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In recent years, the use of nanoparticles (NPs) for improving the specificity and efficiency
of the polymerase chain reaction (PCR) and exploring the PCR enhancing mechanism has
come under intense scrutiny. In this study, the effect of titanium dioxide (TiO,) NPs in
improving the efficiency of different PCR assays was evaluated. Transmission electron
microscopy (TEM) results revealed the average diameter of TiO, particles to be about 7
nm. Aqueous suspension of TiO, NPs was included in PCR, reverse transcription PCR
(RT-PCR) and quantitative real time PCR (qPCR) assays. For conventional PCR, the
results showed that in the presence of 0.2 nM of TiO, a significant amount of target DNA
(P<0.05) could be obtained even with the less initial template concentration. Relative to
the larger TiO, particles (25 nm) used in a previous study, the smaller TiO, particles (7
nm) used in our study increased the yield of PCR by three or more fold. Sequencing
results revealed that TiO, assisted PCR had similar fidelity to that of a conventional PCR
system. Contrary to expectation, TiO, NPs were unable to enhance the efficiency of RT-
PCR and qPCR. Therefore, TiO, NPs may be used as efficient additives to improve the
conventional PCR system.
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1. Introduction

The molecular biology techniques including conventional PCR, qPCR and RT-PCR have
been recognised to be the standard industrial techniques for the qualitative and quantitative
analysis of nucleic acids due to their high sensitivity and specificity. PCR and qPCR mimic the in
vivo molecular process, DNA replication [1]. Both of these techniques require single or few copies
of DNA template, the primer specific for targeting the sense and antisense strands, dNTPs, heat
stable Taq polymerase, and magnesium ions in the buffer for the synthesis of target DNA
sequence. Usually, the PCR assays are performed by cycling of denaturation (94°C), annealing
(~50-60°C) and extension (72°C) temperatures. The high temperature is applied to denature the
strands of the double helical DNA by destroying the hydrogen bonds. Then, temperature is
lowered to let primers anneal to the template, and finally the temperature is set around 72°C which
is optimum for the heat stable polymerase that extends the new DNA copies by incorporating the
dNTPs [2].

PCR technology is emerged to specifically amplify a target DNA from an undetectable
amount of starting materials. In conventional PCR at the end of the amplification, the products
(also known as amplicons) can be run on a gel for detection. Later, gPCR was developed to
eliminate the necessity of PCR product gel analysis and for the simultaneous detection of a
specific target DNA amount in a sample by monitoring the reaction product in real time.
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Additionally, this technique needs SYBR Green I commonly used dye for non-specific detection.
This dye intercalates with double-stranded DNA and emits fluorescence which is proportional to
the amount of amplified product [3]. To detect the RNA expression levels, RT-PCR is commonly
used to convert the interested RNA into complementary DNA (¢cDNA) using reverse transcriptase
enzyme. In this reaction, similar materials including short random, oligo dT or gene specific
primers will be used for the expression analysis except RNA as template [4].

Due to the ability of amplifying DNA from even from single copy sequences, PCR has
owned significant role in biomedical and biological research to manipulate the DNA for cloning,
sequencing, genetic analysis, functional analysis of genes, pathogen detection, and for forensic
analysis [5-10]. These wide applications demand the improvement of specificity and efficiency of
PCR assays by including various additives. There are different key factors such as primer-dimer
formation and sub-optimal heating/cooling ratio of the thermocycler have the impact on efficiency
and specificity of PCR [11]. In order to increase efficiency of the PCR, various additives including
dimethyl sulfoxide, glycerol, dithiothreitol, formamide, betain, and tetramethylammonium
chloride and its derivatives had been used [12-17]. Similarly, there are studies indicated that
various nanoscaled systems including carbon nanotubes (CNTs), carbon nanopowder, nanogold,
magnetic NPs, dendrimers could enhance the specificity and efficiency of polymerization chain
reactions [18-24]. It was also reported that the thermal efficiency will be enhanced with decreasing
size of the NPs [25-27]. All of these investigations suggest that the enhanced specificity and
efficiency of PCR might be due to the effective electrostatic interaction between the NPs and PCR
components. Abdul et al [28] demonstrated that particles size of~25 nm TiO, apart from
enhancing the amount of PCR product; they also decrease the number of cycles and the time-span
of the cycles without decreasing the PCR yield. It was also found that TiO, NPs cause the more
efficient thermal conductivity through the reaction buffer by augmenting the denaturation of
genomic DNA. Thus, TiO, NPs have been proven to be able to improve the specificity or increase
the efficiency of a polymerase chain reaction (PCR) when a suitable amount of TiO, was used.
However, there is still a lack of systematic evaluation of TiO, NPs’ effect on efficiency and
fidelity of different PCR assays. Therefore, we aimed to study the effect of smaller sized TiO, NPs
(7 nm) on Conventional PCR, RT-PCR and qPCR systems.

2. Materials and methods
2.1 Preparation of TiO, Aqueous Suspensions and Physical Characterization

TiO, ST-01 powder [Ishihara Sangyo, Japan (particle size, 7 nm)] having anatase crystal
structure was exposed to UV light for 30 mins to get rid of the DNase and RNase contamination.
To prepare the 5 mM nanosupensions, TiO, NPs were mixed in nuclease free water (Promega,
Madison) by sonication process with help of ultrasonic equipment for 30 min (40 kHz, 150 W;
DC150H Ultrasonic Cleaner, Taiwan Delta New Instrument Co.Ltd, ROC). The size and
morphology of TiO, NPs were examined by transmission electron microscopy (TEM, Hitachi, H-
7500) operated at 100 kV. The samples were prepared by directly dropping the solution of TiO,
NPs onto 200-mesh carbon-coated copper grids and dried under vacuum for 12 hr. UV
spectroscopic analysis was used for further characterisation of TiO, particles. Finally, we have
tested different nanomolar concentrations (0.05, 0.1, 0.2, 0.4, 0.8, and 1) of TiO, NPs in the PCR
and 0.2 nM was identified as the suitable concentration for enhancing the efficiency of PCR
assays.

2.2 Cell Culture and RNA Extraction

LNCaP cell lines were cultured in RPMI 1640 containing 10% FBS, and the medium was
replaced every alternative day. Cell pellet was prepared when cells confluence reached to 70% to
85%. Total RNA from cell lines were extracted by Trizol (Invitrogen, Carlsbad,CA) using the
protocol recommended by manufacturer. QlAamp DNA Mini Kit (QIAGEN, Hilden, Germany)
was used to extract the genomic DNA. Total RNA and genomic DNA were quantified and
qualified by spectrophotometry (NanoDrop Technology Inc., DE, and USA).
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2.3 PCR and Sequencing

To find the effect of TiO, NPs in PCR, RT-PCR and qPCR methods, we have used 0.2 nM
concentration of TiO, nanosupension in the reaction mixture. Amplification was performed in a
total volume of 20 pl containing 1/10 volume of PCR buffer, 0.3 mM each dNTPs, 1 mM of
MgCl,, 0.2 uM of each primer, 20 ng of ¢cDNA or genomic DNA, 2.5 units of Taq DNA
polymerase (Viogene, Taiwan). Thermal cycler (Applied Biosystems, CA, and USA) was used for
the reactions consisting of an initial denaturation at 94°C for 5 min, 23 amplification cycles at
94°C for 30 sec, 30 sec annealing temperature (55°C) and extension at 72°C for 30 sec. The yield
of PCR products was determined by using 2% agarose gel electrophoresis and ethidium bromide
fluorescent tag. To compare the fidelity of PCR in presence of TiO, with ideal PCR, DNA bands
were gel-purified by low-melting agarose gel followed by phenol/chloroform extraction and then
subjected to standard Sanger’s sequencing method (Tri-I Biotech, Inc., Taiwan) using reverse
primers (primerl-R and primer2-R). For all the PCR assays, the target genes primers were
designed using Primer 3 online tool and listed in Table 1.

Table 1. Sequences of oligonucleotide primers used for the PCR assays.

Name Oligo Sequences Annealing Temperature  Product Size
Primer1-F 5'-GCCCCTACTTGCAGCTATGA-3' 579 385 bp
Primer1-R 5'-ATACTGAGCGATCCGTCGAT-3'

Primer2-F 5'-CTAGCACCCGCTGTAAGGTC-3' 57% 420 bp
Primer2-R 5'-TAAGGCCCAGAGCTTTTGC-3'
Primer3-F 5'-GCCCATTTCTCAGATCAAGG-3' 55%C 102 bp
Primer3-R 5'-GGTCTCGCCCAGTAGATGTT-3'
Primer4-F 5'-CATGTACGTTGCTATCCAGGC-3' 55°% -60°C 253 bp
Primer4-R 5'-CTCCTTAATGTCACGCACGAT-3'

2.4 RT-PCR and gPCR

Initially, 2 to 4pug of RNA was used to reverse transcribe by using 50 uM of oligo (dT)
primers, 1/8 volume of annealing buffer and the reaction volume was adjusted to 8ul by adding
nuclease free water (Promega, Madison) and using SuperScript™ III First-Strand Synthesis
SuperMix kit (Invitrogen, Carlsbad,CA). The reaction was incubated at 50 min at 50°C. The
quality of ¢cDNA was checked by analysing the expression of housekeeping gene, beta actin
(primer4). This cDNA was further used as template for PCR and qPCR. In addition, 0.2 and 0.1
nM TiO, nanoparticle suspension was included in few reactions to check their efficacy.

gqPCR was performed using SYBR GreenSuperMix (BioRad, Hercules, CA, USA) in
20 pl total volume and a BioRad iCycler iQ Real-Time Detection System according to the
manufacturer’s instructions. qPCR was performed at cycling following conditions including
denaturation at 95°C for 10 min, 45 amplification cycles repeated at 95°C for 15 sec, 55°C for 30
sec and 72°C for 40 sec. For each sample, three identical reactions were performed. The target
gene expression levels were calculated by normalizing to beta-actin expression level using the
comparative CT (threshold cycle) method. CT represents the cycle numbers at which the
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amplification reaches a threshold level chosen to lie in the exponential phase of all reactions.
Finally, data were analysed using the iCycle iQ system software (BioRad, Hercules, CA, USA).

2.5 Quantitative Estimation of Amplified PCR Products and Statistical Analysis

Agarose gel analysis and UV-vis spectroscopy (absorbance at 260 nm) were performed to
quantify the PCR and real time PCR products. Image J analysis (http://rsbweb.nih.gov/ij/) was
carried to find the exact band intensity values of the Gel picture produced for the PCR products.
Real time PCR data were analysed using commercial software provided by the Biorad Company
along with thermal cycler. To find the significant differences between amount of PCR products
obtained in presence and absence of TiO, nanosuspensions, student’s t-test was performed using
GraphPad software in which p value less than 0.05 was interpreted as statistically significant
throughout the study.

3. Results and discussion
3.1 Characterization of TiO, NPs

Morphological analysis of TiO, NPs by TEM showed the average diameter to be about 7
nm which is in agreement with Ishihara Sangyo’s claim (Ishihara Sangyo, Japan) (Figure 1). UV—
visible absorption spectra of TiO, nanosuspension displayed a peak at 270 nm. In order to confirm
the specificity of peak at 270 nm, TiO, nanosupension was centrifuged and the absorbance of the
supernatant was measured which did not show any peak in the entire spectral window (Data not
shown).

3.2 Effect of TiO, NPs on Efficiency and Fidelity of PCR

Recent advancements in nanotechnology lead the scientists to combine the applications of
nanomaterials in biological technology [29]. In addition, various nanofluids were observed to have
the ability of higher thermal conductivity and better stability due to which they proposed to have
importance in various fields such as electronics, transportation, and biomedical engineering [30].
As it was reported that the decreasing size of the NPs could enhance the thermal efficiency [25-
27], herein speculated that addition of smaller size (7 nm TiO,) particles in the PCR reaction may
enhance the yield.

500 nm

Fig. 1. Characterization of TiO, NPs: TEM image of the TiO, NPs. The given scale bar in
the image acquisition is 500 nm. Enlarged area in the figure represents the average
diameter (7 nm) of particles
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Fig. 2. Agarose gel electrophoresis showing the increased yield of various DNA templates
in the presence of 0.2 nM of TiO, by conventional PCR: A) 385 bp of product of primer1;
B) 420 bp of product of primer2; C) 102 bp of product of primer3; D) 253 bp size of
product of primer4.The lanes, ‘M, T, S, P and N’ indicate DNA molecular weight markers,
PCR products obtained in the presence of 0.2 nM of TiO, nanosuspension, PCR products
obtained in the presence of supernatant, identical conditions(without addition of the
TiO,),and negative control in which no DNA was added. E) Quantitative estimation of
PCR products [Expressed in arbitrary units (A.U.)] using Image J software from NIH
(National Institute of Health).*indicates for the significant differences (p<0.05) of DNA
products amplified in the presences and absence of TiO, nanosupensions.
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Initially, we have included the different concentrations of TiO, nanosuspension
(0.05-1 nM) into conventional PCR. In agreement with previous studies, our earlier results
showed that PCR specificity and efficiency depend on the concentration of nanosuspensions.
Further, repeated experiments with various primers respectively from genomic DNA (Primerl and
Primer2) or cDNA (Primer3 and Primer4) templates were increased the yield of PCR at 0.2 nM
concentrations. We also performed the experiments by adding supernatant to further confirm that
the increased yield is only due to the TiO, NPs (Figure 2. A, B, C, D). In order to ensure the
consistency of the results, each experiment was repeated for three times. Quantitative analysis of
agarose gel electrophoresis pictures showed that TiO, NPs improved the PCR yield by three or
more fold. The enhanced amplified product intensity [Expressed in arbitrary units (A.U.)] in
presence of TiO, nanosuspension was found to be significant (P<0.05) (Fig. 2. E). In addition,
even with low template concentration, the TiO, NPs were able to improve the PCR reaction yield
by about 4 fold or more (Figure 3. A, B). The addition of 7 nm size of TiO, NPs into reaction
mixture markedly increased the yield of PCR, which is significantly higher than those yield
achieved by the addition of 25 nm size of TiO, Nps (28). For example, it was estimated that by
using TiO, Nps of 25 nm sizes resulted in 2.9 fold enhancement of the 364 bp (base pairs) of
amplicon. We noted that by the use of 7 nm size of TiO,, the yield of 385 bp of amplicon
increased by10.7 fold, which is 3 fold higher than the yield of amplicon obtained in the presence
of 25 nm size of TiO,. Similarly, 6.8 fold of increased yield observed for the 420 bp of amplicon
upon the inclusion of 7 nm size of TiO, which is about 2 fold higher when compared to 3.6 fold of
534 bp of DNA obtained in the presence of 25 nm size of TiO, (Table 2). It was reported that the
thermal efficiency will be enhanced when decreasing the size of NPs [25-27]. From these reports,
we suggest that the increased yield could be due to better thermal enhancement in the presence of
smaller size (7 nm) TiO, particles.

Table 2. The yield of conventional PCR in presence of 7 nm TiO, compared with the yield obtained in
presence of 25 nm TiO, particles for the similar size PCR products of genomic DNA.

PCR Product Size PCR Yield
With 25 nm TiO2 With 7 nm TiO2
Particles Particles
364 bp; 385 bp 2.9-folds 10.7-folds
534 bp; 420 bp 3.6-folds 6.8-folds
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Fig. 3. Template-dependent PCR amplification showing the increased of yield of 102 bp
size products: A) Left panel represents the PCR products in the presence of 0.2 nM of
TiO, and Right panel for PCR products without TiO, nanosuspension. In both the panels,
‘10, 5, 1, and 0.2 indicate the concentration of cDNA template in nanograms (ng) used in
the PCR. N indicates for negative control in which no DNA was added. B) Quantitative
estimation of PCR products [Expressed in arbitrary units (A.U.)] using Image J software
from NIH. *indicates for the significant differences (p<0.05) of DNA products amplified in
the presences and absence of TiO, nanosupensions
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With TiOz GTTTGCCCCTACTTGCAGCTATGAGGTGGGGAGCCACCAACCGCAGGCCTTCTTACTGAG 60
Without TiOz -GTCGCCCCTACTTGCAGCTATGAGGTGGGGAGCCACCAACCGCAGGCCTTCTTACTGAG 59
O X s e X

With TioOz CCCCGCCCCAGACTCTACAGGGAGAGGGGCACCCAGTGCTGTGCTCCCGTCCTTCCTCTC 120
Without TiO; CCCCGCCCCAGACTCTACAGGGAGAGGGGCACCCAGTGCTGTGCTCCCGTCCTTCCTCTC 119
With TiOz CTAGCCTAAGGCGTGCAAACAGAGCGCCACTGGGAGGCTGAAACCTTTAGGCCGATGCTT 180
Without TiOz CTAGCCTAAGGCGTGCAAACAGAGCGCCACTGGGAGGCTGAAACCTTTAGGCCGATGCTT 179
With TiOp GCTTGCAAGGTCAGGCAAGCTGGATTCTGGTCCCCACCTTTGCAGAGAGAACAGCGATGT 240
Without TiO; GCTTGCAAGGTCAGGCAAGCTGGATTCTGGTCCCCACCTTTGCAGAGAGAACAGCGATGT 239
With TiO» TGTGCGCCCATTTCTCAGATCAAGGACCGGCCCATCTTACTACCTCCAAGAGTGCTTTCT 300
Without TiOj; TGTGCGCCCATTTCTCAGATCAAGGACCGGCCCATCTTACTACCTCCAAGAGTGCTTTCT 299

T E s R E T "
With TiOz CTCTAATAAGGTAAACT-ATCTTCAGGC 327
Without TiOz CTCTAATAAGGTAAACTGATCTCCCCGC 327

A

Fig. 4. Sequencing analysis to test the amplification fidelity of conventional PCR in the

presence and absence of TiO,: Primerl region was sequenced using reverse primer

(Primer1-R). * indicates alignment of identical nucleotides, and the nucleotides between

the two arrow represents effective reading range (from 5 to 317 Nucleotide). CLUSTALW
(2.1) was used for DNA sequence alignment

Besides specificity and increased yield, it is very important to have the high amplification
fidelity when additives are added in a PCR. An ideal PCR with high-fidelity will have the
negligible amount of DNA polymerase-induced errors in its target DNA product. Due to the wide
importance of PCR in biomedical research for various applications including DNA cloning,
sequencing, and expression analysis [5, 31], it is vital to have the target DNA without genetic
errors. To unravel the fidelity of TiO, NPs assisted PCR, we have sequenced both PCR products
amplified in the presence and absence of NPs. The sequencing results for primerlwere shown in
figure 4. Similarly, the fidelity is also tested for the primer2. All our sequencing results confirmed
that the PCR in the presence of TiO, NPs have similar fidelity to that of the PCR in the absence of
the TiO, NPs. These results strengthen the effect of TiO, in increasing the PCR yield and accuracy
of PCR product at nucleotide level by which we indicate that there is lot of space for the
improvement of conventional PCR using TiO, NPs.

3.3 Effect of TiO, Nanosupension on RT-PCR Profile and SYBR Green |
Fluorescence

Initially, to convert the RNA extracted from LNCaP cells to cDNA, we have carried the
RT-PCR in in a clean environment to avoid contamination and used RNase free plastics and RNA
free water. The quality of amplified cDNA was observed by analysing the expression of
housekeeping gene, beta actin expression. Inclusion of 0.2 nM and 0.1nM of TiO, nano suspension
drastically decreased the yield of RT-PCR (Figure 5). Although, RT-PCR reaction shares common
working principle with simple PCR, but the diminished yield might be due to the different enzyme
(reverse transcriptase) that was used in this reaction. It was determined that inclusion of TiO, into
PCR reactions could enhance thermal conductivity in reactions and thereby quickening ramping
rates of thermal cycler or shortening the time of denaturation [28]. From this identification, we
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suggest that the reverse transcriptase may not able to cope up with this quick thermal conductivity
changes and thereby drastically decreasing the efficiency of RT-PCR.

M P T T N

253 bp—>

Fig. 5. Agarose gel electrophoresis of RT-PCR products: In this gel picture, ‘M’ indicates
the DNA molecular weight marker. ‘P, T,T, and N’ indicate for RT-PCR products obtained
in the presence of identical conditions without addition of the TiO,, 0.2 nM, 0.1 nM of
TiO, nanosuspension, and negative control in which no RNA was added
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Fig. 6. Amplification profiling for 102 bp products: quantitative estimation of PCR
products obtained under ideal conditions (Positive Control) and presence (TiO, Nps) of
TiO, nano suspensions using a SYBR Green | detection system. Template DNA is not
included in negative control. In all triplicate samples where TiO, nanosuspeions was
added did not record readings above baseline for amplification profiles. Internal control
indicates the expression of housekeeping gene. Beta-actin

qPCR was established to avoid the gel analysis step to quantify the target DNA and to
measure the target DNA in real time [3]. Currently, fluorescent detection systems thoroughly used
to measure the signals. Herein, we have analysed the expression analysis of target DNA using
primer3 and primer4. 0.2 nM of TiO, suspension was included in all the reactions to evaluate the
effect of TiO, in enhancing the qPCR reactions. For each condition, triplicate reactions were
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carried. Inclusion of TiO, NPs into qPCR effectively altered the standard expression profiling in
which fluorescent signal were not identified during PCR quantification. In this data analysis, a
standard curve of the logarithm of the concentration (Expressed in relative fluorescence units)
plotted against the Ct value (Figure 6). In order to check the specificity of the primers for the target
DNA, melting peaks were obtained from the data. Clear melt curves were identified for all
conditions based on which we demonstrate that inclusions TiO, NPs are not altering the specificity
of primers for the target DNA. Previously, 10 nm of gold NPs have been reported to improve the
yield of end point PCR assay [21]. Another study demonstrated that Gold NPs could interact
strongly with both single-stranded DNA and double-stranded DNA [32]. However, it was found
that inclusion gold NPs into SYBR Green I detection systems causing fluorescence quenching
effect which could potentially result in incorrect quantification of PCR products [33]. Similarly, in
this study TiO, NPs were found to enhance the conventional PCR assay however its inclusion into
gPCR system significantly altered the fluorescence. Surprisingly, we could observe the PCR
products on 2%agorse gel analysis based on this we suggest that the immeasurable relative
fluorescent units in the presence of TiO, nanosuspensions might be due to the fluorescent
quenching which needs to be further evaluated.

4. Conclusion

We have evaluated the effect of TiO, NPs in qualitative or quantitative amplification
reactions including PCR, RT-PCR and qPCR. Our results showed that inclusion of TiO, NPs could
specifically enhance the yield of conventional PCR. More importantly, addition of 7 nm size of
TiO, particles could increase the yield of PCR about three or more fold when compared to
previous report in which they have used 25 nm TiO, particles [28]. Therefore, smaller size TiO,
NPs may be used as efficient additives to enhance PCR system for different biomedical
applications. In addition, nanosized TiO, assisted conventional PCR had similar fidelity to that of
ideal PCR. However, addition of TiO, NPs has no significant results in RT-PCR and qPCR. Our
results indicate that there is a scope for improving conventional PCR using TiO, NPs; however,
their inclusion into RT-PCR and qPCR assay detection system must be carefully evaluated.
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