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TEMPO-Cellulose Nanocrystal-Capped Gold Nanoparticles for
Colorimetric Detection of Pathogenic DNA
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ABSTRACT: Nanocellulose-assisted gold nanoparticles are considered promising materials for developing eco-friendly diagnostic
tools for biosensing applications. In this study, we synthesized 2,2,6,6-tetramethylpiperidin-1-piperidinyloxy (TEMPO)-oxidized
cellulose nanocrystal (TEMPO-CNC)-capped gold nanoparticles (AuNPs) for the colorimetric detection of unamplified pathogenic
DNA oligomers of methicillin-resistant Staphylococcus aureus. The fabricated TEMPO-CNC-AuNPs (TC-AuNPs) were
characterized using UV—visible spectroscopy, transmission electron microscopy, atomic force microscopy, and dynamic light
scattering. The average diameter of the synthesized AuNPs was approximately 30 nm. The aqueous solution of TC-AuNPs was
stable and exhibited an absorption peak at 520 nm. The chemical interaction between TC-AuNPs and the surface charge of the
target and non-target DNA determined the colorimetric differences under ionic conditions. A dramatic color change (red — blue)
was observed in the TC-AuNP solution with the target DNA under ionic conditions due to the aggregation of AuNPs. However, no
observable color change occurred in the TC-AuNP solution with the non-target DNA under similar conditions owing to the better
shielding effects of the charged moieties. The colorimetric detection limit of the TC-AuNPs was demonstrated to be as low as 20 fM
pathogenic DNA. Therefore, the use of TEMPO-oxidized CNC-capped AuNP:s is efficient and straightforward as a biosensor for the
colorimetric detection of pathogenic DNA.

AuNPs

1. INTRODUCTION

Gold nanoparticle (AuNP)-based colorimetric biosensors have

site of skin infection can help us to choose an appropriate
medication.” The sensing of pathogenic nucleic acids by

emerged as a robust diagnostic toolkit in medicine"” due to
their unique characteristics, including a high aspect ratio,
specific spectral absorption, and ability to bind to DNA and
proteins.” The salt-induced surface plasmon resonance (SPR)
spectral properties of AuNPs have been widely studied for the
detection of single- and double-stranded DNA molecules.” The
stabilization or/and destabilization of the nucleotide-nano-
particle complexes under ionic conditions is grofoundly
affected by the interaction between DNA-AuNPs.” Based on
AuNP aggregation, numerous point-of-care nanobiosensors
have been developed over the years.®

The detection of pathogenic infection by AuNP-based
biosensors has received significant interest for their application
in wound healing with respect to skin patches.” These patches
often induce pathogenic cell lysis and leakage.® Quick on-site
identification of the genetic material of novel pathogens at the
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biosensors has enormous beneficial applications. The AuNP-
based colorimetric detection of nucleic acids can be
implemented for such applications in conjugation with
biocompatible capping agents with tunable chemical proper-
ties.

Carbohydrate-coated AuNPs have been adopted to support
green chemistry-based diagnostic approaches. The glyco-
AuNPs are highly stable, biocompatible, easy to synthesize,
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and exhibit a notable detection limit for target molecules.'™*

The dextrin-coated AuNPs were synthesized for the colori-
metric detection of the unamplified DNA of Pseudomonas
cubensis up to a limit of 2.94 fM."* Dextrin-capped AuNPs have
also been used for the electrochemical detection of the
IS16110 gene from Mycobacterium tuberculosis up to 0.01 ng/
uL of concentration."”” Glucose-AuNPs also have wide
theranostic applications.14 Therefore, glyco-AuNPs have great
potential for DNA detection, even in complex biological
environments.

Cellulose nanocrystals (CNCs) have several advantages over
their neutral polysaccharide macro-analog for use as capping
and stabilizing agents because of their unique properties such
as high stiffness, low density, well-defined size, specific
morphology, controlled and tunable surface chemistry,
environmental sustainability, and anticipated low cost.”®
CNC properties can be easily tuned through surface
functionalization.'® Improved metal adsorption properties
were observed in the carboxylated CNCs."” The 2,2,6,6-
tetramethylpiperidin-1-piperidinyloxy (TEMPO) oxidation
process is frequently applied to generate the carboxylated
TEMPO-CNCs (TC)."®

In this study, we synthesized and evaluated the potential
application of TC-stabilized AuNPs for the colorimetric
detection of pathogenic DNA. We used pathogenic DNA
from MRSA for the colorimetric detection due to their
pathogenicity. We successfully detected the target pathogenic
DNA oligomer up to 20 fM within 2—3 min. The schematic
presentation for the colorimetric detection of the target and
non-target pathogenic DNA in the presence of TC- stabilized
AuNPs under ionic conditions is shown in Figure 1.
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Figure 1. Schematic illustration of the colorimetric detection of
methicillin-resistant Staphylococcus aureus (MRSA) DNA using
TEMPO-CNC-stabilized AuNPs (TC-AuNPs). T-DNA: target
DNA, NT-DNA: non-target DNA, TC-AuNPs: TEMPO-CNC-
capped AuNPs.

2. RESULTS AND DISCUSSION

2.1. Characterizations of TC-AuNPs. The UV—visible
spectra of the TC and TC-AuNP solutions are shown in Figure
2a. No absorption peak was observed in the TC solution,
whereas the TC-AuNP solution exhibited an absorption peak
at 520 nm, indicating the presence of AuNPs. The redox
reaction between HAuCl, and NaOH resulted in the
generation of AuNP, indicated by the change in color from
yellow to red. The synthesized TC-AuNP solution was
homogenous and stable. Images of the TC and TC-AuNP
solutions are given in the inset of Figure 2a.

The surface charge, hydrodynamic radius, and polydispersity
index (PDI) of the TC and TC-AuNP solutions are given in
Table 1 and were —36.9 + 10.4 mV, 107.4 + 57.86 nm, and
0.20 + 4.7, respectively, for TC and —43.4 + 7.5 mV, 1841 +
7.0 nm, and 0.51 + 0.9, respectively, for the TC-AuNP
solution. These enhancements in the surface charge and
hydrodynamic radius were due to the attachment of TC to the
AuNPs. The increased PDI indicates the polydispersity
characteristic of the synthesized TC-AuNPs."

The ultrahigh resolution-transmission electron microscopic
(UHR-TEM) image of the synthesized AuNPs is shown in
Figure 2b. The size of the synthesized AuNPs was
approximately 30 nm, and they were well dispersed in the
media. TC was distributed around the generated TC-AuNDPs.
The distribution of TC around the formed AuNPs is
responsible for the high hydrodynamic radius, as observed in
the DLS measurements. The solution pH plays a significant
role in the dispersion of the nanomaterial. The surface charge
of TC and the pH 7.0 of the medium facilitated the well-
dispersed and homogenous solution of the formed AuNPs.*
The AFM image of TC-AuNPs is presented in Figure 2c. The
average size of the synthesized nanoparticles was approx-
imately 40 nm. A schematic demonstration of the synthesis of
TC-AuNPs is shown in Figure SI.

2.2, Salt-Induced Aggregation of TC-AuNPs with or
without ssDNA Probe. The aggregation tendency of
nanoparticles under ionic environments plays a crucial role
in the colorimetric detection of the target biomolecule.”"** A
high degree of dispersion under an ionic environment indicates
greater stability of the nanoparticles.”> The UV—visible spectra
of the synthesized TC-AuNPs in the presence of different
concentrations (0 — 10 mM) of NaCl solution are shown in
Figure 3a. The pure TC-AuNPs exhibited an absorption peak
at 520 nm, which shifted toward a higher wavelength with an
increase in the concentration of the NaCl solution in the
media. This red shift was due to the increase in the electronic
conjugation between the nanoparticles, leading to the
aggregation of the TC-AuNPs.”* Hoeng et al. reported the
effects of the surface charge density of carboxylated CNCs on
the stability of synthesized silver nanoparticles (AgNPs),
observing that the charge density is an important factor in the
stability of AgNPs.”® The colorimetric change in the TC-AuNP
solution in the presence of different concentrations of NaCl
solution is given in the inset of Figure 3a. No significant color
change was observed in the NaCl solution up to a
concentration of 5 mM, indicating this as the stability limit
of the TC-AuNPs. However, a change in color (red — blue)
was observed in the NaCl solution at a concentration greater
than S mM. This change in color was due to the salt-induced
aggregation of the TC-AuNPs, causing the red shift in the
spectra. The colorimetric changes of the TC-AuNP solution in
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Figure 2. Chemical and morphological characterization of the synthesized TEMPO-CNC-AuNPs (TC-AuNPs). (a) UV—vis spectrum with the
corresponding digital photograph of TC and TC-AuNPs; (b) UHR-TEM morphology of TC-AuNPs dispersed in water; (c) AFM morphology of
TC-AuNPs dispersed in water; white arrows and red arrows indicate the AuNPs and TC.

Table 1. Physicochemical Characterization of the AuNPs”

{-potential average size polydispersity index
sample (mV) (nm) PDI)
TC —36.9 + 104 1074 + 57.86 0.20 + 4.70
TC-AuNPs  —434 + 7.5 1841 + 7.0 0.59 + 0.9

“Zeta potential values, mean particle size, and polydispersity index
(PDI) of the samples.

the presence of different concentrations of NaCl solution at 0
times are shown in Figure S2a,b. No significant visible color
change was observed for the TC-AuNP solution at 0 time. The
changes in the ratio of UV—vis absorbance at 620 (SPR of
aggregated AuNPs) and 520 nm (SPR of dispersed AuNPs)
denoted as A620/A520 of TC-AuNPs and ssDNA-incorpo-
rated TC-AuNPs in the presence of different concentrations (0
— 10 mM) of NaCl solution are shown in Figure 3b. No
significant changes in the absorbance values were observed up
to 5 mM NaCl solution in both TC-AuNP and ssDNA-
incorporated TC-AuNP media, indicating their stability limit.
However, more significant changes in this value occurred in the
TC-AuNP media compared with the ssDNA-incorporated TC-
AuNP media at NaCl concentrations higher than 5 mM,
showing a lower aggregation tendency of the TC-AuNPs in the
presence of the ssDNA probe, due to the shielding effects of
the ssDNA probe. The electronic environment of the ssDNA
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probe acts as a barrier and prevents the aggregation of TC-
AuNPs in the presence of ionic conditions. The colorimetric
changes of the TC-AuNP and ssDNA-incorporated TC-AuNP
media in the presence of different concentrations of NaCl
solution are shown in the inset of Figure 3b. The TC-AuNP
solution exhibited a color change after adding 3 mM NaCl. In
contrast, no such color change was observed in the ssDNA-
incorporated TC-AuNP solution up to 5 mM NaCl],
demonstrating their better stability.

The A620/A520 values for varying concentrations of
ssDNA-incorporated TC-AuNPs in the presence of 6 mM
NaCl are presented in Figure 3c. Here, we chose 6 mM NaCl
to monitor the colorimetric changes in ssDNA-incorporated
TC-AuNP media due to the effectiveness of NaCl at this
concentration. A decrease in the A620/A520 value was
observed by increasing the ssDNA probe concentrations in
the solution, indicating the better shielding effects of the
ssDNA probe. The colorimetric changes at varying concen-
trations of the ssDNA-incorporated TC-AuNP solution in the
presence of 6 mM NaCl are shown in the inset of Figure 3c.
Resistance to color change (red — blue) occurred at a higher
concentration of ssDNA, showing the stability of TC-AuNPs
due to the enhanced barrier effects of the probe.

2.3. Colorimetric Detection of Pathogenic DNA. The
UV—visible absorption spectra of TC-AuNPs with or without

https://doi.org/10.1021/acsomega.1c00359
ACS Omega 2021, 6, 12424—12431
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Figure 3. Aggregation pattern of TC-AuNPs. (a) With increasing NaCl concentrations, (b) in the presence of the 0.25pM ssDNA probe and the
A620/AS20 ratio in the presence of the ssDNA probe, and (c) in the presence of increasing concentration of the ssDNA probe with a

corresponding A620/AS20 ratio.
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Figure 4. Spectral and colorimetric detection of pathogenic DNA. (a) Spectral and corresponding colorimetric changes in the presence of 20 fM
non-target and target DNA. (b) Aggregation pattern of the TC-AuNPs with increasing salt concentration, 20 fM dsDNA, and 20 fM ssDNA.

the target DNA (20 fM) in the presence of 8 mM NaCl
solution are shown in Figure 4a. The target media exhibited an
absorption peak at 535 nm, which shifted toward a higher
wavelength (540 nm) in the non-target media, indicating the
aggregation of the TC-AuNPs. This shift in the wavelength was
due to the low shielding effects of the probe DNA in the target
conditions, causing agglomeration. This agglomeration leads to
electronic conjugation and facilitates red shifting in the UV—
visible spectra. The colorimetric changes of the TC-AuNPs
with or without the target DNA in the presence of 8 mM NaCl
solution are presented in the inset of Figure 4a. A significant
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color change (red — blue) was observed in the target media
due to the agglomeration of TC-AuNPs. In comparison, no
such color change occurred in the non-target media. The
electrostatic interaction between ds/ssDNA and TC-AuNPs is
responsible for the color change in the media.”® The changes
in the A620/AS520 values of TC-AuNPs with or without the
target DNA (20 fM) were assessed using a spectrophotometer,
and the results are shown in Figure 4b. Interestingly, the target
DNA exhibited a higher value than the non-target DNA,
indicating an aggregation of the TC-AuNPs. This is attributed
to the poor shielding effects of the hybridized ssDNA probe

https://doi.org/10.1021/acsomega.1c00359
ACS Omega 2021, 6, 12424—12431
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and the complementary target in the target media under ionic
conditions. The hybridization of the ssDNA probe with the
target and non-target pathogenic DNA at different periods was
monitored by gel electrophoresis, and the results are shown in
Figure S3. The target DNA was hybridized with the ssDNA
probe and exhibited greater intensity than the unhybridized
non-target DNA.

2.4. UHR-TEM Analysis of TC-AuNPs with or without
Pathogenic DNA. The agglomeration behavior of the
ssDNA-incorporated TC-AuNPs with or without target DNA
(20 fM) in the presence of 8 mM NaCl solution was evaluated
by UHR-TEM, and the results are shown in Figure Sa,b. The

(@

(b)

Figure S. UHR-TEM images of the TC-AuNPs in the presence of (a)
non-target and (b) target DNA.

non-target media showed the well-dispersed nature of the TC-
AuNPs. However, agglomeration of the TC-AuNPs was
observed in the target media. The UHR-TEM images clearly
show the dispersed and agglomerated TC-AuNPs in non-target
and target media, causing color changes, respectively. This
result indicated that NaCl destabilized the TC-AuNPs in the
presence of dsDNA, while the ssDNA stabilized the AuNPs.

We proposed a schematic model for the interaction
mechanism between the TC-AuNPs and DNA under ionic
conditions based on the obtained results, and the model is
shown in Figure 6. The destabilization of the synthesized TC-
AuNPs occurred in the presence of NaCl. The salt-induced
aggregation of TC-AuNPs was prevented by ssDNA in a dose-
dependent manner. However, no shielding effect was observed
in the presence of dsDNA, causing the aggregation of TC-
AuNPs. This difference indicates the effect of DNA
conformation as a controlling factor in the colorimetric
changes of TC-AuNPs. For ssDNA, it is believed that the
negatively charged phosphate groups of the DNA are distanced
from the TC-AuNPs by the electrostatic repulsion between the
negatively charged CNCs and phosphates, while the nitrogen
bases are oriented toward the charged CNCs through
attraction, leading to the formation of a protective layer.
This layer acts as a barrier for NaCl and prevents the
destabilization of TC-AuNPs. In the case of dsDNA, all
nitrogen bases are bound to their respective units. Therefore,
no electrostatic attraction occurred between the nitrogen bases
of the dsDNA and charged CNCs, which restricted the
formation of the protective layer around the TC-AuNPs, and
NaCl easily destabilized it, leading to agglomeration and,
consequently, color change. Additionally, the developed TC-
AuNPs showed good biocompatibility, as shown in Figure S4.
A comparative list of different polysaccharide-mediated AuNPs
for the colorimetric detection of pathogenic DNA or target
molecules, with their respective detection limits, is given in
Table 2. We emphasize that the synthesized TC-AuNPs have a
promising potential for the detection of biomolecules owing to
the unique properties of the nanocellulose and AuNPs.

Reaction 1

Electrostatic attraction and
shielding by ssDNA bases

~
=
S
=
=}
<9
«®
Y
&~

Electrostatic repulsion and
no shielding by dsDNA

Reaction 1

Stable AuNPs under
ionic condition

(J
().}

Reaction 2

Unstable AuNPs under
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Figure 6. Illustration of the proposed mechanism of the interaction of non-target (upper panel) and target DNA (lower panel) with TEMPO-
CNC-stabilized AuNPs (TC-AuNPs) under ionic conditions for the sequence-specific detection of pathogenic DNA.
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Table 2. Comparison of the Synthesized TC-AuNP-Based Sensing Performance with Other Reported Glyco-Capped AuNP-

Mediated Target Detection

carbohydrate-capped

nanoparticles target
TC-AuNPs methicillin-resistant S. aureus (MRSA ssDNA)
glycan/AuNPs viral receptor
sucrose/AuNPs Zika virus inAe. aegypti salivary protein
sucrose/AuNDPs ciprofloxacin

mannose/BSA/Au nanocluster concanavalin A

dextran/AuNPs Pseudoperonospora cubensis DNA
dextran/AuNPs dengue-1 virus

chitosan/AuNDPs M. tuberculosis DNA
chitosan/AuNPs cimetidine

minimum detection limit/time detection method references

20 fM/3 min spectral and colorimetric ~ present work
fluorescence quenching 27

1.0 X 10° PFU live Zika virus  spectral and colorimetric ~ 28

12 ug L7 colorimetric 29

15.8 ug L™

0.62 nM fluorescence 30

2.9 fM/30 min spectral and colorimetric 4

0.01 uM/20 min
0.342 mg/mL of chitosan
3 ng mL™'/2 min

colorimetric lateral flow 31
colorimetric 32

spectral and colorimetric 33

3. CONCLUSIONS

The properties of the developed AuNP-based biosensors are
widely influenced by the capping material used in the synthesis
process. Therefore, the selection of a suitable capping agent
with superior tunable properties is required to improve the
detection properties of the synthesized AuNPs. For this, CNCs
are considered an ideal material owing to their superior and
tunable physicochemical properties. A homogenous and stable
solution of AuNPs was obtained in the presence of
carboxylated functionalized CNCs. It is interesting to note
that the stability of the synthesized AuNPs increased in the
presence of the ssDNA probe under ionic conditions due to
the formation of a protective layer. A change in color (red —
blue) was observed in the target media under ionic conditions
due to an agglomeration of the TC-AuNPs, as observed in the
TEM image. However, no color change occurred in the non-
target media. The stabilization and destabilization of the TC-
AuNPs under ionic conditions are responsible for the change
in the color of the media. The color change can be easily
visualized within 3 min in the target media with a detection
limit of 20 fM concentration of the pathogenic DNA.

Our approach provides an eco-friendly, cost-effective,
biocompatible, and rapid detection system based on the
surface charge densities of the interacting particles. We believe
that the developed material shows great potential for its
application as a biosensor for the colorimetric detection of
pathogenic DNA and warrants further research in this
direction.

4. EXPERIMENTAL SECTION

4.1. Materials. Gold(IIl) chloride trihydrate (HAuCl,:
3H,0, 99.9% trace metal basis), agarose, and sodium chloride
(NaCl) were purchased from Sigma-Aldrich (USA) and were
used without further purification. TEMPO-CNCs were
received from the Cellulose Lab (Canada) and used as
obtained. Sodium hydroxide (NaOH) was purchased from
JUNSEI (Japan). The ssDNA probe and target and non-target
DNA were received from BIONEER Inc. (Daejeon, Republic
of Korea). Dulbecco’s modified Eagle’s medium (DMEM),
10% fetal bovine serum (FBS), and antibiotics Penicillin—
Streptomycin (P/S) were purchased from Welgene Inc.
(Republic of Korea). A WST-1 dye (EZ-Cytox cell viability
assay kit) was purchased from DoGenBio Co., Ltd. (Seoul,
Republic of Korea).

4.2. Synthesis of TC-AuNPs. The synthesis of TC-AuNPs
was performed, as previously reported elsewhere with some
modifications.** Briefly, the stock solution (50 mL) of 1 mM

HAuCl, was prepared in an aqueous medium and heated up to
90 °C with vigorous stirring (MSH-30D, DAIHAN Scientific,
Republic of Korea) under dark conditions followed by the
addition of 500 yL of TEMPO-CNC solution. The pH ~7 of
the mixture solution was adjusted by incorporating the
required amounts of 1 M NaOH solution. The change in the
color (yellow — red) indicated the completion of the reaction.

4.3. Characterization of TC-AuNPs. A spectrophotom-
eter (Softmax Pro Molecular Device, Version 7, California)
was used to measure the absorbance of TC and TC-AuNPs in
the range of 400—700 nm. The morphology of the TC-AuNPs
was monitored by ultrahigh resolution transmission electron
microscopy (UHR-TEM; AARM 13008, Jeol, Japan) with a
resolution of 0.12 nm and atomic force microscopy (AFM)
(Nanoscope S Bruker, USA). The dynamic light scattering
(DLS) and zeta potential () values of TC-CNCs and TC-
AuNPs were measured using a particle size analyzer (Malvern
Panalytical, UK; Zetasizer Ver 7.13).

4.4. Assay Procedure. The stability of the synthesized
TC-AuNPs was evaluated in the presence of the different
concentrations of NaCl (0, 1,2, 3,4, 5, 6,7, 8,9, and 10 mM)
at room temperature, and the absorption spectra of the
solution were measured by a spectrophotometer. The effect of
ssDNA on the aggregation pattern of the TC-AuNPs in the
presence of similar concentrations of NaCl was evaluated by
incubating the TC-AuNPs with a 0.25 pM ssDNA probe for 10
min at RT followed by the addition of NaCl, as described
before. The absorption spectrum was recorded after 10 min of
incubation at RT. To study the effect of increasing
concentration of ssDNA in the aggregation pattern of TC-
AuNPs, we had incubated the nanoparticles with 0.25, 0.5,
0.75, and 1 pM ssDNA for 10 min followed by NaCl treatment
for the next 10 min. The absorption spectrum was recorded at
620 and 520 nm wavelengths.

4.5, Detection of Unamplified S. aureus ssDNA. The
target and the non-target DNA oligomers dissolved in
ultrapure water were incubated with an equal amount of the
ssDNA probe at RT for 15 min to allow hybridization followed
by the addition of S uL of the incubated DNA into 105 L of
TC-AuNPs. The mixture solution was further incubated at RT
for 10 min. The NaCl solution (8 mM) was gradually added
into the mixture solution till the color change.

The DNA sequences used in this study are listed in Table 3.

4.6. Determination of DNA Hybridization. The hybrid-
ization of the probe with the target and the non-target DNA
was analyzed by 2% agarose gel electrophoresis. The gel images
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Table 3. List of DNA Sequences Used in this Study

sample sequences
ssDNA probe §’-ATG ATT ATG GCT CAG GTA CTG CTA TCC
ACC-3’
target DNA §’-GGT GGA TAG CAG TAC CTG AGC CAT AAT
CAT-3’
non-target §’-GCG AGA TGA TTA TGG CTC AGG TAC TGC

DNA TAT-3’

were captured using a molecular imager (Molecular Imager
Chemi Doc XRS+ Imaging System).

4.7. Cell Viability Assay. The human bone marrow-
derived mesenchymal stem cells (hBMSCs) were obtained
from KCLB, Seoul National University (Republic of Korea)
and maintained in DMEM supplemented with 10% FBS and
1% P/S. The cell viability of hBMSCs in the presence of TC-
AuNPs (0.25, 0.5, 1, and 2 gM) was analyzed using the WST-1
assay followed by incubation for 1, 3, and S days. The cell
viability was recorded by measuring the absorbance at 450 nm.
hBMSCs without TC-AuNPs served as the control set. All the
samples were prepared in triplicate, and data were presented as
mean ODs =+ standard deviations.

4.8. Statistical Analysis. Statistical analysis was carried
out using Origin Pro 9.0 software (OriginLab, Massachusetts,
USA). Statistical significance between the control and
treatment group was determined using one-way analysis of
variance (ANOVA). All the data were presented as mean +
SDs of triplicate experiments. Differences were considered
significantly at *p < 0.0S.
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