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ABSTRACT

Various strategies have been suggested for successful amplification of the hard-to-amplify nucleic acids such as the inclusion of various
chemical or biological materials in the in vitro nucleic acid amplification reactions, particularly polymerase chain reaction (PCR), and
adjustment of the cycling programs. Although much efforts have been madefor improvements in the enhancement of polymerase chain
reactions of high GC content nucleic acids, still significant challenges remain. In this study, the effects of citrate-coated AuNP and
chamomile extract-coated AuNP (p-AuNP) on amplification of three genes with significant different GC percentage were evaluated.
Owing to the enormous potential of gold nanoparticles in the enhancement of the PCR reactions, we showed the promising and
consistent findings on the application of very dilute biocompatible chamomile-gold nanoparticles as safe and low-cost nanomaterials for
molecular amplification of GC-rich DNA samples. We hypothesized that green AuNPs, which have different surface chemistry from cit-
AuUNPs, not only do not interfere with the PCR reactants but also are capable of enhancing PCR reactions. These results, for the first
time, confirm the potential of using the green gold nanoparticles in the heat-assisted enzymatic in vitro reactions, suggesting Chamomile

gold nanoparticles as reliable component of any PCR Kits.

Keywords: green gold nanoparticles; polymerase amplification; in vitro diagnostics; molecular assays.

1. INTRODUCTION

The enzymatic amplification of GC-rich DNA has been
proven as a technically challenging and non-reproducible task in
genomics and molecular diagnosis procedures [1, 2]. Thus, various
strategies have been applied to address this problem. In some
approaches, the amplification program is modified to include
several extra cycling steps [3-6]. Although these methods have
resulted in promising improvements in the PCR results, there is
still a need for adding some chemicals, especially 7-deaza-2'-
deoxyguanosine 5'-triphosphate, in the amplification reaction [7].

Due to customizing the amplification program, these
methodologies are not suitable for performing multiplex and
guantitative PCR (gPCR) experiments; because the programme of
the PCR cycles does not remain constant throughout the PCR and
the cycles progress in an unorganized manner. Thus, the
exponential phase, which is required for quantification of the
results, does not occur in PCR reactions with the extra cycling
steps [3-6, 8]. Therefore, any attempt to improve the amplification
of GC-rich nucleic acids should not hinder performing multiplex
and gqPCR reactions. Moreover, the inclusion of the additional
cycling steps makes the amplification procedure time-intensive
and costly [3-6, 8].

In the reagent-dependent approaches of GC-rich DNA
amplification, various types of chemical and biological materials
have been added to the amplification reactions as enhancers [8-
14]. Mechanistically, in these approaches, the added enhancers
intensify the amplification reactions through different ways
including stabilizing the DNA polymerase and increasing the
DNA denaturation which speeds up the progression of cycles. The

advantage of using additives is that modification of the standard
amplification programs is not required. Nonetheless, most of these
additives are proven to be toxic materials. Furthermore, some of
them have exhibited unexpected effects on PCR, when used in
high concentrations. For example, it has been shown that the
excess DMSO can reduce the annealing temperature of primers;
which in turn increases the chances of mispriming [7]. Also, these
additives may denature DNA polymerases that are used in PCR
[7], leading to decreasing the efficiency of amplification.

Some of PCR additives can interfere with the post-PCR
procedures such as visualization of the amplicons. For instance, 7-
deaza-2'-deoxyguanosine 5'-triphosphate reduces the rate of
ethidium bromide staining of DNA [7]. Bovine serum albumin
(BSA) as a protein additive, enhance the effect on PCR through
reversing the effect of PCR inhibitors, in some cases, it also
exhibits inhibitory effects [15, 16].

Due to the limitations of the current additives,
nanomaterials particularly gold nanoparticles (AuNPs) have been
introduced as alternative enhancers namely nano-enhancers. The
logic behind the application of AuNPs as nano-enhancers is their
easy preparation, high stability and excellent heat transfer
properties [17]. While in the reaction, AUNPs evenly distribute the
heat toward all directions of the reaction and may boost the
enzymatic amplification of DNA by efficient denaturation of DNA
strands [18]. Although enhancement of PCR reactions has been
reported by citrate-AuNPs (cit-AuNPs), there is evidence of PCR
inhibition by cit-AuNPs which can be reversed by blocking their
surface with BSA [18-20]. The reason underlying these discrepant

Page | 4635


https://www.scopus.com/authid/detail.uri?authorId=35606114800
https://www.scopus.com/authid/detail.uri?authorId=55181898000
https://orcid.org/0000-0001-8487-7077
https://orcid.org/0000-0002-7648-3366
https://orcid.org/0000-0002-1172-8502
https://orcid.org/0000-0001-9941-0357
https://orcid.org/0000-0002-4236-4537
https://orcid.org/0000-0003-4388-7361
https://doi.org/10.33263/BRIAC96.635641

Mohammad Jafar Maleki, Mohammad Pourhassan-Moghaddam, Abbas Karimi, Abolfazl Akbarzadeh, Nosratollah Zarghami,
Seyed Abolghasem Mohammadi

reports is mainly attributable to the denaturation and inhibition of
DNA polymerase by the cit-AuNPs through non-reversible
adsorption of DNA polymerase to the surface of these AuNPs
[20]. Therefore, to obtain reproducible enhancement of PCR
reactions, there is a need for the use of AuNPs that possess
alternative surface composition. We hypothesized that green
AuUNPs, which have different surface chemistry from cit-AuNPs,
not only does not interfere with the PCR reactants but also are
capable of enhancing PCR reactions. In other words, the excellent
biocompatibility of green AuNPs allows them to interact with the

2. MATERIALS AND METHODS
2.1. Chemical synthesis of AuUNPs.

Citrate AuNPs (cit-AuNPs) were prepared based on the
Turkevich method [21]. Briefly, 10 mL HAuCI4 (1 mM) was
heated at 120 °C to boiling while being stirred at 1000 rpm.
Then, 1 mL trisodium citrate (1 mM) was added quickly to the
boiling HAuCI4 solution, and the mixture was incubated for 10
min for development of the deep-red colour solution. After that,
the heat was turned off while stirring was continued until the
solution cooled down. The resultant solution was kept in the dark
until further use.

2.2. Green synthesis of AUNPs.
2.2.1. Preparation of total extract.

Total extract of Matricaria chamomilla was prepared by
soaking 10g of the dried plant in 400 mL MQ water, followed by
boiling for 20 min and filtration of the boiled material by
Whatman paper no. 2. The filtrate was allowed to dry for one
week in the dark at 50 °C. Following weighing, a solution of 20
mg/mL extract was prepared. This solution was used as a
reductant for p-AuNP synthesis [22, 23].

2.2.2. Synthesis.

Plant AuNPs (p-AuNPs), also known as Chamomile
AuUNPs, were prepared by reduction of 1 mM of Au3+ solution
with Total Extract of Matricaria Chamomilla (TEMC) at different
conditions including different ratios, temperatures, and the pH
values while shaking at 130 rpm. Different ratios of Au3+
solution/TEMC (3:1, 4:1, 5:1 and 6:1) were treated at three
different temperatures, namely 25, 60 and 97 °C while shaking at
130 rpm. The effect of the pH on AuNP formation was studied by
performing the synthesis reactions in three different pH values;
namely real pH of the reaction, 7 and 12 [22, 23].

2.2.3. Characterisation.

The formations of as-prepared AuNPs were monitored
using colour change, ultraviolet-visible (UV-VIS)
spectrophotometry, Transmission electron microscopy (TEM) and
Fourier-transform  infrared  spectroscopy  (FTIR).  Also,
biocompatibility of the prepared AuNP solutions was studied in
vitro. Any colour change was monitored using the naked eye
during the synthesis of AuNP solutions. The L-SPR curve of
AuUNPs was recorded in the range of 400-900 nm using
Bioaquarius spectrophotometer (CE7250 model, from CECIL Co.)
to determine the maximum extinction wavelength and
concentration of the as-prepared AuNP solutions. Concentrations
of the AuNPs were calculated considering the absorbance of the
AUNP solutions at 450 nm (OD450) by following the protocol
provided elsewhere [24]. TEM was used for the study of size and

PCR components without destroying/modifying their role and
their highly conductive core distributes the heat efficiently, which
leads to a homogenous thermal cycling condition.

Taken together, in this work, we have developed a facile and
highly reproducible method for fabrication of green biocompatible
AUNPs using Chamomile extract as a source of natural reductants,
followed by successful application of only a very dilute solution of
the fabricated green AuNPs in GC content-dependent
enhancement of PCR reactions.

morphology of AuNPs using, and the TEM images were analyzed
using ImageJ version v1.52d (NIH, USA).

In order to confirm the incorporation of TEMC biomolecules in p-
AuNPs during their bioreduction, FTIR analysis was used. A
TEMC sample was included as the reference. Furthermore, to
evaluate the eco-friendliness and biocompatibility, cit-AuNPs and
p-AuNPs were separately exposed to E.coli and human MCF-7
cells (C135, Pasteur Institute of Iran), as ecological and
biocompatibility models. Any changes in the viability of
Escherichia coli and MCF-7 cells were recorded using pour-plate
colony count method [25] and MTT-assay [22], respectively.

2.3. Evaluation of the effect of the as-prepared AuNPs on in
vitro polymerase reactions.

Polymerase Chain Reaction (PCR) was used as a model
reaction to mimic the effect of as-prepared AuNPs.

2.3.1. DNA extraction.

Total human DNA was extracted from 10 mL heparinized
blood from a healthy sample, provided by a male subject after
obtaining his consent, using the simple salting-out method with
slight modifications [26]. Briefly, the blood was centrifuged in
3000 rpm for 20 min at room temperature. Then the plasma was
discarded, and the pellet was resuspended in 5 mL of MQ water to
lyse red blood cells (RBC). The centrifugation and lysis were
repeated four times to remove any residues of RBCs completely.
Then, the collected WBCs were resuspended in 3 mL of nuclei
lysis buffer (10 mM Tris-HCI, 400 mM NaCl and 2 mM
Na2EDTA, pH 8.2) and 1 mL of protein digestion solution
containing 1mg protease K in 1% SDS and 2 mM Na2EDTA.
Then, the solution was incubated at 37°C overnight, followed by
addition of 5 mL of 6 M NaCl solution. The resultant solution was
shaken vigorously for 30 s and centrifuged at 3000 rpm for 20
min. The supernatant was carefully transferred to a new container,
and 3 mL absolute ethanol was added. After 5 times brief
inversion, the solution was centrifuged in 13000 rpm for 15 min.
After centrifugation, the supernatant was removed, and the pellet
washed thrice with absolute ethanol. The final pellet was dissolved
in 1 mL sterile water. MecA-positive bacterial DNA samples were
kindly provided by Dr. Mortaza Milani (Faculty of Advanced
Medical Sciences, Tabriz University of Medical Sciences).
Concentration and purity of the DNA samples were analyzed by
NanoDrop ND 2000 spectrophotometer (Thermofisher Inc.) and
were stored at 4°C until use.

2.3.2. Primer selection.

Primers of Human Beta-actin gene and bacterial MecA
gene  were  designed using the online  software
(https://www.genscript.com/tools/pcr-primers-designer). The
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primers used for amplification of the human BRAF gene were
adopted from the literature [27]. The specificity and sequence
features of the used primers (table 1) were checked using primer-
blast  (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)  and
oligoanalyzer online tools (https://sg.idtdna.com/calc/analyzer),
respectively. The GC% of products were calculated online
(http://www.endmemo.com/bio/gc.php), the primers were supplied
by Bioneer Inc.

2.3.3. End-point PCR.

End-point PCR reactions were performed on the DNA
samples in a mixture (final volume: 20 plL) comprised of the
master mix, provided by Sinaclon Inc., (10ul), forward and reverse
primers 0.5ul each), DNA (2ul) and various concentrations of
AuNPs. The cycling program consisted of a primary denaturation
for 5 min at 94°C (1cycle); secondary denaturation at 94°C for 30
s, annealing for 30 s at different temperatures (45°C for MecA,
56°C for beta-actin, and for 62°C BRAF) and extension at 72°C
for 30s (35 cycles), followed by an additional extension step at
72°C for 10 min. The PCR products were resolved using 1%
agarose gel electrophoresis. Any effect on the PCR reaction was

judged by comparing the intensities of the control and test
reactions.
2.3.4. Real-time PCR.

The real-time PCR reactions were performed in a MIC
Thermocycler (MIC Inc.) with a final volume of 12 pl containing
6 ul SYBR Green master mix (2X Greenstar, Bioneer Inc.), 1ul of
each primer and 1pul of DNA and various concentrations of
AUNPs. The cycling program was as follows: initial denaturation
at 95°C for 15 min (1 cycle), followed by 40 cycles of
denaturation at 95°C for 20 s, at different temperatures (45°C for
MecA, 56°C for beta-actin, and for 62°C BRAF) and extension at
72°C for 30 s. Any effect of the AuNPs was analyzed by
comparing the Ct of the control and the test reactions. For
estimation of the quantity of the effect of AUNPs on real-time PCR
reaction, the following formula was used:

The quantity of effect=Ct of test experiment—Ct of control
experiment

In addition, the effect of AuNPs on the specificity of real-
time PCR reactions was evaluated by analysis of the melting
curve.

Table 1. The elected primers used in this study.

Designation Sequence (5°>3") Length CG of product
Beta-actin-F TCCCTGGAGAAGAGCTACG 55.7 | 57.9 19 60
Beta-actin-R GTAGTTTCGTGGATGCCACA 55.2 50 20
MecA-F AGATAAAGGAATGGCTAG 454 | 389 18 31
MecA-R CACTTTCAACATACAATGA 45.2 31.6 19
BRAF-F CTCGGTTATAAGATGGCGGCGCTGA 62.7 56 25 75
BRAF-R AGTCGGGAGGGCGGCAGGGT 68.7 75 20

3. RESULTS
3.1. Synthesis and characterisation of AUNPs.

cit-AuNPs did showed a non-spherical morphology with a
size of ~25 nm. According to the UV-VIS spectroscopy, the as-
prepared nanoparticles showed a maximum extinction at 525 nm
(figure 1).

In order to obtain the optimum synthesis reaction, p-AuNPs
were prepared in different synthesis conditions. Chang in synthesis
pH to the basic values resulted in the production of unstable
AUNPs indicated by aggregates and dark purple colour as well as
changing the typical LSPR curve of the nanoparticles as pH
increased to 12 (figure 2Aa). According to the analysis of UV-VIS
data, the best synthesis condition was obtained by 1:5 ratio of
HAuUCI4: TEMC (concentration=25 mg/mL), pH 4.8 and reaction
temperature of 97°C (figure 2Ab). These resultant p-AuNPs were
used in PCR experiments. Moreover, in all reaction ratios, the
reaction rate was increased dramatically as the reaction
temperature increased (inset in figure 2Ab).

TEM graphs indicated the produced p-AuNPs had a more
spherical shape as well as a narrower size range (figure 2B).
However, as indicated in figure 1b, cit-AuNPs showed a less
regular morphology and a dispersed size.

FTIR analysis indicated incorporation of bioactive
compounds of Matricaria chamomilla in the chemical structure of
p-AuNPs as stabilising and reducing molecules (figure 2C). The
biocompatibility of cit-AuNPs and p-AuNPs were studied on
standard bacteria and human cells in vitro to assess their biological
properties. As indicated in figure 3A, the tested cit- and p-AuNPs

did not show any anti-growth effects on the bacteria. However, we
observed a cytotoxic effect of cit-AuNPs on MCF-7 cells in
comparison to p-AuNPs (figure 3B).

20
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400 500 600 700 800
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Figure 1. LSPR curve (A) and TEM graph (B) of cit-AuNPs. An
absorbance peak is observed at ~525nm. In addition, the as-prepared cit-
AuNPs show a varied size and morphology.

3.2. Effect of the as-prepared AuNPs on the endpoint and real-
time PCR.

The quantity and purity of the DNA samples were analyzed
by NanoDrop ND2000 spectrophotometer, the A260/280 was
reordered greater than 1.8, indicating the high purity, and the
samples were diluted to have a concentration of ~400ng/ pL.

Serial dilutions of the washed cit-AuNPs (once centrifugation at
10000 rpm for 15 min and twice centrifugation at 7000 rpm for 10
min) were included in the PCR reactions for amplification of beta-
actin gene (GC content of 60%), followed by agarose gel
electrophoresis. As it is indicated in figure 4, as the concentration
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of cit-AuNPs increased, the bands were faded indicating inhibition
of the PCR reaction by these nanoparticles (figure 4A).

As the cit-AuNPs inhibit PCR reaction, their effect was not further
studied on real-time PCR reactions. In some concentrations,
however, p-AuNPs could enhance the end-point PCR reactions of
the beta-actin gene with a maximum enhancement in
concentration OD450=0.01940625 (figure 5). Despite the p-
AuNPs pellet, the supernatant phase of the p-AuNPs inhibited the
PCR reaction. The result indicates that the washing steps are
required for the enhancement of PCR reactions by p-AuNPs.
Analysis of the intensity of the PCR products with GelAnalyzer
showed a 112% and 135% enhancement in the reactions treated
with  the OD450=0.0388125 and 0OD450=0.01940625
concentrations of p-AuNP, respectively.

vansmittance (%)
—

°

®

e 0 500 1000 1500 2000 2600 3000 3900 4000 4500
(em-1)

Figure 2. Main physicochemical of the synthesized p-AuNPs. A: Effect
of different synthesis pH on LSPR of p-AuNPs (a). In the optimum
condition (pH 4.8), absorbance was notified for the as-prepared p-AuNPs.
Effect of the different temperature on the speed of p-AuNP formation at
the optimum pH in which an apparent increase in the reaction speed was
observed for the higher synthesis temperatures (b). B: TEM photograph of
the p-AuNPs. Homogenously distributed spherically and narrow-sized
AUNPs were observed, indicating the highly efficient synthesis of p-
AUNPs by TEMC. C: FTIR analysis of p-AuNPs. The similar pattern of
transmittance for TEMC and p-AuNPs indicates the incorporation of
TEMC compounds in the structure of the p-AuNPs.

AN
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Figure 3. Biocompatibility of cit- and p-AuNPs on the E. coli (A) and
MCEF-7 cell line (B). p-AuNPs did not have any cytotoxic effects;
however, cit-AuNPs have reduced the viability of MCF-7 cells.

In order to study the relationship between the GC content
of PCR products and the enhancing level of p-AuNPs, further
experiments with endpoint-PCR amplification of products
containing higher GC content were carried out. BRAF gene was
amplified using the end-point PCR, including a concentration
range of p-AuNPs. The agarose gel electrophoresis of the resultant
products (with ~75% GC) showed very sharp PCR bands for the

reactions containing concentrations OD450=0.01940625 and
0OD450=0.009703125, while almost no band was observable for
the control reaction (figure 6). The image analysis with
GelAnalyzer showed that the reactions containing p-AuNP of
0D450=0.01940625 resulted in 112% amplicon production.

In addition to a high GC content DNA template, an AT-rich
region from bacterial mecA gene (GC content of ~31%) was
amplified. The electrophoresis, as expected, showed a negligible
effect of various concentrations of p-AuNPs on the PCR reactions.
As it is shown in figure 7, the PCR bands possess similar
intensities, confirming the GC content-dependent effect of p-
AUNPs on endpoint PCR.

Figure 4. The inhibitory effect of cit-AuNPs on end-point PCR of beta-
actin gene. M: size marker (50bp), 1: OD450=0.9, 2: 0D450=0.09, 3:
0D450=0.009, 4. OD450=0.0009, 5: 0D450=0.00009, 6:
0D450=0.000009, C: no AuNP. As the concentration of cit-AuNP
increased PCR reaction was inhibited that indicates a concentration-
dependent inhibition of PCR by cit-AuNPs.

10 9 8 7 6 5 4:3 . 281 M

-
21

Figure 5. Effect of cit-AuNPs, p-AuNPs and p-AuNPs supernatant on

end-point PCR of beta-actin gene. 1: (Control): no AuNP, 2: cit-AuNP

(0OD450=0.9), 3: 3.5 uL cit-AuNP (OD450=0.9)+3.5 uL H20, 4: 7 uL
Supernatant of p-AuNP, 5: p-AuNP (OD450=0.621), 6: p-AuNP

(OD450=0.3105), 7: p-AuNP (OD450=0.15525), 8: p-AuNP
(OD450=0.077625), 9: p-AuNP (OD450=0.0388125), 10: p-AuNP
(OD450=0.01940625). In the last two concentrations, significant
enhancement of beta actin gene was observed, while other concentrations
inhibited the PCR reaction.

2 Sie- A iESENEETN 81 :9: 1011

M 1

Figure 6. Effect of p-AuNPs on end-point PCR of BRAF gene. 1&2:
(Controls): no p-AuNP, 3: 0D450=2.484, 4: OD450=1.242, 5:
0OD450=0.621, 6: OD450=0.3105, 7: OD450=0.15525, 8:
0OD450=0.077625, 9: OD450=0.0388125, 10: OD450=0.01940625, 11:
0OD450=0.009703125.
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Figure 7. Effect of p-AuNPs on end-point PCR of mecA gene. M: size
marker, 1: (Control): no p-AuNP, 2: OD450=2.484, 3: 0D450=1.242, 4:
0OD450=0.621, 5: OD450=0.3105, 6: OD450=0.15525, 7:
0OD450=0.077625, 8: OD450=0.0388125, 9: OD450=0.01940625, 10:
0OD450=0.009703125.

By comparing the effect of p-AuNPs on the DNA samples
with different GC contents, it could be suggested that an increase
in the GC content is directly related to the PCR-enhancing effect
of the

In other words, p-AuNPs showed a more intense effect in
amplification of GC-rich DNA samples. In order to further
confirm this hypothesis and quantify the observed effects, real-
time PCR was performed.

Similar to the results of end-point PCR, real-time PCR
amplification of mecA gene did not reveal any significant effect
on the Ct of reactions containing serial concentrations of p-AuNPs
as compared with the control reaction (figure 8).

Figure 8. Effect of various concentrations of p-AuNPs on real-time PCR
of mecA gene. The p-AuNPs did not show any significant effect on the
specificity (A) and rate of the amplification (B).

For beta-actin in comparison to the control, marked
decreases of approximately 1 and 3.5 cycles in the threshold cycle
(CYH) was observed for p-AuNPs concentrations
0OD450=0.01940625 and OD450=0.009703125, respectively. This
data confirms the results for end-point PCR, indicating 2- and
11.3-times enhancement in the amplification for the p-AuNPs
concentrations used. Also, an evident improvement in the
specificity of the primers was observed in the test reactions (figure
9).

Figure 9. Effect of p-AuNPs on real-time PCR of the beta-actin gene. 1:
control, 2: OD450=0.01940625, 3: 0D450=0.009703125. Addition of the
p-AuNPs improved the specificity of the reactions, as no primer dimer
was observed in the test reactions (A). Also, a noticeable decrease was
seen in the amplification curves (threshold cycles) of the reactions
containing p-AuNP compared with the control reaction (B).

Similarly and as per the results of end-point PCR of BRAF
gene, no DNA amplification was observed in the real-time PCR
after 40 cycles in control and the reaction containing a high
concentration of p-AuNPs. However, a Ct of near 25 and a Ct of
19 was detected in the reactions containing OD450=0.01940625
and 0D450=0.009703125 concentrations of  p-AuNPs,
respectively.  Further, the latter concentration showed
approximately 64 times enhancement effect compared with the
former concentration (figure 10).

B

Figure 10. Effect of p-AuNPs on real-time PCR of BRAF gene. 1:
control, 2: OD450=0.01940625, 3: OD450=0.009703125. From the
melting curve (A) and the amplification curve (B) it is obvious that no
amplification was occurred in the control reaction. However, a significant
improvement of amplification is noticeable in the reactions received the
p-AuNPs.

Overall the real-time PCR data are in agreement with the
end-point PCR data concerning the relationship between GC % of
target DNA and enhancing effect of p-AuNPs, showing a higher
enhancing effect on the GC-rich DNA.

With regards to the results, p-AuNPs are capable of
increasing the efficiency of PCR reactions in both end-point and
real-time PCR reactions. The mechanism of this enhancement can
be attributable to two main factors. The first one is that the
metallic core of the nanoparticles is capable of heat transfer, which
is homogenous due to the small and narrowly-distributed size of
the p-AuNPs. In other words, p-AuNPs distribute the heat
homogenously which, in turn, increases the efficiency of thermal
cycling, leading to the production of a higher number of sequence
copies. A similar mechanism has been reported for the chemically
synthesized AuNPs [28].

The GC content-dependent nature of the PCR enhancement
by p-AuNPs is in agreement with the significance of efficient heat
transfer. As the GC content increases, the denaturation of double-
strand template DNA requires more energy. Indeed, p-AuNPs
show more effect on the templates with high GC content where
they can be used to enhance the PCR efficiency.

The second factor can be related to the surface chemistry of
p-AuNPs. As per the results, cit-AuNPs completely inhibit the
PCR reactions. This inhibition is possibly due to the inactivation
of components of the PCR reactions, particularly DNA
polymerase, through the interaction of cit-AuNPs surface with
these components [20]. The surface of cit-AuNPs is composed of
citrate residues, containing hydroxyl and carboxyl groups, which
form a fragile and heterogeneously distributed layer on the gold
core. Particularly at the pH values greater than 5 these layers
become loose, which is the pH of PCR reactions [29]; these
factors make the gold core of cit-AuNPs easily accessible in PCR
reactions. Furthermore, it has been shown that the thiol group has
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a strong reaction with gold [30]. Thus, one main reason for
inhibition of the PCR might be the interaction of the gold core of
cit-AuNP with amino acids, especially thiol-contained amino
acids, of DNA polymerase [31] such as Taq polymerase which
contains 16 methionine groups [32], resulting in denaturation of
the tridimensional structure of the polymerase.

Nevertheless, FTIR results show some different chemical
residues on the surface of p-AuNPs and this layer is a relatively
thick nanostructure, in contrary to the thin citrate layer of cit-
AuNPs, which was originated from the bioreduction of the Au3+
anions by phenolic, protein and carbohydrate compounds of
TEMC [33].

Although the size of both cit-AuNPs and p-AuNPs are
similar, a 7 nm difference is observed in the wavelength of
maximum absorbance between these AuNPs according to the UV-

4. CONCLUSIONS

The PCR-enhancing effect of p-AuNPs can be used in
many molecular biology reactions that need efficient heat transfer.
In particular, p-AuNPs can increase the denaturation efficiency of
high GC-content DNA, which in turn can increase the
amplification rates of such DNA molecules. The successful
amplification of high GC DNA, particularly real-time PCR, is
necessary for the diagnosis of genetic diseases such as
trinucleotide repeat disorders [34], and study of the molecular
biology of some organisms that contain GC-rich genome such as
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