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ABSTRACT: Polymerase chain reaction (PCR) has become one
of the most popular methods to identify genomic information on
cells and tissues as well as to solve crimes and check genetic
diseases. Recently, the nanomaterials including nanocomposite
and nanoparticles have been considered as a next generation of
solution to improve both quality and productivity of PCR.
Herein, taking into these demands, carbon-coated silica was
synthesized using silica particles via polymerization of biocompat-
ible dopamine (PD) to form polydopamine (PDA) film and
carbonization of PDA into graphitic structures. For further
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investigation of the effects of as-prepared silica, PDA-coated silica (PDA silica), and carbonized PDA silica (C-PDA silica), two
different types of genes were adopted to investigate the influences of them in the PCR. Furthermore, the strong interaction
between the nanocomposites and PCR reagents including polymerase and primers enables regulation of the PCR performance.
The effectiveness of the nanocomposites was also confirmed through adopting the conventional PCR and real-time PCR with
two different types of DNA as realistic models and different kinds of analytical methods. These findings could provide helpful

insight for the potential application in biosensors and biomedical diagnosis.
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1. INTRODUCTION

A rapid and accurate way to identify genomic information is the
most essential process to biological systems due to its unique
characteristics and potential applications in biomedical fields'
such as in diagnosis” and in biosensors.”* Among the numerous
methods of DNA analysis, polymerase chain reaction (PCR) is
a sensitive technique that enables rapid amplification of a
specific DNA segment. Only trace amounts of DNA are needed
for PCR to generate millions to billions of copies of a specific
DNA fragment or gene in tens of seconds, which allows
detection and identification of gene sequences and quantitative
measurements of gene expression. Because of its simplicity and
reliability, PCR is popular, commonly used in medical and
biological research for DNA sequencing, gene cloning, and
pathogen detection.>”” Although PCR is still a powerful
method to amplify specific genes, the critical drawbacks of PCR
such as an error-prone reaction could not be overcome due to
its in vitro conditions. Accuracy, sensitivity, and the PCR
product size and length limitation openly lead to the inevitable
issues in fidelity and efficiency of PCR.®

Recently, nanomaterial-assisted PCR (or nano-PCR) has also
become popular because it utilizes nanomaterials to enhance
PCR efficiency.” Various types of nanomaterials have been used
as PCR enhancers such as gold nanoparticles,'”"" quantum
dots,"*"® and carbon-based materials such as fullerenes,™*
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graphene oxide (GO), reduced graphene oxide (rGO),"*'¢ and

carbon nanotubes (CNTs)."” " The nanomaterials provide
exceptional physical and chemical properties such as large
surface area and volume ratio, heat transfer rate,”°™> and
potential binding sites’*** for biological materials. Especially,
carbon-based materials with graphitic structure exhibit a high
thermal conductivity, weak van der Waals coupling, and 7—7
interaction®® which can affect enhancement of PCR.” In spite of
the capabilities and merits of carbon-based materials in PCR
technology, a serious level of agglomeration inevitably reduces
the material’s surface area and the performance of PCR.*’

To overcome such challenges, carbon and silica-based
nanocomposites (i.e, inorganic/organic hybrid composites)
have provided an alternative choice to meet the requirements.
The nanocomposite adopts the advantages such as mechanical
and chemical properties of the inorganic material and the
organic polymer. Up to now, monodispersed silica has
presented a high biocompatibility and suitability for biological
applications.”®*° However, the strong negatively charged silica
particles openly require extra surface modifications. Another
well-known polydopamine (PDA) is also inexpensive and a
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Table 1. Oligonucleotide Sequences for PCR Amplification Used in This Study

template

pEGFP-C1

target gene size (bp) sequences (5'-3")
egfp 800 F: AAAATTCCATATGGTGAGCAAGGGCGA
R: TTCTAAGCTTTTACTTGTACAGCTCGTC
eael 248 F: ATGCTTAGTGCTGGTTTAGG

genomic DNA of E. coli NCCP 13715

R: GCCTTCATCATTTCGCTTTC

biocompatible material that is commonly found from mussel
adhesive protein.>"** Additionally, biofriendly and bioadhesive
PDA enables binding over a universal surface via the oxidative
self-polymerization of dopamine (i.e., monomer) at basic pH
condition. Because PDA provides a carbon source as an
adhesion layer, this can be immobilized together on the one
place of biomolecules. This is a key factor of enhancing the
stability of DNA polymerase and yield of PCR product.
Moreover, the carbonization of PDA allows the formation of
graphene-like structures and provides nitrogen (N)-doping
effect to adopt the benefits of N-doped and carbon-based
ordered structures for PCR enhancement.*>**

Herein, we develop a simple and green chemical method to
prepare C-PDA silica and employ them as a PCR enhancer.
The silica particle as a core substrate and PDA as a biofriendly
material were used to form thin carbon layers surrounding
silica. After pyrolysis of PDA, the heterogeneous PDA
structures convert into fairly ordered multilayered carbon
structures which are similar to the graphene-like structures.*>*°
The chemical structural similarity of as-prepared carbon-coated
silica allows us to adopt the advantages of carbon-based
materials. We further investigate the interaction between PCR
reagents and individual components of C-PDA silica by
employing as-prepared silica and PDA silica during PCR.
Moreover, the effectiveness of these nanocomposites was
further demonstrated using the conventional and real-time PCR
with two different types of DNA as realistic models and
different kinds of analytical methods.

2. EXPERIMENTAL SECTION

2.1. Materials. Tetraethylorthsilicate (TEOS) (98%), ammonium
hydroxide (28—29%), ethanol (99.5%), dopamine (DA) hydro-
chloride, and tris(hydroxymethyl)aminomethane (TRIS) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). MAXIME PCR
premix kit and DNA purification kit were purchased from iNtRON
Biotechnology (Seongnam, Korea). Deionized (DI) water from water
purification equipment (Direct-Q 3 Water Purification System,
Millipore, Billerica, MA, USA) was used in this study.

2.2. Synthesis of Silica. Silica particles were synthesized using the
Stsber method.” First, the solution mixed with 250 mL of ethanol and
8.7 mL of DI water was added to TEOS and ammonium hydroxide
solution by stirring with a magnetic bar. The mixture was gently stirred
for 3 h and subsequently centrifuged. Then, the mixture was washed
several times using ethanol and water, respectively. The finally
obtained white suspension was dried overnight in a vacuum oven at 60
°C.

2.3. Formation of Polydopamine on Silica. A 100 mg amount
of silica was dispersed in Tris buffer (10 mM, pH 8.5) at 25 °C using
sonication for 30 min. DA hydrochloride was mixed in the solution (2
mg/ mL) and then stirred with centrifugation at room temperature for
6 h. After the reaction was over, the brown-colored composites were
centrifuged to separate the precipitate. The precipitate was carefully
washed with DI water several times to remove unreacted PDA.

2.4. Carbonization of Polydopamine on Silica. The PDA silica
was converted into carbonized PDA (C-PDA) silica through a heating
procedure. The PDA silica was placed in the vacuum oven under N,
atmosphere at a heating rate of 1 °C/min from room temperature to
450 °C, and the temperature was then maintained at 450 °C for 6 h.

2.5. Characterization. To understand the morphology and surface
modification of the synthesized particles, a 200 kV field-emission
transmission electron microscope (FE-TEM; JEM-2100F, Jeol, Tokyo,
Japan) and field-emission scanning electron microscope (FE-SEM; S-
4800, Hitachi, Tokyo, Japan) were used. Structural properties were
analyzed by Fourier transform infrared (FT-IR) spectroscopy (IFS6v/
S, Bruker, Karlsruhe, Germany) and Raman spectroscopy (NTEGRA
spectra, NT-MDT, Moscow, Russia).

2.6. Preparation of Different Types of Composites for PCR.
As-prepared silica, PDA silica, and C-PDA silica were separately
suspended in autoclaved DI water. To prepare the well-dispersed
solution, each mixture (1 mg/mL) was placed in a water bath and
sonicated with a frequency of 40 kHz and ultrasonic power of 100 W
for 30 min. After the sonication, all of the mixtures were carefully
diluted to 1073 pug/mL. In order to ensure proper mixing and prevent
aggregation among nanomaterials, the sonication step was followed by
dilution steps. Two different types of PCR templates were purified
from Escherichia coli (E. coli) genomic DNA and plasmid DNA,
respectively.

2.7. Conventional PCR Methodologies. All experiments were
performed using a PCR machine (T100 Thermal cycler, Biorad,
Hercules, CA, USA) with premixed solution. Specific primers for
amplification from pEGFP-C1 and the genomic DNA of E. coli
(Escherichia coli NCCP 137185 obtained from the the Korean Food and
Drug Administration) were used as shown in Table 1. The PCR
reaction mixture was composed with the following final concen-
trations; i-Taqg DNA polymerase of 2.5 U/uL in the reaction buffer,
dNTP of 2.5 mM, IX reaction buffer, and 1X gel-loading buffer. In this
reaction mixture, a template DNA of 1 uL, forward and reverse
primers of 10 pmol each, and with or without nanomaterials in total
volume of 20 uL were added. The PCR amplification was performed
by the following procedures. The PCR process for the initial
denaturation was gradually increased until 94 °C for S min.
Sequentially, temperature was gradually increased to 94 °C for
denaturation (step 1) for 30 s. Annealing (step 2) was cooled to 50 °C
for 30 s. Extension (step 3) at 72 °C for 50 s was started for the
synthesis of the specific DNA sequence (30 cycles). The PCR
products were implemented using electrophoresis (Mupid-2 plus,
Advance, Tokyo, Japan) using 0.8% (w/v) agarose gel (Seakem LE
agarose, Lonza, Basel, Switzerland). The molecular weight marker for
E. coli (100 bp DNA ladder; Bioneer, Daejeon, Korea) and marker for
pEGFP-C1 (1 kb plus; Accugen Healthcare, Daejeon, Korea) were
used in order to determine the DNA size. Finally, the performance of
the nanomaterials for amplification and analysis of products was
confirmed via the band intensities using a compact gel documentation
system (Slite 1408, Avegene, New Taipei, Taiwan).

2.8. Real-Time PCR Amplification. For each real-time PCR,
SYBR green solution (SYBR Premix Ex Tagll, Takara Bio, Shiga,
Japan) was used with the components as follows: Takara Ex Taq HS,
dNTP Mixture, Mg®*, Tli RNaseH, and SYBR Green L. Genomic DNA
of E. coli was used as a template with forward and reverse primers of 10
pmol for the reaction and with or without nanomaterials in a total
volume of 25 uL. Like conventional PCR method, the real-time PCR
was performed with two steps using a real-time PCR machine (CFX96,
Biorad). Temperature was gradually increased until 95 °C for 3 min
for the initial denaturation step and then maintained at 94 °C for 10 s
(step 1). Annealing (step 2) to SO °C for 30 s was cooled. The two
steps were repeated with 40 cycles. After the reaction, a dissociation
step was executed for checking the melting curves of PCR
amplification. Finally, the CFX manager from Biorad software was
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used to quantify the PCR products and their temperature melting
curves.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Nanocom-
posites. Overall synthesis processes of silica, PDA silica, and
C-PDA silica are depicted in Figure la. The synthesis was
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Figure 1. (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.

mainly composed of a three-part process as follows: (1)
formation of silica particles, (2) PDA coating over the surface
of silica, and (3) carbonization of PDA silica (see Experimental
Sections 2.2—2.4.). As shown in Supporting Information Figure
S1 and Figure 1b, the monodispersed as-prepared silica
particles exhibited an average diameter of 271 + 5.5 nm and
their surface was smooth. After PDA coating, the thin PDA film
was uniformly covered all over the silica and its average
thickness was 12.6 + 1.4 nm (Figure 1c). On the other hand, an
average thickness of the C-PDA film on the silica was 7.91 +
0.4 nm (Figure 1d), indicating that the thermal carbonization of
the PDA film on the silica significantly reduced its thickness.
Moreover, the C-PDA film became smoother in comparison
with the PDA film.

As-prepared silica, PDA silica, and C-PDA silica were further
investigated with FT-IR and Raman spectroscopies to confirm
their chemical compositions and structural properties (Figure
2). The typical FT-IR spectra of as-prepared silica, PDA silica,
and C-PDA silica, as indicated by black, red, and blue traces,
respectively (Figure 2a), commonly showed three prominent
absorption bands at 475, 810, and 1113 cm™". These three
bands correspond to a part of the transverse-optical (TO)
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Figure 2. (a) FT-IR spectra of silica (black), PDA silica (red), and C-
PDA silica (blue). (b) Raman spectra of silica (black), PDA silica
(red), and C-PDA silica (blue).

vibrational modes of the Si—O-Si linkage in silica (or
combinations of vibrations of the silica network), confirming
the existence of silica together with the results of elemental
mapping (Figure S2 in the Supporting Information) and are
referred to as TO,, TO,, and TO;, respectively. In particular,
TO,, TO,, and TO; are due to the perpendicular motions of
the bridging oxygen to the Si—O—Si plane (the rocking mode),
the stretching of oxygen atoms along the bisecting line of the
Si—O-Si (the symmetric mode), and the motion in opposite
distortion of the two neighboring Si—O bonds (the
antisymmetric mode), respectively.*® It is worth noting that
the weak peak at 3668 cm™" in the FT-IR spectrum of the as-
prepared silica is attributed to silanols which are perturbed by
interparticle contact.” In contrast to the FT-IR spectra, no
obvious evidence for the existence of silica is obtained from the
Raman spectra of as-prepared silica, PDA silica, and C-PDA
silica, as presented by black, red, and blue traces, respectively
(Figure 2b).

In contrast to the as-prepared silica, the FT-IR spectra of the
PDA silica and the C-PDA silica showed a newly developed
broad band at 3450 cm™}, corresponding to the N—H
stretching mode of secondary amine.*’ It should be emphasized
that , in the FT-IR spectrum of the as-prepared silica, the broad
band due to the O—H stretching vibrations in the region
between 3000 and 3400 cm™" clearly emerge, while no band at
3450 cm™' corresponding to the N—H stretching vibrations is
discernible. In addition, the peak intensity at 3450 em™! s
relatively stronger than intensities in the range of 3000—3400
cm™" in the FT-IR spectra of the PDA silica and the C-PDA
silica, implying that two such types of stretching modes are
distinguishable in our samples. Moreover, the Raman spectra of
the PDA silica (Figure 2b, red trace) and the C-PDA silica
(Figure 2b, blue trace) exhibited two distinctive bands at
approximately 1367 and 1597 cm™’, corresponding to the D
and G bands, respectively, whereas the Raman spectrum of the
as-prepared silica did not display these two bands. The D band
is due to the A, breathing mode of the sp® carbon, and the G
band is assigned to the in-plane bond stretching of all pairs of
sp? carbon atoms in both rings and chains.*' Together with the
results of elemental mapping (Figure S2 in the Supporting
Information), these FT-IR and Raman results confirmed the
formation of thin PDA layers on the silica.

The Raman spectrum of the C-PDA silica showed the D and
G bands more strongly compared with that of the PDA silica. In
addition, the Raman spectrum of the C-PDA silica also showed
a discernible band in the range between 2650 and 3000 cm™’,
corresponding to typical positions of the 2D band in defective
graphene.*”* The 2D band is associated with the breathing
modes of six-atom rings.** These imply that carbonization of
the PDA silica induced restoration of graphitic structure in the
PDA silica. Furthermore, a weak band at 1514 cm™, attributed
to the N—H bending mode of aromatic secondary amine,*’
appears only in the FTIR spectrum of the PDA silica, indicating
further modification of the PDA silica as well as graphitization
by the carbonization of the PDA silica.

3.2. Enhancement of PCR Performance. PCR perform-
ances of as-prepared silica, PDA silica, and C-PDA silica were
investigated using agarose gel electrophoresis with two types of
DNA, genomic DNA of E. coli (eael, 248 bp) and pEGFP-C1
plasmid (egfp, 800 bp) as shown in Figure 3. The PCR results
without nanomaterials (the positive controls) in lane 1 were
comparted with those of silica (lane 2), PDA silica (lane 3), and
C-PDA silica (lane 4), and it is also presented in Figure 3a,b. All
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Figure 3. Agarose gel electrophoresis for analyzing the concentration of PCR products obtained from two different templates, (a) the genomic DNA
of E. coli (eael; size, 248 bp) and (b) pEGFP-C1 plasmid (egfp; size, 800 bp), (c) the DNA band intensities of the gel images from (a) the E. coli
genomic DNA and (d) the pEGFP-C1 quantified with the Quantity One program from Biorad: lane M, DNA marker; lane 1, control; lane 2, silica-
assisted PCR; lane 3, PDA silica-assisted PCR; lane 4, C-PDA silica-assisted PCR. All of the added nanomaterials were 2.5 pg/uL.

of the amounts of PCR products were increased when the silica,
PDA silica, and C-PDA silica were utilized in comparison with
that of PCR products of the positive controls regardless of the
size of the DNA, as shown in Figure 3a,b. For clarity, the band
intensities at eael (Figure 3c) and egfp (Figure 3d), which
reflect the concentrations of PCR products, were obtained from
the images of agarose gel electrophoresis in Figure 3a,b,
respectively. For convenience, the band intensities in Figure
3c,d were normalized by the band intensities of PCR products
of the corresponding positive controls, respectively. In
particular, the concentrations of PCR products of the E. coli
genomic DNA with as-prepared silica, PDA silica, and C-PDA
silica were about 1.5, 2.0, and 2.2 times higher than that of PCR
product of the positive control, respectively (Figure 3c). In
addition, the concentrations of PCR products of the pEGFP-C1
plasmid with as-prepared silica, PDA silica, and C-PDA silica
were also about 3.8, 5.3, and 6.0 times higher than that of PCR
product of the positive control, respectively (Figure 3d). These
results exhibited that both the yield and the efficiency of the
PCR reaction with C-PDA silica were much higher than those
of the PCR reaction with silica and PDA silica. From these
results, it could be suggested that the C-PDA- and silica-based
nanocomposites enhance the PCR performance in both the
short and long DNAs.

The effects of silica, PDA silica, and C-PDA silica on the
PCR were also investigated by employing real-time PCR
(Figure 4) as simultaneously quantifying the fluorescent
intensity changes during amplification of the target DNA. In
this case, the relative fluorescence unit (RFU) is directly
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associated with the yield of PCR products as responding to the
nanocomposites (Figure 4a,b). As compared to the control, all
of the PCR efliciencies of both eael and egfp were enhanced
with the presence of nanocomposites. Among them, the C-
PDA silica also presented the best efficiency of the real-time
PCR compared with others. In particular, the efficiency of the
C-PDA silica is about 1.5 and 1.2 times higher than those of
silica and PDA-silica, respectively (Figure 4c,d). These results
demonstrated that the C-PDA silica was the most efficient for
the PCR processes. Especially, the PCR products from the egfp
sequence could be amplified with large amounts of DNAs
compared with the results of the short DNA sequence. Thus, it
could be suggested that the long DNA sequence can be affected
more by efficient PCR performance using the nanocomposites
than the eael sequence (i.e., relatively short size) due to the
specific and strong binding of primers to the template DNAs.
Moreover, both conventional PCR and real-time PCR exhibited
similar enhancement of PCR efficiency, and these results also
proved that the nanocomposites can not only reduce the PCR
cycle but also increase the final quantity of the PCR product.
Annealing temperature is a critical parameter in the PCR
step, and thus the inspection of a broad range of annealing
temperatures is highly required to enhance both efficiency and
accuracy of PCR. To examine the effects of the annealing
temperature on nanomaterials-assisted PCR performance, PCR
performances of silica, PDA silica, and C-PDA silica were
separately tested only with the genomic DNA of E. coli in the
range of annealing temperatures from 40 to 55 °C. The final
PCR products were analyzed using gel electrophoresis as shown
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Figure 4. Efficiency of PCR amplification for primer eael using E. coli genomic DNA and pEGFP-C1 as templates. Amplification plots for real-time
PCR assays using nanomaterials for (a) eael and (b) pEGFP-Cl, respectively. Graphs showing fluorescent intensities after real-time PCR of (c) eael

and (d) pEGFP-C1, respectively.
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Figure S. Effect of the annealing temperature on the efficiency of the PCR using genomic DNA of E. coli: (a) control without nanocomposites; (b)
silica-assisted PCR; (c) PDA silica-assisted PCR; (d) C-PDA silica-assisted PCR. Lane M, DNA marker; lanes 1—4, annealing temperature from 55

to 40 °C. Each concentration of nanomaterials was 2.5 pg/uL.

in Figure 5. PDA-based composites showed yield improvement
at the broad range of annealing temperatures (40—55 °C). The
results indicated that nanocomposite-assisted PCR guarantees
the improvement of PCR performance in the broad ranges of
the annealing temperature.

3.3. Role of Nanocomposites in the PCR. Previously, it
has been reported that ssDNA, DNA, and DNA polymerase
could bind on the nanomaterial surface. However, limited
materials such as carbon nanotubes, graphene, and gold have
been studied so far. In order to understand the role of the silica,
PDA:-silica, and C-PDA silica during the PCR, we hypothesized
the chemical interaction between the surface of nano-
composites and PCR components such as primers and

15637

polymerase. The DNA polymerase had different degrees of
adsorption to the silica, PDA silica, and C-PDA silica via polar
groups in their amino acid structures. To investigate the effects,
the individual particles (ie., silica, PDA silica, and C-PDA
silica) were carefully mixed with the following components, (1)
polymerase, (2) primers, and (3) both primers and polymerase.
After the reaction, the size differences of those composites were
measured using dynamic light scattering (DLS) method shown
in Figure 6a. After reacting with the primer, polymerase, and
both primer and polymerase with as-prepared silica, PDA-silica,
and C-PDA silica, the sizes of both PDA-silica and C-PDA silica
were increased while the pristine silica remained almost the
same size (Figure 6a). These phenomena could be understood

DOI: 10.1021/acsami.5b04404
ACS Appl. Mater. Interfaces 2015, 7, 15633—15640


http://dx.doi.org/10.1021/acsami.5b04404

ACS Applied Materials & Interfaces

Research Article

(@) 45 =—silica
40 J|—*— PDA silica
—4— C-PDA silica

Relative diameter increase (%)

Control  Polymerase Primer Polymerase

&Primer
After treatment

(b)

Silica PDA silica

P @
+

(o
( ))j
1.Denaturation

+ / \’
P =

2.Annealing

PCR with
reagents
. 4. Amplification
3.Extension with PCR cycling if/
<

O%}//’f

Taq Primer Template dNTP DNA
polymerase product

C-PDA silica

Figure 6. Thickness changes of silica, PDA silica, and C-PDA silica by
DLS particle size analysis (a) and the schematic illustration for the
proposed mechanism of (b) interaction of primer, polymerase, and
nanocomposites, and (c) C-PDA silica in the PCR process.

from surface characteristic differences of the particles. The
minor diameter changes of silica after mixing with primers or/
and polymers were mainly attributed toa strong negative
surface charge, which prevented a strongly negatively charged
DNA or PCR component from adhering to the silica surface
(black line in Figure 6a). Compared to the silica, the diameter
of PDA silica was slightly increased about 20—32% (red line in
Figure 6a). The strong adsorptions of polymerase and primer
to the PDA silica were attributed to the catechol and quinone
groups of PDA. By contrast, the C-PDA showed moderate
interaction with polymerase or/and primer compared with the
PDA results. In particular, the diameter of the C-PDA silica was
slightly increased about 5—15% (blue line in Figure 6a). After
carbonization of PDA, the main structures would be somewhat
similar to the graphitic structures but the different surface
characteristics can be expected from N-doped carbon from

carbonization of PDA.** The plausible binding activities
between nanocomposites and PCR reagents such as primers
and polymerase are illustrated as shown in Figure 6b. These
different binding capabilities are attributed to different PCR
performances as shown in Figure 4. Although the PDA silica
provided the strongest adsorption of the primer and polymer-
ase, the mild condition for the immobilization of polymerase
and primer (i.e., C-PDA silica) gave the best PCR performance.
The proposed processes in the PCR with C-PDA silica are
schematically illustrated in Figure 6c. Previously, immobiliza-
tion of biomaterials such as protein or enzymes over the
composite addressed the higher enzyme activity compared to
that of free enzyme.*> However, after reaching the critical
immobilized concentration of the enzyme, the efficiency of the
enzyme can be rapldly decreased owing to improper distortion
of a helix structure.*® Therefore, the proper adsorption of
polymerase could modulate its activity and provide the binding
sites to the PCR reagents to improve their stability during the
PCR. Moreover, the unique chemical structural properties and
high surface area of nanocomposite may help to increase
dispersibility of nanocomposites and stability of both primers
and polymerase during PCR.*”** These balances of binding
capability of polymerase, primers, silica, and PDA as well as the
carbonization of PDA gave the synergetic effect and best
condition to enhance the PCR efliciency.

Additionally, the PCR enhancement could be understood
from melting temperature changes of DNA as corresponding to
the nanocomposites (Figure S3 in the Supporting Information).
The positive control sample without using nanocomposites)
showed the melting curve at 76 °C (gray line from Supporting
Information Figure S3). With the introduction of silica, PDA
silica, and C-PDA silica, the melting curves via temperatures of
the PCR products were slightly increased and presented a
single peak at 79.5 °C (red, blue, and green lines in Supporting
Information Figure S3). As compared to the positive control,
the melting temperature changes were mainly attributed to the
stability enhancement of PCR reagents over the nano-
composites. These phenomena also indicated that nano-
composites prohibited the primer—dimer and minimized
mispriming of target sequences.

4. CONCLUSIONS

In summary, we have reported a simple, biocompatible, and
green chemical way to synthesize carbon-coated silica using
PDA as a bioadhesive and carbon source. The subsequential
thermal carbonization of PDA converted the disordered PDA
into ordered carbon structures which are similar to the graphitic
structures. We also directly observed the effects of C-PDA silica
in PCR by employing as-prepared silica and PDA silica to
investigate the interaction between the materials and PCR
reagents in PCR. The strong negative charges of silica showed
almost no interaction with primers and polymerase. By
contrast, the PDA silica provided numerous binding sites to
immobilize the primers and polymers on the surface to enhance
their stability. Moreover, C-PDA silica allowed for mild
interaction with primers and polymerase but addressed the
best PCR enhancement among them. These observations
suggested that the combination of silica, PDA, and carbon-
ization enables one to make a harmony condition to influence
the PCR reagents and contributed to the PCR enhancement.
The different characteristics of nanocomposites facilitate a
unique environment and diverse conditions to interact with
PCR reagents. Therefore, these findings could provide new
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insight for understanding the PCR effects of composite
materials and their mechanism study. Moreover, these materials
will be valuable for future applications in biomedical, diagnostic,
and biosensing applications.
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