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Enhancement of the polymerase chain reaction by
tungsten disulfidet

Dong Zhang,® Yingcun Li? Xuange Zhang,? Yonggiang Cheng & *2
and Zhengping Li {2 *2°

In this paper, we demonstrated that the polymerase chain reaction (PCR) could be dramatically enhanced
by tungsten disulfide (WS,). The results showed that the PCR efficiency could be increased with the addition
of WS, and at a lower annealing temperature, which simplified the design and operation of PCR. Moreover,
PCR with WS, showed better specificity and efficiency as compared with graphene oxide (GO) for a human
genome DNA sample. The mechanism of enhancement of PCR by WS, was discussed according to the
typical structure and the characteristics of selective adsorption of single-stranded DNA by WS,. The
results suggested that WS, as a PCR enhancer can promote the PCR performance and extend the PCR
application in biomedical research, clinical diagnostic, and bioanalysis.

Introduction

Polymerase chain reaction (PCR), as a basic technology in bio-
logical and clinical research, is the most practical method of
nucleic acid amplification and has been successfully applied in
genetic analysis, DNA sequencing, pathogen detection, disease
diagnosis, etc."®* However, the traditional PCR has also shown
some fundamental limitations, such as the rigorous primer
design, high-precision temperature cycling, and the non-
specific amplification and false-positive results, which restrict
the PCR in its wide application.”®

It was found that the optimization of the key parameters in
the PCR, including the design of primers, the annealing
temperature, the number of cycles, the quality and type of the
template, and the concentration of DNA polymerase, can
improve the amplification efficiency and specificity.>*® More-
over, it was reported that the efficiency, specificity and sensi-
tivity of the PCR could be improved by adding some chemical
and biological additives, such as dimethyl sulfoxide (DMSO),
formamide, and the single strand DNA binding protein
(SSB)."*** Due to the high thermal conductivity and specific
surface area, nanomaterials had attracted the attention of
researchers for improving PCR. Many researchers tried to use
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nanomaterials as additives to optimize the PCR efficiency.'* "
Up to now, gold nanoparticles (AuNPs), graphene oxide (GO),
quantum dots (QDs), carbon nanotubes (CNTs), and some other
metal nanoparticles and nanocomposites have been used to
improve the specificity and efficiency of the PCR.***** Although
AuNPs can improve the specificity and efficiency of PCR, its own
colour limited its application in some colorimetric reac-
tions.”**” GO and QDs can enhance the specificity of the PCR,
the high dosage will, however, interfere with the detection of
signals.”®?* Therefore, it is desired to further develop new
materials for enhancing PCR.

Recently, the layered nanomaterials of transition metal
sulfides, such as tungsten disulfide (WS,) and molybdenum
disulfide (MoS,), had aroused great concern in many fields of
science because of their unique optical and catalytic proper-
ties.*>** It was discovered that WS, could be synthesized in large
scale and directly dispersed in aqueous solution as compared
with GO that involved oxidation treatment, which might change
the semiconductor properties of nanostructures.> Therefore,
WS, showed great potential in biomedical applications. Yuan
et al. established a simple ultrasonic assisted method to prepare
water-soluble WS, nanoscale and found that WS, could adsorb
ssDNA and quench the fluorescence of dye.*® The adsorbed
ssDNA could leave WS, nanoscale by interacting with other
biomolecules, resulting in the recovery of fluorescence. More
recently, Wang et al. reported that MoS, and WS, could enhance
PCR signals owing to the adsorption of both the ssDNA PCR
primers and DNA-staining dyes, SYBR Green I, with an appro-
priate strength.*® These discoveries enable WS, to have more
applications in the fields of biosensing and bioanalysis.

In this paper, we systematically studied the effects of WS,
concentration and annealing temperatures on PCR and
demonstrated that the addition of WS, within a certain
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concentration range in the PCR system could significantly
improve the efficiency and specificity of PCR at a lower
annealing temperature. In addition, WS, showed the better
specificity and efficiency in PCR as compared with graphene
oxide (GO), indicating that WS, had the excellent performance
in enhancing PCR, and the great potential for PCR-based
bioassays and applications.

Results and discussion
Characterization of the WS,

The morphology of the used WS, was characterized by trans-
mission electron microscopy (TEM) and atomic force micros-
copy (AFM) as shown in Fig. 1. In the TEM image of the WS,
(Fig. 1a), the stacked, fragmented WS, feature was observed. In
the AFM images (Fig. 1b), the entire area of the individual
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Fig. 1 Representative TEM image (a) and AFM image (b) of WS,
nanoscale.
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fragmented WS, exhibited a uniform thickness. In particular,
the size range of these WS, sheets was nearly 50-500 nm.

Enhancement of PCR by WS, with different concentration

To demonstrate the ability of WS, to enhance the PCR effi-
ciency, we first analysed the PCR products by agarose gel elec-
trophoresis by using the PCR to amplify the ACTN3 gene from
the human genomic DNA with different concentrations of WS,.
As shown in Fig. 2, the band intensities of the PCR products
gradually increased with increasing WS, concentration in the
range from 0 to 5 ug mL™ ", indicating that the amplification
efficiency of PCR could be greatly improved by WS,. However,
when the WS, concentration was greater than 20 ug mL™*, no
PCR products could be detected (lane 12 and 13), suggesting
that the PCR could be inhibited in the presence of a large
amount of WS,. More importantly, the tailing bands could be
obviously observed in PCR products in the absence of WS,,
which indicated the non-specific PCR amplification. The non-
specific “tailing” bands could be gradually diminished with
addition of WS, in PCR and completely eliminated when the
WS, concentration was greater than 1 ug mL™'. These results
could demonstrate that the WS, could effectively improve the
PCR amplification efficiency and specificity. The concentration
of WS, was critical for obtaining optimal PCR results. The wide
WS, concentration range from 1 ug mL ™" to 15 pg mL ™" could
be employed in this PCR system.

Enhancement of PCR by WS, at different annealing
temperature

In traditional PCR, the annealing temperature has a great
influence on the specificity of PCR and the amplification effi-
ciency. When the annealing temperature is too high, the
primers and the template DNA cannot hybridize well, resulting
in low amplification efficiency. Conversely, annealing temper-
ature is too low, the primer would be non-specifically annealing
with the template DNA, resulting in the non-specific amplifi-
cation productions of DNA fragments. Therefore, we

Fig. 2 WS, enhances PCR at different concentrations. Agarose gel
images of marker and the amplified DNA bands with WS, or not. 10 pL
PCR system containing 13.7 ng template DNA, 0.25 mM of dNTPs,
200 nM forward and reverse primers, 0.15 U Tag™ Hot Star DNA
polymerase. Lane M was DNA marker. The final concentration of WS,
for lane 1 to lane 13 was 0, 0.3, 0.5, 1, 3, 5,7, 9, 13, 15, 20, 30, 50 pg
mL~, respectively. The arrows indicated the positions of the target
DNA fragment.

This journal is © The Royal Society of Chemistry 2019
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investigated the effect of WS, on the PCR performance at
different annealing temperature. Fig. 3 was the agarose elec-
trophoretic image of the PCR products without the addition of
WS, (lanes 1-4) and with the addition of WS, (lanes 1'-4’), when
the annealing temperature was 40, 45, 50, and 55 °C, respec-
tively. As shown in Fig. 3, it could be seen there were many
diffuse DNA bands for PCR products and the specific 291 bp
band of PCR products could not be observed in the lane 1 and
lane 2, indicating that in the absence of WS,, no specific PCR
products could be detected at lower annealing temperature
(40 °C and 45 °C). On the other hand, the bands of specific PCR
products (291 bp) could be obviously observed with addition of
WS, at the lower annealing temperature (lane 1’ and lane 2').
Moreover, at the same annealing temperature, the band of
specific PCR products by addition of WS, (lane 3') were much
brighter than that in the absence of WS, (lane 3). These results
indicate that the addition of WS, in PCR can greatly enhance
the PCR amplification specificity and efficiency even at a lower
annealing temperature, which suggests that WS, makes the
PCR very suitable for wide annealing temperature and facili-
tates the application of PCR.

Moreover, to further prove the enhancement effects of WS,
on PCR, we investigated the PCR with the varied lengths of the
PCR products and the other DNA polymerase (Fig. S11). The
same enhancement effects of WS, on PCR as Taq DNA poly-
merase were observed with the different lengths of PCR prod-
ucts and Phusion DNA polymerase, where annealing
temperature optimization was not successful without WS,.

To investigate the effect of WS, on the fidelity of DNA poly-
merase, the PCR products of 291 bp without and with WS, were
sequenced by Sanger sequencing. The sequencing result
showed that the sequences of the PCR products with WS, were
identical to those without WS,, indicating that the addition of
WS, would not affect the fidelity of DNA polymerase (Fig. S2 and
Table S1t).

1500 bp

500 bp 3
300 bp

100 bp

Fig. 3 Agarose gel images of WS, effect on PCR under the different
annealing temperature. Lane M was DNA marker. Lane 1 to lane 4
without the WS,, lane 1’ to lane 4’ was added 5 pg mL~t WS,. The
annealing temperature of PCR for lane 1/1’ to lane 4/4’ was 40, 45, 50,
55 °C, respectively. The arrows indicated the positions of the target
DNA fragment. The experiment conditions were the same as Fig. 2.
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Effect on the PCR efficiency with WS, by real-time PCR assays

The effect of WS, on the PCR efficiency was also investigated by
real-time quantitative PCR by using SYBR Green I as the fluo-
rescence dye (Fig. 4). In this case, relative fluorescence intensity
was directly associated with the yield of the PCR products in
response to the WS,. Compared to the control assay without the
addition of WS, in PCR, the PCR efficiency for genomic DNA
was obviously enhanced in the presence of the WS,. In partic-
ular, the efficiency produced by the WS, was about 1.8 times
higher than that of the control. Therefore, the WS, shows great
enhancement for PCR efficiency in both the conventional PCR
and real-time fluorescence PCR, suggesting the great potential
of WS, enhancement for real-time quantitative PCR.

Comparison of the effects of WS, and GO on PCR

It has been reported that GO can be used as an excellent addi-
tive to enhance the PCR amplification efficiency and speci-
ficity.*” WS, is similar to GO as the layered two-dimension
nanomaterials. Therefore, we compared the enhancement effi-
ciency for PCR between WS, and GO. As shown in Fig. 5a, in the
absence of WS, and GO, the band of PCR producers were weaker
and many non-specific amplification products could be detec-
ted. When the WS, or GO were respectively added into PCR in
the concentration ranging from 0.3 to 1 pg mL ™", the band
densities of the PCR products were significantly increased with
increasing the concentration of WS, or GO and the non-specific
bands were gradually reduced. At the same time, it could be
seen from Fig. 5b, the band densities of WS,-enhanced PCR
products was higher than those of GO-enhanced PCR. More
importantly, when the WS, concentration was greater than 3 pg
mL~", the band densities of the WS,-enhanced PCR products
reached their maximum and the non-specific bands could be
completely eliminated. In contrast, when the GO concentration
was greater than 3 pg mL™", the PCR could be inhibited so that
no PCR products could be detected. These results demonstrated
that WS, showed significantly higher enhancement than GO for
PCR amplification efficiency and WS, could be employed at
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Fig. 4 Different amount WS, effect on fluorescence intensity of real-
time PCR assays, the final concentration of WS, was 0 and 5 ng mL™%.
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Fig. 5 Comparison of the enhancement effects of WS, and GO on
PCR. (a) Lane M was marker. The final concentration of WS, for lane 1
to lane 7 was 0, 0.3, 0.5, 1, 3, 5, 7 ug mL™?, the final concentration of
GO for lane a to lane g was 0, 0.3, 0.5, 1, 3, 5, 7 ng mL™™. The arrows
indicated the positions of the target DNA fragment. (b) A-G is the
optical density of WS,/GO at concentrations of 0, 0.3, 0.5, 1, 3, 5and 7
ng mL~Y respectively. The experiment conditions were the same as
Fig. 2.

high concentration in PCR to achieve the optimized amplifica-
tion efficiency and specificity.

The mechanism of enhancement of PCR by WS,

Owing to their unique structure and physicochemical proper-
ties, nanoparticles have been shown to be effective in sup-
pressing nonspecific amplification and improving the
sensitivity of PCR.*® Moreover, the relevant mechanisms of PCR
enhanced by various nanoparticles, such as AuNPs and GO et al.
have been studied.® Similarly, the mechanism of enhancement

Primer

~
Y
S~

!

—

e

9999
99999

NN

DNA polymerase

Target DNA l WS, sheet Versus

'_

Schematic illustration of WS, enhanced PCR verification.

Bhy9.0.99

WS,

Fig. 6

9376 | RSC Adv., 2019, 9, 9373-9378

View Article Online

Paper

of PCR by WS, is closely related to its structure and photo-
physical property. As shown in Fig. 6a, WS, has a two-
dimensional (2D) graphene-like layered structure and the
layers are bound by a weak van der Waals force. Each tungsten
atom is surrounded by six sulfur atoms and the tungsten atoms
and sulfur atoms are covalently bonded to form a two-
dimensional crystal material with a sandwich structure.®®
Accordingly, the typical layered structure of WS, endows it some
unique properties for enhancement of PCR as follows.

It was reported that WS, had the ability to selectively adsorb
ssDNA because the similar structure and properties of GO.**
Thus, in the denaturation stage of PCR, forward and reverse
primers (ssDNA) can be adsorbed on the surface of WS, by non-
covalent binding. In the annealing stage of PCR, forward and
reverse primers can hybridize with template DNA to form
double strands so as to escape from the surface of WS,. In this
way, a dynamic equilibrium process of adsorption and desorp-
tion may be formed between ssDNA primers and WS,, which
reduces the mismatch probability between the primers and the
DNA template at the annealing stage, thus reducing the primers
dimer formation and improving the specificity of PCR. In
addition, WS, may absorb DNA polymerase for the enhance-
ment of the PCR on the basis of the adsorption and desorption
kinetic mechanism. Similar to the interaction between ssSDNA-
WS,, the polarity group on the amino acid structure of the
polymerase is positively charged, so there is a tendency to be
adsorbed by WS,. On the other hand, the side chain of protein
does not contain polar groups, indicating that it is not
completely adsorbed by WS,. These results can affect the
activity of DNA polymerase in the PCR system so as to reduce
the generation of nonspecific amplification and enhance the
amplification efficiency of the PCR.

Because the metal centre of WS, is sandwich and there is no
direct interaction with DNA, the interaction between WS, and
ssDNA may be van der Waals force.** GO absorbing DNA mainly
depends on hydrogen bonding and van der Waals force, which
is stronger than that of WS,. Therefore, in the thermal cycle of
PCR, ssDNA primer is easier to desorption from WS, than GO.
Thus, the high desorption efficiency of primers from WS,
results in better enhancement of PCR by WS, than GO in Fig. 5.

Conclusions

In this work, we have demonstrated that WS, with the layered
structure can significantly improve the amplification efficiency
with the more PCR products and specificity of PCR by reducing
the nonspecific bands. Furthermore, the WS, nanomaterials
have the better enhancement effect for PCR amplification than
GO. More importantly, the WS, can be employed in PCR in the
wide concentration and temperature ranges, which make the
PCR very facile performance under mild conditions and may
avoid the strict optimization of experiment condition of PCR.
Even in the conventional PCR, when optimization of annealing
temperature is not successful to improve the specificity of PCR,
the significant enhancement effect can be achieved by adding
WS, nanosheets to the PCR. Therefore, the WS,-based
enhancement PCR can effectively extend the PCR applications

This journal is © The Royal Society of Chemistry 2019
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and has great potential in molecular biology, genetic analysis,
biomedical research, and clinical diagnosis, etc. At the same
time, this work provides a new idea for studying the application
of two-dimensional nanomaterials in the other nucleic acid
amplification technologies.

Experimental

Materials and reagents

Taq™ Hot Start DNA Polymerase, DNA marker, loading buffer
were purchased from Takara Biotechnology Co., Ltd (Dalian,
China). Tungsten disulfide (WS,) nanosheet dispersion with
LiOH (single layer ratio = 90%) and Graphene oxide (GO) were
purchased from Nanjing XF Nano Material Tech Co., Ltd.
(Nanjing, China). Agarose was obtained from Sangon Biotech
Co., Ltd. (Shanghai, China). GelGreen was obtained from Bio-
tium Co., Ltd. (California, USA). Genomic DNA was extracted
from human blood by using TIANamp Genomic DNA Kit
(TIANGEN Biotechnology, China). All chemical reagents were of
analytical reagent grade and all solutions were prepared with
ultrapure water. The sequences of oligonucleotides used in this
work were listed below, which were synthesized and purified by
TaKaRa Biotechnology Co. Ltd. (Dalian, China).

PCR Primer F: CTGTTGCCTGTGGTAAGTGGG

PCR Primer R: TGGTCACAGTATGCAGGAGGG

Characterization of WS, nanosheet

A small amount of WS, nanosheet solution was dispersed
evenly with ultrasonic for 10 min. Then it was diluted to light
yellow with deionized water. Subsequently, about 2 pL solution
was dropped onto a micro grid for transmission electron
microscopy (TEM) analysis with Tecnai G2 F20 (FEI, Hillsboro,
USA).

A small amount of WS, nanosheet solution was diluted to
a light yellow color, and then dispersed it with ultrasonic for
10 min. After that, about 2 pL of WS, nanosheet solution was
dropped onto a new mica sheet and dried naturally for atomic
force microscope (AFM) characterization with non-contact
mode on Dimension Icon (BRUKER, Massachusetts, USA).

Extraction of genomic DNA

The human genome DNA was obtained from peripheral blood
samples of athlete volunteers and extracted by using TIANamp
Genomic DNA Kit (TIANGEN Biotechnology). The concentration
of the extracted genomic DNA was measured by NanoDrop™
One spectrophotometer (Thermo Fisher Scientific Co. Ltd) at
260 nm.

Polymerase chain reaction

In the model PCR system, the forward primer and reverse
primer were used to amplify a 291 bp fragment from the human
genomic DNA of ACTN3 gene (rs1815739 SNP site.) as target
sequence. The reaction was performed in a 10 pL mixture con-
taining 13.7 ng pL~" of genomic DNA, 0.25 mM of dNTPs,
200 nM of forward and reverse primers, 1 pL of Taq™ Hot Start
DNA Polymerase buffer (10 mM Tris-HCI pH 8.3, 50 mM KCl,

This journal is © The Royal Society of Chemistry 2019
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1.5 mM MgCl,), 0.15 U of Taq™ Hot Start DNA Polymerase, and
different concentrations of WS, nanomaterials with ultrasonic
for 10 min. The PCRs were carried out in the 2720 thermal cycler
(Applied Biosystems, USA), with the program of hot start at the
98 °C for 10 s, and 50 °C for 30 s, 72 °C for 1 min for 35 reaction
cycles.

Agarose gel electrophoresis

After the amplification, the PCR products were further analyzed
by 2.2% agarose gel electrophoresis. Electrophoresis was per-
formed in 1x TAE buffer solution, under 110 V voltage for
40 min, and then used to perform imaging with the VersaDoc
Model 4000 gel imager (Bio-Rad, USA). The performance of
nanomaterials for amplification and analysis of product was
confirmed via the band intensities using gel documentation
system and quantified by Image J.

Real-time PCR amplification

Real-time PCR was performed in 10 pL aqueous solution con-
taining 0.2 pL of Takara Ex Taq HS, 10x PCR buffer (100 mM
Tris-HCI, pH = 8.9, 500 mM KCl, 15 mM MgCl,), 1 pL of 2.5 mM
each of the dNTPs, 0.2 pL of 20x SYBR Green I, 1 pL of 10 pM
each of forward and reverse primers, 1 nL. DNA genome DNA
and 3.8 pL of H,O. The mixture solution was initial denatur-
ation at 94 °C for 4 min, and was followed by 50 cycles of 98 °C
for 10 s, 50 °C for 30 s, 72 °C for 1 min in StepOne™ Real-Time
PCR System.
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