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ABSTRACT

Polymerase chain reaction (PCR) is a vital tool in molecular diagnostics. Still, it is
challenged with a host of poor yield, low sensitivity, specificity, contamination, non-
specific target amplification, time-consuming, higher cost, energy-intensive, etc. In this
study, the performance of PCR as a thermocycler is enhanced from a mechanical
engineering perspective by adding additives leading to the enhancement of thermal
conductivity of the reaction. In this study, two types of novel ternary hybrid
nanoparticles (THNp) or tri-hybrid nanoparticles (GO-TiO2-Ag and rGO-TiO2-Ag)
were synthesized consisting of three different nanoparticles graphene oxide, titanium
dioxide, and silver decorated on each other. The two THNp were synthesized and then
characterized using various techniques. The THNp were dispersed in lab-grade DDH20
and sonicated substantially to form stable ternary hybrid nanofluids (THNf). Zeta
potential of the prepared nanofluids was measured to check their stability, and it was in
a range of 25 mV to 35 mV. The nanofluids were then serially diluted to 5
levels.Thermal conductivity measurements were performed, and the measurements
showed a significant enhancement of about 66% and 83% for both GO-TiO2-Ag and
rGO-TiO2-Ag, respectively, with THNp in the base fluids. The nanofluids’ dynamic
viscosity measurements show that the ternary hybrid nanofluids behave as Newtonian
and non-Newtonian, where the viscosity decreases with the increase in temperature.
Rheological investigations of both the ternary hybrid nanofluids exhibit Newtonian
behavior with the stock solution. At the same time, it behaves as non-Newtonian, shear-
thinning, or pseudo-plastic fluid when the concentration is diluted. At higher
temperatures and low shear rates, the viscosity decreases significantly, which indicates
shear thinning behavior. Concentration played a vital role in the change of viscosity due
to the variation of temperature. Agglomeration is believed to be the reason for such
behavior.Effects of concentration, temperature, and stresses applied in the non-linear
viscoelastic fluid revealed linear viscoelastic (LVE) region through amplitude and
frequency sweep tests. PCR experiments were performed on the extracted DNA. The
initial PCR amplicons from the agarose gel electrophoresis showed that a higher
concentration of nanoparticles is not of much significance to PCR, while lower
concentration (5x10°% wt.%) of both GO-TiO.-Ag and rGO-TiO,-Ag contribute a
significant enhancement of PCR reaction while reducing the number of cycles to about
40% when compared to PCR without nanoparticles (control). Subsequent PCR study
showed PCR amplicon yield increased by 16.74-folds and 15.30- folds with the addition
of GO-TiO2-Ag and rGO-TiO,-Ag, respectively. Band intensity study corroborated the
same, indicating that the addition of THNp contributes to the thermal enhancement in
the reactions. Sanger sequencing results showed the presence of a conserved region, and
no DNA damage was observed with the addition of THNp. Separately, DNA
denaturation tests were performed with and without the use of THNTf for all prepared
concentrations. The results showed significantly higher absorbance of UV light in the
samples with THNf, indicating earlier denaturation of DNA strands due to the
enhancement of thermal conductivity of the reaction. Numerical simulations using
ANSYS thermal transient model were performed for a PCR setup with and without
THNp. The temperature contours showed a significant enhancement of the heat transfer
in the PCR reaction with THNp as an additive. They reduced the overall time by about
40%, corroborating our experimental results.
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CHAPTER ONE
INTRODUCTION

1.1 OVERVIEW

This introductory chapter covers the research background, problem statement, research
philosophy, scope, methodology, and objectives. This presentation includes a brief
overview of the topic followed by the research problem and reasoning to the solution
based on the philosophy of the study. The scope of the research is briefly clarified along
with a specific end goal to answer the problem statement and followed by the research
objectives laid down in steps. Then, the critical flow of the current study is explained in

the research methodology. Finally, the outline of the thesis is presented.

1.2 BACKGROUND OF THE STUDY

The polymerase chain reaction (PCR) is an In vitro reaction technique that enables us
to multiply an available DNA of any organism from a few strands to multiple billion
copies of the targeted DNA. The PCR was an invention of Kary Mullis in 1984 based
on the concept devised by Kjell Kleppe and H. Gobind Khorana by using assays of
enzymes to replicate DNA templates with primers (Kleppe et al., 1971). The PCR is a
fundamental building block of all genetic testing by multiplying copies of targeted DNA
(Dwyer et al., 2002; M. Li, 2005; Siqueira and Rdgas, 2003). This fundamental
technique is widely used in contemporary molecular biology research and clinical
medicine. PCR is an inexpensive, rapid, and simple means of producing large numbers
of copies of DNA molecules from a small number of source DNA material (Goodman

et al., 1993; Mullis et al., 1986; Ponce and Micol, 1992).



PCR mainly relies on thermal cycling, where the temperature of the DNA and
its additive reactants are rapidly changed in many heating and cooling stages to allow
different temperature-dependent reactions in each stage (Marie et al., 2003). The
reactions are rapidly done in many cycles, where the DNA is multiplied exponentially
with each cycle. A small amount of DNA strands from materials like tissues, skin, hair,
saliva, or blood peripherals are multiplied exponentially until a desired copy of the DNA
is obtained. PCR is a crucial technique used in almost all medical and biotechnological
laboratories and research centers for numerous applications like criminal forensics,
genotyping, biomedical researches, cloning of DNA, cloning or duplication of genes,
monitoring of infectious diseases, pathogen detection (Giovannini and Concilio, 2002),
amplification of ancient DNA in archaeology, diagnosis of hereditary diseases, genetic
fingerprint and identity analysis as in parentage testing and many more research-based
applications. PCR is highly significant to be used when a specific set of DNASs is
amplified within minutes in an automated machine called a thermocycler. That is called
specificity, wherein only the target set of DNA or genomic material is amplified. The
PCR has several challenges which researchers are working hard to address to make it a
better technique.

Some of its challenges include the inadequate availability of DNA in the sample,
template’s high GC content, low specificity in amplification, lower efficiency, the
requirement of higher melting temperature in some samples, difficulty in amplifications
of some DNA samples due to its secondary structure, the higher formation of impurities
or primer- dimer, etc. (Pan. et al., 2012). The typical PCR reaction consists of a three-
step recycling process: denaturation, annealing, and extension. The main components
of a PCR reaction include PCR buffer solution of about ten times, deoxynucleotide

triphosphate (ANTP) mixture, Mg2+, DNA templates, and Taq enzyme.



The PCR relies on thermal cycling in which the content mixture goes through
repeated temperature changes called cycles consisting of three temperature steps, as
mentioned above. The initialization is done by heating the reaction mixture to a
temperature of 94-96 °C for about 1 -10 minutes. The first step of the cycle is
denaturation, which consists of heating the reaction mixture to 94-98 °C for about 20—
30 seconds. This stage causes the DNA to melt and de-naturate or open strands by
breaking the hydrogen bonds between complementary bases, which yields two single-
stranded DNA molecules. The next step is annealing, in which the reaction temperature
is lowered to about 50-65 °C for about 20—40 seconds. This reduction in temperature
allows the primers of each single-stranded DNA template to bind itself to the target
region. This is also known as a hybridization stage in which the primers (short DNA
fragments) of different strands attach themselves to the denatured strands of DNA. The
next stage in the reaction is the elongation or extension in which the temperature is
raised to 75-80 °C. This helps synthesize a new DNA strand complementary to the
DNA template strand by adding free dNTPs from the reaction mixture. This cycle is
repeated as required to amplify the DNA target to millions of copies as required. The
general formula used for a given number of cycles is 2™ where n is the number of cycles
in the reaction.

PCR is a very widely used method for many applications to simulate In vivo
DNA replication in many fields of scientific research like DNA cloning for sequencing,
gene manipulation, and cloning, construction of DNA-based phylogenies, gene
mutagenesis monitoring and diagnosing of hereditary diseases; ancient DNA
amplification (Markwell, 2009) analyzing of DNA for profiling to be used in forensic
sciences and diagnosis of infectious diseases by detection of pathogens in nucleic acids.

However, PCR is still compromised with its low specificity, sensitivity, and false-



negative results, especially in GC-rich fragments (Cao et al., 2009). PCR is prone to
have errors due to contamination and primer-dimer formation, where other unwanted
DNA is also multiplied by the targeted ones due to the in vitro nature of the reaction.
Efforts have been made to increase PCR efficiency by various means to improve
specificity, sensitivity, reduction of time per cycle, and increase the yield, especially in
the GC-rich regions.

PCR is a vital tool with many applications, and it is highly desirable to enhance
efficiency using various methods. Some of the conventional methods used are by
selecting high-fidelity enzyme such as pfx DNA polymerase, optimizing the PCR
reaction conditions, and adding special chemical reagents such as glycerol, etc.
(Chisholm et al., 2002; D Cui and al., 2004; Sellner, Coelen, and Mackenzie, 1992;
Tombline et al., 1996). Other biochemical analysis methods require a significant
number of biological materials, whereas PCR requires very little, and it has the ability
of higher sensitivity, detection, and amplification. It is known from the literature that
metal ions such as Mg2+ significantly increase the PCR efficiency by maintaining the
highest activity of Taq enzyme.

It is imperative to develop newer ways and techniques to enhance the
amplification efficiency and specificity (He et al., 2016). Many researchers have found
that a few materials such as dimethyl sulfoxide (DMSO), glycerol, formamide, betaine,
etc. (Henke, 2008; Varadaraj and Skinner, 1994) enhance the amplification of PCR.
Even though these methods can slightly improve the specificity and efficiency of PCR,
there is still a considerable void that should be addressed to improve the efficiency of
PCR. Few other ways to increase the efficiency of the PCR are to develop better
thermocycler machines or by adding additives such as nanoparticles into the PCR

reaction known as NanoPCR. The latter is an inexpensive method that has led to



intense investigation due to their fascinating physical and chemical properties (J. Wang
etal., 2015). It has attracted considerable attention from researchers in the last decade.
Various types of nanoparticles have been tried and used in the PCR to enhance its

efficiency and obtained better results.

1.2.1 NanoPCR

In the last decade, nanoparticles have attracted more considerable attention and
gradually penetrated various engineering and life sciences fields because of their unique
chemical and physical properties, such as large surface area and small size effect, which
significantly promoted the development of life science and technology. Their high
thermal conductivity and surface-to-volume ratio have led many researchers to adopt
them in PCR and named them NanoPCR (Shen et al., 2009). NanoPCR using Gold
nanoparticles has proved to increase- the sensitivity of PCR detection 5- to 10-fold in a
slower PCR system (i.e., conventional PCR) (S. H. Hwang et al., 2013). Khaliq et al.
observed that TiO2 nanoparticles effectively enhanced the PCR efficiency of low as
well as high GC- rich DNA templates, with maximal augmentation up to 6.9- fold at
0.4 nM concentration (Khaliq et al., 2010). Platinum nanoparticles capped with -
cyclodextrins helped improve the overall efficiency of the PCR and increased the
sensitivity while reducing the use of reagents (Petralia et al., 2012).

Carbon-coated silica nanocomposites or hybrid nanoparticles were found to be
effective PCR enhancers which also induced strong interaction between polymerase and
primers (J. Y. Park et al., 2015a). ZnO-TiOz hybrid nanoparticles were found to enhance
the overall efficiency and specificity of PCR reaction while reducing overall time to
about 50% (Fadhil, 2014). Better PCR enhancements can be obtained from other novel

nanoparticles, which are yet to be studied. This technology has become a current



research hotspot. The mechanism and application of PCR amplification technology
based on various nanoparticles are being explored. Nonspecific amplification and
primer mismatch significantly affect PCR amplification. The addition of nanoparticles
highly improves the sensitivity, specificity, and yield of PCR due to their excellent
surface properties, heat conduction, and specific binding to single-stranded DNA or

protein.

1.2.2 Hybrid NanoPCR

Hybrid NanoPCR is a term given to PCR in which a combination of more than one
nanoparticle is used. Since the nanoparticles to be added in the PCR reaction are initially
mixed with either water or the PCR buffer solution, they are called nanofluids. When
one or more nanoparticles are used to prepare the nanofluids to be used as additives to
PCR, they are called hybrid NanoPCR. Hybrid NanoPCR is a very new concept. A
significant number of studies reported to date has mainly focused on single material
nanoparticle as PCR enhancers. At the same time, very few studies have been done on
the bi-hybrid or two-material nanoparticles, which can also be referred to as
nanocomposites. The aim of synthesizing a multiple-material nanoparticle is to enhance
the overall efficiency of PCR and increase the specificity, yield, and efficiency in
profiling less abundant, low expressive genes. It also aimed to reduce the time taken per
cycle, the overall reaction time of the PCR. At the same time, it should also try to
eliminate or at least reduce the formation of primer-dimer or the formation of another
unwanted potential by-product of PCR. NanoPCR has the advantage of exhibiting more
than one characteristic to improve more aspects in enhancing PCR. The rationale behind

the use of hybrid nanoparticles could be because:



e Possibility of modification in the DNA molecular structure and its biochemical
and bio-thermal activities due to interactions between the nanoparticles and
DNA molecules (M. Li, 2005)

e They exhibit higher heat conduction since nanoparticles have a large surface
area (Abdul Khaliq et al., 2010)

e Approximately 20% of atoms of particles measuring less than 20 nm are carried
on their surface, facilitating them instantly open for heat transfer (Zhizhou
Zhang et al., 2008)

e Enhanced heat transfer due to micro-convection of fluid as a result of the
movement of the nanoparticles attributable to the infinitesimal size (Mi et al.,
2007)

e Small size and less weight of the particles evade the problem of particles
sedimentation (Zhizhou Zhang et al., 2008)

e Percolation structures also help faster transfer heat within the nanoparticles and

surrounding fluid (X. Cao et al., 2011).

1.3 STATEMENT OF THE PROBLEM

PCR is one of the fundamental tools in molecular biology. Various
nanomaterials have opened up newer opportunities for improving PCR. Several reports
have confirmed that an optimal concentration of various nanoparticles acts as enhancers
that enhance the yield, specificity, and overall reduction of the PCR reaction time.
However, scores of debates prevail concerning the underlying mechanisms. NanoPCR
efficiency is affected by parameters such as size, shape, concentration, and type of
nanoparticles used, either metallic or non-metallic/carbon-based. All these parameters

were also found to have a substantial effect on the thermal conductivity of nanoparticle-



based suspensions. Therefore, it is imperative to investigate the role of enhanced
thermal conductivity effect of nanoparticles and their rheological properties on PCR
along with interactions between DNA, primers, and enzymes.

It is strongly believed that the potency of nanomaterials to enhance the PCR
through uniform heat transfer exclusively relies on the complete dispersal of
nanoparticles in nuclease-free water/PCR buffer, besides maintaining their structural
integrity due to the sonication process. Understandably, some nanoparticles, such as
silver nanoparticles, cause structural damage to the gene under study. Hence, it is
essential to study the effect of adding nanoparticles (in this case, graphene nanoflakes
based ternary hybrid nanoparticles, GO-TiO2-Ag and rGO-TiO2-Ag) that causes any
gene mutation or damage to the test gene under study. In this study, ternary hybrid or
the trihybrid nanoparticles was synthesized and used as PCR enhancing material.
Graphene oxide (GO) is a mono-atomic layer of thick particles formed with the
hybridization of carbon atoms. The silver and titanium oxide nanoparticles are
decorated on top of graphene nanoparticles to form a ternary hybrid nanoparticle.

Two ternary hybrid nanoparticles consist of graphene oxide, and reduced
graphene oxides are coated with two other silver and titanium dioxide nanoparticles.
The selection of the three nanoparticles to synthesize a ternary hybrid nanoparticle was
based on the consideration of their high thermal conductivity, their hydrophilic nature,
solubility in water samples, chemically inert, cost-effective, high mechanical strength,

thermal diffusivity, and its easy availability, and the ability to synthesize.

1.4 RESEARCH PHILOSOPHY

Integration of nanotechnology into real-life sciences by the addition of hybrid

nanoparticles into PCR is studied. The nanoparticles are known thermal conductivity



enhancers. Hence, the addition of nanoparticles into PCR will enhance the PCR
amplification at a considerably low cost and reduce its cycle time while significantly

improving specificity, amplification efficiency, and sensitivity of PCR.

1.5 RESEARCH OBJECTIVE

The main objective of this research is
» To develop a novel ternary-hybrid nanoparticle.
» To determine its thermo-physical characteristics
* To enhance the PCR efficiency using THNp.
* Perform systematic investigation on
» The effects of nanoparticles on DNA amplification,
» Damage of DNA, and

» Optimize the concentration of ternary hybrid nanoparticles.

1.6 RESEARCH SCOPE

To study the effect of dispersing ternary hybrid nanoparticles in nuclease-free DD-H,0O
and then to perform the PCR to check the enhancement. The enhancement due to the
addition of ternary hybrid nanoparticles into PCR is the solution to our problem
statement. It is aligned with the research objectives laid out in the previous section. The
scope of this current study are as follows:

> Synthesis of ternary hybrid nanoparticles and then characterize them using

various instruments.
» Study the thermal conductivity characteristics and rheological behavior for

various levels of concentrations and serial dilutions.



> Perform PCR using isolated DNA samples by adding ternary hybrid
nanoparticles of various concentrations to the reaction and checking the PCR
enhancement using gel electrophoresis.

> Study the concentration of the ternary hybrid nanoparticles in the PCR, which
gives the maximum enhancement and optimize the same.

> Perform sequencing analysis to the amplified product and check whether there
is damage to the DNA.

> Perform a DNA denaturation experiment using the THNp and check the effect
of nanoparticles to the denaturation.

> Numerical investigations of PCR reactions with and without the THNp will

allow us to optimize the PCR.

1.7 THESIS OUTLINE

This thesis is organized as follows:

» Chapter 1: As explained above

» Chapter 2: A detailed literature study on PCR enhancements using ternary
hybrid nanoparticles is presented. A brief study of different types of
nanoparticles, their characteristics are listed. Thermal conductivity and
rheological characteristics of the selected nanoparticles to be synthesized are
studied and summarized.

» Chapter 3: Detailed methodology of preparation, characterization and
experimental measurements are presented.

» Chapter 4: This chapter illustrates the synthesis of ternary hybrid nanoparticles,
characterization, and preparation of nanofluids. Thermal conductivity

measurement is recorded. The effects of various characteristics like particle size,

10



concentration, temperature, and various mechanisms responsible for enhancing
thermal conductivity are illustrated. Detailed rheological measurements,
including various characteristics like particle size, concentration, the
temperature of the ternary hybrid nanofluids, are explained. Measurements of
various stresses on nanofluids like amplitude sweep and frequency sweep to
measure the loss and storage moduli in the nanofluids are presented. PCR
experiments using DNA samples with and without ternary hybrid nanoparticles
were conducted. The analysis of samples for PCR enhancements, amplification,
the effect of nanoparticles on PCR inhibitions, and DNA damage is explained.
The effects of ternary hybrid nanoparticles of DNA denaturation are illustrated.
Three-dimensional modeling of the PCR tube and the thermocycler wells were
designed using solid works, and then numerical simulations using ANSYS
software are detailed in this chapter.

Chapter 5: It deals with the study's overall conclusion and recommends the

scope of future works based on this research.
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CHAPTER TWO
LITERATURE REVIEW

2.1 OVERVIEW

This chapter overviews all the previous research and articles that have been published
related to the PCR enhancements using nanoparticles. It also details the vast number of
nanoparticles based on their types, characteristics, and applications. A brief literature
survey on thermal conductivity and the rheological properties of the nanoparticles-

based nanofluids are presented.

2.2 NANOPCR

The detection of selective DNAs, which are highly sensitive and selective, has
extensively been studied as it has many vital applications in the field of biological
sciences such as clinical research, diagnosis, genetically modified food monitoring, and
detection of environmental contamination (Dhanekar and Jain, 2013; Gupta et al., 2010;
Rodriguez-L&zaro et al., 2007). However, when DNA amplification is lower due to
some reasons like contamination, lower quality, it becomes a significant bottleneck to
quantitatively and qualitatively analyze genetic information. Many types of DNA
amplification methods have been developed. Polymerase chain reaction (PCR) is one
method which is the best way to amplify DNA since its discovery in the 1980s (Pérez-
Pérez and Hanson, 2002; Schmid-Burgk et al., 2013) (Garibyan and Avashia, 2013).
The PCR is performed under in vitro conditions, and it is composed of three
main steps, denaturation, annealing, and extension. Despite its extensive utilization,
PCR is a delicate and temperature-sensitive technique for amplifying DNA. Therefore,

the efficiency and specificity of PCR become a significant challenge. Recent advances
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in nanotechnology have made it possible to address such issues by adding nanomaterial
to assist PCR using nanoparticles from materials such as metals, carbon-based
nanomaterials, semiconductor quantum dots (QDs), and silicon nanowires. That has
proven to enhance the efficiency and specificity of PCR (Li, 2005; Liang et al., 2009).
This nanomaterial-assisted PCR is referred to as NanoPCR, coined from nanoparticles
assisted PCR technology by the early researchers who used nanoparticles to enhance
PCR efficiency. The addition of nanoparticles to a PCR reaction significantly improved
specificity, amplification, the efficiency of PCR, and sensitivity and accelerated the
reaction by reducing the number of cycles (Sang et al., 2017).

After a thorough search, it was found that the earliest study to use nanoparticles
in a PCR reaction was in 2004. They used a single-walled carbon nanotube to increase
the amount of PCR product (Daxiang et al., 2004). Then metallic nanoparticles like gold
were used to assist the PCR process in demonstrating higher PCR amplification
concerning yield and specificity (Haikuo et al., 2005). This technological trend to use
nanoparticles to assist PCR reaction picked up as a research hotspot, and many
researchers used various type of nanoparticles for a variety of applications like
biosensors in the detection of specific bacterium (Xu and Yao, 2013) and viruses
(Huang et al., 2008), general PCR enhancements (Khalig et al., 2012) in profiling less
abundant low expressive genes (Sailapu et al., 2018), etc. using a variety of types of
nanoparticles like gold (Lou and Zhang, 2013), silver (Thamilselvi and Radha, 2017),
TiO2 (Khaliq et al., 2010), graphene (Sharma et al., 2016), ZnO (Upadhyay et al., 2020),
Iron Oxide (Kambli and Kelkar-Mane, 2016), CNT (Zhang et al., 2008), carbon nano
powder (Zhang et al., 2007a), CuO (Gao et al., 2019), quantum dots (Sang et al., 2015),

platinum (Nejdl et al., 2017), magnesium (Narang et al., 2016) and hybrid
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nanocomposites like graphene-ZnO (Sharma et al., 2016), ZnO-TiO. (Fadhil, 2014),
Gold-graphene (Jeong et al., 2015), etc.

The nanoparticles are a hotspot of research and application in almost all recent
technological advancements. They have many unique properties, which makes them
desirable in a variety of applications. The most important property is their high thermal
conductivity due to minimal size and larger surface area. Moreover, the nanoparticles
share many common properties such as biocompatible, solubility in water, and are
highly stable. VVarious nanoparticles, both metallic and non-metallic nanoparticles, have
their unique characteristics. The nanoparticles are used as a PCR enhancer for more
than a decade. Single material nanoparticles like gold nanoparticles are active enhancers
of PCR because of its mediated surface interaction rather than higher thermal
conductivity, and also gold nanoparticles in PCR are target dependant (Shen and Zhang,
2013); likewise, graphene nanoparticles enhance the yield and specificity of the PCR
(Khaliqg et al., 2012). TiO2 nanoparticles in PCR tend to enhance the denaturation of
genomic DNA through efficient thermal conductivity of the reaction buffer (Khalig et
al., 2010).

The nanomaterials provide exceptional physical and chemical properties like a
large surface area to volume ratio, a reasonable heat transfer rate, and potential binding
sites for biological materials. Among the various types of nanomaterials, GO has been
considered one of the most exciting materials because of its intrinsic properties and
potential applications. GO, a two-dimensional material composed of sp2-bonded carbon
atoms is enriched with oxygen functional groups such as carboxyl, hydroxyl, and epoxy
groups (Jung et al., 2010), rendering it water dispersible and functional building blocks
for constructing hybrid nanomaterials. In particular, GO exhibits a capability for

anchoring biomolecules without any surface modification or coupling reagents due to
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weak van der Waals and p—p interactions. Despite the merits and capabilities of GO, a
severe level of agglomeration leads to a limited surface area, which may impede PCR
performance (Chen and Xie, 2010; Uddin et al., 2013).

Gold nanoparticle (Au-NP) based hybrid nanomaterials have been considered
an alternative to meet these requirements to overcome such challenges. Hybrid
nanomaterials maintain the beneficial features of both precursor materials and provide
advantages unique to the hybrid material through the combination of functional
components (Sanchez et al., 2003). GO plays a role as a template and building block for
developing graphene-based hybrid materials (Li et al., 2014). GO also prevents the self-
aggregation of Au-NPs by serving as a substrate (Hotze et al., 2010). The Au NPs on
individual GO sheets can also be exploited to maintain the GO sheets at a certain
distance from each other. Furthermore, Au NPs commonly exhibit biocompatibility,
chemical stability, and simplicity in preparation and surface modification for
immobilization of biomolecules (Jia et al., 2008; Jung et al., 2010; Li and Rothberg,
2004).

These advantages provide more adhesion layers that can be immobilized
together in the exact location as the PCR components, thereby significantly increasing
the possibility of the amplification reaction (Mi et al., 2007; Yuce et al., 2014; Zhang
et al., 2008). Therefore, Au and GO are suitable to increase the efficiency and the
fidelity of PCR. However, the mechanism of Au and GO hybrids during PCR remains
amystery. The rationale behind the use of nanoparticles could be because of; Possibility
of modification in DNA molecular structure and its biochemical and bio-thermal
activities due to interactions between the nanoparticles and DNA molecules (Li et al.,
2005). They exhibit higher heat conduction since nanoparticles have a large surface

area. Approximately 20% of atoms of particles measuring less than 20 nm are carried
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on their surface, facilitating them instantly open for heat transfer (Eastman et al., 1996).
Enhanced heat transfer due to the micro-convection of fluid due to the nanoparticles'
movement attributable to the infinitesimal size (Eastman et al., 2001).

Small size and less weight of the particles evade the problem of particle
sedimentation (Cui and al., 2004). Percolation structures also help in the faster transfer
of heat within the nanoparticles and surrounding fluid. Several reports have confirmed
that several nanoparticles are potential enhancers of PCR. The addition of nanoparticles
to PCR has shown enhancements in increased yield and enhanced specificity with
inhibitory effects in some cases. It is difficult to explain the exact mechanism behind
enhancements due to the complexity involved in a PCR reaction, which contains several
reagents such as a polymerase, primers, template DNA, dNTP, Mg2+, buffer solution,
etc. additives.

Nevertheless, some mechanisms including binding of DNA with nanoparticles
(Koo et al., 2005), the interaction of polymerase and nanoparticles (Khaliq et al., 2010),
electrostatic interaction between the nanoparticles and PCR components, enhanced heat
transfer effect of nanoparticles, nanoparticle bound primers (Jung et al., 2010), etc.,
have been proposed for such PCR enhancements. Many attempts were made to utilize
different nanoparticles to enhance the product yield in conventional PCR techniques.
Table 2.1 below summarises the nanoparticles used in the enhancement of PCR, and
table 2.2 summarises the nanoparticles used in the literature for PCR enhancement along

with their best concentrations.
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Table 2.1 A Summary of Nanoparticles used in the enhancement of PCR

Reference  Materials Used Findings
Cui and al., Single-walled CNT The DNA templates and Tag enzymes are
2004 attached to bundles of
SWCNTs in PCR products. Increased PCR
efficiency
Li, 2005 Gold Nanoparticles  Reaction time is decreased, the vyield is
improved
Carbon Nano DNA could be obtained with a certain amount
Zhang et Powder of CNP in the sixth-round amplification.
al.,2007b Specificity was improved and significantly
improved the amplification efficiency for
prolonged PCR reactions.
Haber et Gold Nanoparticles Au-NPs altered the PCR amplification profile,
al., 2008 and they conclude that effects on the assay
detection system must be carefully evaluated
before Au-NPs are included in any gPCR assay
Wan et al., silver complex interaction mechanism exists between
2009 and titanium dioxide AgNPs and TiO2 NPs with PCR reagents
nanoparticles
Khaliq et Titanium oxide TiO2 augmented the denaturation
al., 2010 Nanoparticles of genomic DNA, indicating more efficient
thermal conductivity through the reaction buffer
Cao et al.,, polyethyleneimine  specificity and efficiency of an error-prone two-
2011 (PEI)-modified round PCR are significantly impacted by the
multi-walled carbon surface charge polarity of the PEI-modified
MWCNTSs
ill.J,rZSOhll &t Al>03-Cu Thermal Conductivity enhancement
Khaliq et Graphene Nano Superior thermal conductivity affected the
al., 2012 flakes enhancement of PCR
;8{13 etal, EaEr:(-)s;ZFtlilélzeid gold Enhancement of efficiency and specificity
A novel class of PCR enhancers improved
Cao et al, Dendrimerentrapped interaction with _th_e PCR_ components and the
2012 ' gold nanoparticles thermal conductl_wty, _whlch allow them to be
used for enhancing different error-prone PCR
systems
Fadhil, Zinc oxide and there is about a 50 % reduction in overall PCR
2014 titanium dioxide reaction time
PCR performance is improved, chemical
interaction of
%e(z)olr%g etal, S;blgi-dGraphene the hybrid composite and the PCR components

and the potential mechanism behind the hybrid
composite-assisted are studied
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Park et al PDA-coated silica strong interaction between the nanocomposites
" and carbonized PDA and PCR reagents, including polymerase and
2015b i : .
Silica Nanoparticles primers, regulate the PCR performance
Zhong et Graphene Oxides demonstrate that the size, reduction degree, and
al., 2016 P surface charge affect the specificity of PCR
D Gold and Titanium Formation of well-defined bands, being able to
antas et . . o :
al. 2017 dioxide _ inhibit the occurrence of false negatives.
K Nanoparticles Increased detection of Lxx by PCR
The DNA vyield was enhanced, and the
Dhabaan et . : e o .
al. 2018 silver, zinc, and gold  sensitivity of random amplified polymorphic
B DNA (RAPD) PCR products was increased
. nanocomposite can improve both endpoint and
Maleki et Green graphene o .
al. 2019 oxide/gold (GO/Au) real-time _PCR methods at the optimum
concentrations
The sensitivity of DPO-NanoPCR was at least
Wana et al 100-fold higher than that of conventional PCR.
20199 " Gold nanoparticles  The specificity detection showed that the DPO-
NanoPCR was able to detect BRV, BPV, and
BVDV accurately.
Upadhva Significant enhancement of the PCR assay
etpal ZyOZyO ZnO nanoflowers concerning its sensitivity and specificity for the

diagnosis of two important CVBDs

Table 2.2 NanoPCR findings with the best concentration for PCR enhancement

References Nanoparticles Size of the Best PCR  property
used nanoparticle concentration enhanced

Wang et al., Graphene 1nm <1 pg/mL Eliminate the

2017 oxide sheets nonspecific
products

Li et al, Au 12nm - PCR efficiency

2005 (time reduction)

Dantasetal. Au-TiO; 13nm 1.6g/L improvement

2017 in the DNA vyield
and purity

Xu & Yoa, Ag-TiO; 0.6&0.9 40 pg/ulL Enhancing PCR

2013 efficiency

Khalig et TiO2 ~25nm 0.4 nM Enhancing PCR

al., 2010 efficiency

Khaliq et Graphene NF  8nm 1 mg/ml 65% reduction in

al., 2012 Number of Cycles

Gabriel et GO, AlOsand - 0.04 pg/mL  Enhance the

al. 2018 CuO detection of
pathogenic  free-
living amoebae.

Lou et Au 1nm 172 pg/mL AUNPs inhibit and

al.,2013 enhance PCR by
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polymerase
adsorption under
varied situations.

Upadhyay  ZnO Nano - 5uL Reduction in PCR

etal., 2020 flower reaction time and
Enhancement of
PCR efficiency

2.3 TYPES OF NANOPARTICLES AND THEIR PROPERTIES

2.3.1 Nanoparticles Made of Carbon and Their Allotropes

Nanoparticles have attracted considerable attention in recent years. They are used in the
medical field as medicines and as a target medicine delivery agent in recent times. They
are also widely used to improve the diagnosis and treatment of human diseases (Bhaskar
et al., 2010). The exceptional properties of nanoparticles, including high resistance to
oxidation and high thermal conductivity, make them desirable to be used in a wide array
of applications in the medical and biotechnological arena. Carbon-based nanoparticles
come in many shapes and sizes. It was discovered about three decades ago, in 1991.
These particles are arranged in a hexagonal network of carbon atoms having a diameter
of one nanometre and lengths varying from 1 to 100 nm in a cylindrical manner. There
are many configurations of carbon-based nanoparticles; some of them are listed in

Figure 2.1.
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Lonsdaleite

Amorphous Carbon  single-walled carbon nanotube Graphene

Figure 2.1 Various carbon allotropes. (Image adapted from multiple websites)

The size, geometry, and surface characteristics of these nanoparticles make them
remarkably highly useful in various applications, starting from DNA sequencing to
additives of lubrication in automotive engines. PCR, as mentioned previously, is a
standard tool in biological research. It is an indispensable tool in biotechnology, genetic
testing, forensic applications, and many other research fields. In recent times carbon
and other material-based nanoparticles are added as an additive to enhance the PCR,;
hence they are called NanoPCR. These nanoparticles help speed up the process of PCR
to a considerable amount of time, enhancing specificity, sensitivity, and mechanisms.
That is mainly due to its excellent thermal conductivity, Physico-chemical, and
microbial properties. There are various types of carbon-based nanoparticles used in a

variety of applications. Some of them are listed below.
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2.3.1.1 Diamond

Diamond Nanoparticles or Nano-Diamond were first discovered about 50 years ago in
an explosive shock process (DeCarli and Jamieson, 1961). This discovery of Nano-
Diamond lead to their enormous studies and is used in various applications, including
in biotechnologies. Diamond particles at the nanoscale length ~1 to 100 nanometres are
carbon nanoparticles with a truncated octahedral architecture available in many types
such as diamond particles, pure-phase diamond films, 1-D diamond nanorods, and 2-D
diamond nanoplatelets (Schrand et al., 2009). These Nano-diamonds measuring about
a few nanometres have a nucleus like an onion-shaped shell and are packed in complex
chemical composition with a typical diamond density and optical nuclear potential
(Aleksenskii et al., 1999; Mochalin et al., 2012).

The Diamond nanoparticle’s atomic structure has very distinctive properties like
extreme mechanical rigidity, high hardness, and a combination of high thermal
conductivity (Field, 2012). They also possess superior physical and chemical properties
over conventional materials. Nano-Diamond is used in various applications like bio-
labeling (Chao et al., 2007), high-performance Micro and Nano Electro-Mechanical
Systems (Williams et al., 2007; Williams et al., 2010). Since diamond nanoparticles are
carbon-based nanoparticles, they are non-toxic (Schrand et al., 2007), stable (Yang et
al., 2002), and also facile functionalization (Krtiger et al., 2006). They are widely used
in many bio-applications, such as targeted drug delivery and biomarkers (Huang et al.,
2007). However, no studies have been reported on the use of diamond nanoparticles for

PCR applications.
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2.3.1.2 Graphite

Graphite nanomaterials also referred to as carbon nanotubes (CNTSs), are an allotrope
of carbon. They are multi-layered and have a planar structure. The carbon atoms of
graphite are arranged in a honeycomb lattice. Graphene is the name given to graphitic
nanomaterials when they occur in a single layer. Graphite nanoparticle has a high
thermal conductivity property. They also possess good mechanical and electrical
properties with excellent dimensional stability and excellent optical properties (Deprez
and McLachlan, 1988). Due to their superior characteristics and promising potential,
they are immensely used in many applications ranging from a simple pencil to
transistors, batteries, super-capacitor, composites, fuel cells, coolants, and an additive

to many biotechnological applications like PCR.

2.3.1.3 Lonsdaleite

Experimental Lonsdaleite is another allotrope of carbon nanoparticle. It usually forms
under the heat and stress impact from graphene to diamond (Nakamuta and Toh, 2013)
but retains the crystal lattice of the graphitic form. It is known as the most complex
material on earth. A tiny amount of lonsdaleite is available in nature. It is a hexagonal
2H polytope of the diamond. Hence, it is also referred to as a hexagonal diamond
(Greshnyakov and Belenkov, 2017). They are about 58% harder than the diamond due
to their hexagonal lattice structure (Németh et al., 2014). Recent analysis has shown

that it has a higher indentation strength than diamond (Pan et al., 2009).

2.3.1.4 C60 (Buckminsterfullerene or Buckyball)
C60 or Buckminsterfullerene or buckyball is an allotrope of carbon nanoparticle which

contains about 60 vertices and 32 faces with carbon atoms at vertices of each polygon
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connected by bonds along each of the edges. The nuclei distance diameter of the
molecule is about 0.71nm. Their atomic structure is similar to graphene but rolled up in
a spherical shape with a closed structure (Aschberger et al., 2010). It resembles a similar
shape and structure to a soccer ball. They exhibit the spheroidal carbon molecules when
analyzed by a mass spectrometer (Katz, 2006). Buckyball molecules are incredibly
stable withstanding high temperatures and pressures. C60 molecules form bonds and
are locked with each other against rotation at low temperatures (Liu et al., 2014). Since
the electron-attracting capability of C60 is very strong, other functional compounds can
be easily added to it. Since they have high thermal conductivity and are readily soluble
in water-based primers, C60 and its derivatives are used as additives in an extensive

range of biomedical applications and biotech experiments (Kadish and Ruoff, 2000).

2.3.1.5 C540

Fullerenes are closed carbon clusters containing sheets of stacked graphitic hexagons
closed by 12 pentagons. C540s present all their atoms on the surface of the clusters.
They are similar to graphite in terms of their atomic structure. The C540 is very stable,
but it is nonreactive. C540 is extensively used in many biotechnological and biomedical
applications, including designing high-performance MRI and X-ray contrast agents,

drug and gene delivery (Lalwani and Sitharaman, 2013).

2.3.1.6 C70

The C70 carbon nanoparticles, as the name suggests, it has 70 carbon atoms. These
atoms bond along each polygon edge at the vertices. The molecular structure resembles
that of a rugby ball shape. C70 is closely similar to C60 in its atomic structure, except

its equator is connected by a belt of 5 hexagons. The C60 bond length ranges between
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0.137 and 0.146 nm in about eight bonds. Each carbon atom in the structure is bonded
covalently with three others (Rao et al., 1995). The C70 nanoparticles are insoluble in

water (Talyzin and Engstrom, 1998).

2.3.1.7 Amorphous Carbon

Coal, soot, carbide-derived carbon are few types of amorphous carbon. They are the
impure forms of carbon, which is neither graphite nor diamonds. They are
polycrystalline and do not have any particular shape (McNaught and Wilkinson, 1997).
They are thermodynamically in a metastable state. Their properties vary depending on
the methods of formation. Hydrogenated amorphous carbon is the one whose bonds are
terminated with hydrogen. The ratio of sp2 and sp3 determines the property of
amorphous carbon (Robertson, 2002). Amorphous carbon has a high mechanical
hardness, high thermal conductivity, and low friction coefficient (Zhu et al., 2009).
They also have high electrical conductivity and are used as electrode materials for

super-capacitors (Barranco et al., 2010).

2.3.1.8 Single and Multi-Walled Carbon Nanotube

The single-walled carbon nanotube (SWNTSs) or Buckytube are cylindrical in their
nanostructure. They are a member of the fullerene structural family. The diameter of
these SWNTs is usually about 1nm. The length to width ratio can be many million times
more massive. They have very high mechanical stiffness in tensile strength and elastic
modulus (Yu et al., 2000). Their solid density is very low (Collins and Avouris, 2000).
SWNTSs are excellent electricity conductors (Mintmire et al., 1992). They are widely
used as additives in biotechnological and biomedical applications. The biological

applications of the SWNTs depend on the methods they have produced, mainly the
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dispersed property and its diameter (Zhang et al., 2008). A multi-walled Carbon
nanotube consists of more than one layer of carbon atoms rolled up in layers. The
morphology of the multi-walled carbon nanotubes is similar to that of SWNT. Carbon
nanotubes are good thermal conductors compared to most other metallic nanoparticles.
Carbon nanotubes are widely used in biomedical applications like drug delivery (Liu et
al., 2009), gene therapy, immunotherapy, tissue regeneration, and different ailments

(Rosen and Elman, 2009).

2.3.1.9 Graphene

Graphene is an allotrope of carbon belonging to the fullerene family. It has a two-
dimensional atomic structure. The carbon atoms are densely packed in a hexagonal
pattern (Cooper et al., 2012). Graphene is unique due to its mechanical, functional,
physical, and functional properties. It is the strongest in mechanical strength and has
very high thermal conductivity (Balandin et al., 2008). They are very widely used in
many technological fields of application like electronic devices (Wei and Liu, 2010),
energy storage, sensors (Avouris and Dimitrakopoulos, 2012), biomedical devices, and
bulk scale composites for structural applications. They are also used as PCR enhancers

(Khalig et al., 2012).

2.3.2 Metallic Nanoparticles

Metallic nanoparticles are widely popular over the past few decades. The discovery of
nanoparticles has brought about a great revolution in science and technology. Extensive
research has been done on these nanoparticles. Nanoparticles have fascinated
researchers and engineers alike over the past decade due to their vast potential, fabulous
properties, and the ease of making/manufacture them in vast quantities. The electrical,

optical, and other functional properties can be easily manipulated precisely by
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manipulating their chemical properties at the nanoscale. These nanoparticles have a
huge potential in various application areas, starting from biological applications to
industries such as the aerospace and automotive industry.

Metallic nanoparticles are those nanoparticles that are synthesized from metals
and their oxides. Few examples of metallic nanoparticles include iron, gold, silver,
platinum, etc. metallic nanoparticles are applied in a wide range of applications like
electronic storage (Kang et al., 1996), targeted drug delivery (Rudge et al., 2001), cancer
therapy (Sokolov et al., 2009) and many more. These nanoparticles are classified into

metallic and metallic oxides. A few of them are discussed in brief in the following texts.

2.3.2.1 Gold

Gold nanoparticles or Nanogold or colloids of gold is a suspension of nano-sized
particles of gold of about 1 to 100 nm in size. The color of the colloids varies from
intense red color to dirty yellowish (Tong et al., 2009). Gold nanoparticles are of
particular interest to researchers due to their high thermal conductivity enhancements
(Das et al., 2006). They are very consistent and are biocompatible with biological
applications. Hence the gold nanoparticles are used in various medical applications like
targeted drug delivery system (Han et al., 2007), tumor detection (Qian et al., 2008),
gene-therapy (Giljohann et al., 2009), Photothermal agents for ablation components for
cancer, and other targets (Niidome et al., 2006), Radiotherapy dose enhancer
(McMahon et al., 2011), detection of toxic gas, as a biosensor to enhance sensitivity,
stability, and selectivity (Zhang et al., 2014), and other applications like signal
amplification (Wang et al., 2002) and as a highly sensitive electrochemical biosensor

(Gole et al., 2001).
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2.3.2.2 Silver

Silver is one of the noble metals used in various applications apart from being used in
jewelry. It plays a vital role in nanoscience and nanotechnology. The nanoparticles of
silver with sizes ranging between 1 and 100 nm are primarily available in diamond,
octagonal, and thin sheet-shaped with an extensive surface area (Graf et al., 2003).
Silver nanoparticles have some unique and peculiar properties like high thermal and
electrical conductivity. Their unique chemical properties make them highly desired
components in many fields like household appliances, industrial and healthcare
applications. They are also used as coatings in some medical devices. Silver
nanoparticles are used in cancer research and targeted drug delivery (Chernousova and

Epple, 2013).

2.3.2.3 Platinum

Platinum is another noble metal that is highly scared in terms of earth deposits. The
platinum nanoparticles come in sizes varying from 2 to 100 nm. They are usually
brownish-red or black in colloids or liquid suspensions, just like other noble metal
nanoparticles. Platinum nanoparticles come in spherical, cubical, and rod-shaped
(Harris, 1986). Platinum nanoparticles have unique chemical and physical properties;
hence they are widely used for many research applications like optics, enzyme
immobilization, and electronics. They are also used as hybrids and other nanoparticles
in the application of newer technologies like hydrogen fuel cells and methanol fuel cells
(Chen and Holt-Hindle, 2010). They are used in many biological applications like drug

delivery (Pelka et al., 2009) and Genotoxicity (Elder et al., 2007).
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2.3.2.4 Rhenium

Rhenium is a scarce metal obtained mainly as a by-product during the extraction and
refining of molybdenum and copper ores. Rhenium nanoparticles usually are sized
between 20 to 100nm. They are spherical shaped and are brown. They are from the
group 7 metal transition ores. They have the second-highest melting point (Haynes et
al., 2011). So, they are very high-temperature resistant material. It has a meager
standard reduction potential. All these unique properties make rhenium very desirable
to many applications, like manufacturing jet engine components and improving engine
efficiency. Rhenium nanoparticles are also used in medical applications like targeted
magnetic radiotherapy and silica coating (Cao et al., 2004). When used as a catalyst, Re
nanoparticles are resistant to carbon monoxide and Sulphur poisoning. Hence, they are

widely used as catalytic converters in automotive exhaust systems.

2.3.2.5 Ruthenium

Ruthenium is another rare transitional metal from the platinum group. The nanoparticles
of ruthenium are usually spherical-shaped brown-colored particles. The nanoparticles
are usually sized from 2 to 100nm. Ruthenium is a chemically inert metal that hardly
reacts with any chemicals. Ruthenium has excellent electrical conductivity and high
specific capacitance; hence they are used to make super-capacitors. Ruthenium is
widely used in medical fields by manipulating or hybridizing with graphene or other
noble metallic nanoparticles to manufacture anti-cancer agents (Bergamo and Sava,

2011), anti-malarial, and immuno-suppressive drugs (Allardyce and Dyson, 2001).

2.3.2.6 Palladium
Palladium is a rare earth metal belonging to the platinum group of metals with the lowest

melting point, less dense, and has similar chemical properties as other platinum group
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metals. Palladium nanoparticles are available in sizes from 2 to 100 nm. They have
unique structure versatility (Kim and Hyeon, 2013), and hence they are used in several
applications like biocatalysts, anti-microbial, anti-viral, anti-cancer (Mittal et al., 2013).
When hybridized with reduced glutathione, palladium nanoparticles showed prolonged
blood circulation, accumulation in tumors, and no apparent toxicity during clinical trials
on mice (Tang et al., 2014). Hence, they have the potential for the treatment of cancer

cells.

2.3.3 Metallic Oxide Nanoparticles

2.3.3.1 Aluminum Oxides

Aluminum oxide nanoparticles are almost spherical and are about 2 to 10 nm. They
have a very high specific surface area. They have high hardness and excellent
dimensional stability. When they are water dispersed, they improve the density of
ceramics. The aluminum oxide nanoparticles have excellent thermal conductivity and
are also resistant to corrosion. The water-dispersed aluminum oxide nanoparticles also
improve the thermal fatigue resistance, wear resistance in polymers while improving
fracture toughness. Hence these aluminum oxide nanoparticles are used in rubber,
ceramic, and plastic industries. The aluminum oxide nanoparticles are also used in
medical industries and bio applications as antimicrobial agents, drug delivery, and
diagnosing agents for diseases (Mukherjee et al., 2011). They are also used as catalysts

in some chemical reactions.

2.3.3.2 Titanium Dioxide

Titanium dioxide is a naturally occurring oxide of titanium, which is also called titania.
The titanium oxide nanoparticles are usually about 2 to 100nm, which is available in

many shapes, including spherical and tube-shaped structures. Titanium dioxide is one
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of the widely used materials in many applications. They have some unique properties,
including biocompatibility, resisting the effects of the body fluids in bio-applications.
They have corrosion resistance, tensile strength, and flexibility (Roy et al., 2011). They
have high durability, and hence they are also used as implant materials (Mihov and
Katerska, 2010). They are inert and are biologically stable. Titanium dioxide
nanoparticles are nowadays widely used to enhance the specificity of PCR (Khaliq et
al., 2010). They are used as a UV-resistant material and also in the manufacture of

cosmetic products.

2.3.3.3 Silicon Dioxides

Silicon dioxide or silica are oxides of silicon, and it is a principal constituent of sand.
Since it is very readily available, it is used in a wide range of applications. The
nanoparticles of silicon dioxide are widely used as an additive for rubber and plastics,
as a strengthening agent for concrete. These nanoparticles are the lower conductor of
heat and electricity; hence they are widely used as an insulating material (Talib et al.,
2015). Since the nanoparticles of silicon dioxides are nontoxic, they are also used in
many biomedical applications such as drug delivery and theranostics (Park et al.,
2015a). Silicon nanoparticles are also used in the reconstruction of bone defects (Xu et

al., 2014).

2.4 THERMAL CONDUCTIVITY OF NANOFLUIDS

Removal of excess heat from engines, power-plant equipment, manufacturing
processes, electronics, and transmission systems has been challenging. Water, ethylene
glycol, and mineral oils are commonly used heat transfer fluids. These fluids have lower

thermal conductivity, thus, limiting their performance and applications.
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Thermal conductivity in such fluids can be enhanced by adding or dispersing
solid metallic particles, a concept first demonstrated by Maxwell in 1881 (Chrystal,
1882). He dispersed micro-sized particles in liquid to study the thermal conductivity
enhancement, which gave him limited success. It was noticed that the dispersed micro-
size particles settled down after some time due to their higher density. Recent scientific
advancements opened up the opportunity to produce nano-sized particles, which can be
suspended for a longer time in the fluids due to the low density (Choi, 1995). The lesser
the particle size, the higher the surface area it will have, thus, making the solid-liquid
interaction more effective (Rasheed et al., 2016). Fluids suspended with nanoparticles
are also popularly known as nanofluids, with higher thermal conductivity, which is
desired for efficient thermal energy transfer in most systems.

Studies have shown that the coefficient of thermal conductivity increases
considerably in the nanofluids, even with a meager amount of nanoparticle
concentration compared to the standard base fluids (Wen and Ding, 2004). Nanofluids
could replace the existing coolants in several sectors like energy, electronics,
transportation, and manufacturing. The enhancement of the heat transfer in the
nanofluids is greatly influenced by many factors like the concentration of the
nanoparticles, particle sizes, particle materials, particle shapes, and types of base fluids.
It is always desirable to have higher stability of nanoparticles in the standard base fluid
to achieve a lasting thermal conductivity enhancement.

A few nanofluids show a more significant enhancement in the thermal
conductivity performance despite containing a minimal concentration of nanoparticles
(9<1%). The thermal conductivity enhancements differ based on the type of nanofluids.
Generally, the thermal conductivity is higher in nanoparticles, which are metallic-based

compared to non-metallic and metallic oxide-based nanoparticles. Several studies were
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done on single-material nanoparticle-based nanofluids in the past few decades, and the
results are well-established. Modern-day applications require a combination of many
characteristics such as high thermal conductivity, together with stable rheological
properties, longer stability time, and homogeneity. These characteristics can be
achieved by hybridizing the single-material nanoparticles with other nanoparticles.
Although different hybrids have emerged in the past decade, new nanoparticle
combinations continue to evolve due to advancements in synthesis routes. These hybrid
nanoparticles offer many intriguing properties along with considerably higher thermal
conductivity compared to single material nanoparticles. This includes the extended
stability of the suspended particles in the fluid (Choi et al., 2001).

The hybrid nanoparticle combination could comprise two or more nanoparticle
types. The compositions of the binary-hybrid and ternary-hybrid nanoparticles (THNp)
are selected according to the desired outcome of the application requirements. The goal
of synthesizing a hybrid nanoparticle is to accomplish improved and better thermo-
physical, hydrodynamic, and heat transfer properties by trading off the advantages and
disadvantages compared to the single-material nanoparticle. It can be attributed to a
better thermal network of the nanoparticles and other general factors such as good
aspect ratio and synergistic effect. An appropriate hybridization can achieve a better
heat transfer characteristic, even at a lower concentration of nanoparticles (Esfe et al.,
2017).

The hybrid nanoparticles or a nanocomposite has many advantages such as high
thermal conductivity, better stability in base fluids, large surface area, crystallinity, and
higher zeta potential. Preliminary studies to investigate carbon-based hybrid
nanoparticles have been done till now. Graphene is an atom-thick sheet of sp2 carbon

atoms arranged in a hexagonal pattern attached to the carbon atoms present in a
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honeycomb crystal mesh structure. The graphene oxide and the reduced-graphene oxide
are functional groups of graphene.

Graphene is hydrophobic, which does not dissolve easily in water and other
water-based solvents. It can be made hydrophilic by attaching suitable functional groups
to form Graphene oxide (Du and Cheng, 2012). Graphene-oxide is then heavily
oxygenated along with other functional groups that contain oxygen, such as epoxide
hydroxyl, carbonyl, and carboxyl groups. The interfacial interaction of the polar
polymer matrices is higher due to the functional groups. Reduced graphene oxide (rGO)
nevertheless has a lesser amount of other functional groups that contain oxygen.
Reduced graphene-oxide are produced by chemical and thermal reduction method.
Hydrazine hydrate and ascorbic acid are usually preferred reducing agents used in the
preparation of the rGO. Different reduction agents will give different carbon to oxygen
ratios and chemical composition (Velasco-Soto et al., 2015).

Various research findings were reported that hybrid nanoparticles' heat transfer
characteristics are more significant compared to single nanoparticles. Silver
nanoparticles are another type of metallic nanoparticle that has been widely used. The
linear and nonlinear optical properties of silver nanoparticles are affected by many
factors such as size, shape, inter-particle spacing, environment, spectral, and
geometrical properties (Bruzzone et al., 2005). Silver nanoparticles are used in many
fields, including the detection of heavy metals in water and as coatings for glass slides.
In developing analytical sensors, silver nanoparticles are used as excellent conductors
of heat. They are used as thermal conductivity enhancers in various fluid mediums such
as ethylene glycol, water, and oils.

Titanium dioxide (TiO2) is another nanoparticle used in the preparation of

various nano-fluidic applications. They are mainly used because of their stability
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without forming sedimentation for more extended periods (Thamilselvi and Radha,
2017). TiO. is a transitional metal oxide that is one of the most widely used
nanoparticles in numerous applications. Many methods can be used to synthesize TiO».
It is widely used as a thermal conductivity enhancer in various applications like
refrigerant (Peng et al., 2011), pool boiling, conduction enhancers, convective heat
transfer, PCR enhancements (Khaliq et al., 2010), as well as antifogging coatings due
to its light-reflective property. Another advantage is its adaptability to high-pressure
applications with varying concentrations, which is the desired property (Naphon and

Thongjing, 2014).

2.5 RHEOLOGICAL INVESTIGATIONS OF NANOFLUIDS

Nanofluids are colloidal suspensions of nanoparticles in a base fluid. The nanoparticles
are generally dispersed in base fluids such as water, EG, oils, and synthetic fluids such
as liquid paraffin oil and polyesters. Metallic nanoparticles include gold, silver,
titanium, aluminum, iron oxide, etc. The non-metallic nanoparticles in use are
predominantly carbon-based nanoparticles such as diamonds, graphene, CNT,
fullerenes, etc. some other non-carbon, non-metallic nanoparticles include sodium,
ceramic, carbides, etc. (Chakraborty and Panigrahi, 2020)

Generally, the rheological behavior of nanofluids is of prodigious significance
in a wide variety of applications (Sidik et al., 2016). There is a proportional relationship
between various factors such as viscosity, shear rates, pumping power, pressure drop,
and convective heat transfer in the fluids. The change in viscosity is mainly due to two
common factors: a change in temperature and an increase/decrease of nanoparticle

concentration in the fluid. Other factors increase the viscosity, such as the relationship
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between k and viscosity of nanofluids. Many studies have also shown that the viscosity
is also influenced by the k factor (Tsai et al., 2008).

Nanofluids are emerging and essential fluids in many applications today in all
major industrial and biomedical applications, where rapid heating and cooling are vital.
Since the nanofluids enhance the heat transfer or the thermal conductivity of the base
fluids, they are used in a wide range of applications of heat transfer such as engines,
power plants, pharmaceutical processes, PCR, and vehicle thermal management, to
name a few (Yang et al., 2020). Many industries require fluids that have higher thermal
conductivity and excellent rheological properties in a working fluid.

These enhanced heat transfer fluids will reduce time and energy consumption.
Rheology is the study of viscosity, which is the fluid’s resistance to deformation or a
frictional force against the flow. It is a fundamental tool to characterize the material and
fluid properties. Rheology is the correlation of stress and strains, which can be used to
study and understand the fundamental behavior of fluids. They are also crucial in
designing models of viscosity. The rheological study will help us to interpret and
measure the mechanical and flow behavior of the fluids. It is also important to note that
the rheological analysis of fluids will help to investigate the structural evolution in a
solid-liquid dispersion. Dispersing nanoparticles in the base fluids enhances the thermal
conductivity and affects the fluids' rheological behavior.

The fluids may tend to become either Newtonian or non-Newtonian. The
addition of nanoparticles to fluid will change the property of the fluids drastically.
Hence it is essential to study the rheological properties of the nanofluids to determine
their characteristics, behavior, and optimal performance for the desired application. The
rheological study is also essential for many other factors, like calculating the pumping

power required to pump the nanofluids. The addition of solid nano-sized particles to

35



standard base fluids can also cause a pressure drop in the system. An example is the
shear thinning of nanofluids due to various shapes of the particles, which can lead to
agglomeration of particles in the fluids, thereby affecting the performance. Considering
all these factors, it is highly essential to study the effects of dispersing the nanoparticles
in the fluids to the fluids structure and its rheological behavior under various stress and
temperature conditions (Babar et al., 2019).

Various other factors affect the rheological properties like the pH of the
nanofluid, nanoparticle volume fraction, the shearing rate of the particle with the liquid
layer, the selection of the base fluid, the nanoparticle size, and shape. The stability of
the nanoparticle in the fluid and its duration without sedimentation also affects the
viscosity of the nanofluids. While considering these factors, it is essential to study the
rheological properties of nanofluids. Viscosity plays a significant role in determining
the characteristics of the fluid, either Newtonian or non-Newtonian. Nanofluids, which
contain more than one type of single material nanoparticles, are called hybrid
nanofluids.

Hybrid nanofluids are the hot area of research widely investigated by many
researchers in the current decade. The hybrid nanoparticles are a combination of two or
more nanoparticles synthesized or decorated on top of another. Their dispersion into the
base fluids is known as hybrid nanofluids. They have the unique characteristic of
enhanced thermal conductivity and tailor-made rheological properties, making them
favorable to numerous applications. These characteristics of nanofluids attract
numerous researchers to investigate the applications of hybrid nanofluids in various
fields of application (Sidik et al., 2017).

Few other aspects of studying a hybrid nanoparticle are the ability of the

particles in the nano-scale level to adapt and respond uniquely to the changing
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environmental conditions. Hence, most researchers are interested in analyzing the
hybrid nanoparticle at their structural level and their reactions with varying temperature,
chemical, and biological conditions. The hybrid nanoparticles can be metallic types like
a silver-gold hybrid (Bhatia and Banerjee, 2020) or maybe a combination of carbon-
metallic nanoparticles like silver and graphene (Xu et al., 2011) name a few. Each of
these hybrid nanoparticles exhibits different characteristics and behavior.

Many studies and reviews have reported the nanofluid’s preparation methods
(Devendiran and Amirtham, 2016), characterization (Arshad et al., 2019), thermal
conductivity enhancements (Azmi et al., 2016), thermal conductivity models (Aybar et
al., 2015), mechanisms of thermal conductivity (Pinto and Fiorelli, 2016), the effect of
particle size and shape on the thermal conductivity (Esfahani et al., 2016), rheological
effects on the addition of nanoparticles (Babar et al., 2019), rheological behavior
(Sharma et al.,2016), viscosity (Murshed and Estellé, 2017), viscosity models (Meyer
et al., 2016), the effect of particle size and shape on the viscosity (Koca et al., 2018) and
stability (Chakraborty and Panigrahi, 2020).

Researchers have further studied the effects of the nanoparticles and also on the
type of nanoparticles used like graphene (Rasheed et al., 2016), gold (Das et al., 2011),
aluminum (Sridhara and Satapathy, 2011), hybrid nanofluids (Babar et al., 2019) and
other nanoparticles based nanofluids and its applications (Babar and Ali, 2019). Few
studies have reported an increase in thermal conductivity, which has enhanced the
outcomes of their applications. One study has proven to accelerate the thermal
conduction in PCR reaction and lead to a substantial reduction in the number of cycles
employed using graphene nanoflakes (Khalig R et al., 2012) and titanium nanoparticles

(Khaliqg et al., 2010).
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Few other studies have reported the applications yielding better results in areas
like medical (Mekheimer et al., 2018), nuclear reactors (Sharma et al., 2017), oil
recovery (Zakaria et al., 2015), etc. Studies based on hybrid nanofluids have gain
momentum only very recently (Babar and Ali, 2019). Bi-hybrid nanoparticles have
been used in various studies like CuUO-MWCNT (Esfe et al., 2018), Al>03- TiO2 (Kumar
and Sarkar, 2019), Sio.-MWCNT (Amini et al., 2019), MWCNT-GNPs (Hussien et al.,
2017), to name a few. But a minimal study has been done to date on the rheological
behavior of trihybrid/ternary hybrid nanoparticles with various levels of concentrations
along with their sweep characteristics such as amplitude sweep and frequency sweep-
based storage and loss moduli.

Few reports have also mentioned that the viscosity is also dependant on the
particle size of the nanomaterials, with a difference of over 5% (Hamzah et al., 2017).
The viscosity of the nanofluids varies with the type of material behavior and is
influenced by either metallic or non-metallic nanoparticles. Another important aspect is
the shape of the nanoparticle (Park and Kim, 2014). Further, very few studies have
reported the rheological effects of dispersing minute quantities or low concentration of
nanoparticles on the base fluids (<1% wt), which can be classified as dilute (Chen et al.,
2007). The other aspect absent in the literature is the deficiency of proper rheological
data through experiments for a tri hybrid or ternary hybrid nanoparticles dispersed into

DI water.

2.6 CRITICAL ANALYSIS OF LITERATURE

The literature on nanoparticle-based PCR was extensively studied and found that the
nanomaterials possess unique physical and chemical properties. During the extensive

search, it was found that more than 90% of the existing studies addresses the problem
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from a biological perspective, and very few studies have addressed the issue in a
mechanical/thermal enhancement perspective, which is through improving the thermal
conductivity of the PCR reagent and the reaction mixture inside the PCR tube.
Nanomaterials enhance the efficiency of PCR both in terms of sensitivity and
specificity. The effects of nanomaterials on PCR are due to the interaction between the
surface of nanoparticles and PCR components. Hence it was agreed upon to choose the
nanoparticles which have all the characteristics necessary to not only improve/enhance
the PCR but also to carter for reduction of the time taken, reduction of the number of
cycles of the PCR, improving the efficiency of the PCR product, improve the sensitivity
and specificity of PCR to amplify low expressing genes.

Very few hybrid nanomaterials have been used, and new materials are being
explored with surface modification effects known to play a vital role in achieving
enhanced PCR efficiency. Three incredibly superior nanoparticles like graphene oxide,
titanium oxide, and silver were selected considering all these factors. The selection of
the three nanoparticles to synthesize a ternary hybrid nanoparticle was based on the
consideration of their high thermal conductivity, their hydrophilic nature, solubility in
water samples, chemically inert, cost-effective, high mechanical strength, thermal
diffusivity, and its easy availability, and the ability to synthesize.

In this study, graphene oxide and reduced graphene oxide were decorated with
two other metallic nanoparticles: titanium dioxide and silver. Both silver and titanium
dioxide nanoparticles are well established in the literature (Sharma et al., 2016).
Graphene is a unique material famous for its exceptional properties (Aravind and
Ramaprabhu, 2013), particularly when it comes to its high thermal conductivity, as well
as its specific surface area. (Bumataria et al., 2019). And also, it was noted that the

effect of nanoparticles on DNA denaturation had been largely ignored in the literature.
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The Impact of nanoparticles on DNA sequencing is never explored, and also, the
numerical simulation of nanoparticle augmented heat transfer in PCR has not been

reported ever for hybrid nanoparticles.
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CHAPTER THREE
RESEARCH METHODOLOGY

3.1 OVERVIEW

The overall aim of this study is to synthesize novel graphene-based ternary hybrid
nanoparticles (GO-TiO2-Ag and rGO-TiO2-Ag) and disperse them in double distilled
water at different concentrations (5x107%, 5x1072, 5x1073, 5x10™* and 5x10°wt %). The
ternary hybrid nanofluids will be used in the PCR to enhance the PCR yield, reducing
the reaction time and the number of cycles without compromising the PCR output. The

detailed methodology of the current work has been shown in Figure 3.1.
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Figure 3.1 Flow chart represents an overview of Research Methodology

3.1.1 Preparation of GO-TiO2-Ag and rGO-TiO2-Ag nanocomposites
The selected nanoparticles are then synthesized/decorated onto another to form a hybrid
nanoparticle. In this study, graphene oxide and reduced graphene oxide are decorated

with titanium oxide and silver to form a novel ternary hybrid nanoparticle (GO-TiO»-
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Ag and rGO-Ti0O,-Ag). Both GO-TiO,-Ag and the rGO-TiO,-Ag nanocomposite were
synthesized using a hydrothermal method (Perera et al., 2012). Graphene oxide (GO)
of about 0.25g was suspended in 250 mL deionized water using an ultrasonic stirring
treatment for about two hours. After that, 10 mL of titanium isopropoxide (TTIP) was
dissolved in 10 mL isopropyl alcohol, and the combination was added dropwise into the
50 mL of GO suspension. Then, 10ml of 0.2M AgNOs was added dropwise into the
GO-TTIP combination and then stirred for 1 hour approximately. After stirring for
about an hour, the pH was adjusted to 1.1, and the stirring continued for another two
hours to get a uniform solution. The solution was then transferred and heated at 160 °C
for 24 hours in a Teflon-lined stainless-steel autoclave. After the hydrothermal
treatment, the resulting product was first strained and washed using ethanol.

Further washing was done using DI water to remove unreacted ions and possible
remnants in the nanoparticle. The obtained GO-TiO2-Ag nanocomposite was dried
overnight at 80°C. The same procedure was repeated to synthesize rGO-TiO.-Ag. The
difference is that 2 mL of hydrazine and ammonia were added to aid and adjust the pH
to neutral. Hydrazine was used to remove the oxygen molecules from graphene oxide
sheets and their functional groups. Different hybrid nanofluid samples were prepared
by blending different ratios of nanomaterials in DI water. The homogeneous
formulation was obtained after sonication and stirring using a bath-type sonicator (JAC
Sonicator 1505, 4 kHz) for about 4 hours. Physical monitoring of samples was done to

examine the settling of nanoparticles.
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3.2 MATERIAL CHARACTERIZATION

3.2.1 Scanning Electron Microscopy (SEM)

A field emission scanning electron microscopy (FE-SEM) at 30 kV was used to measure
the surface topography. For the GO-TiO2-Ag ternary hybrid nanoparticle, crumpled
and rippled GO sheets were decorated by two types of nanoparticles, the TiO2 and the
Ag. The quality of SEM depends on the nanoparticle sample preparation. The tools used
to prepare the nanoparticles SEM samples were clean and made sure to be stored in a
dry place where the air quality is preferred to be of high-efficiency particulate air
(HEPA) filtered air. The substrate is be filled with a smaller number of nanoparticles so
that uniform analytical samples are prepared. The sample substrate is then placed on a
chamber where the high beam of electrons will be focussed. The SEM is adjusted
depending on the position of the stage. The middle of the substrate is placed directly
under the beam by adjusting the stage in the x-and y-direction. This will define the zero-
point coordinate for the sample. The resolution was adjusted based on the clarity of the

images of the nanoparticles to be obtained.

3.2.2 Raman Spectroscopy

He—Ne laser (model RENISHAW in via Raman Microscope) was used to measure the
Laser Raman spectroscopy (LRS) at room temperature in the 200-3000 cm-1 region
through a UV excitation at 325 nm. The light beam was focussed on a cylindrical glass
vial containing the nanoparticles' samples. The Raman-scattered radiations were
collected by oblique geometry on a large aperture convex lens focussed on an optical
fiber. A holographic notch filter was used at the front end of the optical fiber, with the
desired Raman signals passing through. The measurements were performed in a dark

room to avoid desensitization of the sensitive detection system by ambient light.
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3.2.3 Fourier-Transform Infrared Spectroscopy (FTIR)

Bruker IFS66/S infrared spectrometer was used in recording Fourier transform infrared
spectroscopy (FT-IR) spectra. FTIR spectrometer comprises a source, sample cell,
detector, amplifier, A/D converter, and computer. The radiation from the infrared light
source reaches the detector after it passes through the interferometer. This light signal
is amplified and converted to a digital signal by the A/D converter and amplifier. The
amplifier amplifies the signal and feeds them to the computer, where the signal is
quantified, and the Fourier transform is calculated. The scanning was completed with a
scan number of 16 and a resolution of +4 cm™ in the range of 4000-400 cm™. This will

give the required recorded spectra.

3.2.4 X-Ray Powder Diffraction (XRD)

The crystallographic structure of the synthesized GO-TiO2-Ag and rGO-TiO2-Ag
nanocomposites were gauged with XRD. The diffraction occurs when a periodic array
of long-range scatters x-ray focuses on a nanomaterial, producing constructive
interference at specific angles. This scattering of x-ray from the atoms produces a
diffraction pattern containing information about the atomic pattern of the nanoparticles.
The samples are deposited on a flat plate with a smooth surface, and it was ensured that
the nanoparticles are densely packed in them. The X-ray is then beamed onto the
samples, and electrons in the atoms make the light scattered. The diffraction is

measured.

3.2.5 Particle Size Distribution
The particle-size distribution of the THNp in the nanofluids was carried out using a
dynamic light scattering method. The measurements were performed by using Anton

Paar Particle Size Analysers PSA 990. The scattering ranged from 0.2 um to 500 pm,
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and it has an accuracy of <3% with less than a minute measuring time. The ternary-

hybrid nanofluids were filled in the vial and placed in the analyzer.

3.3 SYNTHESIS OF TERNARY HYBRID NANOFLUIDS

The challenge in the application of the nanofluid is its preparation and long-term
stability. To achieve an even dispersion and obtain the desired characteristics require
the nanofluid to be stable without sedimentation. The ternary-hybrid nanofluids were
prepared by dispersing the two types of graphene-based hybrid nanoparticles (GO-
TiO2-Ag and rGO-TiO2-Ag) in the base fluid (molecular biology-grade sterile/DlI
water). An electronic balance [Sartorius Entris® Analytical balance] was used to
measure the nanoparticles before the dispersion into the base fluid. A stock solution was
prepared with 50ml of deionized water and 2.5mg of THNp, which constitutes a
concentration of 0.05 wt%. Ultrasonic probe sonication was done on this nanofluid for
about 10 minutes. The nanofluids were sonicated using a bath-sonicator for 4 hours until
the nanoparticles were dissolved entirely in the deionized water to form a homogenous
mixture without any sedimentation. The stock solution is then serially diluted to about
five levels of dilution (5x10%, 51072, 5x107%, 5x10™* and 5x10-°wt %). These are known
as ternary hybrid nanofluids. The schematic of the preparation of the ternary hybrid

nanofluids is as presented in Figure 3.2.

3.3.1 Zeta Potential

Dispersion stability of the nanofluids and Surface charge at the solid-liquid interface
were measured in terms of Zeta potential. The surface charge of the nanoparticles
influences their physical state in the liquids. The zeta potential of the THNp based

nanofluids was measured using the Anton Paar Electrokinetic Analyzer SurPASS 3.
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The Electrostatic repulsion forces of the suspended nanoparticles and the Zeta potential
are directly related. The prepared nanofluids were transferred to a measuring cuvette.
Then they are placed into the measuring chamber. UV-VIS light beamed to the sample

chamber, where the absorption rate is measured. The measured data is then analyzed.

Preparation of ternary hybrid nanofluids with serial dilutions

© ® ® ® ®
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Figure 3.2 Schematic of ternary hybrid nanofluids preparation

3.4 THERMAL CONDUCTIVITY MEASUREMENTS

Thermal conductivity measurements on the ternary hybrid nanofluids were carried out
on all the samples using a handheld thermal analyzer named KD2 pro (Decagon
Devices). This thermal analyzer has a transient line heat source method. The heat-flow
equation with an exponential integral solution is attached to the device for both single
and dual-needle-type sensors. The device calculates the thermal conductivity and
specific heat using a mathematical non-linear least-squares-inverse procedure for

differential equations solutions.
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The samples were immersed in a thermostat bath in equilibrium to minimize
free convection. The thermal analyzer was kept in an isolated place to avoid any
disturbances and vibrations from other adjacent equipment, inducing vibrations during
the measurements. The transient line source was a single needle (1.3mm diameter and
60mm length) used for the thermal conductivity measurements. The sensor needle was
calibrated inside the standard liquid (DI water and glycerine, Thermal conductivity =
0.633 and 0.285 W/m-K respectively. at ambient temperature) provided by the
equipment manufacturer for accuracy of the measuring instrument. Measurements were
taken at various temperatures starting at 25°C with 5°C increments till 50°C. Non-linear
least squares were done for exponential integral functions for curve fitting of the
measured values. The measurements were iterated about four times for each
temperature value to give us a well-averaged value and eliminate uncertainty within

+5%.

3.5 DYNAMIC VISCOSITY AND RHEOLOGICAL MEASUREMENTS

Dynamic viscosity measurements were done using Anton Paar’s (GmbH, Austria)
MCR302 modular compact rheometer. This rheometer uses a C-PTD200 gauging cell,
and the temperature of the measurement sample is maintained with the Peltier system
1-100 1/s. CC45 DIN spindle was used in measuring viscosity, shear rate, and shear
stress at temperatures ranging from 25°C to 50°C with an increment of 5°C. The ternary
hybrid nanofluids were placed in the rheometer’s sample chamber. The double-gap
system spindle was immersed and rotated against the ternary hybrid nanofluid against
the viscous drag. The drag force was measured by the deflection of the calibrated spring.
The viscosity shear strain and shear stress were measured at room temperature, and the

equipment’s data logger recorded the data. The accuracy of the rheometer is guaranteed
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to be within £1% of the full-scale range. The reproducibility is within +.2 for the spindle
speed combination. The viscous effect was developed in the ternary hybrid nanofluids
against the spindle rotation. Viscosities of the ternary hybrid nanofluids were measured

at various temperatures ranging from 25°C to 50°C with 5°C increments.

3.6 MOLECULAR TECHNIQUE

3.6.1 Gene Selection

PCDNA3-GFP was procured from Martine Roussel (Addgene # 74165) (Vo et al.,
2016).

3.6.2 DNA Isolation

This procedure was carried out at Kulliyyah of Pharmacy, 1IlUM, and the cultured
plasmid sample was prepared. The extraction was done using a PV92 PCR Informatics
(1662100EDU-Bio-Rad Laboratories, Hercules, CA) extraction kit. Briefly, pPCDNA3-
GFP was first propagated from their agar stab upon receiving in Escherichia coli (E.coli)
DH5a by first streaking them in LB (Luria-Bertani) Agar (35 mg/mL of distilled water)
containing 100 pg/mL of ampicillin and incubated overnight at 37°C, inverted. LB
Broth was prepared by dissolving LB Broth powder 20 g in 1 L of distilled water. A
single colony was added into 20mL of the LB Broth medium. This was incubated in a
shaker at 37°C, 180 rpm for 8 hours. Following culture in LB broth, the plasmids were
extracted and purified using a Pure Yelidminiprep plasmid kit (Promega, Madison,
USA) according to the manufacturer’s instructions. The plasmid DNA concentration
was determined using Quantus™ Fluorometer (Promega, Madison, USA), and they

were adjusted to 100 ng/ul in nuclease-free water and stored at 4°C until used in PCR.
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3.6.3 PCR Protocol and Amplicons Quantification

The term amplicon refers to a single strand of DNA. The PCR was carried out to amplify
a target DNA segment in EGFP plasmid using gene-specific primers, forward primer
(5’-CCCACTGCTTACTGGCTTATC-3?), EGFP reverse primer (5°-
CCATGTGATCGCGCTTCT -3’). Amplification was performed using the PCR master
mix (Bio-Rad, California, USA). The typical PCR reaction mixture contained the
following final concentrations: 100 ng of template DNA was mixed with 20 pL of PCR
master mix, one pl each forward/reverse primer, and nuclease-free water to a final
volume of 50 pl. For nanoparticle samples, nuclease-free water was replaced by
different concentrations (10, 102, 10 and 10*) of nanoparticles GO-TiO2-Ag and
rGO-TiO2-Ag. The PCR was run on Bio-Rad PCR thermocycler (California, USA)
using the following thermal condition: denaturation step for 10 min at 95°C; followed
by 35 cycles of (95°C denaturing step for 30 S; 55°C annealing step for 30 S and 72°C
extension step for 30 S) then a final step of 72 °C for 7 min and finally held at 4 -C.
Then an equal volume of the amplification product was subjected to 1% w/v agarose
gel and run for 60 min at 120 V.

The amplified PCR products were quantified by measuring band intensities
using ImageJ software (NIH, Bethesda, MD, USA). The band intensities were
calculated to determine the effect of nanoparticles on PCR products, and they were
expressed as relative fold intensity compared to a positive control (sample without
nanoparticles). PCR products were sequenced using the Sanger sequencing technique
in an ABI sequencer at Apical Scientific SDN BHD, Malaysia. The comprehensive PCR
process is as presented in figure 3.3

e Supplementary material u might need:

e Target gene: T2 sequence in EGFP
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e Forward primer: sequence, Tm: 5’-CCCACTGCTTACTGGCTTATC-3’,55.5°C

e Reverse primer: sequence, Tm: 5’- CCATGTGATCGCGCTTCT -3°, 54.7 °C

e Amplicon size: 801 PB

Table 3.1 PCR mix and thermal cycling conditions for four sets of GO-TiO,-Ag and
rGO-TiO2-Ag nanomaterial-assisted PCR (nanoPCR) for 35 cycles

PCRMix1 PCRMix2 PCRMix3 PCR Mix4
PCR  Mix (with GO- (without (with rGO-  (without
Componen TiO2-Ag GO-TiOz- TiO2-Ag rGO-TiO2- Thermal Cycling
ts P nanomater Ag nanomater Ag conditions for PCR
ial nanomateri ial nanomateria
solution) al solution)  solution) I solution)
PCR mater 10
mix  (1st 20 pL 20 pL 20 pL 20 pL 95°C min lcycle
base)
Primer 95°C 30S o
(forward/ 2 uL 2 uL 2L 2 L 60°C 45S cvele
reverse) 72°C 30S 4
ddH20 NA 27 pL NA 27 pL 72°C  7min 1lcycle
GO-TiO,-
Ag
Nanomateri 27 WL NA NA NA
al solution
rGO-TiO,-
Ag . NA NA 27 uL NA 4°C .
Nanomateri
al solution
DNA
(salmon ﬁ WL ~ 68 1puL ~68ng i WL ~ 68 1puL ~68ng
fish) g g
PCR Components PCR Mixture PCR thermocycler DNA Amplification
F:’ &2:::;"..’.:’;“’“:;’3:2‘;:2; _____________ i e S
VvV -
PCR  Primer  DNA DD‘;;O/ PCR v ~~~~~~~~~~~~
Master + forward/ + Sample + THNf Mixture -
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20 pL 2L

No. of cycles - 25 & 35
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Gel Analysis

Gel Electrophoresis

1% w/v Agrose Gel

Figure 3.3 PCR process
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Table 3.2 PCR mix and thermal cycling conditions for four sets of GO-TiO2-Ag
and rGO-TiO,-Ag nanomaterial-assisted PCR (nanoPCR) for 25 cycles

PCRMix1 CRMIXZ " bep Mixs  PCR Mix 4
. : (without : g
PCR Mix (with GO- GO-TiO»- (with rGO-  (without rGO- Thermal Cvclin
Compone  TiOz-Ag Z TiO-Ag TiO2-Ag ma’ ~ycling
. Ag . . conditions for PCR
nts nanomateri . hanomateri nanomaterial
- nanomateri . .
al solution) - al solution)  solution)
al solution)
PCR 10 1
mater mix 20 pL 20 pL 20 pL 20 pL 95°C min cycl
(1st base) e
95°C ¥
Primer 5 25
(forward/ 2 pL 2 uL 2 uL 2 uL 60 °C S cycl
reverse) 30 e
72°C S
7 1
ddH:0 NA 22 uL NA 22 uL 72°C min cycl
e
GO-TiO»-
Ag
Nanomate 22 pL NA NA NA
rial
solution
rGO- .
TiOx-Ag 4°C
Nanomate NA NA 22 uL NA
rial
solution
DNA _ 1yuL ~60 1pL~60 _
(salmon) 1 uL ~60ng ng ng 1uL ~60ng

3.6.4 Sequencing Analysis

The sequence chromatogram was visualized in Bioedit 2V (Hall, 1999), the 5’ and 3’
ends were trimmed for chromatogram noise, and sequences were BLAST analyzed.
Clustal W (Larkin et al., 2007) for multiple pairwise analyses to identify sequence gaps
and sequence similarity. Nanoparticle interference, in terms of base-pair changes, was

visually observed in Clustal W align file (.Aln).

3.7 EVALUATION OF DNA DENATURATION BY UV SPECTROSCOPY

DNA denaturation occurs at a temperature of about 92°C to 96°C. DNA has a

characteristic UV/Visible spectrum exhibiting an absorption peak at 260 nm. Two DNA
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samples (Named 12 and 27) were prepared, and then their concentration was measured
using Thermo Qubit 3.0 Fluorometer. The concentration was found to be 11.47ng/ul
and 6.493 ng/ul (12 and 27 resp.). The measured sample A260/A280 was found to be
1.793 and 1.895. The A260/280 ratio of ~1.8 is considered pure for DNA samples.
Lower than the above said values may be considered impure and may indicate the
presence of protein, phenols, or other contaminants in the measured DNA samples,
which will have higher absorbance of UV/visible light. Temperature controlled Perkin
Elmer UV spectrophotometer was used to measure the thermal denaturation of the 2
DNA samples along with the synthesized graphene-based ternary hybrid nanofluids
(GO-TiO2-Ag and rGO- TiO2-Ag) with five levels of concentrations (named as A(5x10
hwtvo B(BGx102)wt% C(5x10°)wt% D(Bx10*)wt% and E(5x10°)wt%). The
measurements were performed by mixing 5 ul DNA samples, 2 ul of the nanofluid, and
then it was filled to the marked level in a clean 5mm spectrometer Cuvette cell made of
quartz. The absorbance was measured at various temperature ranges starting at 80°C

with 2°C increments till 96°C.

3.8 NUMERICAL SIMULATION

Three-dimensional geometrical models of the PCR tube and thermocycler plate will be
created using Solid Works. The transient-thermal equation will be solved for the 3D
simulation of the PCR tube using transient temperature distribution. Unstructured
meshing generated and simulations will be performed with the geometry such that it
replicates the test section of the PCR tube, which is filled with its reagents. The
boundary conditions will be chosen according to the actual conditions in a PCR
thermocycler. Simulations were performed using an adaptive time-stepping method.

The transient regions of various temperature levels will be analyzed to distinguish the
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PCR tube with and without ternary hybrid nanoparticles. The main reason to choose a
FEM instead of a CFD simulation in this study is that the PCR problem involves only
heat transfer, and there is no fluid flow. Hence the author feels that it is sufficient to

study the thermal transient equation for PCR optimization.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 SYNTHESIS OF TERNARY HYBRID NANOPARTICLES,
CHARACTERIZATION, AND PREPARATION OF NANOFLUIDS

4.1.1 Materials Characterization

4.1.1.1 Scanning Electron Microscopy (SEM)

A field emission scanning electron microscopy (FE-SEM) at 30 kV was used to measure
the surface topography. The GO-TiO2-Ag ternary hybrid nanoparticle, crumpled and
rippled GO sheets were decorated by two types of nanoparticles, the TiO2 and the Ag,
as shown in Figure 4.1. In the rGO-TiO2-Ag ternary hybrid nanoparticle, the rGO
appeared more as layered and wrinkled nano-sheets decorated with the TiO2and the Ag
(Leong et al., 2015). This indicates the successfulness of the deposition of the Ag and

the TiO2 nanoparticles on the rGO nano-sheet (Figure 4.2).
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Figure 4.1 Scanning electron microscope (SEM) images of GO-TiO2-Ag Hybrid
Nanoparticles in magnification 60000x, 30000x and 16000x

The above figures show the SEM images of GO-TiO2-Ag Hybrid Nanoparticles in
magnification 60000x, 30000x, and 16000x respectively. In the figures, we can observe

that the flakes are scattered. A uniform distribution pattern of the flakes can be observed.

“.,
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Figure 4.2 Scanning electron microscope (SEM) images of rGO-TiO2-Ag Hybrid
Nanoparticles in magnification 1000x, 30000x and 60000x

The above figures show the SEM images of rGO-TiO2-Ag Hybrid Nanoparticles in
magnification 1000x, 30000x, and 60000x respectively. In the figures, we can observe
that the flakes are not as scattered as the GO-TiO2-Ag. A non-uniform distribution

pattern of the flakes can be observed.

4.1.1.2 Raman Spectroscopy

Figure 4.3 shows the Raman scattering spectra of the GO-TiO2-Ag and rGO-TiO2-Ag.
The structural defects in the sp?-hybridized carbon system are determined mainly by
analyzing the D- and G- bands in Raman spectra. These bands represent the presence
of first-order scattering of the E2q phonons of sp? carbon atoms. The peaks of D- and G-
the band are presented alongside 637 cm™, the E4 peaks. This is due to the symmetric
stretching vibration of the O-Ti—O bonds in both nanocomposites (B.-K. Choi et al.,
2018). Nonetheless, the peak intensity ratio Ip/lc of rGO-TiO2-Ag increased to 1.41
compared to the GO-TiO2-Ag (0.96). This may be mainly due to higher defects in its

graphitic domains during the chemical reduction of the GO (Tan et al., 2013).
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Figure 4.3 Raman spectroscopy of THNp

4.1.1.3 Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectrum of the nanocomposites (GO-TiO2-Ag and rGO-TiO2-Ag) are as
shown in figure 4.4. The FTIR spectrum of the GO-TiO.-Ag possesses strong
absorption bands at 1,723, 1,620, 1,223 cm, corresponding to stretching vibration of
C=0, C-C, and C-0, respectively (Gurunathan et al., 2015). There are essential oxygen
molecules present in the GO alongside a broad hydroxyl peak at 3300 cm™. The peaks
at 1,620 and 1,223 cm™?, together with a small peak at 596 cm™ may also attribute to the
stretching vibration of (NH) C=0 group of silver nanoparticles (Gurunathan et al.,
2015). Moreover, the peak at 1,000 cm™ in composites is attributed to the Ti-O=Ti and
Ti-O-C groups (Wen et al., 2001). However, some peaks are still present in the rGO-
Ti0,-Ag spectra, but the oxygen peak appears at lower intensity due to the exclusion of
oxygen molecules during the reduction process (Zhang et al., 2018). The essential peak
of Ag and TiOz is still present in the FTIR of rGO-TiO2-Ag, which indicates the

successful manifestation of the silver and titanium nanoparticles on the rGO.
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Figure 4.4 FTIR of THNp

4.1.1.4 X-Ray Powder Diffraction (XRD)

The XRD spectra are as shown in Figure 4.5. It is a series of reflections which peaks at
24.5° (101), 38.9° (004), 49.5° (200), 55.4° (105), and 64.2° (204) corresponding to the
anatase phase of titanium (Thomas et al., 2014). Moreover, the peaks at 70.5° (220) and
79.5° (311) belong to silver nanoparticles (Fan et al., 2016). The diffraction peaks of
the GO-TiO,-Ag are not distinguishable with the rGO-TiO2-Ag due to the lower
crystallinity degree of the GO and the rGO as compared to the TiO>, which resulted in

the shielding of the peaks (Liu et al., 2014).
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Figure 4.5 XRD of THNp

4.1.1.5 Particle Size Distribution

Graphene-based-hybrid nanofluids are usually well-dispersed colloids since they are
polar and hydrophilic. Figure 4.6 shows the aggregate size of the ternary hybrids. The
GO-based-ternary hybrid has particle size peaks at 750nm, while the rGO based-ternary

hybrid is at the peak of 1750 nm.
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Figure 4.6 Particle Size Distribution of THNp
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4.1.2 Synthesis of Hybrid nanofluids

The detailed preparation of the nanofluids is as mentioned in section 3.2.

4.1.2.1 Zeta Potential

The attraction forces for the precipitation should be lesser than the Electrostatic
repulsion force (Ghadimi and Metselaar, 2013). The absolute zeta potential of 30 mV
is considered suitable for the stability of solid in liquid colloids, which have low ionic
strength. Figure 4.7 shows that the peak of the hybrid nanoparticles ranges from 25 mV
to 35 mV, which is within a stable range. On the other hand, a lower zeta potential of
about 20 mV is considered unstable dispersion. Figure 4.8 shows the zeta potential of

the ternary hybrid nanofluids with respect to time.
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Figure 4.7 Zeta potential of THNp
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Figure 4.8 Zeta potential of THNp with respect to time
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4.2 THERMAL CONDUCTIVITY MEASUREMENT

The thermal conductivity of any nanomaterial is an essential aspect. The importance of
studying thermal conductivity and dynamic viscosity is discussed in sections 1.2.1,
1.2.2, and 2.4. The methodology of thermal conductivity measurements is as mentioned

in section 3.3.

4.2.1 Effect of Concentration

The thermal conductivity of ternary-hybrid nanofluids with different volumetric
concentrations that ranged from 0.05 wt % to 0.0005 wt% was measured. The results
are presented in figure 4.9(a) and (b). The measurements were carried out for the
ternary-hybrid nanofluids with temperatures ranging from 25°C to 50°C, and with
increments of 5°C. It can be observed that the heat transfer characteristics of the
nanofluids increase linearly with the increase in volume fraction/concentration. The
thermal conductivity of the carbon-based nanofluids is generally said to be higher, as
reported by many research observations (Jabbari et al., 2017). The thermal conductivity
of the nanofluids is usually higher than the standard-base fluids. This increase is
attributed to the thermal conductivity of the nanoparticles in the nanofluids.

The thermal conductivity also increases significantly with the increase of the
temperature of the fluid. Significant enhancements in thermal conductivity can be
observed from the plots in all samples, as shown in Figures 4.9 (a) and (b). The duration
of sonication plays a vital role in the increase of the thermal conductivity of the
nanofluid. It was reported that the particle size could be controlled by applying ultra-
sonication. The surface area in the nanofluid can be increased by making the particle
shape and size more uniform. The uniformity of the particle will increase the thermal

conductivity of the fluid. A lower concentration of nanoparticles is chosen to prevent
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the undesirable increase in the viscosity of the nanofluids. The measurements show that
the thermal conductivity increases even with a low concentration of THNp. The
enhancement of the thermal conductivity at 25°C is about 10%, whereas the
enhancement at 50°C is about 60%. This enhancement is excellent, considering such a
small volume fraction. The substantial increment in the thermal conductivity can be
attributed to the greater surface area of the THNp. The concentration of nanoparticles
has a direct impact on the thermal conductivity of the nanofluids. For instance, Heat
transfer takes place through the surface of the particles; therefore, nanofluids with
higher concentration shows higher thermal conductivity. This is due to the effect of
Brownian motion on the surface of the particles (Kwek et al., 2010). It can be observed
from figures 4.9 (a) and (b) that the nanofluids with lower concentrations have lower
thermal conductivity. In contrast, nanofluids with higher concentrations have slightly
higher thermal conductivity. It may be due to the surface-to-volume ratio, 1000 times

smaller for particles of 10 nm diameter in every serially diluted nanofluid.

4.2.2 Effect of Temperature

The nanofluids are used in several applications where a general change of temperature
is expected. Many studies establish that thermal conductivity and fluid temperature are
directly related (Colangelo et al., 2016). Thus, thermal conductivity enhances with the
increase in temperature of the fluid. The enhancement of thermal conductivity in
nanofluids is the function of the nanoparticles and temperature. In this study, the
temperature of the nanofluid is increased from 25°C to 50°C, and the thermal
conductivity of the standard-base fluid added with ternary hybrid nanoparticles
increased steadily as well. The enhancement of thermal conductivity is because of the

increase in temperature due to the natural phenomena of the thermal conductivity
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materials. The thermal conductivity of most nanomaterials increases with the increase
in temperature that transfers higher energy between the particles in the standard-base
fluid. The increase in the fluid’s temperature increases the molecular movements, which

enhance energy transfer (Wong and Castillo, 2010).
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Figure 4.9 (a) and (b): Thermal conductivity of THNp GO-TiO2-Ag, rGO-TiO2-Ag at
various temperature (where A, B, C, D, and E are serial dilutions)

The enhancement of thermal conductivity is a function of concentration. The THNp in
the nanofluids enhances the thermal conductivity in a linear increment. The random
motion of particles in a liquid is called Brownian motion. The continuous interaction
between the molecules and the particles results in the transfer of heat. The Brownian
motion of particles and the clustering of nanoparticles are directly proportional to the
change in the nanofluid's temperature, which increases the thermal conductivity. At the
nano-scale level, the Brownian motion of nanoparticles governs the thermal behavior
of the nanofluids. If there is any change in the dispersion characteristics of the
nanofluids, it can be detrimental to the heat transfer process of the nanofluids. The non-
linear thermal conductivity enhancement process was observed by Wen and Ding (D.

Wen and Ding, 2004) for CNT/water nanofluid. They observed an increase in the
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thermal conductivity due to higher temperatures and smaller particle size, which was

higher than that of the lower temperature and larger particle size.

Graphene nanosheets Fluid layer

Heat dissipation

Ternary Hybrid nanoparticles .
Clustering

Figure 4.10 Schematic of thermal conductivity mechanism of THNp in the nanofluids

Many researchers studied thermal conductivity and rheological measurements of
nanofluids with metal oxides for the concentration of > 1%. However, minimal
experimental data are available for effective thermal conductivities and viscosities of
the nanofluids made of hybrid nanoparticles at low volume concentration (< 1%) and
higher temperatures. The present study is very significant in fulfilling this gap (Godson
et al., 2010). Clustering is another important mechanism in the enhancement of thermal
conductivity in nanofluids, and it is the aggregation of particles as a result of interacting
forces. They are also referred to as agglomerations, responsible for fluctuations in
effective thermal conductivity in the nanofluids. These agglomerations are against the
dispersal of particles. These agglomerations cause the particles to be packed together to

form a solid zone in colloids (Kole and Dey, 2013).

65



The thermal energy in a solid crystalline lattice tends to move faster than in any
other liquid. Hence, the THNp increases the effective thermal conductivity in a colloidal
solution. Typically, clustering reduces inter-particle distance, which increases the
energy transfer by lowering the thermal energy pathway. The increase in thermal
conductivity may also be due to interfacial resistance between the particles. The
inherent thermal conductivity of the ternary-hybrid nanoparticles resulted from the
advantage of forming clusters of the THNp by concomitant degradation of convection.
A suggestive schematic of the thermal conductivity mechanism is shown in figure 4.10.
The graphene layers or flakes are stacked above each other with titanium and silver
nanoparticles agglomerating on the flakes. Transitional motion and structural limitation
of the rotational motion in the nanofluids lead to the clustering of the nanoparticles in
higher viscous nanofluids.

A percolation network occurs when the agglomerated nanoparticles hit each
other, transferring heat energy from one particle to another called phonon transport. The
percolation networks with aniosphic thermal conductivity of the nanoparticles result in
higher thermal conductivity. The thickness of the fluid layer depends on the intensity of
the particle-fluid interactions. When the magnitude of the stable fluid versus the solid-
liquid interface's total area increases, the nanofluids' viscosity increases. Meanwhile,
phonon transports in nanofluids have a wide range of free-mean paths. Other
mechanisms contributing to higher thermal conductivity in a nanofluid could be phase
change, liquid layering, and surface chemical effects.

The thermal conductivity of the THNp may also be influenced by the phonon-
phonon transport, which may increase its energy transfer with the increase in
temperature. It can be observed from figures 4.9 (a) and (b), the thermal conductivity

enhances with the increase of temperature from 25°C to 50°C. Heat conduction in solid
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materials is more complicated than liquids (Kikugawa et al., 2009). In the absence of a
proper definitive model that proves the transmission of energy modes across the solid-
liquid interface, it can only be assumed that the thermal phonon transfer occurs in the
solid-liquid interfaces to transport heat energy effectively solid-liquid interface of the
nanofluid effectively. The thermal percolation index is the permeation of nanoparticle
clusters in the nanofluid. The higher thermal percolation leads to higher thermal
conductivity in nanofluids. Few studies reported that nanoparticles act as the carriers of
heat energy due to translational movements (Ghosh et al., 2011).

There are few other debates on this theory that claim that the diffusion of thermal
energy in a fluid medium is faster than the translational movements (Xue et al., 2004).
The other possible phenomenon is the micro-convection effect, which is the
conventional heat transfer resulting from the micro-mixing effect and translational
displacement because of the fast rotation of the THNp in the nanofluids. There is no
doubt that the nanoscale rotation of particles will increase the movement of the fluid
molecules when the temperature is increased, which leads to an increase in the thermal

conductivity of the nanofluids.

4.3 RHEOLOGICAL INVESTIGATIONS OF GRAPHENE-BASED TERNARY
HYBRID NANOFLUIDS

Rheological measurements were carried out at various temperature intervals of viscosity
versus shear rate and temperature. Other rheological parameters like amplitude sweep
and frequency sweep with the loss and storage moduli were also measured at various
temperatures ranging from 25°C to 50°C at 5°C intervals. The importance of studying
dynamic viscosity is discussed in the literature. The complete methodology is presented

in section 3.4.
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4.3.1 Viscosity Vs. Temperature

The methodology for the dynamic viscosity measurements is as discussed in section
3.5. The dynamic viscosity measurements were carried out only for the stock solution
to check the viscosity characteristics of the nanofluids. It is noted from figure 4.11 (a)
and (b) that the viscosity of the hybrid nanofluids is almost linear, which indicates that
it is a Newtonian fluid. The ternary nanofluids’ measurement shows substantially higher
viscosities than the base fluids (Godson et al., 2010).

Rheological measurements of both the THNp (GO-TiO2-Ag and the rGO-TiO-
Ag) based nanofluids were done at a concentration of 0.05 wt%. It can be observed that
viscosity is lower at higher temperatures. The hybrid nanoparticle shows signs of
Newtonian individuality in all the temperature ranges that were measured. The
rheological behavior of hybrid nanofluids is imperative to its application. The viscosity
profile is advantageous for the hybrid nanofluid’s application even in conditions of
variable shear rate.

Figure 4.11 (a) and (b) show that the viscosity profile of the ternary hybrid
nanofluids. It decreases with the increase in the temperature of the fluid. The inter-
particle and intermolecular adhesion forces weaken with the increase of temperature,
thereby decreasing the viscosity. When the kinetic energy of the molecules increases
with the increase in temperature, the particle closest reduces the contact. This gap
reduction decreases the intermolecular forces leading to a decrease in the viscosity of
the nanofluids (Sharma et al., 2018). The shear stress is linearly dependant on the shear
rate, which shows the Newtonian behavior of the ternary-hybrid nanofluids. An increase
in the slope of the line shows the increase in volumetric concentration and volumetric
particle fraction of the ternary-hybrid nanofluids. The temperature dependency behavior

of the ternary-hybrid nanofluid’s viscosity is evident based on figure 4.11 (a) and (b).
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The Rheological measurements of the hybrid nanofluids were carried out by
varying the shear rate of the nanofluid samples under constant temperature. The shear
stress in any fluids helps to determine if the fluid is Newtonian or non-Newtonian.
Figure 4.11 (c) and (d) illustrate the measured shear stress versus shear rate exerted on
the respective sample of the ternary-hybrid nanofluids. The measurements were carried
out for various temperatures ranging from 25°C to 50°C with an increment of 5°C for a
shear rate of 10 and 1000 1/s. Shear stress is linearly dependent on the shear strain for
the ternary-hybrid nanofluids. The slope of the line increases linearly with the rise of
volumetric concentration.

A sharp decrease in the viscosity was noticed with the increase in the
temperature of the nanofluid. The viscosity of the nanofluids with various metallic,
oxide, and carbon-based nanoparticles increases with particle loading or increase in the
concentration of particles and decreases with the increase in temperature, as reported
by many researchers (Ahammed et al., 2016). Various research illustrated that the
viscosity increased with the increase in concentration volume (Ahammed et al., 2016).
Prasher et al. reported an increase in viscosity with increased volume concentration
(Prasher et al., 2006). The particle size also plays a crucial role in the increase in
viscosity. Viscosity measurements by Murshed et al. (Murshed and Estellé, 2017)
indicated an increase in viscosity with the increase in volumetric loading of
nanoparticles, while Lee et al. (Lee et al., 2007) reported a decrease in viscosity with an

increase in temperature.
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Figure 4.11 (a) Viscosity of THNp GO-TiO2-Ag, (b) Viscosity of THNp rGO-TiO2-Ag,
(c) Viscosity Vs. The shear rate of THNp GO-TiO2-Ag (d) Viscosity Vs. The shear rate
of THNp rGO-TiO2-Ag, (e) Shear stress Vs. Shear rate of THNp GO-TiO,-Ag (f) Shear
stress Vs. The shear rate of THNp rGO-TiO2-Ag

This linear increase in shear stress validates that the viscosity of the nanofluid increases
with the increase of volumetric concentration. The viscosity of the nanofluids is
generally higher than that of their base fluids. The particle-to-particle interactions create

a decrease in viscosity with an increase in shear rate. It is also influenced by the
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concentration and the type of nanoparticles. An increase in nanoparticle concentration
leads to an increase in the viscosity of nanofluids, as reported by many researchers
(Sajid and Ali, 2018). The agglomeration of nanoparticles at higher concentrations can
be one of the factors that influence viscosity. This agglomeration leads to the
enhancement of internal shear stress in the nanofluids. Therefore, greater force is
required for the dissipation of solid components in the dispersion, which leads to an
increase in the viscosity of the nanofluids. Micro-aggregation of nanoparticles leads to
higher volume fraction, which increases the viscosity (H. Chen et al., 2009). Figures
4.11(e) and (f) show that shear rate is a function of shear stress, which means that the
shear stress of the ternary-hybrid nanofluids is directly dependent on the shear stress
nanofluids when the viscosity is constant.

As the temperature of the nanofluids increases, the shear stress and the shear
rate increase, which indicates the Newtonian behavior of the ternary-hybrid nanofluids.
The shear viscosity at 25°C is approximately double that at 50°C, indicating a robust
temperature-dependent nature of the ternary-hybrid nanofluids. The rheological
behavior was further studied with the increase in temperature of the nanofluid. The
results show similar Newtonian behavior with a further increase in temperature of the
ternary-hybrid nanofluids. Similarly, Newtonian behaviors were reported by many other
researchers for the hybrid nanofluids based on iron and copper nanoparticles (Bahrami
et al., 2016), Fe304-MWCNTS/EG hybrid nanofluid (Ahmadi et al., 2018), MWCNT-
Si02 (Motahari et al., 2018), and Al203-SiO2/PAG (Zawawi et al., 2017), etc. As the
temperature increases, the ternary-hybrid nanofluids behave as a shear-thinning fluid
that lowers the shear viscosity and increases the shear rate.

The measurements show a similar trend of shear-thinning for both the ternary-

hybrid nanofluids. There are a fair agreement and similarity between the two nanofluids,
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which are presented in the figures repeatedly showing the measurements and stability
of the temperatures. The shearing effects on the nanoparticles in the fluid can affect the
particle orientation that causes the disintegration of the agglomeration of particles, as
discussed above. Shear-thinning behavior can occur due to various situations and
stresses applied to the fluid, which reduces the viscosity. When the temperature of
nanofluids is increased, the Brownian motion, its average speed, and the molecules'
thermal movement are increased. This process weakens the adhesion forces and the
intermolecular interaction between the molecules.

The effects of the nanoparticle size, shape, pH, temperature and volumetric
concentrations may increase or decrease the ternary-hybrid nanofluids' viscosity.
Viscosity change may also be dependent on the type of base fluids used, particle volume
fraction, particle size distribution, shear rate, surfactants, dispersion techniques, and
particle aggregation (Mishra et al., 2014). Clustering is another factor that influences
the viscosity of nanofluids. The effect is that very few nanoparticles collide with each
other, while other nanoparticles may have an interfacial layer that is developed around

them.

4.3.1.1 Effect of Ternary Hybrid Nanoparticle Type on Temperature

The viscosity of water, EG, and oil-based nanofluids decrease with the increase in
temperature of the fluid is a known phenomenon. The rate of decrease in viscosity due
to an increase in temperature depends on the fluid’s intrinsic property or the
intermolecular bond strength. Increasing the temperature of the fluid is supplying the
molecules in the fluids with higher energy. In nanofluids, which have new particles, this

increase of temperature leads to increased heating and heat transfer, which leads to
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faster weakening of the intermolecular forces leading to a decrease in viscosity of the
fluid (Lee et al., 2011).

The intermolecular interactions of the molecules of water-nanoparticle become
weaker with the increase in the temperature of the fluid, leading to a decrease of the
viscosity of the ternary hybrid nanofluid. The robust Van der Waals forces act on the
particles in lower temperatures. Once the temperature is increased, the forces weaken,
leading to a decrease in viscosity (Nabil et al., 2017). Figure 4.12 (a) and (b) below
show the averaged plot of viscosity versus temperature in terms of concentration of GO
and rGO based ternary hybrid nanofluids. It can be seen that the viscosity is almost
similar except for a slight variation with the lover concentration fluid exhibit slightly
higher viscosity at lower temperatures. (Hu et al., 2020). The rGO based ternary hybrid
nanofluids show a similar trend that the viscosity decreases with the increase in
temperature of the fluid for all concentrations. Concentration B shows a higher viscosity

than the other concentration, while the lowest concentration has a lower viscosity.
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Figure 4.12 (a) and (b): Viscosity Vs. The temperature at different temperatures and
concentrations of ternary hybrid nanoparticles. A, B, C, D, and E are serial dilutions
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It shows that concentration plays a vital role in the change of viscosity with the
temperature change. The viscosity varies with a temperature change. The addition of
heat changes the nanoparticles in the fluid from surface force attraction to interatomic
bonding (Ali et al.,, 2018). The change is evident between various concentration
samples of the nanofluids. It may be due to the agglomeration of nanoparticles in higher
temperatures (Koca et al., 2018). Similar results were observed by most researchers who
study the effect of temperature on the viscosity of the nanofluids based on different
levels of concentration. Shah. S. et al., in their study on rGO-Eg nanofluids, reported a
viscosity decrease of 56.4% and 73.9% at 50°C and 70°C, respectively (Shah et al.,
2020).

Hu, Xichen, et al. has reported an astronomic viscosity decrease of about 593%
at 50°C for their study of graphite/engine oil nanofluids (Hu et al., 2020). Few
researchers reported the effect of temperature on the viscosity of hybrid nanofluids. Esfe
and Rostamian reported a 171% decrease of viscosity from 40 °C to 100 °C with a
volume fraction of 0.05, 0.1, 0.2, 0.4, 0.8, and 1 vol% using CuO-MWCN hybrid
nanofluids (Esfe et al., 2018). When the temperature is in all volume fractions of the

nanofluids, viscosity decreases exponentially.

4.3.2 Viscosity Vs. Shear Rate

4.3.2.1 Effect of Ternary Hybrid Nanoparticle Type on Viscosity

The viscosity measurements were done for the two ternary hybrid nanoparticles based
nanofluids of five different concentrations. Of the five measured samples, the
concentration of 0.0005wt% (sample E (5x107°)) wt% was chosen to study the effect of
shear rate on viscosity concerning temperature. Figure 4.13 (a) and (b) below show that

the nanofluids’ viscosity decreases with the increase in the shear rate at different
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temperatures. The ternary hybrid nanofluids behave like Newtonian fluids at lower
temperatures. The viscosity decreases at higher temperatures and lower shear rates,
indicating Shear thinning behavior, as reported by many studies (Sharma et al., 2016).
It can be observed from both the ternary hybrid nanofluids, the fluid’s viscosity is very
high at 40°C and 50°C.

The possible explanations for this behavior could be that at higher temperatures
and lower shear rates, the nanoparticles in the fluids aggregates with other particles
similar to the formation of nano-clusters due to Van der Waal's forces between the
nanoparticles. The resistance to flow is higher when the shear rate is lower.
Agglomeration of nanoparticles at higher temperatures causes internal shear stress
between particle-fluid interface interactions leading to an increase in the viscosity of
hybrid nanofluids. The nanoparticles form clusters due to higher attractive forces at
higher temperatures, leading to increased viscosity (Babar et al., 2019). Then as the
shear rate increases, the attractive forces between the nanoparticles weaken, and the
particles are dispersed, leading to a decrease in viscosity, called shear thinning behavior.
She-thinning is synonymous with pseudoplastic behavior, which may affect minor
structural changes in the fluid with microscale geometries of fluids rearranging
themselves to facilitate shearing. Phase separation is another phenomenon that leads to
shear thinning. Countless studies have measured the rheological properties of various
nanofluids since the inception of the same. Studies have reported the effects of adding
a nanoparticle on the rheological properties of the base fluid. Rheological studies are
also done to determine the pressure drop, and the structure of nanoparticles can help
predict the thermal conductivity of nanofluids (Sharma et al., 2016). Numerous
theoretical models were also presented to date for various concentrations, along with

experimental measurements of nanofluids (Koca et al., 2018). The majority of the
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studies have been done based on single material nanoparticles, and theoretical models
are also derived (Babu et al., 2017).

Rheological measurements by Masuda et al. (Masuda et al., 1993) have shown
that the viscosity increased by 60% against water using single material nanoparticles of
Aluminium oxide, silicon dioxide, and titanium dioxide at a concentration of 4.3%.
Wang et al. observed Pseudo-plastic behavior in the fluid with the addition of graphite
in oil. Viscosity was increased along with visco-elastic enhancement of about 1.36 vol%
(Wang et al., 2012). Newtonian behavior was reported using hybrid nanofluid with Cu-
Zn (1:1) alloy with vegetable oil, exhibiting the linear relationship between shear stress

and shear rate with lower viscosity (Kumar et al., 2016).
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Figure 4.13 (a) and (b): Shear rate Vs. viscosity at different temperatures and at a
concentration of 5x107° ternary hybrid nanoparticles

4.3.2.2 Effect of Ternary Hybrid Nanoparticle Type on Concentration

The measurement plots in figure 4.14 (a) and (b) show the variation of viscosity with
the change in the concentration of nanofluids. The points A to E represents five levels
of serial dilution of the nanofluids, with A as the highest concentration of 5 x 10"*and E
as the lowest concentration of 5x10°. The two-ternary hybrid nanofluids are inversely

proportional in terms of their increase in viscosity. The viscosity of the GO-based
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ternary hybrid nanofluid increases with the decrease in concentration. In contrast, it is
otherwise in the rGO based ternary hybrid nanofluid in which the viscosity decreases
with the decrease in concentration in various measured temperatures. It can be seen
from the plots that in both GO and rGO based THNp, the viscosity of individual
concentration increases gradually with the increase in temperature.

Generally, the viscosity of the water-based nanofluids decreases with lower
concentrations. This was observed in the rGO based nanofluids. The GO-based ternary
hybrid nanofluids behave otherwise. Observing the plots shows that at 35°C, the
nanofluids spike in the viscosity, which can be considered an optimum operating
temperature. The GO-based ternary hybrid nanofluid, the concentration D (5x 10™),
increases the viscosity by about 50% at almost all the temperatures measured. A similar
hike in viscosity can be seen in the concentration C (5x 107%) in the rGO based ternary
hybrid nanofluids. GO-based ternary hybrid nanofluid has significantly higher viscosity
at all concentrations and temperatures compared to rGO based ternary hybrid nanofluid,
as evident from the plots. A change in the viscosity of the GO-based nanofluids is due
to various factors. A slight variation of the concentration of the nanofluids tends to
increase or decrease the rheological property of the nanofluids. Most studies on
nanofluids have reported the same.

Substantial efforts have been applied to the research of concentrations or volume
fractions of nanoparticles in nanofluids. There is a strong relationship between the
increase in the concentration of nanoparticles and the increase in viscosity (Kumar et
al., 2016). Few reports have studied the Newtonian behavior of water-based metallic
nanofluids where the viscosity increased with the increase of nanoparticle concentration
on the fluid (Das et al., 2003; Polidori et al., 2007; Putra et al., 2003). The viscosity

increased can be as low as 4 to 15% (Godson et al., 2010), or it can be as high as 50%
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(Lee etal., 2011; Nguyen et al., 2008). It can be seen that viscosity is detrimental to the
increase of thermal conductivity in the nanofluids. Still, it cannot be generalized that
the increase of nanoparticle concentration viscosity will increase. Figure 4.14 (a) and

(b) below show the viscosity measurements of the two ternary hybrid nanoparticles.
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Figure 4.14 (a) and (b): Viscosity Vs. Concentration at different temperatures of ternary
hybrid nanofluids. A, B, C, D, and E are serial dilutions

4.3.3 Shear stress Vs. Shear rate

4.3.3.1 Effect of Ternary Hybrid Nanoparticle Type on Shear Rate

Shear stress is the factor that determines whether the fluid is Newtonian or non-
Newtonian. The control of the nanofluid suspension’s flow property is crucial in many
large-scale industries like paint, crude oil drilling, handling and transportation, food
processing, and other consumer health products. The study of their rheological
properties will give them the insight to control and for easy transportation of all
manufactured products in the industries, as mentioned earlier. One of the methods to
study their flow-based property is to determine the shear rate and shear stress of the
flow in the fluids. Since nanofluids are widely used in many large-scale industries, it is
essential to study their rheological flow properties. The water-based nanofluids

generally behave as shear-thinning fluids at temperatures ranging from 30°C to 80°C
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(Yang et al., 2020). Numerous researches have studied flow properties from the past
few decades, and different characteristics were reported like the fluids are Newtonian,

non-Newtonian or dilatant or pseudoplastic or thixotropic fluids, etc.
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Figure 4.15 Shear Stress Vs. Shear rate. Plots a, b, ¢, d and e are GO- TiO2-Ag samples
of concentrations A(5x10)wt%, B(5x102)wt%, C(5x10°)wt%, D(5x10*)wt% ,and
E(5x10°)wt%, and f, g, h, 1 and j are rGO-TiO,-Ag samples of concentrations A(5x10"
Hwt%, B(5x102)wt%, C(5x10-)wt%, D(5x10*)wt%, and E(5x10°)wt%

Figure 4.15 shows the shear rate versus shear stress for the two types of GO-based
ternary hybrid nanofluids at various concentrations and temperatures. The GO-based
ternary hybrid nanofluid behaves as a Newtonian fluid at higher concentrations,
indicating that shear stress is linearly proportional to the shear strain in the fluids at all
the measured temperatures. On the other hand, in the rGO based ternary hybrid
nanofluids, the shear stress is not proportional to the shear strain. The GO-based ternary
hybrid nanofluids, even though they behave as a Newtonian fluid at a higher

concentration of nanoparticles, gradually behave as a shear-thinning or pseudoplastic
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fluid as the concentration decreases. For instance, it can be seen from the plots that at a
particular level of serial dilution (concentration C) and room temperature (25°C), it
behaves like a shear-thinning or pseudoplastic fluid. In contrast, at a higher temperature
(30°C to 50°C), it behaves as a Newtonian fluid where the shear stress and shear rate

are linearly proportional.

4.3.3.2 Effect of Ternary Hybrid Nanoparticle Type on Concentration

The shear stress and shear strain are a function of concentration and temperature.
Studies have revealed that the water-based nanofluids behave as a Newtonian fluid at a
lower concentration of nanoparticles in the fluid (Halelfadl et al., 2013) and as a non-
Newtonian fluid at higher concentrations (Kole and Dey, 2013). The nanofluids
behaved as shear-thinning fluids when the concentration of the nanoparticles increased
(Halelfadl et al., 2013).

A side-by-side comparison between the GO and rGO based ternary hybrid
nanofluids is made. The GO-based ternary hybrid nanofluid behaves like a Newtonian
fluid for sample A at temperatures ranging from 25°C to 50°C, while the rGO based
Ternary hybrid nanofluids behave like a shear-thinning or plastic fluid for the same
concentration for all temperatures. In the following plot for the second concentration
(sample B), the GO-based Ternary hybrid nanofluids at lower temperatures of 25°C
behave like a Newtonian fluid but start to show slight shear thinning behavior
temperature is increased till the maximum measured temperature of 50°C. In contrast,
rGO based Ternary hybrid nanofluids behave as a shear-thinning fluid from the starting
range of 25°C till 50°C. The measurements on concentration (sample C), the GO-based

Ternary hybrid nanofluids at 25°C behave like a shear-thinning fluid but tends to be a
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Newtonian fluid once the temperature is increased from 30°C until the final measured
temperature of 50°C.

The concentrations (sample D and E), the GO-based Ternary hybrid nanofluids
behave like a shear-thinning fluid at all measured temperatures ranging from 25°C till
50°C, while the rGO based nanofluids follow the same trend and behave like a shear-
thinning fluid at all measured temperatures and concentrations. There can be many
reasons behind the nanofluid behavior as Newtonian fluids at higher concentrations and
as a pseudoplastic behavior at lower concentrations. The particle-to-particle interactions
at higher concentrations are more robust, and hence it retains as a Newtonian fluid. Once
the shear rate and temperature increase, the particle-to-particle interactions become
weaker, and the attractive forces diminish, forcing the nanofluids to behave as
pseudoplastic fluid.

The GO-based ternary hybrid nanofluids ultimately behave as dilatant or shear
thickening fluid on further reduction of concentration. This influence of the
concentration of the nanoparticles in the fluid may be due to the higher inter-particle
forces in higher concentrations (Ahammed et al., 2016). These higher inter-particle
forces influence the nanofluids to remain Newtonian (Kaggwa and Carson, 2019). At
the same time, the rGO based nanofluids remain consistently as shear thickening or
dilatant fluids in all concentrations and temperatures. This may be due to the lesser
number of oxygen molecules in the rGO nanoparticles. Agglomeration structures
formed in the nanofluids during the shearing process get diminished to an orderly
arrangement within the shear rate range, as has been observed by recent research
(Murshed and Estellé, 2017). Studies by yang et al. on Al.Oz-diamond hybrid on DI
water and silicone oil showed that the nanofluids tend to be Newtonian but due to

agglomeration, but once the shear rate is increased, it tends to be non-Newtonian shear-
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thinning fluids similar to the behavior of the GO-based nanofluids in our study (Yang
et al., 2012). It is also because of the agglomeration due to van der Wall forces'
dominance at lower shear rates. The agglomeration breaks down at higher shear rates,
leading to reduced viscosity, substantially making the fluid behave as a non-Newtonian
shear-thinning fluid.

4.3.3.3 Effect of Ternary Hybrid Nanoparticle Type on Temperature

Nanofluids at lower shear rates exhibit Newtonian behavior and non-Newtonian
behavior at higher shear rates, as seen from the plots in figure 4.15. Many studies have
shown that the temperature is directly related to change in rheological properties and
the thermal conductivity of nanofluids (Colangelo et al., 2016). The rheological
measurements on the two GO-based ternary hybrid nanofluids were done at
temperatures ranging from 25°C to 50°C. It can be seen that the shear stress increases
with the increase in shear rate and decreases with temperature. The trend in the GO plots
shows that at a particular concentration (sample C) and lower temperature (25°C), the
fluid shows dilatant or shear-thinning behavior. Still, when the temperature increases
(30°C to 50°C), the nanofluid exhibits Newtonian behavior. On further dilution at a
concentration D, the nanofluids ultimately exhibit shear-thinning or pseudo plastic
behavior irrespective of the temperature. The rGO profiles, on the other hand, exhibits

shear thinning or pseudoplastic behavior on all concentrations and temperatures.

4.3.4 Amplitude sweep

The linear viscoelastic (LVE) is a region that indicates the range in the fluid in which
the stresses are tested without destroying the fluid structure. The LVE measurements
are another set of rheological measurements that can be determined by measuring

stresses divided into storage (G'- elastic) and loss (G" - viscous) moduli. The loss and
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storage moduli show the mechanical properties of the nanoparticles under low
oscillatory shear. It is the range with the lowest strain values. The G’ in the LVE region
shows a constant value, which is also called the plateau value. These measurements are
done using the rheometer in which the spindle performs oscillatory motions of stress
range between 0.01 and 10 Pa at a constant frequency of 1 Hz. If G" > G, then the fluid
can be termed a viscoelastic liquid. When an external strain is applied to the fluids, the
fluid-structure opposes the strains until a certain extent where the loss modulus G’
increases.

Then the fluid structure in LVE deforms, leading to the dismantling of the
aggregations of the nanoparticles in the fluid. This will lead to nanoparticles in the fluids
aligned to the flow field, which decreases the storage and loss of moduli in the fluid
(Pastoriza-Gallego et al., 2011). The plots in figure 4.16 show the loss and storage
moduli of the two GO-based ternary hybrid nanofluids. It can be seen that the curves
demonstrate a similar qualitative feature with a sharp decline of high oscillating stresses
and characterized by constant modulus or linear viscoelastic plateau. It can also be seen
from the plots that the loss modulus is higher in the nanofluids with higher
concentrations. There is a crossover area between the loss and storage moduli, which
shows yield stress in the nanofluids, as mentioned by a few studies (Baek and Kim,
2011). At higher shear strain, the G' decreases indicating the loss of viscoelastic
structure in the nanofluid. One striking feature is that at lower concentrations, both GO
and rGO based ternary hybrid nanofluids, the loss modulus is almost similar, indicating
the nanofluids lose the ability to lose or store stresses and remain constant at all
measured temperatures. This indicates that the nanoparticles in the fluids enhance the

rheological abilities like storage, damping, and loss moduli in the fluids. This may be
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one of the reasons for the enhancement of thermal conductivity and other rheological
properties.

Network structures are formed in the nanofluids at higher particle concentrations
at lower stresses or frequencies, as reported by some studies (Jung et al., 2012). It is
noted from the plots that the critical external strain is independent of all concentrations
of the fluids. It should be noted that the base fluids exhibit a Newtonian behavior. Still,
with the addition of ternary hybrid nanoparticles in the base fluids, it transitions to
viscoelastic behavior, shear-thinning or pseudoplastic behavior in our case, and dilatant
in other cases. A damping factor is a dimensionless unit that can be described as the
ratio of loss over storage moduli (G”/G’), denoted by the term tand. The ideal value for
the damping factor for a liquid in the viscoelastic region is always greater than unity
(tand = G”/G’ >1) (Pastoriza-Gallego et al., 2011). The damping factor plots are shown

in figure insets in each plot.
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Figure 4.16 Amplitude sweep — Storage modulus and Loss Modulus Vs. Shear stress
and their damping factor (Inset) at different temperatures Plots a, b, ¢, d, and e are GO-
TiO2-Ag samples of concentrations A(5x10h)wt%, B(5x102)wt%, C(5x10%)wt%,
D(5x10*)Wt%, and E(5x10°)wt%, and f, g, h, | and j are rGO-TiO,-Ag samples of
concentrations  A(5x10)wt%, B(5x102)wt%, C(5x10°)wt%, D(5x10*)wt%, and
E(5x10°°)Wt%

4.3.5 Frequency sweep

Frequency sweep tests are carried out to measure the time-dependent behavior of the
nanofluids in a non-destructive deformation range. It is a valuable tool to measure the
stability of nanofluids. It helps to quantify zero shear viscosity for viscoelastic liquids.
Frequency sweeps can be measured by using fast-moving high-frequency stimulation
or slow-moving low-frequency stimulation (figure 4.17).

The frequency sweeps were measured in the LVE region with angular frequencies
ranging from the frequency range of 0.1 Hz to 10 Hz (0.628 rad/s t062.831 rad/s) by
applying oscillatory stress of 0.05 Pa. The loss and storage moduli are similar and
practically constant in all the concentrations of the measured ternary hybrid nanofluids.
The measurements show that at higher frequencies, both the storage and the loss moduli
increase. The damping factor is shown in figure insets. The damping factors are higher

only in the viscoelastic region with low angular frequency. On increasing the frequency,

the damping factor is minimum and uniform across all the concentrations and
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independent of temperature. Both the GO and rGO based ternary hybrid nanofluids

exhibit a similar trend for the damping factor. The damping factor decreases

exponentially with the increase in angular frequency.
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Figure 4.17 Frequency sweep — Storage modulus and Loss Modulus Vs. Angular
frequency and their damping factor (Inset) at a different temperature at different
temperatures Plots a, b, ¢, d, and e are GO-TiO2-Ag samples of concentrations A(5x10
Hwt%, B(5x1072)wt%, C(5x10%)wt%, D(5x10“)wt%, and E(5x10°)wt%) and f, g, h, |
and j are rGO-TiO-Ag samples of concentrations A(5x10)wt% B(5x10?)wt%,
C(5x107®)wt%, D(5x10*)wt%, and E(5x10°)wt%
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44 EFFECT OF TERNARY HYBRID NANOPARTICLES ON DNA
DENATURATION, PCR ENHANCEMENT, AND SEQUENCING

Different nanoparticle at various concentrations was used to enhance the PCR reactions
(Alietal., 2018; Aysan et al., 2017; Dantas et al., 2017; Gabriel et al., 2018; Liu et al.,
2019; Zhang et al.,2013; Sang et al., 2017; Shen & Zhang, 2013; Upadhyay et al., 2020;
Yuan ae al., 2016). Since this section is the core objective of this study, which is to
enhance the efficiency of PCR, the importance of nanoparticle-based PCR enhancement
and its mechanisms areas addressed in introductory section 1.2. In this section, PCR
experiments were conducted on a set of extracted DNAs with and without ternary hybrid
nanoparticles to study the enhancement characteristics. The PCR products were then
gel eluded to check the bands, and then the intensity of the band is studied through a
digital camera. Quantification of the band intensity was done to quantify the intensity
of the bands. The reactions were iterated several times to check the correctness and
optimize the proper concentration of the DNA, giving us the most enhancements. The
PCR product was then sent to sequencing, and the amplification was studied and
detailed. The detailed methodology of this study is presented in section 3.6. Further, the
DNA denaturation study was conducted using a spectrophotometer to study the effect
of nanoparticles on the denaturation process at various temperatures and nanoparticle

concentrations.

4.4.1 Effects of THNp in Reduction of PCR Reaction Times / PCR Efficiency

Graphene oxide is a mono-atomic layer of hybridized carbon atoms. It is widely used
in PCR amplification owing to its high specific area, ability to conduct better heat
transfer, and highly biocompatible. When synthesized into a ternary hybrid nanoparticle
along with silver and titanium oxide, which have their unique characteristics, Graphene

performs better as a nanoPCR material compared to using as a single nanoparticle.
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Amplification was done on the plasmid DNA with different concentrations of
nanofluids mixed with the PCR master mix. The two types of graphene-based
nanofluids enhanced the PCR reaction and brought down the number of cycles from 40
to 30 cycles, reducing 10 cycles.

The concentration of nanoparticles in the nanofluid played a significant role in
the reduction of cycles. Both GO, and rGO based nanofluids at a concentration of 5x10°
3 wt% enhanced the PCR product while reducing the number of cycles from 40 to 30
without decreasing the amount of amplified product compared to the control reaction
(without the addition of nanofluids in the PCR), achieving a reduction of 10 cycles or
about 25% cycle reduction. This suggests that with the addition of ternary hybrid
nanoparticles-based nanofluids, many cycles have been reduced, as seen from figure
4.19.

Further PCR experiment showed improvements more than the initial
experiment. The two Graphene oxide (GO and rGO) based ternary hybrid nanoparticle
performed better as a nanoPCR additive. The experiments were carried out using 25 and
35 cycles in the PCR gave almost equal quantification of enhancement, which shows
that the nanoparticles reduce the reaction time considerably for similar output with a
reduction of 10 cycles or 25%. Visible bands were observed in gel electrophoresis for
both 25 and 35 cycles and the control group (master mix without nanoparticle) as seen
from Figures 4.20 and 4.21. The robust amplification of PCR products suggested the
efficiency of the nanofluids in the enhancement of PCR output improvement. It was
also noted that the concentration of nanoparticles in the nanofluid played a significant
role in reducing cycles. Lower concentrations of both GO and rGO based ternary hybrid
nanofluids enhanced the PCR product while reducing the number of cycles without

decreasing the amount of amplified product compared to the control reaction (without

91



nanofluids' addition the PCR). This suggests that with the addition of ternary hybrid
nanoparticles-based nanofluids, a considerable number of cycles can be reduced without

compromising the quantity of the PCR product.

4.4.2 Effects of THNp on PCR yield

Several parameters affect the enhancement of NanoPCR amplification and efficiency.
The thermal conductivity of the nanofluids, the concentration of the particle in the
nanofluids, shape of the nanoparticle, type of base fluids used, additives, and stabilizers
used, the acidity of the nanofluids used, etc. (Sun et al., 2020). Even though not all these
aspects are investigated in this study, few aspects showed promising results. The
Plasmid DNA was amplified in the PCR along with two types of GO-based ternary
hybrid nanofluids. The PCR product after the gel analysis and the quantification of the
band intensity analysis showed that the nanoparticle concentration played a role in the
enhancement of PCR reaction. The results indicated that the optimum mixture of the
nanoparticles in the fluids yielded higher amplification than the control of DNA
amplification.

Band intensities are quantified and plotted as shown in figure 4.18 illustrates
that the concentration of 5x10 wt% and 5x10 wt% does not amplify as much as the
concentration of 5x10° wt% of the GO-based ternary hybrid nanoparticles, which
shows an increase of 12% along with a 40% reduction of the number of cycles. Repeated
experiments confirmed the results and indicated that the ternary hybrid nanoparticles’
optimum concentration was 5x107° wt% for both GO and rGO based ternary hybrids.
The reaction was also carried out for DNA without the addition of ternary hybrid
nanofluids to confirm that nanoparticles enhance the PCR reaction and not by any

impurities in the reaction mixture. The reaction was carried out with a supernatant of
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nanofluids without nanoparticles; no PCR enhancements were observed, as seen in

Figure 4.18 (a) and (b).
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Figure 4.18 (a) and (b): The Lane control is for the marker, and the S is for positive
control. The tag 2A to 2D represents the GO-TiO2-Ag ternary hybrids mixture, while
the 3A to 3D represents the rGO-TiO2-Ag ternary hybrid mixture. The term Ato D
represents the concentration of the nanoparticles in the mixture.
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Figure 4.19: The Lane control is for the marker, and the S is for positive control. The
tag 2A to 2D represents the GO-TiO.-Ag ternary hybrids mixture, while the 3A to 3D
represents the rGO-TiO2-Ag ternary hybrid mixture. The term A to D represents the
concentration of the nanoparticles in the mixture.

#

Figure 4.20 (a) lanes (1 and 3) 1kb ladder; (2,5,7,9,and 11) PCR amplicon amplified
using 25 cycle for negative control, sample treated with GO-TiO2-Ag nanofluid at

93



different concentration. (4,6,8,10,and 12) PCR amplicon amplified using 35 cycles for
the negative control, the sample treated with GO-TiO2-Ag nanofluid at different.

o3oa

Figure 4.21 (b) lanes (1) 1kb ladder; (2,4,6,8, and 10) PCR amplicon amplified using
25 cycles for the negative control, the sample treated with rGO-TiO2-Ag nanofluid at
different. (3,5,7,9, and 11) PCR amplicon amplified using 35 cycles for the negative
control, the sample treated with rGO-TiO2-Ag nanofluid at different concentrations.
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Figure 4.22: Quantification of band intensity of the gel electrophoresis of GO-TiO»-
Ag and rGO-TiO2-Ag with 25 and 35 cycles.

There are two possibilities involved in a nanoPCR process regarding the interaction

with the ternary hybrid nanoparticles in the mixture. THNp might interact with single-
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strand DNA in the PCR or interaction between the THNp and the polymerase. Both
these interactions should be taking place on the surface of the THNp. Several other
nanoparticles were also found to be enhancing the PCR reactions like AuNP (Huang et
al., 2008) and other additives such as non-ionic detergents, betaine, etc., to name a few.
However, most of their enhancing mechanisms are still a hypothesis. The THNp in the
PCR mixture will enhance the reaction mixture's thermal conductivity, which may also
contribute to enhancing and optimizing the PCR reactions since the THNp is proved to
be better thermal conducting fluids according to our own separate thermal conductivity
measurements. The THNp in the mixture may assist the initial steps of PCR by
enhancing the thermal conductivity of the reaction mixture, which might result in the
earlier denaturation of the DNA. Then during the annealing step, the THNp may get
attached to the DNA strands due to Van der Waal’s forces facilitating the interaction
between the PCR reagent mixture and during the extension step of the PCR cycle, the
THNp may dissipate the heat, which will lead to early finishing off of the PCR cycle
(Khalig et al., 2012). It is still difficult to pinpoint the mechanism responsible for the
enhancements since it involves many materials such as DNAs, Primers, Polymerase,
dNTPs, or Proteins in the PCR mixture.

Contrary to the initial experiment, the following PCR experiment showed much
higher enhancements. The experiments showed that the PCR yield had been enhanced
with the nanofluids. The enhancement was mainly due to the addition of nanoparticles
in the PCR mixture. For 35 cycles, GO-TiO2-Ag nanofluid exhibited the highest
increase in PCR yield, with maximal enhancement at a concentration of 5x10* wt%.
From figure 4.20, the GO-TiO.-Ag nanofluid band was 16.74-folds more intense than
the negative control (PCR sample prepared with nuclease-free water without

nanoparticles). Similarly, from figure 4.21, rGO-TiO2-Ag nanofluid exhibited the
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highest increase in PCR yield at the concentration of 5x10* wt% rGO-TiO2-Ag
nanofluids bands were 2.82- and 3.15-fold respectively, more intense than the negative
control, even though the control band was 2.09- and 15.30- fold more intense than them
at the concentration 5x102 wt. Figure 4.22 shows the quantified data of the

amplification.

4.4.3 Effects of THNp on DNA/PCR Amplification
Single round PCR was performed to determine the effect of different concentrations of
two GO-based THNp on the amplification of EGFP plasmid DNA. Gene-specific
primers forward primer (5’-CCCACTGCTTACTGGCTTATC-3’), EGFP reverse
primer (5’- CCATGTGATCGCGCTTCT -3") were used in this study resulted in
inaccurate amplification of target DNA (800bp length). As shown in figure 4.18, the
presence of THNp does not lead to nonspecific PCR product binding, and it was
apparent when the PCR product was visualized in 1% agarose. Visual observation of
band intensities is also prominent compared to control (sample with no nanoparticle)
samples with different dilutions of nanoparticles in the fluid.

When the concentration of nanoparticles is decreased in the master mix at the
rate of 10 times dilution starting from the stock solution (with the concentration of 5 x
101wt %), there is a substantial increase in the band intensity observed regardless of
different THNPs employed. However, a significant increase in band intensity was
observed in samples 2C and 3C (representing 100 times dilution, 5x107%). Strikingly,
the addition of THNPs with two other dilutions (stock and ten times dilution) did not
interfere negatively in yielding PCR amplicon. This indicates that target sequence
amplification was uninhibited when different concentrations of THNPs were employed

to enhance the PCR efficiency. Similar observations were documented in earlier studies
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when graphene oxide (GO) nanoparticle was used in different concentrations to amplify
PEGFP-NL1 vectors containing the coding sequence of the FOXL2 gene (Khaliq et al.,
2010).

The optimum dilution observed in this study was the 100th dilution, and it
indicates that the concentration of THNPs is crucial in obtaining optimal PCR results.
Though PCR bands were observed in Sample 2D and 3D, the intensity gradually
reduced compared to control and sample 2C and 3C, respectively. The results also
showed the specificity of primer hybridization and extension did not influence the
addition of different concentrations of THNPs used in PCR reaction. No hurdles were
observed in primer extension or conditions such as primer mismatch, indicating that the
addition of THNPs in the PCR master mix could enhance the PCR amplification without

compromising the product yield and product specificity.

4.4.4 Effects of THNp on DNA Sequencing

Based on the existing literature, none of the studies to date has addressed the effect of
adding nanoparticles at the DNA sequence level. In order to address this, the same gene
(EGFP) was amplified using different concentrations of 2 THNPs in the conventional
PCR setup. The chromatogram was inferred using a Bio-edit sequence alignment editor
to identify noise during sequencing. Each sequence was truncated at 5° and 3’ end to
avoid initial and final noise during the sequencing process. However, noticeable
baseline noise was observed in all the middle of the sequencing. This might probably
be due to the affinity of THNPs towards the salt present in the sample. Earlier works
have demonstrated high salt concentration, incubation time, and agitation rate has
significantly improved nanoparticle (Au) synthesis rate (Bhargava et al., 2016). The

presence of noise in the sequence might probably be due to various conditions.
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1) The amount of DNA templet or primer in the reaction tube,

2) The presence of inhibitory contaminants such as salt and phenols,

3) Non-specificity of the primers, and

4) The presence of two alleles in the DNA that code for the same gene
From the PCR amplification and efficiency enhancement study, it is evident that there
were no issues with the amount of DNA template used or specific primers adopted in
this study. PCR purification kit was used before sequencing to eliminate impurities. The
only possible reason for the presence of noise in the sequence is due to the affinity of
THNPs towards the salt. Figure 4.23 and Figure 4.24 illustrate the inbound noise
observed in the sequences and the consequential impact on base pair mismatch. The

detailed sequence in FASTA format is presented in appendix 1.

X TTCTGCAGATATC CATCACACTGGCGGCAGET OO AGAT GOT GAGCAMGGGC GAGGAGOTGTTCOACCOEGGTGGTGCCCATCCT
215& _BASE_3911758°174 FR-synthesigd 30 340

”|\n| |\IIII|“ﬂI1

| ‘le\ [\I, | I
il W‘e.wwﬁf

) L) ) .
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x|TCT GEAGATATCCATCAEAETGGCGGCCGCT_TGG_AG CG- -G-ETT AT-TGA-

A 15t _BASE_3911756_1-2_FR- sy‘nthesls 280 290

x|'r'r CTGCAGATATCCATCACACTGGCGGC CG CT-G.TGG-A-AG-GA-G-TT_G.GTG.T GECEATECT

A 15t BASE_3911757_1-3 FR- synt,hes15 280 290
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Figure 4.23 chromatogram noise observed in sequences

Figure 4.24 Bio-edit sequence alignment tool shows base pair mismatch after multiple
pairwise sequence analysis using Clustal W v2.
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The sequencing for the second PCR experiment showed a different result compared to
the initial reaction. Manual screening of the raw sequence data was performed to
identify chromatogram noise. Out of 34 sequences generated in this study, two samples
showed deep chromatogram noise throughout the target sequence length
(supplementary file 1). Hence, 32 sequences were further analyzed manually and
aligned using the Clustal X2 (Larkin 2007). Multiple pairwise analysis (MPA) showed
a well-conserved region of the target gene (partial COX1 gene of the mitochondrial
DNA) with 630bp length. Analyzed sequences (n=32) were submitted to the NCBI
genbank database and accessed through the submission ID: SUB8809298. Sequence
analysis revealed no visible DNA damage in DNA break or single nucleotide
polymorphism in the conserved region (Supplementary file 1).

Additionally, no sequence gaps were observed in the conserved cite indicating that
THNp does not cause negative impact during the sequencing process. Studies have
argued that ultrathin nanoparticles such as graphene could help achieve rapid DNA
detection at single nucleotide resolution during the DNA sequencing because it can
offer larger surface area and anchoring cites for the DNA to adsorb, shown in figure
4.25. To minimize the interaction of DNA molecules on GO and rGO during the
sequencing, TiO2 and Ag formed THNp, which exhibit high mechanical stability
(Khalig et al., 2010). In this study, we used two different concentrations of THNp (GO-
Ti02-Ag and rGO-TiO2-Ag) as an additive to expedite the heating/cooling rate in the
PCR in achieving the desired sequence quality and formation of no primer dimers in the
sequencing process. Overall, the study demonstrated that adding different
concentrations of THNps at least up to 0.05 wt% would not cause any observable DNA

damage or mutation in the most commonly used cytochrome oxidase subunit 1 DNA
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barcode reads. Many studies have argued the effect of different nanoparticles on
enhancing the efficiency of different PCR techniques. However, to our knowledge, no
studies were attempted to explore the impact of the addition of nanoparticles in post
PCR applications such as genomic sequencing or cloning. From this experiment, we
conclude that the THNp (GO-TiO2-Ag and rGO-TiO2-Ag) can be effectively used in
PCR reactions to shorten the PCR reaction time without compromising the PCR
amplicon quantity and qualitatively at the genome level. A graphical representation of

nanoparticle interaction in the DNA sequencing is depicted in Figure 4.26.
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4002284 C TARGTCTACTGATTCGAGCAGAACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAGCCCATGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT
4002302 TARGTCTACTGATTCGAGCAGRACTGAGCCAG GGCGCTCTTCTAGGGGATGATCAGATTTACAACGTARTCGTCACRG CTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT
4002305 TAAGTCTACTGATTCGAGCAGRACTGAGCCAG GECGCTCTICTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGITATGATTTTCTTTATAGTCATGCCGATTATGAT
4002304 TARGTCTACTGATTCGAGCAGAACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGITATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002309 TARGTCTACTGATTCGAGCAGRACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002312 TAAGTCTACTGATTCGAGCAGRACTGAGCCAGCCGGEGCGCTCTTCTAGGGGATGATCAGATTTACRACGTARTCGTCACAG! TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002307 TARGTCTACTGATTCGAGCAGAACTGAGCCAGCCGEGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT
4002308 TARGTCTACTGATTCGAGCAGRACTGAGCCAG GGCGCTCTTCTAGGGGATGATCAGATTTACRAACGTARTCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002300 TARGTCTACTGATTCGAGCAGAACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGITATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002303 TARGTCTACTGATTCGAGCAGRACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002287 TRAGTCTACTGATTCGRAGCAGRRCTGAGLCAG GGCGCTCTTCTAGGGGATGATCAGATTTACRACGTARATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002291 TARGTCTACTGATTCGAGCAGRACT! SGGGATGATCAGATTTACRACGTARATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT
4002311 TARGTCTACTGATTCGAGCAGRAACT! GATGATCAGATTTACAACGTAATCGTCACAG! TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002285 TARGTCTACTGATTCGAGCAGRACTGAI GGGATGATCAGATTTACAARCGTAATCGTCACAG TGCCTTCGITATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002292 TARGTCTACTGATTCGAGCAGRACTGAGCCAG GGCGCTCTTCTAGGGGATGATCAGATTTACRAACGTARTCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002293 TRAGTCTACTGATTCGRAGCAGRRCTGAGCCAGCCGGEGCGCTCTTCTAGGGGATGATCAGATTTACRACGTARTCGTCACAG! TGCCTTCGITATGATTITCTTTATAGTCATGCCGATTATGAT,
4002288 TARGTCTACTGATTCGAGCAGAACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGITATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002310 TARGTCTACTGATTCGAGCAGRACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002250 TARGTCTACTGATTCGAGCAGAACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGITATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002286 TARGTCTACTGATTCGAGCAGAACTGAGCCAGCCGGEGCGCTCTTCTAGGGGATGATCAGATTTACARCGTAATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT
4002314 TAAGTCTACTGATTCGAGCAGRACTGAGCCAGCCGEGCGCTCTTCTAGGGGATGATCAGATTTACAACGTARTCGTCACAG! TGCCTTCGITATGATTTTCTTTATAGTCATGCCGATTATGAT
40022596 TARGTCTACTGATTCGAGCAGAACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGITATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002289 TARGTCTACTGATTCGAGCAGRACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002313 TAAGTCTACTGATTCGAGCAGRACTGAGCCAGCCGGEGCGCTCTTCTAGGGGATGATCAGATTTACRACGTARTCGTCACAG! TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002298 TARGTCTACTGATTCGAGCAGAACTGAGCCAGCCGEGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT
4002295 AGTCTACTGATTCGAGCAGRACTGAGCCAG CGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
4002306 AGTCTACTGATTCGAGCAGRACTGAGCCAG CTTCTAGGGGATGATCAGATTTACAACGTARTCGTC: Gi “CTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT)
4002283 AGTCTACTGATTCGAGCAGRACTGAGCCAGCCGGGCGCTCTTCTAGGGGATGATCAGATTTACAACGTAATCGTCACAG TGCCTTCGTTATGATTTTCTTTATAGTCATGCCGATTATGAT,
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Figure 4.25 Conserved region of cytochrome oxidase 1 gene showed in stars
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Figure 4.26 A graphical representation of nanoparticle interaction in the DNA
sequencing is depicted.

DNA strands are cohesively attached to the ternary hybrid nanoparticles. Since the
nanoparticle size is bigger than the DNA material, it can be said that the DNA material
is not affected by unwanted reactions or damaged by the addition of nanoparticles. The
presence of irregularly shaped graphene nanoparticles increases the surface area in the
PCR master mix, which enhances the thermal conductivity of the reaction and, in turn,
enhances the reaction's efficiency. The nanoparticles do not pass through the capillary
tube towards the positively charged electrode in the capillary electrophoresis due to its

positive or neutral charge (Lamminen, 2011).

4.4.5 Effects of THNp on DNA Denaturation
DNA denaturation refers to the melting or the opening of a double-stranded DNA into
two single strands of DNA, which involves breaking the hydrogen bonds between the
two strands of DNA in the duplex. In simple terms, it is the breaking down of DNA
molecules for comparison or sequencing. This usually occurs at higher temperatures of
around 92°C to 94°C, depending on the type of DNA used in the reaction. From the
point of view of the heating aspect of the DNA strands and its stability is to stack the
primer bases on top of the two DNA strands once it has un-winded. For the DNA to
denature, the main complication is to overcome the binding energies of the hydrogens,
which hold up the DNA in double strands of the base pairs. The bonding or the stacking
energies are less for pyrimidine/purine (YR) steps and A: T-rich regions. The sequence
of TATATA quickly melts in both the test tube and inside the cells (Ussery, 2013).
There are a few ways to denature DNA,; the top methods include heating,

chemical denaturation by adding NaOH and adding a high salt concentration. The three
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mentioned methods are used depending on the specific application. The most common
method is to simply heat the DNA to a specific temperature above its melting point. The
DNA unwinding the double strands of DNA can be monitored by using a
spectrophotometer, which uses the principle of focusing UV light through a transparent
cuvette and measuring the DNA's absorbance. The DNA usually has a strong
absorbance at 260nm. The denaturation can determine once there is an increase in
absorbance of UV light in the spectrophotometer until it has completely melted or un-
winded to two single strands. Then the absorbance will remain constant even on a
further increase of temperature or heating. The higher absorbance of UV light by the
single-strand DNA is called the hypochromic effect, as it absorbs 50% more light than
the dual strand before the melting point. The denaturation process is reversible, and it
occurs once the temperature is lowered below the melting point, and it is known as
renaturation. The time taken for renaturation can be used to determine the repetitive
fractions and DNA base composition.

The melting point or the Tr, will vary for different DNA based on many factors
such as length of the DNA strand, base composition, topological condition of DNA, the
composition of the buffer, etc. shorter strand of DNA will have a shorter melting time
and will melt easily compared to a longer strand of DNA. Since the melting point of
DNA has so many dependant variables, it is difficult to accurately predict the exact
melting temperature of the given DNA sequence. DNA denaturation was done in a
spectrophotometer with Two DNA samples (named 12 and 27) of concentration 1.793
and 1.895 along with the synthesized graphene-based ternary hybrid nanofluids (GO-
Ti0O2-Ag and rGO- TiO.-Ag) with five levels of concentrations.

Figure 4.27 and 4.28 below shows a series of the absorption plots of the DNA

samples with and without the addition of THNp. Thermal studies of DNA in the
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presence of THNp using a spectrophotometer can give us a more in-depth insight into
the behavior of DNA denaturation. The denaturation measurements were carried out in
various temperatures starting from 80°C to 96°C. The measurements plots for GO-
TiO2-Ag and rGO- TiO2-Ag are presented side by side based on the concentration. It
will be helpful in the comparison between the two different THNp of the same
concentration. From Figures 4.27 and 4.28, it is evident that the absorbance of the DNA
in the presence of THNp is much higher than the DNA without THNp. The GO-based
THNp peaks at a wavelength of 200nm, while the rGO based THNP peaks at around
300nm. The nanoparticles tend to aid the process of denaturation even at 80°C.
Observations from the series of plots of DNA in the presence of both GO and rGO based
THNp, it is evident that the absorbance is higher at the higher concentrations of
nanoparticles in the fluids. When the concentration is decreased, the absorbance is
decreased, making the absorbance peaks of the DNA flat after 240nm.

At the lowest concentration of the nanoparticles, the absorbance curves are
almost in sync with that of the absorbance of plain DNA in the absence of THNp.
Interestingly, at the lowest concentration of the THNp, their absorbance is negative,
which indicates that the UV light passing through the DNA samples in the presence of

THNp gives out a greater intensity of light. It may have important significance.
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Figure 4.27 DNA — 12, plots a, b, c, d, e are GO-TiO2-Ag samples of concentrations
A(5x10)wWt%, B(5x10?)wt%, C(5x103)wt%, D(5x104)wt%, and E(5x10°)wt%, and
f, g, h, 1 ,jare rGO-TiO2-Ag samples of concentrations A(5x10)wt%, B(5x102)wt%,

C(5x107%)wit%, D(5x10*)wt%, and E(5x10°)wt%

The plots in Figure 4.27 and 4.28 shows the DNA samples with THNp of the different
DNA samples. The DNA concentration of 6.493 ng/ul and is much lower than the
previous measurements. Similar absorbance patterns can be seen in these plots, except
that the absorbance of the rGO based THNp added to DNA samples shows higher
absorbance for the same concentration of nanoparticles. The trend seems to be similar
to a higher concentration of the nanoparticles in DNA samples, shows higher
absorbance in all measured temperatures, and the absorbance is lower in the lower
concentration of nanoparticles in the samples. Plot | has a higher absorbance at a
wavelength of 220nm, which shows that the THNp induces earlier denaturation of DNA
at significantly lower temperatures when compared to samples of DNA without the
nanoparticles. With the reduction of nanoparticles in lower concentration samples, the
absorbance shows a negative value, which indicates that there is more UV light emitted.

The stark difference between the GO and rGO based THNp is that The GO-based
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samples have higher absorbance even at lower concentrations, and negative absorbance

is not observed in any of the samples, unlike rGO based samples.
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Figure 4.28 DNA — 27, plots k, I, m, n, and o0 are GO-TiO2-Ag samples of
concentrations A(5x10)wt%, B(5x102)wt%, C(5x10)wt%, D(5x10*)wt%, and
E(5x10°)wt% and p, g, 1, s, and t are rGO-TiO,-Ag samples of concentrations
A(5x10)wi%, B(5x102)wt%, C(5x103)wit%, D(5x10*)wt%, and E(5x10°)wt%

4.4.6 Absorbance at 260nm

Figure 4.29 shows the absorbance at 260nm for the two DNA samples measured along
with the two types of GO-based ternary hybrid nanoparticles. The absorbance plots at
260 nm show that most samples have higher absorbance at various temperatures than
the sample DNA measured without the nanoparticles. This plot signifies that the DNA
denaturation occurs at an earlier temperature as the absorbance is much higher for the
samples with the nanoparticles. The nanoparticles present in the fluids confront the

DNA with increased thermal conductivity in the reaction mixture, which advances the
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melting temperature of the DNA. It leads to the uncoiling of the double helix of the

DNA to single strands. This results in higher absorbance of UV light from the

spectrophotometer.
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Figure 4.29 Absorbance at a wavelength of 260 nm for 2 samples of DNA (a) 12
(Wavelength 260) (b) 27 (Wavelength 260)
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4.5 NUMERICAL SIMULATION OF PCR USING ANSYS

The PCR reaction was numerically simulated using ANSYS workbench© from
ANSYS, Inc. The USA. Solid works© 3D modeling software was used to design the
heating aluminum plate consisting of 96 wells for the PCR tubes. The model was
designed based on the Bio-Rad thermos-cycler commonly used in PCR. The 3D model
of the polypropylene 0.2 ml PCR tubes was also designed in solid works. The thermal
transient model in the ANSY'S workbench was used to simulate PCR conditions. The
fluid inside the tube was well described with the same initial conditions as the PCR
reaction agents and the addition of nanoparticles to the fluid. The simulation was run
with and without the addition of nanoparticles in the tube, and then post-processing was

done with contours of the heat transfer.

4.5.1 Finite Element Method

The finite elements system is a computational tool for finding possible solutions to a
broad range of engineering problems. Owing to its versatility and simplicity as a means
of analysis, the finite element approach gains substantial attention in engineering
education and industry. The need to obtain approximate numerical solutions for
complex industrial problems is ever-growing as numerical simulations reduce the cost
and time exponentially in contrast to making an entire model or obtain a complete exact
experimental solution that is difficult to a closed-form. The refrigeration of computer
devices (or chips) offers an example of a complicated situation where an FEA is highly
necessary to study the behavior even before the actual production. A few examples of
these dynamic issues are the dispersion of contaminants in non-uniform ambient
settings, metal wall temperatures in gas turbine blades where the inlet gas temperatures

reach the melting point of the blade material, cooling issues in electric motors, multiple
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phase-change problems, and so on. While they can be extracted, it is difficult to obtain
an analytical solution to these problems by controlling equations and border conditions
from the first principles. The complexity is because there is irregular or arbitrary
geometry or other feature of the problem.

The most widely used approaches include finite difference, finite volume, and
finite element methods, among the numerous computational methods developed over
the years. The finite difference is a well-established and conceptually simple method
that needs an approximation of the governing equations pointwise.

The models are shaped like a set of grid points by writing the differential
equations, which can be strengthened by increasing the number of points. Although
many thermal transfer problems may be resolved using the finite difference methods
(Ozisik, 1994), the finite difference technique becomes challenging to use when
irregular geometries or unusual boundary conditions are found. The finite volume
method is a simplified version of the finite differences method and has been popular
with the dynamics of computational fluids. The finite volume technology of vertex-
cantered is very similar to the finite element method of the linear element (Malan et al.,
2002).

In the present study, a synthetic combination of polypropylene and aluminum
nanopowders released in the molten liquid is known to be isotropic, single-phase gas,
Newtonian fluid. The equivalent thermal properties Density, thermal conductivity,
Specific heat capacity, and viscosity of hybrid nanofluids have been calculated using

mathematical formulas developed (Sharma, 2014) as indicated:

Petf = (%) pp + (1 - %) Pt (4.1)
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Where ¢ is the hybrid nanofluid volume fractions and the symbols subscriptf, p and
ef f are referred to fluid, solid nanoparticles and hybrid nanofluid part respectively (see

Table 4.1).

4.5.1.1 Finite Element Modelling

The simple 3D modeling of the 0.2mL PCR tube was modeled in solid works with
reference from Bio-rad© PCR tubes. It has a total height of 15.06 mm, as shown in
Figure 4.3030. The tube was designed along with a proper lid to close. The material
chosen was polypropylene. The aluminum plate with 96 wells was also designed using
the Bio-Rad thermocycler plate design with an area of 127.76x85.48mm? as shown in
Figure 4.31. The plate and the tube were then assembled to enumerate real PCR
conditions, as shown in Figure 4.32. The material characteristics of the chosen

Aluminum and Polypropylene are as illustrated in Table 4.1.
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Figure 4.30 3D model of a 0.2mL PCR tube
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Figure 4.31 3D model of the thermo-cycler Aluminum plate
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Figure 4.32 Section view of the PCR tube inside the Aluminum well set up with the
PCR reaction mixture.

Table 4.1 Material properties

Material Polypropylene Aluminium

Density 910 kg/m® 2700 kg/m?®

Tensile Strength 150 — 200 n/mm? 205 n/mm?

Thermal Coefficient of expansion 1.5-4x10%/k 2.34x10°
Specific heat capacity 1180 — 1500 J/(kg-K) 887 - 963 J/(kg-K)
Thermal conductivity 0.3 W/(m-K) 170 - 220 W/(m-K)

4.5.1.2 Meshing and Boundary Conditions

The simple meshing of the assembled aluminum and 0.2mL polypropylene PCR tube
was done on ANSY'S using unstructured tetrahedral mesh. The boundary conditions
were set with the bottom base of the aluminum plate as a heating and cooling side. The
skin contact between the aluminum plate and the PCR tube was set as convection where

the heat transfer takes place. The contact point of the PCR tube and the PCR mixture
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was set as convection, where there is a heat transfer taking place between the PCR
mixture and the inner side of the PCR tube. The faces and the body of any particular
geometry were merged to make it one solid body. Meshing was done with a course
adaptive sizing function. The inflation transition ratio was set as 0.272, with a maximum
of 5 layers. The element size was set at 3.10 m, with the total number of nodes and

elements generated were 187574 and 125472, respectively. The detailed cross-section

of the mesh generated is as shown in Figure 4.33.
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Figure 4.33 Sectioned view of meshing in the assembly

4.5.2 Results

The PCR mechanism was simulated in and ANSYS to investigate the thermal
enhancement of reaction by adding ternary hybrid nanoparticles. The simulation was
performed with a three-dimensional model. The analysis was done on the aluminum
plate and PCR tube by selecting only one tube/well of the aluminum plate of the
Thermocycler to reduce the simulation size and the computing memory. Adiabatic
conditions were set for the top surface. The bottom surface was set as a heating side. As
mentioned in the above section, the typical PCR reaction tube and the reaction were set
in geometry. The boundary conditions were set as actual PCR conditions. Temperature
sensors were set at different heights inside the PCR tube to check the temperature. Two
cases were performed, the first was simulated without nanoparticles on a simple PCR
reaction mixture (using the following values: p =998.2 kg m—3; C p=4182 J kg—1 k;
k=0.6 wmK—1; pn=0.001 003 kg ms—1). Then the case 2 was simulated with similar
values except for the effective thermal conductivity and specific heat, which was
calculated using. In contrast, the effective thermal conductivity was determined based

on the Hamilton—Crosser and Bergman equation on a mass-averaged expression.
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The contours were obtained after different time steps. The first step was to simulate the
denaturation, increasing the temperature from ambient to 92°C for 30 seconds. The
annealing conditions were simulated where the temperature was reduced from 92°C to
55°C for 30 seconds. The final extension step was simulated by increasing the
temperature from 55°C to 72°C. This completed a single cycle of PCR. The simulation
was first performed for the PCR without nanoparticles. Then it was performed again for
similar conditions with a calculated specific heat capacity of 4080 J/kg/k and effective
thermal conductivity of 0.90 W/mK. The temperature contours for the two cases are
presented below in Figure 4.34. It can be seen that with the addition of ternary hybrid
nanoparticles to the PCR, there is an increase in thermal conductivity enhancement in
the reaction. The reaction time was reduced by approximately 40% for samples with
nanoparticles compared to samples without nanoparticles. The simulation results were
consistent with our experimental results. More importantly, there was a considerable

reduction of time taken for the enhance transfer in the reaction.
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Figure 4.34 Temperature contours of the simulation, with three different PCR steps
(a) 28°C-92°C (denaturation), (b) 92°C-55°C, (annealing), and (C) 55°C-72°C
(extension) using the ANSYS.

4.6 CHAPTER SUMMARY

The ternary-hybrid nanoparticles (THNp) were synthesized and characterized
using SEM, FTIR, Raman spectroscopy, and XRD. The SEM results show that
graphene has bonded with the silver and titanium nanoparticles to form a ternary-hybrid
nanoparticle. The FTIR plots show that the transmittance is highest at a wavelength of
about 1000 cm™ for the THNp, while the lowest transmittance is 1300 cm™. Raman
spectra results show that a highly intense G band occurs at 75072 for the rGO-TiO2-Ag,

whereas it is 13002 for GO-TiO,-Ag. According to the XRD pattern, the THNp shows

117



a peak at 25°, and the particle size distribution analysis shows that the GO-based ternary
hybrid has a particle size peak at 750nm while the rGO based ternary hybrid peaks at
1750 nm.

Two GO-based ternary hybrid nanoparticles (GO- TiO2-Ag and rGO-TiO2-Ag)
were synthesized and dispersed in deionized water with a concentration of about 0.05
wt%. The nanofluids are then serially diluted for about five levels. The stability of the
concentrated stock solution is checked by measuring the Zeta potential. It showed that
the measured value was in a range between 25 mV to 5 mV, which is considered stable.
Anton-Paar MCR302 modular compact rheometer was used for rheological
measurements. The measurements were carried out in controlled stress and temperature,
with the temperatures ranging from 25°C to 50°C at 5°C increments. The GO-based
ternary hybrid nanofluids exhibited Newtonian behavior with higher concentrations,
whereas the nanofluids exhibit non-Newtonian shear thinning behavior or Pseudo-
plastic at lower concentrations. The ternary hybrid nanofluids behave like Newtonian
fluids at lower temperatures. At higher temperatures and lower shear rates, the viscosity
decreases, indicating Shear thinning behavior. Phase separation is believed to be the
reason for the nanofluid’s shear thinning behavior. The viscosity of GO and rGO based
THN fluids behave opposite to each other. The viscosity of GO-based nanofluid
increases while the viscosity of rGO based nanofluid decreases with the decrease of
concentration of nanoparticles in the fluid. Concentration plays a vital role in the change
of viscosity with the temperature change. Van der Waals forces act on the particles in
lower temperatures, whereas there is a weak force of attraction at higher temperatures,
leading to a decrease in viscosity. Agglomeration plays a crucial at higher temperatures.
The GO-based nanofluid behaves as a Newtonian fluid at higher concentrations, while

the rGO behaves as a dilatant fluid or shear thickening. The GO-based nanofluids at
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lower concentrations follow similar trends as rGO based ternary hybrid nanofluids. The
effects of concentration, temperature, and stresses applied to the non-linear viscoelastic
reveal the presence of the linear viscoelastic (LVE) region. Non-destructive stress tests

were conducted using oscillating angular sweep.

The PCR reaction was conducted with the addition of two types of graphene oxide-
based ternary hybrid nanoparticles. The plasmid DNA was isolated from bacterial
samples. PCR reactions were carried out with and without the addition of GO-based
ternary hybrid nanoparticles in various concentrations. Agarose gel electrophoresis was
performed on the PCR product to check the band intensity of the PCR product. Visual
observations using fluorescence ultraviolet light showed substantial enhancements on a
particular concentration of 5x10° wt% of the nanoparticles in the fluids in both the GO
and rGO based ternary hybrid nanoparticles. The band quantification of the agarose gel
confirmed the results. The PCR product was sent for sequencing analysis. It showed
that a higher concentration of the ternary hybrid nanoparticles inhibits the PCR reaction,
which does not lead to enhancement, but at a lower concentration, it gives better
enhancements. DNA denaturation test on the spectrophotometer showed that samples
with ternary hybrid nanoparticles had higher absorbance of UV light at various
concentrations and temperatures when compared to DNA samples without the use of
nanoparticles. The PCR product DNA was sent for sequencing. The sequence analysis
was done using Clustal W v2. It showed the presence of noise. We highly suspect it to
be due to the affinity of Ternary hybrid nanoparticles towards the salt molecules present
in the PCR reaction mixture.

The PCR tube and the thermocycler aluminum plate were modeled and assembled

in Solid works and then simulated with ANSY'S using a thermal transient model. The
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simulations were performed similarly to PCR conditions with three steps, such as
denaturation (28°C-92°C), annealing (92°C-55°C), and extension (55°C-72°C). The
simulations were performed as two cases of PCR with and without nanoparticles. It was
found that the samples with ternary hybrid nanoparticles have enhanced thermal
conductivity when compared to samples without the ternary hybrid nanoparticles. It also
showed a considerable reduction in time for the thermal enhancement in a sample

consisting of ternary hybrid nanoparticles.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

In this study, two types of novel ternary hybrid nanoparticles (THNp) or tri-hybrid
nanoparticles (GO-TiO2-Ag and rGO-TiO2-Ag) were synthesized using three of the
highly reputable nanoparticles, namely graphene oxide, titanium dioxide, and silver.
The nanoparticles were selected based on the merits after studying the literature
thoroughly and based on the feasibility to synthesize them, keeping in mind the ease of
manufacturability and costs and the suitability of application. Graphene oxide (GO)
sheets and reduced graphene oxide (rGO) was decorated by two types of nanoparticles,
namely, TiO2 and Ag. The two ternary hybrid nanoparticles were then characterized
using Scanning electron microscopy (SEM), which showed that the GO-TiO2-Ag
ternary hybrid nanoparticle was crumpled and rippled. Whereas the rGO appeared more
as layered and wrinkled nano-sheets decorated with the TiO2 and the Ag.

It was observed that the flakes are not as scattered as in GO-TiO2-Ag. A non-
uniform distribution pattern of the flakes can be observed. Laser Raman spectroscopy
(LRS) was used to measure Raman Spectroscopy at room temperature in the 200-3000
cm® region through a UV excitation at 325 nm. The spectra of the GO-TiO2-Ag and
rGO-TiO2-Ag showed structural defects in the sp?-hybridized carbon system are
determined mainly by analyzing the D- and G- bands in Raman spectra. The peak
intensity ratio Ip/lc of rGO-TiO,-Ag increased to 1.41 compared to the GO-TiO2-Ag
(0.96). It could be to the presence of higher defects in its graphitic domains during the
chemical reduction of the GO. Fourier transform infrared spectroscopy (FTIR) showed

peaks at 1,620 cm™ and 1,223 cm™?, together with a small peak at 596 cm™, which may
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also attribute to the stretching vibration of (NH) C=0 group of silver nanoparticles. The
essential peak of Ag and TiO: is present in the FTIR of rGO-TiO2-Ag, which indicates
the successful manifestation of the silver and titanium nanoparticles on the rGO. X-ray
powder diffraction (XRD) showed a series of reflections which peaks at 24.5° (101),
38.9° (004), 49.5° (200), 55.4° (105), and 64.2° (204) corresponding to the anatase
phase of titanium. The peaks at 70.5° (220) and 79.5° (311) belong to silver
nanoparticles. Diffraction peaks of the GO-TiO,-Ag are not distinguishable with the
rGO-TiO2-Ag due to the lower crystallinity degree of the GO and the rGO compared to
the TiO», which resulted in the shielding of the peaks. The scattering of particle size
distribution ranged from 0.2 um to 500 um. The GO-based-ternary hybrid has particle
size peaks at 750nm, while the rGO- based-ternary hybrid is at the peak of 1750 nm.

Nanofluids were prepared using the synthesized THNp and lab-grade double
distilled water at a concentration of 5x 10 wt% known as stock solution. They were
then sonicated with probe and water bath sonication till the nanoparticles are completely
dissolved without sedimentation. Zeta potential measurements were performed on the
stock solution to check the stability of the ternary hybrid nanofluids. The zeta potential
measurements showed that the peaks are in the range of 25 mV to 35 mV, which are
considered stable. The prepared nanofluids stock solution was then serially diluted to
about five levels (5x 102wt%, 5x 10°wt%, 5x 10™*wt%, and 5x 10wt %).

Thermal conductivity measurements were performed on the stock and the
serially diluted nanofluids using a KD2 pro device at temperatures ranging from 25°C
to 50°C at 5°C increments. The thermal conductivity measurements showed an
enhanced thermal conductivity of the base fluids in the presence of THNp in the fluids.
The measurements showed a significant enhancement of about 66% and 83% for both

GO-TiO2-Ag and rGO-TiO2-Ag, respectively. The enhancement of thermal
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conductivity may be due to various factors such as agglomeration, inter-particle
adhesion, liquid layering, phonon transport, and others, as discussed in detail in the
discussion chapter.

Anton-Paar MCR302 modular compact rheometer was used for rheological
measurements. The measurements were carried out in controlled stress and temperature,
with the temperatures ranging from 25°C to 50°C at 5°C increments. The nanofluids'
dynamic viscosity measurements show that the ternary hybrid nanofluids behave as
Newtonian and non-Newtonian fluids where the viscosity decreases with the increase
in temperature. Rheological investigations showed that GO-based ternary hybrid
nanofluids were observed to exhibit Newtonian behavior with higher concentrations. In
contrast, the nanofluids exhibit non-Newtonian shear thinning behavior or pseudo-
plastic at lower concentrations. The ternary hybrid nanofluids behave like Newtonian
fluids at lower temperatures. At higher temperatures and lower shear rates, the viscosity
decreases, indicating Shear thinning behavior. Phase separation is believed to be the
reason for the nanofluid’s shear thinning behavior. At higher temperatures and lower
shear rates, the viscosity decreases, indicating Shear thinning behavior. The
concentration of nanoparticles in the nanofluids played a vital role in the change of
viscosity in variation to temperature. The viscosity of GO and rGO based THNf behave
opposite to each other. The viscosity of GO-based nanofluid increases while the
viscosity of rGO based nanofluid decreases with the decrease of concentration of
nanoparticles in the fluid. Agglomeration is believed to be the reason for such behavior.

Van der Waals forces act on the particles in lower temperatures, whereas there
is a weak force of attraction at higher temperatures, leading to a decrease in viscosity.
The results indicate that thermo-physical properties of nanofluids rise with an increase

of the nanoparticle volume fraction and also noted that with the reduction in
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nanoparticle diameter, there is an increase in the surface area of the particle. It is
understood that viscosity and thermal conductivity depend on volume fractions and
nanoparticle concentration. Effects of concentration, temperature, and stresses applied
to the non-linear viscoelastic revealed linear viscoelastic (LVE) region through
oscillating amplitude and frequency sweep tests.

The PCR reaction was conducted with and without the addition of two types of
graphene oxide-based ternary hybrid nanoparticles. PCR tests were performed with
extracted plasmid DNA isolated from bacterial samples. Initial PCR results from the
agarose gel electrophoresis analysis showed that a higher concentration of ternary
hybrid nanoparticles inhibits PCR, while lower concentration (5x10-°wt.%) of both GO-
TiO2-Ag and rGO-TiO2-Ag contribute a significant enhancement of PCR product and
40% reduction of the number of cycles compared to PCR without nanoparticles.
Agarose gel electrophoresis was performed on the PCR product to check the band
intensity of the PCR product. Visual observations of the eluded gel using fluorescence
ultraviolet light showed substantial enhancements on a particular concentration of 5x10°
% wt% of the nanoparticles in the fluids in both the GO and rGO based ternary hybrid
nanoparticles.

Quantification results derived from the band intensity study using ImageJ
software corroborated the same. Sequencing results of the initial experiment analyzed
with Clustal W v2 showed noise in the PCR product. It may be due to the affinity of
THNp to salts present in the product or the presence of more than one allele in the EGFP
coding gene. Further PCR experiments were done, and the results from the agarose gel
electrophoresis analysis showed that there is a significant enhancement of the DNA for
about 16.74-folds more intense than the negative control for GO-TiO.-Ag and about

15.30- fold increase for rGO-TiO2-Ag. The addition of nanoparticles reduced the
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number of cycles considerably. The reduction was about 28.5% of the number of cycles
from 35 to 25 cycles. This may be attributed to the effective thermal conductivity of the
ternary hybrid nanoparticles in the PCR master mix, which enhanced the reaction. In
the consecutive experiments, the addition of nanoparticles does not cause any DNA
damage or mutation, or nonspecific binding of primers during sequencing. The analysis
did not show the presence of noise in the sequencing of subsequent experiments. Hence,
SNPs (GO-TiO2-Ag and rGO-TiO2-Ag) can be effectively used as an additive to
achieve higher PCR efficiency at the genome level. Separately DNA denaturation tests
were performed with a spectrophotometer with and without ternary hybrid nanofluids
of all the prepared concentrations. The results showed a significant absorbance of UV
light in the samples with THNp, indicating earlier denaturation.

Numerical simulations using ANSYS thermal transient model were performed
for a PCR setup with and without THNp. The PCR tube and the thermocycler aluminum
plate were modeled and assembled in Solidworks. The simulations were performed
similarly to PCR conditions with three steps, such as denaturation (28°C-92°C),
annealing (92°C-55°C), and extension (55°C-72°C). The simulations were performed
as two cases of PCR with and without nanoparticles. It was found that the samples with
ternary hybrid nanoparticles have enhanced thermal conductivity when compared to
samples without the ternary hybrid nanoparticles. It also showed a considerable
reduction in time for the thermal enhancement in a sample consisting of ternary hybrid
nanoparticles. The temperature contours showed a significant enhancement of the heat
transfer in the PCR reaction with THNp, with a significant reduction of time taken for
the thermal enhancements corroborating our experimental results. Overall, the ternary
hybrid nanoparticles prove to be an excellent thermal enhancer for PCR as desired in

our objectives.
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5.2 RECOMMENDATIONS FOR FUTURE

It was observed that the thermal conductivity of the base fluid and the PCR assay was
significantly enhanced with the prepared ternary hybrid nanofluids. In the next phase of
the study, it is desired to study the characteristics of the THNp characterization using
the Atomic Force Microscope (AFM) to imagine the surface topography of the THNp
and study its physical, mechanical, functional, and electrical properties. It is also
desired to characterize the nanofluids for other higher concentrations using Liquid cell
transmission electron microscopy (TEM) to check the interactions of the base fluids.
The Characterized THNp can also be applied to other biological applications
other than conventional PCR like Gene editing, targeted drug delivery, Bio detection of
pathogens, detection of proteins, tissue engineering, tumor destruction via heating
(hyperthermia), Separation and purification of biological molecules and cells, MRI

contrast enhancement, Phagokinetic studies etc.
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APPENDIX A: SEQUENCING FASTA FORMAT

3911756 _1-2
TCCGGCCTNGTCCCCCCATTGACGTCAATGGGGAGTTTGTTTTGGCACCA
AAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGC
AAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTC
TGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGAC
TCACTATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAAC
GGCCGCCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGC
TCCTGATGGAGAGGAGCGCGGAGCAGCGCTTGACTCGGGCGATGCTGAGT
CTGGTCGATCTGGATAAGCAAGTAAGCAGCGACTAGTCCAGCGTGTCCGG
CGAGGGCGAGGGCGATGCCACCTACGGGTAGCTGACCCTGAAGTTCATCT
GCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTG
ACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCA
CGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCA
TCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTC
GAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAA
GGAGGACGGGCAACATCCTGGGGGCACAAGCTGGAGTACAACTACAACA
G

CCACAACGTCTATATCATGGCCGACAAGCANCAGAAAAAA

>3911757_1-3
GGCTNGTCTNCCCATTGACGTCAATGGGGAGTTTGTTTTTGGCACCAAAA
TCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAA
TGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGG

CTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCA
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CTATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGC
CGCCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCG
AGATGGTGAGGAGCGCGGAGGAGCGGTTCACTGGGGTGGTGCCGATCCTG
GTCGAGCTGGACGGGGACGTAAGCGGCCACAAGTTCAGCGTGTCCGGCGA
GGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCA
CCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACC
TACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGA
CTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCT
TCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAG
GGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGA
GGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACA
ACGTCTATATCATGGCCGACAAGCAAAAG

>3911758_1-4
CGGGTAGTCCCACCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAA
TCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAA
TGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGG
CTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCA
CTATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGC
CGCCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCAGCTCG
AGATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTG
GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGA
GGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCA
CCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACC
TACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGA

CTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCT
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TCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAG
GGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGA
GGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACA
ACGTCTATATCATGGCCGACAAGCAAAAGAACGGN

>3911759_2-2
GCCTNGTCTNCCCATTGACGTCAATGGGGAGTTTGTTTTGGCACCAAAAT
CAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAAT
GGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGC
TAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCAC
TATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCC
GCCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCCT
GATGGAGAGGAGCGCGGAGCAGCGCTTGACTGGGGTGATGCTGAGCCTGG
TCGAGCTGGACGGGGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAG
GGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCAC
CACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCT
ACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGAC
TTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTT
CTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGG
GCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAG
GACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAA
CGTCTATATCATGGCCGACAAGCAAAC

>3911760_2-3
CGGCCTAGTCCCCCCATTGACGTCAATGGGAGTTTGTTTTTGGCACCAAA
ATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAA

ATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTG
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GCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTC
ACTATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGG
CCGCCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTC
GAGATGGTGAGGAGCGGCGAGGAGCGGTTCACCGGGGTGGTGCCCATCCT
GGTCGAGCTGGACGGGCACGTAAGCGGCCACTAGTTCAGCGTGTCCGGCG
AGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGC
ACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAC
CTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACG
ACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATC
TTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGA
GGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGG
AGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCAC
AACGTCTATATCATGGCCGACAAGCAACGNAAG

>3911761_2-4
GTNNCCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGG
GACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGG
TAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTA
GAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGG
GAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCCGCCAGT
GTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCAGCTCGAGATGGT
GAGCAGGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGC
TGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAG
GGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGG
CAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCG

TGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTC
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AAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAA
GGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGAC
A
CCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGC
AACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTA
TATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCC
GCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGTAG
AACACCCTCATCGGCGACGGCCCCGTGCTGCTGCCGAACATCACTATCTG
AGTATCTAGTCCGCCTTGATCAAAGAC

>3911762_3-2
CGGGTTAGTNCACCCATTGACGTCAATGGGGAGTTTGTTTTGGCACCAAA
ATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAA
ATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTG
GCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTC
ACTATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGG
CCGCCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTC
CAAGTGGAGCCGAGCGCGGAACAGCGCTTGGGTCGCGCGATGGTGAGTCG
GGTCGAGCTGGATAGGCACGTAAGCAGCGACAAGTTCAGCGTGTCCGGCG
AGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGC
ACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAC
CTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACG
ACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATC
TTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGA
GGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGG

AGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCAC
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AACGTCTATATCATGGCCGACAAGCAACANNNNG

>3911763_3-3
GCTNGTNCCCCCATTGACGTCAATGGGGAGTTTGTTTTGGCACCAAAATC
AACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATG
GGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCT
AACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACT
ATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCCG
CCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCCTG
ATGGAGACGAGCGCGGAACAGCGCTTGACTGGCGCGATAGTGAGTCGGGT
CGAGCTGGATAAGCCAGTAAGCAGTGACTACTCCAGCGAGCCCGACAACG
GCGAGGGCGATGCCACCTACGGGTAGCTGACCCTGGAGTTCATCTGCACC
ACCGGCAAGCTGCCCGNTGCCCTGGGCCCACCCTTCGTGACCACCCTGAA
ACCTACGGCGTGCAGTGGGCTTCAGCCGCTACCCCGACCACATGAAGCAG
CACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCAC
CATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGT
TCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTC
AAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACA
G

CCACAACGTCTATATCATGGCCGGACAAGCAAAACA

>3911764_3-4
GGCTTCGTCTNCCCATTGACGTCAATGGGGAGTTTGTTTTGGCACCAAAA
TCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAA
TGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGG
CTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCA

CTATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGC
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CGCCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCG
AGATGGAGAGGAGCGGGGAGGAGCGGTTCACTGGGGTGATGCCGATCCT
G
GTCGAGCTGGACGGGCACGTAAGCAGCCACAAGTTCAGCGTGCCCGACAA
CGGCGAGGGCGATGCCACCTACGGGTAGATGACCCTGGAGTACATCTGTA
CCACCGGCGAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACC
TACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGA
CTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCT
TCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAG
GGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGA
GGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACA
ACGTCTATATCATGGCCGGACAAGCAAAAAG

>3911765_4-2
GCTTNGTCTNCCCATTGACGTCAATGGGGAGTTTGTTTTGGCACCAAAAT
CAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAAT
GGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGC
TAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCAC
TATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCC
GCCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCGA
GATGGAGAGGAGCGCGGAGGAGCGGTTCACTGGGGTGATGCCGATCCTGG
TCGAGCTGGACGGGCACGTAAGCAGCGACTAGTTCAGCGTGTCCGGCAAC
GGCGAGGGTGATGCCACCTACGGGTAGATGCCTCTGGAGTTCATCTGTAC
CACCGGCGAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCT
ACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGAC

TTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTT
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CTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGG
GCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAG
GACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAA
CGTCTATATCATGGCCGACAAGCAAAAGA

>3911766_4-3
GCCTNGTCTNCCCATTGACGTCAATGGGGAGTTTGTTTTGGCACCAAAAT
CAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAAT
GGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGC
TAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCAC
TATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCC
GCCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCGA
GATGGAGAGGAGCGCGGAGGAGCGGTTCACTGGGGTGATGCCGAGCCTG
G
TCGAGCTGGACGAGCGACGTAAGCAGCGACTAGTTCAGCGTGCCCGAGAA
CGGCGAGGGTGATGACACCTACGGGTAGATGCCCATGGAGTACATCTGTA
CCACCGGCGAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACC
TACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGA
CTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCT
TCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAG
GGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGA
GGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACA
ACGTCTATATCATGGCCGACAAGCAACT

>3911767_4-4
GCTNGTCTCCCCATTGACGTCAATGGGGAGTTTGTTTTGGCACCAAAATC

AACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATG
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GGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCT
AACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACT
ATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCCG
CCAGTGTGCTGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCCTG
ATGGAGACGAGCGCGGAGCAGCGCTTGACTGGGGCGATGCTGAGTCGGGT
CGAGCTGGATAAGCAAGTAAGCAGCGACTAGTTCAGCGTGTCCGGCGACG
GCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACC
ACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTA
CGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACT
TCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTC
TTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGG
ACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAC
GTCTATATCATGGCCGGACAAGCAAACACGNNNGN

>3911768_Control
GCCTNGTCTNCCCATTGACGTCAATGGGGAGTTTGTTTTGGCACCAAAAT
CAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAAT
GGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGC
TAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCAC
TATAGGGAGACCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCC
GGCCAGTGTGCTGGGAATTCTGCAGATATCCATCACACTGGCGGCCGCTC
CTAATGGAGACGAGCGCGGAGCAGCGCTTGGCTGGCGCGATAGTGAGTCG
GATCGAGCTGGATAAGCCAGTAAGCAGTGACTACTCCAGCGAGCCCGAGA
ACGGCGAGGGCGATGCCACCTACGGGTAGCTGACCCTGACGTTCATCTGC

ACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAC

159



CTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACG
ACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATC
TTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGA
GGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGG
AGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCAC

AACGTCTATATCATGGCCGACAAGCAACAAC
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