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Abstract: Polymerase Chain Reaction (PCR) is one of the most common technologies used to produce
millions of copies of targeted nucleic acid in vitro and has become an indispensable technique in
molecular biology. However, it suffers from low efficiency and specificity problems, false positive
results, and so on. Although many conditions can be optimized to increase PCR yield, such as the
magnesium ion concentration, the DNA polymerases, the number of cycles, and so on, they are
not all-purpose and the optimization can be case dependent. Nano-sized materials offer a possible
solution to improve both the quality and productivity of PCR. In the last two decades, nanoparticles
(NPs) have attracted significant attention and gradually penetrated the field of life sciences because
of their unique chemical and physical properties, such as their large surface area and small size
effect, which have greatly promoted developments in life science and technology. Additionally, PCR
technology assisted by NPs (NanoPCR) such as gold NPs (Au NPs), quantum dots (QDs), and carbon
nanotubes (CNTs), etc., have been developed to significantly improve the specificity, efficiency, and
sensitivity of PCR and to accelerate the PCR reaction process. This review discusses the roles of
different types of NPs used to enhance PCR and summarizes their possible mechanisms.

Keywords: NanoPCR; nanomaterials; specificity; efficiency; mechanisms

1. Introduction

Polymerase chain reaction (PCR) technology, first proposed by Mullis in the United
States in 1983 and invented in 1985, is a molecular biology technique used to amplify specific
DNA fragments and is regarded as a unique DNA replication in vitro. The most prominent
feature of PCR is that it can significantly increase the trace amount of DNA. So far, it has
been widely used in many different fields, such as medical diagnosis [1], food safety [2],
archaeological research [3], basic bioresearch, etc. However, the development of PCR is
subject to certain limits owing to low specificity, efficiency, and sensitivity. Although some
important parameters in PCR have been optimized to improve its specificity and efficiency,
including polymerase concentration, annealing temperature, cycle number, template type,
primer design, and magnesium ion concentration, the effect is still not satisfactory [4].
Nanotechnology, therefore, has been applied to improve the performance of PCR. At
present, many nanomaterials have been successfully used to enhance the specificity and
efficiency of PCR, such as Au NPs [5], QDs [6], CNTs [7], graphene oxide (GO) and reduced
GO (rGO) [8], partial metal oxidation materials [9,10] (e.g., titanium dioxide, zinc oxide)
and other composite materials like macromolecule polymer doped with Au NPs [11],
amino-modified semiconductor magnetic NPs [12], and so on.
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Nanomaterials are composed of particles with at least one external dimension less
than 100 nm, and they have been widely used in electronics, aerospace, military, chemical,
biomedical, and healthcare products [13]. In PCR, nanomaterials are added to the reaction
system that mainly contains primers, enzymes, and templates, due to the characteristics
of nanomaterials and their role in PCR. Here, numerous NPs were divided into three
categories according to the effects of nanoparticles in PCR. The first type of nanomaterial,
such as Au NPs, GO, carbon nanopowder (CNP), etc., has good thermal conductivity,
which could speed up the process and shorten the reaction time of the original reaction
procedure, therefore enhancing the efficiency of PCR. The second one, which includes
CNTs, magnetic NPs, polymer-modified silica, QDs, etc., may interact with the surface of
nanomaterials via van der Waals forces among the reaction system components, or provide
many binding sites to fix polymerases, so that the added template and material form a
competitive relationship, and thus enhance the specificity of PCR. The third type includes
polymer-modified gold, GO, CNTs, ZnO with amino groups, etc., which have a positive
surface charge and attract negatively charged nucleotide chains (templates and primers)
containing phosphate groups, thereby enhancing the specificity of PCR. Of course, the
enhancement of each type of NP described here in PCR is not just a cause, it is the main
enhancement mechanism. Some NPs create catalytic activity or similar to ssDNA-binding
proteins (SSB), which have the characteristics of selective adsorption of ssDNA. This is
often caused by a variety of factors.

However, the mechanisms of nanoPCR are still unclear because of the complexity
of the PCR system and characteristics of NPs. The possible mechanisms are described as
follows: (1) surface interactions between nanomaterials and PCR components; (2) thermal
conversion rate of nanomaterials; (3) electrostatic interaction; (4) being analogous to ssDNA
binding proteins (SSB); and (5) catalytic activity. Undoubtedly, these mechanisms cannot
explain clearly the impact of all nanomaterials on PCR. Therefore, more undiscovered
mechanisms need to be thoroughly explored. Herein, this review aims to discuss the
applications of different nanomaterials in PCR and summarize the possible mechanisms
between various nanomaterials and the PCR components.

2. Utilizing Different Nanomaterials to Enhance PCR Effects
2.1. Metal Nanomaterials
2.1.1. AuNPs

Au NPs are the most well-studied nanoparticles, and their interesting chemical and
photophysical properties make them an integral part of nanoscience and ideal for biological
and other commercial laboratories, which contain non-toxic, good biocompatibility, and
unique chemical and optoelectronic properties. For example, Au NPs are characterized
by adjustable size and physical size, catalytic activity, high surface volume ratio, high
stability, easy synthesis and surface modification, and strong light absorption and scattering
properties [5,14]. Figure 1 shows transmission electron microscopy (TEM) images of Au
NPs in different morphologies [15,16].

Li et al. for the first time reported the optimization of Au NPs on PCR. The Au NPs
with a particle size of about 13 nm were proved to dramatically improve the efficiency
of PCR. Compared with the reagent without Au NPs, the amplification yield of PCR
reagent with Au NPs increased at least 10* to 10°-fold with shortened PCR time in testing
different sizes of the DNA fragments [17]. Subsequently, Pan et al. studied the interaction
mechanism of Au NPs and DNA polymerase in the PCR system. It was found that Au NPs
could optimize the PCR amplification strategy and inhibit the nonspecific amplification of
PCR. The amplification limit of detection (LOD) increased approximately seven-fold [18].
In 2008, Binh et al. found that the effect of Au NPs was not to increase PCR specificity but
to favor smaller products over more oversized products, regardless of specificity. Such an
effect could be duplicated simply by reducing polymerase concentration but be reversed
by increasing polymerase concentration or adding BSA as a competitive displacer [19]. The
study of the interaction between Au NPs and DNA polymerase indicated that the addition
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of DNA polymerase could eliminate the inhibitory effects of the excess Au NPs, and in the
reverse, Au NPs could eliminate the inhibitory effects of the excess DNA polymerase [20].
Moreover, Au NPs have been proven to be able to simultaneously enhance both PCR
efficiency and specificity by improving the thermal conductivity of the PCR solution [21].
Afterwards, Lou et al. generally summarized the three effects of Au NPs on PCR: (1) Au
NPs adsorbed polymerase; (2) Au NPs decreased the melting temperatures (Tm) of both
complementary and mismatched primers and increased the Tm difference between them;
and (3) Au NPs facilitated the dissociation of the PCR products in the denaturing step [22].
Mandal et al. proposed that the enhancement of PCR yield by Au NPs with a particle size
of 11 nm could be attributed to the greater affinity and thermodynamic stability of Au NPs
for Taq DNA polymerase compared to the primer or DNA template [23].

Figure 1. TEM images of (a) spherical, (b) rod (Reproduced with permission from Ref. [15], Copyright
2022, Elsevier), and (c) triangular Au NPs. (Reproduced with permission from Ref. [16], Copyright
2020, American Chemical Society).

2.1.2. Ag NPs

At present, the use of metallic silver, silver nitrate, and silver sulfadiazine to treat
burns, wounds, and bacterial infections has significantly declined because of the emergence
of antibiotics. With the tremendous impetus of nanotechnology gains, nano-sized silver (Ag
NPs) shows dramatically diverse chemical, physical, and optical properties and has high
optical tunability, large absorption cross sections, and scattering properties [16]. Figure 2a,b
are the TEM images of triangular NPs and spherical Ag NPs, respectively.

Figure 2. (a) Triangular and (b) spherical Ag NPs with lattice orientation zoomed image. (Reproduced
with permission from Ref. [16], Copyright 2020, American Chemical Society).
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Wang et al. found that the presence of Ag NPs could significantly retain the specificity
of long PCR products after three rounds of repeated amplification [24]. Liu et al. studied
the effect of Ag NPs on DNA synthesis in PCR where Ag NPs over a certain size and
concentration significantly inhibited PCR amplification [25]. Recently, Kadu et al. reported
the effect of the shape of Ag NPs on photothermal properties and PCR efficiency. Triangular
Ag NPs were able to increase PCR efficiency [16].

2.2. Carbon-Based Nanomaterials
2.2.1. CNTs

CNTs are greatly advantageous because of high electron transport without electronic
scattering and electronic conductivity; thus, they provide high-performance sensing tran-
sistors. More specifically, CNTs possess a high aspect ratio (the ratio of lateral size to
thickness), large specific surface area (SWCNT > 1600 m?/g, MWCNT > 430 m?/g), as
well as good mechanical and electrical (~5000 s/cm) properties [26,27]. The SEM and TEM
images of SWCNTs and MWCNTs are shown in Figure 3.

Figure 3. The SEM and TEM images of (A) unmodified SWCNTs, (B) modified SWCNTs, (C) un-
modified MWCNTs, and (D) modified MWCNTs. The black and white arrows refer to SWCNTs
and MWCNT5, respectively. (Reproduced with permission from Ref. [27], Copyright 2018, Japanese
Society for Dental Materials and Devices).

Cui et al. first reported the positive effect of CNTs on PCR amplification. The addition
of single-walled CNTs (SWCNTs) into the reaction liquid increased the amount of PCR
product at a SWCNT concentration of 3 pg uL.~!, but reversed at SWCNT concentrations
higher than 3 ug uL~! [7]. The beneficial effect of both SWCNTs and multiwalled CNTs
(MWCNTs) was also reported to enhance the specificity and total efficiency of long PCR
(14 kb). The hydroxylic and carboxylic CNTs had similar enhancing effects as well. More-
over, various functional groups and polymer-modified CNTs also played an even more
substantial role in enhancing PCR amplification [28]. The PEI-modified MWCNTs with
different surface charge polarities as a novel class of enhancers were successfully used to
improve the specificity and efficiency of PCR. Positively charged PEI-modified MWCNTs
(CNT/PEI) significantly enhanced the specificity and efficiency of PCR at an optimum con-
centration as low as 0.39 mg L™!, whereas neutral CNT/PEI modified with acetic anhydride
(CNT/PEILAc) had no such effect. Although the negatively charged CNT/PEI modified
with succinic anhydride (CNT/PEL.SAH) could enhance the PCR, the optimum concen-
tration required (630 mg L~!) was over three orders of magnitude higher than that of the
positively charged CNT/PEI [29]. On the other hand, the amine functionalized MWCNT
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(NH,-MWCNT) dispersion enhanced total PCR efficiency up to 70% after being sonicated,
centrifuged, and filtered, while NH,-MWCNTs inhibited the reaction significantly at similar
concentrations without being filtered [30]. The study of three kinds of CNTs containing
pristine, amine-functionalized, and carboxyl-functionalized SCNTs showed that both the
pristine and the amine-functionalized SCNTs could enhance the final amplification yields
of the samples. However, the carboxylated SCNTs displayed an inhibitory action in all
samples [31].

2.2.2. CNP

CNP has high specific surface area, strong adsorption, and high electrochemical capac-
ity. As seen in Figure 4a, CNP has two broad peaks at 20 of 25° and 43.8°, respectively. The
diffraction peaks correspond to the planes (002) and (101) of graphite, indicating either a
high degree of graphitization or a high degree of crystallinity, which can increase the ther-
mal conductivity of CNP nanofluids due to the amorphous particles scatter phonon. This is
probably the main reason why it enhances PCR. Figure 4b,c show the SEM photographs of
the morphology of CNP. Clearly, the CNP is irregular, and the particles tend to aggregate
with the diameter of CNP around 60 nm [32].

10

15 20 25 30 35 20 a5 50 55 80 65
2-theta (deg)

Figure 4. (a) XRD pattern of CNP at the following XRD conditions: X-ray: 40 kV, 30 mA. Scan speed:
3.0 degree/min. (b,c) SEM images of CNP with magnification x20,000 and x100,000. (Reproduced
with permission from Ref. [32], Copyright 2021, MDPI).

Over ten years ago, carbon nanopowder was proven for the first time to have a
beneficial effect on enhancing the efficiency of PCR amplification in a repeated PCR and a
long PCR system. For the repeated PCR, the addition of a certain amount of CNP could
obtain the target products even in sixth-round amplification with high specificity dependent
on the concentration of CNP. The CNP significantly improved the amplification efficiency
for long PCR reactions [33].
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2.2.3. Graphene

Graphene, known as a 2D crystal of sp2-hybridized carbon atoms arranged in six-
membered rings, has an extensive theoretical specific area, unparalleled thermal and
electricity conductivity, and fascinating electronic properties such as an ambipolar electric
field effect along with ballistic conduction of charge carriers [34]. However, during the
preparation of GO, the oxygen-containing functional groups are usually introduced on
the surface of graphene, and these heteroatoms will combine with adjacent carbon atoms
through covalent bonds or weak van der Waals forces, resulting in a sharp decrease in
thermal conductivity due to high-density defects caused to graphene [35]. Therefore, the
thermal conductivity better enhances the properties of rGO than GO in PCR.

In the study of graphene-enhanced PCR, Jia et al. found that the specificity of the
PCR amplification could be improved by adding GO at concentrations from 12 mg-mL !
to 60 mg-mL’l. However, GO did not affect the PCR when the GO concentration was
lower than 12 mg-mL~!, while it exhibited an inhibitory effect at concentrations higher
than 70 mg-mL~!. This study first demonstrated that rGO could significantly improve PCR
specificity. It was then concluded that rGO was superior to GO in enhancing specificity [36].
Wang et al. further demonstrated that 1 ug-mL~! of GO effectively enhanced the specificity
of the error-prone multi-round PCR [8]. In addition to conventional graphene, Abdul et al.
explored the effect of graphene nanoflakes (GNFs) on PCR and found that 0.01% (w/w)
GNFs provided an unambiguous 10-fold enhancement in the PCR yield. In addition, the
thickness of the GNFs had a significant impact on the yield of PCR products. The 8 nm-thick
GNFs increased the yield higher than other sizes [37]. Recently, Zhong et al. discussed the
effects of GO through surface modification on PCR. The zwitterionic polymer-modified
GO was found to be superior to other GO derivatives, with different charges enhancing the
specificity of PCR [38].

2.3. Oxide Nanomaterials
2.3.1. TiO,

TiO; has been known as one of the cheapest and most widely-available types of NPs
utilized for thermal conductivity enhancement [39]. Murshed et al. [40] demonstrated that
TiO, NPs have wonderful physical and chemical stability. It has been found that their
particle size, shape, and volume fraction are the most critical factors that contribute to
enhanced thermal conductivity.

Both size and concentration of TiO, NPs affects PCR. It was found that TiO, NPs
inhibited DNA synthesis in vitro more severely than the TiO, particles in microscale at
the equivalent concentration and the inhibition effect of TiO, NPs was concentration-
dependent in the dark [9]. About a decade ago, Rak et al. observed that TiO, NPs with
~25 nm diameter caused significant enhancement of PCR efficiency for various types of
templates. The optimal concentration was determined to be 0.4 nM, resulting in up to a
seven-fold increase in the amount of PCR product. As much as a 50% reduction in overall
reaction time was also achieved by utilizing TiO, NPs without compromising the PCR
yield [41]. Upon the addition of TiO, NPs with a particle size of 7 nm to the ordinary
PCR, RT-qPCR, and RT-PCR (reverse transcription PCR), the effects of TiO, NPs were
investigated. The results indicated that 0.2 nM TiO, NPs could achieve target amplification
at a very low template concentration in an ordinary PCR system. Furthermore, relative to
the larger TiO; particles (25 nm) used in a previous study, the smaller TiO, particles (7 nm)
used in this study increased the yield of PCR by three-fold or more [42].

2.3.2. ZnO

ZnO has been widely studied because it is non-toxic and easy to synthesize. Up
to now, powdery ZnO in various morphologies, including nanowires, nanoflowers, and
spherical and hierarchical structures have been successfully prepared and used to study
their photocatalytic properties [43]. ZnO nanoflowers and their composites have been
effectively used for PCR [44]. The XRD patterns and SEM images of ZnO nanoflowers
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are shown in Figure 5. The diffraction peaks are exactly the same as the standard card in
the ZnO powder diffraction file (PDF) #36-1451. This clearly shows that the synthesized
ZnO nanoflowers are of high purity. The SEM images show that the synthesized ZnO
nanoflowers are self-assembling and clearly depict the nanopetal-like structure that emerges
from the center of the flower. The synthesized ZnO nanoflowers are clear, uncrowded, and
well dispersed, with an average diameter of about 1-2 pm [44].

L (100)
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e (102)

e (110)

ZnO

PDF#36-1451
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20

40 50
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Figure 5. (a) XRD patterns of ZnO nanoflowers. SEM images of ZnO: (b) low magnification with a
diameter of 3.00 um, (c) high magnification with a diameter of 1.00 pm. (Reproduced with permission
from Ref. [44], Copyright 2020, MDPI).

The tetrapod-shaped SiO,-coated ZnO nanostructure with amino groups on the surface
was first discovered to have a positive effect on PCR and could increase the yield of PCR
amplification [10]. The incorporation of the ZnO nanoflowers in PCR led to a drastic
improvement in the efficiency and yield of the ZnO nanoflower-assisted PCR, and reduced
the time to perform the PCR assay [44].

2.3.3. Fe3O4

Magnetic NPs like Fe3Oy4 are characteristic of good magnetization and super-para-
magnetism. Compared with other nanomaterials, the surface of magnetic NPs is more able
to be functionalized.

For instance, Fe304 nanomaterials have been found to be able to improve the sensitivity
of PCR with a detection limit reaching 4.26 mol-L~!. Kambli et al. compared the PCR
efficiency enhanced by three transition metal NPs in the form of stable colloidal suspensions
at varying concentrations. The AFM images of three nanoparticles are shown in Figure 6.
Compared to the citrate stabilized Ag NPs (25 nm, 45%) and Au NPs (15.19 nm, 134%), the
highest amplification efficiency of 190% was received using the ammonium salt of oleic
acid-coated Fe304 NPs with an average size of 33 nm at a concentration of 7.2 x 1073 nM
in a conventional PCR system [45].

Figure 6. AFM images (a) Ag, (b) Au and (c) magnetite NPs, respectively. (Reproduced with
permission. from Ref. [45], Copyright 2016, Elsevier).
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Ozalp et al. synthesized magnetic core-silica shell NPs for easy one-step fixation of Taq
polymerase directly from crude extract formulations. The magnetic properties of the pellets
facilitate rapid purification to eliminate inhibitory elements present in the crude extract
during Taq polymerase isolation. They found that at room temperature, after one month,
the common Taq enzyme lost about 50% of the cationic activity of the amplification product,
while the Tag-silica hybrid retained its original activity for about five months. Additionally,
by recovering the Taq polymerase immobilized on the magnetic silica nanoparticles, re-
peated PCR was performed, and it was found that the immobilized enzymes still retained
their original activity after four cycles, although their activity decreased to 45% after seven
cycles [46]. Recently, Yajima et al. successfully developed photo-cross-linkable probe-
modified magnetic particles (PPMPs) for sequence-specific recovery of target nucleic acids
using optical cross-linkable artificial nucleic acid probes and magnetic particles. PPMPs
were prepared by adding biotin to the end of the photo-cross-linkable probe following
affinity binding with streptavidin-coated magnetic beads. Nucleic acid probes modified
with photo-cross-linked artificial nucleic acids can hybridize to the nucleic acid of interest in
a sequence-specific manner and then firmly capture the nucleic acid of interest by covalent
bonding mediated by UV irradiation. Then, the target nucleic acid is detected by trap-
ping the target-bound probe on the surface of the magnetic particles and subjecting these
collected magnetic particles to PCR so as to improve the sensitivity of the PCR detection
(Figure 7) [47].

Vv e

Target  Probe 90 min 366 nm i Magnetic
DNA  addition Hybrldlzzjtlon light particle addition
at 55°C irradiation
j e | - y — _
> Electrophoresis
Magnetic g Wash o :
separation Vi 6 M Urea and v
0.1 wt% Tween 20
b Real-time PCR

Target DNA and probe -
medified magnetic particles

Figure 7. Recovery of target nucleic acids using photo-cross-linkable artificial nucleic acid probes.
(Reproduced with permission from Ref. [47], Copyright 2022, American Chemical Society).

2.3.4. MgO

MgO nanomaterials have unique properties such as being highly stable with good
dispensability and less toxic effects. For example, Narang et al. introduced MgO NPs to a
PCR system and caused significant improvement in PCR efficiency [48].

2.3.5. Si0O,

SiO; nanomaterials with well-defined morphology and porosity were first prepared
and characterized by Stober. Carbonized polydopamine silica (C-PDA silica) were synthe-
sized and employed to increase PCR efficiency (Figure 8). As compared with the effects of
5iO, NPs and PDA silica on PCR, C-PDA silica exhibited about 1.5 and 1.2 times higher
efficiency. As a result, C-PDA silica can not only reduce the PCR cycle but also increase the
final quantity of the PCR product [49].
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Figure 8. (a) Schematic illustration of the synthesis process of silica, PDA silica, and C-PDA silica
and (b) their corresponding TEM images. All scale bars in (b—d) are 100 nm for the main panels
and 20 nm for the insets, respectively. (e) C-PDA silica was employed to increase the PCR efficiency.
(Reproduced with permission from Ref. [49], Copyright 2015, American Chemical Society).

2.4. Fluorescent Nanomaterials
2.4.1. QDs

QDs, as a new kind of fluorescent material, possess many excellent characteristics
such as size-tunable emission, wide absorbance bands, narrow symmetric emission bands,
high photostability, etc.

In 2009, Wang et al. [6] first found that CdTe QDs could increase the specificity of the
PCR at different annealing temperatures with DNA templates of different lengths. Also,
CdTe QDs were reported to accelerate PCR speed [50]. Then a Pfu polymerase based
multi-round PCR technique was developed through being assisted by CdTe QDs, and the
specificity could be retained even in ninth-round amplification [51]. The stacking of the
primers on graphene QDs(GQDs) could improve the sensitivity and specificity of PCR
by improving the efficiency of base-pairing between the primer and the template. By
increasing polymerase activity, GQDs could improve the yield of PCR, where GQDs are
tuned through chelating magnesium ions with their peripheral carboxylic groups [52].

2.4.2. Up-Conversion Nanomaterials

Photon up-conversion is the phenomenon where high-energy photons are emitted
upon the excitation of low-energy photons (Figure 9). Nucleic acid detection based on
up-conversion NPs (UCNPs) displays a high signal-to-noise ratio and no photobleaching
and has been widely applied. For example, Wang et al. [53] demonstrated that the ad-
dition of UCNPs to the reaction mixtures at appropriate concentrations could improve
PCR specificity.
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Figure 9. TEM image of 70 nm bare UCNPs. (Reproduced with permission from Ref. [53], Copyright
2013, Public Library of Science).

2.5. Others
2.5.1. Hybrid Nanocomposites

In the past decade, the application of composite nanomaterials in PCR has emerged
to optimize the disadvantages of nanoparticles such as easy aggregation, poor adsorption
capacity, poor thermal conductivity, etc., through surface modification or compounding of
multiple NPs for the purpose of improving the characteristic properties of nanoparticles.

Although Au NPs have been used maturely in PCR, it has been found that surface-
modified Au NPs have also had a strong enhancement effect on PCR in recent years. In
addition, some Au modified complexes have further specific effects on PCR. Chen et al.
synthesized the dendrimer-entrapped Au NPs (Au DENPs) using amine-terminated G5
dendrimers as templates and different compositions as additives to investigate their effects
on the specificity and efficiency of PCR amplification. It was found that the optimum
concentration of Au DENPs could be reduced to as low as 0.37 nM, much lower than that
of NH,-G5 dendrimers without Au NPs entrapped [54]. One year later, using poly (diallyl
dimethylammonium) chloride (PDDA) as novel PCR enhancers, Yuan et al. verified the
improvement of three kinds of Au NPs modified with different surface charge polarities
in the efficiency and specificity of an error-prone two-round PCR system. The optimum
concentrations of positively charged PDDA-Au NPs were different and as low as 1.54 pM,
while the negatively charged Na3zCt-Au NPs were over three orders of magnitude higher
than the positive ones [11]. Additionally, polyethylene glycol (PEG)-modified polyethylen-
imine (PEI)-entrapped Au NPs (PEG-Au PENPs) showed potential capacity to enhance
the specificity and efficiency in both two-round PCR and GC-rich PCR. As the proportion
of gold content increased, the optimum concentration of the modified Au NPs decreased
(Figure 10) [55].

Some nanomaterials can be effectively applied to PCR, but there are always some
limitations. For example, despite the merits and capabilities of GO, a severe agglomeration
level leads to a limited surface area, which may impede PCR performance. The modification
of GO with Au NPs overcomes these challenges as hybrid nanomaterials maintain the
beneficial features of both precursor materials and provide advantages unique to the hybrid
material through the combination of functional components (Figure 11). Jeong et al. [56]
synthesized an Au NP and GO hybrid composite and applied it as a PCR enhancer.
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Figure 10. Schematic illustration of the synthesis of PEG-Au PENPs. (Reproduced with permission
from Ref. [55], Copyright 2016, American Chemical Society).

Au(311)

Intensity
—
Intensity

T T T T

1200 1400 1600 1800 2000
Raman shift/cm ™!

0 10 20 30 40 50 60 70 80 1000
26 (deg)

(0 (d

Figure 11. Cont.



Molecules 2022, 27, 8854

12 of 26

0.8

Adsorption
7
/
/
\
\
\

300 400 500 600 700
Wavelength (nm)

—1

-== b

(e)

Figure 11. (a,b) TEM images of the GO and GO-Au composites, respectively. (¢) XRD images of
the GO and GO-Au composites. (d) Raman spectra of the GO and GO-Au composites. (e) UV-
vis absorption spectra of the GO, Au NPs and GO-Au composites from a to c. (Reproduced with
permission from Ref. [57], Copyright 2012, Hindawi).

Dao Van et al. [58] successfully synthesized Fe3O4/SiO, NPs consisting of a 10-15 nm
core and a 2-5 nm thick silica shell. The FezO,4/SiO, NPs were found to be more efficient
at purifying DNA from HBV and EBV than using commercial Fe;04/5iO, particles, as
indicated by (i) brighter PCR amplification bands for HBV and EBV viruses and (ii) higher
sensitivity for PCR-based EBV loading detection.

2.5.2. Other NPs

Metal-organic frameworks (MOFs) are special organic-inorganic hybrid porous solids
with extraordinarily high surface areas, tunable pore sizes, adjustable internal surface
properties, and an extraordinary degree of variable structures. These features endow
MOFs with potential gas or liquid adsorption/storage applications, such as drug delivery,
polymerization, catalysis, and biosensors. Recently, Sun et al. used UiO-66 and ZIF-8
to optimize the error-prone two-round PCR and found that both UiO-66 and ZIF-8 not
only enhanced the sensitivity and efficiency of the first-round PCR but also increased the
specificity and efficiency of the second-round PCR. Moreover, both MOFs could widen
the annealing temperature range of the second-round PCR [59]. Also, Rasheed et al.
developed a hexagonal boron nitride (hBN) NP-based PCR assay for the rapid detection of
Acanthamoeba to amplify DNA from low amoeba cell density. As low as 1 x 107 (wt%)
was determined as the optimum concentration of hBN NPs, which increased Acanthamoeba
DNA yield up to ~16%. Further, it was able to reduce PCR temperature, which led to a
~2.0-fold increase in Acanthamoeba DNA yield at an improved PCR specificity at 46.2 °C
low annealing temperature. hBN nanoparticles further reduced standard PCR step time by
10 min and cycles by 8 min, thus enhancing Acanthamoeba detection rapidly [60].

3. The Effects of NPs in Real-Time PCR

Real-time PCR is routinely used in molecular biology labs just like conventional PCR.
Its advantages over conventional PCR include the ability to visualize reactions that have
worked in real time and without the need of an agarose gel. It also allows truly quantitative
analysis. One of the most common uses of real-time PCR is to determine the copy number
of a DNA sequence of interest. Using absolute quantitation, the user is able to determine
the target copy numbers in reference to a standard curve of defined concentration in a far
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more accurate way than ever before. Here we discuss the effect of some NPs across the
real-time PCR amplification process [61].

Namadi et al. [62] did a very meaningful study in which they used gold NPs to bind
to targets to show overexpression of follistatin-related protein 1 (FSTL1) and FSTL3 in heart
failure (p < 0.05) by real-time PCR. The data showed that the elevated expression of FSTL1
and FSTL3 was a marker of heart failure and was detected within 30 min by synthetic Au
NPs, which was accurate and rapid.

Hu et al. [63] also investigated GO-based qRT-PCR detection methods, which con-
firmed that GO could reduce the occurrence of non-specific amplification by non-covalent
interaction with primers and ssDNA, significantly improving the sensitivity and specificity
of gRT-PCR detection. As shown in Figure 12, compared with conventional qRT-PCR,
the Ct value of the GO-based qRT-PCR significantly decreased (p < 0.05) (Figure 12a).
Furthermore, the results of agarose gel electrophoresis confirmed that the GO-based qRT-
PCR exhibited no non-specific amplification, while the conventional gqRTPCR displayed
apparent non-specific band amplification (Figure 12b).

(a) (b) 9(;3
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Figure 12. (a) Amplification curves and (b) Agarose gel electrophoresis images of GO-based qRT-
PCR and conventional qRT-PCR assays. (Reproduced with permission from Ref. [63], Copyright
2021, Elsevier).

At present, one of the most popular techniques in PCR and real-time PCR detec-
tion is the separation and purification of DNA by magnetic NPs to improve detection
sensitivity [64,65]. For example, Yang et al. developed a method combining nanoparticle-
based immunomagnetic separation (IMS) and real-time PCR for the rapid and quantita-
tive detection of Listeria monocytogenes. Carboxyl modified magnetic NPs were cova-
lently bound with rabbit anti-L. monocytogenes via the amine groups. L. monocytogenes
DNA > 102 CFU/0.5 mL was detected in milk samples containing L. monocytogenes, rang-
ing from 10° to 107 L. The number of cells calculated based on the Ct value is 1.5 to 7 times
that of the plate count. The results showed that both the use of NPs and the choice of anti-L.
monocytogenes in the IMNP-based IMS in combination with real-time PCR has improved
the sensitivity of L. monocytogenes detection from both nutrient broth and milk samples [66].
Bakthavathsalam et al. [67] developed a rapid and sensitive method for immunomagnetic
separation (IMS) of Salmonella along with their real time detection via PCR. Silica-coated
magnetic NPs were functionalized with carboxy groups to which anti-Salmonella antibodies
raised against heat-inactivated whole cells of Salmonella were covalently attached. The
immune-captured target cells were detected in beverages like milk and lemon juice by
multiplex PCR and real-time PCR with a detection limit of 10* cfu-mL~! and 10® cfumL~},
respectively. Zhong et al. [68] extracted DNA by magnetic particles to produce high-quality
DNA for real-time quantitative PCR using an optimized set of primers. The method was
highly sensitive, as it was capable of detecting as little as 100 cfu of P. aeruginosa. It was also
highly specific, as DNA extracted from other species of bacteria did not generate positive
signals. Yuan et al. similarly used magnetic beads to isolate DNA from affected periodontal
tissue and detect Porphyromonas gingivalis DNA by routine or quantitative real-time PCR,
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which has been shown to be specific, sensitive, and accurate [69]. Ernst et al. optimized
the method for extracting and purifying methicillin-resistant Staphylococcus aureus (MRSA)
DNA with magnetic NPs, and it could save approximately 20 min [70]. Wu et al. [71]
used protamine-coated magnetic NPs (PMNPs) to capture suspended viral particles, a
process that led to a selective concentration of viral particles, which could subsequently
be quantified for real-time PCR analysis. A sensitive real-time PCR detection method
was established.

Xu et al. [72] developed an ultrasensitive method involving (1) Au NPs encoded
with double-stranded DNA as the first signal amplification and goat anti-staphylococcal
enterotoxin B (SEB) polyclonal antibodies and (2) magnetic microparticles coated with anti-
SEB monoclonal antibodies to detect SEB. Both functionalized nanoparticles can capture
SEB in a sandwich system. The released DNA barcodes were then characterized through
SYBR Green real-time PCR and resulted in the second signal amplification (Figure 13).
Its detection limit could reach 0.269 pg mL~!, which was 1000-fold lower than that of
conventional enzyme-linked /immunosorbent assay.
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Figure 13. Schematic of SEB analysis based on the BCA. (A) Preparation of pAb~AuNP-DNA barcode
probes. (B) Principles of BCA combined with real-time PCR. (Reproduced with permission from
Ref. [72], Copyright 2019, Elsevier).

4. Mechanisms of Nanomaterials in PCR

Table 1 summarizes the enhancement effects and mechanisms of different nanomateri-
als one by one.
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Table 1. Reports of nanomaterials enhancing polymerase chain reaction.
Category Material Type of DNA Molecule Mechanism Effect References
c¢DNA from bladder cancer
cell line and lung cancer Increase the yield by
tissue, BNIP3 cDNA from Thermal conductivity 10%-10° times; [17]
bladder cancer cells and Shorten the reaction time
colorectal tissue
309 bp fragment from Surface interacti Inczeas&t::. tshe yllfe.lqtof PCR [18]
pBR322 DNA urface interactions product; Specificity;
Efficiency
Enhance sensitivity and
Au NPs 283-bp A-DNA / specificity in [19]
multi-round PCR
309 bp A-DNA and . . Specificity; Efficiency
genomic cDNA Surface interactions (favor smaller products) [20]
pBR322 DNA template Thermal conductivity Specificity; Efficiency [21]
Metal ial Human male genomic DNA Surface interactions; Specificity; Efficienc [22]
nanomaterials & Catalytic activity P yi Y
Housekeeping gene GAPDH Increase the yield of
from the human DNA / [23]
PCR product
template
Au DENPs 283-bp A-DNA Electrostatic interactions Specificity; Efficiency [54]
PDDA-Au NPs 283-bp A-DNA Electrostatic interactions ~ Specificity; Efficiency [11]
Electrostatic interactions; p e e
PEG—Au PENPs 283-bp A-DNA Thermal conductivity Specificity; Efficiency [55]
DNA Increased PCR efficiency
%—DN A, (kb) Thermal conductivity with long DNA and [24]
Ae NPs repeated amplification
& 714 bp GFP gene Surface interactions Inhibition [25]
750 bp mCherry -
containing plasmid / Efficiency (el
Surface interactions; Increase the yield of
CNTs 410bp DNA Catalytic activity PCR product 7]
14.3 kb A-DNA / Specificity; Efficiency [28]
Electrostatic interactions; e T
CNT/PEI 283 bp A-DNA Thermal conductivity Specificity; Efficiency [29]
: 94 mer random DNA . . Specificity; Efficiency
NH,-MWCNTs oligonucleotide library Surface interactions (filtered NH,-MWCNT) [30]
SWCNTs, 283 bp A-DNA Electrostatic interactions Increase the yield of PCR [31]
Carbon-based NH,-SWCNTs product
n;irl;o(r)rrlla_teiisls Increased PCR specificity
. . and efficiency with long
CNP 540 bp g-DNA Surface interactions DNA and repeated [33]
amplification
Surface interactions;
300 bp fragment from . . i
. Electrostatic interactions; ~ Specificity [36]
Graphene pET-32a plasmid DNA Thermal conductivity
283 bp A-DNA Surface interactions Specificity [8]
GNFs 1248 bp g-DNA Thermal conductivity Reduce cycles, Efficiency [37]
GO pET-32a plasmid Electrostatic interactions  Specificity [73]
650 bp DNA Surface interactions Inhibition [9]
TiO, Mouse and human genomic
DNA, plasmid DNA, and L. -
mouse complementary DNA Thermal conductivity Efficiency [41]
[cDNA]
Increase the yield of
cDNA or gDNA / PCR product [42]
. Silica-coated and .
Oxide . amino-modified Plasmid DNA Electrostatic interactions Increase the yield of PCR [10]
nanomaterials 7n0O product
Specificity; Efficiency;
ZnO 619 bp and 666 bp DNA / Reduce reaction Hime [74]
. Surface interactions; -
Fe304 800 bp prokaryotic DNA Thermal conductivity Efficiency [75]
MgO / / Efficiency [48]
Genomic DNA of E. coli (eael, Increase the final quantit
SiO, 248 bp) and pEGFP-C1 Surface interactions q y [49]

plasmid (egfp, 800 bp)

of PCR product
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Table 1. Cont.
Category Material Type of DNA Molecule Mechanism Effect References
Analogous to ssDNA
A-DNA binding protein (SSB); Specificity [6]
Surface interactions
CdTe QDs gﬁ&bp human genomic Surface interactions Reduce reaction time [50]
Fluorescen't 1 Human DNA, plasmid DNA Retained specificity in the
nanomaterials or marine fouling Surface interactions . p ymnt [51]
. ninth-round amplification
organism DNA
Specificity; Efficiency;
80 bp fragment from a . . .
GQDs GC-rich DNA Surface interactions Increase the yield of PCR [52]
product
UCNPs 120 bp 55 rRNA / Specificity [53]
GO-Au Genomic DNA of Listeria Specificity; Efficiency;
. monocyte (200 bp) and Surface interactions Broad annealing [56]
composites . .
Oth Scomber japonicas (800 bp) temperatures
thers Specificity; Efficiency;
MOFs A-DNA Surface interactions Wide annealing [59]
temperatures
4.1. Surface Interactions
For metal-nanomaterials, a possible mechanism was proposed that Au NPs might
modulate the activity of polymerase to improve PCR amplification [76], effectively re-
ducing polymerase concentration to suppress the amplification of longer products while
favoring amplification of shorter products through nonspecifically adsorbing polymerase
in the nanoparticle absorption spectrum and electrophoretic mobility in the presence of a
polymerase [19]. Lou et al. [22] reported that nanoPCR could be regulated by the surface
interactions between not only NPs and polymerases but also primers and products ab-
sorbed by metal-nanomaterials, as shown in Figure 14. Similar to Au NPs, the adsorption
of polymerase, primers, and templates by nano-silver was claimed to be the main reason
for the inhibition of DNA synthesis [25].
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Figure 14. Schematic illustration of the surface interactions between Au NPs and PCR components
(Reproduced with permission from Ref. [22], Copyright 2013, American Chemical Society).

Cui et al. [7] found that the DNA templates and Taq enzymes were attached to
the bundles of SWCNTs in PCR products for carbon-based nanomaterials. The possible
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mechanism could be the aggregation of reaction components caused by the van der Waals
attraction. MWCNTs with DNA and enzymes were pointed out to prevent their further
agglomeration through strong physical interactions [30]. Zhang et al. indicated that carbon-
based nanoparticles could directly bind with DNA molecules to improve the PCR efficiency
observed by atomic force microscopy [33]. The interaction between rGO and Pfu DNA
polymerase was proved to play a dominant role in improving the specificity of PCR [36].
In addition, Wang et al. monitored the interactions between GO and PCR components
using a capillary electrophoresis/laser-induced fluorescence polarization (CE-LIFP) assay
and found that the addition of GO promoted the formation of a matched primer-template
complex but suppressed the formation of a mismatched primer—template complex during
PCR, which revealed the essential role the interactions between the primers and GO played
in enhancing PCR specificity [8].

As for oxide nanomaterials, the primary reasons allowing Fe3O4 NPs to outperform
Au and Ag NPs seemed to be attributed to the effective adsorption of PCR components
onto the ammonium salt of oleic acid-coated magnetite nanofluids [45]. The effects of
C-PDA silica on PCR were observed by employing as-prepared silica and PDA silica so
as to investigate the interaction between the materials and PCR reagents. The substantial
negative charges of silica showed almost no interaction with primers nor polymerase. By
contrast, the PDA silica provided numerous binding sites to immobilize the primers and
polymerase on the surface to enhance the stability. Moreover, C-PDA silica allowed the
mild interaction with primers and polymerase but addressed the best PCR enhancement
(Figure 15) [49].

Silica PDA silica C-PDA silica

et r:j/ i
ks
T
(b)
ﬁ 1.Denaturation \,3;2 .Annealing
Q=0

/
PCR with
reagents

) 4, Ampllﬁcahon
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Figure 15. (a) C-PDA silica provided binding sites to immobilize the primers and polymerase and
(b) C-PDA silica in the PCR process. (Reproduced with permission from Ref. [49], Copyright 2015,
American Chemical Society).

The effect of the QDs was optimized to be the affinity between the DNA polymerase
and the QDs, as the DNA polymerase could be adsorbed onto the QDs, causing a reduction
in the effective concentration of the polymerase in the PCR system. Therefore, only the tar-
get PCR product, most efficiently annealed with primers, would be amplified preferentially
under these conditions. More QDs were added, and more polymerases were adsorbed.
With adequate QDs added to the PCR system, the polymerase concentration decreased
and was less than the optimal effective concentration for specific amplification [6]. The
study on the interactions of the primers and Mg?* with GQDs in PCR found that the
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primer stacking on GQDs improved the sensitivity and specificity of PCR by improving
the efficiency of base-pairing between the primers and the templates. The PCR yield was
improved primarily by GQDs via increasing polymerase activity, where GQDs were tuned
through chelating Mg?* with their peripheral carboxylic groups [52].

In addition, Au/GO hybrid composites were synthesized and used in PCR. It was
proven that the interaction among ssDNA, primer, polymerase, and graphene-based mate-
rials was mainly attributed to 7-7 stacking and electrostatic attraction, which improved
the stability of the PCR components, including DNA, polymerase, and primer, making
the Au/GO as an ideal PCR enhancer [56]. Recently, Sun et al. introduced MOFs like
UiO-66 and ZIF-8 into PCR and proposed that the main reason for MOFs increasing the
specificity and efficiency in two-round error PCR might be the interaction of DNA and Taq
polymerase with MOFs (Figure 16) [59].
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Figure 16. The possible interaction among templates, Taq polymerase and UiO-66 (or ZIF-8) during
PCR. (Reproduced with permission from Ref. [59], Copyright 2019, Royal Society of Chemistry).

4.2. Thermal Conductivity

Yan et al. demonstrated that the thermal conductivity enhanced by Au NPs was the
primary mechanism for the increasing PCR efficiency and specificity [21]. Jia et al. also
pointed out that rGO had an unusually high thermal conductivity (5300 WmK~! ) and
suggested that the rGO-assisted PCR system could rapidly reach thermal equilibrium
during the heating/cooling processes [36]. Like graphene, GNFs with enlarged surface
area increased the heat conductivity to produce high thermal conductivity for the final
purpose of enhancing PCR [37].

On the other hand, Abdul et al. [41] investigated the mechanism of PCR enhancement
by simulations using the Fluent K epsilon turbulent model, providing evidence of faster
heat transfer in the presence of TiO, NPs [41]. In 2016, Kambli et al. compared the enhanced
PCR efficiency from three transition metal NPs in the form of stable colloidal suspensions
at varying concentrations and found that the enhancing rate of the ammonium salt of oleic
acid-coated magnetite NPs scored highly over that of Au and Ag NPs at a 1072 times
less concentration owing to their cluster and particle alignment properties that enhanced
thermal conductance, though magnetite had the least thermal conductivity [45].

4.3. Electrostatic Interactions

Usually, there is an electrostatic interaction between the positive and negative charges
on their surface as the gold is modified on the polymer macromolecules. PCR components
played an essential role in improving the specificity and efficiency of PCR [11,55,56].
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Table 2 shows that PEG—Au PENPs are exposed to more terminal amino groups on the
surface as the gold loading content increases, providing more opportunities for reactions
between NPs and PCR components, resulting in a decrease in the optimal concentration
used in error-prone two-round PCR systems. However, due to the decrease in the number
of amine terminal groups, the PCR enhancement effect is weakened after surface acetylation
of PEG—Au PENPs. It can be inferred that the electrostatic interaction between positively
charged NPs and negatively charged PCR components has a great influence on improving
the specificity and efficiency of PCR.

Table 2. Physicochemical properties and optimum concentrations of the additives in the error-
prone two-round PCR. (Reproduced with permission from Ref. [55]., Copyright 2016, American
Chemical Society).

o C-potential Optlmmu'm Maxima Maximal
Additives mV) Concentration Efficiency 3 Specificity 2
(mg/L) Y P Y
PEI 24.07 £ 1.45 0.47 1.5 1
{(Au®);00-PEI-
1MPEGyg) NPs 28.93 + 0.85 0.38 22 1
{(Au®)00-PEI-
1MPEGag) NPs 33.46 +1.28 0.34 3.6 1
{(Au)300-PEI-
MPEGyy) NPs 34.23 £+ 1.09 0.38 1.9 1
{(Au?)500-
PEI-NHAc- 6.34 +1.13 60 14 1
mPEG24} NPs

2 Depends on the performance of each additive with optimum concentration.
P P P

As reported, the required cycling time of the PCR was shortened dramatically owing
to the addition of MWCNTs, CNT/PEIL and PEI, suggesting that PCR improvement should
not solely depend on the rapid heat exchange in the presence of CNTs. Notably, the
interaction between the PCR components and the positively charged PEI or CNT/PEI
should play a crucial role in improving PCR specificity and efficiency [29]. Moreover,
three types of CNTs synthesized with different surface charges displayed different effects
on enhancing PCR. It was found that only CNTs functionalized with pristine and amine
groups could enhance PCR, while the carboxylated CNTs inhibited PCR in all samples,
which might be caused by the electrostatic repulsion between negative charges [31]. Jia
et al. demonstrated that the ultimate positively charged complex of rGO-Pfu would be
beneficial to attract the negative charged DNA templates and primers onto the rGO plate
and promote primer annealing and extension [36].

The conjugation of ZnO tetrapods with plasmid DNA was evaluated by agarose
gel electrophoresis based on the electrostatic interactions between the positively charged
amino groups on tetrapods and the negatively charged phosphate groups of plasmid DNA.
Unlike the covalent bonding, these electrostatic interactions were weak, and the conjugation
of ZnO tetrapods with DNA was reversible. The tetrapods could thus be used for the
purification of plasmid DNA in cell lysates [10].

4.4. Analogs to ssDNA Binding Protein (SSB)

Nanomaterials mimic the function of SSBs to selectively bind single-stranded DNA (ss-
DNA) rather than double-stranded DNA (dsDNA). For example, Wang et al. [6] attributed
the optimization effect of the QDs on the specificity of the PCR to the similar optimization
mechanism of the ssDNA-binding SSB, which selectively bound to the ssDNA rather than
dsDNA and then minimized the mispairing between the primers and the templates in the
PCR system. Two reasons were summarized as follows: First, the surface of the QDs used
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in this study was modified, with the carboxyl groups responsible for the negatively charged
surface of the QDs. The dsDNA with a higher surface charge density was more repulsive
than the ssDNA in the negative atmosphere. Thus, more negatively charged QDs bond
quickly to the anionic ssDNA strands rather than to the dsDNA, similar to the way that
SSB protein selectively binds to the ssDNA. Second, the dsDNA rigidity did not favor the
wrapping of the dsDNA around the QDs, while the ssDNA was a soft and flexible polymer
with a much greater degree of freedom to wrap around the QDs. Such selectivity greatly
minimized the mispairing between the primers and the templates during DNA replication,
similar to the SSB.

4.5. Catalytic Activity

Catalytic activity refers to the ability of nanomaterials to enable PCR to proceed even
when the environmental conditions are not the best fit.

The CNTs are well known to possess catalytic properties. Cui et al. [7] investigated
the effects of SWCNTs on PCR via the quantitative PCR product measurements and some
other techniques. Similar results in PCR reactions were obtained in the presence and the
absence of Mg?* serving as electron donors/receptors. Au NPs were verified to exhibit
‘mimic enzyme’ catalytic activity under certain conditions as well [22].

5. Application and Prospect of NanoPCR

NanoPCR has the advantages of high sensitivity, specificity, and selectivity, and has
been widely used in bacteria, virus, tumor detection, vand new detection platforms. Table 3

shows the application of nanoPCR in different fields in the past decade.

Table 3. The applications of nanoPCR in different fields.

Category Type or Purpose of Detection NPs Effect References
Citrate stabilized Au NPs, Reduce non-specific amplification (Au and
Strain Typing of rhamnolipid stabilized Auand  Ag NPs); Increase PCR yield (Au NPs, Au (73]
Bacteria Salmonella typhi Ag NPs, and magnetic iron and Ag NPs); Inhibition (magnetic iron N
detection oxide NPs oxide NPs)
Bacterial aerosols Ag NPS’ TIOZ NPs and their The detection limit down to 40 pg/uL [74]
combination
Brain-eating amoebae GO, CuO and Al,O3 NPs Enhanced PCR efficiency [75]
Porcine parvovirus Solid NPs Enhanced PCR sensitivity [76]
P (1-100 nm diameter) (100-fold more sensitive)
Detection and differentiation of e
wild-type pseudorabies virus Solid Au NPs (1-100 nm) Enhanced PCR sen51t1v1ty . [77]
. . (100-1000-fold more sensitive)
and gene-deleted vaccine strains
Enhanced PCR sensitivity
. . Solid Au NPs (1-100 nm) form (100-fold more sensitive); The detection
Porcine bocavirus . . L. [78]
colloidal nanofluids limit down to
6.70 x 10! copies
. Enhanced PCR sensitivity
Porcine epidemic diarrhea virus SOhd. Au NPs(l—l'OO nm) form (100-fold more sensitive); The detection [79]
colloidal nanofluids A %
Virus limit down to 2.7 x 107° ng/uL
iru T 1
detection Mink enteritis virus (MEV) No instructions The detection limit down to 8.75 » 10/ [80]
copies recombinant plasmids per reaction
Concurren_t mfgctlons of Solid Au NPs (1-100 nm) form Enhanced PC.R efficiency; The detec_tlon
pseudorabies virus and . . limit of 6 copies for PRV and 95 copies [81]
. . colloidal nanofluids
porcine bocavirus for PBoV
A diagnostic technique for Idncrease PCR yield; The detection limit
ine herpes virus-1 (EHV-1) AuNPs own to [82]
equme herp 102 DNA copies
. Solid Au NPs(1-100 nm) form ~ _nhanced PCR sensitivity and
Encephalomyocarditis virus . . specificity;Detection limit down to [83]
colloidal nanofluids > ;
1.2 x 10* copies/uL
Porcine €p idemic dl.an.rhea VITUS - golid NPs Enhanced PCR sensitivity
and porcine transmissible [84]

gastroenteritis virus

(1-100 nm diameter)

(10-fold more sensitive)
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Table 3. Cont.
Category Type or Purpose of Detection NPs Effect References
Bovine respirator Enhanced PCR sensitivity; Detection limit
. resp y Au NPs down to 1.43 x 102 copies recombinant [85]
syncytial virus . .
plasmids per reaction
Bovine Rotavirus, Bovine
Parvovirus, and Bovine Viral AuNPs Enhanced PCR sensitivity and specificity [86]
Diarrhea Virus
Quick Diagnosis of Canine 700 Nanoflower Redl.lc'e .the reactlon.t%n.le; Enhanced PCR [44]
Vector-Borne Pathogens sensitivity and specificity
. . Enhanced PCR sensitivity
Virus HPV-16 and HPV-18 DNA Solid Au NPs(1-100 nm) ot g s [87]
d . (10-fold more sensitive) and specificity
etection Distinguishing canine Solid Au NPs (1-100 nm) form Enhanced PCR sensitivity [88]
coronaviruses I and II colloidal nanofluids (100-fold more sensitive) and specificity
Canine distemper virus (CDV),
canine parvovirus (CPV) and Solid Au NPs(1-100 nm) Enhanced PCR sensitivity and specificity [89]
canine coronavirus (CCV)
. Enhanced PCR sensitivity
Goose Parvovirus Au NPs (100-fold more sensitive) [90]
Feline calicivirus, feline
panleukopenia syndrome virus, Au NPs Enhanced PCR sensitivity [91]
and feline herpesvirus type (10-100-fold more sensitive) and specificity
Ivirus
Tumor Slngle-k.Jase mutations Au NPs Enhanced PCR sensitivity and specificity [92]
monitoring to mor}ltor tumpr
Detection of H.HRNAS GO Enhanced PCR sensitivity and specificity [63]
to screen ovarian cancer
Plasmonic photothermal gold Gold bipyramid nanoparticles . .
bipyramid banoreactors (Au BPs) Achieved ultrafast thermocycling [93]
To realize on-site and instant GO, rGO, molybdenum
- disulfide (Mo0S;), and tungsten ~ Achieved visual detection (MoS, and WS;)  [94]
analysis e
disulfide (WS,)
. . Core—shell magnetoplasmonic ~ Detected SARS-CoV-2 RNA down to 3.2
No machine point of care (POC) settings nanoparticles (MPNs) copy/uL within 17 min [95]
PCR Detection of health-related DNA High sensitivity, visual detection,
. Au NPs o . . [14]
and proteins capability for on-site detection
Real time la.bel-free monitoring Au NPs The. detection limit down to 10,000 genome [96]
of plasmonic copies/puL
Streptavidin-coated magnetic
particles (1um) and . - e
Diagnosis of Hepatitis C Virus anti-digoxigenin Visual detection; High sensitivity [97]

antibody-coated polystyrene
particles (250-350 nm)

and specificity

Gabriel et al. [75] developed a nanoPCR assay for the rapid detection of brain-eating

amoeba using GO, CuO, and Al,O3 NPs. The results showed that the three NPs significantly
improved the PCR efficiency of detecting pathogenic free-living amoeba using genus-
specific probes. Moreover, the combinations of these NPs proved to further enhance PCR
efficiency. The addition of metal oxide NPs leads to excellent surface effect, while thermal
conductivity property of the NPs enhances PCR productivity. These findings suggest that
nanoPCR assay has tremendous potential in the clinical diagnosis of parasitic infections
as well as for studying epidemiology and pathology and environmental monitoring of
other microbes.

At present, nanoPCR has been widely used in diagnosing animal diseases and de-
tecting various viruses. For instance, Wang et al. [78] detected porcine bocavirus (PBoV)
based on the nanoPCR. The assay was 100-fold more sensitive than the conventional
PCR assay, with the detection limit of about 6.70 x 10! copies. Yuan et al. [79] used the
nanoPCR technique to detect the porcine epidemic diarrhea virus (PEDV) for the first time,
obtaining a 100-fold more sensitive assay than conventional RT-PCR. The limit of detection
was 2.7 x 107® ng/uL of PEDV RNA with no cross-reaction observed in the presence of
other viruses.



Molecules 2022, 27, 8854

22 of 26

For the early diagnosis and therapy of cancer, Hu et al. designed and developed a
GO-based qRT-PCR assay for the detection of miRNAs associated with ovarian cancer
(OC) (Figure 17). The detection of miRNAs associated with OC confirmed that the GO-
based qRT-PCR assay could differentiate benign ovarian tumors from OC (sensitivity, 0.91;
specificity, 1.00).

In recent years, with the outbreak of the COVID-19 epidemic, many researchers have
begun to study the quick and convenient methods of nucleic acid testing to control the
spread of the virus as quickly as possible. For example, Lee et al. [95] developed two new
points of care (POC) tests to enable the rapid diagnosis of infection. One of them is the
nanoPCR that takes advantages of core—shell magnetoplasmonic nanoparticles (MPNs):
(i) the Au shell significantly accelerates thermocycling via volumetric, plasmonic, light-to-
heat conversion, and (ii) a magnetic core enables sensitive in situ fluorescent detection via
magnetic clearing. When applied to COVID-19 diagnosis, nanoPCR detected SARS-CoV-2
RNA down to 3.2 copy/pL within 17 min. In particular, nanoPCR diagnostics accurately
identified COVID-19 cases in clinical samples (n = 150), validating its clinical applicability.

\/ ..f"'» i GO-based gRT-PCR
~—~— {-afﬁ\""ﬁr;‘f XA’\;}{"(& P " Sensitive detection of
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Figure 17. The process for the detection of miRNAs associated with OC in conventional qRT-PCR
and GO-based qRT-PCR. (Reproduced with permission from Ref. [63], Copyright 2021, Elsevier).

In short, nanoPCR technology has opened up a new way to study biomolecules
with crucial applications in practical research, especially in virus detection and new PCR
detection platform. In the future, nanoPCR will have good application prospects in the
field of biomedicine. However, due to the complexity of the PCR reaction system and
the characteristics of NPs, the mechanism of nanoPCR is still unclear and needs more
exploration. Therefore, it is of great significance to study the reaction mechanism of
nanoPCR, and the development of non-toxic and efficient nanomaterials is a significant
direction for future research.

6. Conclusions

Because of the unique physical and chemical properties, nanomaterials have been
steadily and reasonably used in PCR to improve efficiency and specificity. Compared
with traditional PCR technology, The nanomaterials with excellent surface properties,
thermal conductivity, and catalytic activity introduced into the PCR system can effectively
shorten the reaction time, increase the amplification efficiency and specificity, increase the
product yield, widen the annealing temperature range, and greatly improve the detection
sensitivity. According to the DNA templates, the nanomaterials modified with primers,
polymerases, and Mg?* on the surface can improve the reaction efficiency significantly.
With the continuous development of nanomaterials and PCR, the mechanism study is
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becoming more and more precise, but further in-depth research is still needed to make the
mechanism clearer. In addition, the impact on PCR efficiency is often the joint result of
the simultaneous functioning of many different mechanisms, requiring full consideration
of all possible factors. Therefore, the nanoPCR technology has opened up a new way to
study biomolecules.

Author Contributions: Z.Y., B.S. and L.Y.: Conceptualization, and Writing—Original draft prepara-
tion; YM., Y.H. and R.O.: Editing, Supervision, Writing—Reviewing Funding acquisition, Project
administration. All authors have read and agreed to the published version of the manuscript.

Funding: Natural Science Foundation of Shanghai (19ZR1434800, 19ZR1461900); China National
Mega-projects for Infectious Diseases (20172X10103009-002); Open Foundation of National Virus
Resource Center (NVRC-PY-01), Shanghai Collaborative Innovation Center of Energy Therapy for Tu-
mors; Clinical research project of Shanghai Municipal Health Commission (No.201940078); Scientific
research program of Shanghai Science and Technology Commission (No0.21140903200).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: This is a review paper, and no data included.

Acknowledgments: This work was financially supported by the Natural Science Foundation of
Shanghai (19ZR1434800, 19ZR1461900), the China National Mega-projects for Infectious Diseases
(2017Z2X10103009-002), the Open Foundation of National Virus Resource Center (NVRC-PY-01),
Shanghai Collaborative Innovation Center of Energy Therapy for Tumors, Clinical research project
of Shanghai Municipal Health Commission (N0.201940078), and Scientific research program of
Shanghai Science and Technology Commission (N0.21140903200). The authors greatly appreciated
these supports.

Conflicts of Interest: There is no conflict of interest in this work.

References

1.  Kuypers, J.; Jerome, K.R. Applications of Digital PCR for Clinical Microbiology. J. Clin. Microbiol. 2017, 55, 1621-1628. [CrossRef]

2. Elizaquivel, P; Aznar, R.; Sanchez, G. Recent developments in the use of viability dyes and quantitative PCR in the food
microbiology field. J. Appl. Microbiol. 2014, 116, 1-13. [CrossRef] [PubMed]

3.  Matheson, C.D.; Marion, T.E.; Hayter, S.; Esau, N.; Fratpietro, R.; Vernon, K.K. Technical note: Removal of metal ion inhi-
bition encountered during DNA extraction and amplification of copper-preserved archaeological bone using size exclusion
chromatography. Am. J. Phys. Anthropol. 2009, 140, 384-391. [CrossRef] [PubMed]

4. Huang, Y.-H.; Hu, X.-X.; Xu, W.-Z,; Gao, Y.; Feng, ].-D.; Sun, H.; Li, N. The factors affecting the efficiency of mutiplex PCR. Yi
Chuan = Hered. 2003, 25, 65-68.

5. Yang, W,; Li, X,; Sun, J.; Shao, Z. Enhanced PCR amplification of GC-rich DNA templates by Au NPs. ACS Appl. Mater. Interfaces
2013, 5, 11520-11524. [CrossRef]

6. Wang, L.; Zhu, Y; Jiang, Y.; Qiao, R.; Zhu, S.; Chen, W.; Xu, C. Effects of QDs in Polymerase Chain Reaction. J. Phys. Chem. B 2009,
113, 7637-7641. [CrossRef]

7. Cui, D.; Tian, E; Kong, Y.; Titushikin, I.; Gao, H. Effects of SWCNTSs on the polymerase chain reaction. Nanotechnology 2004, 15,
154-157. [CrossRef]

8. Wang, Y.; Wang, F.; Wang, H.; Song, M. GO enhances the specificity of the polymerase chain reaction by modifying primer-template
matching. Sci. Rep. 2017, 7, 16510. [CrossRef]

9. Li, S.;; Zhu, H,; Zhu, R.; Sun, X; Yao, S.; Wang, S. Impact and mechanism of TiO2 NPs on DNA synthesis in vitro. Sci. China Ser. B
Chem. 2008, 51, 367-372. [CrossRef]

10. Nie, L.; Gao, L.; Yan, X.; Wang, T. Functionalized tetrapod-like ZnO nanostructures for plasmid DNA purification, polymerase
chain reaction and delivery. Nanotechnology 2007, 18, 015101. [CrossRef]

11.  Yuan, L.; He, Y. Effect of surface charge of PDDA-protected Au NPs on the specificity and efficiency of DNA polymerase chain
reaction. Analyst 2013, 138, 539-545. [CrossRef] [PubMed]

12.  Bai, Y,; Cui, Y,; Paoli, G.C.; Shi, C.; Wang, D.; Shi, X. Nanoparticles Affect PCR Primarily via Surface Interactions with PCR
Components: Using Amino-Modified Silica-Coated Magnetic Nanoparticles as a Main Model. ACS Appl. Mater. Interfaces 2015, 7,
13142-13153. [CrossRef] [PubMed]

13. Wang, Z.D.; Zhang, L.Y.; Wang, X. Molecular toxicity and defense mechanisms induced by silver nanoparticles in Drosophila

melanogaster. J. Environ. Sci. 2023, 125, 616-629. [CrossRef]


http://doi.org/10.1128/JCM.00211-17
http://doi.org/10.1111/jam.12365
http://www.ncbi.nlm.nih.gov/pubmed/24119073
http://doi.org/10.1002/ajpa.21106
http://www.ncbi.nlm.nih.gov/pubmed/19530137
http://doi.org/10.1021/am4040448
http://doi.org/10.1021/jp902404y
http://doi.org/10.1088/0957-4484/15/1/030
http://doi.org/10.1038/s41598-017-16836-x
http://doi.org/10.1007/s11426-008-0049-9
http://doi.org/10.1088/0957-4484/18/1/015101
http://doi.org/10.1039/C2AN36145K
http://www.ncbi.nlm.nih.gov/pubmed/23170311
http://doi.org/10.1021/am508842v
http://www.ncbi.nlm.nih.gov/pubmed/26030087
http://doi.org/10.1016/j.jes.2021.12.027

Molecules 2022, 27, 8854 24 of 26

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Wang, W.; Wang, X,; Liu, J.; Lin, C.; Liu, J.; Wang, J. The Integration of Gold Nanoparticles with Polymerase Chain Reaction
for Constructing Colorimetric Sensing Platforms for Detection of Health-Related DNA and Proteins. Biosensors 2022, 12, 421.
[CrossRef] [PubMed]

Nunes, A.M.; da Silva Filho, R.C.; da Silva, KR.M.; Bezerra, S.M.; de Figueiredo, R.C.B.Q.; Saraiva, K.L.A.; Leite, A.C.R,;
Meneghetti, M.R. Gold nanoparticles with different shapes can cause distinct effect on mitochondria bioenergetics. J. Nanoparticle
Res. 2022, 24, 31. [CrossRef]

Kadu, P; Pandey, S.; Neekhra, S.; Kumar, R.; Gadhe, L.; Srivastava, R.; Sastry, M.; Maji, S.K. Machine-Free Polymerase Chain
Reaction with Triangular Au and Ag NPs. J. Phys. Chem. Lett. 2020, 11, 10489-10496. [CrossRef] [PubMed]

Li, M,; Lin, Y.C.; Wu, C.C,; Liu, H.S. Enhancing the efficiency of a PCR using Au NPs. Nucleic Acids Res. 2005, 33, €184. [CrossRef]
Pan, J.; Li, H.; Cao, X.; Huang, J.; Zhang, X.; Fan, C.; Hu, J. Nanogold-assisted multi-round polymerase chain reaction (PCR).
J. Nanosci. Nanotechnol. 2007, 7, 4428-4433. [CrossRef]

Binh, V. Vu, D.L., Richard C. Willson. Gold Nanoparticle Effects in Polymerase Chain Reaction: Favoring of Smaller Products by
Polymerase Adsorption. Anal. Chem. 2008, 80, 5462-5467.

Mi, L.; Zhu, H.; Zhang, X.; Hu, J.; Fan, C. Mechanism of the interaction between Au nanoparticles and polymerase in nanoparticle
PCR. Chin. Sci. Bull. 2007, 52, 2345-2349. [CrossRef]

Lin, Y;; Li, J.; Yao, J.; Liang, Y.; Zhang, ].; Zhou, Q.; Jiang, G. Mechanism of gold nanoparticle induced simultaneously increased
PCR efficiency and specificity. Chin. Sci. Bull. 2013, 58, 4593-4601. [CrossRef]

Lou, X.; Zhang, Y. Mechanism studies on nanoPCR and applications of Au NPs in genetic analysis. ACS Appl. Mater. Interfaces
2013, 5, 6276-6284. [CrossRef]

Mandal, S.; Hossain, M.; Muruganandan, T.; Kumar, G.S.; Chaudhuri, K. Au NPs alter Tag DNA polymerase activity during
polymerase chain reaction. RSC Adv. 2013, 3, 20793-20799. [CrossRef]

Wang, Q.; Li, J.; Cao, X.; Zhang, C. Ag NPs Enhance the Specificity of Repeated Long PCR Amplification. J. Tianjin Univ. Sci.
Technol. 2007, 22, 1-5. [CrossRef]

Liu, P; Guan, R;; Liu, M.; Huang, G.; Dai, X. Effect of PCR Amplification with Nano-silver on DNA Synthesis and Its Mechanism.
J. Agric. Biotechnol. 2010, 18, 876-881. [CrossRef]

Lee, K.-Y;; Pham, X.-H.; Rho, W.-Y; Chang, H.; Lee, S.H.; Kim, ].; Hahm, E; Lee, ].H.; Lee, Y.-S; Jun, B.-H. Nanotechnology for
Bioapplications. Adv. Exp. Med. Biol. 2021, 1309, 235-255.

Suo, L.; Li, Z,; Luo, E; Chen, | ; Jia, L.; Wang, T.; Pei, X.; Wan, Q. Effect of dentin surface modification using carbon nanotubes on
dental bonding and antibacterial ability. Dent. Mater. ]. 2018, 37, 229-236. [CrossRef]

Zhang, Z.; Shen, C.; Wang, M.; Han, H.; Cao, X. Aqueous suspension of CNTs enhances the specificity of long PCR. Biotechniques
2008, 44, 537-538, 540, 542. [CrossRef]

Cao, X.; Chen, J.; Wen, S.; Peng, C.; Shen, M.; Shi, X. Effect of surface charge of polyethyleneimine-modified MWCNTs on the
improvement of polymerase chain reaction. Nanoscale 2011, 3, 1741-1747. [CrossRef]

Yuce, M.; Budak, H. Dispersion quality of amine functionalized MWCNTs plays critical roles in polymerase chain reaction
enhancement. J. Nanoparticle Res. 2014, 16, 2768. [CrossRef]

Yiice, M.; Uysal, E.; Budak, H. Amplification yield enhancement of short DNA templates using bulk and surface-attached
amine-functionalized SWCNTs. Appl. Surf. Sci. 2015, 349, 147-155. [CrossRef]

Thong Le, B.; Bohus, M.; Lukacs, L.E.; Wongwises, S.; Grof, G.; Hernadi, K.; Szilagyi, LM. Comparative Study of Carbon
Nanosphere and Carbon Nanopowder on Viscosity and Thermal Conductivity of Nanofluids. Nanomaterials 2021, 11, 608.
[CrossRef]

Zhang, Z.; Wang, M.; An, H. An aqueous suspension of CNP enhances the efficiency of a polymerase chain reaction. Nanotechnology
2007, 18, 355706. [CrossRef]

Wei, W.; Qu, X. Extraordinary physical properties of functionalized graphene. Small 2012, 8, 2138-2151. [CrossRef]

Li, Y,; Li, J.-1.; Zhu, Q.-s.; Liang, J.-f.; Guo, J.-q.; Wang, X.-d. Research progress in graphene based thermal conductivity materials.
J. Mater. Eng. 2021, 49, 1-13. [CrossRef]

Jia, ]J.; Sun, L.; Hu, N.; Huang, G.; Weng, J. Graphene enhances the specificity of the polymerase chain reaction. Small 2012, 8,
2011-2015. [CrossRef]

Abdul Khalig, R.; Kafafy, R.; Salleh, H.M.; Faris, W.F. Enhancing the efficiency of polymerase chain reaction using GNFs.
Nanotechnology 2012, 23, 455106. [CrossRef]

Zhong, Y.; Huang, L.; Zhang, Z.; Xiong, Y.; Sun, L.; Weng, J. Enhancing the specificity of polymerase chain reaction by graphene
oxide through surface modification: Zwitterionic polymer is superior to other polymers with different charges. Int. ]. Nanomed.
2016, 11, 5989-6002. [CrossRef]

Amadeh, A.; Ghazimirsaeed, E.; Shamloo, A.; Dizani, M. Improving the performance of a photonic PCR system using TiO2
nanoparticles. J. Ind. Eng. Chem. 2021, 94, 195-204. [CrossRef]

Murshed, S.M.S.; Leong, K.C.; Yang, C. Enhanced thermal conductivity of TiO2-water based nanofluids. Int. . Therm. Sci. 2005,
44, 367-373. [CrossRef]

Abdul Khaliq, R.; Sonawane, PJ.; Sasi, B.K,; Sahu, B.S.; Pradeep, T.; Das, S.K.; Mahapatra, N.R. Enhancement in the efficiency
of polymerase chain reaction by TiO2 NPs: Crucial role of enhanced thermal conductivity. Nanotechnology 2010, 21, 255704.
[CrossRef] [PubMed]


http://doi.org/10.3390/bios12060421
http://www.ncbi.nlm.nih.gov/pubmed/35735568
http://doi.org/10.1007/s11051-022-05410-w
http://doi.org/10.1021/acs.jpclett.0c02708
http://www.ncbi.nlm.nih.gov/pubmed/33275439
http://doi.org/10.1093/nar/gni183
http://doi.org/10.1166/jnn.2007.887
http://doi.org/10.1007/s11434-007-0327-5
http://doi.org/10.1007/s11434-013-6080-z
http://doi.org/10.1021/am4013209
http://doi.org/10.1039/c3ra41882k
http://doi.org/10.13364/j.issn.1672-6510.2007.02.001
http://doi.org/10.3969/j.issn.1674-7968.2010.05.007
http://doi.org/10.4012/dmj.2017-023
http://doi.org/10.2144/000112692
http://doi.org/10.1039/c0nr00833h
http://doi.org/10.1007/s11051-014-2768-5
http://doi.org/10.1016/j.apsusc.2015.04.216
http://doi.org/10.3390/nano11030608
http://doi.org/10.1088/0957-4484/18/35/355706
http://doi.org/10.1002/smll.201200104
http://doi.org/10.11868/j.issn.1001-4381.2020.000935
http://doi.org/10.1002/smll.201200139
http://doi.org/10.1088/0957-4484/23/45/455106
http://doi.org/10.2147/IJN.S120659
http://doi.org/10.1016/j.jiec.2020.10.036
http://doi.org/10.1016/j.ijthermalsci.2004.12.005
http://doi.org/10.1088/0957-4484/21/25/255704
http://www.ncbi.nlm.nih.gov/pubmed/20516586

Molecules 2022, 27, 8854 25 of 26

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

Lenka, G.; Weng, W.-H. Nanosized Paticles of Tlitanium Dioxide Specifically Increase the Efficiency of Conventional Polymerase
Chain Reaction. Dig. . Nanomater. Biostructures 2013, 8, 1435-1445.

Zhu, Y.F; Yan, ].Y;; Zhou, L.; Feng, L.D. ZnO Nanorods Grown on Rhombic ZnO Microrods for Enhanced Photocatalytic Activity.
Nanomaterials 2022, 12, 3085. [CrossRef]

Upadhyay, A.; Yang, H.; Zaman, B.; Zhang, L.; Wu, Y.; Wang, J.; Zhao, J.; Liao, C.; Han, Q. ZnO Nanoflower-Based NanoPCR as
an Efficient Diagnostic Tool for Quick Diagnosis of Canine Vector-Borne Pathogens. Pathogens 2020, 9, 122. [CrossRef]

Kambli, P.; Kelkar-Mane, V. Nanosized Fe304 an efficient PCR yield enhancer Comparative study with Au, Ag nanoparticles.
Colloids Surf. B-Biointerfaces 2016, 141, 546-552. [CrossRef]

Ozalp, V.C.; Bayramoglu, G.; Arica, M.Y. Magnetic silica nanoparticle-Taq polymerase hybrids for multiple uses in polymerase
chain reaction. Rsc Adv. 2015, 5, 87672-87678. [CrossRef]

Yajima, S.; Koto, A.; Koda, M.; Sakamoto, H.; Takamura, E.; Suye, S.-i. Photo-Cross-Linked Probe-Modified Magnetic Particles for
the Selective and Reliable Recovery of Nucleic Acids. Acs Omega 2022, 7, 12701-12706. [CrossRef]

Narang, J.; Malhotra, N.; Narang, S.; Singhal, C.; Kansal, R.; Chandel, V.; Vastan, A.V.; Pundir, C.S. Replacement of magnesium
chloride with magnesium NPs in polymerase chain reaction. Protoc. Exch. 2016. [CrossRef]

Park, ].Y.; Back, S.H.; Chang, S.J.; Lee, S.J.; Lee, K.G.; Park, T.J. Dopamine-assisted synthesis of carbon-coated silica for PCR
enhancement. ACS Appl. Mater. Interfaces 2015, 7, 15633-15640. [CrossRef]

Fuming, S.; Yang, Y.; Hexiang, Z.; Meirong, M.; Zhizhou, Z. CdTe QDs accelerate the speed of Pfu-based polymerase chain
reaction. J. Exp. Nanosci. 2013, 10, 476-482. [CrossRef]

Sang, F.; Zhang, Z.; Yuan, L.; Liu, D. QDs for a high-throughput Pfu polymerase based multi-round polymerase chain reaction
(PCR). Analyst 2018, 143, 1259-1267. [CrossRef]

Zhu, M,; Luo, C.; Zhang, F; Liu, F; Zhang, J.; Guo, S. Interactions of the Primers and Mg2+ with GQDs Enhance PCR Performance.
RSC Adv. 2015, 5, 74515-74522. [CrossRef]

Hwang, S.H.; Im, S.G.; Hah, S.S.; Cong, V.T; Lee, E.J.; Lee, Y.S.; Lee, G.K,; Lee, D.H.; Son, S.J. Effects of upconversion NPs on
polymerase chain reaction. PLoS ONE 2013, 8, €73408. [CrossRef]

Chen, J.; Cao, X.; Guo, R;; Shen, M,; Peng, C.; Xiao, T.; Shi, X. A highly effective polymerase chain reaction enhancer based on Au
DENPs. Analyst 2012, 137, 223-228. [CrossRef]

Li, A.; Zhou, B.; Alves, C.S.; Xu, B.; Guo, R;; Shi, X.; Cao, X. Mechanistic Studies of Enhanced PCR Using PEG-Au PENPs. ACS
Appl. Mater. Interfaces 2016, 8, 25808-25817. [CrossRef]

Jeong, H.Y,; Baek, S.H.; Chang, S.-J.; Yang, M.; Lee, S.J.; Lee, K.G; Park, T.J. A hybrid composite of gold and GO as a PCR enhancer.
RSC Adv. 2015, 5,93117-93121. [CrossRef]

Song, M.; Yu, L.; Wu, Y. Simple Synthesis and Enhanced Performance of Graphene Oxide-Gold Composites. ]. Nanomater. 2012,
2012, 135138. [CrossRef]

Dao Van, Q.; Nguyen Minh, H.; Pham Thi, T.; Nguyen Hoang, N.; Nguyen Hoang, H.; Nguyen Thai, S.; Phan Tuan, N.; Nguyen
Thi Van, A.; Tran Thi, H.; Nguyen Hoang, L. Synthesis of Silica-Coated Magnetic Nanoparticles and Application in the Detection
of Pathogenic Viruses. J. Nanomater. 2013, 2013, 603940. [CrossRef]

Sun, C.; Cheng, Y.; Pan, Y,; Yang, J.; Wang, X.; Xia, F. Efficient polymerase chain reaction assisted by MOFs. Chem. Sci. 2019, 11,
797-802. [CrossRef]

Rasheed, A.K.; Siddiqui, R.; Ahmed, SM.K.; Gabriel, S.; Jalal, M.Z.; John, A.; Khan, N.A. hBN Nanoparticle-Assisted Rapid
Thermal Cycling for the Detection of Acanthamoeba. Pathogens 2020, 9, 824. [CrossRef]

Adams, G. A beginner’s guide to RT-PCR, qPCR and RT-qPCR. Biochemist 2020, 42, 48-53. [CrossRef]

Namdari, M.; Negahdari, B.; Cheraghi, M.; Aiyelabegan, H.T.; Eatmadi, A. Cardiac failure detection in 30 minutes: New approach
based on gold nanoparticles. |. Microencapsul. 2017, 34, 132-139. [CrossRef]

Hu, C.; Zhang, L.; Yang, Z.; Song, Z.; Zhang, Q.; He, Y. Graphene oxide-based qRT-PCR assay enables the sensitive and specific
detection of miRNAs for the screening of ovarian cancer. Anal. Chim. Acta 2021, 1174, 338715. [CrossRef]

Chen, H.; Wu, Y;; Chen, Z.; Hu, Z,; Fang, Y.; Liao, P; Deng, Y.; He, N. Performance Evaluation of a Novel Sample In-Answer Out
(SIAO) System Based on Magnetic Nanoparticles. J. Biomed. Nanotechnol. 2017, 13, 1619-1630. [CrossRef]

Li, B.; Ma, J.; Wang, L.; Xu, M. Novel Method for Rapid Detection of Staphylococcus Aureus and Its Enterotoxins in Patients with
Diarrhea. Nanosci. Nanotechnol. Lett. 2019, 11, 593-599. [CrossRef]

Yang, H.; Qu, L.; Wimbrow, A.N.; Jiang, X.; Sun, Y. Rapid detection of Listeria monocytogenes by nanoparticle-based immuno-
magnetic separation and real-time PCR. Int. ]. Food Microbiol. 2007, 118, 132-138. [CrossRef]

Bakthavathsalam, P.; Rajendran, VK.; Saran, U.; Chatterjee, S.; Jaffar Ali, B.M. Immunomagnetic nanoparticle based quantitative
PCR for rapid detection of Salmonella. Microchim. Acta 2013, 180, 1241-1248. [CrossRef]

Zhong, D.; He, W. Detection of Pseudomonas aeruginosa in the Skin by Immunomagnetic Isolation and Real-Time Quantitative
PCR. J. Nanosci. Nanotechnol. 2019, 19, 5517-5521. [CrossRef]

Yuan, J.; Chen, Q.Y.; Xu, X.J. Rapid Method for the Detection of Porphyromonas gingivalis in Chronic Periodontitis. Nanosci.
Nanotechnol. Lett. 2019, 11, 689-695. [CrossRef]

Ernst, C.; Bartel, A.; Elferink, ].W.; Huhn, J.; Eschbach, E.; Schonfeld, K.; Fefller, A.T.; Oberheitmann, B.; Schwarz, S. Improved
DNA extraction and purification with magnetic nanoparticles for the detection of methicillin-resistant Staphylococcus aureus. Vet.
Microbiol. 2019, 230, 45-48. [CrossRef]


http://doi.org/10.3390/nano12173085
http://doi.org/10.3390/pathogens9020122
http://doi.org/10.1016/j.colsurfb.2016.02.024
http://doi.org/10.1039/C5RA15677G
http://doi.org/10.1021/acsomega.1c07012
http://doi.org/10.1038/protex.2016.021
http://doi.org/10.1021/acsami.5b04404
http://doi.org/10.1080/17458080.2013.843208
http://doi.org/10.1039/C7AN01764B
http://doi.org/10.1039/C5RA12729G
http://doi.org/10.1371/journal.pone.0073408
http://doi.org/10.1039/C1AN15816C
http://doi.org/10.1021/acsami.6b09310
http://doi.org/10.1039/C5RA12932J
http://doi.org/10.1155/2012/135138
http://doi.org/10.1155/2013/603940
http://doi.org/10.1039/C9SC03202A
http://doi.org/10.3390/pathogens9100824
http://doi.org/10.1042/BIO20200034
http://doi.org/10.1080/02652048.2017.1296900
http://doi.org/10.1016/j.aca.2021.338715
http://doi.org/10.1166/jbn.2017.2478
http://doi.org/10.1166/nnl.2019.2912
http://doi.org/10.1016/j.ijfoodmicro.2007.06.019
http://doi.org/10.1007/s00604-013-1052-1
http://doi.org/10.1166/jnn.2019.16595
http://doi.org/10.1166/nnl.2019.2923
http://doi.org/10.1016/j.vetmic.2019.01.009

Molecules 2022, 27, 8854 26 of 26

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Wu, R.; Meng, B.; Corredig, M.; Griffiths, M.W. Efficient capturing and sensitive detection of hepatitis A virus from solid foods
(green onion, strawberry, and mussel) using protamine-coated iron oxide (Fe304) magnetic nanoparticles and real-time RT-PCR.
Food Microbiol. 2021, 102, 103921. [CrossRef] [PubMed]

Xu, Y,; Huo, B.; Li, C,; Peng, Y.; Tian, S.; Fan, L.; Bai, J.; Ning, B.; Gao, Z. Ultrasensitive detection of staphylococcal enterotoxin
B in foodstuff through dual signal amplification by bio-barcode and real-time PCR. Food Chem. 2019, 283, 338-344. [CrossRef]
[PubMed]

Rehman, A.; Sarwar, Y.; Raza, Z.A.; Hussain, S.Z.; Mustafa, T.; Khan, W.S.; Ghauri, M.A.; Haque, A.; Hussain, I. Metal nanoparticle
assisted polymerase chain reaction for strain typing of Salmonella Typhi. Analyst 2015, 140, 7366-7372. [CrossRef] [PubMed]
Xu, S.; Yao, M. NanoPCR detection of bacterial aerosols. J. Aerosol. Sci. 2013, 65, 1-9. [CrossRef]

Gabriel, S.; Rasheed, A K.; Siddiqui, R.; Appaturi, ].N.; Fen, L.B.; Khan, N.A. Development of nanoparticle-assisted PCR assay in
the rapid detection of brain-eating amoebae. Parasitol. Res. 2018, 117, 1801-1811. [CrossRef]

Cui, Y.; Wang, Z.; Ma, X,; Liu, ].; Cui, S. A sensitive and specific nanoparticle-assisted PCR assay for rapid detection of porcine
parvovirus. Lett. Appl. Microbiol. 2014, 58, 163-167. [CrossRef]

Ma, X.; Cui, Y,; Qiu, Z.; Zhang, B.; Cui, S. A nanoparticle-assisted PCR assay to improve the sensitivity for rapid detection and
differentiation of wild-type pseudorabies virus and gene-deleted vaccine strains. J. Virol. Methods 2013, 193, 374-378. [CrossRef]
Wang, X.; Bai, A.; Zhang, J.; Kong, M.; Cui, Y.; Ma, X,; Ai, X;; Tang, Q.; Cui, S. A new nanoPCR molecular assay for detection of
porcine bocavirus. J. Virol. Methods 2014, 202, 106-111. [CrossRef]

Yuan, W,; Li, Y,; Li, P; Song, Q.; Li, L.; Sun, J. Development of a nanoparticle-assisted PCR assay for detection of porcine epidemic
diarrhea virus. J. Virol. Methods 2015, 220, 18-20. [CrossRef]

Wang, J.; Cheng, Y.; Zhang, M.; Zhao, H.; Lin, P; Yi, L.; Tong, M.; Cheng, S. Development of a nanoparticle-assisted PCR
(nanoPCR) assay for detection of mink enteritis virus (MEV) and genetic characterization of the NS1 gene in four Chinese MEV
strains. Bmc Vet. Res. 2015, 11, 1. [CrossRef]

Luo, Y;; Liang, L.; Zhou, L.; Zhao, K.; Cui, S. Concurrent infections of pseudorabies virus and porcine bocavirus in China detected
by duplex nanoPCR. J. Virol. Methods 2015, 219, 46-50. [CrossRef] [PubMed]

El-Husseini, D.M.; Helmy, N.M.; Tammam, R.H. The effect of gold nanoparticles on the diagnostic polymerase chain reaction
technique for equine herpes virus 1 (EHV-1). Rsc Adv. 2016, 6, 54898-54903. [CrossRef]

Yuan, W.; Li, Y.; Wang, J.; Wang, J.; Sun, J. A nanoparticle-assisted PCR assay for the detection of encephalomyocarditis virus. Vet.
Arh. 2016, 86, 1-8.

Zhu, Y,; Liang, L.; Luo, Y.; Wang, G.; Wang, C.; Cui, Y.; Ai, X,; Cui, S. A sensitive duplex nanoparticle-assisted PCR assay for
identifying porcine epidemic diarrhea virus and porcine transmissible gastroenteritis virus from clinical specimens. Virus Genes
2017, 53, 71-76. [CrossRef] [PubMed]

Liu, Z,; 14, ],; Liu, Z.; Li, J.; Li, Z.; Wang, C.; Wang, J.; Guo, L. Development of a nanoparticle-assisted PCR assay for detection of
bovine respiratory syncytial virus. BMC Vet. Res. 2019, 15, 110. [CrossRef] [PubMed]

Wang, M.; Yan, Y.; Wang, R.; Wang, L.; Zhou, H.; Li, Y;; Tang, L.; Xu, Y; Jiang, Y.; Cui, W.; et al. Simultaneous Detection of
Bovine Rotavirus, Bovine Parvovirus, and Bovine Viral Diarrhea Virus Using a Gold Nanoparticle-Assisted PCR Assay With a
Dual-Priming Oligonucleotide System. Front. Microbiol. 2019, 10, 2884. [CrossRef]

Ma, X.; Li, Y,; Liu, R.; Wei, W.; Ding, C. Development of a sensitive and specific nanoparticle-assisted PCR assay for detecting
HPV-16 and HPV-18 DNA.. ]. Med. Virol. 2020, 92, 3793-3798. [CrossRef]

Qin, T.; Wang, J.; Cui, S.-J. Development of a nanoparticle-assisted PCR assay to distinguish canine coronaviruses I and II. J. Vet.
Diagn. Investig. 2021, 33, 104-107. [CrossRef]

Wang, Y.; Wang, Y.; Chen, Z; Liu, G,; Jiang, S.; Li, C. A multiplex nanoparticle-assisted polymerase chain reaction assay for
detecting three canine epidemic viruses using a dual priming oligonucleotide system. J. Virol. Methods 2021, 298. [CrossRef]
Ma, H.; Gao, X.; Fu, J.; Xue, H.; Song, Y.; Zhu, K. Development and Evaluation of NanoPCR for the Detection of Goose Parvovirus.
Vet. Sci. 2022, 9, 460. [CrossRef]

Ye, J.; Li, Z.; Sun, EY.; Guo, L.; Feng, E.; Bai, X.; Cheng, Y. Development of a triple NanoPCR method for feline calicivirus, feline
panleukopenia syndrome virus, and feline herpesvirus type I virus. Bmc Vet. Res. 2022, 18, 379. [CrossRef]

Xue, Z.; You, M.; Peng, P; Tong, H.; He, W.; Li, A.; Mao, P,; Xu, T.; Xu, F; Yao, C. Tagman-MGB nanoPCR for Highly Specific
Detection of Single-Base Mutations. Int. |. Nanomed. 2021, 16, 3695-3705. [CrossRef] [PubMed]

Lee, J.-H.; Cheglakov, Z.; Yi, J.; Cronin, T.M.; Gibson, K.J.; Tian, B.; Weizmann, Y. Plasmonic Photothermal Gold Bipyramid
Nanoreactors for Ultrafast Real-Time Bioassays. |. Am. Chem. Soc. 2017, 139, 8054-8057. [CrossRef] [PubMed]

Wang, L.; Huang, Z.; Wang, R.; Liu, Y.; Qian, C.; W, J.; Liu, J. Transition Metal Dichalcogenide Nanosheets for Visual Monitoring
PCR Rivaling a Real-Time PCR Instrument. Acs Appl. Mater. Interfaces 2018, 10, 4409—-4418. [CrossRef] [PubMed]

Lee, C.Y; Degani, I.; Cheong, J.; Weissleder, R.; Lee, ].-H.; Cheon, J.; Lee, H. Development of Integrated Systems for On-Site
Infection Detection. Acc. Chem. Res. 2021, 54, 3991-4000. [CrossRef]

Uchehara, G.; Kirk, A.G,; Trifiro, M.; Paliouras, M.; Mohammadyousef, P. Real time label-free monitoring of plasmonic polymerase
chain reaction products. In Proceedings of the Conference on Nano-, Bio-, Info-Tech Sensors and 3D Systems III, Denver, CO,
USA, 4-6 March 2019.

Kim, S.-K.; Oh, Y.-H,; Ko, D.-H,; Sung, H.; Oh, H.-B.; Hwang, S.-H. Nanoparticle-Based Visual Detection of Amplified DNA for
Diagnosis of Hepatitis C Virus. Biosensors 2022, 12, 744. [CrossRef]


http://doi.org/10.1016/j.fm.2021.103921
http://www.ncbi.nlm.nih.gov/pubmed/34809947
http://doi.org/10.1016/j.foodchem.2018.12.128
http://www.ncbi.nlm.nih.gov/pubmed/30722881
http://doi.org/10.1039/C5AN01286D
http://www.ncbi.nlm.nih.gov/pubmed/26381602
http://doi.org/10.1016/j.jaerosci.2013.06.005
http://doi.org/10.1007/s00436-018-5864-0
http://doi.org/10.1111/lam.12171
http://doi.org/10.1016/j.jviromet.2013.07.018
http://doi.org/10.1016/j.jviromet.2014.02.029
http://doi.org/10.1016/j.jviromet.2015.04.008
http://doi.org/10.1186/s12917-014-0312-6
http://doi.org/10.1016/j.jviromet.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25813598
http://doi.org/10.1039/C6RA08513J
http://doi.org/10.1007/s11262-016-1405-z
http://www.ncbi.nlm.nih.gov/pubmed/27815750
http://doi.org/10.1186/s12917-019-1858-0
http://www.ncbi.nlm.nih.gov/pubmed/30971257
http://doi.org/10.3389/fmicb.2019.02884
http://doi.org/10.1002/jmv.25962
http://doi.org/10.1177/1040638720974114
http://doi.org/10.1016/j.jviromet.2021.114290
http://doi.org/10.3390/vetsci9090460
http://doi.org/10.1186/s12917-022-03460-9
http://doi.org/10.2147/IJN.S310254
http://www.ncbi.nlm.nih.gov/pubmed/34113098
http://doi.org/10.1021/jacs.7b01779
http://www.ncbi.nlm.nih.gov/pubmed/28457135
http://doi.org/10.1021/acsami.7b15746
http://www.ncbi.nlm.nih.gov/pubmed/29327589
http://doi.org/10.1021/acs.accounts.1c00498
http://doi.org/10.3390/bios12090744

	Introduction 
	Utilizing Different Nanomaterials to Enhance PCR Effects 
	Metal Nanomaterials 
	Au NPs 
	Ag NPs 

	Carbon-Based Nanomaterials 
	CNTs 
	CNP 
	Graphene 

	Oxide Nanomaterials 
	TiO2 
	ZnO 
	Fe3O4 
	MgO 
	SiO2 

	Fluorescent Nanomaterials 
	QDs 
	Up-Conversion Nanomaterials 

	Others 
	Hybrid Nanocomposites 
	Other NPs 


	The Effects of NPs in Real-Time PCR 
	Mechanisms of Nanomaterials in PCR 
	Surface Interactions 
	Thermal Conductivity 
	Electrostatic Interactions 
	Analogs to ssDNA Binding Protein (SSB) 
	Catalytic Activity 

	Application and Prospect of NanoPCR 
	Conclusions 
	References

