0, ] and not ∞[0, ) again. The above
description of SHAM leads to the following algebraic mapping

∈ξ
η

L
ξ=

2
− 1, [−1, 1]. (29)

The algebraic equation below is applied on the system of Equations (24)–(26):

f η f ξ f η θ η θ ξ θ η ϕ η ϕ ξ ϕ η( ) = ( ) + ( ), ( ) = ( ) + ( ), ( ) = ( ) + ( )0 0 0 (30)

substituting Equation (30) into (24)–(26) to obtain
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⎜ ⎟⎛
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where the coefficient parameters are defined as follows:
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subject to:

f f f θ θ ϕ ϕ(−1) = ′ (−1) = (1) = 0, (−1) = (1) = 0, (−1) = (1) = 0.l l l l l l
′ (34)

The boundary constraints (34) is chosen to be zero subject to the domain [−1, 1] so as to
utilize the linear part to resolve the SHAM outcomes. The CPM is used on (31)–(33). The
functions f ξ θ ξ( ), ( )l l , and ϕl in (31)–(33) are evaluated as a Chebyshev series of polynomials
presented by Idowu and Falodun26 as:

‍∑f ξ f ξ f T ξ j N( ) = ( ) + ̅ ( ), = 0, …,l l
N

j

k

N

k k j

=0

1 (35)

‍∑θ ξ θ ξ θ T ξ j N( ) = ( ) + ̅ ( ), = 0, …,l l
N

j

k

N

k k j

=0

2 (36)

‍∑ϕ ξ ϕ ξ ϕ T ξ j N( ) = ( ) + ̅ ( ), = 0, …,l l
N

j

k

N

k k j

=0

3 (37)

where T T,k k1 2 and T k3 are the kth Chebyshev polynomial and ξ ξ ξ, , …, N0 1 are collocation points
of Gauss‐Lobatto. The simplified domain nodes [−1, 1] are described by collocation points of
Gauss‐Lobatto explained by Idowu and Falodun26

⎜ ⎟⎛
⎝

⎞
⎠ξ cos

πj

N
=J (38)

provided j N= 0, 1, … and N + 1 signify the collocation points total number.40 The unknown
functions f ξ θ ξ( ), ( )l l , and ϕ ξ( )l are evaluated by utilizing the Lagrange type of interpolation. It
is employed to estimate the value of functions f ξ θ ξ( ), ( )l l , and ϕ ξ( )l at the points of Gauss‐
Lobatto points as depicted in (38).
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4 | RESULTS AND DISCUSSIONS

The dimensionless Equations (24)–(26) subject to (27) and (28) has been solved using SHAM.
To explain the physics of the problem, we obtained results for all encountered parameters such
as the Casson term β( ), magnetic term M( ), linear and nonlinear convection parameter, per-
meability parameter Po( ), heat generation parameter He( ) plotted in Figures 2 to 15.

Figure 2 illustrates the impact of Williamson term α( ) on the velocity and temperature
profile. A large value of α is noticed in Figure 2 to increase both the velocity along with the
temperature profile, respectively. The Williamson model is a type of non‐Newtonian fluid with
low viscosity. However, with low viscosity possessed by the Williamson fluid, there are no
physical parameters is able to drag the fluid particles with the thermally‐stratified medium.

FIGURE 2 Effect of Williamson parameter on the (A) velocity as well as (B) temperature plot when
A Ac R τ Gr He St Gc M Sw Po α Pr= = = = 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71,T

Do So β Ec Sc Cr= = = 3.0, = 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Effect of Casson term on the velocity plot when A Ac R τ Gr He St= = = = 0.5, = = = 0.2,T

Gc M Sw Po α Pr Do So β Ec Sc Cr= 0.3, = = 1.0, = 0.6, = 2.0, = 0.71, = = = 3.0, = 0.1, = 0.61, = 0.3 [Color
figure can be viewed at wileyonlinelibrary.com]
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Physically, the Williamson liquid possess viscosity, which is responsible for the resistance of
fluid motion within the boundary layer. Our experiment shows that increase in the Williamson
term enhances the hydrodynamic and thermal layer thickness.

Figure 3 depicts the effect of the Casson term β( ) on the velocity plot. The Casson is a yield
exhibition non‐Newtonian liquid that possesses a plastic dynamic viscosity. This plastic dy-
namic viscosity with the magnetic term in the flow degenerates the liquid velocity and the
entire momentum layer by decreasing the velocity plot. On the velocity plot, the behavior of the
imposed magnetic field is shown in Figure 4. On the mixed motion of Williamson and Casson
liquids, the magnetism led to an opposing force called the Lorentz force. By reducing the
velocity plot, this force dragged out the fluid motion of a conducting fluid electrically. Now, a
large value of M increased the strength of Lorentz force and brings about drastic degeneration
to velocity as well as the thickness of the layer as depicted in Figure 4. The plastic dynamic
viscosity of the Casson liquid causes resistance to the velocity of the fluid and its entire

FIGURE 4 On the velocity plot, magnetic parameter is effected when A Ac R τ= = = = 0.5,T

Gr He St Gc M Sw Po α Pr Do So β Ec= = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71, = = = 3.0, = 0.1,

Sc Cr= 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Dufour parameter's on the (A) velocity as well as (B) temperature plot when A Ac= =T R =

τ Gr He St Gc M Sw Po α Pr Do So β= 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71, = = = 3.0,

Ec Sc Cr= 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]
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hydrodynamic layer thickness. This degeneration experienced by the fluid was experienced
within the thermally‐stratified porous medium.

On the profiles of temperature and velocity, the impacts of Dufour parameter (Do) are
portrayed in Figure 5. The increment in the velocity alongside temperature plots is noticed
simultaneously with the incremental values of Do. Physically, the fluid particles of Casson and
Williamson transport uniformly within the thermally‐stratified medium. Hence, our experi-
ments shows that as the fluids flows together, a hike in the temperature along with a thick
hydrodynamic and thermal layer is observed for large Do. Figure 6 shows the Soret number
(So) behavior on velocity as well as concentration plots. Increase in So is detected to elevate the
velocity as well concentration plots. This means that thermal‐diffusion of the fluid within the
thermally stratified medium adds to the concentration of the liquid. In Figure 7, an incremental
value of Eckert term Ec( ) is detected to hike the velocity along with temperature profile. Ec
portrays the kinetic energy of the flow and its associated enthalpy. The viscous dissipation term

FIGURE 6 Impact of Soret parameter on the (A) velocity as well as (B) concentration profile when
A Ac R τ Gr He St Gc M Sw Po α Pr= = = = 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71,T

Do So β Ec Sc Cr= = = 3.0, = 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Eckert number's on the (A) velocity as well as (B) temperature plot when A Ac R= = =T

τ Gr He St Gc M Sw Po α Pr Do So β= 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71, = = = 3.0,

Ec Sc Cr= 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]
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(Eckert number) added more heat energy to the fluid environment. Physically, the Eckert
number and thermal radiation in a fluid flow increase the rate of heat transfer. Now, con-
sidering the Eckert number, thermal radiation with a thermally stratified medium assist to
boost the heat transport rate by elevating the thickness of thermal boundary layer. Hence, a
large value of Ec as shown in Figure 7 increases the plots of velocity as well as temperature.
Physically, the viscous dissipation term is a function of momentum added to the energy
equation. After the application of suitable similarity variables, the viscous dissipation term
gives us the dimensionless Eckert number Ec( ).

The impacts of the parameter of heat generation (He) on the velocity and temperature plots
are depicted in Figure 8. It is detected that the elevation of the liquid's temperature and the
velocity is more than that of the free stream by a large value of He. Hence, the thickness of
the layer is increased with the increasing He. Our experiments indicate that a large value of He
brings about a spontaneous increase in the thermal layer. Figure 9 shows the effects of the

FIGURE 8 Impact of heat generation term on the (A) velocity as well as (B) temperature plot when
A Ac R τ Gr He St Gc M Sw Po α Pr= = = = 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71,T

Do So β Ec Sc Cr= = = 3.0, = 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Permeability term effect on the (A) velocity as well as (B) temperature plot when A Ac= =T

R τ Gr He St Gc M Sw Po α Pr Do So β= = 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71, = = = 3.0,

Ec Sc Cr= 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]

3492 | THARAPATLA ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


permeability term Po( ) on velocity and temperature profiles. The porosity within the thermally
stratified medium allows more transport of liquid particles. Physically, a large value of Po
expands the hole and the fluid particles move faster within the boundary layer. Due to this fact,
they gather more momentum and enhance their temperature profile. In Figure 10, the thermal
radiation (R) effects on profiles of temperature and velocity are depicted. Thermal radiation
enhances convective flow with the increasing of the fluid environment's temperature. Hence,
R is very important if the fluid particles' temperature is very high. A large value of R in
Figure 10 is detected to elevate the velocity and temperature profile respectively. Physically,
increasing R boosts the fluid environment's thermal condition. Hence, an increase in R shown
in Figure 10 elevates the hydrodynamic and thermal layer thickness.

Figure 11 shows the effects of the thermophoresis term τ( ) on velocity as well as con-
centration profile. Thermophoresis is migration of fluid particles from a cold region to a hot
region. During fluid flow, a force called the thermophoretic force drags the fluid flow by

FIGURE 10 Radiation term effect on the (A) velocity as well as (B) temperature plot when A Ac= =T

R τ Gr He St Gc M Sw Po α Pr Do So β= = 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71, = = = 3.0,

Ec Sc Cr= 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Impact of thermophoretic parameter on the (A) velocity as well as (B) concentration profile
when A Ac R τ Gr He St Gc M Sw Po α Pr= = = = 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71,T

Do So β Ec Sc Cr= = = 3.0, = 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]

THARAPATLA ET AL. | 3493

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


decreasing the fluid velocity and concentration profile. Also, the particles of Casson and
Williamson fluid considered in this study possess an MHD nature, that is, they are electrically
conducting. The profiles of concentration and velocity are generated owing to the increment of
thermophoresis by the MHD nature. Physically, the thermophoresis parameter is a function of
temperature and concentration, and it is responsible for the diffusion of fluid particles from a
region of high temperature to a lower region.

Figure 12 represents the Prandtl number Pr( ) effect on velocity as well as temperature
profiles. The profile of temperature and velocity is reduced by a large value of Pr. The mo-
mentum diffusivity divided by thermal diffusivity is portrayed by Pr. Practically, any fluid with
small Pr or possess much thermal conductivity with a thick thermal layer. Hence, the transport
of liquid particles from the layer is very fast for large Pr . Figure 13 describes the Schmidt
number Sc( ) effect on velocity and concentration plots. The velocity plot is increased with an

FIGURE 13 Effect of Schmidt number on the (A) velocity and (B) concentration profile when A Ac= =T

R τ Gr He St Gc M Sw Po α Pr Do So β= = 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71, = = = 3.0,

Ec Sc Cr= 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 12 Impact of Prandtl number on the (A) velocity as well as (B) temperature profile when
A Ac R τ Gr He St Gc M Sw Po α Pr= = = = 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0, = 0.71,T

Do So β Ec Sc Cr= = = 3.0, = 0.1, = 0.61, = 0.3 [Color figure can be viewed at wileyonlinelibrary.com]
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increasing value of Sc but the concentration profile is reduced. Physically, Sc portrays the
quotient of momentum diffusivity to mass diffusivity. It worth noting that a large value of Sc
results in an increase in mass diffusivity. Hence, the thickness of the concentration layer
degenerates. Figure 14 depicts the chemical reaction term Cr( ) effect on concentration plot and
the thermal stratification St( ) on temperature. An increase in Cr is noticed to reduce the
concentration profile. This shows a destructive chemical reaction. Hence, the effects of this type
of chemical reaction produces a degeneration in the concentration profile. It is obvious in
Figure 14 that increases in St lead to enhancement in rate of heat transport. With a higher St ,
the surface of the layer gets more heated than the free stream. Figure 15 illustrates the effect of
thermal Gr( ) and mass Gc( ) Grashof number on the velocity plot. An incremental value of Gr
and Gc is detected in Figure 15 to elevate the velocity profile. This is evident because of the
force of buoyancy in the flow.

FIGURE 14 Influence of (A) chemical reaction term on the concentration plot and (B) thermal stratification
parameter on temperature profile when A Ac R τ Gr He St Gc M Sw= = = = 0.5, = = = 0.2, = 0.3, = = 1.0,T

Po α Pr Do So β Ec Sc Cr= 0.6, = 2.0, = 0.71, = = = 3.0, = 0.1, = 0.61, = 0.3 [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 15 Impact of (A) thermal Grashof number on the velocity plot and (B) mass Grashof number on
the velocity plot when A Ac R τ Gr He St Gc M Sw Po α= = = = 0.5, = = = 0.2, = 0.3, = = 1.0, = 0.6, = 2.0,T

Pr Do So β Ec Sc Cr= 0.71, = = = 3.0, = 0.1, = 0.61, = 0.3 [Color figure can be viewed at
wileyonlinelibrary.com]
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Table 1 shows the numerical computations for local skin friction coefficient C( )f , local
Nusselt number Nu( ), and local Sherwood number Sh( ) for the flow parameters, nonlinear
convection parameter for temperature A( )T , and nonlinear convection parameter for con-
centration Ac β Gr Gc M Po( ), , , , , , and α. From Table 1, a large AT is noticed to hike Cf and Nu
respectively. This implies that a large value of AT enhances the hydrodynamic and thermal
layer thickness, Hence, a large AT enhances the rate of heat of heat transport in this study. Also,
an increase in Ac is observed to increase Cf and Sh, respectively. This shows that increases in
Ac enhances the rate of mass transport in this study. From Table 1, an increase in β is noticed

TABLE 1 Numerical computations for Cf , Nu, and Sh for different values of flow parameters
A Ac β Gr Gc M Po, , , , , ,T , and α

AT Ac β Gr Gc M Po α Cf Nh Sh

0.1 0.997529 0.063182 0.625763

0.2 1.019148 0.163385 0.625763

0.3 1.040766 1.062385 0.625763

0.2 0.999670 0.588247 0.605663

0.4 1.019148 0.588247 0.625763

0.4 1.038626 0.588247 1.058104

0.5 1,063925 0.590317 0.625763

1.0 1.355618 0.591869 0.625763

1.5 1.686619 0.582387 0.625763

0.1 0.887121 0.077130 0.615660

0.2 0.897330 0.077130 0.615660

0.3 0.997521 0.077130 0.615660

0.1 0.999912 1.022385 0.615660

0.2 1.029224 1.022385 0.615660

0.3 1.045661 1.022385 0.615660

0.1 1.114850 0.588247 0.625763

0.5 1.070989 0.588247 0.625763

1.0 1.034028 0.588247 0.625763

0.2 1.019148 0.477351 0.977524

0.4 0.992600 0.477351 0.977524

0.6 0.982698 0.477351 0.977524

1.0 1.037554 1.062885 1.531118

2.0 1.052165 1.062885 1.531118

3.0 1.058890 1.062885 1.531118
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to increase Cf and Nu. The effect of Gr and Gc is noticeable on skin friction. This means that a
large Gr boosts the thickness of the hydrodynamic layer. The degeneration of skin friction is
observed by increasing M from the table. This is true because the magnetic parameter leads to
the Lorentz force, which drags the flow of an electrically conducting liquid's flow. An increase
in Po in Table 1 is noticed to increase the local skin friction and is negligible on Nu and Sh.
Also, an increase in α increases Cf and has no effect on Nu and Sh, respectively. In Table 2, an
increment in R is seen to degenerate Cf but increases Nu. This shows that the largeness in

TABLE 2 Numerical computations for Cf , Nu, and Sh for flow parameters R Pr Do Ec He Sc Cr So, , , , , , , ,
and τ

R Pr Do Ec He Sc Cr So τ Cf Nh Sh

0.5 0.985071 0.465525 0.625763

1.0 0.968914 0.492748 0.625763

2.0 0.959660 0.523025 0.625763

0.71 1.019148 0.588247 0.625763

1.00 1.024477 0.670345 0.625763

3.00 1.038152 1.152344 0.625763

1.0 1.004423 1.180334 0.811584

2.0 0.986017 0.293545 0.811584

3.0 0.967611 0.074830 0.811584

0.1 1.016721 0.443207 0.325862

0.2 1.014024 0.527696 0.325862

0.3 1.011328 0.460418 0.325862

0.2 1.009534 0.393140 0.250406

0.4 1.016199 0.405005 0.250406

0.6 1.021876 0.532687 0.250406

0.22 1.025529 0.639059 0.725244

0.38 1.022911 0.588247 0.684431

0.61 1.019148 0.588247 0.625863

0.1 1.010650 0.588247 0.506558

0.2 1.012942 0.588247 0.538986

0.3 1.015117 0.588247 0.569580

1.0 1.009167 0.463419 0.470165

2.0 0.989205 0.463419 0.158970

3.0 0.969244 0.463419 0.152224

0.3 1.016518 0.522645 0.625763

0.6 1.007754 0.303973 0.615661

1.0 0.998990 0.085308 0.600710
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R boosts the heat transport rate and the thermal layer thickness. Also, an increment in the
value of Pr is detected in Table 2 to hike Cf and increase the local Nusselt number Nu( ). The
effect of Do is noticeable on Nu, while that of So is noticeable on Sh. In Table 2, an increase in
the value of Ec and He is seen to enhance the local Nusselt number. This implies that increases
in Ec and He accelerate the rate of heat transport. A large value of Sc and Cr boosted the
concentration layer thickness.

5 | CONCLUSION

An exploration of the effect of heat alongside mass transport in nonlinear convection MHD
movement of non‐Newtonian liquids located in a thermally stratified channel with pores,
radiation, and heat generation alongside chemical reaction was performed. A suitable func-
tion was used to transform the governing partial differential equations into total differential
equations. SHAM was used to determine the numerical solution for these set of equations. The
graphical presentation of numerical results was done along with the profiles of flow fields and
rate of heat as well as mass transport rate. It was discovered that a large magnetic tem de-
generates the velocity along with the local skin friction coefficient, respectively. Increases in the
heat generation parameter resulted in an increase in the heat transport rate. It was detected
that the increasing of the temperature profile is caused by an increment in radiation parameter,
while the increment in the heat transport rate and skin friction caused an increment in the
Prandtl number. Also, it was discovered that a large value of Schmidt number caused degen-
eration to the skin‐friction coefficient.

The results in this study can be found useful in food processing, drilling operations, and
bioengineering. The practical applications are basically in oil‐pipeline friction reduction, and
surfactant applications to large‐scale heating and cooling systems. It is also applicable in the
use of high‐polymer additives to enhance flow in petroleum pipe‐lines which is very useful for
commercial purposes. The Soret and Dufour effects on the fluid flow are significant. Hence,
these find application in field of engineering such as isotope separation. The present analysis
can play a predominant role by application to science and technology.
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Abstract
Undoubtedly, various kinds of nanomaterials are of great significance due to their enormous applications in diverse areas. 
The structure and productivity of nanomaterials are heavily dependent on the process used for their synthesis. The synthesiz-
ing process plays a vital role in shaping nanomaterials effectively for better productivity. The conventional method requires 
expensive and massive thermal instruments, a huge volume of reagents. This paper aims to develop an Automatic Miniatur-
ized Temperature Controller (AMTC) device for the synthesis of nickel oxide (NiO), copper oxide (CuO) nanoparticles, 
and nanomicelles. The device features a low-cost, miniaturized, easy-to-operate with plug-and-play power source, precise 
temperature control, and geotagged real-time data logging facility for the producing nanoparticles. With a temperature 
accuracy of ± 2 °C, NiO and CuO nanoparticles, and nanomicelles are synthesized on AMTC device, and are subjected to 
different characterizations to analyze their morphological structure. The obtained mean size of NiO and CuO is 27.14 nm 
and 85.13 nm respectively. As a proof-of-principle, the synthesized NiO and CuO nanomaterials are validated for electro-
chemical sensing of dopamine, hydrazine, and uric acid. Furthermore, the study is conducted, wherein, Dexamethasone 
(Dex) loaded nanomicelles are developed using AMTC device and compared to the conventional thin-film hydration method. 
Subsequently, as a proof-of-application, the developed nanomicelles are evaluated for transcorneal penetration using exvivo 
goat cornea model. Ultimately, the proposed device can be utilized for performing a variety of controlled thermal reactions 
on a minuscule platform with an integrated and miniaturized approach for various applications.

Keywords Electrochemical sensing · Automatic temperature controller (AMTC) · Nanoparticles (NPs) · Nickel oxide 
(NiO) · Copper oxide (CuO) · Dex loaded nanomicelles · Trans corneal diffusion · Ocular drug delivery

1 Introduction

Recently, nano-sized materials such as nanotubes, nanow-
ires, nanoparticles, and nanomicelles manifest novel prop-
erties that are considerably distinct from those of discrete 

molecules and atoms, or bulk materials (Jamkhande et al. 
2019; Ndolomingo et al. 2020). Due to these reasons, many 
researchers are working persistently to develop several com-
petent techniques to produce superior quality nanoparticles 
leading to numerous applications in various fields like bio-
medical, industrial, environmental, and food agriculture 
(Ealias and Saravanakumar 2017; Mohan et al. 2020). The 
curiosity in the synthesis of nanomaterials has grown drasti-
cally due to their precise chemical, structural, and physical 
properties (Kulkarni and Goel 2020a), leading to the produc-
tion of nanomaterials with definite size and structure (Powar 
and Patel 2019) and dimension (Silva et al. 2019). Such 
nanomaterials can be used extensively in various research 
areas such as imaging, catalysis, data storage, sensing, drug 
delivery, and bacterial analysis (Wang et al. 2017; Puneeth 
et al. 2021). The conventional method for the synthesis of 
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nanomaterials suffers from the slow response and the need 
for autoclaves and heavy thermal instruments. Moreover, 
such methods hamper from being expensive, arduous, and 
time-consuming, which leads to rendering the process 
unprofitable for smaller quantities (Yang and Park 2019).

Nickel oxide (NiO) nanomaterials showcase a significant 
evolution of metal oxide with a spherical lattice structure (Ni 
et al. 2012). It has increased the attention due to their poten-
tial use in a diversity of applications like batteries (Feng 
et al. 2014), supercapacitors (Li et al. 2018), catalysis (U.S, 
J., Goel, S. 2020), fuel cell (Dector et al. 2021), and gas 
sensors (Thota and Kumar 2007). It exhibits excellent dura-
bility and electrochemical stability (Saravanan et al. 2013). 
With a broad-band gap of 3.6—4 eV, a NiO semiconductor 
has become an important candidate for various applications 
like solar cells (Meneses et al. 2007). The NiO nanomateri-
als are typically produced by the co-precipitation technique 
using divergent precursors (Ekeroth et al. 2019; Chopra et al. 
2010). Similarly, copper oxide (CuO) nanomaterials have 
increased considerable attention due to their excellent mag-
netic, electrical, physical, optical properties, and have an 
extensive range of applications in biological, biomedical, 
and industrial fields (Phiwdang et al. 2013; Pandey et al. 
2012). Evidently, these properties can be further enhanced 
by selecting an appropriate synthesizing method, as it can 
regulate the size, shape, and morphology of the nanomateri-
als. Various nanostructures of CuO have been produced in 
the form of the nanorod, nanowire, nanoneedle, nanomi-
celles, nanoflakes, nano-flower, and nanospheres, and nanob-
ullets (Maqbool et al. 2017). Numerous approaches have 
been projected to synthesize CuO nanoparticles with distinct 
methods like sonochemical (Kesavan and Chen 2020), quick 
precipitation (Batool and Valiyaveettil 2020), and thermal 
oxidation (Kulkarni et al. 2020). The hydrothermal method 
is common and mostly used for synthesizing nanoparticles 
as a traditional approach. Mainly the traditional nanomate-
rial synthesis suffers due to uncontrolled time for mixing 
with a delayed response (Dobrucka et al. 2021). Besides, 
traditional processing needs the groundwork of particles in 
mass production leading to the huge prerequisite of valuable 
and expensive materials and distinct types of equipment (Li 
et al. 2020). Hence, there is a need to automate and integrate 
a method to synthesize the nanoparticles with low thermal 
power and energy, inexpensive and fast response time for 
small-scale production, and good yield (Qu et al. 2020; Shi 
and Chopra 2011).

Micelles, with an exceptional drug-entrapment capacity, 
have a smaller size and easy formulation. Nanomicelles are 
commonly utilized for the formulation of pure aqueous solu-
tions to load poorly water-soluble drugs, which are created 
using amphiphilic molecules (Vadlapudi and Mitra 2013). 
Moreover, nanomicellar formulations can also improve drug 
availability in ocular tissues, representing better therapeutic 

outcomes (Patel et al. 2015). Several researchers are focus-
sing on the development of nanomicellar formulations for 
ocular use and studies have been carried out to examine 
the potentials of the ocular nanomicelle application to treat 
various ocular diseases (Vadlapudi et al. 2014; Patel 2013). 
Nanomicelles are proven to be a good method for the ocu-
lar delivery of especially hydrophobic drugs (Omerovi and 
Vrani 2020). They offer numerous advantages, like corneal 
penetration, ocular biocompatibility, ease of sterilization. 
Further, the nanomicelles improve the bioavailability of the 
hydrophobic drugs due to the nano-size of drug particles, 
precorneal retention time, stability, and utilization of various 
polymers and surfactants (Alami-Milani et al. 2019).

Ocular structures possess various barriers to prevent 
xenobiotics including therapeutic drugs to reach various 
tissues of the eye, thus reduce the ocular bioavailability 
of various drugs (Gote et al. 2019). The barriers comprise 
of both static (corneal epithelium, corneal stroma, corneal 
endothelium) and dynamic barriers (tear dilution, conjuncti-
val, blood-aqueous barrier, and retinal-blood barriers) (Chrai 
et al. 1974). These barriers provide challenges for the topi-
cally administered drugs to achieve optimum therapeutic 
concentrations at the targeted therapeutic site in the anterior 
and posterior segment (Nirmal et al. 2013a, 2013b).

To synthesize various nanomaterials, such as NiO and 
ZnO nanomaterials, and nanomicelles, a miniaturized 
arduino pro-mini microcontroller-based temperature control-
ler platform, with precise temperature controlling capabil-
ity, can lead to distinguished and notable results, and find 
application in numerous areas. These include diagnostics of 
various diseases, screening of drugs, electrochemical, drug 
delivery, tissue engineering, biomedical imaging, bacterial 
process, and droplet-based approach for biosensing (Chaipan 
et al. 2017; Kulkarni and Goel 2020b). A smaller volume 
of the sample permits a precise solution transferal on the 
microchannel reservoir and this technology has newly grown 
as an important milestone to synthesize nanoparticles (Islam 
et al. 2018). The role of reaction temperature has influenced 
greatly on particle size and shape, with lower temperatures 
resulting in more and thinner particles with a greater surface 
area than those produced at higher temperatures (Jiang et al. 
2011). High temperatures can induce the formation of differ-
ent crystalline phases with different characteristics. The size 
of the particle is also greatly dependent on various factors 
such as pH, reagents, the process of operation, reaction tem-
perature and time, and further, the inclusion of purification 
steps like sonication and centrifugation all these play a role 
in determining the physical characteristics and stability of 
nanoparticle formation (Liu et al. 2020; Sigwadi et al. 2017).

These days, a temperature controller platform has become 
very indispensable and plays a crucial role in many fields 
of study. Its emergent applications can be seen in many 
household appliances for cooling and heating applications, 
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biomedical, biochemical, industrial automation, process 
control stations, food industries, and pharmaceutics (Kamaly 
et al. 2012). PID (proportional integral derivative) based 
temperature controller is widely used due to its accurate-
ness and constancy, whereby PID can be implemented using 
the open-source library function available in off-the-shelf 
microcontroller like Arduino IDE (Hamid et al. 2009). It is 
extremely effective and efficient in upholding the required 
temperature despite swift changes in ambient thermal con-
ditions, offering more exactness and reliability than classi-
cal on/off controllers (Asraf et al. 2017). Therefore, a cost-
effective, low-powered, portable Automatic Miniaturized 
Temperature Controller (AMTC) is realized using fewer 
electronic modules such as a microcontroller, customized 
switching circuitry with BJT and MOSFET, and Bluetooth/
IoT for real-time data analysis for regulating, manipulat-
ing, and monitoring the temperature data. Conventional 
temperature controller devices such as hot air oven, boiler, 
and muffle furnace are widely used for traditional nanopar-
ticle synthesis. These benchtop devices are bulky, require 
human intervention, dissipates more thermal loss, and are 
quite expensive (Park et al. 2020). Table. 1 summarize the 
difference between existing conventional-based temperature 
controller devices used for nanoparticle synthesis and vari-
ous AMTC systems for synthesizing the nanomaterials and 
nanomicelles in a micro-scale platform.

The present work describes the development of an eco-
nomical, integrated, and miniaturized AMTC platform 
which can be easily used for the synthesis of several nano-
particles and nanomicelles. Here, as a proof-of-principle, 
the synthesis of nickel oxide (NiO), copper oxide (CuO) 
nanoparticles, and Dex loaded nanomicelles were carried 
out on an AMTC device. An Arduino pro-mini microcon-
troller was realized which acted as the main chip by con-
trolling and monitoring the heaters and sensors which are 
integrated on the printed circuit board. The FESEM and 
EDX characterization for synthesized NiO and CuO nano-
particles were executed to study and investigate the mor-
phology and elemental composition. Further, nanomicelles 

characterization and its application for ocular-based drug 
delivery were carried out using this proposed system. The 
FESEM and EDX characterization revealed the formation 
of the nanostructures for both NiO and CuO. Further, the 
produced NiO nanoparticles were used for electrocatalyst 
sensing of uric acid and hydrazine, and CuO nanomaterials 
were used for electrocatalyst sensing of uric acid and dopa-
mine respectively. Furthermore, as a proof-of-application, 
the developed nanomicelles were evaluated for transcorneal 
penetration using exvivo goat cornea model.

2  Experimental

2.1  Automatic temperature controller (AMTC) 
module

The AMTC system plays an indispensable role in nanopar-
ticle synthesis, where it is crucial to provide a quick and 
precise temperature. Figure 1a shows a block diagram that 
includes a microcontroller, driving and switching circuit, 
cartridge heater, and thermocouple sensor (k-type). In this 
device, a smaller microcontroller in the family of arduino, 
Arduino pro-mini 328 (18 ×  33mm2), has been incorporated. 
The low-cost and miniaturized arduino pro-min supports 
auto-reset, 14 digital input/output pins, and 6 analog input 
pins. Pro-mini works on 5 V/16 MHz and maximum output 
current of has an in-built library for proportional-derivative-
integral (PID) controller making it a more precise tempera-
ture controller module. In this work, an Arduino IDE (www. 
ardui no. cc) with open-source software was used for coding 
the instructions. Arduino pro mini is accountable for regulat-
ing, coordinating, manipulating, and monitoring the device.

The DC-DC buck convertor (LM2596) breakout mod-
ule can be set to the desired voltage at the output (load) by 
step down voltage from its applied input voltage. From an 
adapter (12 V/3.75A), it can be directly connected to the 
buck converter where 5 V DC is achieved and fed to power 
the arduino pro mini. Figure 1b shows a schematic diagram 

Table. 1  Comparison between a conventional controller and microfluidic AMTC system

Approach Conventional based temperature controller Microfluidic based temperature controller

Parameters Hot air oven 
(Wang et al. 2013)

Muffle furnace 
(Lu et al. 2011)

Boiler (Yan 
et al. 2015)

Hot plate (Lee 
et al. 2009)

Oil Bath (Nightingale 
and Mello 2009)

Cartridge heater 
(Nakayama et al. 
2006)

Temperature range 800 °C 1600 °C 550 °C 350 °C 200 °C 250 °C
Accuracy  ± 1 °C  ± 2 °C  ± 5 °C  ± 2 °C  ± 3 °C  ± 2 °C
Heat dissipation More More Medium Medium Low Low
Power consumption 1200 W 1520 W 1000 W 800 W 500 W 38 W
Cost Expensive Costly Average Costlier Average Cheaper
Size Bulky Heavy Hefty Small Medium Miniature

http://www.arduino.cc
http://www.arduino.cc
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of self-developed switching circuitry that was designed and 
developed for executing the regular switching operation to 
have control over current flow in a driver circuit, without the 
need for manual cutting or splice of the power source wires. 
Hereby, the switching circuit was designed with a basic 
bipolar transistor (BC548), power MOS-field effect transis-
tor (IRF9540N), and limiting resistors (Kulkarni et al. 2021). 
This takes care of the current flowing across the heater and 
switches accordingly following the arduino instructions. 
The microcontroller triggers the signal in boolean logic (0 
and 1) through pulse width modulation (PWM) which is 
associated with the base pin of the bipolar transistor (BJT). 
Gate terminal of field-effect transistor (FET) was connected 
to 12 V DC via limiting resistors. The drain terminal was 
connected to one end of the heater and another end of the 
heater is connected to 12 V DC. Thus, the overall switching 
was operated by these aforementioned transistors. A circular 

tube-shaped cartridge heater (25 ×  3mm2), coated with stain-
less steel material of higher grade, was used for the heating 
process. The cartridge heater is a voltage-controlled device 
with a power rating of 38 W, wherein the amount of current 
required to drive is very minimal, and a good ramping rate 
was calibrated with temperature and time.

Figure 2 shows a schematic representation of the arduino 
pro-mini-based AMTC system. A k-type thermocouple 
sensor was used for manipulating and recording the desired 
temperature across the heater connected to arduino pro-mini 
and acts as a feedback signal. It has many advantages like 
a wide temperature measuring range, reliability, stability, 
precision, and smaller size. The MAX6675 is a breakout 
module that was used with the thermocouple responsible to 
reduce the error, fluctuation, and noise of the sensing signal. 
It operates at a 5 V power source and has full-duplex Serial 
Peripheral Interface (SPI) standards allowing the master 

Fig. 1  (a) A simple block 
diagram of the AMTC system 
(b) Schematic of self-developed 
switching circuitry

Fig. 2  Schematic diagram for Arduino pro-mini based AMTC system
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and slave to send the data simultaneously. Here, arduino 
provides a simple method of tuning all PID terms (Propor-
tional  (KP), Integral  (KI), and Derivative  (KD)). The PID 
controller has feedback control that delivers a good output 
performance stability perceived by considering optimized 
values such as  KP = 160,  KI = 1, and  KD = 80 as per the pre-
requisite with very low tolerance. Herein, the PID control-
ler controls the temperature, executes the upper and lower 
limits within ± 2 °C. The device consists of Bluetooth and 
geotagging-based data logging features making it easier for 
data acquisition and data storage. The real-time data can be 
directly analyzed and stored on a smartphone through the 
open-source app and ThingSpeak permits users to collective, 
analyze, and visualize live data streaming facilities.

2.2  Chemicals and apparatus

The chemical used for the experimentation, uric acid, hydra-
zine, dopamine, Multi-walled carbon nanotube (MWCNT), 
Nickel nitrate, copper chloride, ascorbic acid, and urea, were 
purchased from Sigma Aldrich. Dexamethasone, Tocopherol 
Poly (ethylene glycol) 1000 Succinate (TPGS) and polox-
amer P407, Acetonitrile. OrigaLsys Electrochem (OrigaFlex 
500) instrument was used for the electrochemical sensing 
of uric acid, hydrazine, and dopamine. Dynamic light scat-
tering (DLS) technique (Nano ZS 90, Malvern Instruments 
Ltd., UK), High-Pressure Liquid Chromatography (HPLC), 
Sonicator (GT Sonic ultra-sonic cleaner (China), Franz dif-
fusion cell apparatus (PermeGear Inc., USA).

2.3  Synthesis of NiO, CuO Nanoparticles, 
and Nanomicelles

2.3.1  Preparation of NiO nanoparticles

The precursor’s nickel nitrate (Ni(NO3)2) and urea  (CH4N2O) 
were prepared in the ratio of 1:2 concentrations. The precur-
sor was dissolved in DI water of volume 2 ml. The solution 
was well stirred using a magnetic stirrer for 15 min and then 
2 ml of the reaction was poured onto 5 ml of a small borosil 
beaker, subsequently placed on the heating block. Further, it 
was heated from atmospheric thermal conditions to 180 °C 
for 60 min. The obtained green-colored powder was washed 
with DI water several times using the filtration method and 
kept in the oven for drying the powder at 65 °C for 3 h.

2.3.2  Preparation of CuO nanoparticles

The preparation of copper oxide was carried out by a con-
ventional chemical precipitation process. Copper chloride 
and ascorbic acid precursors were taken in the ratio of 4:1 
concentration and added in 4 ml DI water and sonicated for 
30 min. The 3 ml of the reaction was transferred to a small 

petri dish (D = 50 mm) which was positioned on the heater 
and the pH value was measured and maintained neutral. The 
solution was kept at 75 °C for 3 h, thereby obtaining a light-
brownish-colored product.

2.3.3  Preparation of nano‑micelles

The Nanomicelle formulation of Dex was prepared by thin-
film hydration method using: (i) Formulation preparation 
and solvent evaporation (ii) Rehydration. Further, Dexa-
methasone (0.1%) was accurately weighed and dissolved in 
Acetonitrile. Then, Tocopheryl Polyethylene Glycol Succi-
nate (TPGS) (3%) and Poloxamer 407 (0.1%) were weighed 
and dissolved separately in Acetonitrile. These two solu-
tions were then mixed and vortexed for few minutes to get a 
homogeneous solution. Here, 3 ml of Acetonitrile was used 
to dissolve the drug completely. 3 ml of Phosphate-buffered 
solution was taken for final formulation. As a routine prac-
tice, this can be evident from various literature (Cholkar 
et al. 2014; Mandal et al. 2017; Velpandian et al. 2021), that 
specifies only to quantify the drugs and not the excipients.

The transcorneal penetration studies were performed 
using goat cornea using the franz diffusion apparatus. HPLC 
is used to analyze the concentration of the drug in the sam-
ple. The goat eyes were purchased from a butcher shop and 
the cornea was isolated from the whole eye. The removed 
cornea was washed with PBS buffer pH 7.4 and mounted 
between the donor and acceptor chamber of the diffusion 
cell. The acceptor compartment was filled with PBS buffer 
pH 7.4 and the temperature was maintained at 37 °C with 
stirring using a magnetic stirrer at 100 rpm throughout the 
study. The donor compartment was filled with Dex formula-
tion. The samples were collected from the sample port of the 
franz diffusion apparatus using a syringe at time points 5, 15, 
30, 60, 120, and 240 min respectively, and replaced with the 
same amount of PBS buffer pH 7.4. The collected samples 
were stored at -20 °C until analysis using HPLC. The circle-
shaped cornea was dissected from the goat eye and the thick-
ness of the cornea was measured using a digital micrometer 
before every experiment to maintain the average thickness 
of the cornea for various diffusion cells for transcorneal 
penetration studies and the average thickness was around 
0.724 mm. The diameter of the goat cornea was around 
17 mm. Goat cornea, pH 7.4 buffer, digital micrometer, and 
hamilton syringe were used for the exvivo study. Inspite of 
exvivo studies remains as an efficient tool to understand 
the transcorneal penetration of drugs and formulations, the 
model cannot imitate the factors like tear drainage and blink-
ing latency which is found in the human eye.

Further, the resultant reaction mixture was kept on 
the self-designed AMTC system to execute the proposed 
method, and also, conventional rotatory evaporator method 
was carried out, to evaporate the solvent completely, later the 
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obtained dry thin film was rehydrated with Phosphate Buffer 
Solution (PBS) pH 7.4 and sonicated for 5 min. Meanwhile, 
the process was carried out for the preparation of placebo 
nanomicelles without Dex.

2.4  Experimentation

Figure 3 shows an overview of smartphone-enabled nano-
particle synthesis on a portable heating device. The portable 
temperature controller module includes a microcontroller, 
DC buck converter, a switching circuit, cartridge heater, and 
sensor. The experimentation setup also shows the alumin-
ium heating block (50 × 15 × 10  mm3) used for heating. Both 
heater and sensor were inserted into the opposite ends of the 
block. The complete device was powered up by the 12 V/3A 

adapter. The 5 ml small beaker was kept on the heating block 
covered with the thin aluminium foil of thickness 11 µm. 
The real-time temperature data was made available directly 
on the smartphone through Bluetooth module (HC-05) and 
IoT (ESP 8266–01) breakout module using an open-source 
app. Hence, continuous data analysis and data storage can 
be observed and maintained easily.

3  Results and discussion

3.1  Heating process for synthesis of nanoparticle

Figure 4a shows the top-view of the temperature control-
ler device. The heater output was controlled by the micro-
controller and the thermocouple was used as a feedback 

Fig. 3  Overview of a smart-
phone-enabled synthesis of 
nanoparticle on a portable heat-
ing device

Fig. 4  (a) Top-view of tempera-
ture controller device (b) A 5 ml 
beaker with solution placed on 
a heating block covered with Al 
Foil (c) Complete 3D printed 
casing of heating module
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sensor for monitoring the temperature. The thermocouple 
sensor has a 12-bit resolution and can provide tempera-
ture measurements from 0 °C to 1024 °C with a precision 
of 0.25 °C. The sensor acted as a feedback response con-
nected to arduino pro-mini by sending the continuous sen-
sor data for temperature monitoring. The accuracy of the 
temperature controller was around ± 2 °C. The data logging 
is very simpler with continuous analysis and accessing of 
the temperature values on the smartphone. All the electronic 
modules were integrated and soldered on to single 3.93’(L) 
by 2.36’(W) of a printed circuit board (99.8 × 59.9mm2). 
Figure 4b shows a 5 ml beaker with solution placed on a 
heating block covered with Al Foil. The dimensions of the 
complete device with 3D printed casing were 100 (L) × 60 
(W) × 32  mm3 (H) respectively. The smartphone-enabled 
data accessing and data recording is easier-to-use, faster, 
and simple. Figure 5c shows the complete 3D printed casing 
of the heating module.

3.2  Characterization of the NiO and CuO 
nanoparticle

3.2.1  NiO nanoparticle

The synthesized NiO nanoparticles were studied to under-
stand the surface morphological features by the field emis-
sion scanning electron microscope (FESEM). The obtained 
images specify the presence of synthesized NiO nanomateri-
als, which appeared to be spherical with magnification up 
to 300 nm as shown in Fig. 5a. Further, it can be observed 
that the nanoparticles are greatly agglomerated and appear to 
be a cluster of NiO nanoparticles. The prepared NiO nano-
materials have an average diameter of 27.14 nm as shown 
in Fig. 5b. The NiO nanoparticles were synthesized at 450° 

calcination temperature and the obtained results were stud-
ied to recognize the potential of the projected method. The 
results were benchmarked with the literature which shows 
comparable results with an average diameter of 32.9 nm 
produced through the sol–gel method (Wardani et al. 2019).

3.2.2  CuO nanoparticle

The SEM images of the synthesized CuO nanoparticles 
were observed with agglomerated nanospheres structures 
with an average diameter of 85.13 nm. Figure 6a, b shows 
the SEM images which describe the structural and surface 
morphologies of the formed CuO. The characterization out-
come illustrates the substantial presence of major elements 
of nanoparticles and further, these were compared with the 
traditional methods (Singh 2016).

To analyze the elemental composition existing in pro-
duced NiO and CuO nanomaterials, Energy-dispersive 
X-ray spectroscopy (EDX) was studied. Table 2 shows the 
EDX analysis, the statistical results show the percentage of 
content of major elements of NiO and CuO respectively. 
Energy-dispersive X-ray spectroscopy (EDX) is an analytical 
method utilized for the chemical composition or elemental 
analysis of a reaction mixture. It depends on the examina-
tion of an interaction of some basis of X-ray excitation and 
a reaction n mixture.

Further, Fig. 7a, b show the EDX spectrum for key ele-
ments of Ni, O for NiO nanoparticles, and Cu, O, and C 
elements for CuO nanoparticles.

Figure 8a, b show the size distribution curve of NiO 
and CuO nanomaterials respectively. Further, the sizes of 
NiO and CuO nanoparticles were examined naturally with 
ImageJ software (www. imagej. net), an open-source plat-
form, for the examining of nanomaterials used to identify 

Table 2  EDX Analysis of Key 
Elements of NiO and CuO

Elements Weight(%) Atomic(%) Elements Weight(%) Atomic(%)

Oxygen 34.99 66.38 Oxygen 51.12 52.86
Nickel 65.01 33.62 Carbon 30.80 42.43

Copper 18.08 4.71

Fig. 5  SEM images of synthesized Nickel oxide (NiO) nanoparticles 
appears to be spherical shape nanostructures at a magnification rate 
(a) 60,000x (b) 300,000x

Fig. 6  SEM images of synthesized Copper oxide (CuO) nanoparticles 
appears to be spherical shaped nanostructures at a magnification rate 
(a) 25,000x (b) 120,000x

http://www.imagej.net
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the size distribution curve. Based on the obtained results 
from FESEM, the mean nanoparticle size (wc) and standard 
deviation (σ) were calculated.

3.2.3  Dex loaded nanomicelles for ocular drug delivery 
application

Dex-loaded nanomicelles were prepared by utilizing both 
conventional methods based on standard thin-film rehy-
dration and the proposed AMTC system. Herein, the 
obtained parameters, such as particle size and zeta poten-
tial of Dex-loaded nanomicelles (0.1%), were determined 
by the Dynamic Light Scattering (DLS) technique, after 
filtering with 0.45 µm sterile nylon membrane filter (Nex-
flo syringe filter, sterile,0.45 µm). TPGS and poloxamer 
P407 were used as a polymer and stabilizer respectively. 
Further, the same process was carried out for the prepara-
tion of Placebo nanomicelles without Dex. The obtained 
results from the AMTC system were quite promising with 

good reproducibility features having similar particle size 
and standard deviation when compared to the conventional 
method (Yu et al. 2015; Wang et al. 2016).

3.3  Electro‑catalytic oxidation of uric acid 
and dopamine for NiO nanoparticles

Electro-catalytic-based detection of uric acid and dopamine 
with multi-walled carbon nanotube (MWCNT)–Nickel 
oxide nanostructures (MWCNT@NiO) were carried out in 
a 3-electrode system at neutral pH. Herein, 2B pencil graph-
ite (PG) lead modified with MWCNT@NiO compound was 
used as a working electrode, Silver/silver chloride (Ag/AgCl) 
as a reference electrode, and platinum as a counter electrode. 
The working electrode was prepared by drop-casting 5 µl of 
MWCNT-ethanol suspension on PG, followed by air dry-
ing for 3 min. A 4 mg of NiO nanoparticle was added in 
500 µl of ethanol and was sonicated for 6 min. 2 µl of the 
prepared NiO-ethanol suspension was coated on top of the 

Fig. 7  (a) Processing of the EDX spectrum for Ni, O elements (b) Processing of the EDX spectrum for Cu, O, and C elements

Fig. 8  (a) NiO nanoparticle size distribution curve (b) CuO nanoparticle size distribution curve
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PGE/MWCNT to form PGE/MWCNT@NiO. The working 
electrode was kept for drying at 60 °C for 2 min in a hot 
air oven. The cyclic voltammetry technique was utilized at 
a scan rate of 50  mVs−1 in 1 mM of Uric acid and 1 mM 
dopamine. Figure 9a depicts that the blank electrode (PGE/
MWCNT) alone gave no oxidation peak of uric acid whereas, 
PGE/MWCNT@NiO gave clear oxidation at E’ = 0.43 V vs 
Ag/AgCl conforming to the oxidation of uric acid. Succes-
sively, it was identified that the produced NiO nanoparticles 
are electrochemically energetic and play a major role in the 
detection of uric acid.

Similarly, Fig.  9b shows the blank electrode (PGE/
MWCNT) wherein, there was no oxidation peak was noticed. 
On the other hand, PGE/MWCNT@NiO provides a distinct 

oxidation peak at E’ = 0.33 V vs Ag/AgCl electrode which 
is consistent with the oxidation peak indicating the detection 
of dopamine (DA).

3.4  Electro‑catalytic oxidation of hydrazine and uric 
acid for CuO nanoparticles

The Electro-catalytic based detection of hydrazine with cop-
per oxide nanostructures (PGE@CuO) was carried out in a 
3-electrode system at neutral pH. Herein, 2B pencil graphite 
(PG) lead modified with CuO nanoparticles was used as a 
working electrode, Ag/AgCl as a reference, and platinum as 
a counter electrode. The working electrode was prepared by 
drop-casting 5 µl of CuO on PG and was kept for drying at 

Fig. 9  (a) CV response of PGE/MWCNT and PGE/MWCNT@NiO in 1 mM Uric acid solution at 50 mV  s−1 (b) CV response of PGE/MWCNT 
and PGE/MWCNT@NiO in 1 mM Dopamine (DA) solution at 50 mV  s−1

Fig. 10  (a) CV response of PGE and PGE@CuO in 1 mM hydrazine solution at 50 mV  s−1 (b) CV response of PGE and PGE@CuO in 1 mM 
uric acid solution at 50 mV  s−1
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60 °C for 2 min in a hot air oven. The cyclic voltammetry 
technique was again harnessed at a scan rate of 50  mVs−1 
in 1 mM of Uric acid and hydrazine. Figure 10a depicts 
that the blank electrode (PGE) alone gave no oxidation peak 
whereas, PG@CuO gave clear oxidation at E’ = -0.35 V vs 
Ag/AgCl agreeing with the oxidation peak of hydrazine. 
Subsequently, it was known that CuO synthesized nanopar-
ticles are electrochemically active and play an important role 
in hydrazine detection.

Likewise, Fig.  10b shows the blank electrode (PG) 
wherein, there was no oxidation peak observed in 1 mM 
solution of uric acid, while the PG@CuO provides a distinct 
oxidation peak at E’ = 0.46 V vs Ag/AgCl electrode which 
is consistent with the electrocatalytic oxidation of uric acid. 
By further alteration, it can be used to fabricate an electro-
chemical sensor for uric acid and dopamine in real samples 
employing the microfluidic platform.

3.5  Evaluation of particle size, polydispersity 
index (PDI), zeta potential, and transcorneal 
penetration of 0.1% dex‑loaded nanomicelles

The developed Dex-loaded nanomicelles were characterized 
for particle size, zeta potential, entrapment efficacy, drug 
loading, and transcorneal penetration studies. The entrap-
ment efficacy and loading efficiency were determined by 
High-Pressure Liquid Chromatography (HPLC). Trans-
corneal studies were performed on the diffusion apparatus 
using goat cornea. Dex nanomicelles were optimized with 
a composition of Dex: TPGS (1:60 ratio). The mean diam-
eter by conventional and AMTC based nanomicelles was 
found to be 10.45 ± 0.08 nm and 10.74 ± 0.08 nm, with a 
polydispersity index (PDI) of 0.043 and 0.085, respectively. 
Apparent permeability of 0.1% Dex-loaded nanomicelles 
using conventional and AMTC methods were 0.17217 and 

Fig. 11  Comparison of various evaluation parameters of 0.1% Dex-
loaded Nanomicelles using Conventional and AMTC method. (a) 
Particle size distribution. (b) Entrapment efficiency and Drug load-
ing efficiency. (c) Polydispersity index and Zeta potential. (d) 

Transcorneal penetration study. Note: P–C-Placebo Conventional; 
P-AMTC-Placebo Automated Temperature Control; FM-Formula-
tion; AMTCFM- Automated Temperature Control Formulation
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0.18686  mm2/hr respectively. Clear nanomicelles were 
obtained using both conventional and AMTC nanomicelles. 
The particle size distribution, polydispersity index, zeta 
potential, entrapment efficiency, drug loading efficiency, 
and transcorneal penetration of 0.1% Dex-loaded nanomi-
celles using conventional and AMTC methods were shown 
in Fig. 11a–d. The present study reveals that the Dex-loaded 
nanomicelles developed using the AMTC method were com-
parable to the conventional thin-film hydration method. The 
characterization parameters showed nanomicelles prepared 
using both methods showed promising results. The AMTC 
method is more cost-effective, consumes less power, stan-
dalone device, and requires less reaction time and drug 
sample as compared to the conventional thin-film hydration 
method.

4  Conclusion

The present work intends to synthesize the nanoparticles in a 
minuscule volume of samples which can be used for numer-
ous biological, environmental, cosmetics and energy appli-
cations. Herein, the main focus was to design and develop 
a miniaturized, low-cost, easy-to-carry, simple temperature 
controller device using the arduino pro-mini platform which 
uses a proportional-derivative-integral (PID) concept for 
controlling the temperature. The minuscular device was 
completely integrated and automated on a PCB positioned 
in a 3D-printed housing. The thermal system showcased a 
temperature sensitivity of ± 2 °C. The real-time geotagged 
temperature data was made accessible through a smartphone 
with Bluetooth and IoT modules by installing an open-source 
app and stored for data analysis for a later stage. The com-
plete portable device dimension comes with 100 (L) × 60 
(W) × 32  mm3 (H) respectively. The synthesis of nanoparti-
cles in a miniaturized platform has its variety of sublime fea-
tures such as precise temperature control, efficient mass and 
heat transfer, ambient ease, faster loading of samples, and 
overall safety. Herein, the nickel oxide and copper oxide nan-
oparticles and Dex loaded nanomicelles were synthesized 
on this proposed miniaturized device. In both the reaction 
samples, NiO was heated at 180 °C for 60 min and CuO was 
heated at 75 °C for 3 h respectively. Stringent characteristics, 
like FESEM and EDX, have been accomplished and ana-
lyzed which shows the formation of NiO and CuO nanopar-
ticles. The obtained mean size of NiO and CuO nanostruc-
tures was 27.14 nm and 85.13 nm. In further, nanoparticles 
were employed for the electrocatalyst sensing of hydrazine, 
dopamine, and uric acid using the cyclic voltammetry tech-
nique. Furthermore, the study was conducted by loading Dex 
nanomicelles which were developed using an AMTC and 
compared to the conventional thin-film hydration method. 
The results showed a promising platform for the proposed 

method. The characterization parameters showed nanomi-
celles prepared using both methods are almost similar. Fur-
ther, as a proof-of-concept, the developed nanomicelles were 
evaluated for transcorneal penetration using exvivo goat 
cornea model. The salient features of the proposed AMTC 
system are standalone, automated, low-cost, compact, min-
iaturized, low-power consumption, less reaction time and 
volume as compared to the conventional thin-film hydration 
method. In the future scope, this proposed method has the 
potential to accelerate the synthesis of nanoparticles and 
Dex loaded nanomicelles in a microfluidic platform.
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Highly Sensitive and Interference-Free
Electrochemical Nitrite Detection in
a 3D Printed Miniaturized Device

Abhishesh Pal, Khairunnisa Amreen , Satish Kumar Dubey , and Sanket Goel , Senior Member, IEEE

Abstract— 3D printing has a significant impact on var-
ious applications as it facilitates greater control over the
designed shapes, leads to rapid prototyping and mass
production with transferable designs at a lower cost.
These attributes provide great versatility and thus make
the devices industry-friendly. Herein, we demonstrate a
simple and disposable 3D printed device, fabricated in
single-step, as an electrochemical nitrite sensor using
commercially available carbon loaded polylactic acid (PLA)
filament. Nitrite, usually ingested through water and food,
can be harmful when taken in excess. Thus, its efficient
and accurate on-site detection becomes imperative. The
device showed appreciable sensitivity and good selectivity
towards nitrite having a limit-of-detection (LOD) of 1.96 µM.
Furthermore, the device has been shown to monitor nitrite
in real soil and water samples with appreciable recovery
values. Eventually, the device is capable to be multiplexed
with varying soil parameters.

Index Terms— 3D printed device, electrochemical sens-
ing, nitrite detection, miniaturized device.

I. INTRODUCTION

TO fulfill the food and agriculture requirements around
the world, most of the countries have switched to agri-

cultural methods harnessing inorganic fertilizers to improve
soil productivity. These fertilizers often contain nitrite as an
essential element which, if consumed in a disproportionate
amount, may affect the oxygen-carrying capacity of the blood
by converting hemoglobin to methemoglobin, which is an
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irreversible process [1]. Superfluous consumption of nitrite
can cause infant methemoglobinemia also known as blue baby
syndrome, unwanted abortion, and defects in the central ner-
vous system [2]. In general, human beings consume 60–80 %
of nitrite through food and 15-20 % through water. The
World Health Organization (WHO) suggests that the upper
tolerable limit of nitrite in water for human consumption is
3 mg/L or 3 ppm [3].

There are numerous methods of nitrite detection such as
electrochemical, electrochemiluminescent, chromatographic,
spectrophotometric, chemiluminescent, capillary electrophore-
sis, and spectrofluorimetric with each having its own set of
advantages and disadvantages [4]. Spectrophotometric meth-
ods are widely used for nitrite detection and have detection
limit ranging from 0.02 − 2μM employing Griess assay,
while with conventional electrochemical detection methods
furnished detection limits in the range spanning from 10−5

to 10−2 M. Chromatography yielded a detection limit in a
range of 0.9 − 4.4 nM whereas with capillary electrophoresis
the nitrite could be sensed upto 0.1 μM [34]. Electrochemical
methods when employed on the same device become unstable
due to fouling of the electrode when exposed to real samples
over time and hinder their potential use for automated on-site
detection [35]. However, methods can be performed, as it con-
sumed few or no reagents and does not need complex or time-
consuming pretreatment, besides this, the detection can be
easily designed and is inexpensive [36]. Optical methods can
usually reach a very low detection limit with good precision,
and when combined with separation methods the detection
limits can further be reduced [37]. Optical methods often come
with drawbacks such as optical interference and electrical
integration. In this regard, electrochemical sensors can be
used [5]. Compared to the other techniques, electrochemical
methods are simple, highly sensitive, and cost-efficient [2].
Several literature reports on electrochemical detection methods
for nitrate have been studied [2], [4], [6], [7].

Electrochemical methods for nitrite detection mostly use a
conventional three-electrode system. Further, to enhance the
sensitivity and selectivity, nanomaterials are used to modify
the electrodes, such as copper nano-dendrites and reduced
graphene oxide which increase the surface-to-volume ratio to
achieve superior responses [8]. These nanoparticles are func-
tionalized and deposited on the electrode surface to modify
surface properties to evoke Griess reaction [9]. In some cases,
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TABLE I
COMPARISON WITH PREVIOUS REPORTED WORKS FOR ELECTROCHEMICAL SENSING OF NITRITE

a mediator has been used along with the carbon nanotubes
(CNT) on a glassy carbon electrode (GCE) to help electrocat-
alytic reduction of nitrite by enhancing electron transfer [10].

The nitrite detection using carbon and its composites is
a very well-established method. Screen-printed carbon elec-
trodes (SPCEs) along with modifications have been utilized
to realize a miniaturized device. Here, screen-printing, with
modified carbon ink, was successfully utilized for nitrite detec-
tion in drinking and groundwater [11]. In a different work,
for nitrite detection, SPCEs were modified with graphite and
β-cyclodextrin [12], electrochemically modified graphite [13],
poly(3,4-ethylene dioxythiophene) and multi-wall carbon nan-
otubes (MWCNT) [14], etc. However, most of the reported
works enumerate bulk systems hindering the device portability
and therefore ease-of-use.

Miniaturization has significantly changed and has been
an add-on in several fields. With the huge advancement in
technology, it is now easier to fabricate complex smaller
products with added functionality. Miniaturized devices help
reduce the amount of liquid handled, eventually results in a
faster analysis at lesser operational cost.

3D printing is one of the essential tools to achieve minia-
turization and it can further offer flexibility and replicability
of the products fabricated. It has been transforming various
fields such as manufacturing, industry, medical, etc. Tailor-
made intricate designs can be made with fused deposition
modeling (FDM). 3D printing substantiates this by extrusion of
the thermoplastic polymer [15]. The application of 3D printing
technology can be extended to electrochemical sensing as
well [16]. This method is simple, low-cost, and facilitates
multi-material structures with high versatility. 3D printed elec-
trochemical sensors offer rapid prototyping, enhanced manu-
facturing speed, and deliver sensors with intricate electrode

geometries [38]. However, the 3D printed electrodes are
affected by the intrinsic kinetic barrier for the electron trans-
fer which affects the electrochemical property of the elec-
trode [39]. Literature reveals that the FDM 3D printed devices
cost lesser due to the low-cost of 3D printers and thermoplastic
filaments. Commercially available conductive filaments con-
taining carbon black which is a byproduct of the petroleum
product which makes such filaments cheaper. FDM-based
3D-printing system costs approximately <US$200 with high
precision [42]. Overall, the 3D printing approach involves
extremely low-capital, operational, and material costs. Typi-
cally, the total fabrication time of the device is 11 minutes with
per-device cost of approximately $0.08 [43]. Other methods
like spectrophotometry, chemiluminescence, or chromatogra-
phy require pretreatment and calibration of the device which
is not cost-effective [44]. Table I provides a comparison of the
previously reposted work with the present system.

Herein, a 3D printed device is demonstrated to detect nitrite
electrochemically. So far, based on our best knowledge, there
is no study on leveraging 3D printed devices made from
carbon black based PLA for the detection of nitrite. Specificity,
repeatability, and electrodes have been studied in-depth in this
work.

However, 3D-printed steel electrodes have been reported
to determine heavy elements Pb(II) and Cd(II) [23]. Plas-
tic 3D printed devices using fused deposition modeling
(FDM) were reported to determine Pb(II), Hg(II), Cu(II),
and Zn(II) [24]–[28]. In the present work, a 3D printed
miniaturized device with 3 electrode system was harnessed
to detect nitrite with cyclic voltammetry (CV) and square
wave voltammetry (SWV). This device was fabricated using
a dual-extruder FDM 3D printer in a single-step using com-
mercially available plastic filaments. The device had a cell

Authorized licensed use limited to: Carleton University. Downloaded on June 01,2021 at 07:47:51 UTC from IEEE Xplore.  Restrictions apply. 



PAL et al.: HIGHLY SENSITIVE AND INTERFERENCE-FREE ELECTROCHEMICAL NITRITE DETECTION 177

made up of non-conductive polylactic acid (PLA). The three
electrodes were printed on a 3D printer using a conduc-
tive carbon loaded PLA filament The fabricated device gave
interference mitigated response towards nitrite with LOD as
1.96 μM. Furthermore, the real soil sample and real water
sample analysis were carried out with appreciable recovery
values.

II. EXPERIMENT SECTION

A. Materials and Reagents

Sodium Nitrite and Ammonium persulfate were obtained
from Sigma-Aldrich. Potassium nitrate from Avra, Sodium
carbonate from TCI, Sodium chloride extrapure AR, and
Potassium Ferricyanide procured from SRL. MilliQ water
(Millipore) 18.2 M�.cm was used in all the experiments.
Phosphate buffer solution (PBS) of 0.1 M concentration at
pH 7 was utilized for all electrochemical tests. The PBS was
prepared using sodium phosphate monobasic dihydrate and
sodium phosphate dibasic dehydrate extrapure, both purchased
from SRL. The Ag/AgCl ink was procured from ALS Co.
Ltd., Tokyo Japan. Whatman filter paper #1 and #113 were
purchased from Whatman. The electrochemical analysis was
done using Galvanostat / Potentiostat (SP-150, Bio-Logic,
France) of V11.02 version along with EC-Lab software. The
non-conductive filament (glass blue) of diameter 1.75 ±
0.03 mm was obtained from Rever Industries. The carbon-
loaded PLA conductive filament (both diameter 1.75 mm) was
obtained from Proto-pasta and Amolen. The micrographs were
taken using Apreo scanning electron microscope (SEM) from
Thermo Fisher Scientific.

B. Design and Fabrication of the Miniaturized
3d Printed Device

The device was designed with CATIA software (Scheme 1)
and the file was saved in .stl format and opened in Flashprint
software to set the printing parameters. The platform temper-
ature was 50 ◦C, the temperature of the head dispenser for
non-conductive PLA was 200 ◦C and the temperature of the
head dispenser for conductive carbon-loaded PLA was 220 ◦C,
and printing speed and head travel speed were 50 mm/s and
70 mm/s respectively. After setting these printing parameters,
the file was saved in .x3g format and subsequently saved on
the SD card. Eventually, the SD card was inserted in the slot
of flash forge creator pro (Flash forge, USA) 3D printer to
begin printing.

C. Electrochemical Measurements

The electrochemical evaluation was conducted with poten-
tiostat/galvanostat (Biologic SP-150). The measurements were
carried out with the fabricated device (600 μL) having con-
ventional 3 electrodes, with bare conductive electrodes as both
counter and working electrodes while the Ag/AgCl coated
electrode was the reference electrode. Cyclic voltammetric
tests (scan rate of 50 mV/s) and square wave voltammetry
tests, with optimized parameters (pulse height of 80 mV,
a pulse width of 120 ms, and step height of 5 mV) were

SCHEME 1. a) Design of the 3D printed device designed using CATIA
software b) Prototype of the device.

conducted in the potential window of 0.5 −1.1 V with different
concentrations of nitrite in the cell. The concentration was
varied from 25 − 1500μM in 0.1 M PBS at pH 7.

III. RESULTS AND DISCUSSION

A. Filament Screening and Electroactivity

A screening of two conductive, carbon black based materials
was done to check their suitability as an electrode in the 3D
printed device. The materials chosen were namely Proto-pasta
conductive PLA and Amolen conductive black PLA in the
form of filament of diameter 1.75 mm. CV was performed on
both devices to test Nitrite (1 mM) wherein the device with
Proto-pasta electrode gave better peaks and evoked much more
current for the nitrite oxidation in comparison with Amolen
conductive PLA as shown in Fig. 1a). Besides, nitrite was also
tested with Proto-pasta electrodes with and without Dimethyl-
formamide (DMF) surface treatment It is evident in Fig. 1b
that DMF treatment of all three electrodes and Ag/AgCl
modification to the reference electrode gives a well-defined
peak as compared to the untreated electrode. Consequently,
DMF treated proto-pasta device with one electrode modified
to Ag/AgCl (reference electrode) was used for all evaluations
further.

The electrochemical responses to 5 mM potassium ferri-
cyanide were evaluated on both DMF treated and non-treated
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Fig. 1. Comparative CV response of (a) two conductive filaments: Proto-
Pasta and Amolen carbon b) DMF treated and untreated Proto-Pasta
working electrode in 1 mM Nitrite at pH 7 in PB solution at υ = 50 mV/s
in a potential window of 0 −1 V vs Ag/AgCl. c) Comparative CV response
of DMF treated and untreated proto-pasta electrode in 5 mM Ferricyanide
at a scan rate of 50 mV/s.

proto-pasta devices. Cyclic Voltammetry (CV) was performed
by taking 600 μL of potassium ferricyanide in the cell within
the potential window of −1 to + 1 V (scan rate = 50mV/s).
It was observed that the electrodes treated with DMF for
10 minutes provided higher current values and better signals

Fig. 2. SEM images of Proto-pasta filament a) before DMF treatment
b) after DMF treatment, EDX results c) before DMT treatment d) after
DMF treatment.

TABLE II
EDX DATA SHOWING AN INCREASE IN CARBON WEIGHT % AND

ATOMIC % ON THE ELECTRODE SURFACE AFTER

TREATMENT WITH DMF

compared to the unmodified proto pasta electrode owing to
the surface modifications (Fig. 1c).

B. Characterization of the Electrode
Unmodified and DMF-treated carbon-loaded electrodes

were characterized using scanning electron microscopy (SEM)
and energy dispersive X-ray (EDX) spectroscopy. The PLA-
based conductive filament was treated with dimythylformalde-
hyde (DMF) by keeping the conductive electrodes immersed
in the DMF for an optimized time of 10 minutes to get the best
results. Treatment increases the surface area which is supposed
to enhance the electron transfer and hence enhanced sensitivity
of the 3D printed device [40]. SEM images showed that DMF
treated surface has a flakes-like surface which provided more
surface area compared to an untreated surface (Fig. 2a and 2b).
Besides, the EDX data indicated an increase in both weight
and atomic percentage of carbon on the surface treated with
DMF (Fig. 2c and 2d).

Thus, this could be the plausible reason for better sig-
nal obtained with higher peak current in the DMF treated
electrode surface. Table II represents the elemental analysis
of the treated and untreated electrodes. As can be seen,
post-treatment with DMF, the percentage of carbon increased
significantly.

C. Electrocatalytic Nitrite Detection

The applicability of the device for the detection of nitrite
was checked using CV. The CV of 1 mM nitrite was taken in
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Fig. 3. a) Comparative CV response for 1 mM nitrite in PBS (pH 7) and
PBS alone with the modified electrode b) CV of scan rate effect obtained
for nitrite (1 mM) at various scan rates (10–100 mV/s) in PBS (pH 7)
along with calibration plot for peak current vs scan rate.

the potential window 0.5−1 V (scan rate = 50 mV/s). A clear
oxidation peak of nitrite was obtained at 0.82 V (Fig. 3a)
which is consistent with the literature wherein the peak poten-
tials of nitrite varied between 0.73 − 1.18 V [3], [29]–[32].
Whereas, the control experiment, with PBS alone, failed to
give any such response (Fig. 3a).

D. Scan Rate Effect

CV signals of the device were analyzed at variable scan
rates (10–100 mV/s) for 1 mM nitrite solution in PBS. The
oxidation peaks current increased linearly as the scan rate was
gradually increased with a correlation coefficient, R2 = 0.88
(Fig. 3b). Typically, it follows the Randles-Sevcik equation
This linearity can be attributed to the diffusion-controlled
electrocatalytic process typically, it follows the Randles-Sevcik
equation [33]

i p = (2.69 × 105)n3/2 AcD1/2ν1/2

n = total no of electrons (n = 1), υ = scan rate (V/s), n =
no of electrons involved in rate determining step, α = transfer

coefficient A = electrode surface area, c = concentration of
the reactant, D = diffusion coeffient (7.6 × 10−6 cm2 s−1).

E. Effect of Nitrite Concentration

The fabricated device was tested for the effect of variable
nitrite concentration with square wave voltammetry (SWV).
The voltammogram shows oxidation peak potential for NO−

2
at around 0.82 (Fig. 3a). The probable oxidation mechanism
of NO−

2 to NO−
3 is as follows [12], [13].

N−
2 + H2 → N−

3 + 2H + + 2e− (1)

Clear oxidation peaks for nitrite were observed in the wide
concentration range of 25 – l500 μM (Fig. 4a). The peak
current values obtained varied linearly with corresponding
concentrations (R2 = 0.994). LOD was calculated using the
equation, LOD = 3SD/S, where SD is the standard deviation
of the curve at the least concentration measured and S is the
slope of the calibration curve [41], to be 1.96 μM which
corresponds to 0.135 ppm or 0.135 mg/L that is lower than
WHO’s recommended 3 ppm safety limit.

F. Reproducibility and Stability Analysis

The device was tested for its reproducibility with SWV in a
1 mM nitrite solution in PBS (pH 7). Three different devices
were tested and the change in the peak current was observed
to be less than 7 % (Fig. 4b). To investigate the stability of
the device, SWV was done repeatedly on the same device with
the same concentration (n = 35). Wherein, the device showed
appreciable stability and the decrease in the peak current was
only 7 % (Fig. 4c).

G. Effect of Interference

Using SWV, an interference study was also accomplished
for the probable interfering agents such as potassium Nitrite,
Sodium Chloride, Sodium Carbonate, and Ammonium Persul-
fate to check the specificity of nitrite detection in presence
of co-existing analytes. 1 mM nitrite solution was flushed
in the 3D printed cell followed by subsequent addition of
the interfering agents one by one of equivalent concentration.
During the addition, it was ensured that the pH of the solution
remained 7 at room temperature. The change in the peak cur-
rent was < 8% (Fig. 5a). Also, no new peaks were witnessed
in the interference study. Thus, it can be concluded that the
device had good specificity towards nitrite. Individual testing
of interfering analytes was carried out using SWV with nitrite
and all other interferents (1 mM) separately in a potential
window 0.5 − 1.1 V. Besides nitrite, no other peaks were
observed (Fig. 5b). This result points out the specificity of
the device to nitrite detection over other ions like K+, NO−

3 ,
Na+, Cl−, HCO3−, SO4− and HO−.

H. Real Soil and Water Sample Test

The test was carried out on the real soil samples for nitrite
detection. Since the major source of nitrite is soil, the soil
sample was collected from the roots of the plant where nitrite
could be found more likely. Fine particles were sieved out
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Fig. 4. a) Square Wave Voltammetry signals for detection of Nitrite in the
concentration range 25−1500μM and corresponding baseline-corrected
calibration plot. b) SWV of 1mM nitrite in PBS on three devices c) SWV
of 1 mM nitrite on a single device repeated (n = 35).

and collected from the sample soil. 5 mg of fine soil was
sonicated in 10 ml of ultra-pure MilliQ water for 30 minutes.
Undissolved particles were removed by double filtration using
Whatman filter paper #1 and #113.

Fig. 5. a) A comparative bar chart showing the change in peak current
values obtained by square wave voltammetry (SWV) in the 1 mM nitrite
solution and all interferents b) SWV obtained for 1 Mm individual analyte,
nitrite, potassium nitrite, sodium chloride, sodium carbonate in PBS along
with PBS pH 7.

TABLE III
RECOVERY VALUES FOR REAL SOIL AND TAP WATER SAMPLES

Subsequently, 5 ml of the filtrate was added with pH 7 PBS.
This solution was analyzed using the developed device and
SWV was performed. Following this, the standard solution was
spiked with 25 μM of nitrite, and SWV was again performed.
This step was repeated three times in the linear region to
observe an increase in the peak current values with an increase
in the nitrite concentration (Fig. 6b). Results showed good
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Fig. 6. a) Real soil sample test for nitrite detection with 25 μM step
increase in concentration and the corresponding variation of peak current
vs concentration in the real sample analysis b) Real water sample
test for nitrite detection with 25 μM step increase in concentration and
corresponding variation of peak current vs concentration in the real
sample analysis.

linearity with R2 value equal to 0.999 (Fig. 6a). Similarly,
the real sample test for the tap water was carried out. Linear
growth in the peak current was witnessed with concentrations
of 25, 50, and 75 μM nitrite. In this case, as well the R2

value was 0.999 (Fig. 6b). The progressive spiking of the real
sample from 25 − 75μM for both water and soil samples was
performed 3 times to ensure more reliable results. Appreciable
recovery values were obtained for both soil and water samples
at 25, 50, and 75 μM concentrations as shown in Table III.

IV. CONCLUSION

In this work, a micro-device, fabricated using a dual
extruder 3D printer in a single-step, has been used to determine
and detect nitrite. The device displayed its specificity towards
nitrite with LOD being 1.96 μM. This is the first such report
to the best of our knowledge wherein a completely 3D printed

polymeric platform has been utilized for nitrite detection.
3D printing offers numerous advantages over the conven-
tional manufacturing process. Owing to its simplicity, cost-
effectiveness, size, reproducibility, and sensitivity, it can be
effective for on-site estimation of nitrite content. When tested
for real soil and water samples, the device was able to sense
nitrite. The device demonstrated appreciable reproducibility
and repeatability. However, the sensitivity of the device can
be further increased by modifying the working electrode with
materials like gold.
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ABSTRACT 

 The proliferation of large amounts of data brought about by the Internet of Things in the 

commercial and academic spheres has resulted in a significant rise in the number of cloud data 

centers that provide data analytics services. As a result of the persistent and pervasive requirement 

to analyze data in close proximity to its original source, edge computing has become more common 

in recent years. This is one of the reasons why edge computing has become so popular. As a result 

of edge computing, the processing load on the network's periphery as well as the data centre may 

be reduced. In addition to this, it is more private and may better accommodate the requirements of 

the service providers. Edge computing offloads processing by dynamically distributing workloads 

between a cloud data centre, edge servers, and an edge device. This helps edge computing improve 

the transmission of network traffic and increases the responsiveness of the system. In this study, 

we undertake a thorough literature analysis in order to demonstrate how far we have come in the 

field of computational offloading to edge computing. Specifically, we want to illustrate how far 

we have progressed in the area of edge computing. Analyses are conducted on a number of 

elements of offloading computation, including its influence on energy usage, service quality, and 

customer happiness. Methods for allocating resources are covered, such as gaming, along with 

methods for balancing system performance and overheads while offloading computations. 

Keywords: Task partitioning, Offloading, Edge computing, computation offloading, 

Optimization, edge-cloud collaboration. 

1 INTRODUCTION 

A cloud-based computing system is system to provide services, which gives clients access to 

distributed and scalable computing capabilities, which include storage, networking and computing 

within cloud-based data centers. Cloud Service Providers (CSPs) offer flexibility and efficiency 

for their customers through offering services like software as a service (SaaS) or platform as a 
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service (PaaS) and infrastructure as a service (IaaS). For instance, they can expand or reduce the 

amount of their services depending on their clients requirements, develop customized applications 

and access cloud services from any place connected to the internet. Cloud-based solutions are 

perfect for companies with increasing or changing demands for internet bandwidth. Furthermore, 

by using cloud computing, enterprises can launch their applications faster, without having to worry 

about the cost of infrastructure maintaining, recovery and automated software updates. To 

maximize the advantages that cloud computing offers, different deployment models , such as the 

private cloud as well as public cloud and hybrid cloud are essential to ensure the reliability of 

systems and their capacity to meet the business requirements. Since its beginning cloud computing 

has transformed the business model across all verticals as well as the human everyday life in a 

dramatic way. In addition, the corporate IT investments in cloud-based services will be more rapid 

than that of traditional (non-cloud) IT offerings, this move to software-only solutions makes cloud 

computing among the most disruptive elements within IT markets. It is therefore expected that 

cloud computing will end up increasing in popularity and will be a common feature within every 

commercial or personal market, which is in line with the increasing use of the Internet in the 

present. 

 

Computational offloading was thought of as a means to overcome the limitation in resource that 

mobile phones have. Computational offloading can be described as the method of sending a task 

as well as the associated data to distant high-end resources such as clouds servers and edge servers 

for processing according to the requirements [2]. Many factors impact the decision to offload, 

including local device resources like storage, CPU and battery usage, along with the amount of 

time needed for processing through the network, as well as the volume of transferred data [3].  

 

The concept of edge computing that was first proposed that brings the storage and computation 

closer to the users Environments UEs that was that was proposed in 2009 is the cloudlet. The 

concept behind cloudlet is to put computers with high computing power at strategically placed 

spots to provide computational resources as well as storage for UEs within the vicinity. The 

cloudlet concept of cloudlet concept of computing "hotspots" is similar to WiFi hotspots but 

instead of Interne internet connectivity, cloudlets provide cloud-based services to mobile users. 

Cloudlets are expected to be accessible to mobile UEs by WiFi connectivity is viewed as a sign of  

 

TABLE I: High level comparison of Edge computing concepts 

Technical aspect Edge Cloud 

Computing  

Cloud computing 

Deployment Centralized Distributed 

Distance to the UE High Low 

Latency High Low 
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Jitter High Low 

Computational power Ample Low 

Storage capacity Ample Low 

   

 

Varghese and Buyya [1] Examine the evolution and development of cloud computing. We begin 

with cloudlets, ad-hoc clouds multicloud, heterogeneous clouds and multicloud. Micro-clouds are 

presented, as well as four different cloud computing models including fog computing and mobile 

edge computing, as well as the use of volunteer computing in addition to software-defined 

computing and serverless computing. They also discuss the possible consequences that cloud 

computing can be bringing to IoT (Internet of Things) and big data-driven autonomous learning 

systems. They also analyze the challenges involved in designing a cloud computing technology 

that is suited to the improvement of reliability and security in a long-lasting cloud system, as well 

as efficient methods for managing resources.  

 

2 COMPUTATION OFFLOADING 

Computation offloading allows you to run applications that are extremely demanding remotely to 

gain advantages from the the power of cloud (or the edge) servers that are able to outlast CPU and 

battery limitations on the mobile side. 

 
Fig 1: Offloading architecture 

 

Offloading of computation can be either dynamic or static. The static offloading process first 

evaluates the performance of offloading with offline profiling or models for performance 

estimation. The load-offloading dynamic process starts by conducting a static examination of the 

source code and other resources. When the application is running, it is examined dynamically, 

which allows it to split applications into two main components.    
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Fig 2: Static and dynamic offloading - (a) Static offloading (b) Dynamic offloading 

 

Computation offloading is considered to be an efficient method to ensure high-quality service to 

the user by delegating the tasks that require a lot of computation or are latency sensitive to edge 

devices or adjacent edge servers [12].The main reason behind the offloading of computations is 

that it helps reduce the time it takes to react to the service, and to improve the quality of service. 

Additionally, if the edge node isn't equipped with the capacity to complete this task it could be 

moved into a cloud or edge data centre to boost the performance of the whole system. When 

deciding to offload computations , a variety of factors must be taken into consideration such as 

efficiency improvement and energy efficiency reduction. There are many problems to be 

considered prior to the offloading of computations:  

(1) Does the task be delegated? The task scheduler needs to determine whether the task is able to 

be delegated, i.e., what is the best method to offload it, a partial or full offload? 

(2) What is the best time to delegate the task? The task scheduler has to determine the appropriate 

time for offloading in accordance with various limitations. 

(3) Which location should you offload? The answer is what is the ideal location for the offloading 

of workloads in accordance with the available resources. 

(4) Which policy for offloading will be implemented? What is the principal goal of offloading of 

workloads and single performance metric maximization or joint optimization or tradeoffs between 

multiple goals? For example, massive edge devices differ in terms of their architectural 

performance indicators, performance and power supply modes which result in different energy 

efficiency distributions between devices. In addition, dynamic changes to the bandwidth and 

latency of networks between clouds data centers and edge equipment can result in changes in 
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energy consumption for data transmission. So, a diverse policies for offloading computations result 

in different energy consumption. So, a sound algorithm for offloading computations must 

determine the most effective balance between total time delay for computation, the data 

transmission, as well as the related performance indicators. 

 

Within this segment, we'll look at the research that is currently being done on computation 

offloading. We will also discuss some issues and possible research direction. 

 

3 WHAT TO OFFLOAD THE SELECTION OF THE OFFLOADED WORKLOAD 

Edge computing's promise to cut the latency of applications and consumption of bandwidth will 

not be realized until the cloud data centers are transfered to the edge device or servers. In the case 

of an cloud-edge co-existing system the primary tasks being executed by cloud data centers need 

to be split, and some tasks should be relegated to run on edge devices, as and edge servers. In 

certain instances like IoT the local processor can be utilized dispersed across a large variety of 

devices and local computing resources aren't sufficient to handle the demands of complicated 

applications. Therefore, a careful allocation of workloads offloaded to devices at the edge will aid 

in achieving lower latency as well as better system performance. 

Locally caching content is the most popular method of speedier delivery of content across a broad 

range of applications. Similar to cache data coming from cloud data centers, transferring it to 

nearby edge devices as well as near edge server may provide less latency for the delivery of 

content. For instance, modern web servers have lots of dynamically-generated pages , and dynamic 

websites dominate web traffic, especially ones that have dynamic content such as streaming music 

or streaming videos. 

To improve the quality of the user satisfaction (QoE) by making data available to users, and 

offloading the processes to proxy servers or by caching portions of dynamic pages , as well as 

creating pages with compositions upon access to the page are all effective techniques. Yuan et al. 

[13] suggested not to transfer the central information to the clients and also offloading or caching 

on the edge server in order to decrease the speed of application. In addition, filtering the majority 

of server requests into web proxy servers can significantly decrease the server's load. Chen et al. 

[14] introduced the idea of using network caching to make use of the storage capacity of multiple 

networks in order to reduce traffic on networks.  

 

3.1 WHEN TO OFFLOAD: THE PRECISE TIMING 

As conditions on the network are constantly changing as applications run, the any decision 

regarding workload offloading has to determine the time when the load should be delegated. Also 

the task scheduler needs to precisely determine the best time to offload with regard to the system's 

state and conditions. For instance data caching when networks are congested can enhance the 

performance of the system as well as transferring large amounts of transfer of data to cloud data 

center is feasible in the event that the connection to the cloud data centers is adequate to allow data 
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communications. In the last section we have discussed the subject of selecting an offloaded task 

like data caching, the storage of data and offloading processing and analysis. In this article , we 

will look at the method of addressing the question of when it is appropriate to offload. The question 

as to when to take offload can be transformed into a question of when exactly at what times the 

offloading of workloads will yield the greatest productivity gains while reducing costs, like the 

consumption of energy and bandwidth. When the offloading of computation is selected the task 

and the data are divided into smaller chunks. Due to the dynamics of the connections to networks 

and the accessibility of edge devices the precise timing of workload offloading is crucial for more 

system performance and reduce use of resources. Furthermore, the order in which execution is 

performed by the partitioned workload may have an consequences on system performance. 

Monitoring system performance and the characterization of workloads such as task arrival rates 

and deadlines could help in making an informed decision about offloading. 

 

3.2 WHERE TO OFFLOAD: THE SCHEDULING OF OFFLOADED WORKLOADS 

The offloading of the work can be accomplished by assigning of partitioned tasks to specific edge 

server and devices. The selection of the appropriate edges servers and edge equipment demands 

multi-objective optimization, which includes the consumption of energy and the performance of 

bandwidths, bandwidths for networks and a data privacy security method. In this case an inherent 

scheduling rule uses energy. Tasks are transferred to cloud servers to save energy. Meanwhile, the 

tasks that require data are moved to edge servers so that they can provide lower latency and less 

use on the network. In particular offloaded task scheduling needs to be based on the overall system 

state including the status of the network, task requirements and device information, for example. 

If, for instance, the bandwidth of the network is adequate cloud servers could be selected for the 

execution of workloads and edge servers, as well as local machines are the best locations for the 

execution of workloads. Additionally, if the work needs low latency, edge servers are the best 

place to allow task execution.MpOS [8]is among offloading frameworks which complete all tasks 

that are related to the decision to offload on mobile devices using a the decision tree. The MpOS 

framework has the potential to reduce power consumption for mobile phones by using the adaptive 

monitoring method and can lower energy consumption by as much as 55 percent. 

 

3.3 ENERGY AND QOS TRADEOFF BETWEEN COMPUTATION AS WELL AS DATA 

TRANSMISSION 

Today increasing numbers of applications run on smart mobile devices. The quality of the user's 

experience is the most important method to determine the efficiency of apps and devices. However, 

mobile phones situated in the middle of networks typically aren't equipped with sufficient 

resources, such as capacity for storage and computing and battery capacity, making it challenging 

to satisfy the increasing demands that mobile customers have. To provide better standard services, 

these resources need to be assigned and scheduled in accordance with the requirements of users 

and service levels agreements (SLAs). Thus, applications that are sensitive to delays should be 
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prioritised, and those that require computation should have sufficient computing resources. To 

attain this,"quality of service" (QoE) is an individual's perception of quality of service as well as 

the performance of the devices, systems or networks as well as software. The transfer of 

calculations to servers at the edge and returning the outcome of the computation back to mobile 

devices could drastically reduce the requirement for the resources available to the mobile phone. 

In order to offload computations, you must to comply with QoS requirements and QoE. It is also 

necessary to create an appropriate schedule for offloading tasks and determine the time of 

offloading of each project.  

 

4 COMPUTATIONAL OFFLOADING CHALLENGES AND ISSUES 

This section will focus on the main issues that arise in MEC environments through the concept 

that offloads computation. 

Resource allocation: One of the toughest issues to solve. It is determining the amount of resources 

needed to complete an operation. If the resources aren't sufficient then the offload procedure is the 

one that will be most preferred. If the available resources are greater than the amount that needed 

for service then the system won't be used [15]. 

Scalability: Real-time applications typically run by multiple users at once which are controlled by 

different algorithms responsible for the multitude of demands of users. In order to allow the app 

to expand without harm, it is essential that the method of offloading needs to be improved in order 

to ensure that the process of offloading is improved [16]. 

Security: In the process of offloading, tasks as well as user's information are transferred through 

the network, increasing the possibility of theft and misuse of data. To minimize the risk, it is 

essential to work with a reputable company once the decision to sell off is made [15]. 

A tradeoff in energy usage Offloading itself is an energy-intensive procedure that requires energy 

and bandwidth, therefore the decision to decommission should be made in line with the trade-offs 

[16]. 

Making decisions: It can be an issue to decide when to let a job go due to a myriad of variables 

like delays, energy consumption or even payment costs [8]. 

Accessibility Mobile devices have to be connected to the cloud/edge constantly and this is often 

difficult due to the insufficient coverage of networks, network congestion, the deficiency of 

bandwidth, and many other issues with networks. [16]. 

Mobility: This is a an issue for connecting the device to its edge[19]. 

Load balancing: Edge nodes and datacentres can get overwhelmed any moment. This can result 

in delays, and in some circumstances, result not accurate. To prevent this from happening load-

balancing is employed to divide tasks between other edge nodes which are underloaded [15]. The 

load-balancer is a tool that helps to share tasks with other edge no. 

Utilization of resources: The number of resources available at the edge is limited when compared 

with cloud-based infrastructure. Therefore, a management of resource utilization is essential to 

reap the maximum benefits from limited resources while avoiding excessive system burden [20]. 
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5 MAIN COMPUTATIONAL OFFLOADING FRAMEWORKS 

This section focuses on the major computational offloading systems that are being developed by 

researchers to improve various parameters like time and energy, scalability, and so on. Some are 

examined in relation to edge while others are explored with respect to computing. 

Zhang et al. [2] A theoretical framework was proposed to cut down on the energy use based upon 

wireless conditions parameters that can be used for applications that make decisions to offload. 

They employed a threshold policy that was based on the wireless transmission model, as well as 

the energy coefficients ratio of computations in both cloud and mobile environment. 

Orisini et al. [5] suggested the CloudAware framework to offload tasks to devices that can perform 

edge computing. They suggested that their CloudAware framework could allow for real-time and 

ad-hoc communication and would integrate computation offloading and contextual adaptation 

based on the experience of the developers and the component scheme to take the decision to 

offload. However, they presented their design without implementing or testing. 

Habak et al. [7] The Femtocloud system was invented by The Femtocloud technology, that made 

use of the capabilities of mobile devices to establish a cooperative computation cluster in solid 

environments, such as coffee shops , classrooms, and other places where people frequently meet. 

The framework showed the advantages of being more flexible as compared to the cloudlet. 

Furthermore it was built on unfixed, cooperative services in the edge layer that make up the 

networks. The analysis conducted by the creators of their method was conducted on tests and 

simulations , and proved that the system worked with regard to energy consumption and 

computation. It also reduced the time to complete computation. 

Huang et al. [9] looked into wireless-powered MEC networks. They have developed a deep 

learning online offloading algorithm called DROO which divides an optimization problem into 

two distinct problems including how to allocate resources as well as the decision about offloading. 

The results of their evaluation showed that the algorithm was able to perform as expected. proposed 

algorithm. 

 

5.1 Overview of Optimization Techniques 

Optimization is the ability of an act, which may be a formula, or model, in order in order to create 

something such as an arrangement or decision as flawless as it is feasible. It could also be described 

as "a mathematical discipline that concerns the finding of the extreme (minima and maxima) of 

numbers, functions, or systems" [13]. This refers to the minimization as well as maximization. The 

techniques of optimization can be employed to solve an optimization problem that could be single 

or multi-objective. Single-objective optimization is a method to tackle a single purpose to offer 

the best solution for each problem. Multi-objective Optimization helps accomplish multiple 

objectives at the same time and gives a range of possibilities instead of an all-encompassing 

solution [12]. The methods of optimization may be classified in linear as well as Nonlinear 

Programming Optimization. Programming optimization for linear programs is an objective 
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function in linear form which seeks to increase or minimize the impact of linear constraints. 

However nonlinear programming seeks to maximize or reduce objectives that are nonlinear [13]. 

In addition, nonlinear programming may be classified as deterministic or stochastic. 

Deterministic optimization approaches employ mathematical models that are strictusing identical 

inputs, they can produce the same result each time. In this instance the best solution is typically 

local and is not able to be global. Therefore, deterministic optimization techniques are more 

appropriate for single-objective issues as opposed to multi-objective ones. 

 

 
Fig. 3. Optimization techniques 

 

5.2 Comparing Existing Solutions 

The above solutions are summarized in Table 2, which shows that certain of the optimization 

strategies suggested to optimize offloading were predictable in nature, while others were based. 

AI-based systems typically depend on the software in the SI algorithm to optimize offloading. In 

actuality, SI supports heterogeneous, global and distributed environments , such as MEC. 

Additionally, SI is produced by automatic, self-organization and adaptive methods. In this regard, 

we examine the solutions more thoroughly in order to determine the best one to use in the study. 

In order to achieve this, the most appropriate requirements were determined as follows: 

 

1.) Algorithm: SI algorithm is employed to maximize offloading. 

2.) Distribution: Determines whether the architecture is centralized in cloud, or distributed on an 

edge layer. 
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3.) Optimization parameter: Parameters to be considered during the optimization. 

(1) Time: The total execution time and transmission time for every task. 

(2) Energy Consumption of energy for each job (execution as well as transmission). 

(3) Cost the cost of the application's execution. 

(4) Scalability The capacity of the application to expand without causing harm. 

(5) Utilization of resources Utilizing scarce resources without creating an increase in the overhead 

of the system. 

(6) Balance of load A capability to share work by collaborating with edge nodes which are under-

loaded. 

(7) Queue congestion is the avoidance of queue congestion in situations where the arrival rate of 

tasks exceeds the rate of service which results in system overhead. 

(8) No. of repetitions: It is correlated to the duration of the work. In accordance with the 

requirements, there is a comparison of models based on SI. 

 

6 DISCUSSION, OPEN ISSUES, AND FUTURE DIRECTIONS 

It was demonstrated by this research that over the last few times, optimization methods are being 

developed to optimize offloading decision-making, especially Swarm Intelligence (SI) models 

because they provide a perfect match to the fluid and distributed component in edge computing. 

In reality, SI produces a better solution in the shortest time and is able to meet the requirements of 

real-time applications.   

 

One of the major research areas is the integration of the SI-based offloading theories and edge 

computing to improve central solutions and make them more adaptable to the shared schema and 

while taking into account different objectives. As was mentioned previously, Cuckoo Search 

seems to be an ideal algorithm to tackle multi-objective offloading optimization since it delivers 

excellent performance in this domain when compared with others AI algorithm, which is shown 

in. In the end, applying Cuckoo into an edge-based system will enhance offloading and enable 

more secure solutions to assist mobile devices that run demanding applications. Furthermore, the 

offloading of computational computation to the edge could be enhanced by using CSA along with 

the parallel processing between edges that can boost the capacity of computation and reduces time..   

 

7. CONCLUSION 

The number of individuals using mobile devices to access the internet is rising. In fact, during the 

last several years, the number of individuals utilizing mobile devices has exploded. Mobile devices 

should be able to run real-time applications like gaming, e-commerce, healthcare, and many more. 

Additionally, users of mobile devices anticipate that the quality of service (QoS) they get will be 

of a high standard comparable to that of desktop-based programmers. On the other side, real-time 

applications need more resources, including the capacity to store data, power from the battery, 

computing power, and storage. Offloading involves delivering all or a portion of a mobile task to 



Webology (ISSN: 1735-188X) 

Volume 18, Number 6, 2021 

 

7993                                                                    http://www.webology.org 

 

a high-end source, such as edge servers or cloud servers, where it is processed before being sent 

back to the mobile device. Making the most of a Smartphone’s resources is made easier by doing 

this. Making the most of a Smartphone’s resources involves offloading. On the other hand, 

offloading computation requires effort and time, both of which are crucial for real-time 

applications to operate at their best. 

 

REFERENCES 

[1] Alok Tripathi; Abhinav Mishra, "Cloud computing security considerations", IEEE 2011 

[2] Yongmin Zhang; Xiaolong Lan; Ju Ren; Lin Cai,"Efficient Computing Resource Sharing for 

Mobile Edge-Cloud Computing Networks", IEEE, 2020 

[3] Prasadu Peddi (2017) “Design of Simulators for Job Group Resource Allocation Scheduling In 

Grid and Cloud Computing Environments”, ISSN: 2319- 8753 volume 6 issue 8 pp: 17805-17811.  

[4] TAO Jing; JIN shen; TANG Jia; JI Yutong; ZHANG Ning,"Application of Cloud Edge 

Collaboration Architecture in Power IoT", IEEE 2020 

[5] Tianchu Zhao; Sheng Zhou; Linqi Song; Zhiyuan Jiang; Xueying Guo; Zhisheng Niu"Energy-

optimal and delay-bounded computation offloading in mobile edge computing with heterogeneous 

clouds", IEEE 2020 

[6] Lih-Jen Kau; Cheng-Chang Chung; Ming-Sian Chen "A cloud computing-based image codec 

system for lossless compression of images on a Cortex-A8 platform",28-30 Nov. 2012, IEEE 

[7] Nandiwardhana Waranugraha; Muhammad Suryanegara,"The Development of IoT-Smart 

Basket: Performance Comparison between Edge Computing and Cloud Computing System", 

IEEE, 2020 

[8] Michael Fagan; Mohammad Maifi Hasan Khan; Bing Wang,"Leveraging Cloud Infrastructure 

for Troubleshooting Edge Computing Systems", 17-19 Dec. 2012, IEEE 

[9] Per Skarin "Cloud-Assisted Model Predictive Control", IEEE, 2019 

[10] Erdinc Korpeoglu; Cetin Sahin; Divyakant Agrawal; Amr El Abbadi; Takeo Hosomi; Yoshiki 

Seo,"Dragonfly: Cloud Assisted Peer-to-Peer Architecture for Multipoint Media Streaming 

Applications" , IEEE, 2013 

[11] Prasadu Peddi  (2020),  MINING  POSTS  AND  COMMENTS  FROM  ONLINE  SOCIAL  

NETWORKS,  Turkish  Journal  of Computer and Mathematics Education, Vol 11, No 3, pp: 

1018-1030 

[12] A. Akinbi; E. Pereira; C. Beaumont, "Evaluating security mechanisms implemented on public 

Platform-as-a-Service cloud environments case study: Windows Azure", IEEE, 2013 

[13] Utsav Drolia; Rolando Martins; Jiaqi Tan; Ankit Chheda; Monil Sanghavi; Rajeev Gandhi; 

Priya Narasimhan"The Case for Mobile Edge-Clouds", IEEE, 2013 

[14] Eyal De Lara; Carolina S. Gomes; Steve Langridge; S. Hossein Mortazavi; Meysam Roodi, 

"Poster Abstract: Hierarchical Serverless Computing for the Mobile Edge", IEEE 2016 

[15] Prasadu Peddi (2016), Comparative study on cloud optimized resource and prediction using 

machine learning algorithm, ISSN: 2455-6300, volume 1, issue 3, pp: 88-94.  



Webology (ISSN: 1735-188X) 

Volume 18, Number 6, 2021 

 

7994                                                                    http://www.webology.org 

 

[16] Hongxing Li; Guochu Shou; Yihong Hu; Zhigang Guo"Mobile Edge Computing: Progress 

and Challenges", 2016, IEEE 

[17] Yogesh Hole et al 2019 J. Phys.: Conf. Ser. 1362 012121 

 

Author Bibliography:  

Naga Lakshmi Somu is working as Assistant Professor in St.Ann's College for Women 

Hyderabad, Telangana, India.  She is  Research Scholar at Department of Computer Science & 

Engineering, Shri Jagdishprasad Jhabarmal Tibrewala University, Jhunjhunu, Rajasthan, India. 

She has obtained her MCA St.Ann's College for Women,Hyderabad , Telangana, India. Her 

research interests are Internet Cloud Computing. 

Email: lakshmi.msccs@gmail.com  

 

mailto:lakshmi.msccs@gmail.com


Webology (ISSN: 1735-188X) 

Volume 18, Number 6, 2021 

 

7977                                                                    http://www.webology.org 

Survey Of Iot Threats And Countermeasures: 

Identifying Solutions And Addressing Future 

Challenges 
 

Pushpa Latha Thumma1, Dr Prasadu Peddi2 

 

1Research Scholar, Dept of Computer Science, Shri Jagdishprasad Jhabarmal Tibrewala 

University, Rajasthan. 

 
2Assistant Professor, dept of computer science and Engineering, Shri Jagdishprasad Jhabarmal 

Tibrewala University. 

 

ABSTRACT 

The Internet of Things (IOT) may be described in a variety of ways. It encompasses many parts of 

your life, from linked homes and communities to connected automobiles and streets, roadways, 

and gadgets that monitor your activities. It is expected that one trillion Internet-connected devices 

will be accessible by 2020 as the eyes and ears of all apps linking these linked objects. The Internet 

of Things enables billions of people to communicate internationally over a public and private 

internet protocol network. Around 12.5 billion gadgets and ordinary things were linked to the 

Internet in 2010. The core concept of the Internet of Things (IoT) has been around for about two 

decades. Many companies and scholars are fascinated by its enormous effect on society and 

everyday life. IoT vulnerabilities are becoming increasingly common as the number of IoT devices 

on the market grows. According to analyses and findings, the enormous adoption of IoT has 

exposed it to new security dangers. This paper discusses IoT security concerns as well as other 

unresolved topics. The article also provides a foundation for future research. It also includes a list 

of security protocols that may be used to support a broad range of IoT applications. 

Keywords: IoT,IoT applications, IoT Security, Edge Computing, Distributed Systems, Machine 

Learning. 

1. INTRODUCTION 

IoT-connected devices will reach 75 billion in 2025, according to 1 These devices can improve 

people's lives as well as the efficiency of businesses. However, they increase vulnerability to 

cybercriminals and hackers. IoT-enabled components and devices are increasingly 

interdependently integrating into every sector of work. The operations of interdependent 

components will be severely affected if one of these components is damaged. Experts and policy-
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makers are becoming more concerned about protecting IT infrastructure and information from 

such attacks. Cyber-sabotage attacks are most likely to target people, technology and enterprise 

constituents. All industries have made industrial security a top priority. Many industrial control 

systems (ICSs) are legacy systems that have connectivity issues and are vulnerable to attacks. 

These systems were not intended for such connectivity and security design upgrades are required. 

The Internet of Things is gaining popularity, connecting every piece of equipment to it to make it 

easier to manage and communicate with them. This has led to an increase in the number and 

severity of cyberattack vectors as more industrial control systems become interconnected. The key 

to successful IoT application to industry is the ability to monitor the network infrastructure in real 

time and the associated service operations. This will allow for the automation of data delivery, 

which can lead to secure and high-quality services. 

 

The Internet of Things' future is anticipated to be endless [4]. You can speed up the growth in the 

field of Industrial Internet through speeding up the development and that of integrating artificial 

intelligence mass use, automation, regulation of their usage and increasing the speed of its use. 

Massive amounts of actionable information will be available to you, which can also lead to 

automation of business processes. The IT market will see a significant shift. The Internet of things 

trend isn't just for the commercial and industrial sectors. It also surrounds us at our home as it 

controls various appliances and hospitals. We must ensure that these technologies are safe. There 

are many benefits, but also dangers. Insecurity can make us vulnerable to security threats and 

vulnerabilities. There is a possibility for cybercriminals to take advantage of security weaknesses 

to gain access to data and other information. They may misuse and alter it in order to use it for 

their own benefit. You could be at risk to various types of attacks, such as flooding, interference, 

denial-of-service (DOS) black holes, wormholes and black holes as well as Sybil and sinkhole 

types. Each layer is able to fulfill the security requirements of another layer the security 

requirements vary from one layer to the next [5]. 

 

2. What is IoT? 

Kevin Ashton created the term "Internet of Things" (IoT). It was used primarily for basic things. 

"A basic creation" by "adding radio frequency ID and restart operation to everyday items." We 

chose the term "things" over the word "devices" simply because this technology encompasses 

everything that can be connected to the Internet. Although the term may seem somewhat new to 

us, it actually existed in real life since the seventies, in particular 1974. This was the year that 

automated teller machines were introduced, and they are now considered to be one of the IoT 

devices. However, 87% of IoT users did not understand the meaning of the term in 2015. These 

paradoxes are quite bizarre, as in 2008 Cisco reported that there were more devices connected to 

the Internet then people. All over the globe. In 2018, this number was almost five billion. 
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Fig 1: . Internet of things. 

 

3. Security threats and attacks in IoT 

Although using the Internet of Things has many advantages, such as its application across a variety 

of domains However, there's one thing that we must not overlook. It poses security risks and 

dangers that could impact users. Recent studies show that 90 percent of Internet users don't have 

confidence in their device's security. Security is therefore an essential element to be able to provide 

security and privacy to the system that runs the device [16,17]. IoT security is what you must be 

focusing on to safeguard devices that are connected and to preserve the networks, data and 

businesses within IoT [9]. The safety issues are increasing in number due to the doubling and 

continuous growth of Internet device usage. Because of its design system, the traditional security 

technology for IoT cannot be implemented directly. This limited number of devices presents 

problems with heterogeneity as well as scalability. It is important to remember that the system can 

be adapted to meet unexpected and expected risks. In order to use the appropriate algorithms and 

protocols as well, we need to integrate safety measures into the Internet of Things. Wireless 

communication is a key technique for numerous attacks and privacy breach, since it is utilized to 

exchange information across Internet of things devices. It is essential to ensure that the information 

exchanged is secure. Security issues with data [18-21] are designed to ensure the security, 

reliability and confidentiality of data. Security issues can then be addressed using security 

measures. You can improve security by making sure that only authorized users are able to access 

the network and removing any unauthorised users to the network. Data integrity can be maintained 

by ensuring that users keep data integrity. Access to networks resources, applications and services 

is feasible when there aren't any barriers to accessing authorized information [12]. In today's 

context, security and privacy are the real issues. 

 

4. Countermeasures 

Examine this section to highlight the importance of securing the infrastructure needed for the 

Internet of Things. Manufacturers should consider seriously the importance of searching out the 
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most secure and practical solutions. The manufacturer should make sure the devices are only 

authorized to contact services. It is imperative that you verify the authenticity of all 

communications before sending and receiving data. Fig. 2 shows the attack on the various layers 

of the Internet of Things. 

 
Fig 2: IOT Attack and Countermeasures. 

 

5. Security analytics 

The analysis process includes gathering data, running analyses on it, assessing its effectiveness, 

and finally submitting reports. If any errors or illegal activity is found here, we will take care of it. 

Additionally, it offered fresh models that can anticipate and detect suspicious activity using 

artificial intelligence, big data, and other tools. The demand for a wider range of security analysis 

techniques is being driven by the urgent need to detect security lapses and assaults. 
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Fig. 3. Security-side-channel attacks . 

 

6. CONCLUSION 

This article examines the difficulties brought by privacy and security concerns in IoT devices. In 

addition, it examines the most major applications, such as "smart city," "smart housing," and 

"smart house," along with the associated dangers and hazards. In addition, we walked over each 

method and reviewed its implementation. In addition, we reviewed the potential dangers presented 

by each Internet of Things layer as well as the necessary steps to take against them. In addition, 

we discussed the most important techniques and tools for developing such a system, which will 

contribute to enhancing the security of the Internet of Things. 
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Abstract—Nanoparticles are considered important in
numerous applications, therefore it is very imperative to
have an easy, effective, and efficient nanoparticle synthesis
technique. This work is aimed at the design and develop-
ment of a portable thermal management device with features
such as low-cost, accurate, easy-to-use, and miniaturized for
nanoparticle synthesis and application. The main function of
the proposed device is to control, manipulate, and monitor
the cartridge heater and sensor respectively. The device is
incorporated with a NodeMCU integrated with a PID tem-
perature controller with a precision of ± 2◦C. A customized
cartridge heater was used for heating purpose and a resistive
temperature sensor acts as a feedback loop. A small petri dish
of 50 mm (D), as a reservoir for the synthesis of ZnO nanoparticles, was kept at 70◦C for 3 h. The obtained results were
subjected to FESEM and XRF characterization techniques to analyze surface morphology of nanoparticle samples which
were obtained as flower-like shape and nanobars structure of 830nm in width. The synthesized ZnO nanoparticles were
verified for electrocatalytic sensing of Dopamine. As a proof-of-principle, to check the Chemical Vapor Deposition of the
synthesized ZnO nanomaterial on the bare aluminum foil of 18 µm at a small scale, without any complex measures or
need of a controlled environment, is also provided. Further, this aluminum foil was used as a working electrode where
cysteine was successfully sensed electrochemically. This portable thermal device can be used for carrying out several
thermal-based reactions and analysis.

Index Terms— NodeMCU, nanoparticles (NPs), electrochemical, zinc oxide (ZnO), film deposition, field emission
scanning electron microscope (FESEM), X-ray fluorescence (XRF).

I. INTRODUCTION

IN RECENT decades, physically and chemically synthe-
sized nanoparticles and nanocomposites have drastically

drawn attention which is considered to be critical elements in
various applications like photoelectric [1], electrochemical [2],
sensing [3], [4], synaptic learning [5], photoluminescent [6],
photovoltaic [7], spectroscopic [8] properties, and other fun-
damental researches [9]. Nanoparticles exhibit a wide range
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of applications in the domain of biomedical, energy, drug
delivery, optical materials, and so on [10]–[13]. Therefore,
it is very essential to design and develop a portable device
with a small scale platform for synthesizing nanoparticles
and nanomaterials. Nanoparticles and nanocomposites can be
well synthesized with a portable platform, with monodispersed
volume. Hence, there is much needed handy device for the
same [14], [15].

Zinc oxide particles, due to their appealing physicochemical
properties hold significant promise in multiple applications [7],
[16], [17]. ZnO, a powerful metal-oxide-semiconductor with
a large-direct band gap (3.37 eV), is a potential photocatalyst
because of its electrochemical efficiency [18]. The ZnO-based
micro-/nanostructures are highly necessary for fundamental
research and commercial needs and are highly desirable and
are used as optical sensors [19], [20]. One of the efficient
ways for the synthesis of nanoparticles is the deposition
of nanoparticles as thin films using various chemical vapor
deposition (CVD) techniques [21]. Various nanoparticles are
synthesized using a different technique for numerous appli-
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TABLE I
COMPARISON OF CONVENTIONAL WITH MICROFLUIDIC TECHNIQUES

cations, one such method was notified, the green synthesized
nanoparticle [22]. Here, a conventional approach was incor-
porated for preparing iron and gold-based nanoparticles that
are used for biomedical and environmental applications [23].
In another method, barium titanate nanoparticle synthesis
was carried on sol-gel electrospray for bio-medicinal appli-
cations [24].

The conventional methods need sample preparation in
the macro-scale, with a high-pressure thermal manage-
ment system, for heating purposes which makes them
more expensive [25]. Different conventional techniques that
have been developed to produce ZnO micro/nanostructures
like liquid-phase process [26], hydrothermal [27], co-
precipitation [28], sol-gel [29], optical [30], sputter depo-
sition [31], ion-beam assisted deposition [32], direct nitri-
dation [33], further, an unusual epitaxial technique is used
to grow ZnO nanocrystals [34], but most of these methods
often suffer from the longer period, bulky batch reactors
and are more costly [35], [36]. The real challenge of these
conventional methods is precise nucleation control [37]. Due
to the relatively low reproducibility and poor control over con-
ventional batch reaction processes, there is still considerable
demand to improve the delicate and complex methods to meet
the practical needs of various fields [38].

The temperature controller module is one of the essential
and most widely used devices in research fields such as
home appliances, biomedical, healthcare, industrial automa-
tion, heating, and cooling applications and there is the need
of time now-a-days because of its rising applications [39].
An Arduino based portable temperature controller device was
designed, developed, and simulated with a PID controller [40]
method where it showed good output stability and accuracy
of ±2◦C. This temperature controller comes with versatile
benefits like stability, accuracy, reliability, and good ramping
rate [41], [42]. The general comparison of proposed and
conventional methods is given in Table I.

The proposed method for nanoparticle synthesis plays a
vital role in establishing a microfluidic environment as the
developed microdevice can be used for synthesizing nanoma-
terials on a microscale using a microfluidic channel in the
future prospects. Further, microfluidic enables various features
in a minuscule atmosphere with a reduced sample volume,
execution time, low-temperature process [48], [49], and also

TABLE II
SUMMARY OF MICROFLUIDIC APPROACH WITH PROPOSED APPROACH

provides automated, integrated, and miniaturized operation on
a single platform. Herein, we have compared the microflu-
idic approach with the proposed approach through various
specifications. For instance, Lin et al. [50] demonstrated a
continuous flow-based tubular microreactor for the synthesis of
silver nanoparticles in a microfluidic platform. A comparison
of the continuous flow-based microreactor approach [50] with
the proposed approach is provided in Table II. Further, with
these specifications, the proposed method can be easily used
for various micro/nanoscale based biosensing applications.

The present work describes the development of a low-cost,
automated, reliable, portable thermal management device for
the synthesis of nanoparticle and clean room free chemical
vapor deposition. The device has a NodeMCU microcontroller
which is the main chip for instructing and controlling the
heater and sensor. The driver circuit acts as a switching profile
for the heater, and, hence, it takes care of high and low signals.
The electronic components were mounted and integrated onto
a single printed circuit board covered by a 3D printed casing.
The device has a real-time data logging facility that is directly
connected to a server cloud through IoT (ThingSpeak) by
creating the channel Ids for data accessing and storage. This
proposed device eliminates the need for a bulky conventional
hot air oven or muffle furnace for the synthesis of nanoparti-
cles. Even more, it eliminates the necessity of autoclave for
the nanoparticle synthesis by hydrothermal reaction. A simple
petri dish is used in the process, and the entire procedure
can be carried out in a short time. A minimal volume (μl to
a few ml) is sufficient for the synthesis of nanoparticles.
Here, the ZnO nanoparticles were successfully synthesized and
used for electrochemical sensing of dopamine. In further, ZnO
particles were deposited as a thin film on a clean aluminium
foil sheet which was further used for electrochemical sensing
cysteine.

II. EXPERIMENTAL

A. Integrated Portable Thermal Management System
For the synthesis of nanoparticles, the thermal management

system plays a vital role and it is essential to provide the
desired temperature for the said amount of time accurately
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Fig. 1. Block diagram representation of Temperature controlling and
monitoring unit.

and consistently [51]. Here, a low-cost, easy-to-use automated
and integrated device is being designed and developed for
universal biochemical applications. It includes a 32-bit micro-
controller chipset [52] with 4 MB of memory and operates
in the 3 – 3.6 V range, which is responsible for controlling
and coordinating the inputs and outputs connected to it. The
advantage of this kind of microchip is that it has an on-board
ESP 8266 (IEEE 802.11 b/g/n) Wi-Fi module which enables
IoT features like geotagging of data and cloud computing [53].
A simple block diagram of the temperature controlling and
monitoring unit is shown in Fig.1.

The most common and widely used semiconductor devices
such as Bipolar Junction Transistor (BJT) and Metal Oxide
Semiconductor Field Effect Transistor (MOSFET) have sev-
eral advantages that can be used as an amplifier, oscillator,
and switching circuit. Here, both the devices were used
for designing the driver circuit to control the current flow
switching across heaters, functions as a logic ‘0’ and ‘1’,
respectively. Cartridge heaters (www.ragatiyaheaters.in) were
used as a heating medium as these are voltage controlled and
consumes less power with fewer amperes of current for driving
to maximum temperature in less time. These customized
cartridge heaters were made up of stainless steel (SS) of higher
grades. The schematic diagram of the temperature controller
system is given in Fig. 2. The power rating is 38W and the
customized heater dimensions are 3 mm (D) × 25 mm (L).
Pt100, a resistance temperature detector (RTD), was used for
monitoring the temperature connected to the microchip as a
feedback loop, across the specimen. The Pt100 temperature
sensor was used due to its high accuracy, wide temperature
range, good stability, and repeatability [54].

IRFZ44N (MOSFET) is used for electronic circuit switch-
ing and amplifying along with a limiting resistor to drive
the heaters. The pulse width modulation (PWM) signal gets
triggered by an embedded controller. Herein, an open-source
software (www.arduino.cc) was used to manipulate the input
instruction to control the current towards the cartridge heater.
PID is one of the methods available on-board module of
microcontroller used for controlling the desired temperature
with a precision of ±2◦C. The proposed device can also be
used for microfluidic nucleic acid amplification and rheologi-
cal applications [55].

B. Cost Estimation Analysis
The cost estimation analysis of the proposed device is pre-

sented in Table III. The cost calculation for all the components
is analyzed in terms of USD ($). Also, we have compared

Fig. 2. NodeMCU based temperature controller module.

TABLE III
COST ESTIMATION OF PROPOSED DEVICE

the proposed system with the existing commercial hot plate
device with parameters like cost, size, accuracy and portability,
and power consumption. In all the aforementioned aspects,
the proposed thermal management system is preferable and
it has additional features with included PID controller and
IoT for real-time data logging facility. Further, the proposed
new device was used as a heating source with the desired
temperature for electrochemical sensing applications.

C. Materials
1) Chemicals and Reagents: Dopamine (98%), Cysteine

(97%), graphitized mesoporous carbon (>99.95%), Zinc
nitrate (98%), Ascorbic acid (≥99%), Sodium hydrogen phos-
phate dibasic, and monobasic (≥99.99%) with high purity rate,
were purchased from Sigma Aldrich.

2) Apparatus: Electrochemical sensing of dopamine and
cysteine was carried out using Cyclic Voltammetry (CV)
(OrigaFlex from OrigaLsys, France).

D. Synthesis of ZnO Nanoparticle
The mixture of zinc nitrate (Zn(NO3)2) and ascorbic acid

(C6H8O6) were prepared in the ratio of 4:1. In 4 ml of DI
water, the precursors were added and kept for sonication for
30 min. 4 ml of the reaction mixture was transferred onto
the petri dish (diameter = 50 mm) which was placed on an
aluminium heating block of the thermal system for heating
purposes. Herein, ascorbic acid acted as a reducing agent to
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Fig. 3. Schematic process of ZnO nanoparticle synthesis.

form ZnO by the reaction [56].

Zn (NO3)2 · 6H2O + C6H8O6
+Zn+2→
�−H+ ZnO + byproducts

A neutral pH was maintained with 1 mM of NaOH. The
reaction mixture was kept for heating at a set temperature
of 70◦C for 3 h. After the process, the obtained yellowish-
colored precipitated liquid was tested by FESEM and EDX
characterization to analyze the formed ZnO. The preparation
method for the synthesis of ZnO nanoparticles is given in
Fig. 3. At an initial stage, synthesis of ZnO nanoparticles was
carried out for 4 mL of fluid, but even lower volume can be
used.

E. Electrochemical Sensing
The cyclic voltammetry (CV) measurements were carried

out using a 2B grade HB pencil graphite chemically mod-
ified with Graphitized Mesoporous Carbon (GMC)- Zinc
Oxide (ZnO) composite and further it was used as working
electrode (WE). Besides, the aluminium foil deposited with
ZnO thin film was also investigated as working electrodes,
and a platinum wire was used as the counter while Ag/AgCl
was used as a reference electrode in neutral phosphate buffer
solution (PBS) at 10 mV s−1.

III. RESULTS AND DISCUSSIONS

A. Heating Unit for the Synthesis of NPs
The 3D printed integrated heating unit was developed and

all the electronic components were mounted on a printed
circuit board (PCB). NodeMCU is the heart of the complete
device which gives the instructions and commands to sensors
and driver circuit. Pt100 temperature sensor was incorporated
with the MAX31856 breakout module for reducing the fluc-
tuation and limits the error and noise. The feedback loop
acts as an intermediate between the temperature sensor and
controller sending the response of the heater continuously, and,
thus, the desired temperature was maintained for a constant
time. The temperature controller calibration was done and the
accuracy of ±2◦C was achieved. The real-time temperature
values were directed to the ThingSpeak cloud through the IoT
module for data accessing and data storage. The device was
made as plug-and-play for power sourcing to the complete
PCB board. The real-time temperature data logging was an

Fig. 4. (a) Complete Automated Electronic Device, (b) Petri dish placed
on the device, (c) Heating Block Stage. (d) IoT ThingSpeak data logging
platform.

Fig. 5. FESEM images for the different wavelength of ZnO flower-shaped
and nanobars at a magnification of (a) 8,000 x (b) 60,000 x.

additional advantage for continuous monitoring and storage
of the data on the cloud through the controller board. The
overall dimensions of the device were 10.4 × 7 × 3.8 cm3.

The complete portable heating control thermal device inte-
grated and automated with plug-and-play for powering up the
device is presented in Fig. 4. In Fig 4(c), the small petri dish
is shown, as used for the synthesis and placed on the heating
blocks. The image of the IoT ThingSpeak platform, which is
an open-source cloud for real-time data accessing and storage
of temperature values, is displayed in Fig 4(d). Additionally,
an infrared image was captured from the fluke thermal image
camera (PTi120) to know the exact thermal response on top
of the petri dish which was set for 70◦C. The added feature
with ThingSpeak was real-time data logging, allowing an
easy path for data storage and analysis. The concept of the
design and development of the thermal management system
was extended with three heaters and sensors respectively with
three aluminium heating blocks for creating the heating stage
for the petri dish which is as shown in Fig. 4(a) and 4(b).

B. Characterization of the ZnO Nanoparticle
1) Field Emission Scanning Electron Microscope (FESEM):

The FESEM images of flower-shaped ZnO nanocrystals are
shown in Fig 5(a). The obtained results were analyzed to
understand the potentiality of the proposed technique, and the
results were compared with existing literature which shows
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Fig. 6. Processing of the EDX spectrum for Zn, O, C elements.

Fig. 7. ZnO nanoparticle size distribution curve.

TABLE IV
EDX ANALYSIS OF MAJOR ELEMENTS OF ZNO

similar results [57], [58]. The phase of nanoplates was in a
liquid state. The unique bar structures (asymmetrical clusters)
of ZnO nanoparticles were successfully synthesized by a
proposed portable thermal device, further, these structures
were compared with the literature [59], [60]. Fig 5(b) shows
the nanobars structured ZnO, wherein the FESEM images give
an average bar width of 830 nm.

To characterize the chemical composition of the nanobars,
the Energy-dispersive X-ray spectroscopy (EDX) was utilized.
As seen in Fig. 6, the EDX spectrum verifies the presence of
Zn, C, and O in ZnO nanoparticles.

ImageJ software (www.imagej.net), an open-source plat-
form, was used for the analysis of nanoparticles to determine
the size distribution curve. Based on the obtained results
from FESEM images, the mean nanoparticle size (wc) and
standard deviation (σ) were calculated. The size distribution
of ZnO nanoparticles with a maximum at around 7.9 nm is
shown in Fig. 7. Further, ZnO nanoparticle size was analyzed
automatically with ImageJ software using the plugins in the
menu Image ›Adjust ›Threshold. After setting the thresholding
to analyze the particles in a segmented image, the plugin used
in the menu command was Analyze ›Analyze particles.

The EDX results are listed in Table IV. In Table IV,
the EDX analysis shows less Zinc (Zn) atomic percentage,
and, hence, to confirm the formation of ZnO nanoparticles,
the X-ray fluorescence characterization was carried out. This
is a prototype study to realize the synthesis of nanoparticles in
the non-conventional, miniaturized system, avoiding the com-
plex hydrothermal process which includes a muffle furnace.

Fig. 8. XRF spectrum of ZnO nanoparticles.

Herein, an integrated, portable thermal management system
was employed as a heating source. In addition, a less reagent
consuming minuscule petri dish was used to eliminate the
complications of the traditional bulk volume synthesis.

2) X-Ray Fluorescence (XRF): X-ray fluorescence analysis
was used for determining elementary material composition.
The XRF spectrum recorded for the ZnO nanoparticles is
shown in Fig. 8. The spectrum contains the characteristic
peaks of Zn(KA) at 8.2 keV, Zn(KB) at 9.4 keV. The XRF
analysis shows the possible confirmation of the formation
of the ZnO and the concentration percentage of Zn was
79.35%. The obtained XRF spectrum of ZnO was compared
with the literature which shows similar results. Wherein,
the characteristic peaks of Zn(Kα) and Zn(Kβ) were 8.6 keV
and 9.6keV respectively, also the concentration percentage of
Zn was described at 95.25% [61].

C. Electro-Catalytic Oxidation of Dopamine
In electro-catalytic detection of Dopamine, a neurotransmit-

ter with graphitized mesoporous carbon (GMC)-Zinc oxide
(ZnO) nanostructures (GMC@ZnO) was attempted in a
three-electrode bulk system at neutral pH. Here, the 2B pencil
graphite lead modified with GMC-ZnO composite, was used as
a working electrode (WE), Ag/AgCl as a reference electrode
(RE), and platinum as the counter electrode (CE). The working
electrode was prepared by drop-casting 2 μL of GMC-ethanol
suspension on PGE, followed by air drying for 2 min. 2 μL of
prepared ZnO nanostructures were top coated on PGE/GMC
to form PGE/GMC@ZnO. WE was dried at 60◦C for 2 min.

The CV response was recorded at a scan rate of 10 mVs−1

in 1 mM of Dopamine. As seen in Fig. 9, it was established
that the blank electrode (PGE/GMC) alone gave no oxidation
peak, whereas PGE/GMC@ZnO gave oxidation at E’= 0.47 V
vs Ag/AgCl corresponding to the oxidation of dopamine.
Consequently, it was discovered that the synthesized ZnO is
electrochemically active and plays a key role in dopamine
detection. With further modification, it might be further used
for the fabrication of electrochemical sensors for dopamine in
real samples using a microfluidic platform. Further, it can be
used for different sensing applications in a microfluidic envi-
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Fig. 9. CV response of 2B Pencil Graphite/GMC and 2B pen-
cil/GMC@ZnO in 1 mM Dopamine (DA) solution at 10 mV s−1.

ronment for controlled sample transfer on minuscule volume
operations.

D. Portable Chemical Vapor Deposition (CVD) Technique
The fabricated device was further tested to check the chemi-

cal vapor deposition of nanomaterial thin films on a small scale
without any complex procedures involving a cleanroom [62].
Herein, the reaction mixture of 4 mM zinc nitrate with 1 mM
of ascorbic acid (reducing reagent), sonicated for 30 min was
taken in a small circular petri dish covered with a clean Al
foil of thickness 18 μm and kept at 70◦C for 3 h. To clean
the Al foil for the deposition process, it was electrochemically
pre-treated with PBS solution (−0.2V to +1V) for 20 cycles
@ 50mV s−1. Here, the triplicated experiments using the
deposited Al foil gave a response with an error margin of
<3%. Further, the deposited foil was showing reproducibility
for sensing, and the film of nanoparticle synthesis remained
intact and gave an identical response each time. However,
after rigorous washing with acetone, the film can be scraped
off and no electrochemical response was obtained after that.
In comparison to the proposed method, the synthesis of
nanomaterial of carbon using catalytic based chemical vapor
deposition was incorporated [63], [64].

Fig. 10(a) shows the portable thermal management device,
where the petri dish is placed on top of the heating blocks
for chemical vapor deposition and Fig. 10(b) illustrates ZnO
nanoparticle deposition on foil which is of 18 microns,
the dimension of the foil was 50mm. Further, the synthesized
ZnO nanoparticles were deposited through the CVD method
as a thin film over an Al foil substrate. The deposited foil was
further applied for an electro-analytical biochemical sensing
application. To authenticate the deposition of ZnO film over
the foil, the bare foil and ZnO film deposited foil was subjected
to electrochemical studies. The ZnO deposited foil gave a
distinct oxidation peak with cysteine that was relatable with
the peak obtained using a standard glassy carbon electrode
(GCE) coated with ZnO. Whereas, the bare foil and bare GCE
both failed to give any characteristic response towards the
cysteine electrocatalytic oxidation. Hence, it was confirmed

Fig. 10. (a) Portable thermal device for Chemical vapor deposition
technique (b) ZnO nanoparticle deposited Aluminium (Al) Foil.

Fig. 11. FESEM images of (a) bare aluminium (Al) Foil (b) aluminium
foil deposited with ZnO.

that the foil was successfully chemically modified with ZnO
film.

The FESEM images in Fig. 11(a and b) show the com-
parison between the morphologies of bare Aluminium foil
and ZnO nanoparticles deposited on Aluminium foil. The
conical-shaped ZnO nanoparticles deposited onto the Alu-
minium foil can be observed in Fig. 11 (b). Whereas, the bare
(plain) Al foil in Fig. 11 (a) has no such structures identifying
the chemical vapor deposition of a thin film on the foil
surface. Further, this ZnO deposited Al foil was used for the
electrochemical sensing of cysteine.

E. Electrochemical Sensing Application of Foil@ZnO
To check the analytical application of the chemical vapor

deposited ZnO thin film on Al foil, the deposited foil was
cut into a dimension of 4 × 10 mm2 pieces and used as a
working electrode, Ag/AgCl as a reference, and platinum wire
as counter electrodes for analytical sensing application. The
non-deposited Al foil side was covered with parafilm to avoid
unintended interactions. The CV experiments were performed
in a pH 7 PBS solution with and without 1 mM cysteine.

The comparative CV responses are represented in
Fig. 12, where it was found that Foil@ZnO gave distinct
electro-catalytic oxidation of cysteine at 0.51 V vs. Ag/AgCl
with a 1 mM cysteine solution. Whereas, plain Al foil (Foil-
cysteine) failed to give a response. A control experiment
with Foil@ZnO in blank pH 7 PBS was also performed
which did not give any characteristic peak. Therefore, it was
established that the ZnO deposited over Al foil played a
key role in electrochemical sensing of cysteine and has the
potential to be further used as an alternative to the conventional
electrodes. Also, the foil being flexible, this type of foil-based
electrode modification process can be used in miniaturized and
microfluidic electrochemical sensing platform development.
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Fig. 12. CV responses of Foil@ZnO in blank PBS pH 7, 1mM Cysteine
and Plain Al Foil with 1mM Cysteine at 10 mV s−1.

IV. CONCLUSION

The present work was aimed to design and develop an
inexpensive, accurate, portable, easy-to-use, and miniaturized
temperature controller module using NodeMCU microcon-
troller with built-in ESP 8266 IoT chipset which enables
unification and automation of the device. A customized car-
tridge heater made of 316-grade stainless steel of 25 mm x
3 mm dimensions was incorporated for heating the aluminium
blocks. The 3D printed casing functionality invokes integration
with the PID based temperature control system with good
output stability and accuracy of ±2◦C which has advantages
like fast ramping speed, precise, simple set-point temperature
control with additional features of ESP 8266 such as real-time
data access and cloud server storage making the device fully
automated and integrated for point-of-source applications. The
maximum attainable temperature of the proposed thermal
management system is around 300◦C – 320◦C. A small
petri dish of 50 mm in diameter was used for the precursor
transfer and it was placed on the heating blocks, where a
microliter of solution fluid was used for the synthesis of
ZnO nanoparticles. The proposed thermal management device
is suitable and can be used to synthesize any nanoparticles.
Herein, ZnO nanoparticles were synthesized with the help of a
developed portable heating unit in microscale. The microscale
synthesis of nanoparticles has its diversity of exquisite features
such as accurate temperature handling, precise monitoring
of reaction conditions, rapid mass and heat transfer, safe
operation, environmental comfort, quick loading, and easy
set-up of highly reproducible reagents and samples. To fab-
ricate ZnO nanoparticles, the experimental setup was kept at
70◦C for 3 h. The FESEM and XRF characterizations were
implemented for the ZnO nanoparticle samples. The FESEM
images show an average bar width of 830 nm. The nanoparticle
size distribution curve was obtained from ImageJ software,
where a mean nanoparticle size of 7.9 nm and a standard
deviation of 4.8 nm was calculated. The ZnO nanoparticles
were utilized for electrochemical sensing of dopamine. As
a proof-of-concept, these nanoparticles were tested further to
provide a portable chemical vapor deposition method (CVD)
for the nanomaterial thin film preparation on plain Al foil
18 μm in thickness at a small scale without any complex
procedures such as cleanroom use. The ZnO deposited foil was

used as a working electrode in the electrochemical sensing of
cysteine. In future scope, this technique has the potential to
be used for the deposition of thin films and thermal synthesis
of nano-particles.

ACKNOWLEDGMENT

The authors are grateful to Central Analytical Laboratory
(CAL), BITS-Pilani, Hyderabad Campus for the help provided
in characterization techniques. Madhusudan B. Kulkarni would
like to thank Tata Consultancy Services (TCS) for providing
a scholarship under TCS Research Scholar Program Cycle-
15 during this project work.

REFERENCES

[1] Z. Yang et al., “Nanoparticle intercalation-modulated stretchable con-
ductive graphene fibers with combined photoelectric properties,” Car-
bon, vol. 141, pp. 218–225, Jan. 2019.

[2] S. S. Rathnakumar et al., “Stalling behaviour of chloride ions: A
non-enzymatic electrochemical detection of α-endosulfan using CuO
interface,” Sens. Actuators B, Chem., vol. 293, pp. 100–106, Aug. 2019.

[3] K. Kaviyarasu et al., “ZnO doped single wall carbon nanotube as an
active medium for gas sensor and solar absorber,” J. Mater. Sci., Mater.
Electron., vol. 30, no. 1, pp. 147–158, Jan. 2019.

[4] F. Fang, J. Futter, A. Markwitz, and J. Kennedy, “UV and humidity
sensing properties of ZnO nanorods prepared by the arc discharge
method,” Nanotechnology, vol. 20, no. 24, Jun. 2009, Art. no. 245502.

[5] M. Das, A. Kumar, R. Singh, M. T. Htay, and S. Mukherjee, “Realization
of synaptic learning and memory functions in Y2O3 based memristive
device fabricated by dual ion beam sputtering,” Nanotechnology, vol. 29,
no. 5, Feb. 2018, Art. no. 055203.

[6] L. Ma et al., “Engineering oxygen vacancies towards self-activated
BaLuAlx Zn4−x O7−(1−x)/2photoluminescent materials: An experimen-
tal and theoretical analysis,” Phys. Chem. Chem. Phys., vol. 17, no. 46,
pp. 31188–31194, 2015.

[7] B. S. Sengar et al., “Band alignment of Cd-free (Zn, Mg)O layer with
Cu2ZnSn(S,Se)4 and its effect on the photovoltaic properties,” Opt.
Mater., vol. 84, pp. 748–756, Oct. 2018.

[8] C. S. Lim et al., “Microwave-employed sol-gel synthesis of scheelite-
type microcrystalline AgGd(MoO4)2:Yb3+/Ho3+ upconversion yellow
phosphors and their spectroscopic properties,” Crystals, vol. 10, p. 1000,
Nov. 2020.

[9] P. M. Valencia, O. C. Farokhzad, R. Karnik, and R. Langer, “Microfluidic
technologies for accelerating the clinical translation of nanoparticles,”
Nature Nanotechnol., vol. 7, no. 10, pp. 623–629, Oct. 2012.

[10] K. Ratajczak and M. Stobiecka, “High-performance modified cellu-
lose paper-based biosensors for medical diagnostics and early cancer
screening: A concise review,” Carbohydr. Polym., vol. 229, Feb. 2020,
Art. no. 115463.

[11] S. Aula, S. Lakkireddy, K. Jamil, A. Kapley, A. V. N. Swamy, and
H. R. Lakkireddy, “Biophysical, biopharmaceutical and toxicological
significance of biomedical nanoparticles,” RSC Adv., vol. 5, no. 59,
pp. 47830–47859, 2015.

[12] B. Nasseri, N. Soleimani, N. Rabiee, A. Kalbasi, M. Karimi, and
M. R. Hamblin, “Point-of-care microfluidic devices for pathogen detec-
tion,” Biosensors Bioelectron., vol. 117, pp. 112–128, Oct. 2018.

[13] F. B. Myers, R. H. Henrikson, J. Bone, and L. P. Lee, “A handheld
point-of-care genomic diagnostic system,” PLoS ONE, vol. 8, no. 8,
Aug. 2013, Art. no. e70266.

[14] M. J. Ndolomingo, N. Bingwa, and R. Meijboom, “Review of sup-
ported metal nanoparticles: Synthesis methodologies, advantages and
application as catalysts,” J. Mater. Sci., vol. 55, no. 15, pp. 6195–6241,
May 2020.

[15] P. G. Jamkhande, N. W. Ghule, A. H. Bamer, and M. G. Kalaskar,
“Metal nanoparticles synthesis: An overview on methods of preparation,
advantages and disadvantages, and applications,” J. Drug Del. Sci.
Technol., vol. 53, Oct. 2019, Art. no. 101174.

[16] V. Garg et al., “Investigation of dual-ion beam sputter-instigated plasmon
generation in TCOs: A case study of GZO,” ACS Appl. Mater. Interface,
vol. 10, no. 6, pp. 5464–5474, Feb. 2018.

[17] L. Dyshlyuk et al., “Antimicrobial potential of ZnO, TiO2 and SiO2
nanoparticles in protecting building materials from biodegradation,” Int.
Biodeterioration Biodegradation, vol. 146, Jan. 2020, Art. no. 104821.

[18] P.-C. Chou et al., “Nitrogen oxide (NO2) gas sensing performance
of ZnO nanoparticles (NPs)/sapphire-based sensors,” IEEE Sensors
J., vol. 15, no. 7, pp. 3759–3763, Jul. 2015.

Authorized licensed use limited to: University of Prince Edward Island. Downloaded on May 25,2021 at 19:15:20 UTC from IEEE Xplore.  Restrictions apply. 



KULKARNI et al.: INTEGRATED TEMPERATURE CONTROLLING PLATFORM TO SYNTHESIZE ZnO NPs 9545

[19] N. Hao, M. Zhang, and J. X. J. Zhang, “Microfluidics for ZnO micro-
/nanomaterials development: Rational design, controllable synthesis, and
on-chip bioapplications,” Biomater. Sci., vol. 8, no. 7, pp. 1783–1801,
Mar. 2020, doi: 10.1039/C9BM01787A.

[20] S. B. Khan, M. Faisal, M. M. Rahman, and A. Jamal, “Low-
temperature growth of ZnO nanoparticles: Photocatalyst and acetone
sensor,” Talanta, vol. 85, no. 2, pp. 943–949, Aug. 2011.

[21] C. B. Ong, L. Y. Ng, and A. W. Mohammad, “A review of ZnO nanopar-
ticles as solar photocatalysts: Synthesis, mechanisms and applications,”
Renew. Sustain. Energy Rev., vol. 81, pp. 536–551, Jan. 2018.

[22] M. B. Kulkarni and S. Goel, “Microfluidic devices for synthesizing
nanomaterials—A review,” Nano Exp., vol. 1, no. 1, pp. 1–30, 2020.

[23] X. Wang, C. Hughes, S. Park, X. Ma, and H. J. Cho, “ZnO nanoparticle-
based optical sensors fabricated by high current density electrodeposition
and flame oxidation,” in Proc. IEEE Sensors, vol. 1, Oct./Nov. 2017,
pp. 5–7.

[24] A. M. Uhl and J. S. Andrew, “Sol-gel-based electrospray synthesis of
barium titanate nanoparticles,” IEEE Trans. Nanobiosci., vol. 19, no. 2,
pp. 162–166, Apr. 2020.

[25] Y. Liang, N. Guo, L. Li, R. Li, G. Ji, and S. Gan, “Fabrication of porous
3D flower-like Ag/ZnO heterostructure composites with enhanced photo-
catalytic performance,” Appl. Surf. Sci., vol. 332, pp. 32–39, Mar. 2015.

[26] G. Yang and S.-J. Park, “Conventional and microwave hydrothermal
synthesis and application of functional materials: A review,” Materials,
vol. 12, no. 7, p. 1177, Apr. 2019.

[27] Y. Chen et al., “Synthesis, crystal structure, and optical gap of two-
dimensional halide solid solutions CsPb2(Cl1- xBrx)5,” Inorg. Chem.,
vol. 57, no. 15, pp. 9531–9537, 2018.

[28] A. Batool and S. Valiyaveettil, “Co-precipitation—An efficient method
for removal of polymer nanoparticles from water,” ACS Sustain. Chem.
Eng., vol. 8, pp. 13481–13487, Aug. 2020.

[29] V. K. Gupta, R. Sadeghi, and F. Karimi, “A novel electrochemical sensor
based on ZnO nanoparticle and ionic liquid binder for square wave
voltammetric determination of droxidopa in pharmaceutical and urine
samples,” Sens. Actuators B, Chem., vol. 186, pp. 603–609, Sep. 2013.

[30] C. V. Ramana, V. H. Mudavakkat, K. K. Bharathi, V. V. Atuchin,
L. D. Pokrovsky, and V. N. Kruchinin, “Enhanced optical constants of
nanocrystalline yttrium oxide thin films,” Appl. Phys. Lett., vol. 98, no. 3,
pp. 98–101, 2011.

[31] C. V. Ramana et al., “Growth and surface characterization of sputter-
deposited molybdenum oxide thin films,” Appl. Surf. Sci., vol. 253,
no. 12, pp. 5368–5374, Apr. 2007.

[32] C. V. Ramana et al., “Spectroscopic ellipsometry characterization of the
optical properties and thermal stability of ZrO2 films made by ion-beam
assisted deposition,” Appl. Phys. Lett., vol. 92, no. 1, pp. 1–4, 2008.

[33] P. M. Sylenko, A. M. Shlapak, S. S. Petrovska, O. Y. Khyzhun,
Y. M. Solonin, and V. V. Atuchin, “Direct nitridation synthesis and
characterization of Si3N4 nanofibers,” Res. Chem. Intermediates, vol. 41,
no. 12, pp. 10037–10048, Dec. 2015.

[34] V. V. Atuchin, E. N. Galashov, A. S. Kozhukhov, L. D. Pokrovsky, and
V. N. Shlegel, “Epitaxial growth of ZnO nanocrystals at ZnWO4(010)
cleaved surface,” J. Cryst. Growth, vol. 318, no. 1, pp. 1147–1150,
Mar. 2011.

[35] M. Sajid and J. Páotka-Wasylka, “Nanoparticles: Synthesis, characteris-
tics, and applications in analytical and other sciences,” Microchem. J.,
vol. 154, May 2020, Art. no. 104623.

[36] E. M. Modan, “Advantages and disadvantages of chemical methods in
the elaboration of nanomaterials,” Metall. Mater. Sci., vol. 43, no. 1,
pp. 53–60, Mar. 2020.

[37] M. B. Gumpu, N. Nesakumar, B. L. Ramachandra, and
J. B. B. Rayappan, “Zinc oxide nanoparticles-based electrochemical
sensor for the detection of nitrate ions in water with a low detection
limit—A chemometric approach,” J. Anal. Chem., vol. 72, no. 3,
pp. 316–326, Mar. 2017.

[38] X. Li, C. Zhao, and X. Liu, “A paper-based microfluidic biosensor
integrating zinc oxide nanowires for electrochemical glucose detection,”
Microsyst. Nanoeng., vol. 1, no. 1, pp. 1–7, Dec. 2015.

[39] J. Park, R. A. Martin, J. D. Kelly, and J. D. Hedengren, “Benchmark
temperature microcontroller for process dynamics and control,” Comput.
Chem. Eng., vol. 135, Apr. 2020, Art. no. 106736.

[40] M. B. Kulkarni, P. K. Enaganti, K. Amreen, and S. Goel, “Internet of
Things enabled portable thermal management system with microfluidic
platform to synthesize MnO2 nanoparticles for electrochemical sensing,”
Nanotechnology, vol. 31, no. 42, pp. 1–8, 2020.

[41] H. M. Asraf, K. A. N. Dalila, A. W. M. Hakim, and R. H. Hon, “Devel-
opment of experimental simulator via Arduino-based PID temperature
control system using LabVIEW,” J. Telecommun. Electron. Comput.
Eng., vol. 9, nos. 1–5, pp. 53–57, 2017.

[42] R. O. Moreno, R. A. Armindo, and R. L. Moreno, “Development of
a low-cost automated calorimeter for determining soil specific heat,”
Comput. Electron. Agricult., vol. 162, pp. 348–356, Jul. 2019.

[43] R. Ma, Y. Bando, L. Zhang, and T. Sasaki, “Layered MnO2
nanobelts: Hydrothermal synthesis and electrochemical measurements,”
Adv. Mater., vol. 16, no. 11, pp. 918–922, Jun. 2004.

[44] S. Zhu, H. Zhou, M. Hibino, I. Honma, and M. Ichihara, “Synthesis
of MnO2 nanoparticles confined in ordered mesoporous carbon using a
sonochemical method,” Adv. Funct. Mater., vol. 15, no. 3, pp. 381–386,
Mar. 2005.

[45] D. Ghosh, S. Bhandari, and D. Khastgir, “Synthesis of MnO2 nanopar-
ticles and their effective utilization as UV protectors for outdoor high
voltage polymeric insulators used in power transmission lines,” Phys.
Chem. Chem. Phys., vol. 18, no. 48, pp. 32876–32890, 2016.

[46] J. Liu, F. An, C. Zhu, and D. Zhou, “Efficient transformation of DDT
with peroxymonosulfate activation by different crystallographic MnO2,”
Sci. Total Environ., vol. 759, Mar. 2021, Art. no. 142864.

[47] P. Tayraukham, N. Jantarit, N. Osakoo, and J. Wittayakun, “Synthesis
of pure phase NaP2 zeolite from the gel of nay by conventional and
microwave-assisted hydrothermal methods,” Crystals, vol. 10, no. 10,
pp. 1–11, 2020.

[48] P. Rewatkar and S. Goel, “Next-generation 3D printed microflu-
idic membraneless enzymatic biofuel cell: Cost-effective and rapid
approach,” IEEE Trans. Electron Devices, vol. 66, no. 8, pp. 3628–3635,
Aug. 2019.

[49] P. Rewatkar and S. Goel, “3D printed bioelectrodes for enzymatic biofuel
cell: Simple, rapid, optimized and enhanced approach,” IEEE Trans.
Nanobiosci., vol. 19, no. 1, pp. 4–10, Jan. 2020.

[50] X. Z. Lin, A. D. Terepka, and H. Yang, “Synthesis of silver nanoparticles
in a continuous flow tubular microreactor,” Nano Lett., vol. 4, no. 11,
pp. 2227–2232, Nov. 2004.

[51] R. J. Hargreaves et al., “An accurate, extensive, and practical line list of
methane for the HITEMP database,” Astrophys. J. Suppl. Ser., vol. 247,
no. 2, p. 55, Apr. 2020.

[52] P. R. Nagarajan, B. George, V. J. Kumar, and S. Member,
“Improved single-element resistive sensor-to-microcontroller interface,”
IEEE Trans. Instrum. Meas., vol. 66, no. 10, pp. 2736–2744, Oct. 2017.

[53] M. Sharma, S. Raghavendra, and S. Agrawal, “Development of an open-
source tool for UAV photogrammetric data processing,” J. Indian Soc.
Remote Sens., vol. 3, pp. 1–6, Nov. 2020.

[54] J. Liu, Y. Li, and H. Zhao, “A temperature measurement system based on
PT100,” in Proc. Int. Conf. Electr. Control Eng., Jun. 2010, pp. 296–298.

[55] M. B. Kulkarni and S. Goel, “Advances in continuous-flow based
microfluidic PCR devices—A review,” Eng. Res. Exp., vol. 2, no. 4,
p. 21, 2020.

[56] N. Matinise, X. G. Fuku, K. Kaviyarasu, N. Mayedwa, and M. Maaza,
“ZnO nanoparticles via Moringa oleifera green synthesis: Physical
properties & mechanism of formation,” Appl. Surf. Sci., vol. 406,
pp. 339–347, 2017.

[57] S. Nguyen Xuan, “Facial synthesis and characterization of polypyr-
role/zinc oxide(ZnO) nanorode and flower-like shape composites,” VNU
J. Sci., Math., vol. 34, no. 1, pp. 40–45, Mar. 2018.

[58] J. Qiu et al., “Synthesis and characterization of flower-like bun-
dles of ZnO nanosheets by a surfactant-free hydrothermal process,”
J. Nanomater., vol. 2014, Dec. 2014, Art. no. 281461.

[59] C. Chen et al., “Synthesis of a flower-like SnO/ZnO nanostructure with
high catalytic activity and stability under natural sunlight,” J. Alloys
Compounds, vol. 826, Jun. 2020, Art. no. 154122.

[60] P. Basnet and S. Chatterjee, “Structure-directing property and growth
mechanism induced by capping agents in nanostructured ZnO dur-
ing hydrothermal synthesis—A systematic review,” Nano-Struct. Nano-
Objects, vol. 22, Apr. 2020, Art. no. 100426.

[61] T.-H. Chang, Y.-C. Lu, M.-J. Yang, J.-W. Huang, P.-F. Linda Chang,
and H.-Y. Hsueh, “Multibranched flower-like ZnO particles from eco-
friendly hydrothermal synthesis as green antimicrobials in agriculture,”
J. Cleaner Prod., vol. 262, Jul. 2020, Art. no. 121342.

[62] T. L. Valerio, G. A. R. Maia, L. F. Gonçalves, A. Viomar,
E. D. P. Banczek, and P. R. P. Rodrigues, “Study of the Nb2O5 insertion
in ZnO to dye-sensitized solar cells,” Mater. Res., vol. 22, no. 1, pp. 1–5,
2019.

[63] H. Sutanto, S. Wibowo, I. Nurhasanah, E. Hidayanto, and H. Hadiyanto,
“Ag doped ZnO thin films synthesized by spray coating technique for
methylene blue photodegradation under UV irradiation,” Int. J. Chem.
Eng., vol. 2016, Feb. 2016, Art. no. 6195326.

[64] D.-N. Phan, H. Y. Choi, S.-G. Oh, M. Kim, and H. Lee, “Fabrication
of ZnO nanoparticle-decorated nanofiber mat with high uniformity
protected by constructing tri-layer structure,” Polymers, vol. 12, no. 9,
p. 1859, Aug. 2020.

Authorized licensed use limited to: University of Prince Edward Island. Downloaded on May 25,2021 at 19:15:20 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1039/C9BM01787A


Scand J Immunol. 2021;94:e13095. wileyonlinelibrary.com/journal/sji   |  1 of 11
https://doi.org/10.1111/sji.13095

© 2021 The Scandinavian Foundation for Immunology

1 |  INTRODUCTION

Inflammation is critical for the embryo implantation pro-
cess in a pregnancy, but immune tolerance is of much more 
significance to facilitate the growth of a semi- allograft foe-
tus, possessing antigens from two histo- incompatible par-
ents.1 The unique feature of a normal pregnancy is the dual 

function of the maternal immune system where, it is toler-
ant towards haploidentical foetus bearing paternal antigens, 
and at the same time, displays the ability to protect mother 
and foetus from infections.2 The dynamic modulation of the 
immune system is accomplished principally by human leu-
kocyte antigen- G (HLA- G), a non- classical HLA- class Ib 
molecule expressed on extravillous cytotrophoblast (EVT) 
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Abstract
Inflammation is of critical importance in successful implantation during pregnancy. 
However, the establishment of maternal immune tolerance towards semi- allograft 
foetus is more exigent and is achieved predominantly by human leukocyte antigen-
 G (HLA- G) isoforms with a special emphasis on soluble HLA- G5 (sHLA- G5). 
Constant inflammation and lack of resolution by anti- inflammatory milieu, due to 
aberrant expression of critical immunoregulatory molecules such as sHLA- G5 and 
dysfunctional T helper cells 1 and 2 (Th1- Th2) cytokine shift, can lead to adverse 
pregnancy outcomes including recurrent pregnancy loss (RPL). Serum samples of 
270 pregnant women (135 healthy parous and 135 with a history of RPL) were evalu-
ated for the concentrations of sHLA- G5, interleukin- 4 (IL- 4) and tumour necrosis 
factor- alpha (TNF- α) using sandwich enzyme- linked immunosorbent assay (ELISA) 
and found elevated levels of sHLA- G5 and IL- 4 in controls and higher TNF- α levels 
and TNF- α:IL- 4 ratio in patients (P < .05). Stratified data analysis based on the time 
of sample collection, that is the first and second trimesters exhibited higher sHLA-
 G5 and IL- 4 in both first and second trimesters in controls than patients, while they 
displayed lower levels concerning TNF- α and TNF- α:IL- 4 ratio (P < .05). However, 
within patients and controls in the first or second trimesters, there was a significant 
variation concerning sHLA- G5 alone. Further, the outcome of pregnancies studied in 
the present investigation revealed a significant elevation in sHLA- G5 levels among 
women with successful pregnancies compared with women who experienced preg-
nancy loss, therefore, concluding the potential application of sHLA- G5 isoform as a 
marker in assisting improved pregnancy outcomes.
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cells present in the maternofoetal interface during pregnancy. 
The alternative splicing of HLA- G mRNA generates seven 
isoforms (membrane- bound: HLA- G1, - G2, - G3, - G4 and 
soluble proteins: HLA- G5, - G6 and - G7) of which HLA- 
G5 is structurally analogous to the full- length membrane- 
bound HLA- G1 except for the absence of transmembrane 
and intracytoplasmic domains.3,4 Soluble HLA- G (sHLA- G) 
isoforms have been detected in maternal- foetal circulation, 
blood plasma or serum, cord blood, amniotic fluid, tropho-
blasts, human oocytes, human embryonic stem cells and pre-
implantation embryos.3,5,6 During pregnancy, sHLA- G was 
reported to protect the foetus by inducing apoptosis of acti-
vated cluster of differentiation 8+ (CD8+) T cells through 
activation of Fas/FasL pathway and by promoting regulatory 
T- cell (Treg cells) generation. Furthermore, interaction with 
killer cell immunoglobulin- like receptor- 2 Ig domains and 
long cytoplasmic tail 4 (KIR2DL4) receptor on natural killer 
(NK) cells induces the secretion of pro- inflammatory and 
pro- angiogenic factors for vascular growth and remodelling 
in the uterus during early stages although inhibiting cytotox-
icity of NK cells.7- 10

In general, pregnancy is partitioned into three distinc-
tive immunological stages regulated by diverse sets of cy-
tokines that control the growth of the foetus and placental 
development.11 Pre- implanted embryo produces cytokines 
whose production is stringently regulated to recruit mac-
rophages and uterine natural killer (uNK) cells of mother 
to promote inflammatory microenvironment, decidualiza-
tion and vascular remodelling of spiral arteries to nour-
ish and supply oxygen to the growing foetus. The second 
phase of pregnancy is an anti- inflammatory state where a 
symbiotic relationship between mother and foetus is estab-
lished. This dynamic cytokine shift from pro- inflammatory 
Th1 cytokines to anti- inflammatory Th2 cytokines (IL- 3, 
IL- 4, IL- 10 etc,) is mediated by NK cell and lymphokine- 
activated cell regulation. The third and final stage of 
pregnancy is associated with the completion of foetal de-
velopment and preparation for parturition through the onset 
of the inflammatory phase by coordinated production of 
prostaglandins, pro- inflammatory cytokines and matrix 
metalloproteases.1,2,11

The aforementioned information suggests that dynamic 
Th1- Th2 cytokine shift regulates the pregnancy outcome by 
creating and resolving the pro-  and anti- inflammatory phases 
throughout the pregnancy. Aberrant/constant inflammation 
and lack of resolution by anti- inflammatory milieu due to 
disturbed expression of critical immunoregulatory molecules 
such as sHLA- G can lead to adverse pregnancy outcomes in-
cluding recurrent pregnancy loss (RPL). In the present study, 
to investigate the above contention serum concentrations of 
sHLA- G5, IL- 4 and TNF- α were measured in healthy parous 
women and RPL patients during the first or second trimesters 
of pregnancy from south India.

2 |  MATERIALS AND METHODS

2.1 | Ethics statement

The present study was approved by the Institutional Ethical 
Committee of Osmania University, Hyderabad, India, and 
Gandhi Medical College, Secunderabad, India. All the sam-
ples from the participated subjects in the study were obtained 
with written informed consent following the Declaration of 
Helsinki (2000) guidelines.

2.2 | Subjects

In the present study, a total of 270 pregnant women be-
longing to first and second trimesters were recruited which 
includes 135 patients with a history of RPL and 135 age- 
matched healthy controls from Gandhi Medical College and 
Hospital, Secunderabad, India. The required sample size with 
3% of disease prevalence and 3% precision was obtained to 
be 124.12 Women with at least 2 spontaneous miscarriages 
before 20 weeks of gestation with a maximum age limit of 
40 years were recruited under the RPL group, whereas women 
with at least 2 live births and with no history of miscarriage/
abortion were considered in the healthy controls group. Both 
patients and controls were recruited based on their medical 
history of pregnancy complications, and diagnostic investiga-
tions were performed for factors associated with pregnancy 
loss, that is T3 (Triiodothyronine), T4 (Thyroxine), TSH 
(Thyroid Stimulating Hormone), prolactin, progesterone, 
oestrogen, blood sugar, HbA1C (Haemoglobin A1C) (dia-
betes), antibodies profiles (antiphospholipid antibodies, anti-
cardiolipin antibodies, antithyroid antibodies etc), polycystic 
ovarian syndrome (PCOS) (Ultrasound, oligo- ovulation or 
an- ovulation and biochemical/clinical hyperandrogenism), 
oligomenorrhoea, cervical incompetence, parental chromo-
somal abnormalities, TORCH profile (Toxoplasma gondii, 
rubella, cytomegalovirus and herpes simplex virus) as well as 
clinical pregnancies documented using ultrasound or histo-
pathology by the Department of Obstetrics and Gynaecology 
of Gandhi Medical College and Hospital, Secunderabad, 
India. In addition, the complete information about clinical, 
demographical and family history such as body mass index 
(BMI), haemoglobin (Hb), age at menarche, age at the first 
conception, number and nature of abortions, consanguin-
ity, gynaecological problems and complex diseases of each 
subject recruited was documented using a prestructured 
questionnaire.

Based on the above data women with a history of only one 
spontaneous abortion, induced abortions and abortions with 
known reasons such as anatomical problems and hormonal 
imbalances were excluded from the study. A blood sample 
of five millilitres was collected in ethylenediaminetetraacetic 
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acid (EDTA) (BD Vacutainer, Ref No. 367873) and clot ac-
tivator (BD Vacutainer, Ref No. 367837) vacutainer tubes by 
venipuncture from both RPL patients and controls belonging 
to the first or second trimesters of pregnancy. The blood sam-
ple was collected only once from each subject enrolled in the 
study, and based on the gestational age at the time of sample 
collection, the subjects were stratified into first-  (68 healthy 
controls and 74 RPL patients) and second- trimester (67 
healthy controls and 61 RPL patients) groups. Blood samples 
were centrifuged at 600 g for 15 min at 4°C to separate the 
serum and stored at −80°C until the time of assay. The out-
come of the pregnancy of all the subjects was followed up, 
and data were collected.

2.3 | Estimation of full- length soluble 
HLA- G5 (sHLA- G5) protein, IL- 4 and TNF- α 
levels using sandwich ELISA

All the 270 serum samples were subjected to sandwich 
enzyme- linked immunosorbent assay (ELISA) kit follow-
ing the manufacturer's protocol to estimate the sHLA- G5 
(KINESISDx, Los Angeles, USA, Catalog No. K12- 0441), 
IL- 4 (Diaclone, France, Catalog No. 950.020.096) and 
TNF- α (Boster immunoleader PicoKine™, Fremont, CA, 
USA, Catalog No. EK0525) concentrations.

2.4 | Statistical analysis

The statistical analyses concerning the measurement of 
sHLA- G5, IL- 4 and TNF- α concentrations in the serum 
and TNF- α:IL- 4 ratio of patients, controls and subgroups 
(first and second trimesters) such as descriptive statistics, 
mean values, standard deviation and independent Student's 
t test was performed using IBM SPSS software version 27 
(Chicago, IL). The data were then analysed using one- way 
analysis of variance (ANOVA) (GraphPad Prism 6.0 ver-
sion, San Diego, CA, USA) to find the variation between 
patients, controls, first-  and second- trimester groups as well 
as for the follow- up data. A two- tailed P- value was taken, 
and <.05 was considered statistically significant. To further 
reduce the risk of Type I errors, Bonferroni correction was 
used to adjust the P- values. Adjusted P- values <.05 were 
considered significant, which corresponds to an expected 
false discovery rate of 5%. Multivariate analysis of variance 
(MANOVA)— Wilk's test was performed in controls and 
patients to determine the differences in means between clin-
ical variables such as age, age at menarche, the number of 
abortions and nature of abortions and their effect on sHLA-
 G5 as well as selected cytokine levels using XLSTAT soft-
ware (Data Analysis and Statistical Solution for Microsoft 
Excel, Addinsoft, Paris, France 2017).

3 |  RESULTS

A total of 135 healthy parous women and 135 RPL patients 
from south India were enrolled in the present study. The de-
mographic and clinical details of the study group are given 
in Tables  1 and 2. The estimated serum concentrations of 
sHLA- G5, IL- 4, TNF- α and TNF- α: IL- 4 ratio of both pa-
tients and controls are represented in Figure 1. Furthermore, 
the stratified data on the serum levels of sHLA- G5, IL- 4, 
TNF- α and TNF- α: IL- 4 ratio of first-  or second- trimester 
samples is shown in Figure 2. The comparision between first-  
and second- trimester samples within controls and patients is 
represented in Figure 3.

3.1 | sHLA- G5 serum concentrations

The serum concentrations of soluble HLA- G5 isoform were 
found to be elevated in controls when compared to patients 
(147.81  ±  21.23  pg/mL versus 58.93  ±  28.25  pg/mL; P- 
value = .0001) in overall as well as in both first-  and second– 
trimester groups (ANOVA, P  <.0001 after Bonferroni's 
correction). In addition, the levels of sHLA- G5 were high 
in the first- trimester group in both controls (P <.0001) and 
RPL patients (P =.0078) compared with the second- trimester 
group.

3.2 | IL- 4 serum concentrations

The anti- inflammatory (Th2) cytokine IL- 4 levels 
were significantly higher among controls than pa-
tients (22.72  ±  15.34  pg/mL versus 8.76  ±  2.60  pg/mL; 
P  =.0001). Stratified data analysis of first-  and second- 
trimester groups showed significantly increased levels of 
IL- 4 in controls compared with RPL patients (P  <.0001 
after Bonferroni's correction). Relatively, IL- 4 levels were 
high in the second trimester both in controls and patients 
compared with the first trimester; however, it was not sta-
tistically significant.

3.3 | TNF- α serum concentrations

TNF- α levels were elevated in patients compared with con-
trols (335.13 ± 110.72 pg/mL versus 146.47 ± 139.48 pg/
mL). Both the first-  and second- trimester groups of pa-
tients exhibited higher levels of TNF- α compared with 
their counterparts in controls (ANOVA, P  <.0001 after 
Bonferroni's correction). Elevated levels of TNF- α were 
observed in the first trimester than in the second trimester 
in controls; however, it was in reverse trend in patients 
(P >.05).
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3.4 | TNF- α:IL- 4 ratio

The ratio of TNF- α to IL- 4 was evaluated and observed to be 
significantly elevated in patients when compared to controls 

(44.20 ± 26.50 vs 13.39 ± 25.51) and also in both the first 
and second trimesters (ANOVA, P <.0001 after Bonferroni's 
correction). The ratio was high in the first trimester than the 
second trimester in controls, whereas it was in reverse trend 
in patients, but they were not statistically significant.

3.5 | Multivariate analysis of variance

There was a statistically significant effect of clinical pa-
rameters age, age at menarche and number of abortions on 
sHLA- G5, IL- 4, TNF- α levels and TNF- α:IL- 4 ratio in RPL 
patients, and however, the significance with only age was 
found in controls (Table 3).

3.6 | Analysis of follow- up data

All the 270 pregnant women enrolled in the present study 
were followed up for the outcome of their pregnancy. All the 
women enrolled in the controls group of the present study had 
successful pregnancies; however, out of 135 RPL patients, 
98, that is 73% of women experienced another pregnancy loss 
while 37, that is 27% of women had successful live births. 
The levels of sHLA- G5 were significantly higher in women 
with successful pregnancies than those who had a foetal loss 
(89.99 ± 5.54 vs 47.20 vs 24.17) (ANOVA, P <.0001), but 
TNF- α showed significantly reduced levels in women ex-
periencing pregnancy loss compared with those who had 
successful live births (319.2 ± 104.71 vs 377.33 ± 116.46) 
(ANOVA, P =.036). However, IL- 4 levels and TNF- α:IL- 4 
ratios did not significantly differ among the two groups. It 
is essential to note that irrespective of the outcome, all the 
samples from RPL patients exhibited lower concentrations of 
sHLA- G5, IL- 4 and higher concentrtions of TNF- α and TNF- 
α:IL- 4 ratio compared with healthy controls. Interestingly, all 
the women who had pregnancy loss displayed a concentra-
tion of sHLA- G5 below 79 pg/mL (Table 4).

4 |  DISCUSSION

Successful pregnancy depends on maternal immune tolerance 
towards semi- allograft foetus as well as the balance between 
pro-  and anti- inflammatory cytokines.2,13 During the induc-
tion of immune tolerance by immunomodulatory molecules 
such as HLA- G, a reduction in Th1 cytokines and upregu-
lation of Th2 cytokines was reported.2 To further elucidate 
the role of sHLA- G5 isoform and pro-  and anti- inflammatory 
cytokines in healthy pregnancy and RPL, in this study, the 
systemic circulating levels of sHLA- G5, IL- 4, TNF- α and 
TNF- α:IL- 4 ratio in serum samples were estimated among 
healthy parous women and RPL patients of south India. A 

T A B L E  1  Demographic, clinical and family data of the subjects 
enrolled in the present study (Data are n (%))

Category Patients (n = 135)
Controls 
(n = 135)

Hb levels (g/dL)

<12 129 (95.5%) 124 (91.8%)

≥12 6 (4.5%) 11 (8.2%)

Maternal age (in years)

≤9 2 (1.5%) 1 (0.7%)

20– 34 127 (94.1%) 129 (95.6%)

≥35 6 (4.4%) 5 (3.7%)

Age at the first conception (in years)

<18 (13– 17) 25 (18.5%) 44 (32.6%)

18– 30 107 (79.3%) 91 (67.4%)

>30 3 (2.2%) 0 (0%)

Menstrual status

Irregular 9 (6.6%) 2 (1.5%)

Regular 126 (93.4%) 133 (98.5%)

Consanguinity

Yes 36 (26.7%) 35 (25.9%)

No 99 (73.3%) 100 (74.1%)

Type of abortion

Primary aborters 104 (77%) 0 (0%)

Secondary aborters 31 (23%) 0 (0%)

Number of abortions

>3 16 (11.8%) 0 (0%)

≤3 119 (88.2%) 0 (0%)

Addictions (Gutka, Alcohol etc)

Yes 13 (9.6%) 32 (23.7%)

No 122 (90.4%) 103 (76.3%)

BMI (kg/m2)

<18.5 (low) 28 (20.7%) 31 (23%)

18.5– 24.9 (normal) 78 (57.8%) 104 (77%)

>24.9 (high) 29 (21.5%) 0 (0%)

Age at menarche (in years)

≤11 (low) 23 (17%) 16 (11.85%)

12– 14 (normal) 95 (70.4%) 104 (77%)

≥15 (high) 17 (12.6%) 15 (11.15%)

Abbreviation: n, number of subjects.
Primary aborters are those who have lost all previous pregnancies, and 
secondary aborters are those who have had at least one successful pregnancy.
Consanguinity can be defined as descendants of the same ancestry, in the present 
study consanguineous marriage was documented which can be defined as 
marriage between two closely related individuals.
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substantially increased level of sHLA- G5, IL- 4 and a de-
crease in TNF- α and TNF- α: IL- 4 ratio was observed in 
healthy parous women. Furthermore, concerning sHLA- G5 
concentrations, there was a noteworthy elevation in the first- 
trimester samples compared with second- trimester both in 
patients and controls however, no considerable difference 
with regard to cytokines and their ratio was observed.

During pregnancy, sHLA- G functions locally at the ma-
ternofoetal interface apart from entering into the systemic cir-
culation to modulate maternal immune responses. It induces 
apoptosis of activated CD8+ T cells through CD95/CD95L 
interaction, modulates CD4+ T- cell proliferation and inhib-
its NK cell- mediated cytotoxicity.14 It also serves as activat-
ing molecule to promote the secretion of pro- inflammatory 

cytokines and the interaction between early trophoblast cells 
and endothelial cells of spiral arteries allowing trophoblast 
invasion and vascular remodelling.15

In support of our observation, the literature suggests a 
correlation between low or undetectable sHLA- G5 levels in 
systemic circulation among spontaneous abortion threatened 
women with first- trimester foetal loss of unknown aetiology 
and pre- eclampsia compared with the healthy controls.6,16- 21 
Researchers have reported that a threshold value of 59.73 IU/
mL and above of sHLA- G5 increase the chances of a suc-
cessful pregnancy by twofold in normal parous women6 
suggesting its potential as a prognostic factor for improved 
chances of pregnancy. Previous studies reported an elevation 
of sHLA- G levels during the first gestational trimester, which 

T A B L E  2  Clinical characteristics of the subjects enrolled in the present study (Data are Mean ± SD)

Features Controls (n = 135) Patients (n = 135) P- value

BMI (kg/m2) 19.67 ± 2.05 22.06 ± 4.16 .0001

Hb (g/dL) 9.66 ± 1.60 9.90 ± 1.26 .172

Maternal Age (years) 24.87 ± 4.50 24.93 ± 4.20 .911

Age at the first conception (years) 18.33 ± 2.74 20.34 ± 3.75 .0001

Age at menarche (years) 12.75 ± 1.38 12.84 ± 1.47 .580

Mean gestational age during sample collection (in months) 4.52 ± 2.23 4.31 ± 2.28 .44

Mean gestational age of the first- trimester samples during 
sample collection (in months)

n = 68 (50.4%) 24.88 ± 4.51 n = 74 (54.8%) 24.87 ± 4.2 .989

Mean gestational age of the second- trimester samples 
during sample collection (in months)

n = 67 (49.6%) 24.93 ± 4.6 n = 61 (45.2%) 25 ± 4.24 .929

Bold indicates statistically significant values (P .05).
Abbreviations: n, number of subjects; SD, standard deviation.

F I G U R E  1  Serum concentration of 
(A) sHLA- G5 (pg/mL) (B) IL- 4 (pg/mL) 
(C) TNF- α (pg/mL) (D) TNF- α:IL- 4 ratio 
measured and analysed using one- way 
ANOVA in controls and RPL patients. 
The data presented as mean ± SD of 
concentrations with adjusted P- values ≤.05 
considered significant after using the 
Bonferroni correction
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reaches the highest peak at month three of gestation22,23 and 
starts to decline during the third trimester.24 Our results were 
in accordance with these previous reports suggesting a dy-
namic modulation of sHLA- G5 levels in maternal periph-
eral blood at different gestational periods during a healthy 
pregnancy. Furthermore, the follow- up data of enrolled pa-
tients and controls showed elevated levels of sHLA- G5 with 
a minimum concentration of 79 pg/mL among patients who 

had successful pregnancy compared with those who experi-
enced another pregnancy loss indicating the mandatory role 
of sHLA- G5 in favourable pregnancy.

The second observation of the present study is higher con-
centrations of TNF- α in RPL patients than in healthy parous 
women. TNF- α, a pleiotropic cytokine, involved in pro- 
inflammatory responses and development of endocrine, au-
toimmune and neoplastic diseases.25 It influences placental 

F I G U R E  2  Serum concentration of 
(A) sHLA- G5 (pg/mL) (B) IL- 4 (pg/mL) 
(C) TNF- α (pg/mL) (D) TNF- α:IL- 4 ratio 
measured and analysed using one- way 
ANOVA in controls and RPL patients of 
the first trimester (FT) and second trimester 
(ST). The data presented as mean ± SD 
of concentrations between RPL patients 
and controls with adjusted P- values ≤ .05 
considered significant after using the 
Bonferroni correction

F I G U R E  3  Serum concentration of 
(A) sHLA- G5 (pg/mL) (B) IL- 4 (pg/mL) 
(C) TNF- α (pg/mL) (D) TNF- α:IL- 4 ratio 
measured and analysed using one- way 
ANOVA in controls and RPL patients of 
the first trimester (FT) and second trimester 
(ST). The data presented as mean ± SD 
of concentrations between FT and ST 
of controls and FT and ST of patients 
with adjusted P- values ≤ .05 considered 
significant after using the Bonferroni 
correction
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architecture and differentiation, hormone synthesis, follicle 
and embryonic development, uterine cyclicity, steroidogen-
esis and parturition. In addition to the implantation during 
early trimesters of pregnancy, the timely development and 
establishment of the uterine pro- inflammatory milieu by el-
evated Th1 cytokines and chemokines in the myometrium 
(uterine muscle) helps in the induction of labour by recruiting 
immune cells during later stages of gestation suggesting the 
essential role of the regulated delicate expression of TNF- α 
in the placenta for the survival of the pregnancy, although 
its persisted expression may be detrimental at later stages of 
gestation.26- 29 The role of TNF- α in causing miscarriage may 
be attributed to its potential to induce apoptosis, enhanced 
production of prostaglandins subsequently leading to uter-
ine contractions. In addition, it exerts adverse effects by de-
creasing blood flow to the embryo resulting in blood vessel 
thrombosis (vascular autoamputation), interfering with the 
invasion of spiral arteries, endothelial dysfunction with dam-
age to decidual vasculature, membrane matrices degradation 
predisposing to foetal membrane rupture.30- 34

In concordance with our results, an aberrant expression of 
TNF- α was shown to be associated with adverse placental de-
velopment and function subsequently resulting in pregnancy 
complications.35 In vitro studies concluded that TNF- α de-
rived from maternal T cells stimulates apoptosis of cytotro-
phoblasts and syncytiotrophoblast (ST) cells in combination 
with interferon- gamma (IFN- γ) by inducing monocyte adhe-
sion to ST cells to disrupt trophoblast monolayers. To protect 
against this damage, villous ST cells produce progesterone 
to promote Th2 cytokine (IL- 4) production and dampen Th1 
cytokine (TNF- α) production. Therefore, when placental 
protective mechanisms fail or expression of TNF- α persists, 
trophoblast damage may occur.36 Another study found that 
Th1 cytokines (TNF- α, IFN- γ) in vitro induce trophoblast 
apoptosis mediated by Fas- Fas L activation.37 Several reports 

showed that significantly increased levels of TNF- α in the 
serum of women with RPL compared with healthy wom-
en.35,38- 40 Therefore, the timing, location and network of 
cytokine signals are critical for the maintenance of healthy 
pregnancy.41

The third finding of our study is an overall increase in 
IL- 4 levels in healthy parous women than in patients. IL- 4 
is a pleiotropic anti- inflammatory cytokine that functions by 
suppressing the pro- inflammatory milieu. IL- 4 facilitates the 
polarization of antigen- stimulated naïve Th cells into Th2 ef-
fector cells and propagates Th2 responses by binding to the 
receptor IL- 4Rα and by activating signal transducer and acti-
vator of transcription (STAT) 6 signalling pathway. It is also 
implicated that IL- 4 has a role in Treg cell development and 
maintenance through STAT6 signalling. This leads to a suc-
cessful pregnancy where, not only the placenta but also ma-
ternal decidua, amniochorionic membranes, cytotrophoblasts, 
foetal and maternal endothelial cells produces IL- 4. Studies 
in animal models reported that abortion prone CBA/J females 
exhibit reduced levels of circulating and placental IL- 4.42,43

Our results were on par with previous studies where low 
levels of IL- 4 and IL- 4 producing cells were reported by re-
searchers in women with spontaneous abortions.2 Literature 
also suggests that T- cell clones from decidua of women with 
normal pregnancy produce higher concentrations of IL- 4 
than from recurrent aborters.44,45 This can be concerned with 
dynamic changes in cytokine levels associated with the preg-
nancy.46 The above results can be attributed to the fact that at 
the commencement of pregnancy, a predominantly Th1 im-
mune response (cell- mediated) driven by pro- inflammatory 
cytokines such as TNF- α exists while it later shifts to Th2 
response (humoral) with the production of anti- inflammatory 
cytokines such as IL- 4. This dynamic shift helps in the im-
plantation of an embryo, trophoblast development and an-
giogenesis and subsequently establishes maternal immune 
tolerance in healthy pregnancy which may be failing in the 
RPL cases.47

Successful pregnancy is dependent on phase-  and time- 
specific shifting of Th1- Th2 balance with Th2 cytokine 
profile associated with immune tolerance and persistent 
Th1 response is often linked with gravidity complications 
such as recurrent spontaneous abortions (RSA) and pre- 
eclampsia.11,29,48 It is not the individual cytokine but the rel-
ative concentrations of pro-  and anti- inflammatory cytokines 
that may resolve the overall milieu in pregnancy. Therefore, 
the TNF- α:IL- 4 ratio was investigated between the first and 
second trimesters among healthy controls and patients in the 
present study and found higher in the first trimester than the 
second trimester in controls, but no change was observed be-
tween trimesters in patients. Our results indicate a shift in 
Th1 to Th2 cytokine profile during the second trimester ne-
cessitates the maintenance and development of the placenta 
and foetus.

T A B L E  3  The effect of differences in means between clinical 
parameters on sHLA- G5, IL- 4, TNF- α and TNF- α:IL- 4 ratio in RPL 
patients and controls

Effect F- value
Wilk's 
Lambda value P- value

Patients

Age 3.398 0.151 <.0001

Age at menarche 4.533 0.338 <.0001

Number of abortions 5.478 0.389 <.0001

Nature of abortions 1.645 0.938 .169

Controls

Age 1.467 0.455 .015

Age at menarche 0.967 0.758 .521

Note: Bold indicates statistically significant values (P .05).
The MANOVA- Wilk's test data presented with P- values ≤.05 considered 
significant.
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Kim et al observed increased TNF- α +/IL- 4 + and TNF- α 
+/IL- 10+ T- cell ratios and Th1- guided polarization in 
women with multiple unsuccessful in vitro fertilization (IVF) 
cycles.38,49 Similarly, Clark et al, in mouse models, observed 
the release of TNF- α by decidua and found a correlation be-
tween Th1/Th2 cytokine ratio at maternofoetal interface and 
susceptibility to abortions.50 On the contrary low levels of 
Th1 cytokine/IL- 4 ratios were reported in women with spon-
taneous abortions by Chatterjee et al.2 Nevertheless, system-
atic studies are warranted with respect to multiple pro-  and 
anti- inflammatory cytokine signatures to understand the 
delicate balance of cytokine signalling in pregnancy mainte-
nance, which may help in evolving better management strat-
egies for RPL cases.

sHLA- G molecules were shown to contribute to maternal 
cytokine profile modulation especially the upregulation of 
anti- inflammatory cytokines such as IL- 3, IL- 4 and IL- 10.51 
Lombardelli et al provided substantial evidence that HLA- 
G5 can interact with inhibitory leukocyte immunoglobulin- 
like receptor- 2 (ILT2) receptor on decidual CD4+ T cells 
to induce them to produce IL- 4 which appears to be one of 
the critical anti- inflammatory cytokines for successful preg-
nancy outcome.4 Rebmann et al52 reported that the cells ex-
pressing HLA- G can modulate decidual mononuclear cells 
or peripheral blood mononuclear cells to produce and release 
cytokines which shift Th1/Th2 balance towards relatively 
Th2 dominance. Our data exploration showed no significant 
correlation between sHLA- G5 levels and IL- 4 or TNF- α. 
This suggests that further studies are required to understand 
the interplay of master immunoregulatory molecules and 
cytokines.

5 |  CONCLUSION

In conclusion, from our observations, it appears that the 
sHLA- G5 isoform can serve as a potential marker to predict 
the capability of the mother to establish tolerance towards 
semi- allograft foetus and can contribute to improving preg-
nancy outcome. However, one needs to recognize the role of 
different isoforms of HLA- G as an immunomodulatory mol-
ecule that regulate the cytokine profile apart from sHLA- G5. 
Nevertheless, the evaluation of embryonic sHLA- G5 levels 
can provide a better understanding of predicting pregnancy 
outcome. Systematic prospective studies by assessing the 
sHLA- G5 levels and cytokine signature in narrow intervals 
of gestational period along with correlating the biomarkers 
with pregnancy outcome will yield valuable information to 
develop a predictive diagnostic marker, further to improve 
preventive and management strategies for RPL. In addi-
tion, comprehensive knowledge of shifts in the maternal 
cytokine and immune cell profile during early pregnancy 
could provide a better understanding of immune response, T
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to distinguish successful pregnancy from adverse pregnancy 
complications.
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1  |  INTRODUC TION

Recurrent Pregnancy Loss (RPL) is a serious growing reproductive 
problem among the young couples, defined as three or more con-
secutive miscarriages before 20 weeks of gestational age,1 while the 

American Society for Reproductive Medicine (ASRM) defines recur-
rent miscarriage as two previous losses.2 Despite various clinical and 
experimental tests, yet there is not an accurate and efficient diag-
nostic method during the early stages of pregnancy in more than 
half of RPL patients.3 The risk factors linked to its pathogenesis are 
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Abstract
Problem: Fork Head Box Protein 3 (FOXP3) is an X- linked gene, codes for a master 
transcription regulatory protein that controls the development and function of immu-
nosuppressive T regulatory (Treg) cells. They are crucial mediators of maternal foetal 
tolerance and successful pregnancy outcome. The aim of the study is to evaluate the 
association	of	FOXP3	rs3761548	functional	polymorphism	and	to	assess	the	serum	
concentrations of full- length FOXP3 protein in Unexplained Recurrent Spontaneous 
Abortions (URSA) patients of Southern India.
Method of study:	The	study	included	blood	samples	from	150	URSA	patients	and	150	
healthy, pregnant parous women. Polymerase Chain Reaction- Restriction Fragment 
Length	Polymorphism	was	done	for	rs3761548	FOXP3	genotyping.	Serum	concentra-
tions of full- length FOXP3 protein were estimated by enzyme- linked immunosorbent 
assay.
Results:	 The	 frequencies	 of	mutant	 A	 allele,	 CA	 and	 AA	 genotypes	 of	 rs3761548	
functional polymorphism were significantly elevated in patients compared to healthy, 
pregnant parous women and exhibited a two, three and twofold increased risk respec-
tively towards URSA. Serum concentrations of full- length FOXP3 protein were high in 
controls compared to patients (10.14 ± .30 vs. 8.84 ± 1.73 ng/ml; p <	.05).
Conclusion:	Our	results	advocate	an	association	of	FOXP3	rs3761548	polymorphism	
and reduced expression of full- length FOXP3 protein with URSA.

K E Y W O R D S
FOXP3, polymorphism, regulatory T cells
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genetic disorders such as foetal chromosomal abnormalities, mater-
nal factors including anatomical deformities, placental anomalies, 
thrombophilia, endocrine disorders, immune dysfunction, infection, 
smoking, psychological trauma, stress and environmental factors.4,5 
Among these factors, immune function appears to play a significant 
role in protecting the pregnancy by preventing response to the semi 
allograft.6 Functional variations in the genes coding for the expres-
sion and regulation of immune response may predispose the mother 
to recurrent abortions.7– 11

The Fork Head Box Protein 3 (FOXP3) gene, a member of 
transcription factor winged helix family, located on chromosome 
Xp11.23,	 regulates	 the	development	and	 function	of	CD4+CD25+	
regulatory T (Treg) cells.12,13 In unexplained recurrent spontaneous 
abortions	(URSA),	 it	 is	found	that	Tregs	(CD4+CD25+)	are	reduced	
in peripheral blood as well as in decidua of pregnant women.14 In 
addition, in peripheral blood and decidua, decreased expression of 
FOXP3 gene, a marker of Treg cell, indicating that alteration in the 
Treg cell- dependent maintenance of feto- maternal tolerance con-
tributes to pregnancy loss.15,16

Increased FOXP3 promoter methylation downregulates the ex-
pression of the FOXP3 protein associated with URSA.17 Further, 
different single- nucleotide variants (SNVs) in the promoter region 
of FOXP3, which affect the expression of FOXP3 and impair the 
Treg differentiation and function, have been allied with occurrence 
of URSA in various populations.7– 11	The	rs3761548	FOXP3	(−3279)	
C>A variant is located in the core of ‘TGCAGGCCTC’ sequence of the 
putative binding site for the transcription factor specificity protein 
1 (Sp1), and the A allele is correlated with the reduction in FOXP3 
expression,18 which was extensively studied in several human dis-
eases. Previously, we reported an association of this polymorphism 
with the patients of preeclampsia, vitiligo and breast cancer in South 
Indian patients.19– 21

The aim of the current study is not only to evaluate the asso-
ciation	of	FOXP3	rs3761548	(−3279)	C>A	functional	polymorphism	
with URSA, but also to assess the full- length FOXP3 serum protein 
levels in URSA patients of Southern India.

2  |  MATERIAL S AND METHODS

The	study	population	consists	a	total	of	300	subjects	that	include	150	
URSA patients, who had a history of at least two successive miscar-
riages with unexplained aetiology before 12 weeks of gestation, and 
150	age-	matched	healthy,	pregnant	parous	women	as	controls	with	
at least two live births and with no history of spontaneous abortions 
or any other known diseases (age: 18– 40 years) were recruited based 

upon the information available from case sheets of patients, where 
(clinical pregnancies documented by ultrasound or histopathology) 
test reports of diabetes, thyroid, polycystic ovary syndrome, proges-
terone, oestrogen, cervical incompetence, chromosomal abnormality 
etc. were screened, diagnosed and investigated by the Department of 
Obstetrics & Gynaecology of Gandhi Medical and Niloufer Hospital, 
Hyderabad. Women with history of only one spontaneous abortion, 
with history of induced abortions and abortions with known reasons 
such as anatomical problems, hormonal imbalances etc. were ex-
cluded from the study. Clinical and demographical information such 
as age, Body Mass Index (BMI), Haemoglobin (Hb), age at menarche, 
age at first conception, number of abortions, consanguinity was col-
lected from both patients and controls. Informed consent was ob-
tained from all patients and controls. The study was approved by the 
institutional ethics committees, (Institute of Genetics and Hospital 
for Genetic Diseases, Osmania Medical College) Hyderabad. This 
manuscript refers URSA and RPL/RSA interchangeably.

2.1  |  Selection of SNP— rs3761548 (−3279) C>A in 
FOXP3 gene region

For the present study, SNP databases, Ensembl (http://www.
ensem bl.org/index.html) and the International HapMap database 
(http://hapmap.ncbi.nlm.nih.gov/index.html.en) were used to select 
rs3761548	 (−3279)	 C>A	 polymorphism	 in	 the	 FOXP3	 gene	 region	
from chromosome X at nucleotide position 49,261,409 to 49,261,972. 
Further, published data show scientific evidence to illustrate poten-
tial	role	of	rs3761548	in	RPL7– 11 and auto- immune diseases.22

2.2  |  Blood collection and DNA extraction

Blood	samples	(5	ml)	from	both	URSA	patients	and	healthy	controls	were	
collected in EDTA- coated and clot activator collection vials. Genomic 
DNA was extracted from whole blood using QIAamp DNA Blood Mini 
Kit	(CAT	No.	/ID:	51104)	according	to	the	manufacturer's	protocol.

2.3  |  Genotyping of rs3761548 (−3279) C>A 
polymorphism

Genotypes	of	 rs3761548	polymorphism	were	determined	using	 the	
Polymerase Chain Reaction (PCR) and Restriction Fragment Length 
Polymorphism (RFLP), presented in Table 1. In short, PCR for ampli-
fication	of	564	bp	region	 in	 the	FOXP3	promoter	was	performed	 in	

TA B L E  1 Primers	used	in	the	genotyping	of	−3279	C>A	polymorphism	by	PCR-	RFLP

Marker/method
Primer 
type Primer sequence (5′– 3′)

Annealing 
temperature

Product 
size

Restriction 
enzyme

(−3279)C/A	PCR-	RFLP Forward GACTTAACCAGACAGCGTAG 51°C 564	bp Pst1

Reverse CTGGTGTGCCTTTGGTCT

http://www.ensembl.org/index.html
http://www.ensembl.org/index.html
http://hapmap.ncbi.nlm.nih.gov/index.html.en
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a	volume	of	25	μl, containing 2 μg/ml of genomic DNA, 10 pmol of 
each	primer,	2.0	mM	of	dNTPs,	1.5	mM	of	MgCl2,	10×	PCR	buffer	
and	0.5	U	Taq	DNA	polymerase	(G	Biosciences).	The	PCR	conditions	
for	amplification	of	rs3761548(−3279)	C>A	location	were	initial	dena-
turation	step	at	95°C	for	5	min,	followed	by	28	cycles	of	94°C	for	35	s,	
annealing	temperature	of	51°C	for	40	s,	extension	at	72°C	for	40	s,	
final	extension	at	72°C	for	5	min	and	holds	at	4°C.	The	amplified	PCR	
product	of	564	bp	was	digested	with	0.5	μl of Pst1 (CAT No: R0140S) 
restriction	enzyme	at	37°C	for	an	hour	and	then	separated	on	a	2%	
agarose gel stained with ethidium bromide at 100 V for 20 min. and 
visualized under ultraviolet light with a 100- bp DNA ladder. Genotypes 
of	rs3761548	C>A	were	identified	by	the	presence	of	three	different	
bands:	C/C	(374	bp,	190	bp),	C/A	(564	bp,	374	bp	and	190	bp)	and	A/A	
(564	bp)	in	the	ethidium	bromide	stained	gel.

2.4  |  Estimation of FOXP3 serum protein levels

The concentrations of full- length FOXP3 protein were measured be-
fore 12th week of pregnancy for all the patients and controls using 
enzyme- linked immunosorbent assay (ELISA) kit (KINESISDx, CAT 
No.	K12-	0693),	as	per	the	manufacturer's	instructions.

2.5  |  Statistical analysis

Hardy–	Weinberg	equilibrium	was	tested	for	FOXP3	(−3279)	C>A	
variant in URSA patients and healthy controls. Further deviation in 
the allele and genotype frequencies between patients and controls 
was	 tested	 for	 statistical	 significance	 by	 Fisher's	 exact	 test	 and	
the	odds	ratio	at	95%	Confidence	Interval	 (C.I.)	using	Open	EPI6	
online statistical software (Open EPI v 2.3.1, Emory University). 
All the p values were two- sided, and the level of significance was 
considered at p	<	.05.	t- test (Independent sample test) was used to 
test the difference between two sample means. ANOVA was done 
to test the significant difference among the groups using IBM 
SPSS statistics. Relationship between the risk factors for URSA 
with respect to genotypes was assessed through Multiple Logistic 
Regression (MLR).

3  |  RESULTS

The clinical and demographic characteristics of the study group 
(N = 300) were presented in Table 2. A significant variation was 
observed between patients and controls with respect to mean 
age at menarche (p = .03) and mean age at first conception 
(p < .01).

Further,	 7%	of	 the	 patients	 showed	 irregular	menstrual	 cycles	
in	comparison	with	only	3%	in	controls.	Eleven	per	cent	of	the	pa-
tients	experienced	more	than	3	pregnancy	losses	whereas	89%	had	
≤3	pregnancy	losses.	The	percentage	of	consanguinity	was	25%	in	
patients	and	20%	in	control	group	(p = .3).

3.1  |  Genotype and Allele distribution among 
controls and patients

The	 genotype	 distribution	 of	 rs3761548	 (−3279)	 C>A	 of	 FOXP3	
gene in URSA patients and healthy controls is presented in Table 3. 
Individuals with CC genotype predominated in controls compared 
to	URSA	patients	(OR	0.10,	95%	C.I:	0.05–	0.19,	p = < .0001), while 
women with CA and AA genotypes were in higher frequency among 
the patients and exhibited an odds ratio of 3.18 and 2.23 (CA vs. 

TA B L E  2 Clinical	and	demographic	characteristics	of	the	study	
group

Category
Controls (150) 
X ± SD

Patients (150) 
X ± SD p- Value

Age (years) 24.64 ± 3.13 24.91 ± 4.16 .53

BMI (kg/m2) 21.38 ± 4.38 21.91 ± 4.00 .27

Hb (g/dl) 10.23 ± 1.66 9.98 ± 1.31 .15

Age at menarche 
(years)

12.5	±	1.35 12.84 ± 1.46 .03*

Age at first 
conception 
(years)

19.18 ± 2.80 20.24 ± 3.64 .005*

No. of abortions NA 2.68 ± 1.01 NA

Mean gestational 
age (months)

4.36 ± 1.14 5.04	±	1.32 <.0001*

Note: Values are represented as mean ± SEM.
*p	<	.05.

TA B L E  3 Genotype	and	allele	frequency	distribution	of	FOXP3	(−3279)	C>A	polymorphism	among	the	study	group

SNP Genotype Controls (150) n (%) Patients (150) n (%) χ2 value OR (95% CI) p Value

rs3761548	C/A CC 72 (48) 13 (9) 55.22 0.10	(0.05–	0.19) <.0001*

CA 60 (40) 102 (68) 22.56 3.18	(1.98–	5.11) <.0001*

AA 18 (12) 35	(23) 5.86 2.23	(1.19–	4.15) <.01*

C 204 (68) 128 (43) Reference

A 96 (32) 172	(57) 37.93 2.85	(2.04–	3.98) <.0001*

HWE Controls 0.98 (0.32)

Χ2 (p- value) Patients 22.8 (0.000002)

Abbreviation:	95%	C.I,	Confidence	Interval.
*p<.05.
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CC+AA,	OR	3.18,	95%	C.I:	1.98–	5.11,	p = < .0001; AA vs. CC+CA, 
OR	2.23,	95%	C.I:	1.19–	4.15,	p = < .01), respectively. Further, vari-
ant allele A was significantly elevated in case of patients compared 
with	healthy	counterparts	 (A	vs.	C,	OR:	2.85,	95%	C.I:	2.04–	3.98,	
p = < .0001) shown in Figure 1.

3.2  |  Circulating levels of full- length FOXP3 
protein among the study group

Circulating levels of full- length FOXP3 protein were signifi-
cantly higher in controls compared to patients (10.14 ± 4.30 vs. 
8.84 ± 1.73 ng/ml) shown in Figure 2. Further, genotype- dependent 
variation with respect to the protein concentrations was noted 
within the patients but not in controls. However, in correspondence 
to CC genotype, there was a significant variation between patients 
and controls, presented in Table 4.

3.3  |  Multiple logistic regression analysis in the 
URSA group

The multiple logistic regression analysis was performed to iden-
tify the independent risk factors for recurrent abortions among 
URSA patients, but none of the clinical and demographic characters 
showed the association (Data not shown).

4  |  DISCUSSION

Normal pregnancy progression is the result of timely regulated local 
shifts between pro-  and anti- inflammatory immune responses al-
lowing implantation and placentation in a pro- inflammatory en-
vironment, foetal growth in an anti- inflammatory environment 
and finally the induction of labour and delivery again under pro- 
inflammatory conditions.23 RPL is the complex and challenging sce-
nario in reproductive medicine, needs coordination in evaluation 
and management of patients include gynaecologists, geneticists, im-
munologists and reproductive specialist. During pregnancy, human 
chorionic gonadotropin actively recruit peripheral Treg cells into 
the foetal- maternal interface,24 mediate local expansion of decidual 
Treg cells25 and convert conventional T cells into Treg cells.26,27 This 
suggests that Tregs have a pivotal role in the induction and mainte-
nance of foetal- maternal immunologic tolerance. Growth and devel-
opment of Treg cells require expression of FOXP3 protein,28 a Treg 
cell- specific marker; its attenuated expression due to epigenetics/ 
FOXP3 gene variants may result in reduced production of regula-
tory T cells.29,30

Based upon the importance of FOXP3 protein for Treg cell func-
tion in pregnancy, firstly, we evaluated the link between functional 
variant	 of	 FOXP3	 rs3761548	 C>A,	 a	 recognized	 polymorphism	

F I G U R E  1 Forest	plot	representing	
the odds ratio for genotypes and alleles 
of	FOXP3	(−3279)	C>A	polymorphism	in	
URSA patients and controls

F I G U R E  2 Full-	length	FOXP3	protein	concentrations	in	patients	
and	controls	based	on	FOXP3	rs3761548	genotypes

TA B L E  4 Serum	levels	of	full-	length	FOXP3	protein	with	respect	
to	rs3761548	genotypes	in	URSA	patients	and	healthy	controls

Protein (ng/
ml)
Genotypes

Controls
X ± SD (n)

Patients
X ± SD (n)

p 
Value

CC+CA+AA 10.14 ± 4.30 
(150)

8.84	±	1.73	(150) .001***

CC 10.29 ± 3.20 
(72)

8.89 ± 1.88 (13) .03*

CA 9.93 ± 4.68 (60) 9.06 ± 1.69 (102) .17

AA 10.23	±	6.59	
(18)

8.17	±	1.67	(35) .2

(CC,CA & AA) 
p value

0.88 0.03* - 

Note: Student t- test & ANOVA.
*p-	Value	.05.;	***p- Value < 0.01.
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associated with decreased expression of full- length FOXP3 protein 
and, secondly, to measure the serum concentrations of full- length 
FOXP3 protein in RPL patients from Southern India.

The findings of the present study exhibited protective role of 
high producing CC genotype against RPL; a threefold and twofold 
increased risk for women carrying CA and AA genotypes corre-
spondingly towards RPL. Moreover, A allele was shown to be signifi-
cantly associated with RPL susceptibility. There is an inconsistency 
in the literature regarding the association of this polymorphism 
with RPL in different populations. Individually, a marked difference 
of	FOXP3	rs3761548	genotype	frequencies	among	URSA	patients	
and healthy controls in Han Chinese and North Indian population 
was reported.7,9 Allele A and AA genotype were also reported to 
be higher in RPL women in Gaza strip representing that this poly-
morphism	 is	 a	 risk	 factor	 for	 RPL,	 whereas	 a	 significant	 2.5-	fold	
increased risk of AA genotype towards RPL in Palestine popula-
tion8,10 and a significant association of CA and AA genotypes and 
A	allele	of	FOXP3	rs3761548	polymorphism	with	URSA	in	Egyptian	
population was identified.11 In contrast, there was no association 
seen in Iranian and North Indian URSA women.31– 33

The	functional	aspect	of	FOXP3	rs3761548	polymorphism	was	
first reported, showing that substitution of C>A leads to loss of 
binding to the c- Myb and E47 transcription factors, with subse-
quent defect in the FOXP3 gene transcription, as this region has 
a binding site for the transcription factor Sp1 where the A allele 
affects the interaction of sp- 1 protein with FOXP3 gene promoter 
region.18 Therefore, patients with the AA genotype may have 
weaker suppressive function and are difficult to accommodate 
foetal tolerance.

Having observed the CA and AA as risk and CC as protective 
genotypes, we sought to assess the genotype- dependent varia-
tion with respect to full- length FOXP3 protein among patients 
and controls. Overall, there was a prominent increase in the con-
centration of full- length FOXP3 protein in controls compared to 
patients. Further, genotype- dependent variation was observed 
within patients but not in the control group; a significant differ-
ence in protein levels between patients and controls of women 
with homozygous wild type (CC) was noted, which is considered 
to be a high producing genotype.

There are several studies that support our observation of low 
levels of FOXP3 protein in RPL patients than in controls. A study 
from China reported that the expressing quantity of FOXP3 protein 
in the decidua of URSA patients is lower than that in normal preg-
nant women.14 In the decidua, significantly reduced proportions of 
(CD4+CD25+)	Treg	cells	and	FOXP3	expression	were	found	in	URSA	
patients with early miscarriages compared with normal early preg-
nant women.15 FOXP3 protein quantity in the decidua of the URSA 
group was lower than that in Recurrent Spontaneous Abortion 
(RSA) patients with an abnormal embryo and in normal pregnant 
women.17 Decreased concentration of FOXP3 was reported in RPL 
patients than in healthy controls among Egyptian women.34 The 
FOXP3 expression in trophoblasts in the term placenta was signifi-
cantly decreased compared with that in the normal early pregnancy. 

Moreover, reduced expression of FOXP3 mRNA and protein was 
observed in women with RPL.35 Our results are in agreement with 
above discussed reports, showing that circulating levels of full- 
length FOXP3 protein were significantly elevated in controls com-
pared to patients.

In the light of existing literature and our observations, it may 
be surmised that high levels of FOXP3 in women during early preg-
nancy are crucial in regulating the immunological events through 
Treg cells at feto- maternal interphase; low levels may prove to be a 
risk in handling the dynamic events required in the continuation of 
the pregnancy, leading to adverse pregnancy outcome. This opinion 
needs to be substantiated by systematic cell- based studies.

Lack of genotype- dependent variation with respect to full- 
length FOXP3 protein levels within controls to certain extent can 
be contributed to other genetic factors like X- chromosomal inac-
tivation 36,37 or FOXP3 isoform profile, as alternative splicing of 
FOXP3 appears to add another layer of complexity to Treg cell 
biology.38

5  |  CONCLUSION

We	conclude	that	A	allele	and	AA/AC	genotype	of	rs3761548	func-
tional polymorphism of FOXP3 is associated with pregnancy loss in 
our ethnicity. Reduced concentrations of full- length FOXP3 protein 
linked with pregnancy loss appear to impact the Treg population 
at maternal- foetal interphase. Determination of genetic variants 
contributing to early miscarriages can be used for a better under-
standing of RPL’s pathophysiology to improve molecular diagnosis. 
Large systematic studies in relation to genetic polymorphisms of 
FOXP3, its expression at various stages of gestation and Treg cells 
are warranted. Consequently, the information generated may open 
up novel Protein or cell- based medical interventions in the field of 
Unexplained Recurrent Pregnancy Loss which is crucial for species 
survival.
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Abstract— Several commonly known physiological ana-
lytes, such as ascorbic acid (AA), dopamine (D), uric acid
(UA), and xanthine (X), are known to have significant impact
on human metabolism. Therefore, it is quite imperative
to develop a miniaturized, multiplexed, noninterfering, and
inexpensive sensing platform to monitor these compounds.
Reminiscing this, herein, a miniaturized electrochemical
sensing platform over a poly methyl methacrylate substrate
has been depicted for specific and selective sensing of AA,
D, UA, and X. First, to create three electrode zones for elec-
trochemical sensing, three microchannels were engraved
on a PMMA sheet by CO2 laser ablation process. Subse-
quently, these microchannels were filled with suitable elec-
trode materials leading to a miniaturized electrochemical
sensing platform. In the present article, the Toray carbon
gas diffusion layer was the working electrode (WE), while
screen-printed conductive carbon paste and silver chloride
(Ag/AgCl) ink served as the counter electrode and the refer-
ence electrode, respectively. The electrocatalytic oxidation
of these analytes exhibits an excellent electro-catalytic oxi-
dation behavior. The effect of variable concentrations and
interference from the coexisting analytes was also exam-
ined. The linear concentration ranges for these compounds
(AA, D, UA, and X) under the optimized parameters were
100–1000, 40–1000, 20–1000, and 10–100 µM, respectively,
while the detection limits were 89.65, 38.94, 18.71, and 9.01
µM correspondingly. The platform was also tested with real
human serum samples. Such a multiplexedand miniaturized
electrochemical sensing platform can be used in point-of-
care devices for simultaneous sensing of multiple analytes.

Index Terms— Carbon dioxide lasers, carbon gas
diffusion layer, electrochemical analysis, electrochemical
electrodes, miniaturized devices, multisensor systems,
physiological analytes, PMMA.
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I. INTRODUCTION

M INIATURIZED detection devices play a vital role in the
healthcare sector as they offer features like affordability,

easy handling, the requirement of less sample volume, and
the possibility to get instant results. Owing to these benefits,
miniaturized device-based diagnostic tools can be used to
monitor and detect biomarkers for contagious diseases under
nonlaboratory settings where expert technicians and advanced
laboratories are not easily accessible. For miniaturized device
fabrication, different substrates like paper, glass, polydimethyl-
siloxane (PDMS), and PMMA are generally used. Among
these substrates, PMMA is being widely used in the micro-
fabrication process [1]. In comparison to other well-known
substrates, PMMA has salient advantages due to its unique
features like electrochemical inertness, electric and mechanical
properties, good transparency, and cost-effectiveness [2]. Lit-
erature reports substantial works wherein PMMA is used as a
substrate for electrochemical detection. For instance, a PMMA
microfluidic device, using thick photoresist film with screen-
printed electrodes and a microchip for the detection of ascorbic
acid (AA) and uric acid (UA). A portable electrochemical plat-
form was fabricated on the PMMA substrate and the electrodes
were integrated using the lift-off process. The platform was
then validated for chromium detection [3]. In another work,
the graphite electrode was integrated on a PMMA sheet and
the setup was tested for dopamine and the detection limit
was found to be 50 nM [4]. Three integrated microelectrodes
were fabricated by the photolithography process on PMMA
and the performance of the device was evaluated by testing
dopamine and ruthenium chloride [5]. Another CO2 laser
ablation process was carried out on a glass substrate, and
catechol, UA, and dopamine were analyzed for proof of appli-
cation [6]. The CO2 laser was used to create microchannels
on a 1-mm PMMA sheet and the working electrodes (WEs)
were fixed using the conventional photolithography method to
sense carcinoembryonic antigen through the electrochemical
method [7].

Furthermore, harnessing carbon nanomaterial deposited
electrodes has seen tremendous growth in recent times. For
instance, various electrodes, with different carbon nanotubes,
were integrated on the PMMA substrate platform. Subse-
quently, they were used for the detection and separation
of some purines and phenolic-based compounds using a
capillary electrophoresis process. The literature reports a sub-
stantial amount of work wherein such carbon-based materials
have been utilized in bulk systems for sensing applications.
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For instance, the electroactivity of UA was studied with
a single-walled carbon nanotube modified gold (Au) elec-
trode [8]. The anodic peak was observed at 0.45 V, and a
further limit of detection (LOD) was found to be 0.005 μM.
Even multiwalled carbon nanotubes modified on the stan-
dard glassy carbon electrode (GCE) electrode for the elec-
trooxidation of caffeine and AA have been reported [9].
In another work, UA and dopamine were detected with
improved selectivity and sensitivity by using a combination
of glassy carbon and graphite pyrolytic electrode [10]. The
mesoporous carbon, drop-coated on the graphite pyrolytic
electrode [11], and GCE were also utilized for the successful
detection of AA, UA, and dopamine. To validate the work,
serum sample analysis was also performed. Helical carbon
nanotubes were functionalized with polymers and pretreated
with chemicals to increase its adhesion with the substrates
and dispersibility. This was used for the sensing of dopamine,
AA, and UA with a large linear range and a low level of
detection limits [12]. Graphene has drawn tremendous interest
from scientific societies in recent years as a new carbon
substitute. Graphene oxide [13], graphene oxide/poly(L-
lysine) [14], graphene-modified with gold and multiwalled
carbon nanotubes [15], Gr/SnO2/Fe3O4[16],eriochromeT black
and gold (Au) on graphene [17] have also been reported for
electrochemical sensing.

In recent times, other carbon-based materials, carbon
nanofibers, and its surface modified electrodes have proven
to produce an excellent electrocatalytic effect. Owing to the
high surface area, good electron transfer, and biocompatibility
toward biological compounds, they have been utilized broadly
for electrochemical sensing applications [18]. Furthermore,
even though PMMA has been widely used as a substrate for
fabricating microfluidic platforms, very scant reports about the
integration of carbon fiber (Toray) onto it as an electrochemical
sensing platform are available.

UA, AA, dopamine, and xanthine are present in biological
fluids like urine and human serum. Dopamine acts as a neu-
rotransmitter, influences hormonal activity, and plays a major
role in the human body. Its abnormality can result in neurode-
generative disorders like Parkinson’s disease. UA and Xanthine
are purine metabolism degradation products. In humans, the
concentration of UA ranges from 120–450 μM per liter and
in urine ranges from 1.4–4.4 mM per liter [19]. Abnormal
levels of UA can cause several diseases including Lesch–
Nyhan syndrome, Leukemia, and hyperuricemia. The clinical
levels of xanthine are 10–20 mg per milliliter [20] in the
blood, and the abnormal levels of xanthine can lead to diseases
like xanthinuria, toxemia, and renal failure. AA is a major
antioxidant and its deficiency can result in many disorders.
It plays a significant role in many biological processes includ-
ing improvement of immunity and cancer prevention.

Significant reports, wherein the analysis of individual ana-
lytes or multiple analytes is accomplished in a conventional
bulk volume system encompassed with a modified GCE,
have been reported. For example, Teymourian et al. [21]
reported Fe3O4 magnetic nanoparticle-based reduced graphene
oxide nanosheet decorated GCE for multiple analyte
detection like AA, D, UA, nicotinamide adenine dinu-
cleotide (NAD) + hydrogen (H) (NADH), lactate, and
H2O2, however, it involves a complex electrode preparation
procedure. Similarly, Troiani et al [22] reported pretreated

poly(1-aminoanthraquinone)-modified electrode for simultane-
ous determination of AA, dopamine, and UA in the bulk sys-
tem. Han et al. [23] utilized GCE/chitosan-graphene-modified
electrode for multiple detections of AA, D, and UA while
Dursum and Gelmez [24] reported GCE modified with Pt
nanoparticle and multiwalled carbon nanotubes for analysis
of AA, UA, and D. Likewise, Thiagarajan and Chen [25]
demonstrated the use of a hybrid of gold-platinum film for
AA, UA, and D.

In a recent study, Atta et al. [26] explored crown
ether-modified poly hydroquinone and carbon nanotube-based
electrode for simultaneous determination of levodopa, UA,
tyrosine, and AA in biological fluids. An interesting strategy
for the detection of dopamine using electrostatic repulsion
along with mitigated interference from AA and UA has also
been reported. Similarly, various studies with the utilization of
metal nanoparticles, such as Au, ZnO, FeO2, Ni nanocluster,
carbon nanotubes, Tin-graphitic carbon, Carbon dots /Fe3O4,
and Zeolite, have been reported recently. All these current
studies either utilize lengthy electrode preparations, such as
modifications with expensive nanoparticles or are performed
in bulk volume, thereby making them handy in lab-based
detections. Table I summarizes some of the recent reports
in the literature with information on the technique used and
the LODs obtained for various analytes. Most of the papers
reported in the literature with low detection limits of AA,
D, UA, and X, use a redox mediator as a catalyst for
detection [27]–[29]. However, in the present case, the bare
Toray paper is employed as the WE. It is plausible that the
unique fibrous structure of this article enhanced the shuttling
of electrons. The literature portrays that such types of stud-
ies involving carbon fiber as WE have been accomplished
in bulk systems wherein, more electrolyte-sample volume
is required. Very scant reports are available for miniatur-
ized/microfluidic electrochemical sensing platforms. In fact,
to the best of our knowledge, this report is the first of
its kind.

In the current article, a simple and affordable electrode has
been utilized as WE without any chemical modifications and
purification. The uniqueness of this platform is conferred by
the usage of bare Toray as a multiplexed sensing electrode.
No extra tedious electrode fabrication procedures are involved.
A droplet-based sensing platform has been fabricated, wherein
the volume of sample required is minimal (10 μL). Herein,
the combination of carbon fiber electrode (Toray) integrated
with the PMMA substrate for AA, D, UA, and X detection
has been utilized. Toray paper, conductive carbon ink, and
Ag/AgCl paste have been harnessed as a WE, the counter
electrode (CE) and the reference electrode (RE), respectively.
All three electrodes were integrated into a single platform,
therefore, making it portable for point-of-care analysis. Using
a CO2 laser, microchannels were created on PMMA. Counter
and REs were screen-printed in the microchannels while the
WE was integrated using adhesive. It was found that the
fabricated platform gave remarkable electrochemical oxidation
of the aforementioned bio-analytes. To validate the device,
biological compounds in human blood serum samples were
tested and remarkable recovery values were achieved. This
fabricated device is an archetype for developing, multiple
bio-analyte testing miniaturized platforms for point of care
analysis in real-time.
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TABLE I
PREVIOUSLY REPORTED WORK DONE IN A BULK SYSTEM FOR THE

DETERMINATION OF BIO COMPOUNDS

II. CHEMICALS, APPARATUS, AND FABRICATION

A. Materials and Apparatus
Sodium phosphate dibasic dihydrate, sodium phosphate

monobasic anhydrous, AA (AA), Dopamine (D), UA, Xan-
thine (X) and were procured from Sigma Aldrich. The
deionized (DI) water system procured from Milli-Q (18.2)
M�.cm which is used throughout all the experiments to
prepare a pH buffer solution. The screen-printed conductive
carbon ink was purchased from Engineered Materials Systems,
Inc. (Ohio, USA). The Ag/AgCl paste was obtained from ALS
Corporation Pvt Ltd (Tokyo, Japan). Toray paper was procured
from Fuel Cell Store (Texas, USA). The Potentiostat (SP-150)
was purchased from Biologic (Seyssinet-Pariset, France) while
the CO2 Laser (VLS 3.60) was procured from Universal Laser
Systems (AZ, USA).

B. Toray Platform Fabrication
The electrochemical platform was fabricated using 2-mm

poly (methyl methacrylate) PMMA as a substrate owing to its
unique properties like transparency and resistance to fouling,
and so on. In the first step, “dxf” file was designed using
AutoCAD-2018 and transferred to the CO2 engraver system
via laser printer software. In this, a classic univariate approach
was followed to engrave [30] the 2-mm acrylic sheet. Based on
the initial trials, the optimized parameters like speed, power,
and parts per inch (PPI) were optimized as: speed = 8 m/min,
power = 10 W, parts per inch (PPI) = 1000. A plain PMMA

Fig. 1. Cyclic voltammetry response with 1-mM concentration of (a) AA,
(b) dopamine, (c) UA, and (d) xanthine in pH 7 PBS at 10 mVs−1.

sheet (length = 35 mm, width = 20 mm, and thickness =
1 mm) as shown in the Scheme 1(a). Using a CO2 laser,
to hold the electrodes, three microchannels [Scheme 1(b)]
were engraved on the PMMA substrate with dimensions
30 mm × 2 mm for the reference and CEs, and 30 mm ×
3 mm for the WE. After engraving, the conductive carbon ink
was filled in the CE microchannel and silver paste was filled
in the RE microchannel using the screen printing process [as
shown in Scheme 1(c) and (d)]. The platform was dried in the
oven at about 70 ◦C for 20 min. The Toray carbon paper was
integrated into the central microchannel using double-sided
tape [Scheme 1(e)]. 10 μL volume of working sample was
used throughout the experiments.

III. RESULT AND DISCUSSIONS

A. Electro-Catalytic Oxidation Studies
The aforementioned bio-compounds were tested on the

fabricated platform for electrocatalytic oxidation using cyclic
voltammetry in pH 7 PBS 1 mM of AA, D, UA, and X each
were used as test samples. The optimized potential windows
were −0.4–1, −0.5–0.5, −0.7–1, and 0–0.8 V, respectively.
As can be seen in Fig. 1(a)–(d), distinctive oxidation peaks
for AA, D, UA, and X were observed at a (E’) potential
of 0.19 V [31], 0.05 V [32], 0.22 V [33], and 0.40 V [34]
respectively. It is suggestive that the Toray paper WE, in the
designed platform, gave sensitive oxidation of the tested
bio-analytes. The control experiments, wherein the WE was
subjected to pH 7 PBS alone, failed to give any such response
thereby, authenticating that the peaks obtained correspond to
the electro-catalytic oxidation of AA, D, UA, and X only.

B. Effect of Potential Scan Rate
The effect of varying potential scan rates on the electro-

catalytic activity was analyzed to understand the electron
transfer mechanism. Fig. 2(a)–(d) depicts the CV response
of various scan rates for 1 mM of each of the analytes.
The linear scan rate ranges were 10–200, 10–240, 10–120,
and 10–200 mVs−1 for AA, D, UA, and X, respectively.
It is observed that, with the increase in the scan rate, there
was a systematic linear growth in the anodic current for all
the bio-compounds [Fig. 2(a)–(d)]. As shown in the inset of
Fig. 2(a)–(d), the corresponding baseline-corrected calibration
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Scheme 1. (a) Plane PMMA substrate. (b) CO2 Laser engraved microchannels to place the electrodes. (c) CE by filling carbon paste in one of
the microchannels using screen-printing process. (d) Reference electrode by filling Ag/AgCl paste in another microchannel. (e) PMMA platform was
kept in an oven for drying. (f) WE by placing the Toray paper in the final microchannel. (g) Integrated three electrode PMMA electrochemical sensing
platform.

Fig. 2. Scan rate effect of (a) AA, (b) dopamine (c) UA, and (d) xanthine
with an increase in scan rates. Inset baseline calibrated plots for the
same.

plots showed linearity, depicting that the electrocatalytic oxi-
dation of AA, D, UA, and X, mediated by Toray paper, obeys
a surface-confined electron transfer and follows the Randles
Sevcik equation [35]

Ip = (2.69 × 105)n3/2 AD1/2v1/2C (1)

wherein C = concentration of bio compounds, A = electrode
surface area 2 mm2, υ = scan rate, n = number of elec-
trons involved in rate-determining step, D = charge transfer
coefficient.

C. Effect of Concentration
Square wave voltammetry (SWV) was performed to explore

the effect of the variable concentrations of these biologi-
cal compounds. The optimized parameters for SWV were
pulsewidth = 50.0 ms, pulse height = 25.0 mV, step
height = 10.0 mV, final potential (E0 = 1, 0.5, 0.8 and
0.5), and initial potential (Ei = −0.4, −0.5, −0.7 and 0).
It can be observed from Fig. 3(a)–(d) that with the increase
in the concentration, a well ordered, increase in the oxidation
peak is observed. The linear concentration ranges for these
compounds (AA, D, UA, X) under the optimized parameters
were 100–1000, 40–1000, 20–1000, and 10–100 μM, respec-
tively. Baseline corrected, respective calibration plots [inset of
Fig. 3(a)–(d)], and between various concentrations and peak
currents gave linearity passing from the origin. The calculated
detection limits LODs were 89.65, 38.94, 18.71, and 9.01 μM,
respectively.

D. Interference Study
The electrocatalytic oxidation potential for these biological

compounds (AA, D, UA, and X) are observed to be quite
close. Since these compounds co-exist in the physiological
system, it is imperative to test them simultaneously for mon-
itoring their interference. The appearance of a clear distinct
peak for each analyte authenticated the interference miti-
gated analysis. As observed in Fig. 4(a), all the bio-chemicals
(AA, D, UA, and X) gave distinct peaks without any overlap.
Therefore, no interference with each other was observed.
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Fig. 3. SWV response of increasing concentration of (a) AA, (b) D, (c) UA
and (d) X in 0.1 M of PBS. Inset are the baseline-corrected calibration
plots for the same.

Fig. 4. (a) Squarewave voltammetry (SQW) response of effect of inter-
ference in 0.1-M PBS pH 7. (b)–(e) Interference with other biochemical.

Furthermore, various other bio-chemicals like hydrogen perox-
ide, nitrate, nitrite, cysteine, glucose, and hypoxanthine were
also explored. As observed in Fig. 4(b)–(e), no significant
interference is found as the peak current is unaltered post the
addition of various biochemicals.

E. Real Sample Analysis
To explore the amenability of the presented miniaturized

platform for the real sample analysis, human blood serum
samples were used. The samples were obtained from BITS-
Pilani, Hyderabad Campus, Medical Center from healthy
volunteers. The blood was centrifuged at around 3500 rpm
for 15 min and the serum was then collected. A standard

TABLE II
REAL BLOOD SERUM SAMPLE STUDY ON PMMA PLATFORM

addition approach was adopted. Standard solutions of AA with
concentrations 100, 200, 400 μM; D with 40, 60, 80 μM; UA
with 20, 40, 60 μM and X with 10, 20, 40 μM were spiked
based on their linear standard concentration ranges as observed
in Fig. 3(a)–(d). Finally, the SWV for each spike was taken
and the recovery values were calculated. Table II reflects the
real sample analysis wherein, excellent recovery values were
obtained.

IV. CONCLUSION

In the present article, a Toray paper-based miniaturized
electrochemical sensing platform, using PMMA sheet for
selective and specific sensing of AA, D, UA, and X has been
realized. CO2 laser ablation technology was used to create
microchannels on the PMMA to place the electrodes using
different methods. In the developed platform, screen-printed
carbon paste served as the CE, Ag/AgCl ink as RE and
bare Toray paper as a WE. Toray paper exhibited remarkable
oxidation of AA, D, UA, and X using cyclic voltammetry. The
scan rate effect revealed that it is a surface-confined reaction
mechanism. Further, concentration-effect was also carried out
and linear concentration ranges for these compounds (AA, D,
UA, and X) under the optimized parameters were 100–1000,
40–1000, 20–1000, and 10–100 μM, respectively. The cal-
culated detection limits (LOD) were 89.65, 38.94, 18.71,
and 9.01 μM respectively with an S/N ratio of 1.5. The
miniaturized PMMA platform was also successfully applied
to real sample analysis in human blood serum, which gave
excellent recovery percentages thereby proving the practical
applicability of the designed platform.
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Abstract 

Monitoring the human body temperature has become mandatory during the ongoing COVID-

19 pandemic situation. With the constant rise in the case load, keeping the safety of the health 

care personnel and the elderly, contact- less devices rendering precise values are in great 

demand. Recent technological advancements have made infrared (IR) thermometers, the 

choice for touch less screening of multiple individuals. Even then the measurement accuracy 

of such thermometers is affected by many factors which may include   the range of 

measurement   from the individual’s site, the location of the thermometer near forehead, wrist 

or ear and the presence of ambient temperature. Considering these factors, we describe the 

assembly of an Arduino-based digital IR thermometer with distance correction using the 

MLX90614 IR thermometer and HC-SR04 ultrasonic sensors and a 16 *2 LCD display with 

both ambient and volunteers' temperature being displayed. Also, the distance compensation 

methods are incorporated in the program. This would ensure accurate readings and 

measurements for a final assembled digital IR thermometer. 

 

Keywords: Infrared, Ultrasonic sensor, Arduino nanoSKU 648418, touchless 

thermometer,HC-SR04,MLX90614, 16*2 LCD. 

Introduction 

Fever is one of the common symptoms [1] of COVID-19, but due to its contagious effect, its 

measurement methods  become a challenging task to the medical community. Hence it is 

important to perform the temperature detection of patients fast and possibly without any 

physical contact, and without a human intervention. Besides, the epidemiological and 

laboratory researches have revealed that ambient temperature could possibly affect the 

existence and spread of Corona virus [2], so that a continuous monitoring of temperature, 

which includes both ambient and body temperature, is an essential parameter to be performed 

in the contrast of COVID-19.  

 The adoption of thermo graphic systems in the framework of pandemic situations, 

during the screening process for rapid temperature measurements of many individuals 

quickly and safely without allowing the thermometer to be a vector of pathogen transfer are 

crucial, thus making contact infeasible, ruling out the measurement sites. 

Early methods of measuring body core temperature utilizing contact mercury 

thermometers are replaced by the safer and more convenient electronic thermometers at the 

sublingual, armpits, ear canals, and in some rare occasions, the rectum and auxiliary for 
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accuracy [3]. Many of these surface measurement sites, specifically the temporal and central 

forehead, reflect lower readings than internal sites such as the tympanic temperature readings, 

the current gold standard to represent the body core temperature [3], especially given the 

impracticality of rectal/anal temperature takings. 

Infrared (IR) thermometers would fulfil this gap by measuring the surface temperature 

without direct contact, which is through detecting the amount of thermal or black-body 

radiation emitted by the object. Additionally, these thermometers are now commonly used in 

clinical practices [4], as well as routinely during the pandemic for self-monitoring and 

screening at the entrances of public places. 

Thus the recent  advancements made in infrared (IR) thermometers became a reliable choice 

for contactless screening of multiple individuals. Though  the measurement  accuracy of such 

thermometers is affected by many factors including the volunteers’ forehead or hand or the 

ear  and the distance range from the point of measurement. Considering  these issues , an 

Arduino-based digital IR thermometer with range consideration using the MLX906149 [5] IR 

thermometer and HC-SR04[6] ultrasonic sensors with an LCD display is demonstrated in the 

present paper. 

Coupled with some analysis of measurement sites, we also found ways to programme 

compensation methods for the final assembled digital IR thermometer to provide more 

accurate readings and measurements. Experiments were conducted to validate distance  

adjustments considered in the software, and also  the effects of measurements on different 

measurement sites like fore head, right ear and wrist of the volunteers. 

2. Materials and Methods 

2.1. Components and Specifications 

Arduino Nano (SKU 648418, Italy), ultrasonic sensor (HC-SR04) [6], infrared 

sensor (MLX90614) [5], and 16 *2 display were used. A factorycalibrated MLX90614 

infrared sensor, suitable for a wide range of temperatures between- 40 °to 85 ° C for the 

ambient temperature and 70 to 1030 °C for the target object temperature,provided the average 

temperature of all objects within sweep angleof the sensor, as well as a standard accuracy of 

0.5 °C around room temperature. TheUltrasonic Sensor HC-SR04 emits a 40 kHz ultrasound 

and computes the distance based onthe time taken to detect the ultrasound wave reflected off 

an object. A 16*2 mono colour character LED display is incorporated to observe the value. 

 

2.2. Assembly of touch less Thermometer 

The design and development of the thermometer in this sensor were imported and 

modified from online instructions [7] It consists of  hardware design,mechanical assembly, 

the electronic circuit, the microcontroller programming using arduino nano. 

2.2.1. Physical Assembly 

Figure 1a shows the physical mount of the touchless thermometeralong with the 

components: IR sensor, ultrasound sensor, Arduino Nano and 16 * 2 LCD display. It also 
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comprises of the battery holder and a reset button .The circuit design is implemented in 

ORCAD and the arduino nano is programmed in embedded C using the Arduino IDE 1.8.13 

2.2.2. Circuitry Design and Implementation 

The Arduino Nano [8] microcontroller, in which the copper wires from the sensor pins 

of the ultrasonic sensor(Figure 2a), IR sensor(Figure 2b), LCD (Figure 2c) and reset button 

were solderedwith a 9 V battery supplying 3.3 to 5 V to the circuit (Figure 1a). 

 

2.3. Programming Arrangement 

The Arduino IDE 1.8.13 software is used to program the microcontroller. After every 

press of the  reset button the sensor starts measurement within 2–4 cm from the site of 

measurement  like forehead, ear or wrist. Ten  readings from the ambient and surface body 

temperature are  made and the average is shown. The ultrasonic sensor detects the distance 

from the target area and calculates the average of ten readings. With the inputs of distance 

and temperature to the algorithm, the compensated reading from the algorithm would be 

displayed on the mono colour16 * 2 LCD display 

Compensation adjustment equation was derived from the regression analysis of the 

relationship between the oral temperature values and the measured values. Compensated 

values by the IR thermometer were used as the dependent value, while the measurement 

values by the IR thermometer and ambient temperature were each viewed as independent 

variables. 

2.4 Sensor considerations 

2.4.1. Infrared Sensor 

For precise measurement of the absolute temperature of the spot, the device temperature 

needs to be kept small with a stable ambient temperature. To compensate the proximity 

effects, a distance-to-site ratio (D/T ratio) is built in the algorithm. Specifically, the area 

measured increases as the distance increases. The  IR temperature sensor MLX90614 used in 

this project  has a sweep angle of 80 degrees as specified by the manufacturer. This translates 

to a D/T ratio of 1:1.60. Setting the average height of the position of the measuring unit to be 

at 59 mm as the condition [9]. For a maximum horizontal distance  the IR temperature sensor 

can accurately measure the temperature of the spot approximately at 4 cm. Beyond this 

distance, flanking areas of the site of measurements would also be sensed so that the accuracy 

may get affected. 

2.4.2. Ultrasound Sensor 

The ultrasound sensor consists of a transmitter sending an ultrasound wave and a 

receiver detecting the reflected wave by the targeted physical object. The time taken between 

the transmission and detected wave is registered for the calculation of the distance from the 

speed of ultrasound waves at 330 m/s by the programmed Arduino Nano. 
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Figure 1a the physical picture of the touch less Thermometer 

 

Figure 1b Schematic of the assembled digital IR thermometer consisting of: Ultrasonic 

sensor HC-SR04, reset button,  Arduino Nano board, LCD  display  and IR temperature 

sensor MLX90614. 
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Figure 2a Ultrasonic sensor HC-SR04 component 

 

Figure 2b  Infrared sensor MLX90614 

3 Experimental section 

The experiment is performed on6 volunteers between the age limit of 20 to 40  years 

inorder to study the accuracy of the unit. The observations were recorded in an air-

conditioned environment of 20 to 24 °C for a relatively constant ambient temperature. 

Volunteers were allowed to relax for a time of 10 min before making their temperature 

measurements. A sterilized Omron digital thermometer MC-343F was used to measure the 

oral temperatures, which was also set as the target point for compensation adjustments.  

In the first experiment, the IR thermometer was used to measure the volunteers 

temperatures at three different body locations viz. forehead, wrist and the  right ear and at 

varying distances from the forehead (2–4 cm, at 0.5 cm step measurements) as shown in 
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figure 3a and 3b . The range of 2–4 cm is based on the minimum and maximum allowable 

horizontal distance that the IR temperature sensor can accurately measure (2–4 cm) as per the 

manufacturer’s specifications. The IR and oral temperature readings from the first experiment 

set were used for compensation adjustments and stored. Then, the calibrated IR thermometer 

was used to measure the forehead temperatures of volunteers and test its performance and 

deviation from the oral temperature. Data from each experiment were plotted with the 

distance againstthe temperature as shown in figure 4a,4b and 4c. 

 

Figure 2c16 *2 LCD display 

3.1. Temperature measurement on the Forehead, wrist and right ear 

Although not visible to the human eye, all objects emit infrared light rays and the 

concentration varies depending on temperature. By detecting the IR rays, we can perceive the 

temperature range. The MLX90614 thermometer sensor works using this principle. 

MLX90614 is a powerful infrared sensing device with a very low noise amplifier and a 17-bit 

ADC. It enables high accuracy and resolution for the thermometer. The best part about the 

MLX90614 is it comes calibrated with a digital SMBus from the factory. This means that it 

will give an output with a high resolution of 0.02°C and can continuously transfer the 

measured temperature in the range of -20 to 120°C. 

 

Figure 3a  Volunteer measuring the forehead temperature  Figure 1b Volunteer 

measuring the wrist temperature 
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Figure 2a  Graph plotted between distance vs. fore head temperature  

of  six volunteers 

 

Figure 4b  Graph plotted between distance vs wrist temperature  of 6 volunteers 
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Figure 4c Graph plotted between distance vs. right ear temperature-of 6 volunteers 

Discussion 

The touchless IR thermometer recorded an average temperature within 0.30of the volunteers’ 

oral temperature. As measurements for oral temperatureare widely used to non-invasively 

measure the body temperature, measurements of the 

forehead, wrist and right ear temperature with varying distances showed a regression of about 

0.95 to 0.901 with a linearity of 0.01  to0.03 and hence can be used to establish a threshold in 

the screening for fever. The IR thermometer obtained a better precision compared to the 

alternative and more expensivenon-contact IR devices and has improved distance 

compensation. In a separate study, 

tympanic and forehead temperatures taken by a BRAUN IRT-3020 had an error range 

of+0.2860 and +0.392 0C [10]. Another study showed tympanic and forehead temperature 

errors of +0.37 0 C and +0.36 0C respectively [11]. However, other contact devices such 

as the rectal thermometer, with a small error range of 0.05 0C [12] outperformed the current 

improved thermometer. Still, our improved device costs only a fraction of commercial 

IR thermometers and was sufficiently accurate to be considered as a low cost alternative 

(~USD 5) to the current entry level IR thermometers (>USD 80) in the market. 

This non-contact device is more convenient than the tympanic or rectal thermometers. 

 

Conclusions 

Forehead temperature measurements using an IR thermometer play an important role 

of rapidly screening for fever to identify the infected individual. The performance and 

precision of an IR thermometer for forehead temperature screening were studied together 

with the design and implementation of an improved infrared temperature sensor-based 

system with distance sensing capabilities. It is observed that the measured temperatures 

were well within the 0.30 C variation of their oral temperature over the distance of 

2–4 cm, resulting in a  similar performance to commercial thermometers. While minimal,  

temperature differences between the actual temperature and the one 
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measured with the touch less thermometer at the fore head and the wrist or the right ear  

with a programmed software compensation in the distance of the site we conclude the  

validity of the human temperature measurements safely and effectively without a manual 

 operator. 
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Abstract 

The dynamics of DTQW can be accelerated by adjusting the evolution parameter over time 

(AQW). This paper shows how accelerated DTQW dynamics can be used to control and enhance 

system entanglement. Destruction of the coin characteristics in space and time can cause spatial 

and temporal disorder. Disordered DTQW can simulate Anderson localization, weak 

localization, and analyse localised dynamics. By accelerating the parameter in a disordered 

DTQW system, the disordered system can be de-localised.  

Introduction 

DTQW has been realised on many quantum devices. On an NMR system, nuclear spins represent 

the coin and position state. Radio frequency is used to tune spin coupling between two 

neighbouring nuclei. Ion-trap simulates the coin state as being hyperfine, and position states as 

being quantized energy states caused by ion oscillation[1-3] wave-guides, q-plates, phase 

shifters, and beam splitters are used in photonic systems to implement quantum walk and 

evolution operations. In cavity QED, atoms' electronic levels are coin states, and photon numbers 

map to position states. The atomic level resonant interaction is linked to the coin operation and 

the change in photon numbers to the shift operation. Determining the practicality of DTQW 

algorithmic applications on quantum circuits is critical[4]. The first quantum circuit based 

DTQW implementation was on multi-qubit NMR.  The number of steps is limited by the number 

of qubits and coherence time. One must map the position state to the multi-qubit state for DTQW 

on quantum circuits. Recently, one such mapping on N + 1-qutrits superconducting system was 

reported to implement N-steps of DTQW. 
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 Its postulates are to identify the “mathematical universe” for modelling quantum phenomena (as 

n-dimensional Hilbert spaces with n the maximum number of distinguishable states of the 

system); to establish a correspondence between a quantum system and its mathematical 

abstraction (a quantum state is a “ray” in n-dimensional Hilbert space); and to describe the 

spontaneous eigenstates of quantum systems. Atomic or sub-atomic particle states hold quantum 

information. A qubit is a quantum information unit. Today's qubit physical embodiments 

include: 

Photon polarization encodes the information. 

 • An atom. The information is encoded in the electron spin.  

• QDs. Little devices with a small number of free electrons.  

Quantum dots can have a single electron or a cluster of thousands of electrons, depending on 

their size and form. Semiconductor materials; diameters range from nanometres to microns. 

The information is encoded as electron presence/absence. • An optical cavity atom. 

• An ion in a trap has two states. 

• NMR liquid (Nuclear Magnetic Resonance). 

Lattices NMR. 

• macro-gas clouds 

• Diamond nitrogen vacancies 

• Josephson nexus 

Quantum data has unique properties: We can't reliably distinguish non-orthogonal quantum 

states due to superposition. The randomization of a quantum computer's internal state owing to 

environmental interactions is known as decoherence[5-6]. 

Conceptually, decoherence can be avoided by using quantum fault-tolerant circuits, quantum 

error-correcting codes, and entanglement purification and distillation. Significant progress 

should be achieved in all of these areas before quantum computing is feasible. This tutorial 

introduces basic quantum computing and quantum information theory ideas and applications. 
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Then we give some experiments that reveal quantum effects. We review the fundamental 

quantum mechanics ideas required to comprehend quantum devices. Quantum gates and 

quantum circuits are used to change a quantum system's state and so process information. Each 

of these gates is a classical logic gate[7-8]. We can also mimic any n-qubit quantum circuit using 

one-qubit gates and CNOTs. These global quantum gates show: To perform any unitary 

transformation A on n qubits, Uk must act on two or fewer computational basis states. (ii) Each 

transformation Uk is a product of one-qubit gates and CNOTs. (iii) A one-qubit gate's 

transformation can be approximated well by the three gates in the set (H, S, T). 

Mathematical calculations, internet searches, economic modelling, weather forecasting, and 

other tasks tax even the most powerful computers. Computers are fundamentally inefficient, not 

because microprocessors are slow. Modern (classical) computers work by dividing a task into 

elementary operations, which are then executed serially, one by one. Parallel computing has been 

attempted for some time, but progress has been slow and patchy[9]. The reason is because 

microprocessor logic is essentially serial (typical computers appear to be executing multiple 

tasks at once, such running a word processor and a spreadsheet software, but in reality the central 

processor is merely cycling fast between jobs). A parallel computer's nature would imply 

simultaneity. It would be able to search quickly through a huge list of options to find the one that 

solves the problem. These machines exist. QCs (Quantum Computers Quantum parallelism is the 

more fascinating aspect of quantum computing. A quantum system is in a “quantum state” which 

is a superposition of multiple classical or classical-like states. This is the linear superposition 

concept used to build quantum states. In order to avoid undesired entanglement with the 

environment (decoherence), a quantum computer must be shielded from unwanted entanglement. 

Quantum parallelism on a serial machine[10]. 

To compute all values of a function f(x) of a binary vector x of length n, we require either one 

copy of the circuit and 2n time steps (assuming one time step to compute one input) or one time 

step and 2n copies of the circuit. In one time step, a quantum circuit can compute all 2n values of 

the function. The circuit's output is a superposition of all possible f values (x). We illustrate 

quantum parallelism with a “oracle” that can determine whether a binary function is balanced 

(the Deutsch problem). A practical example of a test to verify if a function is balanced is a voting 
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machine. Suggestion: use two input buttons one for each candidate and an output display. We 

analyse the results as we press each button[11]. 

If the findings are same, the machine is broken. If the two results differ, the machine may or may 

not work. A quantum circuit for Deutsch's dilemma and show how to calculate a quantum 

circuit's output: It is necessary to split the circuit into stages, compute the transfer matrix of each 

stage as tensor product of the transfer matrices of each gate changing each qubit, and calculate 

the state of the circuit at the input as tensor product of ket vectors (in Dirac's notation). This 

technique is repeated for each stage until we have the output state. While discussing quantum 

information theory, we briefly touch on dense coding and quantum teleportation. Quantum 

computers and quantum information theory have incredible promise.[12]  Reversible quantum 

computers avoid conceptually irreversible processes and can dissipate energy arbitrarily 

efficiently. Solid state devices from 2000 require 31018 Joules/switching operation. Ralph 

Merkle of Xerox PARC calculated in 1992 that a 1 GHz computer with 1018 gates in a volume 

of around 1 cm
3
 would dissipate 3 MW of power. Solid state device power consumption grows 

with clock rate cube. 

 

In the single-particle DTQW dynamics, any parameter can be disordered. The Anderson 

localization (strong localization) and weak localization (disordered DTQW) have been widely 

studied. Using the quantum coin operator and a phase operator, we may add acceleration and 

disorder to the quantum walk dynamics. This allowed us to investigate the impact of localization 

in strengthening and preserving entanglement between two initially separated particles across a 

large number of quantum steps. Particle Anderson localization has been experimentally 

simulated [12]. The two particles are initially separated but after a few steps of walking they 

entangle and how disorder in such a movement affects localisation. The interaction between the 

particles and their limitation to one spatial dimension due to bosonic/fermionic nature is also 

introduced. Along with the well-established link of quantum walks with enormous Dirac 

equation [13-15], these inter-winding connections can be used to examine the connection of 

acceleration, mass, and entanglement in relativistic quantum mechanics and quantum field 

theory. Based on these findings, we will be able to model the dynamics of accelerated quantum 

particles using quantum walks. An analytical investigation is followed by a dynamic analysis of 
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the dispersion relations, with numerical data supplementing the analysis.  single- and two-

particle AQW dispersion relation and transfer matrix This shows how the probability amplitude 

changes from one point to another for a particular time-step and how it depends on the evolution 

operator's parameter. Then, to explore weak and strong (Anderson) localization in the accelerated 

DTQW, temporal and spatial disorder is introduced in one of the evolution operator's parameters 

(coin operator). 

With increasing acceleration, AQW probability amplitude extends over more space. In one 

dimension, two-particle DTQW entanglement is similar to single-particle AQW. We also show 

that in the case of two particles, even if the initial state is separable, the particles entangle after a 

few steps of quantum walk, but the entanglement decays with time. [16-17] The decay time 

decreases with acceleration. A similar trend holds for disordered two-particle AQW. 

 

 

Fig Effect of accelerating parameter a on quantum component 
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Fig. 2 Probability distribution 

 

Conclusion  

Enhancement of entanglement between the particle and the space in which it moves Single-

particle DTQW's entanglement between its particle and its position space reaches its maximum 

value faster for faster acceleration and then reaches its maximum value and then stops. There 

have been earlier results that show that entanglement between particles and space increases 

because of temporal disorder .This fits in well with that. A lot of the time, entanglement gets 

better because of how quantum coins work, but this is just one example of how randomness in 

time can make it even better. 
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ABSTRACT 

Plants are vast and diverse sources of bioactive compounds, among which secondary metabolites are the most dominant class 
of organic compounds. Researchers are keenly interested in natural products because of the complexity of their chemical 
structures and biosynthetic pathways. Hyptis suaveolens is is an ethnobotanically important medicinal plant belonging to the 
lamiaceae family. Plant extracts of this medicinal plant are widely used in traditional system of medicines as anti-
inflammatory, antispasmodic, antirheumatic, antispeptic etc. Present work highlights the phytochemical analysis of bioactive 
components in different Hyptis leaf extracts and antimicrobial activities of leaf extracts (LE) and leaf+inflorescence extract 
(LIE). The presence of phytochemicals like- glycosides, proteins, steroids, phenols and tannnins was observed in all the leaf 
extracts. The antimicrobial activity of Hyptis leaf extracts against human pathogenic bacteria and fungi was also assessed in 
the form of zones of inhibitions. The microorganisms under study exhibited spectral differences in their susceptibility towards 
Hyptis leaf extracts and leaf+inflorescence extract (LIE). Out of the four leaf extracts (Steam distilled, methanolic, ethanolic 
and chloroform), steam distilled extracts exhibited broad spectrum antibiotic and antifungal activity against the tested 
microorganisms. Highest antibacterial and antifungal activity was observed against Staphylococcus aureus and Fusarium 
oxysporum. Further detailed characterizations of the phytochemicals may lead to discovery of new family of antimicrobial 
compounds. 

Keywords - Hyptis suaveolens, leaf extract, inflorescence extract, antibacterial, antifungal, synergistic effect 

I. INTRODUCTION 

Since times immemorial, plants have been treasured sources of natural products for maintaining human health. Indians and 
Chinese have been using plants as medicines for pain management, inflammation, weight reduction etc., in traditional system 
of medicines. Due to their medicinal importance, plant extracts have been extensively used in Ayurveda to treat major 
ailments in naturopathies. Plants contain an arsenal of compounds called as phytochemicals which are exploited by 
pharmaceutical companies for the development of novel drugs. There has been a burgeoning interest in isolating and 
characterizing novel non-nutritive plant chemicals and exploring their medicinal properties. Organic chemists have developed 
several isolation, separation, spectroscopic and structure elucidation methodologies constituting the foundation of 
contemporary phytochemistry. Phytochemicals which are products of secondary metabolism in plants, are known to possess 
antimicrobial activity and thus could be explored for therapeutic treatments (Edeoga et al., 2005; Savithramma et al., 2011). 
The antimicrobial properties of plants have been investigated by several researchers all over the world (Dorman and Stanley, 
2000; Bhalodia and Shukla, 2011). Hyptis suaveolens L. Poit., commonly known as wilayat tulsi or bushmint belongs to the 
family Lamiaceae. It is a potential medicinal herb which is reported to have high medicinal value and is widely seen in 
Telangana, India. The extracts and oils of this aromatic herb have been reported to have antimicrobial activities. This plant 
possess antispasmodic, anti-inflammatory, antiseptic, anticancer, antirheumatic and antifertility activity (Mandal et al., 2007). 
Due to increased resistance of pathogenic microbial strains towards existing antimicrobials, natural products have proved to 
be an effective alternative for the discovery of novel drugs. In order to discover new antimicrobial compounds, several 
research groups have been screening plant extracts to detect secondary metabolites with potential biological activities. These 
observations provided us a platform to determine the antimicrobial activity of leaf and leaf+inflorescence extracts of Hyptis 
suaveolens. We are reporting for the first time the antimicrobial activity of leaf+inflorescence, combined extracts of Hyptis 
suaveolens which synergistically are more efficient than leaf extracts alone. Results indicate antimicrobial potential of both 
the extracts strengthening the concept of employing these in pharma industry in the development of new antimicrobials.
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II. Materials and Methods

2.1 Sample collection and Authentication  
The fresh plant parts (leaves and inflorescence) of H. suaveolens were collected from Hyptis naturally populated area near 
shamshabad region of Hyderabad, Telangana in the month of September, 2018. The authentication of plant was done by 
Botanist, Dr. Mir Zahur Gul, Osmania University. The collected plants were initially washed thrice with tap water and finally 
once with distilled water. Excess water was drained by damping the plants on filter paper.  
 
2.2 Preparation of extracts 
Fresh samples (10g) each  of Hyptis leaves and inflorescence were extracted with 100ml of the solvents such as methanol, 
ethanol and chloroform. The solutions were later filtered through Whatmann No.1 filter paper and the filtrate were collected 
(crude extracts) and were evaporated (at 40ºC) with the help of heating mantle (Kumar and Thampi, 2015). While steam 
distillation of plant leaves and inflorescence was carried out according to the method of Moreira et al., (2010). The residues 
so obtained were weighed and reconstituted with respective solvents to a final concentration of 500µg/ml. 
 
2.3 Phytochemical Paneling 
Paneling of the plant extracts for various phytochemical constituents- carbohydrates, alkaloids, cardiac glycosides, coumarin, 
saponins, flavonoids,phytosterols, fats and oils, phenols, tannins and proteins  present was carried out using standard methods 
(Mozhiyarasi and Anuradha, 2016). 

2.4 Test bacterial and fungal cultures 
The bacterial cultures were obtained from IMTECH Chandigarh-Bacillus subtilis (MTCC-441), Staphylococcus aureus 
(MTCC-737), and Pseudomonas aeruginosa (MTCC-424) whereas, the fungi- Aspergillus niger, Aspergillus flavus and 
Fusarium oxysporum were obtained from Fungal Germplasm Culture Collection (FGCC), Rani Durgavati University, 
Jabalpur. The bacterial cultures and fungal cultures were maintained on nutrient agar and sabouraud agar (SDA) slants 
respectively and stored at 4ºC 
 
2.5 Preparation of inoculum  
Preparation of test bacteria inoculum was done by inoculating loopful of target bacteria (24 hour old culture) in 5 ml nutrient 
broth and incubated at 37±2ºC for 6-8 hours till a moderate turbidity was developed. The turbidity was adjusted to 0.5 
McFarland standard by adding distilled water which correspond to the cell density 1.5x108 (CFU/ml) (Mandal et al., 2007; 
Balouiri et al., 2016). Fungal cultures were grown for 5-7 days of respective fungi at 37±2 C. The sample of solvent extracts 
residue were dissolved in respective solvents and used as test extracts. Steam distilled plant extracts were dissolved in DMSO, 
5% (Dimethyl sulphoxide) solvent. Parallel controls of neat solvents served as negative controls. 
 
2.6 Disc Diffusion test for determining antibacterial activity (Zaidan et al., 2005) 
Nutrient agar and Sabouraud agar plates were employed for disc diffusion test. 1 ml inoculum suspension was spread 
uniformly over the agar medium to form a lawn of test bacteria using sterile spreader. The readily prepared sterile discs were 
loaded. Sterile filter paper discs (6mm diameter) each impregnated with different solvent extracted leaf and inflorescence 
extracts were placed at equidistance on upper surface of the seeded agar medium. The paper diffuse discs were placed on the 
medium suitably apart and the plate were incubated at ±2 C for 24-48 hours. The antimicrobial activity was recorded by 
measuring the width of the clear inhibition zone around the disc using zone reader (mm). Antibiotic disc Gentamycin sulfate 
(40mg/ml) was used as a positive control, while discs soaked in respective solvent were used as a blank control. 
 
2.7 Poisoned food technique for determining antifungal activity (Das et al., 2010) 
For determination of antifungal activity, 20ml of sterilized and cooled growth media (SDA) with 10mg streptomycin was 
poured into pre sterilized Petri plates. Requisite amount of plant extracts i.e. 1000 µg/ml were pipetted into the plates and 
were uniformly spread plated using spreader. The control plates contained the medium supplemented with different solvents 
instead of plant extract. After the solidification of the agar medium, inoculums of the test fungi (disc of 6 mm diameter cut 
from periphery from 7 days old culture with the help of sterile cork borer) were placed aseptically in each Petri plates of 
treated and control sets. The assay plates were than incubated at 30 ± C for 5-7 days. Nystatin (20mg/ml) was taken as a 
positive control. After the desire period of incubation diameter of the fungal colony of treated as well as control sets were 
measured. The percentage of mycelial growth inhibition was calculated by mean value of colony diameter by the following 
formula and the experiment was conducted in triplicates. 
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Percentage of mycelial inhibition = dc dt

 

Where, dc average diameter of fungal colony in control sets

dt -  average diameter of fungal colony in treated sets.  

 
 
2.8 Effect of mixture of Hyptis leaf and inflorescence extracts on microbial growth 
The antimicrobial activity of a combination of essential plant extract (leaf+ inflorescence) was measured by using filter paper 
disc diffusion method (Vincent and Vincent, 1944) for determining their possible synergistic activity. The essential plant 
extracts-leaf and inflorescence were blended with each other in 1:1 ratio. Thereafter, the methodology mentioned under 
preparation of spore suspension and test sample heading was followed. Aliquots of 20 ml seeded medium were poured in 
each sterile nutrient agar plates. Sterile filter paper discs (6 mm diameter) each impregnated with 10 µl of different solvent 
extracts (1:1) was placed at equidistance on upper surface of the seeded agar medium. The plates were then left undisturbed 
for 30 minutes to allow diffusion of the sample into the agar at room temperature the diameter of inhibition zone formed by 
different combination of plant extract was recorded after 24- C. Whereas, fungitoxic nature of 
the plant mixture was determined by applying poisoned food technique as described earlier. 
 

III. RESULTS AND DISCUSSION 

3.1 Phytochemical paneling 

Plants produce a wide variety of bioactive metabolites including tannins, terpenoids, alkaloids, and flavonoids which possess 
potential antimicrobial properties. In our present research work, Hyptis suaveolens, different leaf extracts showed the presence 
of carbohydrates, alkaloids, cardiac glycosides, coumarin, saponins, flavonoids, phytosterols, fats and oils, phenols, tannins 
and proteins  was confirmed by performing various phytochemical tests as depicted in Table 2. Similarly, phytochemical 
investigations of various extracts of leaf extracts of Hyptis suaveolens indicated the presence of carbohydrates, alkaloids, 
glycosides, steroids, flavonoids, phenols, terpenoids and proteins (Mozhiyarasi and Anuradha, 2016). Ethanolic extract 
contained alkaloids, glycosides, carbohydrates, proteins, steroids, flavonoids, phenols, terpenoids and quinones. Methanolic 
extract contained alkaloids, glycosides, carbohydrates, proteins, steroids, flavonoids and phenols. Chloroform extract 
exhibited positive results indicating the presence of alkaloids, glycosides, carbohydrates, proteins, steroids, flavonoids and 
phenols. Similar studies on phytochemical screening of Hyptis leaf extracts has been also undertaken by several researchers 
(Mandal et al., 2007; Kumar and Thampi, 2015; Mozhiyarasi and Anuradha, 2016). 
 
3.2 Antibacterial paneling 
In the present study, the antibacterial activity of Hyptis leaf extracts in different solvents was determined by measuring the 
width (mm) of the inhibitory zones by following disc diffusion method. The antibacterial activity was determined against two 
Gram positive bacteria i.e. Bacillus subtilis and Staphylococcus aureus; and one Gram negative bacteria- Pseudomonas 
aureus. The results obtained have been summarized in Table 2. Among all the extracts, steam distilled extract (essential oil) 
showed maximum antibacterial activity and significant inhibitory action against all the test bacteria. Maximum zone of 
inhibition was observed against Gram positive bacteria-Bacillus subtilis followed by Gram negative bacteria-Pseudomonas 
aeruginosa. In case of ethanolic extract, the inhibitory zone followed the same pattern as exhibited by steam distilled extract. 
On the other hand, chloroform extract showed significant and equal inhibitory action against Bacillus subtilis and 
Staphylococcus aureus. While methanolic extract exhibited least inhibitory action on nearly all the test bacteria as evidenced 
from the diameter of zones of inhibition. Reference antibiotic used was Gentamycin sulfate at 40mg/ml concentration and 
Table 2 also contains the zones of inhibition against different test bacteria. 
 
3.3 Antifungal paneling 
The fungitoxic spectrum of the plant leaf extract as measured by poisoned food technique is represented in Table 2. The 
antifungal activity of Hyptis leaf extracts in different solvents shows a distinctive pattern. As in the case of fungi, among all 
the extracts, steam distilled extract (essential oil) exhibited maximum antifungal activity against all the test fungi. Steam 
distilled extract (essential oil) was found to be the most effective antifungal against all the test fungi- Aspergillus niger, 
Aspergillus flavus and Fusarium oxysporum as evidenced by % mycelial growth inhibition, followed by chloroform, methanol 
and  ethanol extracts. On the whole, comparing the antimicrobial effects, antibacterial effect was observed to be more effective 
than antifungal effect. Reference antifungal used was Nystatin at 20mg/ml concentration and Table 2 represents % mycelial 
growth inhibition or antifungal activity against the test fungi. 
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3.4 Antimicrobial paneling of a combination of Hyptis leaf and inflorescence extracts
The combination of Hyptis leaf and inflorescence extracts was also assessed for its antimicrobial activity as shown in Table 
3. Results indicate a significant increase in overall antimicrobial activity. The combination of extracts was able to enhance 
the antibacterial activity towards all the test bacteria, while the fungitoxicity spectrum results too indicated an overall increase 
in antifungal activity. There was a simultaneous increase in both the antibacterial activity (Gram positive and negative) and 
antifungal activity by all the plant extracts indicating some synergistic action of the leaf and inflorescence extracts. Steam 
distilled leaf and inflorescence extracts synergistically enhanced antibacterial activity against Bacillus subtilis, followed by 
Pseudomanas areuginosa. While maximum % growth inhibition was achieved against Aspergillus niger by a combination of 
steam distilled extracts, followed by antifungal effect on Fusarium oxysporum and Aspergillus flavus. 
 
3.5 Antimicrobial paneling- Over the past few decades, there has been a whopping upsurge in the investigation of natural 
products as sources of novel antibacterial agents. Plants have been used to treat or prevent ailments since times immemorial 
and phytochemicals present in them possess a plethora of medicinal properties (Lewis and Ausubel, 2006; Sathish et al., 
2010; Savithramma et al., 2011). Several plant extracts have been extracted in various solvents and have been evaluated for 
their antimicrobial activities. Steam distillation, petroleum ether, and ethanol extracts from Hyptis suaveolens leaves were 
evaluated for their antimicrobial activity in vitro (Mandal et al., 2007). They observed that among the various extracts, steam 
distillation extract exhibited broad-spectrum antibacterial and antifungal activity against the tested organisms. Highest 
antifungal and antibacterial activity was reported against Aspergillus niger and Micrococcus luteus, respectively. Steam 
distilled extracts (SDE) contain essential oils as their major constituents which are known to possess antimicrobial properties. 
Monoterpene constituents in SDE exert membrane-damaging effects on microbial strains and also stimulate leakage of 
cellular potassium ions which is lethal to microorganisms (Asekun et al., 1999). 
In another research work, screening phyto-constituents and determining antimicrobial ability of various extracts of Hyptis 
suaveolens was done (Mozhiyaras and Anuradha, 2016). They employed disc diffusion method to evaluate antimicrobial 
activities of aqueous, ethanol, methanol, chloroform extract of Hyptis. Their studies indicated chloroform extract to exhibit 
inhibitory activity against Escherichia coli and Staphylococcus aureus; while ethanolic extract showed highest inhibitory 
activity against Pseudomonas aeruginosa and antifungal activity was recorded maximum against Aspergillus Niger. Thus, an 
arsenal of antimicrobial activities was recorded with various solvent extracts. In an another interesting study, significant 
biological activity of Hyptis carpinifolia steam distilled leaf extracts was reported against Gram positive and negative bacteria 
at varied concentrations (Camargo et al., 2017). 
Past and present investigations clearly indicate the antagonistic potential of Hyptis leaf extracts against an array of human 
pathogenic bacteria and fungi. But the hallmark of our study was that we report for the very first time the antimicrobial effects 
of leaf and inflorescence together synergistically. 
 
CONCLUSION 
Present study thus highlights the antimicrobial activity of Hyptis leaf extracts and leaf+inflorescence extracts as effective 
antimicrobials. The steam distilled leaf extracts and leaf+inflorescence extracts proved to be active antibacterials against two 
Gram positive and one Gram negative test bacteria. Results of Antifungal activity indicated steam distilled extracts of Hyptis 
also to be good antifungal agents. Leaf and inflorescence extracts together elicited better antimicrobial properties. This 
synergistic property could be exploited towards the use of plants as therapeutic agents. Synergistic effects of ethnomedicinal 
plant Hyptis suaveolens leaf and inflorescence extracts on microorganisms was investigated successfully, thus providing new 
insights into core phytochemical research towards the discovery of novel and lucrative antimicrobials. 
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Table 1: Phytochemical analysis of Hyptis suaveolens leaf extracts 

Phytochemical tests Steam distilled Ethanol Methanol Chloroform 
Carbohydrates  - + - + 
Alkaloids - + - - 
Cardiac glycosides - - + + 
Coumarin  - + + - 
Saponins - + + + 
Flavonoids - + + + 
Phytosterols - + - + 
Fats and oils + - - + 
Phenols - + + + 
Tannins - + + + 
Proteins - + + + 
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(+) Indicates Presence, (-) Indicates Absence 

Table 2: Antibacterial activity of Hyptis suaveolens leaf extracts (500 µg/ml)

 
S.No 

 
Plant extracts 

Test organisms 
Test bacteria Zones of Inhibition (mm) % Growth Inhibition of Test fungi 
B.s S.a P.a A. n A. f F.o 

1 Steam distilled 20±0.21 16±0.22 18±0.06 65±0.13 60±0.26 61±0.22 
2 Ethanol 18±0.12 11±0.06 16±0.14 44±0.09 40±0.17 50±0.16 
3 Methanol 12±0.08 12±0.16 14±0.08 52±0.15 53±0.09 46±0.09 
4 Chloroform 16±0.11 14±0.12 13±0.16 60±0.30 58±0.14 53±0.11 
5 Antibiotic/ 

Antifungal 
33±0.09 42±0.08 36±0.14 100±0.18 100±0.11 100±0.25 

Test Bacteria-B.s- Bacillus subtilis; S.a- Staphylococcus aureus; P.a- Pseudomonas aeruginosa 
Test Fungi- A.n- Aspergillus niger; A.f-Aspergillus flavus; F.o-Fusarium oxysporum 
Values are the mean of triplicates (Mean ± SE) 
Including the diameter of disc (6 mm) 
Antibiotic- Gentamycin sulphate (40 mg/ml); Antifungal-Nystatin (20mg/ml) 

Table 3: Antibacterial activity of Hyptis suaveolens LS (leaf+inflorescence) extracts (1000 µg/ml) 

 
S.No 

 
Plant extracts 

Test organisms 
Test bacteria Zones of Inhibition (mm) % Growth Inhibition of Test fungi 
B.s S.a P.a A. n A. f F.o 

1 Steam distilled 24±0.21 18±0.22 22±0.06 68±0.13 63±0.26 65±0.22 
2 Ethanol 21±0.12 14±0.06 19±0.14 48±0.09 45±0.17 43±0.16 
3 Methanol 15±0.08 15±0.16 16±0.08 55±0.15 58±0.09 51±0.09 
4 Chloroform 19±0.11 16±0.12 15±0.16 62±0.30 60±0.14 56±0.11 
5 Antibiotic/ 

Antifungal 
33±0.09 42±0.08 36±0.14 100±0.18 100±0.11 100±0.25 

Test Bacteria-B.s- Bacillus subtilis; S.a- Staphylococcus aureus; P.a- Pseudomonas aeruginosa  
Test Fungi- A.n- Aspergillus niger; A.f-Aspergillus flavus; F.o-Fusarium oxysporum 
Values are the mean of triplicates (Mean ± SE)  
Including the diameter of disc (6 mm)  
Antibiotic- Gentamycin sulphate (40 mg/ml); Antifungal-Nystatin (20mg/ml) 
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Video guided and automatic medicine reminding Robot. 

Dr.D.Sarala,Head, Department of Physics & Electronics  
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Abstract: 

The Corona virus  in India, undergoing many  mutations, has been changing the 

perspectives of life ,challenging the health care workers, front line warriors and 

doctors. The scenario of human life has taken a roller coaster ride ever since 

the Covid-19 was diagnosed in our country. Keeping in view the strict Covid 

protocols of Social distancing, wearing masks and use of Sanitisers, the 

present work demonstrates a machine which can store the medicines for a 

week,would be supplied to the patient at the time set by doctor.This will ensure 

distancing from patients and nurses won't have to risk their lives to go and give 

medicine to the infected patient. Once the medicine is on the given rack from 

where the patient can take it, he/she is alerted via a speaker on the system to take 

the medicine. 

Keywords: mutations, roller coaster ride, Covid protocols, social distancing. 

Objective: 

Most often, after the doctor’s prescription, the case sheet is prepared by the 

medical and nursing staff, accordingly the medicines are administered to the in -

patients. It is commonly observed that during the period of hospitalisation, the 

drugs are missed out by the patients  at the prescribed time either they are attending 

the nature calls or fall asleep. This present model gives an indication to the nursing 

station if the medicine is not dispensed and the robot would re visit the patient. The 

errors accidental wrong medication were minimised, as  the case sheet of the 

patient would be barcoded and scanned by the robot which would be monitored by 

the nurses using the ip camera. 
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Working principle : 

When the machine is first booted, the user is asked to set the dose times for all the 

doses of each day. If two racks are used, up to 28 Doses can be stored in a single 

refill. Each day, 4 doses can be delivered according to the time set. The LCD 

displays upcoming doses. The rotary encoder is used to set the time for each dose. 

Servo motors are used to deliver the medicine to the rack and clear the rack if the 

patient misses the dose. The IR sensor is used to detect the time at which the dose 

is dropped and taken by the patient and the data is stored in SD card in.csv format. 

Once the dose is delivered, the speaker plays a tone (a custom audio clip which is 

used to reminding to take the dose, followed by a ringtone) to alert the patient to 

take the dose.  

The data which contains when the patient has taken the dose (or missed) is stored 

inside an SD card, thus doctors can review it at a later stage to see how a certain 

medicine dose affected the patient's symptoms. It can be exported as an excel 

sheet, The first column is of data, second is the day, the next column is of the dose 

time set by the nurse, and next to is the column which contains the time at which 

the patient takes the dose. If he/she misses the dose, it is also stored in an SD card. 

Also in a ward ,if 20 to 30 patients with various ailments are admitted, it becomes 

difficult for the ward incharges to guide the nurses and attend the patients. It is 

very important to give the right medicine to the right patient at the rught time. 

Different specialists will be prescribing different medicines as and when they visit 

the patient. Since the amount of dosage varies with patient to patient, there are 

many incidences reported on the wrong medicines administered or over dose given. 

This problem was addressed by implementing a bar coded permanent label 

attached to each bed. As Soon as the trolley reaches the Patient's bed,that Particular drawer 

lock is opened with the total history and doses Instruction file.  Proposed model: 
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Schematic: 

 
Below are the pin connections of Arduino with different peripherals 
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        Arduino Pins                                    Peripheral Pins 

● 2                  -----------------------------> D7 of 16x2 LCD Display 

● 3                  -----------------------------> D6 of 16x2 LCD Display 

● 4                  -----------------------------> D5 of 16x2 LCD Display 

● 5                  -----------------------------> D4 of 16x2 LCD Display 

● 7                  -----------------------------> 3rd push button 

● 8                  -----------------------------> 2nd push button 

● 9                  -----------------------------> 1st push button 

● 11                -----------------------------> EN pin of 16x2 LCD Display 

● 12                -----------------------------> RS pin of 16x2 LCD Display 

● 13                -----------------------------> +Ve Pin of Buzzer and Led 

● A0                -----------------------------> Stop Push Button 

● A4                -----------------------------> SDA of DS3231 

● A5                -----------------------------> SCL of DS3231 

● 3.3V             -----------------------------> Vcc of DS3231 

● Gnd              -----------------------------> Gnd 

In the present model, the patients are reminded to take the medicine 3 times a 

day, the interval can be increased , depending on the case. 

There is an increased demand for robos to be used in India in the healthcare 

system due to shortage of personnel, equipment. 
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Abstract 

Monitoring the human body temperature has become mandatory during the ongoing COVID-

19 pandemic situation. With the constant rise in the case load, keeping the safety of the health 

care personnel and the elderly, contact- less devices rendering precise values are in great 

demand. Recent technological advancements have made infrared (IR) thermometers, the 

choice for touch less screening of multiple individuals. Even then the measurement accuracy 

of such thermometers is affected by many factors which may include   the range of 

measurement   from the individual’s site, the location of the thermometer near forehead, wrist 

or ear and the presence of ambient temperature. Considering these factors, we describe the 

assembly of an Arduino-based digital IR thermometer with distance correction using the 

MLX90614 IR thermometer and HC-SR04 ultrasonic sensors and a 16 *2 LCD display with 

both ambient and volunteers' temperature being displayed. Also, the distance compensation 

methods are incorporated in the program. This would ensure accurate readings and 

measurements for a final assembled digital IR thermometer. 

 

Keywords: Infrared, Ultrasonic sensor, Arduino nanoSKU 648418, touchless 

thermometer,HC-SR04,MLX90614, 16*2 LCD. 

Introduction 

Fever is one of the common symptoms [1] of COVID-19, but due to its contagious effect, its 

measurement methods  become a challenging task to the medical community. Hence it is 

important to perform the temperature detection of patients fast and possibly without any 

physical contact, and without a human intervention. Besides, the epidemiological and 

laboratory researches have revealed that ambient temperature could possibly affect the 

existence and spread of Corona virus [2], so that a continuous monitoring of temperature, 

which includes both ambient and body temperature, is an essential parameter to be performed 

in the contrast of COVID-19.  

 The adoption of thermo graphic systems in the framework of pandemic situations, 

during the screening process for rapid temperature measurements of many individuals 

quickly and safely without allowing the thermometer to be a vector of pathogen transfer are 

crucial, thus making contact infeasible, ruling out the measurement sites. 

Early methods of measuring body core temperature utilizing contact mercury 

thermometers are replaced by the safer and more convenient electronic thermometers at the 

sublingual, armpits, ear canals, and in some rare occasions, the rectum and auxiliary for 
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accuracy [3]. Many of these surface measurement sites, specifically the temporal and central 

forehead, reflect lower readings than internal sites such as the tympanic temperature readings, 

the current gold standard to represent the body core temperature [3], especially given the 

impracticality of rectal/anal temperature takings. 

Infrared (IR) thermometers would fulfil this gap by measuring the surface temperature 

without direct contact, which is through detecting the amount of thermal or black-body 

radiation emitted by the object. Additionally, these thermometers are now commonly used in 

clinical practices [4], as well as routinely during the pandemic for self-monitoring and 

screening at the entrances of public places. 

Thus the recent  advancements made in infrared (IR) thermometers became a reliable choice 

for contactless screening of multiple individuals. Though  the measurement  accuracy of such 

thermometers is affected by many factors including the volunteers’ forehead or hand or the 

ear  and the distance range from the point of measurement. Considering  these issues , an 

Arduino-based digital IR thermometer with range consideration using the MLX906149 [5] IR 

thermometer and HC-SR04[6] ultrasonic sensors with an LCD display is demonstrated in the 

present paper. 

Coupled with some analysis of measurement sites, we also found ways to programme 

compensation methods for the final assembled digital IR thermometer to provide more 

accurate readings and measurements. Experiments were conducted to validate distance  

adjustments considered in the software, and also  the effects of measurements on different 

measurement sites like fore head, right ear and wrist of the volunteers. 

2. Materials and Methods 

2.1. Components and Specifications 

Arduino Nano (SKU 648418, Italy), ultrasonic sensor (HC-SR04) [6], infrared 

sensor (MLX90614) [5], and 16 *2 display were used. A factorycalibrated MLX90614 

infrared sensor, suitable for a wide range of temperatures between- 40 °to 85 ° C for the 

ambient temperature and 70 to 1030 °C for the target object temperature,provided the average 

temperature of all objects within sweep angleof the sensor, as well as a standard accuracy of 

0.5 °C around room temperature. TheUltrasonic Sensor HC-SR04 emits a 40 kHz ultrasound 

and computes the distance based onthe time taken to detect the ultrasound wave reflected off 

an object. A 16*2 mono colour character LED display is incorporated to observe the value. 

 

2.2. Assembly of touch less Thermometer 

The design and development of the thermometer in this sensor were imported and 

modified from online instructions [7] It consists of  hardware design,mechanical assembly, 

the electronic circuit, the microcontroller programming using arduino nano. 

2.2.1. Physical Assembly 

Figure 1a shows the physical mount of the touchless thermometeralong with the 

components: IR sensor, ultrasound sensor, Arduino Nano and 16 * 2 LCD display. It also 
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comprises of the battery holder and a reset button .The circuit design is implemented in 

ORCAD and the arduino nano is programmed in embedded C using the Arduino IDE 1.8.13 

2.2.2. Circuitry Design and Implementation 

The Arduino Nano [8] microcontroller, in which the copper wires from the sensor pins 

of the ultrasonic sensor(Figure 2a), IR sensor(Figure 2b), LCD (Figure 2c) and reset button 

were solderedwith a 9 V battery supplying 3.3 to 5 V to the circuit (Figure 1a). 

 

2.3. Programming Arrangement 

The Arduino IDE 1.8.13 software is used to program the microcontroller. After every 

press of the  reset button the sensor starts measurement within 2–4 cm from the site of 

measurement  like forehead, ear or wrist. Ten  readings from the ambient and surface body 

temperature are  made and the average is shown. The ultrasonic sensor detects the distance 

from the target area and calculates the average of ten readings. With the inputs of distance 

and temperature to the algorithm, the compensated reading from the algorithm would be 

displayed on the mono colour16 * 2 LCD display 

Compensation adjustment equation was derived from the regression analysis of the 

relationship between the oral temperature values and the measured values. Compensated 

values by the IR thermometer were used as the dependent value, while the measurement 

values by the IR thermometer and ambient temperature were each viewed as independent 

variables. 

2.4 Sensor considerations 

2.4.1. Infrared Sensor 

For precise measurement of the absolute temperature of the spot, the device temperature 

needs to be kept small with a stable ambient temperature. To compensate the proximity 

effects, a distance-to-site ratio (D/T ratio) is built in the algorithm. Specifically, the area 

measured increases as the distance increases. The  IR temperature sensor MLX90614 used in 

this project  has a sweep angle of 80 degrees as specified by the manufacturer. This translates 

to a D/T ratio of 1:1.60. Setting the average height of the position of the measuring unit to be 

at 59 mm as the condition [9]. For a maximum horizontal distance  the IR temperature sensor 

can accurately measure the temperature of the spot approximately at 4 cm. Beyond this 

distance, flanking areas of the site of measurements would also be sensed so that the accuracy 

may get affected. 

2.4.2. Ultrasound Sensor 

The ultrasound sensor consists of a transmitter sending an ultrasound wave and a 

receiver detecting the reflected wave by the targeted physical object. The time taken between 

the transmission and detected wave is registered for the calculation of the distance from the 

speed of ultrasound waves at 330 m/s by the programmed Arduino Nano. 
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Figure 1a the physical picture of the touch less Thermometer 

 

Figure 1b Schematic of the assembled digital IR thermometer consisting of: Ultrasonic 

sensor HC-SR04, reset button,  Arduino Nano board, LCD  display  and IR temperature 

sensor MLX90614. 
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Figure 2a Ultrasonic sensor HC-SR04 component 

 

Figure 2b  Infrared sensor MLX90614 

3 Experimental section 

The experiment is performed on6 volunteers between the age limit of 20 to 40  years 

inorder to study the accuracy of the unit. The observations were recorded in an air-

conditioned environment of 20 to 24 °C for a relatively constant ambient temperature. 

Volunteers were allowed to relax for a time of 10 min before making their temperature 

measurements. A sterilized Omron digital thermometer MC-343F was used to measure the 

oral temperatures, which was also set as the target point for compensation adjustments.  

In the first experiment, the IR thermometer was used to measure the volunteers 

temperatures at three different body locations viz. forehead, wrist and the  right ear and at 

varying distances from the forehead (2–4 cm, at 0.5 cm step measurements) as shown in 
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figure 3a and 3b . The range of 2–4 cm is based on the minimum and maximum allowable 

horizontal distance that the IR temperature sensor can accurately measure (2–4 cm) as per the 

manufacturer’s specifications. The IR and oral temperature readings from the first experiment 

set were used for compensation adjustments and stored. Then, the calibrated IR thermometer 

was used to measure the forehead temperatures of volunteers and test its performance and 

deviation from the oral temperature. Data from each experiment were plotted with the 

distance againstthe temperature as shown in figure 4a,4b and 4c. 

 

Figure 2c16 *2 LCD display 

3.1. Temperature measurement on the Forehead, wrist and right ear 

Although not visible to the human eye, all objects emit infrared light rays and the 

concentration varies depending on temperature. By detecting the IR rays, we can perceive the 

temperature range. The MLX90614 thermometer sensor works using this principle. 

MLX90614 is a powerful infrared sensing device with a very low noise amplifier and a 17-bit 

ADC. It enables high accuracy and resolution for the thermometer. The best part about the 

MLX90614 is it comes calibrated with a digital SMBus from the factory. This means that it 

will give an output with a high resolution of 0.02°C and can continuously transfer the 

measured temperature in the range of -20 to 120°C. 

 

Figure 3a  Volunteer measuring the forehead temperature  Figure 1b Volunteer 

measuring the wrist temperature 
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Figure 2a  Graph plotted between distance vs. fore head temperature  

of  six volunteers 

 

Figure 4b  Graph plotted between distance vs wrist temperature  of 6 volunteers 
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Figure 4c Graph plotted between distance vs. right ear temperature-of 6 volunteers 

Discussion 

The touchless IR thermometer recorded an average temperature within 0.30of the volunteers’ 

oral temperature. As measurements for oral temperatureare widely used to non-invasively 

measure the body temperature, measurements of the 

forehead, wrist and right ear temperature with varying distances showed a regression of about 

0.95 to 0.901 with a linearity of 0.01  to0.03 and hence can be used to establish a threshold in 

the screening for fever. The IR thermometer obtained a better precision compared to the 

alternative and more expensivenon-contact IR devices and has improved distance 

compensation. In a separate study, 

tympanic and forehead temperatures taken by a BRAUN IRT-3020 had an error range 

of+0.2860 and +0.392 0C [10]. Another study showed tympanic and forehead temperature 

errors of +0.37 0 C and +0.36 0C respectively [11]. However, other contact devices such 

as the rectal thermometer, with a small error range of 0.05 0C [12] outperformed the current 

improved thermometer. Still, our improved device costs only a fraction of commercial 

IR thermometers and was sufficiently accurate to be considered as a low cost alternative 

(~USD 5) to the current entry level IR thermometers (>USD 80) in the market. 

This non-contact device is more convenient than the tympanic or rectal thermometers. 

 

Conclusions 

Forehead temperature measurements using an IR thermometer play an important role 

of rapidly screening for fever to identify the infected individual. The performance and 

precision of an IR thermometer for forehead temperature screening were studied together 

with the design and implementation of an improved infrared temperature sensor-based 

system with distance sensing capabilities. It is observed that the measured temperatures 

were well within the 0.30 C variation of their oral temperature over the distance of 

2–4 cm, resulting in a  similar performance to commercial thermometers. While minimal,  

temperature differences between the actual temperature and the one 
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measured with the touch less thermometer at the fore head and the wrist or the right ear  

with a programmed software compensation in the distance of the site we conclude the  

validity of the human temperature measurements safely and effectively without a manual 

 operator. 

 

References 

 

1. Fulbrook, P. Core temperature measurement: A comparison of rectal, axillary and 

pulmonary artery blood temperature. Intensive 

Crit. Care Nurs. 1993, 9, 217–225. [CrossRef] 

2 .Xie, J.; Zhu, Y. Association between ambient temperature and COVID-19 infection in 122 

cities from China. 

Sci. Total Environ. 2020, 724, 1–5. [CrossRef] [PubMed] 

 

3. Mogensen, C.B.; Wittenhoff, L.; Fruerhøj, G.; Hansen, S. Forehead or ear temperature 

measurement cannot replace rectal measurements, except for screening purposes. BMC 

Pediatrics2018, 18, 15. [CrossRef] 

4.Non-Contact Temperature Assessment Devices during the COVID-19 Pandemic. Available 

online: https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/non-

contacttemperature- 

assessment-devices-during-covid-19-pandemic (accessed on 5 September 2020). 

5.Melexis. Datasheet for MLX90614. Available online: 

https://components101.com/sites/default/files/component_datasheet/ 

MLX90614-Datasheet.pdf (accessed on 30 October 2020). 

6. ElecFreaks. Ultrasonic Ranging Module HC—SR04. Available online: 

https://cdn.sparkfun.com/datasheets/Sensors/Proximity/ 

HCSR04.pdf (accessed on 23 October 2020). 

7. Raj, A. Make a Non-Contact Infrared Thermometer with MLX90614 IR Temperature 

Sensor. Available online: https://circuitdigest.com/microcontroller-projects/ir-thermometer-

using-arduino-and-ir-temperature-sensor (accessed on 22 May 2021). 

8.Arduino. Arduino Nano Datasheet. Available online: 

http://www.farnell.com/datasheets/1682238.pdf (accessed on 23 October 2020). 

9.Sirinturk, S.; Govsa, F.; Pinar, Y.; Ozer, M.A. Study of frontal hairline patterns for natural 

design and restoration. Surg. Radiol. 

Anat. 2017, 39, 679–684. [CrossRef] 

10. Chen, H.-Y.; Chen, A.; Chen, C. Investigation of the Impact of Infrared Sensors on Core 

Body Temperature Monitoring by 

Comparing Measurement Sites. Sensors 2020, 20, 2885. [CrossRef] 

11. Liu, C.C.; Chang, R.E.; Chang,W.C. Limitations of forehead infrared body temperature 

detection for fever screening for severe 

acute respiratory syndrome. Infect. Control. Hosp. Epidemiol. 2004, 25, 1109–1111. 

[CrossRef] 

Journal of Information and Computational Science

Volume 11 Issue 8 - 2021

ISSN: 1548-7741

www.joics.org504



12. Jensen, B.N.; Jensen, F.S.; Madsen, S.N.; Løssl, K. Accuracy of digital tympanic, oral, 

axillary, and rectal thermometers compared 

with standard rectal mercury thermometers. Eur. J. Surg. 2000, 166, 848–851. [CrossRef] 

[PubMed] 

 

 

 

 

Journal of Information and Computational Science

Volume 11 Issue 8 - 2021

ISSN: 1548-7741

www.joics.org505



www.ijcrt.org                                                                        © 2021 IJCRT | Volume 9, Issue 3 March 2021 | ISSN: 2320-2882 

IJCRT2103182 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org 1413 
 

Smart Learning- Role of IoT in Modern Education 

Systems 
 

K.Rajeswari 1, G. Nirmala Joycee 2,  
1Lecturer, Department of Computer Science (UG) 

2 Assistant Professor, Department of Computer Science (PG) 
1,2 St. Ann’s College for Women, Mehdipatnam, Hyderabad. 

 

Abstract 
In today’s generation internet plays a vital role both in learning and teaching. IoT is the new era of computing 

Technology. It is an ecosystem of connected physical objects that are able to accessible through internet.IoT can 

change the educational system into a better understanding way.IoT is used in institutions to enhance learning 

outcomes by providing more affluent learning experiences, , and gaining real-time experience to improved 

operational efficiency actionable insight into student performance. By IoT in higher education its potentially 

increases benefits and reducing the risks involved in it. Without human assist the IoT can facilitates the 

devices/objects to identify and understand the situation. These devices/objects can represent themselves 

digitally and these devices can be to control from anywhere and anytime. The new wave of changes has started 

from IoT.It gives massive volume of connectivity. The Internet of things expected to give strong impact on 

various areas of life including healthcare, Entertainment, education, Business, Smart Home, Smart Campus and 

Smart City etc.IoT not only expected to give great impact but also expected to give new opportunities and 

possibilities for the improvement on the various area. The collaboration between the people and Technology are 

very power full. This paper provides the future of IoT in the higher education during the next few decades, 

which can be offered by a number of research organizations and enterprises. On the other hand, IoT brings 

tremendous challenges in higher education. Hence, this paper presents the importance and  challenges of IoT in 

higher education. 
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1. Introduction 

The Internet and its associated services and  applications have strongly  developed and influenced communication, it 

gathers information and marketing across the world via websites, blogs, e-mail and social networks. The changes in 

education  has been  registered major , especially since 2000, towards a new orientation of teenagers’  in education, 

reflected through online documentation,  and implementation of projects in virtual teams, and in online tutorials and much 

more. In 1999, there emerged a new term in the field, Internet of Things (IoT).The interaction between objects, people, 

internet and environment is called as “IoT”. We live in 21st century where the Information and communication 

Technology (ICT) cannot detach from human. The ICT plays a vital role in current education system. With the 

support of IoT education system can enhance the learning process. With the help of IoT can bring the live 

classroom, where student can observe, understand and interact easily. The impact of ICT has changed the 

traditional education system towards significantly improved modern and quality education systems at various 

levels of learning.IOT has become the most essential thing in every human’s life. The main concept of connected 

devices or things has given a new version to Internet, that it anything, anywhere can get connected with the Internet 

and becomes ‘Smart.' Connected devices can communicate with each other and share information which can then 

further be processed to take some decisions. According to Mark Weiser, “The most profound technologies are those 

that disappear. They weave themselves into the fabric of everyday life until they are indistinguishable from it” [1]. Kevin 

Ashton was the first to  use the term Internet of Things in 1999.Early the beginning of Internet of Things (IoT) many 

researchers have tried to define IoT in various ways like Internet of Everything, Internet of Anything, Internet of People, 

Internet of Signs, Internet of Services, Internet of Data or Internet of Processes [2]. According to [3], IoT represents 

‘anything at all, depending on requirements.' Cisco defines IoT as a network of connected physical objects. Cisco also 

uses the term Internet of Everything for both physical and virtual objects. Cisco states that “IoE brings together people, 

process, data, and things to make networked connections more relevant and valuable them  ever before—turning 

information into actions that create new capabilities, richer experiences, and unprecedented economic opportunities for 

businesses, individuals, and countries.” 
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                                                                           Fig:1 Internet of everything                           

                                           

                                                                     Fig:2 Using internet in all different sectors 

According to Gartner’s forecast, 20.8 billion new things will be connected by 2020. According to Machine Research, the 

growth of IoT connections is : from 6 billion in 2015 to 27 billion in 2025. The number of cellular IoT connections will be 

2.2 billion, and 45% of these will be in connected cars. The revenue forecast of IoT in 2025 is 3 trillion US$. IoT will also 

generate over two zettabytes of data, generally from consumer electronic devices. 
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                                                  Fig: 3 Five predictions of IOT till 2025 

 

Previous Studies 

2.1 The Traditional Education: Traditional classroom education has been around for decades and almost all 

members of society, and for many centuries using it Class room education continues to be an important way of 

learning, and there are many benefits that accompany this method of education. In a traditional education, 

students are able to interact with their teachers and personally. 

Online Education: 

The results of this study indicated that the participants were aware of the facilities of using e-books and they 

were content with the facilities of usage. The main resource of multiplying education is the teachers therefore; 

the teachers should build a relationship with technology and should use it in a sufficient level in their current 

and future classes. Moreover, each teacher should follow technology and apply it in their course. Therefore, the 

design of the digital electronic book is prepared to be adaptive for this generation of students because in 

general, they are digital readers. 

 

2. Objective of the study 

 

The objective of this study is derived as below, 

 

 To study the need of IoT in Education. 

 To know the Technology enhanced learning 

 To understand the Internet of Things 
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 Advantages of IoT in Modern Education 

3. Research Methodology 

 
This research was carried out based on the secondary data and the data.The data used for this research is 

descriptive and qualitative from secondary sources. This data has been filtered and analyzed in a structured 

analytical format. Since the topic is evolutionary and is subject to fast changes, only the qualitative data updated 

from time to time is used. The main source of data collection is wiki, websites, blogs, YouTube, books, articles 

and journals. 

2.1 To study the need of IoT in Education. 
 

Individualization 

 

The Student can more and inside based on the interest with personalized learning pattern and this will lead 

much more opportunity to learn with complete understanding the subject. 

 

 Smart Campus using IoT 

 

In general now a day’s all universities, colleges and schools are connected with internet of things. The concept 

of smart campus involves with the intellectual environment equipped with fully sophisticated and installed with 

advanced technology smart things and aids. The  smart classroom occupied with the set of smart things such as 

LCD Projector, Microphone, Speaker, cameras,  smart board / Interactive board, Visualizer , Virtual classroom , 

Google Classroom which  can be used for the ICT based enabled learning. A smart campus is a collection of 

smart multiple things [5].The smart campus may include the following things. 

 IoT based Classroom 

 IoT based Laboratories 

 Possibilities of E-Learning 

 Smart Library 

 Smart Attendance system for faculty and Student 

 Smart canteen 

 Smart office  
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In addition to smart parking, smart tracking of student, wi-fi enabled campus. The purpose of the smart campus 

is making the environment user friendly.  

 

 
Fig :4 IOT in Smart campus 

2.2 To know the Technology enhanced learning 
 

 IoT based Smart Classroom: 

 

The use of IoT devices for teaching and learning purposes is a top trend among institutions across the world 

which provides a new and innovative approach to education and classroom management [5]. Through smart 

classroom faculty can explain the subject in a more reality based   and make the student to understand easily. 

In the era of Digital technology, the rapid evaluation of Information and communication technology has created 

a new paradigm of internet known as Internet of Things. The Internet of Things changed the way to 

communicate with people and object in different manner. This has created the new form of communication 

between the teacher and student to allow them to improve the teaching and learning process. ICT have a great 

power to improve the quality outcomes of teaching learning. 

 

 
Fig:5 Educational Technology Market Research[8]. 
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 Advantage of Smart Classroom: 
 

Smart classroom plays a significant role in the student life. Smart classroom helps to transform the traditional 

education into modern education, with the help of smart education student can learn from anywhere, anytime 

anything and everything. The level of connectivity offered by the internet is beyond belief. It helps students to 

enrich the learning process all over the world.  This offers to improve the quality of education and academic 

achievements. IoT enables to break the barrier of learning in the classroom.  IoT give the platform to access 

globally. Some of the common tools are used in the classroom are. 

 Smart board / Interactive white  board 

 LCD Projectors  

 Lap tops and Tablet Pc 

 E-Library 

 ID Cards for Student and Faculty 

 CC Cameras for security  

 Attendance tracking systems 

 Printer and Scanners 

 Speakers and Mikes 

 Media Center 

 Environment friendly 

 Advanced teaching and learning experience 

 Easy maintenance 

                    
                                                                Fig:6 IOT in smart class rooms 
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Smart things are helps the teacher to explain the class in more interactive and more realistic way. The student 

can able to understand the concept very easily and put more attention with the help of the above mentioned 

smart devices in the Smart classroom. The flow of connected technology means professors and teachers could 

make grades faster. Their checking/grading also would be eased, less prejudiced and more efficient. When 

educators have devices connected to the cloud, they would be in better connect. Thus, tutor/ teachers could see 

which student requires more concern and focus. Other processes, with smart technology helps us in making 

lesson plans, adjusting schedules and many more. While the task is to connect over  smart devices, teachers are 

able to focus more on their teaching and research. 

 

 IoT based Research: 

 

Research is a one of the emergent technology in the education system. Research gives the real opportunity to 

upgrade knowledge. Research will give the opportunity to know the concept very well. Internet of Things will 

give the more opportunity and it helps everyone to understand the concept and we come to know the opinion of 

others in the world. IoT will give the benefit of the wider research area and it will lead a valuable innovation to 

the world. 

 

 
                                             Fig :7 IOT in research 

        

 Smart Attendance System – Biometric Systems: 

 

Regularly taking attendance is a big task in the classroom. To overcome that we have introduced a new 

technology with the help of iot that is radio frequency identification (RFI) which will substantially help, 

biometric fingerprint sensor and password based technologies are integrated to develop a cost effective, reliable 

attendance management system [6]. Smart attendance system and biometric system are the most secured things, 

also it is very difficult to manipulate the data and complete integrity proof on the data and information. 
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The internet enabled radio frequency identification will enable to notify the assignedconcerns on defined 

interval or customized periods. 

The recorded data from the biometric can be stored and retrieved any time and each educational establishment 

wants it to be secure and endangered from any unsolicited visitors. However the specialists that are involved in 

security guard, they cannot monitor every corner of the facility. That is why IoT can help administration 

control. Facial recognition systems helps us to identify faces by scanning them and to be saved in data base. 

That is how the Internet of Things works and how it may be beneficial. 

 

 

 
                                                           Fig:8 IOT used for security 

 

 IoT based Feedback Form: 
 

Google Form is a one of the platform to access the student with the help of the technology .It is a one of the 

easy way to take the feedback using the internet of things. Google Form is a open source available for everyone. 

Using this form student can answer the query from everywhere and any time.24/7 available in the internet. 

 

 IoT based Google Classroom: 
 

Google classroom is free. Google classroom can be accessed from any computer or mobile device via Google 

chrome.  It is a blended platform with lot of benefits available for both faculty and students. Google classroom 

is a one of the online learning system, using this we can send, announce or pass any kind of information to the 

everyone. It has lot of benefits such as accessibility, Time saving, Communication, paperless transaction, 

collaboration, Data Analysis and feedback [7] etc. We don’t need any papers to do assignments, as we can save 

our data through google classroom. The Internet of Things impacts education in a lot of ways. It is this asset 
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intellect, which enable institutions to make more informed decisions, in an attempt to improve operational 

efficiency, learning experience and campus security 

 

2.3 To understand the Internet of Things 
 

As per the above discussion we can able to understand the value of Internet of Things in the society especially 

in the education system. IoT promotes a heightened level of awareness about our world [13]. IoT enables 

numerous applications ranging from the micro to macro and from the insignificant to the serious [13]. IoT plays 

a significant role in the field of education. IoT plays a major role everywhere in the society. The era of the 

technology our dream becomes true. IoT support the way to build the flexibility of the system and cost effective 

way. With the help of IOT we can transfer several areas in everyday life .Although it seem to be good in 

education. 

Software development education is widely offered by most colleges and universities, offering fully online 

degree programs as well as the traditional on campus programs, which is helping the rural people who is far 

away from the university access get benefited. 

 

2.4 Advantages of IoT in Modern Education 

 

Today’s more and more tutors and educators are using the internet for the betterment of the education systems. 

The students are the main chain links of the education process. Internet of thing is a new system introduced to 

provide wide connectivity between the people and the technology where we cannot imagined before. The scope 

of learning is enormous with the help of the IOT based devices like Tablet, Laptops, Mobile Phones, Desktops, 

etc.It helps the students as follows. 

Individual learning 

Interactive based learning 

 Increase the curiosity of learning 

 Learn everywhere 

 To learn and understand the things in easy and better way. 

 To validate the information by interpret the data from various sources. 
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 Improve the learning Process 

 No more loss of information 

 Create the curiosity towards the subject 

 The growth of engagement 

 To improve the results 

 Smart way to monitor the students 

 

Conclusion: 

 

The future of IoT is massively unlimited and will be improve a quality of education system because of advances 

in technology, though the IoT contain plenty of information ,however the user can get the relevant data and 

information by data interpreting, The Wi-Fi as made it possible to connect people and machines. IoT can 

change our whole world within few years.Strongly believed that the use of technology especially the era of IoT 

transform the educational environment towards the modern education [9].With the help of IoT we can collect 

the lot of data, that data we can convert to Information . These kinds of Information are going to help in the 

society for everybody everywhere.the students who is not able to attend the regular physical classes ,can be 

highly benefited on the learning progress ,because of the wider education by IoT the quality of human will be 

improved and the poverty of the nation subsequently improved . 
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Abstract 

English language competencies are essential for career readiness and advancement. 

English, being one of the popular world languages, is used for global communication 

and is commonly considered as an official language in many countries. In India, 

undergraduate students need English language competence to set a career in the global 

job market. At present, the fourth Industrial Revolution introduced innovative 

technological advancement in the industry. Thus, there is a great demand for 

professionals with new technologies and language competencies in this Industry 4.0. To 

possess these new career opportunities, undergraduate students need to upgrade their 

technical skills as well as  English language competencies. Educators and Industry need 

to build the bridge for the students by providing Industry4.0 career readiness training 

programs. Here is a tremendous need for analyzing and mapping technical skills as well 

as the English language competencies of Undergraduate students. The present study is 

to analyse the need for oral Communicative Competence in the English Language of  

120 final year undergraduate students in Hyderabad for Industry 4.0 Career Readiness. 

The researcher designed a specific need-based intensive course and the randomly 

selected group underwent training for 2 weeks. As a result, students developed 

commutative competency in the English language for Industry 4.0 career readiness. 

 

Keywords: Oral Communicative Competence in English, Undergraduates, Industry4.0, 

Career Readiness, experimental study.  

 

1. INTRODUCTION 

 

English as an International language has a significant role in this world of 

globalization. Warschauer (2000) mentioned that globalization and English as an 

International language gained prominence together in the history of the world. The English 

language is used widely to establish international commerce, cultures, and communication in 

the process of globalization. Neeley (2014) quoted that English became a global language for 

business and was mandated as a common corporate language in many multinational 

companies around the world. English is commonly considered as an official language in 

many countries.  
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Evolution of  English language and Industrial Revolutions  

Five hundred years ago, the English language was spoken mostly in the British Isles. 

Annika Lindok (2015) stated that In the early 18th century, the first industrial revolution 

brought the evolution of the English language. In fact, the English language is used to show 

to the world what was made of industrialized societies. History has proven that innovation in 

Technology and industry always influenced the English language. Revolution in the industry 

impacted the use of English and communication among people worldwide. The invention of 

the internet made English a global language (Crystal, 2012). English language learners are 

increasing due to the ongoing demand for this language in the competitive job market in the 

industry. According to the British council report at present 1.75 billion people are learning 

the English language across the globe and the number will increase up to 2 billons very soon. 

 

Industry 4.0  

The initiation of the Fourth Industrial Revolution with modern technologies like Data 

Science, Artificial Intelligence (AI), Machine Learning(ML), Cyber Security,  Internet of 

Things (IoT) Augment Reality (AR) and Virtual Reality (VR) spread all over the countries. 

The invention of the water and steam engine and Mechanical production in the year 1784 

brought the first Industrial Revolution. Electrical energy and mass production existed in the 

Second Industrial Revolution in the year 1923. In the year 1969, the third Industrial 

Revolution was introduced by electronics and IT for higher automated production. From the 

year 2014, innovations of manufacturing logistics and revolutionizing traditional 

manufacturing processes inducted to the Fourth Industrial Revolution is addressed as Industry 

4.0. Firstly, It started in Germany as a brainchild. Next, adopted by the USA, France, and 

Japan. Consequently, it influenced BRICS (Brazil, Russia, India, China, and South Africa) 

Nations as well as the whole world. According to Gilchrist, A (2016) "From a financial 

perspective, one market research report forecasts growth of $ 151.01 billion U.S. by 2020, at 

a CAGR (Compound annual growth rate) of 8.03% between 2015 and 2020" (p.02). 

According to new research  Benefits of Industry 4.0 are 'Cost Optimization, New 

Opportunities, Greater Operational Efficiency, and External Factors'(Irudayaraj, 2017). 

Therefore, Business leaders, governments, academics, and technology vendors have realized 

this huge potential and are working together to tap these benefits to their nations. The cyber-

world and the physical world are two kinds of potential in industry 4.0 solutions. For 

example, self-learning robots, centralized machinery planning, autonomous vehicles, logistic 

automation, etc. 

PWC (2016) article stated that "Industry 4.0 is no longer a 'future trend' – for many 

companies, it is now at the heart of their strategic and research agenda" (Retrieved from 

https://www.pwc.com). This biggest change gave birth to smart factories, Smart process, 

smart products, smart cities, smart homes, etc. As a result, more new significant skilled jobs 

existed than losing of low skilled jobs. In addition to the current skills, the industry demands 

an additional skill set.  

Accordioning to World Economic Forum report, Chapter 1: “The Future of Jobs and Skills 

(2016) stated that Core work-related skills can be classified into 3 categories and 9 sub-

categories” (Retrieved from http://reports.weforum.org). The core work-related skills are 

known as Abilities, Basic Skills, and cross-function skills and the nine sub-categories are 

cognitive abilities, physical abilities, content skills, process skills, social skills, system skills, 

complex problem-solving skills, resources management skills, and technical skills. 

 

The role of the English language in Education4.0 for Industry4.0  
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History has proven that innovation in Technology and industry always influenced the 

English language. Revolution in an industry impacted the use of English and communication 

among people worldwide. The invention of the internet made English a global language 

(Crystal, 2012). The demand for learning the English language to sustain in the job market 

and industry increased tremendously around the globe. Industry 4.0 conditioned employees to 

learn English with different core skills by creating new job opportunities. Some of the new 

jobs are driverless car engineers, robot coordinator, industrial data scientist, industrial 

engineers, stimulation experts, demand-supply chain coordinators, digital assisted field-

service engineers, salesforce, a specialist in data modeling and interpretations, 3-D computer-

aided designer, 3-D modeling designing engineers and researchers in all-new fields. Next-

generation students needed a high-level of competency skills and English language 

proficiency in this new job market world. 

English language learners are mainly divided into two groups. They are English as a 

foreign language (EFL) learners and English as a second language (ESL) learners. English In 

India is learned as a second language. According to British Council in the article English 

Skills for Employability Think Tank,(2015), English and IT skills are the two key enabling 

skills that enable the delivery to a higher level of quality in achieving its ambitions. Although 

the new Education policy in India talked about multilingualism and the power of language, it 

agrees to focus on the English language due to its status of being an international common 

language in concurrence with the practice in all technologically advanced countries (National 

Education Policy, 2019). The government of India recognized the English language as a core 

skill which is a necessary component of the development of competency in the new job 

industry. Therefore, there is a need to conduct future research on the role of the English 

language in acquiring competency, which equips students to the real scenario of Education4.0 

for Industry 4.0.  

 

2. AIM OF THE RESEARCH 

 

The present research aims to find out innovative techniques in the English language 

teaching and learning process, to equip Undergraduate students with oral competence for 

Industry4.0 career readiness.  

 

Statement of the problem 

New technological innovations in the industry demand workforce with the best 

competency. Teaching only to transfer the subject knowledge in the classroom doesn't 

support students to sustain in Industry4.0. The education system has taken a paradigm shift to 

meet the need of the Industry. The English language has a significant role in this shift to 

equip students with oral competence for Industry4.0 career readiness. The teaching-learning 

process in undergraduate colleges of Hyderabad is not given the scope to try out innovative 

techniques to tap the potential of the students. If the students' competencies are recognized on 

the campus, they can become efficient in the workplace. 

 

Hypotheses 

• The teaching-learning process at the undergraduate level is by and large traditional. 

• oral competence in English of the students for the Industry4.0 career readiness is 

ignored. 

 

Objective of research  
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• To find out innovative ways to tap oral competence in English of the students for the 

Industry4.0 career readiness. 

• To design a module to equip oral competence in English of the students for the 

Industry4.0 career readiness  

Research Design 

The present study is to examine oral Communicative Competence in English of final 

year undergraduate students for Industry 4.0 Career Readiness. Effective Communicative 

Competencies in English improves job opportunities globally and provides elite social life in 

the future (MeenuPandey&Prabhat Pandey, 2014). Undergraduate students need to improve 

Communicative Competencies in the English Language to set a career in the global job 

market and also for career advancement. With this view, this study not only analyses the 

needs of students in language competencies for Industry 4.0 Career Readiness but also 

identifies and innovates training model to equip the student with effective Communicative 

Competencies in the English language for Industry 4.0 Career Readiness.  

For this purpose, a research survey was conducted in various undergraduate colleges 

in and around Hyderabad. It was found that most of the learning was centered on the subjects 

of the mainstream not much focus was given to oral competence. After a few brainstorming 

sessions, stressing the importance of language and oral competence, the researcher selected 

200 students randomly and administered a structured questionnaire to collect data. The needs 

of students were analyzed, tabulated, and interpreted. For each question, 5- point Likert scale, 

0- lowest and 5- highest.  

 

Responses for the questionnaire: 

The questions were asked to make the learners understand the importance of oral 

competence to work in an organization. The researcher asked students to respond to every 

question in the column by marking tick. 

• Oral competence in English is necessary for Industry 4.0 Career Readiness.  

• Ability to face to face interviews   

• Expressing confidently about your self  during the interview process  

• Communicating effectively in a group discussion round    

• Effectively managing and negotiating 

• Communication with colleagues using appropriate language for career readiness. 

 

3. METHODOLOGY 

 

The data were analysed and calculated according to the 5- point Likert scale. The 

score for the questionnaire on  Oral Communicative Competence is 3.8.   

In the process of research,  120 randomly selected students were taken a pre-test on 

'Oral Communicative Competence'. Based on the scores of the sample learners, an intensive 

training programme was designed to enhance the Oral Communicative Competence of the 

students for Industry 4.0 Career Readiness. the sample group was divided into two groups, 

the experimental group, and the control group and each group is consist of 60 students. 

The researcher designed a 2weeks intensive training program for the experimental 

group to improve oral Communicative competence, by including student-centric language 

activities in their routine classes. On the other hand, the control group wasn't given any 

training.  

 

4. TRAINING 
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In the current  21st-century, the teaching-learning system in language classrooms 

needs to be shifted from a content-based model to a competency-based model and traditional 

teaching methodology to competency-based language teaching. This method enables a 

learner to learn the language in experiential learning through a real-life situation. This method 

of teaching must guarantee the achievement of required communicative competencies.  The 

researcher used the following activities as part of the training, which enhances the students in 

their oral competence for Industry 4.0 Career Readiness. 

Activity 1 

Building familiarity with career prospects 

This activity was planned by the researcher to enhance the awareness of various 

career opportunities and profile requirements available in the job market. The researcher 

introduced job portals, such as LinkedIn, Indeed, Monster, Glassdoor, Felxjob, The Ladder, 

AngelList, linkup, and Scouted to explore options according to their own suitable interest.  

Students researched to identify the following questionnaire : 

•  Availability of jobs based on their qualifications. 

•  Knowledge of skills and competencies demanded by the employers. 

• Identify the job role. 

• Access the work environment.  

• Identify the skills required for the given job role. 

•  Toanalyze and develop the necessary competencies.  

Upon a detailed study of the above, students have submitted an oral presentation on 

their research findings to the class. This activity aided to enhance their oral language and 

thinking skills. Besides, building collaborative learning and identifying career competencies. 

Activity 2 

Self-Assessment and Proven Credibility  

Having learned the industry requirements and importance of self-knowledge, 

educational and occupational achievements, work and learning, competence and skills to 

perform tasks, occupational role, career planning, etc. from the previous activity, students 

were now driven to a practical presentation of their strengths and competencies to meet the 

scope of work of their dream job.  

The purpose of this activity was to stimulate their presentation and communication 

skills needed to enact their given role. Despite their reluctant response, being challenged by 

Researchers' motivational approach, they came forward with their presentations stating this 

activity has enhanced their self-confidence towards, self-introduction, public communication 

and demonstration of their convincing capabilities all through the interview process. 

Activity 3   

Enacting the responsibilities of the designated profile 

This activity was designed to ensure students' understanding and knowledge of the 

Company profile, scope of work, products and services, work culture, and ethics. Their 

classroom presentations involved the introduction of the Company, Team management, a 

delegation of tasks and roles relevant to their skills, competency, knowledge, and experience. 

This activity led to a phenomenal exposure of comparisons amongst various job roles against 

their skills and experiences, leading to integral thought-provoking conversations, broadening 

their horizons, and interview preparations. 

Post-test  

After successful completion of 2 weeks of training, a post-test was conducted for 

experimental groups to measure the application and impact of the students in oral competence 

for Indusrty4.0 career readiness. A significant increase in scores can be observed and the 
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improvement was mainly observed along oral competence and presentation skills dimensions. 

The sample learners also felt they developed an instinct for learning the language.  

 

5. CONCLUSION  

 

Research findings validate the training program centered on innovative practice in 

teaching the English language to enhance the oral communicative competence of 

undergraduate students is remarkably effective. Students had better oral competence upon 

practicing activities and strategies, used to correlate the training content. Most of the 

undergraduate students identified that the English language plays a crucial role in job 

procurement and mandatory practicing principles of oral competence. Students evolved to be 

dynamic, confident, self-sufficient, as a result, the chances of acquiring a job or standing out 

in the industry 4.0 increases. 
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Abstract 
In today’s generation internet plays a vital role both in learning and teaching. IoT is the new era of computing 

Technology. It is an ecosystem of connected physical objects that are able to accessible through internet.IoT can 

change the educational system into a better understanding way.IoT is used in institutions to enhance learning 

outcomes by providing more affluent learning experiences, , and gaining real-time experience to improved 

operational efficiency actionable insight into student performance. By IoT in higher education its potentially 

increases benefits and reducing the risks involved in it. Without human assist the IoT can facilitates the 

devices/objects to identify and understand the situation. These devices/objects can represent themselves 

digitally and these devices can be to control from anywhere and anytime. The new wave of changes has started 

from IoT.It gives massive volume of connectivity. The Internet of things expected to give strong impact on 

various areas of life including healthcare, Entertainment, education, Business, Smart Home, Smart Campus and 

Smart City etc.IoT not only expected to give great impact but also expected to give new opportunities and 

possibilities for the improvement on the various area. The collaboration between the people and Technology are 

very power full. This paper provides the future of IoT in the higher education during the next few decades, 

which can be offered by a number of research organizations and enterprises. On the other hand, IoT brings 

tremendous challenges in higher education. Hence, this paper presents the importance and  challenges of IoT in 

higher education. 
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1. Introduction 

The Internet and its associated services and  applications have strongly  developed and influenced communication, it 

gathers information and marketing across the world via websites, blogs, e-mail and social networks. The changes in 

education  has been  registered major , especially since 2000, towards a new orientation of teenagers’  in education, 

reflected through online documentation,  and implementation of projects in virtual teams, and in online tutorials and much 

more. In 1999, there emerged a new term in the field, Internet of Things (IoT).The interaction between objects, people, 

internet and environment is called as “IoT”. We live in 21st century where the Information and communication 

Technology (ICT) cannot detach from human. The ICT plays a vital role in current education system. With the 

support of IoT education system can enhance the learning process. With the help of IoT can bring the live 

classroom, where student can observe, understand and interact easily. The impact of ICT has changed the 

traditional education system towards significantly improved modern and quality education systems at various 

levels of learning.IOT has become the most essential thing in every human’s life. The main concept of connected 

devices or things has given a new version to Internet, that it anything, anywhere can get connected with the Internet 

and becomes ‘Smart.' Connected devices can communicate with each other and share information which can then 

further be processed to take some decisions. According to Mark Weiser, “The most profound technologies are those 

that disappear. They weave themselves into the fabric of everyday life until they are indistinguishable from it” [1]. Kevin 

Ashton was the first to  use the term Internet of Things in 1999.Early the beginning of Internet of Things (IoT) many 

researchers have tried to define IoT in various ways like Internet of Everything, Internet of Anything, Internet of People, 

Internet of Signs, Internet of Services, Internet of Data or Internet of Processes [2]. According to [3], IoT represents 

‘anything at all, depending on requirements.' Cisco defines IoT as a network of connected physical objects. Cisco also 

uses the term Internet of Everything for both physical and virtual objects. Cisco states that “IoE brings together people, 

process, data, and things to make networked connections more relevant and valuable them  ever before—turning 

information into actions that create new capabilities, richer experiences, and unprecedented economic opportunities for 

businesses, individuals, and countries.” 
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                                                                           Fig:1 Internet of everything                           

                                           

                                                                     Fig:2 Using internet in all different sectors 

According to Gartner’s forecast, 20.8 billion new things will be connected by 2020. According to Machine Research, the 

growth of IoT connections is : from 6 billion in 2015 to 27 billion in 2025. The number of cellular IoT connections will be 

2.2 billion, and 45% of these will be in connected cars. The revenue forecast of IoT in 2025 is 3 trillion US$. IoT will also 

generate over two zettabytes of data, generally from consumer electronic devices. 
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                                                  Fig: 3 Five predictions of IOT till 2025 

 

Previous Studies 

2.1 The Traditional Education: Traditional classroom education has been around for decades and almost all 

members of society, and for many centuries using it Class room education continues to be an important way of 

learning, and there are many benefits that accompany this method of education. In a traditional education, 

students are able to interact with their teachers and personally. 

Online Education: 

The results of this study indicated that the participants were aware of the facilities of using e-books and they 

were content with the facilities of usage. The main resource of multiplying education is the teachers therefore; 

the teachers should build a relationship with technology and should use it in a sufficient level in their current 

and future classes. Moreover, each teacher should follow technology and apply it in their course. Therefore, the 

design of the digital electronic book is prepared to be adaptive for this generation of students because in 

general, they are digital readers. 

 

2. Objective of the study 

 

The objective of this study is derived as below, 

 

 To study the need of IoT in Education. 

 To know the Technology enhanced learning 

 To understand the Internet of Things 
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 Advantages of IoT in Modern Education 

3. Research Methodology 

 
This research was carried out based on the secondary data and the data.The data used for this research is 

descriptive and qualitative from secondary sources. This data has been filtered and analyzed in a structured 

analytical format. Since the topic is evolutionary and is subject to fast changes, only the qualitative data updated 

from time to time is used. The main source of data collection is wiki, websites, blogs, YouTube, books, articles 

and journals. 

2.1 To study the need of IoT in Education. 
 

Individualization 

 

The Student can more and inside based on the interest with personalized learning pattern and this will lead 

much more opportunity to learn with complete understanding the subject. 

 

 Smart Campus using IoT 

 

In general now a day’s all universities, colleges and schools are connected with internet of things. The concept 

of smart campus involves with the intellectual environment equipped with fully sophisticated and installed with 

advanced technology smart things and aids. The  smart classroom occupied with the set of smart things such as 

LCD Projector, Microphone, Speaker, cameras,  smart board / Interactive board, Visualizer , Virtual classroom , 

Google Classroom which  can be used for the ICT based enabled learning. A smart campus is a collection of 

smart multiple things [5].The smart campus may include the following things. 

 IoT based Classroom 

 IoT based Laboratories 

 Possibilities of E-Learning 

 Smart Library 

 Smart Attendance system for faculty and Student 

 Smart canteen 

 Smart office  
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In addition to smart parking, smart tracking of student, wi-fi enabled campus. The purpose of the smart campus 

is making the environment user friendly.  

 

 
Fig :4 IOT in Smart campus 

2.2 To know the Technology enhanced learning 
 

 IoT based Smart Classroom: 

 

The use of IoT devices for teaching and learning purposes is a top trend among institutions across the world 

which provides a new and innovative approach to education and classroom management [5]. Through smart 

classroom faculty can explain the subject in a more reality based   and make the student to understand easily. 

In the era of Digital technology, the rapid evaluation of Information and communication technology has created 

a new paradigm of internet known as Internet of Things. The Internet of Things changed the way to 

communicate with people and object in different manner. This has created the new form of communication 

between the teacher and student to allow them to improve the teaching and learning process. ICT have a great 

power to improve the quality outcomes of teaching learning. 

 

 
Fig:5 Educational Technology Market Research[8]. 
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 Advantage of Smart Classroom: 
 

Smart classroom plays a significant role in the student life. Smart classroom helps to transform the traditional 

education into modern education, with the help of smart education student can learn from anywhere, anytime 

anything and everything. The level of connectivity offered by the internet is beyond belief. It helps students to 

enrich the learning process all over the world.  This offers to improve the quality of education and academic 

achievements. IoT enables to break the barrier of learning in the classroom.  IoT give the platform to access 

globally. Some of the common tools are used in the classroom are. 

 Smart board / Interactive white  board 

 LCD Projectors  

 Lap tops and Tablet Pc 

 E-Library 

 ID Cards for Student and Faculty 

 CC Cameras for security  

 Attendance tracking systems 

 Printer and Scanners 

 Speakers and Mikes 

 Media Center 

 Environment friendly 

 Advanced teaching and learning experience 

 Easy maintenance 

                    
                                                                Fig:6 IOT in smart class rooms 
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Smart things are helps the teacher to explain the class in more interactive and more realistic way. The student 

can able to understand the concept very easily and put more attention with the help of the above mentioned 

smart devices in the Smart classroom. The flow of connected technology means professors and teachers could 

make grades faster. Their checking/grading also would be eased, less prejudiced and more efficient. When 

educators have devices connected to the cloud, they would be in better connect. Thus, tutor/ teachers could see 

which student requires more concern and focus. Other processes, with smart technology helps us in making 

lesson plans, adjusting schedules and many more. While the task is to connect over  smart devices, teachers are 

able to focus more on their teaching and research. 

 

 IoT based Research: 

 

Research is a one of the emergent technology in the education system. Research gives the real opportunity to 

upgrade knowledge. Research will give the opportunity to know the concept very well. Internet of Things will 

give the more opportunity and it helps everyone to understand the concept and we come to know the opinion of 

others in the world. IoT will give the benefit of the wider research area and it will lead a valuable innovation to 

the world. 

 

 
                                             Fig :7 IOT in research 

        

 Smart Attendance System – Biometric Systems: 

 

Regularly taking attendance is a big task in the classroom. To overcome that we have introduced a new 

technology with the help of iot that is radio frequency identification (RFI) which will substantially help, 

biometric fingerprint sensor and password based technologies are integrated to develop a cost effective, reliable 

attendance management system [6]. Smart attendance system and biometric system are the most secured things, 

also it is very difficult to manipulate the data and complete integrity proof on the data and information. 
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The internet enabled radio frequency identification will enable to notify the assignedconcerns on defined 

interval or customized periods. 

The recorded data from the biometric can be stored and retrieved any time and each educational establishment 

wants it to be secure and endangered from any unsolicited visitors. However the specialists that are involved in 

security guard, they cannot monitor every corner of the facility. That is why IoT can help administration 

control. Facial recognition systems helps us to identify faces by scanning them and to be saved in data base. 

That is how the Internet of Things works and how it may be beneficial. 

 

 

 
                                                           Fig:8 IOT used for security 

 

 IoT based Feedback Form: 
 

Google Form is a one of the platform to access the student with the help of the technology .It is a one of the 

easy way to take the feedback using the internet of things. Google Form is a open source available for everyone. 

Using this form student can answer the query from everywhere and any time.24/7 available in the internet. 

 

 IoT based Google Classroom: 
 

Google classroom is free. Google classroom can be accessed from any computer or mobile device via Google 

chrome.  It is a blended platform with lot of benefits available for both faculty and students. Google classroom 

is a one of the online learning system, using this we can send, announce or pass any kind of information to the 

everyone. It has lot of benefits such as accessibility, Time saving, Communication, paperless transaction, 

collaboration, Data Analysis and feedback [7] etc. We don’t need any papers to do assignments, as we can save 

our data through google classroom. The Internet of Things impacts education in a lot of ways. It is this asset 
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intellect, which enable institutions to make more informed decisions, in an attempt to improve operational 

efficiency, learning experience and campus security 

 

2.3 To understand the Internet of Things 
 

As per the above discussion we can able to understand the value of Internet of Things in the society especially 

in the education system. IoT promotes a heightened level of awareness about our world [13]. IoT enables 

numerous applications ranging from the micro to macro and from the insignificant to the serious [13]. IoT plays 

a significant role in the field of education. IoT plays a major role everywhere in the society. The era of the 

technology our dream becomes true. IoT support the way to build the flexibility of the system and cost effective 

way. With the help of IOT we can transfer several areas in everyday life .Although it seem to be good in 

education. 

Software development education is widely offered by most colleges and universities, offering fully online 

degree programs as well as the traditional on campus programs, which is helping the rural people who is far 

away from the university access get benefited. 

 

2.4 Advantages of IoT in Modern Education 

 

Today’s more and more tutors and educators are using the internet for the betterment of the education systems. 

The students are the main chain links of the education process. Internet of thing is a new system introduced to 

provide wide connectivity between the people and the technology where we cannot imagined before. The scope 

of learning is enormous with the help of the IOT based devices like Tablet, Laptops, Mobile Phones, Desktops, 

etc.It helps the students as follows. 

Individual learning 

Interactive based learning 

 Increase the curiosity of learning 

 Learn everywhere 

 To learn and understand the things in easy and better way. 

 To validate the information by interpret the data from various sources. 
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 Improve the learning Process 

 No more loss of information 

 Create the curiosity towards the subject 

 The growth of engagement 

 To improve the results 

 Smart way to monitor the students 

 

Conclusion: 

 

The future of IoT is massively unlimited and will be improve a quality of education system because of advances 

in technology, though the IoT contain plenty of information ,however the user can get the relevant data and 

information by data interpreting, The Wi-Fi as made it possible to connect people and machines. IoT can 

change our whole world within few years.Strongly believed that the use of technology especially the era of IoT 

transform the educational environment towards the modern education [9].With the help of IoT we can collect 

the lot of data, that data we can convert to Information . These kinds of Information are going to help in the 

society for everybody everywhere.the students who is not able to attend the regular physical classes ,can be 

highly benefited on the learning progress ,because of the wider education by IoT the quality of human will be 

improved and the poverty of the nation subsequently improved . 
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Abstract 

English language competencies are essential for career readiness and advancement. 

English, being one of the popular world languages, is used for global communication 

and is commonly considered as an official language in many countries. In India, 

undergraduate students need English language competence to set a career in the global 

job market. At present, the fourth Industrial Revolution introduced innovative 

technological advancement in the industry. Thus, there is a great demand for 

professionals with new technologies and language competencies in this Industry 4.0. To 

possess these new career opportunities, undergraduate students need to upgrade their 

technical skills as well as  English language competencies. Educators and Industry need 

to build the bridge for the students by providing Industry4.0 career readiness training 

programs. Here is a tremendous need for analyzing and mapping technical skills as well 

as the English language competencies of Undergraduate students. The present study is 

to analyse the need for oral Communicative Competence in the English Language of  

120 final year undergraduate students in Hyderabad for Industry 4.0 Career Readiness. 

The researcher designed a specific need-based intensive course and the randomly 

selected group underwent training for 2 weeks. As a result, students developed 

commutative competency in the English language for Industry 4.0 career readiness. 

 

Keywords: Oral Communicative Competence in English, Undergraduates, Industry4.0, 

Career Readiness, experimental study.  

 

1. INTRODUCTION 

 

English as an International language has a significant role in this world of 

globalization. Warschauer (2000) mentioned that globalization and English as an 

International language gained prominence together in the history of the world. The English 

language is used widely to establish international commerce, cultures, and communication in 

the process of globalization. Neeley (2014) quoted that English became a global language for 

business and was mandated as a common corporate language in many multinational 

companies around the world. English is commonly considered as an official language in 

many countries.  
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Evolution of  English language and Industrial Revolutions  

Five hundred years ago, the English language was spoken mostly in the British Isles. 

Annika Lindok (2015) stated that In the early 18th century, the first industrial revolution 

brought the evolution of the English language. In fact, the English language is used to show 

to the world what was made of industrialized societies. History has proven that innovation in 

Technology and industry always influenced the English language. Revolution in the industry 

impacted the use of English and communication among people worldwide. The invention of 

the internet made English a global language (Crystal, 2012). English language learners are 

increasing due to the ongoing demand for this language in the competitive job market in the 

industry. According to the British council report at present 1.75 billion people are learning 

the English language across the globe and the number will increase up to 2 billons very soon. 

 

Industry 4.0  

The initiation of the Fourth Industrial Revolution with modern technologies like Data 

Science, Artificial Intelligence (AI), Machine Learning(ML), Cyber Security,  Internet of 

Things (IoT) Augment Reality (AR) and Virtual Reality (VR) spread all over the countries. 

The invention of the water and steam engine and Mechanical production in the year 1784 

brought the first Industrial Revolution. Electrical energy and mass production existed in the 

Second Industrial Revolution in the year 1923. In the year 1969, the third Industrial 

Revolution was introduced by electronics and IT for higher automated production. From the 

year 2014, innovations of manufacturing logistics and revolutionizing traditional 

manufacturing processes inducted to the Fourth Industrial Revolution is addressed as Industry 

4.0. Firstly, It started in Germany as a brainchild. Next, adopted by the USA, France, and 

Japan. Consequently, it influenced BRICS (Brazil, Russia, India, China, and South Africa) 

Nations as well as the whole world. According to Gilchrist, A (2016) "From a financial 

perspective, one market research report forecasts growth of $ 151.01 billion U.S. by 2020, at 

a CAGR (Compound annual growth rate) of 8.03% between 2015 and 2020" (p.02). 

According to new research  Benefits of Industry 4.0 are 'Cost Optimization, New 

Opportunities, Greater Operational Efficiency, and External Factors'(Irudayaraj, 2017). 

Therefore, Business leaders, governments, academics, and technology vendors have realized 

this huge potential and are working together to tap these benefits to their nations. The cyber-

world and the physical world are two kinds of potential in industry 4.0 solutions. For 

example, self-learning robots, centralized machinery planning, autonomous vehicles, logistic 

automation, etc. 

PWC (2016) article stated that "Industry 4.0 is no longer a 'future trend' – for many 

companies, it is now at the heart of their strategic and research agenda" (Retrieved from 

https://www.pwc.com). This biggest change gave birth to smart factories, Smart process, 

smart products, smart cities, smart homes, etc. As a result, more new significant skilled jobs 

existed than losing of low skilled jobs. In addition to the current skills, the industry demands 

an additional skill set.  

Accordioning to World Economic Forum report, Chapter 1: “The Future of Jobs and Skills 

(2016) stated that Core work-related skills can be classified into 3 categories and 9 sub-

categories” (Retrieved from http://reports.weforum.org). The core work-related skills are 

known as Abilities, Basic Skills, and cross-function skills and the nine sub-categories are 

cognitive abilities, physical abilities, content skills, process skills, social skills, system skills, 

complex problem-solving skills, resources management skills, and technical skills. 

 

The role of the English language in Education4.0 for Industry4.0  
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History has proven that innovation in Technology and industry always influenced the 

English language. Revolution in an industry impacted the use of English and communication 

among people worldwide. The invention of the internet made English a global language 

(Crystal, 2012). The demand for learning the English language to sustain in the job market 

and industry increased tremendously around the globe. Industry 4.0 conditioned employees to 

learn English with different core skills by creating new job opportunities. Some of the new 

jobs are driverless car engineers, robot coordinator, industrial data scientist, industrial 

engineers, stimulation experts, demand-supply chain coordinators, digital assisted field-

service engineers, salesforce, a specialist in data modeling and interpretations, 3-D computer-

aided designer, 3-D modeling designing engineers and researchers in all-new fields. Next-

generation students needed a high-level of competency skills and English language 

proficiency in this new job market world. 

English language learners are mainly divided into two groups. They are English as a 

foreign language (EFL) learners and English as a second language (ESL) learners. English In 

India is learned as a second language. According to British Council in the article English 

Skills for Employability Think Tank,(2015), English and IT skills are the two key enabling 

skills that enable the delivery to a higher level of quality in achieving its ambitions. Although 

the new Education policy in India talked about multilingualism and the power of language, it 

agrees to focus on the English language due to its status of being an international common 

language in concurrence with the practice in all technologically advanced countries (National 

Education Policy, 2019). The government of India recognized the English language as a core 

skill which is a necessary component of the development of competency in the new job 

industry. Therefore, there is a need to conduct future research on the role of the English 

language in acquiring competency, which equips students to the real scenario of Education4.0 

for Industry 4.0.  

 

2. AIM OF THE RESEARCH 

 

The present research aims to find out innovative techniques in the English language 

teaching and learning process, to equip Undergraduate students with oral competence for 

Industry4.0 career readiness.  

 

Statement of the problem 

New technological innovations in the industry demand workforce with the best 

competency. Teaching only to transfer the subject knowledge in the classroom doesn't 

support students to sustain in Industry4.0. The education system has taken a paradigm shift to 

meet the need of the Industry. The English language has a significant role in this shift to 

equip students with oral competence for Industry4.0 career readiness. The teaching-learning 

process in undergraduate colleges of Hyderabad is not given the scope to try out innovative 

techniques to tap the potential of the students. If the students' competencies are recognized on 

the campus, they can become efficient in the workplace. 

 

Hypotheses 

• The teaching-learning process at the undergraduate level is by and large traditional. 

• oral competence in English of the students for the Industry4.0 career readiness is 

ignored. 

 

Objective of research  
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• To find out innovative ways to tap oral competence in English of the students for the 

Industry4.0 career readiness. 

• To design a module to equip oral competence in English of the students for the 

Industry4.0 career readiness  

Research Design 

The present study is to examine oral Communicative Competence in English of final 

year undergraduate students for Industry 4.0 Career Readiness. Effective Communicative 

Competencies in English improves job opportunities globally and provides elite social life in 

the future (MeenuPandey&Prabhat Pandey, 2014). Undergraduate students need to improve 

Communicative Competencies in the English Language to set a career in the global job 

market and also for career advancement. With this view, this study not only analyses the 

needs of students in language competencies for Industry 4.0 Career Readiness but also 

identifies and innovates training model to equip the student with effective Communicative 

Competencies in the English language for Industry 4.0 Career Readiness.  

For this purpose, a research survey was conducted in various undergraduate colleges 

in and around Hyderabad. It was found that most of the learning was centered on the subjects 

of the mainstream not much focus was given to oral competence. After a few brainstorming 

sessions, stressing the importance of language and oral competence, the researcher selected 

200 students randomly and administered a structured questionnaire to collect data. The needs 

of students were analyzed, tabulated, and interpreted. For each question, 5- point Likert scale, 

0- lowest and 5- highest.  

 

Responses for the questionnaire: 

The questions were asked to make the learners understand the importance of oral 

competence to work in an organization. The researcher asked students to respond to every 

question in the column by marking tick. 

• Oral competence in English is necessary for Industry 4.0 Career Readiness.  

• Ability to face to face interviews   

• Expressing confidently about your self  during the interview process  

• Communicating effectively in a group discussion round    

• Effectively managing and negotiating 

• Communication with colleagues using appropriate language for career readiness. 

 

3. METHODOLOGY 

 

The data were analysed and calculated according to the 5- point Likert scale. The 

score for the questionnaire on  Oral Communicative Competence is 3.8.   

In the process of research,  120 randomly selected students were taken a pre-test on 

'Oral Communicative Competence'. Based on the scores of the sample learners, an intensive 

training programme was designed to enhance the Oral Communicative Competence of the 

students for Industry 4.0 Career Readiness. the sample group was divided into two groups, 

the experimental group, and the control group and each group is consist of 60 students. 

The researcher designed a 2weeks intensive training program for the experimental 

group to improve oral Communicative competence, by including student-centric language 

activities in their routine classes. On the other hand, the control group wasn't given any 

training.  

 

4. TRAINING 
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In the current  21st-century, the teaching-learning system in language classrooms 

needs to be shifted from a content-based model to a competency-based model and traditional 

teaching methodology to competency-based language teaching. This method enables a 

learner to learn the language in experiential learning through a real-life situation. This method 

of teaching must guarantee the achievement of required communicative competencies.  The 

researcher used the following activities as part of the training, which enhances the students in 

their oral competence for Industry 4.0 Career Readiness. 

Activity 1 

Building familiarity with career prospects 

This activity was planned by the researcher to enhance the awareness of various 

career opportunities and profile requirements available in the job market. The researcher 

introduced job portals, such as LinkedIn, Indeed, Monster, Glassdoor, Felxjob, The Ladder, 

AngelList, linkup, and Scouted to explore options according to their own suitable interest.  

Students researched to identify the following questionnaire : 

•  Availability of jobs based on their qualifications. 

•  Knowledge of skills and competencies demanded by the employers. 

• Identify the job role. 

• Access the work environment.  

• Identify the skills required for the given job role. 

•  Toanalyze and develop the necessary competencies.  

Upon a detailed study of the above, students have submitted an oral presentation on 

their research findings to the class. This activity aided to enhance their oral language and 

thinking skills. Besides, building collaborative learning and identifying career competencies. 

Activity 2 

Self-Assessment and Proven Credibility  

Having learned the industry requirements and importance of self-knowledge, 

educational and occupational achievements, work and learning, competence and skills to 

perform tasks, occupational role, career planning, etc. from the previous activity, students 

were now driven to a practical presentation of their strengths and competencies to meet the 

scope of work of their dream job.  

The purpose of this activity was to stimulate their presentation and communication 

skills needed to enact their given role. Despite their reluctant response, being challenged by 

Researchers' motivational approach, they came forward with their presentations stating this 

activity has enhanced their self-confidence towards, self-introduction, public communication 

and demonstration of their convincing capabilities all through the interview process. 

Activity 3   

Enacting the responsibilities of the designated profile 

This activity was designed to ensure students' understanding and knowledge of the 

Company profile, scope of work, products and services, work culture, and ethics. Their 

classroom presentations involved the introduction of the Company, Team management, a 

delegation of tasks and roles relevant to their skills, competency, knowledge, and experience. 

This activity led to a phenomenal exposure of comparisons amongst various job roles against 

their skills and experiences, leading to integral thought-provoking conversations, broadening 

their horizons, and interview preparations. 

Post-test  

After successful completion of 2 weeks of training, a post-test was conducted for 

experimental groups to measure the application and impact of the students in oral competence 

for Indusrty4.0 career readiness. A significant increase in scores can be observed and the 
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improvement was mainly observed along oral competence and presentation skills dimensions. 

The sample learners also felt they developed an instinct for learning the language.  

 

5. CONCLUSION  

 

Research findings validate the training program centered on innovative practice in 

teaching the English language to enhance the oral communicative competence of 

undergraduate students is remarkably effective. Students had better oral competence upon 

practicing activities and strategies, used to correlate the training content. Most of the 

undergraduate students identified that the English language plays a crucial role in job 

procurement and mandatory practicing principles of oral competence. Students evolved to be 

dynamic, confident, self-sufficient, as a result, the chances of acquiring a job or standing out 

in the industry 4.0 increases. 
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Abstract 
In today’s generation internet plays a vital role both in learning and teaching. IoT is the new era of computing 

Technology. It is an ecosystem of connected physical objects that are able to accessible through internet.IoT can 

change the educational system into a better understanding way.IoT is used in institutions to enhance learning 

outcomes by providing more affluent learning experiences, , and gaining real-time experience to improved 

operational efficiency actionable insight into student performance. By IoT in higher education its potentially 

increases benefits and reducing the risks involved in it. Without human assist the IoT can facilitates the 

devices/objects to identify and understand the situation. These devices/objects can represent themselves 

digitally and these devices can be to control from anywhere and anytime. The new wave of changes has started 

from IoT.It gives massive volume of connectivity. The Internet of things expected to give strong impact on 

various areas of life including healthcare, Entertainment, education, Business, Smart Home, Smart Campus and 

Smart City etc.IoT not only expected to give great impact but also expected to give new opportunities and 

possibilities for the improvement on the various area. The collaboration between the people and Technology are 

very power full. This paper provides the future of IoT in the higher education during the next few decades, 

which can be offered by a number of research organizations and enterprises. On the other hand, IoT brings 

tremendous challenges in higher education. Hence, this paper presents the importance and  challenges of IoT in 

higher education. 
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Keywords:, Internet of Things, enhanced learning, tremendous challenges, affluent 

 
1. Introduction 

The Internet and its associated services and  applications have strongly  developed and influenced communication, it 

gathers information and marketing across the world via websites, blogs, e-mail and social networks. The changes in 

education  has been  registered major , especially since 2000, towards a new orientation of teenagers’  in education, 

reflected through online documentation,  and implementation of projects in virtual teams, and in online tutorials and much 

more. In 1999, there emerged a new term in the field, Internet of Things (IoT).The interaction between objects, people, 

internet and environment is called as “IoT”. We live in 21st century where the Information and communication 

Technology (ICT) cannot detach from human. The ICT plays a vital role in current education system. With the 

support of IoT education system can enhance the learning process. With the help of IoT can bring the live 

classroom, where student can observe, understand and interact easily. The impact of ICT has changed the 

traditional education system towards significantly improved modern and quality education systems at various 

levels of learning.IOT has become the most essential thing in every human’s life. The main concept of connected 

devices or things has given a new version to Internet, that it anything, anywhere can get connected with the Internet 

and becomes ‘Smart.' Connected devices can communicate with each other and share information which can then 

further be processed to take some decisions. According to Mark Weiser, “The most profound technologies are those 

that disappear. They weave themselves into the fabric of everyday life until they are indistinguishable from it” [1]. Kevin 

Ashton was the first to  use the term Internet of Things in 1999.Early the beginning of Internet of Things (IoT) many 

researchers have tried to define IoT in various ways like Internet of Everything, Internet of Anything, Internet of People, 

Internet of Signs, Internet of Services, Internet of Data or Internet of Processes [2]. According to [3], IoT represents 

‘anything at all, depending on requirements.' Cisco defines IoT as a network of connected physical objects. Cisco also 

uses the term Internet of Everything for both physical and virtual objects. Cisco states that “IoE brings together people, 

process, data, and things to make networked connections more relevant and valuable them  ever before—turning 

information into actions that create new capabilities, richer experiences, and unprecedented economic opportunities for 

businesses, individuals, and countries.” 
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                                                                           Fig:1 Internet of everything                           

                                           

                                                                     Fig:2 Using internet in all different sectors 

According to Gartner’s forecast, 20.8 billion new things will be connected by 2020. According to Machine Research, the 

growth of IoT connections is : from 6 billion in 2015 to 27 billion in 2025. The number of cellular IoT connections will be 

2.2 billion, and 45% of these will be in connected cars. The revenue forecast of IoT in 2025 is 3 trillion US$. IoT will also 

generate over two zettabytes of data, generally from consumer electronic devices. 
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                                                  Fig: 3 Five predictions of IOT till 2025 

 

Previous Studies 

2.1 The Traditional Education: Traditional classroom education has been around for decades and almost all 

members of society, and for many centuries using it Class room education continues to be an important way of 

learning, and there are many benefits that accompany this method of education. In a traditional education, 

students are able to interact with their teachers and personally. 

Online Education: 

The results of this study indicated that the participants were aware of the facilities of using e-books and they 

were content with the facilities of usage. The main resource of multiplying education is the teachers therefore; 

the teachers should build a relationship with technology and should use it in a sufficient level in their current 

and future classes. Moreover, each teacher should follow technology and apply it in their course. Therefore, the 

design of the digital electronic book is prepared to be adaptive for this generation of students because in 

general, they are digital readers. 

 

2. Objective of the study 

 

The objective of this study is derived as below, 

 

 To study the need of IoT in Education. 

 To know the Technology enhanced learning 

 To understand the Internet of Things 
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 Advantages of IoT in Modern Education 

3. Research Methodology 

 
This research was carried out based on the secondary data and the data.The data used for this research is 

descriptive and qualitative from secondary sources. This data has been filtered and analyzed in a structured 

analytical format. Since the topic is evolutionary and is subject to fast changes, only the qualitative data updated 

from time to time is used. The main source of data collection is wiki, websites, blogs, YouTube, books, articles 

and journals. 

2.1 To study the need of IoT in Education. 
 

Individualization 

 

The Student can more and inside based on the interest with personalized learning pattern and this will lead 

much more opportunity to learn with complete understanding the subject. 

 

 Smart Campus using IoT 

 

In general now a day’s all universities, colleges and schools are connected with internet of things. The concept 

of smart campus involves with the intellectual environment equipped with fully sophisticated and installed with 

advanced technology smart things and aids. The  smart classroom occupied with the set of smart things such as 

LCD Projector, Microphone, Speaker, cameras,  smart board / Interactive board, Visualizer , Virtual classroom , 

Google Classroom which  can be used for the ICT based enabled learning. A smart campus is a collection of 

smart multiple things [5].The smart campus may include the following things. 

 IoT based Classroom 

 IoT based Laboratories 

 Possibilities of E-Learning 

 Smart Library 

 Smart Attendance system for faculty and Student 

 Smart canteen 

 Smart office  
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In addition to smart parking, smart tracking of student, wi-fi enabled campus. The purpose of the smart campus 

is making the environment user friendly.  

 

 
Fig :4 IOT in Smart campus 

2.2 To know the Technology enhanced learning 
 

 IoT based Smart Classroom: 

 

The use of IoT devices for teaching and learning purposes is a top trend among institutions across the world 

which provides a new and innovative approach to education and classroom management [5]. Through smart 

classroom faculty can explain the subject in a more reality based   and make the student to understand easily. 

In the era of Digital technology, the rapid evaluation of Information and communication technology has created 

a new paradigm of internet known as Internet of Things. The Internet of Things changed the way to 

communicate with people and object in different manner. This has created the new form of communication 

between the teacher and student to allow them to improve the teaching and learning process. ICT have a great 

power to improve the quality outcomes of teaching learning. 

 

 
Fig:5 Educational Technology Market Research[8]. 
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 Advantage of Smart Classroom: 
 

Smart classroom plays a significant role in the student life. Smart classroom helps to transform the traditional 

education into modern education, with the help of smart education student can learn from anywhere, anytime 

anything and everything. The level of connectivity offered by the internet is beyond belief. It helps students to 

enrich the learning process all over the world.  This offers to improve the quality of education and academic 

achievements. IoT enables to break the barrier of learning in the classroom.  IoT give the platform to access 

globally. Some of the common tools are used in the classroom are. 

 Smart board / Interactive white  board 

 LCD Projectors  

 Lap tops and Tablet Pc 

 E-Library 

 ID Cards for Student and Faculty 

 CC Cameras for security  

 Attendance tracking systems 

 Printer and Scanners 

 Speakers and Mikes 

 Media Center 

 Environment friendly 

 Advanced teaching and learning experience 

 Easy maintenance 

                    
                                                                Fig:6 IOT in smart class rooms 
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Smart things are helps the teacher to explain the class in more interactive and more realistic way. The student 

can able to understand the concept very easily and put more attention with the help of the above mentioned 

smart devices in the Smart classroom. The flow of connected technology means professors and teachers could 

make grades faster. Their checking/grading also would be eased, less prejudiced and more efficient. When 

educators have devices connected to the cloud, they would be in better connect. Thus, tutor/ teachers could see 

which student requires more concern and focus. Other processes, with smart technology helps us in making 

lesson plans, adjusting schedules and many more. While the task is to connect over  smart devices, teachers are 

able to focus more on their teaching and research. 

 

 IoT based Research: 

 

Research is a one of the emergent technology in the education system. Research gives the real opportunity to 

upgrade knowledge. Research will give the opportunity to know the concept very well. Internet of Things will 

give the more opportunity and it helps everyone to understand the concept and we come to know the opinion of 

others in the world. IoT will give the benefit of the wider research area and it will lead a valuable innovation to 

the world. 

 

 
                                             Fig :7 IOT in research 

        

 Smart Attendance System – Biometric Systems: 

 

Regularly taking attendance is a big task in the classroom. To overcome that we have introduced a new 

technology with the help of iot that is radio frequency identification (RFI) which will substantially help, 

biometric fingerprint sensor and password based technologies are integrated to develop a cost effective, reliable 

attendance management system [6]. Smart attendance system and biometric system are the most secured things, 

also it is very difficult to manipulate the data and complete integrity proof on the data and information. 
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The internet enabled radio frequency identification will enable to notify the assignedconcerns on defined 

interval or customized periods. 

The recorded data from the biometric can be stored and retrieved any time and each educational establishment 

wants it to be secure and endangered from any unsolicited visitors. However the specialists that are involved in 

security guard, they cannot monitor every corner of the facility. That is why IoT can help administration 

control. Facial recognition systems helps us to identify faces by scanning them and to be saved in data base. 

That is how the Internet of Things works and how it may be beneficial. 

 

 

 
                                                           Fig:8 IOT used for security 

 

 IoT based Feedback Form: 
 

Google Form is a one of the platform to access the student with the help of the technology .It is a one of the 

easy way to take the feedback using the internet of things. Google Form is a open source available for everyone. 

Using this form student can answer the query from everywhere and any time.24/7 available in the internet. 

 

 IoT based Google Classroom: 
 

Google classroom is free. Google classroom can be accessed from any computer or mobile device via Google 

chrome.  It is a blended platform with lot of benefits available for both faculty and students. Google classroom 

is a one of the online learning system, using this we can send, announce or pass any kind of information to the 

everyone. It has lot of benefits such as accessibility, Time saving, Communication, paperless transaction, 

collaboration, Data Analysis and feedback [7] etc. We don’t need any papers to do assignments, as we can save 

our data through google classroom. The Internet of Things impacts education in a lot of ways. It is this asset 

http://www.ijcrt.org/


www.ijcrt.org                                                                        © 2021 IJCRT | Volume 9, Issue 3 March 2021 | ISSN: 2320-2882 

IJCRT2103182 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org 1422 
 

intellect, which enable institutions to make more informed decisions, in an attempt to improve operational 

efficiency, learning experience and campus security 

 

2.3 To understand the Internet of Things 
 

As per the above discussion we can able to understand the value of Internet of Things in the society especially 

in the education system. IoT promotes a heightened level of awareness about our world [13]. IoT enables 

numerous applications ranging from the micro to macro and from the insignificant to the serious [13]. IoT plays 

a significant role in the field of education. IoT plays a major role everywhere in the society. The era of the 

technology our dream becomes true. IoT support the way to build the flexibility of the system and cost effective 

way. With the help of IOT we can transfer several areas in everyday life .Although it seem to be good in 

education. 

Software development education is widely offered by most colleges and universities, offering fully online 

degree programs as well as the traditional on campus programs, which is helping the rural people who is far 

away from the university access get benefited. 

 

2.4 Advantages of IoT in Modern Education 

 

Today’s more and more tutors and educators are using the internet for the betterment of the education systems. 

The students are the main chain links of the education process. Internet of thing is a new system introduced to 

provide wide connectivity between the people and the technology where we cannot imagined before. The scope 

of learning is enormous with the help of the IOT based devices like Tablet, Laptops, Mobile Phones, Desktops, 

etc.It helps the students as follows. 

Individual learning 

Interactive based learning 

 Increase the curiosity of learning 

 Learn everywhere 

 To learn and understand the things in easy and better way. 

 To validate the information by interpret the data from various sources. 
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 Improve the learning Process 

 No more loss of information 

 Create the curiosity towards the subject 

 The growth of engagement 

 To improve the results 

 Smart way to monitor the students 

 

Conclusion: 

 

The future of IoT is massively unlimited and will be improve a quality of education system because of advances 

in technology, though the IoT contain plenty of information ,however the user can get the relevant data and 

information by data interpreting, The Wi-Fi as made it possible to connect people and machines. IoT can 

change our whole world within few years.Strongly believed that the use of technology especially the era of IoT 

transform the educational environment towards the modern education [9].With the help of IoT we can collect 

the lot of data, that data we can convert to Information . These kinds of Information are going to help in the 

society for everybody everywhere.the students who is not able to attend the regular physical classes ,can be 

highly benefited on the learning progress ,because of the wider education by IoT the quality of human will be 

improved and the poverty of the nation subsequently improved . 
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Abstract: This paper considers the multilabel classification problem, which is a generalization of traditional 

two-class or multi-class classification problem. In multilabel classification a set of labels (categories) is given 

and each training instance is associated with a subset of this label-set. The task is to output the appropriate 

subset of labels (generally of unknown size) for a given, unknown testing instance. Some improvements to the 

existing neural network multilabel classification algorithm, named BP-MLL, are proposed here. The 

modifications concern the form of the global error function used in BP-MLL. The modified classification 

system is tested in the domain of functional genomics, on the yeast genome data set. Experimental results 

show that proposed modifications visibly improve the performance of the neural network based multilabel 

classifier. The results are statistically significant. 

 

Keywords: Classifications,Artificial Neural Networks,Machine Learning. 

1. Introduction 

Classification in machine learning is the problem of identifying the function f(x) that maps each attribute vector xi 

to its associated target label yi, i = 1,2,….,n, where n is the total number of training samples [1]. Traditional 

classification problems in machine learning involve associating each of the sample instances with a single target label. 

i.e. unique target association. This type of classification is called single label classification. On the contrary, several real 

world classification problems involve data samples which correspond to a subset of target labels [6]. This results in the 

emergence of a new category of machine learning classification called the multi-label classification. The multi-label 

classification problems are gaining much importance and attention in the recent years due to the rapidly increasing real 

world application areas. Some of the real world application domains that require multi-label classification are medical 

diagnosis, text categorization [4-8],genomics, bioinformatics, multimedia, emotion, music categorization, scene and 

video categorization, map labeling, marketing etc. Due to the omnipresence of multi-label problems in a wide range of 

real world scenarios, multi-label classification is an emerging field in machine learning classification [15]. 

Classification errors occur when the classes overlap in the selected feature space. Various classification methods have 

been developed to provide [9] different operating characteristics, including linear discriminate functions, artificial 

neural networks (ANN), k-nearest-neighbor (k-NN), radial basis functions (RBF) and support vector machines (SVM).  
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2. Background 

The sparse literature on multi-label classification is primarily geared to text classification or bioinformatics. For text 

classification, Schapire and Singer [21] proposed BoosTexter, extending AdaBoost to handle multi-label text 

categorization. However, they note that controlling complexity due to overfitting [7] in their model is an open issue. 

McCallum [14] proposed a mixture model trained by EM, selecting the most probable set of labels from the power set 

of possible classes and using heuristics to overcome the associated computational complexity [12]. However, his 

generative model is based on learning text frequencies in documents, and is thus specific to text applications. Bosubabu 

Sambana’ approach is most similar to ours in that he uses a set of binary SVM classifiers [14]. He finds that SVM 

classfiers achieve higher accuracy than others. However, he does not discuss multi-label training models or specific 

testing criteria. In bioinformatics, Bosubabu Sambana [11][15] extended the definition of analysis to include multi-label 

data, but they use a conclusionhierarchy as their baseline algorithm approaches [6]. As they stated, they chose a decision 

tree because of the sparseness of the data and because they needed to learn accurate rules, not a complete classification. 

However we desire to use Support Vector Machines for their high accuracy in classification [8].  

A related approach to image classification consists of segmenting and classifying image regions (e.g., sky, grass). A 

seemingly natural approach to multi-label scene classification is to model such scenes using combinations of these 

labels. For example, if a mountain scene is defined as one containing rocks and sky and a field scene as one containing 

grass and sky, then an image with grass, rocks, and sky would be considered both a field scene and a mountain scene 

[6]. 

However, in some classification tasks, it is likely that some data belongs to multiple classes, causing the actual classes 

to overlap by definition. In text or music categorization, documents may belong to multiple genres, such as government 

and health, or rock and blues [4-6] [18][19][20]. Architecture may belong to multiple genres as well. In medical 

diagnosis, a disease may belong to multiple categories, and genes may have multiple functions, yielding multiple labels 

[15]. A problem domain receiving renewed attention is semantic scene classification categorizing images into semantic 

classes such as beaches, sunsets or parties. Semantic scene classification finds application in many areas, including 

content-based indexing and organization and content-sensitive image enhancement. Many current digital library systems 

allow a user to specify a query image and search for images “similar” to it, where similarity is often defined only by 

color or texture properties [7].  

This so-called query by example process has often proved to be inadequate. Knowing the category of a scene helps 

narrow the search space dramatically, reducing the search space, and simultaneously increasing the hit rate and reducing 

the false alarm rate. Knowledge about the scene category can find also application in context-sensitive image 

enhancement. While an algorithm might enhance the quality of some classes of pictures [6], it can degrade others. 

Rather than applying a generic algorithm to all images, we could customize it to the scene type [8]. In the scene 

classification domain, many images may belong to multiple semantic classes. The Figure -2 shows an image that had 

been classified by a human as a beach scene. However, it is clearly both a beach scene and an urban scene. It is not a 

fuzzy member of each (due to ambiguity), but is fully a member of each class (due to multiplicity) issimilar [14]. 

Automatic data classifiers, where a tested object is assigned to one of pre-defined classes, are broadly used worldwide 

and they are very useful in many applications. However, some data do not fit into this classification scheme [10]. For 

instance, when listening to a piece of music from an audio database, one can feel various emotions, and when such data 

are classified with respect to these emotional states, multi-label classification is much more useful [11]. 

In this case, each piece of music can be labeled with various emotions associated to this music. Therefore, the authors 

decided to investigate multi-label classification of data, how one can produce a classifier, and how the classification 

quality can be tested in multi-label case [7]. 
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Figure.1: Working Mechanism 

The traditional single label classification problems maps each of the input samples to a unique target label from the pool 

of available target labels. The single label classification problems can be categorized into binary and multi-class 

classification [8]. When the number of available target labels is two, it is called binary classification. Binary 

classification is the most fundamental classification problem in which the input sample belongs to either of the two 

target class labels [5]. Examples of binary classification problems include biometric security, medical diagnosis, etc.  

When the number of available target labels is greater than two, the classification problem is called multi-class 

classification. Biometric identification, character recognition and other similar classification problems are examples of 

multi-class classification. Binary classification is a special case of multi-class classification in which the number of 

target labels is two [11]. There are several real world applications in which the target labels are not mutually exclusive 

and require the need for multi-label classification.  

Multi-label classification involves associating each of the input samples with a set of target labels. Therefore, multi-

label classification forms the superset of binary and multi-class classification problems [13]. When compared to single 

label classification, multi-label classification is more difficult and more complex due to the increased generality of the 

multi-label problems [16]. Several machine learning techniques is available in the literature for multi-label classification 

problems. The existing multi-label classifiers available in the literature are based on Support Vector Machines (SVM), 

Decision Trees (DT), and Extreme Learning Machines (ELM) etc.  

The machine learning techniques available can be broadly categorized into two categories: Batch learning and online 

learning. Batch learning techniques involve collection of all the data samples in prior and estimating the system 

parameters by processing all the data concurrently [14]. Batch learning techniques require all the training data 

beforehand and cannot learn from streaming data [15]. 

 

Figure.2: Block diagram of internal Mechanism 
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Online Learning Methods 

There is limited number of techniques available in the literature on multi-label classification for data streams. A simpler 

approach is to use batch learning classifiers that trains on new batches of data streams by replacing the classifiers of 

previous batches. This type of learning is called batch incremental learning. The first work on multi-label classifier for 

data streams is based on ensemble of classifiers which are trained on successive data chunks [11]. The paper by 

proposes multi-label stream classification by extending the heoffding tree by using batch multi-label classifier in each 

node.  

Spyromitros-Xioufis proposes binary relevance and kNN based multi-label classifier for data streams. Microsoft 

developed an Active Learning framework for multi-label classification as the result of the increase in demand for the 

need of multi-label classification in real world multimedia datasets. A Passive-Aggressive method is proposed by 

Crammer et. al for multi-label classification [12]. The Passive Aggressive and the Bayesian Online Multi-label 

Classification techniques are application specific and are implemented only for text categorization datasets [22]. 

Extreme Learning Machines  

ELM is a single-hidden layer feed forward neural network based learning technique. The special feature of ELM is that 

the initial weights and the hidden layer bias can be selected at random [8]. This results in high speed training and small 

number of tunable parameters thus enabling ELM to have fast learning speed and generalization of performance [11]. 

The universal approximation capability and generalization ability are the key distinguishing factors of ELM. Several 

variants of ELM have been developed [13].  

Multi-label Classification Methods 

Multi-label classification has already been performed in numerous applications in text mining and scene classification 

domains, where documents or images can be labeled with several labels describing their contents [1-3]. Such a 

classification requires considering additional issues, including the selection of the training model, as well as set-up of 

testing and evaluation of results on their classification [14][18]. 

We can group the existing methods for multi-label classification into two main categories: a) problem transformation 

methods, and b) algorithm adaptation methods. We call problem transformation methods, those methods that transform 

the multi-label classification problem either into one or more single-label classification or regression problems, for both 

of which there exists a huge bibliography of learning algorithm [6]s. We call algorithm adaptation methods, those 

methods that extend specific learning algorithms in order to handle multi-label data directly [16].  

The second improvement of is SVM-specific and concerns the margin ofSVMs in multi-label classification problems 

[6]. They improve the margin by a) removing very similarnegative training instances which are within a threshold 

distance from the learnt hyper plane, and b)removing negative training instances of a complete class if it is very similar 

to the positive class,based on a confusion matrix that is estimated using any fast and moderately accurate classifier on a 

held out validation set. Note here that the second approach for margin improvement is actually SVMindependent. 

Therefore, it could also be used as an extension to PT4.  

 

 

Figure.3: Multi-Label Text Classification 
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A probabilistic generative model according to which, each label generates different words. Based on this model a multi-

label document is produced by a mixture of the word distributions of its labels [6][11]. The parameters of the model are 

learned by maximum a posteriori estimation from labeled training documents, using Expectation Maximization to 

calculate which labels were both the mixture weights and the word distributions for each label. Given a new document 

the label set that is most likely is selected with Bayes rule. This approach for the classification of a new document 

actually follows the paradigm of PT3, where each different set of labels is considered independently as a new class [17].  

Elisseeff and Weston present a ranking algorithm for multi-label classification. Their algorithm follows the philosophy 

of SVMs: it is a linear model that tries to minimize a cost function while maintaining a large margin [11]. The cost 

function they use is ranking loss, which is defined as the average fraction of pairs of labels that are ordered incorrectly. 

However, as stated earlier, the disadvantage of a ranking algorithm is that it does not output a set of labels [19]. 

Application to Classification  

Bosubabu Sambana proposed a new work Multilevel classification problem generalizes traditional two-class or multi-

class classification [15] since each instance in the training/testing set is associated with several (usually more than one) 

classes (labels). The problem is not easy to solve also because the size of the label-set associate with particular unseen 

instance is generally unknown [18]. Various approaches to tackle this problem were presented in the literature, but – up 

to our knowledge and there has been only one attempt to apply a neural network for solving this task [2][6]. In this 

paper a few modifications of the global error function proposed in are presented and experimentally evaluated. 

Generally, all of them improve performance of the multilevel neural classifier [12].  

The improvements in case of the two most elaborate functions, and are noticeable and statistically significant [7]. 

Overall, including the threshold values into the error function and considering differences between the rank values and 

the thresholds proved to be a promising direction for improvement of the multilevel classifier performance [9]. 

Currently, we are focused on performing more tests (especially with other sizes of hidden layer) and on other data sets 

in order to further verify the efficacy of proposed modifications [10]. 

3. Proposed Approach Classification Analysis 

This paper exploits the inherent high speed nature of the ELM and OS-ELM to develop an online sequential multi-

label classifier for real-time streaming data applications. The key novelty of the proposed approach is that, there are no 

online techniques available thus far in literature to perform real-time multi-label classification [6]. In single label 

classification problems such as binary and multi-class classification, each input sample corresponds to a single target 

label.  

A task that also belongs to the general family of supervised learning and is very relevant to multi-label 

Classification is that of ranking. In ranking the task is to order a set of labels L, so that the topmost labels are more 

related with the new instance [16]. There exist a number of multi-label classifications methods that learn a ranking 

function from multi-label data. However, a ranking of labels requires Post-processing in order to give a set of labels, 

which is the proper output of a multi-label classifier [8].  

 

In certain classification problems the labels belong to a hierarchical structure. A web page may be labeled using one or 

more of those classes, which can belong to different levels of the hierarchy[19]. The top level of the MIPS (Munich 

Information Centre for Protein Sequences) hierarchy consists of classes such as: Metabolism, Energy, Transcription and 

Protein Synthesis. Each of these classes is then subdivided into more specific classes, and these are in turn subdivided, 

and then again subdivided, so the hierarchy is up to 4 levels deep[20]. When the labels in a data set belong to a 

hierarchical structure then we call the task hierarchical classification. If each example is labeled with more than one 

node of the hierarchical structure, then the task is called hierarchical multi-label classification. In this paper we focus on 

flat (non-hierarchical) multi-label classification methods [6]. 

 

Therefore the classifier is required to identify the single target label corresponding to the input sample. On the contrary, 

in multi-label classification[21][8], each of the input samples belongs to a subset of target labels. Therefore, the multi-
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label classifier is required to identify both the number of labels and the identity of the labels in order to perform multi-

label classification. This results in the increased complexity of the multi-label classification problems. Another key 

challenge in implementing a generic multi-label classifier is that, not all datasets are equally multi-labeled [15].The 

degree of multi-liableness varies for every dataset [18]. The increased complexity and the varying degree of multi-

liableness are the two major challenges in developing a multi-label classifier [12]. 

 

Figure.4: Multi-level preprocessing operations 

Pre-processing and post-processing of data are of prime importance in extending the ELM based technique for 

multilevel classification. 

Initialization: The fundamental parameters of the ELM network such as the number of hidden layer neurons and the 

activation function are initialized [15]. The number of hidden layer neurons is selected for each dataset so as to avoid 

the over fitting problem. The input weights and the bias value of the network are randomly initialized [8]. 

Pre-processing: In single label classification, each of the input samples corresponds to only one target class. Therefore, 

the dimension of the target output label is always fixed at 1. On the contrary, in multi-label classification, each input is 

associated with an M-tuple output label with each element of the set as 0 or 1 representing the belongingness of the 

input corresponding to the target labels. Therefore the dimension of the target output label is ‘M’. The label set denoting 

the belongingness for each of the labels is converted from unipolar representation to bipolar representation [13].  

ELM Training: The processed input is then supplied sequentially to the online sequential variant of the ELM 

technique.  

Multi-label Identification: The multi-label identification step is the key step in extending the ELM based technique for 

multi-label classification. As foreshadowed, multi-label classifiers are required to predict both the number of target 

labels and the identity of the target labels corresponding to 5 each of the input samples [6]. Since the number of labels 

corresponding to each input is completely unknown and dynamic, a thresholding based technique is used.  

The threshold value is selected during the training phase such that it maximizes the separation between the family of 

labels the input belongs to and the family of labels the input does not belong to. Setting up of the threshold value is of 

prime importance as it directly [15] affects the performance of the classifier. The raw output values Y obtained from the 

previous step is then compared to the threshold value [8]. The number of raw output values that are greater than the 

threshold determines the number of target labels corresponding the input sample and the index of the corresponding 

values determines the identity of the target labels. The overview of the proposed algorithm is summarized [6][21]. 
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4. Conclusion 

The proposed multi level classification technique is a real-time online multi-label classifier for streaming data 

applications. The performance of the proposed method is experimented on five datasets of different domains with a 

wide range of LC and LD. From the analysis of evident that the modified method is consistent and outperforms the 

existing state-of-the-art techniques in terms of speed and remains one of the top methods in terms of performance.  

This paper introduces a step-by-step and end-to-end methodology of how to design and train a scalable multilabel 

classifier. This methodology also shows how to expand the capability of a single labeled deep learning model into a 

multilabel classifier by leveraging on transfer learning with low cost of labeling and achieving impressive accuracy. 

Using our methodology, a single model can achieve multiple classifications on an image without an increased cost. This 

method is quite useful for exploiting a single image for various classifications. 
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      Herein, piperine, a phytochemical present in long pepper was quantitatively analyzed via an electrochemical technique using a 
chemically modified electrode. Mesoporous nanomaterial was utilized as a base matrix to carry out the experiments. The piperine was 
isolated from crude long pepper through a standard procedure. Glassy carbon electrode was chemically modified with mesoporous carbon 
matrix and isolated piperine designated as GCE/GMC@piperine. The cyclic voltammetry response gave a perfect redox response of 
piperine at E’ = +0.2 V vs. Ag/AgCl at 50 mV s-1 in pH 7 PBS. Effects of scan rate and solution pH were studied. Further, it was observed 
that a change in concentration of piperine is directly proportional to the redox peak current obtained. Therefore, this study could act as a 
key for quantitative analysis of piperine, a naturally occurring phytochemical in natural products such as pepper, long pepper, white pepper, 
etc. This is a prototype study and can be further extended to disposable screen printed electrodes for portable analysis. 
 
Keywords: Piperine, Mesoporous carbon, Quantitative, Long pepper, Isolation  

 
INTRODUCTION 
 
      Nanotechnology has emerged as a cutting edge tool in 
various broad way applications such as medicinal, 
environmental, pharmaceutical, industrial, health 
management, information technology, electronics, 
engineering, etc. [1]. Employing nanotechnology, the 
researchers are successful to develop structured materials 
with target specified uses, for instance, nano material 
assisted drug delivery [2]. In addition, several other aspects 
including designing of energy storage devices [3], energy 
harvesting devices [4], anti-corrosive coatings [5] 
electrochemical/biosensors [6-9], greatly depend upon the 
usage of fabricated nano structures. They have also shown 
promising results as diagnostic tools, imaging and 
therapeutic substances for various diseases and their bio-
markers [10]. Recent advanced application of nanomaterial 
is   in    phytochemistry.   Herein,    numerous   well  known  
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nanomaterials such as carbon nanotubes [11], metal-based 
nanoparticles [12], graphene oxide [13], mesoporous 
carbons [14], etc. are being utilized for detection of 
phytochemicals and phytotoxins [15]. 

Phytotoxins are the chemicals produced internally by 
the plants that can be hazardous to human. For example, 
chemicals such as cyanides, terpenes, metabolites, alkaloids, 
etc. which are essential for plant growth can be toxic to 
humans especially if consumed in high dose. Similarly, 
there are several bio-active phytochemicals provided by 
plants that are highly beneficial to human health [16]. These 
are generally referred as secondary metabolites produced 
via different mechanisms happening in chemical reactions 
of plant metabolism. The studies conducted showed that a 
massive group of phytochemicals can play a key role in 
functioning of human cells [17]. Many studies have proven 
that phytochemical rich foods help in improving health [18]. 
Furthermore, many phytochemicals are reported to be useful 
as the therapeutic agents [19]. Drugs developed from 
significant phytochemical are prevailing the pharmaceutical 
market   in    recent    times.    Some    of   the   well   known  
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phytochemicals with known therapeutic value are curcumin 
[20] from turmeric, eugenol [21] from cloves, zingerone 
[22] from ginger, carotene [23] from carrot, capsaicin [24] 
from capsicum, and allicin [25] from garlic. One of the 
simple phytochemicals present in every house hold kitchen 
is piperine [26]. It is a significant bio-active phytochemical 
present in black pepper, long pepper, white pepper. 

Piperine is an alkaloid in pepper. Hans Christian 
Orsted, in 1819, was the first person to isolate and extract 
piperine. It is a yellow crystal compound. The IUPAC   
name of piperine is 1-(5-[1,3-benzodioxol5-yl]-1-oxo-2,4-
pentadienyl) piperidine [27]. Scheme I shows a typical 
structure of piperine. It is basically a weak base which 
decomposes to piperic acid upon acid/basic hydrolysis [28]. 
Some of the therapeutic uses of piperine include anti-
oxidant property, anti-inflammatory, anti-bacterial, anti-
fungal, anti-ulcer, anti- diabetic, anti-septic, anti-asthmatic, 
anti-cancer effects, cold, flu, fever, diuretic, and gastro-
intestinal disorders [29]. Although, piperine’s therapeutic, 
culinary, and biological activities are well known, very few 
reports are available exploring the piperine electrochemical 
activity. The present work focuses on isolation of piperine 
from long pepper through traditional method and studying 
its electro-active nature via nanomaterial-based electrodes. 
Long pepper, also known as “Pipli” or “Pipal” is a well 
known therapeutic agent in Ayurveda [30]. Scheme 1 gives 
a typical image of long pepper. The major constituent of 
long pepper is alkaloids which impart pepper like pungency. 
The maximum amount of piperine is present in the 
underground part of the stem and roots of long pepper. The 
piperine is slightly more in amount in long pepper in 
comparison to  black  pepper [28].  A  conventional  Soxhlet 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

apparatus is employed here for a selective isolation of 
piperine from long pepper. The isolated piperine is further 
explored for electro-chemical redox behavior through 
graphitized mesoporous carbon (GMC) nano material 
matrix. GMC is a porous carbon encompassing shallow 
graphitic networks. The pore size is (2-50 nm) amid the 
range of microporous (which is < 2 nm) and macroporous 
(which is > 50 nm) materials [31]. The usage of 
electrochemical techniques [32,33] for quantification of 
phytochemicals is very effective in comparison to other 
conventional methods. It offers features like high 
selectivity, reduced analysis time and reproducibility. Wang 
et al. reported electrochemical quantification of piperine 
extracted from black pepper corns utilizing a bare GCE. 
However, they avoided usage of nanomaterial, because of 
which they got an irreversible peak of piperine [34]. 
Nevertheless, the incorporation of the nanomaterial in the 
present work, assisted the piperine to undergo stable redox 
reaction, resulting in a perfect redox response of piperine. 
To the best of our knowledge, it is the first study utilizing 
piperine from long pepper. This study is a prototype, 
wherein, various phytochemicals, having potential to 
undergo oxidation/reduction reaction can be explored. In 
future, this approach can be a potential tool for 
quantification of phytochemicals in natural products with 
respect to their electro-active redox behavior. 
 
EXPERIMENTAL 
 
Chemicals Required 

Long pepper was purchased from a local super    
market in Hyderabad. 95% ethanol was procured  from Jolly  

 

Scheme 1. The image of crude long pepper and the chemical structure of piperine 
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industries, Hyderabad, India. Potassium hydroxide (KOH),  
graphitized mesoporous carbon (GMC), multiwalled carbon 
nano tube (MWCNT), single walled carbon nanotube, 
double walled carbon nano tube (DWCNT), carbon nano 
fiber (CNF), graphite nano powder (GNP), and piperine 
were obtained from Sigma Aldrich. Phosphate buffer 
solution of pH 7 was prepared by monobasic/di-basic 
sodium hydrogen phosphate. All the other chemicals used 
were of analytical grade and used as received. 
 
Apparatus and Glassware 
      The apparatus and glassware used include Soxhlet from 
Borosil, CHI 660 instrument from Sinsil, magnetic stirrer, 
Whatman filter paper, glassy carbon electrode, platinum 
wire, Ag/AgCl electrode, electrochemical cell, water bath, 
beakers, round bottom (RB) flask, and funnel. 
 
Procedure 
      Isolation of piperine. The isolation of piperine was 
done by a reported standard procedure with slight 
modifications [35]. 50 gram of long pepper was weighed 
and crushed into fine powder and packed. It was inserted 
into the Soxhlet apparatus which was fixed to a RB flask. 
The RB flask was filled with approximately 250-300 ml of 
95% ethanol. The entire set-up was kept on reflux for                
3 h. Then, the ethanol was distilled and 50 ml of warm 
ethanolic-KOH solution (2%) was added. The mixture was 
stirred using a magnetic stirrer, and the insoluble part was 
dissolved in 4-5 min. After which, the mixture was filtered 
using a Whatman filter paper to eliminate the undissolved 
particles. The filtrate was warmed on the hot water bath for 
15 min and 20 ml of distilled water was added. At this 
point, turbidity appeared and the yellow needle like 
particles of piperine formed were isolated. It was left over 
night to evaporate and then filtered again to obtain needle 
like crystals of piperine [35]. 
      Electrochemical studies. The electrochemical studies 
were carried out using cyclic voltammettry (CV) in a 
standard conventional three electrode system comprising of 
a working electrode (WE); i.e., glassy carbon (GCE) 
modified-carbon nano material, reference electrode (RE); 
i.e., Ag/AgCl, counter electrode (CE), and platinum wire in 
10 ml working  volume of  pH 7  phosphate  buffer  solution  

 
 
(PBS). The set potential window was -0.5 to +0.8 V vs. 
Ag/AgCl at a scan rate of 50 mV s-1. Scheme 2a gives a 
representation of the electrochemical set up.  
Preparation of GCE/carbon-nanomaterial electrode. 
GCE@carbon-nanomaterial electrode was prepared by drop 
casting 5 µl dispersion of 2 mg of specified carbon nano 
material dispersed in 500 µl of ethanol and sonicated for          
15 min in an ultrasonicator bath. The electrode was left for 
air drying for about 5 min at room temperature. 
      Preparation of GCE/carbon-nanomaterial@piperine 
electrode. 2 mg of the obtained piperine through Soxhlet 
was dissolved in 1 ml of acetone. 5 µl of this solution was 
top coated on the GCE/carbon-nanomaterial electrode. It 
was air dried for 5 min. Scheme 2b gives pictorial 
representation of the modified electrode. 
 
RESULTS AND DISCUSSION 
 
Screening of Various Carbon Nanomaterials 
      The phytochemicals are usually the concoction of 
polyhydrocarbons which are expected to be electroactive in 
nature and give electron transfer when a specified potential 
is applied. However, not all the phytochemicals have a 
feasibility to undergo electron transfer mechanism. 
Therefore, in such scenarios, nanomaterial matrix enhances 
the ability of phytochemicals to undergo oxidation and 
reduction. Piperine was expected to undergo 
electrochemical redox reaction when CV is performed. 
When CV was performed in the specified aforementioned 
parameters (50 mV s-1, for 10 cycles at -0.5 to 0.8 V vs. 
Ag/AgCl), piperine alone (GCE@piperine) failed to give 
any redox reaction as can be seen in Fig. 1a, wherein, glassy 
carbon electrode (GCE) was drop casted with 5 µl of 
piperine, air dried and CV was performed. No current signal 
or peak is observed authenticating that, GCE alone could 
not support the electro activity of piperine. Nevertheless, 
when various carbon nanomaterial matrixes-based GCE 
were modified with piperine, a feeble response was 
observed. As observed in Figs. 1b-f, various nano materials 
such as DWCNT, SWCNT, MWCNT, GNP and CNF were 
tested. These nanomaterials assisted a little bit of electron 
transfer of piperine but could not give a perfect redox 
response.  
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Optimized Carbon Nanomaterial Matrix 
      Figure 2a shows the optimal carbon nano material 
suitable to derive electro-activity of piperine. Graphitized 
mesoporous carbon (GMC) was the only carbon 
nanomaterial amongst all the tested materials that gave a 
perfect redox response of piperine. Probably, owing to the 
mesoporous nature, π-π interactions [22] between the pores 
of carbon nanomaterial and piperine lead to the electron 
transfer behavior giving a perfect redox peak. CV response 
(Fig. 2a)  showed  a well-established,  stable  redox  peak  at 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E’= +0.2 V vs. Ag/AgCl at 50 mV s-1 in 10 ml of pH 7 PBS 
with a surface excess Ʈpip value as 19.8 × 10-9 mol-1 cm2. In 
order to get the confirmation that the obtained response was 
due to isolated piperine alone and not due to any other 
impurity, a control experiment was performed wherein 
commercially available piperine was subjected to CV in the 
same manner as that with the isolated one. It was found that 
the experimentally isolated piperine from long pepper and 
commercially purified bought piperine both give the redox 
peaks at the same peak potential coinciding with each other  

 
 

 

Scheme 2. (A) Cartoon for the experimental set up. (B) Schematic representation of GCE/GMC@piperine. (C)  
                        Plausible mechanism of the redox reaction of piperine 
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(Fig. 2b). Hence, it was confirmed that the electro active 
redox behavior recorded was of isolated piperine alone and 
not due to any other contaminant or constituent of long 
pepper. Scheme 2C is the plausible mechanism that piperine 
molecule undergoes. While applying the forward potential, 
the oxypiene moiety possibly undergoes oxidation giving an 
oxidation peak and the same undergoes reduction upon 
reversing the CV potential. Thus, a redox response with a 
stable peak is obtained. The chemical in-vitro oxidation 
mechanism gets mimicked over the electrode surface 
electrochemical redox mechanism [36]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Microscopic Characterization 
      Figure 3 shows the microscopic characterization of the 
modified electrode with piperine. Herein, TEM images were 
taken at different magnifications including 50 nm, 100 nm 
and 200 nm. The mark A shows the areas with porous 
nature of GMC, B area is dark masked spots wherein 
piperine got adsorbed. The porous structures where masked 
by dark spots indicating the interaction of pores of GMC 
and isolated piperine. 
 
Effect of Potential Scan Rate 
      Effect of variable potential scan rate on the CV response 

 

Fig. 1. A typical CV response of (a) GCE alone, (b) GNP, (c) CNF, (d) MWCNT, (e) SWCNT and (f) DWCNT@  
                 piperine in pH 7 PBS at 50 mV s-1. 
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of GCE/GMC@piperine was also analyzed. Figure 4a 
demonstrates a comparative CV of various scan rates 
ranging from 10-500 mV s-1. A well-defined, stable, ordered 
increment in both the anodic and cathodic peak current 
value   was    obtained   (Fig. 4a).   A    base-line    corrected  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
calibration plot of peak current vs. different scan rates υ 
(mV s-1) showed a linearity starting from the origin 
representing a surface-confined electron-transfer 
mechanism of the modified electrode (Inset Fig. 4a). This 
behavior also demonstrates an  exceptional immobilization,  

 

Fig. 2. (a) A comparative CV  response of (a) GCE@piperine,  and (b) GCE/GMC@piperine in pH 7 PBS at 50 mV s-1,     
            n = 10. (b) A comparative CV response of GCE/GMC@commercial piperine and GCE/GMC@isolated piperine  

             in pH 7 PBS at 50 mV s-1, n = 10. 
 

 
Fig. 3. TEM image of GCE/GMC@piperine at different magnifications. (a) The unmasked porous structure, and (b) the  

             dark spots due to the piperine immobilization. 
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Fig. 4. (a) CV response of  effect of various scan rates (10-500 mV s-1) of  GCE/GMC@piperine in pH 7 PBS. Inset, base- 
           line corrected calibration plot. (b) CV response of GCE/GMC@piperine in various pHs of PBS (1-11). Inset, base- 

            line corrected calibration plot. 
 
 

     
Fig. 5. (a) CV response of various volumes of piperine-modified GCE/GMC taken in pH PBS at 5 mV s-1 (slow scan rate)  

             for n = 4. (b) Corresponding base-line corrected calibration plot with triplicated experiment and error bars. 
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and an active electron-transfer mechanism of the isolated 
piperine in accordance with GMC. The results observed are 
accordance to the following equation which is followed by a 
reversible electrochemical reaction [37]. 
 
      Ipa or ipc = n2F2AƮpip υ/4RT                                          (1)                       

Herein, n is the number of electrons involved, F = faraday 
constant (96500), A = geometrical surface area of the 
electrode, Ʈpip is the calculated surface excess value, υ is the 
scan rate. 
 
Variable Solution pH Effect 
      The effect of varying pH of the PBS on the redox 
activity of GCE/GMC@Piperine was examined by taking 
CV in various pHs of PBS (1-11 pH). Figure 4b depicts a 
CV response from 1-9 pHs of PBS solutions which 
demonstrated a negative Nernstian shift of the redox 
potential peak with respect to pH [38]. A base-line corrected 
calibration plot of E0 vs. pH (inset Fig. 4b) shows linearity 
with a slope value of -49.75 ± 1 mV pH-1. This clearly 
portrays a characteristic Nernstian behavior wherein equal 
number of protons and electrons are participating in the 
electron transfer reaction [38]. 
 
Effect of Changing Piperine Concentration 
      Figure 5 shows a typically comparative CV response 
wherein different volumes of piperine were top coated on 
the GCE/GMC. CV was recorded at a slow scan rate of        
5 mV s-1 in pH 7 of PBS. Quantitative analysis is preferred 
in slow scan rate. The volumes of piperine solution drop 
coated were 5 µl-25 µl. As the volume increased, the 
concentration of piperine was also increased. Subsequently, 
the peak current of the redox peak also increased linearly 
(Fig. 5a). However, due to slow scan rate, the peak current 
is low and slight disturbance is observed which is in an 
acceptable limit. The base-line corrected calibration plot 
(Fig. 5b), volume of piperine vs. redox peak current gave 
linearity with a regression square of 0.98.  This observation, 
evidently authenticated that the change in concentration of 
piperine is directly proportional to the redox peak current 
obtained. Hence, this technique could be utilized for 
quantitative phytochemical analysis; i.e., piperine in long 
pepper. 

 
 
CONCLUSIONS 
 
      A highly stable and reproducible electrochemical sensor 
for an isolated piperine phytochemical from long pepper 
was fabricated here. Graphitized mesoporous carbon 
assisted chemically modified electrode decorated with 
isolated piperine, designated as GCE/GMC@piperine, was 
used as the electrode. A conventional three-electrode-based 
system containing GCE/GMC@piperine as a working 
electrode, platinum as a counter electrode and Ag/AgCl as a 
reference electrode, in 10 ml working volume of pH 7 PBS 
was used at 50 mV s-1, n = 10. The fabricated 
GCE/GMC@piperine gave a highly stable, reversible redox 
peak at E’ = +0.2 V vs. Ag/AgCl at 50 mV s-1 in 10 ml                   
of pH 7 PBS with a surface excess Ʈpip value of                          
19.8 × 10-9 mol-1 cm2. The microscopic characterization by 
TEM revealed the interaction of piperine with GMC. 
Parameters such as the effects of potential scan rate, and 
solution pH were also examined. Further, quantitative 
analysis of various piperine concentrations was performed 
with respect to the redox peak current. This work is a 
prototype of electrochemical quantitative detection of 
phytochemicals in natural products. 
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Abstract: The quest for enhancing agricultural yields due to increased pressure on food produc-
tion has inevitably led to the indiscriminate use of chemical fertilizers and other agrochemicals.
Biofertilizers are emerging as a suitable alternative to counteract the adverse environmental impacts
exerted by synthetic agrochemicals. Biofertilizers facilitate the overall growth and yield of crops in an
eco-friendly manner. They contain living or dormant microbes, which are applied to the soil or used
for treating crop seeds. One of the foremost candidates in this respect is rhizobacteria. Plant growth
promoting rhizobacteria (PGPR) are an important cluster of beneficial, root-colonizing bacteria thriv-
ing in the plant rhizosphere and bulk soil. They exhibit synergistic and antagonistic interactions
with the soil microbiota and engage in an array of activities of ecological significance. They promote
plant growth by facilitating biotic and abiotic stress tolerance and support the nutrition of host plants.
Due to their active growth endorsing activities, PGPRs are considered an eco-friendly alternative to
hazardous chemical fertilizers. The use of PGPRs as biofertilizers is a biological approach toward the
sustainable intensification of agriculture. However, their application for increasing agricultural yields
has several pros and cons. Application of potential biofertilizers that perform well in the laboratory
and greenhouse conditions often fails to deliver the expected effects on plant development in field
settings. Here we review the different types of PGPR-based biofertilizers, discuss the challenges
faced in the widespread adoption of biofertilizers, and deliberate the prospects of using biofertilizers
to promote sustainable agriculture.

Keywords: biofertilizer; bioinoculant; PGPR; rhizosphere; sustainable agriculture

1. Introduction

The advent of the Green Revolution in the latter part of the twentieth century triggered
a worldwide boom in the agriculture sector. By introducing new high-yielding seed
varieties and increasing the use of synthetic fertilizers, pesticides, and other agrochemicals,
the Green Revolution contributed significantly to enhanced plant productivity and crop
yields [1]. The global agricultural landscape has drastically changed since then. Rampant
overuse of synthetic agrochemicals for enhancing crop productivity has deteriorated the
biological and physicochemical health of the arable soil, leading to a declining trend
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in agricultural productivity across the globe over the past few decades [2–4]. In the
present scenario, there is a shrinkage of land resources and the depletion of biological
wealth. In order to fulfill the escalating demand for sustainable agriculture, the yield and
productivity of agricultural crops need to be concurrently increased with the production
of agriculture-related commodities. There is no single or straightforward solution to the
above-mentioned intricate, ecological, socio-economic, and technical glitches existing in
promoting sustainable agriculture [1].

Promoting sustainable agriculture with a gradual decrease in the use of synthetic
agrochemicals and more prominent utilization of the biowaste-derived substances [5,6]
as well as the biological and genetic potential of crop plants and microorganisms is an
effective strategy to combat the rapid environmental deterioration while ensuring high
agricultural productivity and better soil health [7]. In addition to the genetic manipula-
tion of the crop physiology and metabolism for yield enhancement, certain members of
the soil microbial community, particularly those residing in the plant rhizosphere, might
assist plants in preventing or partially overcoming the environmental stresses [8,9]. Search
for eco-friendly alternatives to mitigate the harmful effects of toxic agrochemicals led to
the discovery and subsequent use of biofertilizers and other microbial-based products,
including organic extracts and vermicompost teas [10–12]. These microbial products are
non-toxic, environment-friendly, and act as potential tools for plant growth promotion
and disease control. Thus, the biological potential and fertility of soil could be increased,
whereas the hazardous effects of agrochemicals could be decreased by employing micro-
bial formulations to fertilize agricultural crops [13–15]. The use of efficient plant growth
promoting rhizobacteria (PGPR) as biofertilizers and biological control agents is deliber-
ated as a suitable substitute for minimizing the use of synthetic agrochemicals in crop
production [16–19]. This review concisely and holistically provides deeper insights into the
various aspects of PGPR-based biofertilizers, their prospects and constraints, and finally
the roadmap to their commercialization.

2. Biofertilizers

During the past two decades, the term biofertilizer or bioinoculant has been derived in
various ways due to the commendable progress achieved in the studies of the association
between microorganisms and plants. A biofertilizer is most commonly defined as “a sub-
stance which contains living microorganisms which, when applied to seed, plant surfaces,
or soil, colonizes the rhizosphere or the interior of the plant and promotes growth by
increasing the supply or availability of primary nutrients to the host plant” [16]. Dineshku-
mar et al. [20] later proposed a modified definition of biofertilizers as “products (carrier
or liquid based) containing living or dormant microbes (bacteria, actinomycetes, fungi,
algae) alone or in combination, which help in fixing atmospheric nitrogen or solubilizers
soil nutrients in addition to the secretion of growth promoting substances for enhancing
crop growth and yield”.

The microorganisms present in the biofertilizers employ several mechanisms to pro-
vide benefits to the crop plants. They can either be efficient in nitrogen fixation, phosphate
solubilization, and plant growth promotion or can possess a combination of all such
traits [21–24]. Biofertilizers can fix atmospheric N2 through the biological nitrogen fixation
(BNF) process, solubilize nutrients required by the plants, such as phosphate, zinc, and
potassium, and also secrete plant growth promoting substances, including various hor-
mones [25,26]. Further, when applied as seed or soil inoculants, biofertilizers can multiply,
participate in nutrient cycling, and help in crop production for sustainable farming [27–29].

The microbial inoculants possess several advantages over their chemical counter-
parts [30–32]. They are eco-friendly, sound sources of renewable nutrients required for
maintaining soil health and biology [13,23,29]. Furthermore, they exhibit antagonistic
activity against several agricultural pathogens and combat abiotic stresses [8,33–36]. Vari-
ous microbial taxa have been commercially used as efficient biofertilizers, based on their
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ability to obtain nutrients from the soil, fix atmospheric N2, stimulate the solubilization of
nutrients, and act as biocontrol agents [37].

3. Plant Growth Promoting Rhizobacteria (PGPR)—The Phyto-Friendly Soil Microbes

Plant rhizosphere, the narrow zone of soil surrounding the root system of growing
plants, represents a hotspot for microbial activity in the soil [38]. The rhizosphere is colo-
nized by a wide range of microbial taxa, including both prokaryotes (archaea, bacteria, and
viruses) and eukaryotes (fungi, oomycetes, nematodes, protozoa, algae, and arthropods),
out of which bacteria and fungi comprise the most abundant groups [39,40] exhibiting
fundamental ecological functions. Free-living soil bacteria that thrive in the rhizosphere,
aggressively colonize plant roots, and facilitate plant growth are designated as plant growth
promoting rhizobacteria (PGPR), a term introduced by Kloepper and Schroth in 1978 [41].

This heterogeneous group of bacteria, representing a vital component of the soil
microbiome, is known to produce and secrete various regulatory chemicals in the plant
roots’ vicinity that aid in plant growth promotion [42,43]. PGPRs influence plants’ overall
health by contributing to enhanced nutrient acquisition by host plants, protecting against
phytopathogenic microbes, and promoting resistance to various abiotic stresses [30,44].
Different PGPR strains are capable of increasing crop yields, exhibit biocontrol, enhance
resistance to foliar pathogens, promote nodulation in legumes, and enhance the emer-
gence of seedlings [45–50]. Reported PGPRs include members of the genera Acinetobacter,
Aeromonas, Agrobacterium, Allorhizobium, Arthrobacter, Azoarcus, Azorhizobium, Azospirillum,
Azotobacter, Bacillus, Bradyrhizobium, Burkholderia, Caulobacter, Chromobacterium, Delftia, En-
terobacter, Flavobacterium, Frankia, Gluconacetobacter, Klebsiella, Mesorhizobium, Micrococcus,
Paenibacillus, Pantoea, Pseudomonas, Rhizobium, Serratia, Streptomyces, Thiobacillus, and oth-
ers [16,43,44,46,51–53]. An overview of the diverse phytobeneficial effects of PGPRs is
represented in Table 1.

3.1. Characteristics of an Ideal PGPR

A rhizobacterial strain is considered to be a putative PGPR if it possesses specific plant
growth promoting traits and can enhance plant growth upon inoculation. An ideal PGPR
strain should fulfill the following criteria [45]:

(1) It should be highly rhizosphere-competent and eco-friendly.
(2) It should colonize the plant roots in significant numbers upon inoculation.
(3) It should be able to promote plant growth.
(4) It should exhibit a broad spectrum of action.
(5) It should be compatible with other bacteria in the rhizosphere.
(6) It should be tolerant of physicochemical factors like heat, desiccation, radiations, and

oxidants.
(7) It should demonstrate better competitive skills over the existing rhizobacterial com-

munities.
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Table 1. An overview of the benefits of plant growth promoting rhizobacteria (PGPR) inoculation to plants.

Benefits of PGPR
Inoculation to Plants PGPR Strain(s) Tested Plant(s) Reference(s)

Tolerance to drought stress

Pseudomonas fluorescens DR11,
Enterobacter hormaechei DR16,

Pseudomonas migulae DR35, Bacillus
subtilis, Achromobacter piechaudii ARV8,

Phyllobacterium brassicacearum,
Paenibacillus polymyxa, Rhizobium tropici,

Azospirillum brasilense

Foxtail millet (Setaria italica L.),
Maize (Zea mays L.), Bean

(Phaseolus vulgaris L.), Arabidopsis
thaliana, Tomato (Lycopersicum

esculentum Mill cv. F144), Pepper
(Capsicum annuum L. cv. Maor),

Wheat (Triticum aestivum L.)

[36,54–59]

Tolerance to salinity stress

Bacillus pumilus, Exiguobacterium
oxidotolerans, Bacillus megaterium,

Azospirillum sp., Achromobacter piechaudii,
Eneterobacter sp. PR14

Brahmi (Bacopa monnieri L.),
Maize (Zea mays L.), Lettuce
(Lactuca sativa L.), Tomato

(Lycopersicum esculentum Mill.),
Rice (Oryza sativa cv. Sahbhagi),

Sorghum (Sorghum bicolor), Finger
Millets (Eleusine coracana)

[60–64]

Tolerance to biotic stress
(biocontrol)

Paenibacillus xylanexedens, Bacillus
amyloliquefaciens, Streptomyces sp.,

Ochrobacttrum intermedium, Paenibacillus
lentimorbus, Pseudomonas spp.

Wheat (Triticum aestivum L.), Rice
(Oryza sativa), Pine (Pinus taeda L.),

Tomato (Lycopersicum
esculentum Mill.)

[65–70]

Increased nutrient absorption Pantoea sp. S32, Paenibacillus polymyxa Rice (Oryza sativa L.), Habanero
pepper (Capsicum chinense) [71–73]

Seed germination
enhancement

Serratia marcences, Pseudomonas fluorescens,
Azospirillum lipoferum, Pseudomonas putida,

Bacillus subtilis, Providencia sp.,
Brevundimonas diminuta

Maize (Zea mays L.), Wheat
(Triticum aestivum L.) [74–76]

Biostimulation by
phytohormone(s) production

Azospirillum lipoferum, Bacillus subtilis,
Arthrobacter protophormiae, Dietzia

natronolimnaea, Bacillus sp.

Rice (Oryza sativa L.), Tomato
(Solanum lycopersicum L.), Wheat

(Triticum aestivum L.)
[46,77–79]

Soil fertility enhancement Bacillus subtilis, Bacillus cereus, Rhizobium
spp.

Poplar (Populus sp.), Mung bean
(Vigna radiata L.) [80–82]

Bioremediation of heavy
metals and pollutants

Ochrobactrum sp., Bacillus spp.,
Pseudomonas spp., Pseudomonas fluorescens,

Bacillus cereus, Alcaligenes feacalis RZS2,
Pseudomonas aeruginosa RZS3, Enterobacter

sp. RZS5

Rice (Oryza sativa L.), Groundnut
(Arachis hypogaea), Maize (Zea

mays L.), Ashwagandha (Withania
somnifera)

[83–88]

Modulation of plant
secondary metabolites

Bacillus subtilis, Azotobacter chroococcum,
Pseudomonas putida, Bacillus pumilus,

Exiguobacterium oxidotolerans

Basil (Ocimum basilicum), Brahmi
(Bacopa monnieri L.) [89,90]

3.2. Mechanisms of PGPR Action

Being the dominant rhizosphere microbial community, PGPRs are actively or passively
involved in plant growth promotion. They can act as biofertilizers that promote plants’
growth and development by facilitating biotic and abiotic stress tolerance and supporting
host plants’ nutrition [64,86,91,92]. These beneficial groups of bacteria, through their multi-
faceted modes of action, including root colonization, positive effects on plant physiology
and growth, biofertilization, induced systemic resistance, biocontrol of phytopathogens,
etc., offer protection to plants and facilitate plant growth promotion. The detailed mecha-
nisms of PGPR action and their specific contribution to plant growth promotion have been
reviewed comprehensively [30,41–44,47–49,51,52,93–102]. The modes of action by which
PGPRs promote plant growth have been traditionally classified into direct and indirect
mechanisms occurring inside and outside the plant, respectively [51,99] (Figure 1).
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Figure 1. Main overview of interactions between plant growth promoting rhizobacteria (PGPR),
plants, and pathogens. PGPRs directly promote plant growth by improving nutrient acquisition
by the plant and growth augmentation via regulating phytohormone levels. The indirect effects of
PGPRs include suppression of phytopathogens and inducing systemic resistance in plants against a
wide range of pathogenic microbes.

Direct modes of PGPR action include improving plant nutrition by providing phy-
tonutrients like fixed nitrogen or solubilized minerals from the soil (like P, K, Zn, Fe, and
other essential mineral nutrients) and/or stimulating plant growth and development by
regulating phytohormone levels (like auxins, cytokinins, gibberellins, abscisic acid, and
ethylene) [44,46,95]. The indirect effects of PGPRs include influencing the plant health by
suppressing phytopathogens and other deleterious microorganisms through parasitism,
competing for nutrients and niche within the rhizosphere, producing antagonistic sub-
stances (like hydrogen cyanide, siderophores, antibiotics, and antimicrobial metabolites)
and lytic enzymes (like chitinases, glucanases, and proteases), and inducing systemic resis-
tance in plants against a broad spectrum of root and foliar pathogens [32,81,103,104]. Due
to these direct and indirect effects elicited by PGPRs on host plants, they prove to be ideal
candidates to be formulated and commercialized as bioinoculants and phytoprotective
microbial products. However, the mode and mechanism of PGPR action vary with the host
plant type [105]. In addition to this, certain other factors also influence PGPR action, viz.
biotic factors like plant genotype, developmental stages, plant defense mechanisms, and
presence of other members of the microbial community and abiotic factors like soil type,
composition, soil management history, and prevalent environmental conditions [95,106].

4. Global Biofertilizer Market

During the past few decades, the biofertilizer market has seen a global boom in its
production and utilization. Due to the unavailability of cultivable land and to cater to the
need of the exploding population for agricultural products, the global biofertilizers market
has gathered enough momentum. The global biofertilizer market represents a tiny fraction
of the synthetic agrochemicals market [107]. The nitrogen-fixing biofertilizers dominate
the market with the lion’s share of about 80%, followed by the phosphate-solubilizing
biofertilizers with a meager 14% share (Figure 2) [107,108]. Rhizobium spp., Azotobacter spp.,
and Azospirillum spp. are the major nitrogen-fixing biofertilizers available in the market.
Although these nitrogen-fixing biofertilizers are primarily used for growing pulses and
other leguminous crops, they are also applied to grow selected cereals and cash crops as
well [107,109].
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Figure 2. Global biofertilizer market share by product typology (nitrogen-fixing and phosphate-
solubilizing microbe-based biofertilizers and others). Market data of 2012 (left panel) and 2017 (right
panel) respectively compiled from Timmusk et al. [107] and Soumare et al. [108].

Geographically, the global biofertilizer market canopies several regions of the world,
such as North America, Europe, Asia-Pacific, Latin America, Middle East, and Africa
(Figure 3). In terms of revenues generated from biofertilizer production, North America
(USA, Canada, and Mexico) dominates the global biofertilizer market, followed by Europe
(Germany, UK, Spain, Italy, Hungary, and France) and the Asia-Pacific region (China,
Japan, India, Australia, New Zealand, and the rest of Asia). As of 2017, the biofertilizer
markets were valued at USD 495 million in North America, USD 450 million in Europe,
USD 284 million in Asia-Pacific, USD 240 million in South America, and USD 44 million in
Africa [108]. It is estimated that the global biofertilizer market would reach USD 3.5 billion
by 2025. Some of the commonly used PGPR-based biofertilizer products commercially
available across the globe are represented in Table 2.

Figure 3. Size and distribution of the global biofertilizer market in USD million per region. The area of each circle is propor-
tional to the size of the biofertilizer market (in USD million) in the specific region. Data compiled from Soumare et al. [108].
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Table 2. An overview of globally available PGPR-based biofertilizer products.

Type of
Biofertilizer Name of Biofertilizer PGPR Strain(s) Manufacturer’s

Country Market Region Reference(s)

Nitrogen fixer

Nitragin Gold® Rhizobia USA North America [110]

Cell-Tech® Rhizobia USA North America [110]

TagTeam® Rhizobia,
Penicillium bilaii USA North America [110]

Custom N2 Paenibacillus
polymyxa USA North America [110]

Nodulator® Bradyrhizobium
japonicum Canada North America [110]

Nodulator® PRO
Bacillus subtilis,
Bradyrhizobium

japonicum
Canada North America [110]

Bioboots® Delftia acidovorans,
Bradyrhizobium sp. Canada North America [105,110]

Azofer® Azospirillum
brasilense Mexico North America [110]

Rhizofer® Rhizobium etli Mexico North America [110]

Nitrofix® Azospirillum sp. Cuba North America [105,110]

Rhizosum N®

Azotobacter
vinelandii,

Rhizophagus
irregularis

Spain Europe [110,111]

Rhizosum Aqua Azospirillum sp. Spain Europe [105,110]

Legume Fix
Rhizobium sp.,

Bradyrhizobium
japonicum

UK Europe [112,113]

BactoFil® A10

Azospirillum
brasilense,

Azotobacter
vinelandii, Bacllius

megaterium

Hungary Europe [112]

BactoFil® Soya
Bradyrhizobium

japonicum Hungary Europe [114]

Phylazonit M
Azotobacter
chroococcum,

Bacillus megaterium
Hungary Europe [115]

Azotobacterin® Azospirillum
brasilense B-4485 Russia Europe [105,110]

Azoter

Azotobacter
chroococcum,
Azospirillum

brasilense, Bacillus
megaterium

Slovakia Europe [116]

TwinN®
Azorhizobium sp.,

Azoarcus sp.,
Azospirillum sp.

Australia Asia-Pacific [113]

TripleN®
Azorhizobium spp.,

Azoarcus spp.,
Azospirillum spp.

Australia Asia-Pacific [111]
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Table 2. Cont.

Type of
Biofertilizer Name of Biofertilizer PGPR Strain(s) Manufacturer’s

Country Market Region Reference(s)

Nitrogen fixer

Bio-N Azospirillum spp. Philippines,
Australia Asia-Pacific [112,117]

BioGro®

Pseudomonas
fluorescens / putida,

Klebsiella
pneumoniae,

Citrobacter freundii

Vietnam Asia-Pacific [117]

Mamezo® Rhizobia Japan Asia-Pacific [105,110]

Agrilife Nitrofix

Azotobacter
chroococcum, A.

vinelandii,
Acetobacter

diazotrophicus,
Azospirillum

lipoferum,
Rhizobium
japonicum

India Asia-Pacific [118]

Ajay Azospirillum Azospirillum sp. India Asia-Pacific [112]

Symbion N

Azospirillum sp.,
Rhizobium sp.,
Acetobacter sp.,
Azotobacter sp.

India Asia-Pacific [115]

Zadspirillum Azospirillum
brasilense Argentina South America [112]

Rizo-Liq

Bradyrhizobium sp.,
Mesorhizobium

ciceri, Rhizobium
spp.

Argentina South America [112,113]

Nodulest 10 Bradyrhizobium
japonicum Argentina South America [118]

Rizo-Liq Top Bradyrhizobium
japonicum Argentina South America [113]

BiAgro 10® Bradyrhizobium
japonicum

Argentina, Brazil,
Bolivia South America [117]

Dimargon® Azotobacter
chroococcum Colombia South America [117]

Nitrasec Rhizobium sp. Uruguay South America [112]

Biofix Rhizobia Kenya Africa [112,113]

Nodumax Bradyrhizobium
spp. Nigeria Africa [112,113]

Azo-N
Azospirillum
brasilense, A.

lipoferum
South Africa Africa [113]

Azo-N Plus

Azospirillum
brasilense, A.

lipoferum,
Azotobacter
chroococcum

South Africa Africa [113]
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Table 2. Cont.

Type of
Biofertilizer Name of Biofertilizer PGPR Strain(s) Manufacturer’s

Country Market Region Reference(s)

Phosphate
solubilizer

Fosforina® Pseudomonas
fluorescens Cuba North America [117]

Rhizosum PK®

Bacillus megaterium,
Frateuria aurantia,

Rhizophagus
irregularis

Spain Europe [110,111]

Phosphobacterin Bacillus megaterium
var. phosphaticum Russia Europe [31]

CataPult Bacillus spp.,
Glomus intraradices Australia Asia-Pacific [118]

Symbion van Plus Bacillus megaterium India Asia-Pacific [112]

P Sol B
Pseudomonas striata,
Bacillus polymyxa,

B. megaterium
India Asia-Pacific [115,118]

CBF
Bacillus

mucilaginosus,
B. subtilis

China Asia-Pacific [117]

Bio Phos® Bacillus megaterium Sri Lanka Asia-Pacific [115,118]

Potassium
solubilizer

Rhizosum K Frateuria aurantia Spain Europe [105,110]

K Sol B Frateuria aurantia India Asia-Pacific [118]

Zinc solubilizer
Biozink® PGPR consortia India Asia-Pacific [110]

Zn Sol B Thiobacillus
thiooxidans India Asia-Pacific [118]

Phytostimulator

EVL Coating® PGPR consortia Canada North America [105]

Amase® Pseudomonas
azotoformans Sweden Europe [114,118]

Bio Gold

Azotobacter
chroococcum,
Pseudomonas

fluorescens

Sri Lanka Asia-Pacific [115,118]

Bioativo PGPR consortia Brazil South America [112]

Biocontrol

Cedomon® Pseudomonas
chlororaphis Sweden Europe [114]

Cedress® Pseudomonas
chlororaphis Sweden Europe [114]

Cerall®
Pseudomonas
chlororaphis Sweden Europe [114]

Biotilis Bacillus subtilis India Asia-Pacific [118]

Soilfix

Brevibacillus
laterosporus,
Paenibacillus
chitinolyticus

South Africa Africa [112]

5. Challenges and Constraints with PGPR-Based Biofertilizers

Presently, there is an escalating interest in the use of microbial-based products as
bioinoculants. Still, their use is associated with several challenges moving from the lab to
the field. The preliminary use of these bioinoculants has been made on crop plants such as
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legumes and cereals [119]. For developing a new PGPR strain as an effective bioinoculant,
an initial laboratory screening is required, which depends on specific direct and indirect
mechanisms of plant growth promotion by PGPRs. Mere primary screening of axenic
culture isolates for PGPR traits does not guarantee efficacious plant growth promotion
under field conditions. Parallelly, those pure culture isolates that exhibit less in vitro growth
promoting activities might possess different plant growth promotion strategies. Because
these mechanisms are not fully understood, such isolates exhibit difficulty in screening
under standard conditions. Henceforth, sometimes such useful strains exhibiting these
mechanisms get discarded due to their poor in vitro performance [120]. The large-scale
utilization and application of PGPRs necessitate addressing several important issues and
overcoming quite a few challenges and constraints (Figure 4).

Figure 4. Constraints in the utilization, production, and commercialization of PGPR-based biofertilizers.

5.1. Biological Constraints

Selection of specific PGPR strain(s) for biofertilizer development is a challenge in itself.
The strain(s) should not be selective or highly targeted (to specific crops) in nature, and
it should exhibit a broad host range. One of the main limiting issues is their selectivity.
Conventional agrochemicals tend to impact the entire resident microbiota, whereas PG-
PRs remain highly targeted and specific. Nevertheless, the quality and efficacy of these
PGPRs under field conditions invariably changes due to the presence of several other
microorganisms. Potential isolates should be selected based on their performance under
field conditions with a wide range of crops across diverse soil types and environmental
conditions [32]. The strains must be effective in replacing the native inefficient strains and
should not antagonize with other beneficial microbes in the rhizosphere [31].

As biofertilizers, PGPRs should be able to sufficiently colonize host plant roots, create
a proper rhizosphere for plant growth, and increase the bioavailability of N, P, K, and
antagonistic properties [16,45]. PGPRs should possess specific characteristics for their
utilization as an efficient and successful bioinoculant. It should be able to survive in soil,
compatible with the crop on which it is inoculated, and interact with indigenous microflora
in soil and abiotic factors. Necessary measures should be taken to avoid any non-target
effect of the bioinoculant and stabilize them in soil systems. These measures will guarantee
the durability of the plant growth effect and the good performance of introduced PGPRs as
bioinoculants.

An important factor in PGPR colonization is PGPR dynamics, which mainly changes
with the host crop, the midterm and long-term effects, the crop-rotation impact, and site
variation. Another challenge using PGPRs is their diverse mode of action, as all the rhi-
zobacteria do not possess the same mechanisms of action for plant growth promotion [121].
Several Gram-negative rhizobacteria are known to exhibit biocontrol potential. The con-
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straint arises in their formulation, as they are difficult to formulate because of their inability
to produce spores. In addition to this, their formulations lack a longer shelf life, and the
bacteria are prone to get killed upon desiccation [51,122,123].

5.2. Technical Constraints

One of the significant challenges encountered during the development of a biofertilizer
and the commercialization of an effective PGPR strain is its shelf life [22,124]. Biofertilizers
with a short shelf life carry the risk of recycling if they are not used or sold before expiry
resulting in a net monetary loss to the marketing agency. Since biofertilizers contain live
microbial cells, their storage and transportation require extra care and precaution. The
technical constraints involve the risk of deterioration of the product due to shorter shelf
life or spontaneous mutations arising during fermentation or storage [31]. The mutations
result in a net reduction in bioinoculant effectiveness and lead to a severe problem that
raises the cost of production and quality of the bioinoculant. Inadequate availability of
soil-specific strains region-wise considerably limits the widespread use of bioinoculants.

5.3. Regulatory Constraints

Regulatory constraints include the challenges in product registration and patent filing.
The rules often vary between different regions and nations and are not consistent. In
addition, the regulatory processes are quite complex, and the fees, though variable, are
mostly on the higher side [32,107]. The documentation procedures for product registration
are equally extensive and complicated. The absence of a standardized legal and regulatory
definition for “plant biostimulants” is the primary reason behind the lack of a globally
coordinated uniform regulatory policy [30,125].

The process of registering the biocontrol agent within a country is normally in two
phases and is quite lengthy and complicated [32,107]. Generally, in any country, the
active ingredient present within a biofertilizer must get an authorization certificate from
the Directorate-General for Health and Consumer Affairs, and after that, the formulated
product has to be nationally approved. The Food Safety Authority and the National
Commission of any country will critically analyze and give relevant comments followed
by several rounds of review by experts, sometimes taking an additional two to three
years. Thus, the entire process starting from registration to commercializing a potential
biofertilizer is lengthy and might stretch to several years. The countries have their own
guidelines and norms to respond in their specific language, and the registering agency can
also require even additional data.

5.4. Infrastructural Constraints

Manufacturing and quality control of biofertilizers involve sophisticated technology
and qualified and trained human resources. Lack of sophisticated technology, necessary
technical support and proper equipment, trained workforce, and skilled technical personnel
are the major infrastructural constraints [31].

5.5. Financial Constraints

Lack of sufficient financial resources in the large-scale production of biofertilizers is
a significant drawback [124]. Once the biofertilizer is manufactured, small producers do
not have enough funds to distribute on their own. Because of this delay in distribution,
lowering of the quality of the product occurs, deteriorating its biocontrol potential [31].

5.6. Marketing Constraints

One of the major limitations for developing the product in the market is the unavail-
ability of proper transportation services along with storage facilities. Farmers possess
little or inadequate knowledge regarding the advantages of biofertilizers over hazardous
agrochemicals for sustainable agriculture. Thus, the demand for such eco-friendly products
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is reduced. The establishment of extension centers does not help in creating awareness
among farmers due to the lack of well-qualified technical staff [31].

The biofertilizer developers face a significant problem because the agricultural crops
are grown under various physicochemical and environmental conditions, including diverse
ranges of temperature, rainfall, soil type, and crop variety. These conditions tend to
change from farm to farm or even within a single field. Therefore, such variations cause a
discrepancy in the efficacy of PGPR-based biofertilizers [122,126].

There is a general strategy followed in any state within a country before any microbial
products attain the stage of commercialization. The ministry/department of agriculture
gives a green signal for placing orders mostly from their own production units. From
here, biofertilizer packets are transported to several districts. A chain of extension workers
gets involved in the next step before these packets reach the field. During this course,
the microorganisms present as bioinoculants get exposed to high temperatures (above
40 ◦C), which might lead to either their inactivation or death, thus rendering them low- or
poor-quality biofertilizers. Henceforth, these low-quality packets will be disadvantageous
for the farmers, as well as for the entire crop yield.

5.7. Field-Level Constraints

The response of crops toward the applied biofertilizers is very slow and sometimes
futile since the inoculum will take time to build its concentration and root colonization. This
results in a low level of acceptance of biofertilizers by the farmers. The purity of inoculants,
along with inoculation techniques, play a vital role in field application. The effectiveness of
biofertilizers gets reduced because of the harmful residual effects of synthetic chemicals
and existing unfavorable abiotic conditions [31,127]. Environmental stresses such as salt
and drought in certain areas play another important role in reducing biological activity. The
inoculants are under biotic and abiotic stresses [124]. In addition to these factors, several
other factors that holistically result in poor performance of the bioinoculants include acidity
and alkalinity of the soil and application of pesticides and high concentrations of nitrate
in the soil, limiting the N-fixing ability of the bioinoculants. Many soils possess toxic
concentrations of heavy metals like Cd, Hg, Cr, etc., and a deficiency of other important
nutrients like P, Cu, Mo, and Co that reduce the biological potential of the PGPR-based
fertilizers [23,128].

PGPRs function through a series of mechanisms. The foremost step in plant growth
promotion is the colonization of plant roots by the microbe, which is an intricate process
requiring the ability of bacteria to compete in the rhizosphere soil for a suitable niche to
bring about a positive plant-microbe interaction [129]. In addition to this, the abiotic factors,
viz. soil type, temperature, pH, radiation, oxygen concentration, nutrient availability, and
the degree of interaction with the native soil microbiota, too drastically affect the plant-
microbe interaction, affecting their existence and survivability within the host plant. Thus,
the success of the field application of PGPRs depends upon the climatic factors required
for a particular variety of cultivated crops [21]. Identification of region-specific microbial
strains is highly recommended to exhibit maximum effectiveness by the employed PGPR
strain. Quite often, PGPRs are directly used as an inoculum for host plants without mixing
them with an appropriate carrier. In addition to this, their quantities are insufficient to
allow efficient rhizosphere colonization existing in a field because of the competition with
the already existing soil micro- and macro-biota [130].

Broad-spectrum biocidal fumigants are generally used to fumigate soils associated
with high-value crops. These fumigants result in altering the microbial community of
such soils. As a consequence of long-term fumigation, soil microbial community, and their
beneficial interactions that help host plants obtain nutrients and mobilization, get largely
affected [131]. This leads to decreased rhizosphere colonization by the PGPR inoculant.
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5.8. Quality Control Constraints

The most important parameter which the farmers look for in any biofertilizer is quality
control. Being natural products, living microorganisms possess a very short shelf life [32].
The failure of any microbial-based product in fields can be due to the supply of low- or
spurious-quality products. Presently, there is the unavailability of any quality check for
biofertilizers. Henceforth, in order to prove the plant growth promoting efficacy in the
fields, setting up quality control standards for biofertilizers is quite essential [31].

5.9. Biofertilizer Carrier

A suitable carrier is required for field application of biofertilizer because of the short
shelf life of the bioinoculant agent. Thus, the unavailability of an appropriate carrier proves
to be one of the major constraints for its large-scale use in fields. Ideal carriers used in
biofertilizer production are peat, charcoal, lignite, etc. These carriers again pose technical
constraints because most of them are unavailable in developing countries like India. There
is a lack of sufficient quantities and a desirable quality of these carriers. Only charcoal
is readily available in the Indian market, and therefore it can be used as a formulating
agent [31]. Peat is recognized as the most suitable carrier among the available carriers,
but the challenge is its shorter shelf life, which is less than six months. Due to its ability
to improve soil and plant health, biochar can be used as a suitable carrier for biofertiliz-
ers [14,30]. In order to prove itself as an efficient and potential carrier, the bioinoculant
should possess several other characteristics. It should be of low cost, the organic matter
content and water-holding capacity should be high, and the organism-retention capacity
should be longer. It should be nearly sterile, with zero moisture content, and it should be
non-polluting, non-toxic, and with nearly neutral pH so that the biofertilizer is of good
quality [132].

5.10. Biosafety of PGPRs

PGPRs are considered to be practical candidates for sustainable agriculture. An
essential characteristic of PGPRs and other biofertilizer agents is that these microbes should
not elicit any harmful effects on the environment or humans. According to the guidelines on
biosafety in microbiological and biomedical laboratories, published by the U.S. Department
of Health and Human Services in 1999 and World Health Organization guidelines on
the usage of microorganisms, biosafety levels (BSLs) were made to categorize the usable
microorganisms in a range of biosafety classes, based on the different categories of risk
posed by them [32]. The communicable agents were classified into four risk groups (BSL-
1–4) based on their pathogenicity to human health, mode of transmission, and available
treatments. These levels have to be strictly followed in handling these microorganisms.
The microbial strains selected for biofertilizer development should preferably belong to
the low-risk group of non-pathogenic BSL-1 microorganisms.

6. Guidelines and Precautions for Using PGPRs as Biofertilizers

The major safety measures and guidelines [31] essential for using PGPRs as biofertiliz-
ers are:

(1) It is essential that the supplied biofertilizer to be used in fields is of good quality,
contains 107 viable cells per gram as an inoculum, and is purchased from a reputed
manufacturer only.

(2) Since the biofertilizer exhibits specificity, it should only be used for the crop(s) speci-
fied on the commercially available product packet.

(3) The culture bag should have a tag of the name of the crop for which it has to be used.
(4) While inoculating, excess culture should be inoculated, or any remnants/residual

culture should be immediately put in grooves of the field so that inoculum microorgan-
isms start interacting with other microbiota in the rhizosphere and begin colonizing
the rhizosphere.
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(5) Since the biofertilizers are microbial products, for achieving better shelf life, before
their application in fields, they should be stored in cool and shady places, preferably
at room temperature (25–28 ◦C).

(6) During storage or application, direct contact of the biofertilizers with agrochemicals
(herbicides/weedicides/pesticides) should be strictly avoided.

(7) Generally speaking, 200g biofertilizer can be effectively used to treat 10 kg of seeds.
(8) In the case of unfavorable soil conditions, especially where the soil is strongly acidic,

soil amendments such as lime or rock phosphate, are usually preferred.

7. Roadmap to the Commercialization of PGPR-Based Biofertilizers

Using PGPRs as biofertilizers for promoting plant growth and crop yield, improving
soil fertility, and biocontrol of phytopathogens promotes sustainable agriculture by offering
eco-friendly alternatives to synthetic agrochemicals like chemical fertilizers and pesticides.
The development and commercialization of PGPR-based biofertilizers generally follow the
following roadmap (Figure 5) [30,108].

Figure 5. A roadmap for commercializing PGPR-based biofertilizers.

8. Conclusions and Future Perspectives

Among various industries present within a nation, the agriculture industry not only
plays a pivotal role in survival but also facilitates meeting the demands of the growing
population and economic exports. Post Green Revolution, the agroindustry has witnessed
several scientific advances that resulted in better crop productivity but with environmental
complications. Chemical fertilizers prove detrimental to soil and environmental health,
while biofertilizers are natural products and do not pose threats to the ecosystem. Thus,
to manage long-term soil fertility and sustain crop productivity, natural-products-based
fertilizers prove to be an integral and vital component of sustainable agriculture. The last
decade has inevitably seen a revolution because of the increased use of biological inoculants
instead of agrochemicals for sustainable agriculture globally. The triad of interactions
existing between the bioinoculant microorganism(s), resident soil microbiota, and host
plant(s) is vital not only for the overall growth and higher productivity of the crop plants
but also for maintaining the integrity of our planet’s health and proper biogeochemical
cycling.

A growing apprehension concerning food safety and the rising need for controlling
food production quality to cater to the changing consumer demand is expected to shift
farmers’ attention toward organic farming and adopt sustainable agricultural practices.
Thus, while seeking eco-friendly alternatives to toxic chemicals, there is a need to consider
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the three crucial “Ps”, which include the people, prosperity, and the planet. Before its
complete implementation, however, this microbial product-based technology needs to
be researched profoundly and improved to elicit desired results and gain the trust of the
farmers, the real stakeholders of agriculture. The thrust areas that need to be further focused
on for research include quantifying commercial production, strain improvement, and
authentication. Governments and federal agencies should promote the use of biofertilizers
as eco-friendly alternatives for crop improvement. Entrepreneurs should invest more in
the biofertilizer industry and provide financial assistance for start-ups. In addition to this,
mass public awareness is required to educate the farmers and consumers alike on the
advantages of using microbe-based biofertilizers for ensuring a greener tomorrow.
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115. Mącik, M.; Gryta, A.; Frąc, M. Biofertilizers in agriculture: An overview on concepts, strategies and effects on soil microorganisms.
In Advances in Agronomy; Sparks, D.L., Ed.; Academic Press Inc.: Cambridge, MA, USA, 2020; Volume 162, pp. 31–87.

116. Artyszak, A.; Gozdowski, D. The effect of growth activators and plant growth-promoting rhizobacteria (PGPR) on the soil
properties, root yield, and technological quality of sugar beet. Agronomy 2020, 10, 1262. [CrossRef]

117. Uribe, D.; Sánchez-Nieves, J.; Vanegas, J. Role of microbial biofertilizers in the development of a sustainable agriculture in the
Tropics. In Soil Biology and Agriculture in the Tropics; Dion, P., Ed.; Springer: Berlin/Heidelberg, Germany, 2010; pp. 235–250.

http://doi.org/10.3390/microorganisms8060948
http://doi.org/10.1016/j.micres.2017.08.016
http://doi.org/10.1016/j.jenvman.2020.111118
http://doi.org/10.1016/j.scitotenv.2020.140682
http://www.ncbi.nlm.nih.gov/pubmed/32758827
http://doi.org/10.1590/S1415-47572012000600020
http://www.ncbi.nlm.nih.gov/pubmed/23411488
http://doi.org/10.6064/2012/963401
http://www.ncbi.nlm.nih.gov/pubmed/24278762
http://doi.org/10.1016/j.micres.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24095256
http://doi.org/10.5281/zenodo.1455995
http://doi.org/10.1093/femsec/fix050
http://doi.org/10.1007/s42398-019-00070-4
http://doi.org/10.3934/bioeng.2015.3.183
http://doi.org/10.3389/fpls.2013.00356
http://doi.org/10.3389/fpls.2017.00049
http://www.ncbi.nlm.nih.gov/pubmed/28232839
http://doi.org/10.3390/plants9081011
http://www.ncbi.nlm.nih.gov/pubmed/32796519
http://doi.org/10.1111/pce.13348
http://www.ncbi.nlm.nih.gov/pubmed/29808564
http://doi.org/10.3389/fpls.2020.00072
http://www.ncbi.nlm.nih.gov/pubmed/32174929
http://doi.org/10.20944/preprints202009.0650.v1
http://doi.org/10.1007/s13199-019-00602-w
http://doi.org/10.3390/agronomy10091262


Sustainability 2021, 13, 1140 20 of 20

118. Mehnaz, S. An overview of globally available bioformulations. In Bioformulations: For Sustainable Agriculture; Arora, N., Mehnaz, S.,
Balestrini, R., Eds.; Springer: New Delhi, India, 2016; pp. 268–281.

119. Sessitsch, A.; Mitter, B. 21st century agriculture: Integration of plant microbiomes for improved crop production and food security.
Microb. Biotechnol. 2015, 8, 32–33. [CrossRef]

120. Cardinale, M.; Ratering, S.; Suarez, C.; Zapata Montoya, A.M.; Geissler-Plaum, R.; Schnell, S. Paradox of plant growth promotion
potential of rhizobacteria and their actual promotion effect on growth of barley (Hordeum vulgare L.) under salt stress. Microbiol.
Res. 2015, 181, 22–32. [CrossRef]

121. Amara, U.; Khalid, R.; Hayat, R. Soil bacteria and phytohormones for sustainable crop production. In Bacterial Metabolites in
Sustainable Agroecosystem; Maheshwari, D.K., Ed.; Springer: Cham, Switzerland, 2015; pp. 87–103. [CrossRef]

122. Kamilova, F.; Okon, Y.; Deweert, S.; Horal, K. Commercialization of microbes: Manufacturing, inoculation, best practice for
objective field testing, and registration. In Principles of Plant-Microbe Interactions: Microbes for Sustainable Agriculture; Lugtenberg, B.,
Ed.; Springer: Cham, Switzerland, 2015; pp. 319–327. [CrossRef]

123. Thomas, L.; Singh, I. Microbial biofertilizers: Types and applications. In Biofertilizers for Sustainable Agriculture and Environment;
Giri, B., Prasad, R., Wu, Q.S., Varma, A., Eds.; Springer: Cham, Switzerland, 2019; pp. 1–19.

124. Arora, N.K.; Khare, E.; Maheshwari, D.K. Plant growth promoting rhizobacteria: Constraints in bioformulation, commercial-
ization, and future strategies. In Plant Growth and Health Promoting Bacteria; Maheshwari, D., Ed.; Springer: Berlin/Heidelberg,
Germany, 2010; pp. 97–116.

125. Du Jardin, P. Plant biostimulants: Definition, concept, main categories and regulation. Sci. Hortic. 2015, 196, 3–14. [CrossRef]
126. Barea, J.M. Future challenges and perspectives for applying microbial biotechnology in sustainable agriculture based on a better

understanding of plant-microbiome interactions. J. Soil Sci. Plant Nutr. 2015, 15, 261–282. [CrossRef]
127. Parnell, J.J.; Berka, R.; Young, H.A.; Sturino, J.M.; Kang, Y.; Barnhart, D.M.; Dileo, M.V. From the lab to the farm: An industrial

perspective of plant beneficial microorganisms. Front. Plant Sci. 2016, 7, 1110. [CrossRef] [PubMed]
128. Ndeddy Aka, R.J.; Babalola, O.O. Effect of bacterial inoculation of strains of Pseudomonas aeruginosa, Alcaligenes feacalis and Bacillus

subtilis on germination, growth and heavy metal (Cd, Cr, and Ni) uptake of Brassica juncea. Int. J. Phytoremediat. 2016, 18, 200–209.
[CrossRef]

129. Kumar, A.; Verma, H.; Singh, V.K.; Singh, P.P.; Singh, S.K.; Ansari, W.A.; Yadav, A.; Singh, P.K.; Pandey, K.D. Role of Pseudomonas
sp. in sustainable agriculture and disease management. In Agriculturally Important Microbes for Sustainable Agriculture; Meena, V.S.,
Mishra, P.K., Bisht, J.K., Pattanayak, A., Eds.; Springer: Singapore, 2017; Volume 2, pp. 195–215.

130. Malusà, E.; Pinzari, F.; Canfora, L. Efficacy of biofertilizers: Challenges to improve crop production. In Microbial Inoculants in
Sustainable Agricultural Productivity; Singh, D.P., Singh, H.B., Prabha, R., Eds.; Springer: New Delhi, India, 2016; pp. 17–40.

131. Dangi, S.R.; Tirado-Corbalá, R.; Gerik, J.; Hanson, B.D. Effect of long-term continuous fumigation on soil microbial communities.
Agronomy 2017, 7, 37. [CrossRef]

132. Bashan, Y.; de-Bashan, L.E.; Prabhu, S.R.; Hernandez, J.P. Advances in plant growth-promoting bacterial inoculant technology:
Formulations and practical perspectives (1998–2013). Plant Soil 2014, 378, 1–33. [CrossRef]

http://doi.org/10.1111/1751-7915.12180
http://doi.org/10.1016/j.micres.2015.08.002
http://doi.org/10.1007/978-3-319-24654-3_5
http://doi.org/10.1007/978-3-319-08575-3_33
http://doi.org/10.1016/j.scienta.2015.09.021
http://doi.org/10.4067/S0718-95162015005000021
http://doi.org/10.3389/fpls.2016.01110
http://www.ncbi.nlm.nih.gov/pubmed/27540383
http://doi.org/10.1080/15226514.2015.1073671
http://doi.org/10.3390/agronomy7020037
http://doi.org/10.1007/s11104-013-1956-x

	Smartphone enabled miniaturized temperature controller platform to synthesize NiOCuO nanoparticles for electrochemical sensing and nanomicelles for ocular drug delivery applications
	Abstract
	1 Introduction
	2 Experimental
	2.1 Automatic temperature controller (AMTC) module
	2.2 Chemicals and apparatus
	2.3 Synthesis of NiO, CuO Nanoparticles, and Nanomicelles
	2.3.1 Preparation of NiO nanoparticles
	2.3.2 Preparation of CuO nanoparticles
	2.3.3 Preparation of nano-micelles

	2.4 Experimentation

	3 Results and discussion
	3.1 Heating process for synthesis of nanoparticle
	3.2 Characterization of the NiO and CuO nanoparticle
	3.2.1 NiO nanoparticle
	3.2.2 CuO nanoparticle
	3.2.3 Dex loaded nanomicelles for ocular drug delivery application

	3.3 Electro-catalytic oxidation of uric acid and dopamine for NiO nanoparticles
	3.4 Electro-catalytic oxidation of hydrazine and uric acid for CuO nanoparticles
	3.5 Evaluation of particle size, polydispersity index (PDI), zeta potential, and transcorneal penetration of 0.1% dex-loaded nanomicelles

	4 Conclusion
	Acknowledgements 
	References

	Introduction 
	Biofertilizers 
	Plant Growth Promoting Rhizobacteria (PGPR)—The Phyto-Friendly Soil Microbes 
	Characteristics of an Ideal PGPR 
	Mechanisms of PGPR Action 

	Global Biofertilizer Market 
	Challenges and Constraints with PGPR-Based Biofertilizers 
	Biological Constraints 
	Technical Constraints 
	Regulatory Constraints 
	Infrastructural Constraints 
	Financial Constraints 
	Marketing Constraints 
	Field-Level Constraints 
	Quality Control Constraints 
	Biofertilizer Carrier 
	Biosafety of PGPRs 

	Guidelines and Precautions for Using PGPRs as Biofertilizers 
	Roadmap to the Commercialization of PGPR-Based Biofertilizers 
	Conclusions and Future Perspectives 
	References

