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Recently, gold nanoparticles (AuNPs) were reported to increase the speciﬁcity and eﬃciency of
the polymerase chain reaction (PCR). In this paper, we tested the enhancement of AuNPs with
ﬁve diﬀerent sizes on the speciﬁcity of two-round PCR. The results showed that, except 5.02 nm
AuNPs, the AuNPs that could achieve the similar enhancement happened to have nearly the
same total surface area. The surface eﬀect seems to be the key factor of nanogold-assisted PCR.
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solid tumor in mice,6 or as a platform to assemble
DNA molecules for amplifying the signals of DNA
sensor.7
In our previous work, we found that AuNPs could
also provide an important function in enhancing the
speciﬁcity and eﬃciency of the polymerase chain
reaction (PCR).8,9 With the help of an appropriate
amount of 10 nm AuNPs, only the target fragment
was ampliﬁed while nearly all non-speciﬁc ampliﬁcations were inhibited in an error-prone two-round
PCR.8 The speciﬁcity of PCR could be hold even
up to seventh round with the help of AuNPs.10
Li et al. also reported that AuNPs could increase
the reaction rate of real-time PCR.11 However, all
these researches used AuNPs with diameter only
about 10 nm. The inﬂuence of AuNPs with diﬀerent sizes, or the size eﬀect, has not been studied.

1. Introduction
Gold nanoparticles (AuNPs) are nontoxic, biocompatible nanomaterials that can be obtained commercially or prepared in laboratories. Owing to their
special characters such as small size, unique optical and electronic properties, and the easily modiﬁed surface, AuNPs have been found important in
multifarious applications in biomedical science.1–7
For instance, imaging of AuNPs markers on cells
has been employed in immunocytochemistry for
about 35 years.1,2 Recently, it was shown that
AuNPs were more likely to absorb single-strand
DNA rather than double-strand DNA. Based on this
unique behavior, AuNPs have been used in sequence
assaying or detecting single-base-pair mismatch.3–5
AuNPs were also proven as an eﬀective drug carrier to deliver tumor necrosis factor (TNF) targeting
‡
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As it is known, size always plays a crucial role
in the quantum eﬀects, surface eﬀects, or conﬁnement eﬀects of nanoparticles. For instance, changing the sizes of nanoparticles would inﬂuence various
functions such as catalytic eﬃciency and quantum
dot illuminescent characteristics as well.12–14 AuNPs
have been proven to aﬀect the PCR procedures distinctly; however, the mechanism is still unclear. And
from a practical point of view, the study on the inﬂuence of diﬀerent sizes of AuNPs is important to optimize the PCR performance for future applications.
In this work, we ﬁrst obtained the optimum concentration for each kind of AuNPs with diﬀerent
sizes to enhance the speciﬁcity of PCR, then calculated several relevant parameters of AuNPs under
such condition, and analyzed whether there were
some correlations among them. We found that the
total surface area of AuNPs happened to be about
the same to achieve the similar enhancement, which
favors a kind of surface-based mechanism.

2. Experimental Sections
2.1. Materials
AuNPs (5, 10, and 20 nm, 0.01% HAuCl4 ) were purchased from Sigma-Aldrich Corp. Two other AuNps
in larger sizes (samples 1 and 2, 0.01% HAuCl4 ) were
homemade based on the standard citrate reduction
method reported by Frens.15
Lamda DNA, Ex Hotstart Taq DNA polymerase,
dNTPs, 10× PCR buﬀer of Ex Hotstart Taq DNA
polymerase, and DNA marker DL2000 (2000, 1000,
750, 500, 250, and 100 bp) were obtained from
TaKaRa Bio. Inc. Primers were synthesized by
Shanghai Sangon Biological Engineering & Technology and Service Co. Ltd. The sequences of the
primers were as follows: Primer 1: 5 -GGCTTCGGTCCCTTCTGT-3 , Primer 2: 5 -CACCACCTGTTCAAACTCTGC-3 . Sterile deionized water was
got from Milli Q instrument (18.2 MΩ).

2.2. Methods
To detect the diameters of AuNPs, the atomic
force microscopy (AFM) (MultiMode, Nanoscope
IIIa, Veeco Corp.) equipped with J-scanner was
employed. Silicon probes (MikroMasch) with spring
constant of 48 N/m were used for imaging in air.
The solution of AuNPs was dropped onto the mica

substrate, which was modiﬁed by (3-aminopropyl)
triethoxysilane (APS, purchased from United Chemical Corp.)16 and kept for several minutes. Then the
mica surface was rinsed by Milli Q water and dried
with a ﬂow of clean air. All images were captured
in tapping mode (TM-AFM) and the heights of over
200 nanoparticles were measured for obtaining the
average size of each kind of nanoparticle samples.
The error-prone two-round PCR model employed
in this paper was the same as the model in our previous report.8 Brieﬂy, in the ﬁrst round PCR, 283-bp
target DNA was ampliﬁed from Lamda DNA template by using Primers 1 and 2 with high speciﬁcity.
Then the DNA products of ﬁrst round were diluted
1000 fold as the template in the second round PCR,
followed by ampliﬁcation using the same primers.
PCR was carried out under the conditions listed
in Table 1. The PCR conditions were as follows:
2 min at 94◦ C for pre-denaturation, followed by 35
cycles: 20 s at 94◦ C, 30 s at 55◦ C, and 30 s at 72◦ C.
Then after a ﬁnal elongation at 72◦ C for 5 min,
PCR tubes were maintained at 4◦ C. All ampliﬁcations were performed on the ABI 9600 PCR Thermal
Cyclers. PCR products were analyzed by pre-stained
EtBr agarose gel electrophoresis (1.5%).
A serial amount of AuNPs with diﬀerent sizes
were added into the reaction, and the concentration
of AuNPs that helped the PCR produce single and
brightest target band (maximum DNA yield) on the
gel was selected as the optimum amount of AuNPs
with this size. The DNA yields of PCR products
were calculated based on the ratio of the densitometric value of the desired DNA band (283 bp) to the

Table 1.
Reagent

PCR reaction mixture.
Volume or weight

Takara Ex Taq
0.125 µL
polymerase (5 U/µL)
2.5 µL
10× PCR buﬀer (with Mg2+ )
dNTPs (10 mM)
1.0 µL
Primer 1 (1 µM)
2.0 µL
Primer 2 (1µM)
2.0 µL
Template DNA
0.5 ng
(lamda DNA in the ﬁrst round;
puriﬁed 283 bp PCR product
in the second round)
AuNPs (with diﬀerence sizes)
Variable
Sterile deionized water
Added up to 25 µL
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densitometric value of 500 bp band (50 ng) in marker
in the same image.

3. Results and Discussion
The diameters of nanoparticles could be characterized by TEM/SEM, photon correlation spectroscope
(PCS), or AFM.17,18 While AFM was used, only the
height from the peak to valley measured from the
AFM images was chosen to represent the diameter
of nanoparticles because the lateral dimension might
be aﬀected by broadening eﬀect caused by AFM
tip’s shape or size. In this paper, the diameter di of
each AuNPs sample was measured in average height
by AFM in tapping mode, as presented in Table 2.
The results showed that three measured diameters
5.02 ± 0.16, 10.28 ± 0.35, and 21.32 ± 0.32 nm were in
good agreement with the commercial reference values
5, 10, and 20 nm, respectively.
To evaluate the amount of AuNPs with diﬀerent
sizes, we assumed that the density (ρ) of AuNPs was
the same as that of metal gold (19.37 g/cm3 ); then
we converted the weight percent (0.01% HAuCl4 ) of
the AuNPs samples to the molarity Mi based on the
formula as follows:
Mi = (W/Wi )/Na ,

(1)

where W is the total weight of the Au atom in
the 1 L solution, which is equal to HAuCl4 weight
in 1 L/HAuCl4 molecular weight × Au molecular
weight = 0.01 × 10−2 × 103 /340 × 197 = 5.79 × 10−2
(g); Wi is the weight of one Au nanoparticle with the
diameter of di nm, which is equal to 4/3 × π × (di ×
10−9 /2)3 ×ρ = 1.014×10−20 ×d3i (g); Na is Avogadro
Table 2. Statistic data of height and molarity of ﬁve
diﬀerent sizes of AuNPs samples.

Gold
nanoparticles

di = height
(nm)

Number of
particles in
AFM images

Sigma 5 nm
Sigma 10 nm
Sigma 20 nm
Homemade
sample 1
Homemade
sample 2

5.02 ± 0.16
10.28 ± 0.35
21.32 ± 0.32
44.41 ± 1.20

322
260
272
316

57.02 ± 1.86

213

Molarity
(nmol/L)
75.1
8.77
0.982
0.187
0.0513
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Constant, which is equal to 6.02 × 1023/mole. Therefore, the molarity of each AuNP sample could be
calculated as shown in Table 2.
The error-prone two-round PCR model was
employed in this paper. Generally, many nonspeciﬁc
products would be ampliﬁed in the second round
PCR, showing broad molecular size distribution in
agarose gel electrophoresis. However, an appropriate
amount of AuNPs could help produce a single predominant band corresponding to the original 283-bp
target DNA.8 Hence, it is easy to detect if AuNPs
with diﬀerent sizes could get the similar optimizing
eﬀect using this error-prone two-round PCR model.
For each kind of AuNPs, serial amount samples were
added to the second round PCR mixture. As demonstrated in Figs. 1(a)–1(e), with increasing concentrations of the samples, there was an increase in the
amount of the speciﬁc product along with a decrease
in nonspeciﬁc bands. Within their appropriate concentrations, all kinds of AuNPs with diﬀerent sizes
were capable of dramatically inhibiting nonspeciﬁc
ampliﬁcation in second-round PCR. Being consistent
with other reports,8–10 excess AuNPs would inhibit
the PCR ampliﬁcation to some extent.
The measured curves in Fig. 1(f) from Figs. 1(a)–
1(e) showed the ability of the tested AuNPs to
improve PCR speciﬁcity. As illustrated in Fig. 1(f),
corresponding to the AuNPs with average size of
5.02, 10.28, 21.32, 44.41, and 57.02 nm, the eﬀective
range of AuNPs for optimizing PCR was 0.24–
0.42, 0.28–0.49, 0.055–0.071, 0.022–0.039 and 0.012–
0.021 nM, respectively. And within these ranges,
optimum concentration of AuNPs was 0.24, 0.35,
0.063, 0.022, 0.014 nM, respectively. These results
indicate that there is a size eﬀect in nanogoldassisted PCR. Hence, we calculated several parameters including surface-to-volume ratio (S/V ratio),
the weights, and the total surfaces of AuNPs with different sizes in their optimum amount in 25 µL PCR
mixture. All the results were showed in Table 3.
From Table 3, we could ﬁnd that the smaller the
AuNP was, the larger the S/V was, the more the
optimum molarity needed for optimizing PCR and
the lighter the optimum weight was. It can be easily
found that the total surface areas of the AuNPs with
10.28, 21.32, 44.41, and 57.02 nm required for optimizing PCR were close to the same level, showing
that the surface eﬀect seems to be the key factor of
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Fig. 1. The size eﬀect of gold nanoparticle on the speciﬁcity second round PCR. Lane M in every image is for marker.
(a) The 5.02 nm gold nanoparticle was added into PCR mixture, and for lane 1 to lane 8 its ﬁnal concentration was
0, 0.09, 0.18, 0.24, 0.3, 0.36, 0.42, 0.48 nM, respectively. (b) The 10.28 nm gold nanoparticle was added into PCR
mixture, and for lane 1 to lane 8 its ﬁnal concentration was 0, 0.07, 0.14, 0.21, 0.28, 0.35, 0.42, 0.49 nM, respectively.
(c) The 21.32 nm gold nanoparticle was added into PCR mixture, and for lane 1 to lane 8 its ﬁnal concentration
was 0, 0.024, 0.031, 0.039, 0.047, 0.055, 0.063, 0.071 nM, respectively. (d) The 44.41 nm gold nanoparticle was added
into PCR mixture, and for lane 1 to lane 8 its ﬁnal concentration was 0, 0.013, 0.017, 0.022, 0.026, 0.030, 0.035,
0.039 nM, respectively. (e) The 57.02 nm gold nanoparticle was added into PCR mixture, and for lane 1 to lane 8 its
ﬁnal concentration was 0, 0.0082, 0.010, 0.012, 0.014, 0.016, 0.018, 0.021 nM, respectively. (f) The DNA yields of PCR
products as a ratio of the densitometric value of the desired DNA band (283-bp) and the densitometric value of 500 bp
band (50 ng) of marker in the same image. Only the 283-bp DNA yeilds of those lanes which did not include nonspeciﬁc
ampliﬁcation band were collected (Lanes 4–8 in (a), lanes 5–8 in (b), lanes 6–8 (c), lanes 4–8 in (d), and lanes 4–8 in (e)).

nanogold-assisted PCR. It should be noted that the
total surface of 5.02 nm AuNPs required for optimizing PCR was distinctively smaller than others. This
might be due to its diﬀerent preparation method
based on NaBH4 reduction,19,20 or another unknown
mechanism plays a role in such small size.
In our previous works, we proposed two possibilities on the mechanism of nanogold-assisted PCR.
One is based on the interaction between AuNPs and
single-stranded DNA in PCR,8 while the other is due
to the interaction between AuNPs and polymerase.9
Both of these interactions should take place on the

surface of AuNPs. While combining with the results
in this work, a kind of surface-based mechanism is
preferred. However, it is still diﬃcult to get a clear
deduction on the mechanism of nanogold-assisted
PCR from the current data and knowledge. In fact,
before AuNPs were found as a dramatic optimizing additive in PCR, many other additives such
as formamide,21 nonionic detergents,22 DMSO,23
glycerol,24 TMA,25 betaine;26 etc. had been proven
to be eﬀective to some extent in enhancing speciﬁcity
or yields of PCR, but most of their optimizing mechanisms were still in hypotheses. The diﬃculty is
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Weight and total surface of optimum amount of diﬀerent size gold nanoparticles.

Gold nanoparticles
Sigma 5 nm
Sigma 10 nm
Sigma 20 nm
Homemade sample 1
Homemade sample 2

Average
height
(nm)

Surface-tovolume ratio
(m2 /m3 )a

Eﬀective
molarity
range (nM)

Optimum
molarity
(nM)

Optimum
AuNPs
weight (ng)b

Total
surface
(mm2 )c

5.02
10.28
21.32
44.41
57.02

1.20 × 109
5.84 × 108
2.81 × 108
1.35 × 108
1.05 × 108

0.24–0.42
0.28–0.49
0.055–0.071
0.022–0.039
0.012–0.021

0.24
0.35
0.063
0.022
0.014

4.63
57.90
92.64
289.5
405.3

0.287
1.752
1.351
2.027
2.210

a
Value calculated based on the formula: S/V = 4π (di /2)2 /[4/3π(di /2)3 ] = 6 × 109 /di (m−1 ), where di is
equal to the average height.
b
Value calculated based on the formula: optimum AuNPs weight = Optimum molarity × VP × Na × Wi
(ng), where VP is equal to one PCR volume 25 µL; Wi is the weight of one Au nanoparticles with diameter
di nm.
c
Value calculated based on the formula: total surface = optimum molarity × VP × Na × 4π (di /2)2 , where
VP is equal to 25 µL.

mainly due to the complexity of PCR system, which
includes many kinds of molecules such as ds-DNA
template, polymerase, dNTPs, ss-DNA primers, etc.
In terms of AuNPs, there are many reports about the
interaction between AuNPs and DNA,3–5 protein,1,2
or dNTPs.27 So far no systematic research work has
been performed on competitive absorption among
AuNPs and all these molecules. Therefore, the
detailed mechanism of nanogold-assisted PCR still
requires further investigation.

4. Conclusions
In summary, we tested three kinds of commercial
AuNPs with 5.02, 10.28, and 21.32 nm in diameter
and two kinds of homemade AuNPs with 44.41 nm
and 57.02 nm in diameter in enhancing the speciﬁcity
of the error-prone two-round PCR. Based on their
diﬀerent optimum concentrations, several parameters were calculated including S/V , the weights, and
the total surfaces of AuNPs samples with diﬀerent
sizes. It was found that the total surface areas of
the AuNPs were on the same level for achieving the
same optimum eﬀect except the sample with 5.02 nm
in diameter. This seemed to favor a kind of surfacebased mechanism in nanogold-assisted PCR.
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