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Objective: Gold nanorods (AuNRs) show great potential for versatile biomedical applica-
tions, such as stem cell therapy and bone tissue engineering. However, as an indispensable
shape-directing agent for the growth of AuNRs, cetyltrimethylammonium bromide (CTAB)
is not optimal for biological studies because it forms a cytotoxic bilayer on the AuNR
surface, which interferes with the interactions with biological cells.

Methods: Citrate-stabilized AuNRs with various aspect-ratios (Cit-NRI, Cit-NRII, and Cit-
NRIII) were prepared by the combination of end-selective etching and poly(sodium 4-styrene-
sulfonate)-assisted ligand exchange method. Their effects on osteogenic differentiation of the
pre-osteoblastic cell line (MC3T3-E1), rat bone marrow mesenchymal stem cells (rBMSCs), and
human periodontal ligament progenitor cells (PDLPs) have been investigated. Potential signaling
pathway of citrate-stabilized AuNRs-induced osteogenic effects was also investigated.
Results: The experimental results showed that citrate-stabilized AuNRs have superior
biocompatibility and undergo aspect-ratio-dependent osteogenic differentiation via expres-
sion of osteogenic marker genes, alkaline phosphatase (ALP) activity and formation of
mineralized nodule. Furthermore, Wnt/B-catenin signaling pathway might provide
a potential explanation for the citrate-stabilized AuNRs-mediated osteogenic differentiation.
Conclusion: These findings revealed that citrate-stabilized AuNRs with great biocompat-
ibility could regulate the osteogenic differentiation of multiple cell types through Wnt/p-
catenin signaling pathway, which promote innovative AuNRs in the field of tissue
engineering and other biomedical applications.

Keywords: citrate-stabilized, gold nanorods, osteogenic differentiation, multiple cells, Wnt/
B-catenin signaling pathway

Introduction

Nanomaterials have brought innovation in the field of nanomedicine due to their
superior biocompatibility, distinct physicochemical properties and easy functiona-
lization processes.' Recently, there is accumulating evidence that nanomaterials
can modulate fate of cells and interactions between nanomaterials and biological
cells have attracted considerable attention in facilitating stem cell therapy and bone
tissue engineering.* ® Nanomaterials can flexibly and controllably manipulate bio-
logical process of cells to differentiate toward desired lineages. Particularly, nano-
materials with various composition, size, shape or surface chemistry have been
widely used as promising osteogenic agents in accelerating osteogenic differentia-
tion of biological cells and bone tissue regeneration.”® Therefore, the possible
applications of nanomaterials in regenerative medicine, especially bone tissue

engineering, have been widely studied.
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Among the previously reported nanomaterials, colloi-
dal single-crystalline gold nanorods (AuNRs) have gained
increasing attention due to their widely tunable optical
(nanoplasmonics) and electronic properties, which make
them suitable for a wide range of applications, including
solar harvesting, photovoltaics, surface-enhanced spectro-

and o-1

scopies,  diagnostics, imaging, therapy.
Particularly, the one-dimensional structure of anisotropic
AuNRs exhibit two distinct plasmon bands: the longitudi-
nal plasmon resonance (LSPR) and the transverse plasmon
resonance (TSPR). The multimodal nature endows AuNRs
displaying extensively application prospect in bioimaging
or photothermal therapy. The most classical protocol for
the preparation of the pristine is the seed-mediated growth
method, in which cetyltrimethylammonium bromide
(CTAB) is used as a surfactant to build a tightly bound
bilayer. However, in terms of biological applications, the
surface modification of the pristine AuNRs is essential due
to the potential toxicity of CTAB around the AuNR
surface.'>"?

A common solution is coating the CTAB bilayer with
a biocompatible material, such as polyelectrolyte, lipid,
silica, gel, and protein, to reduce the toxicity of CTAB
on the original AuNR surface.'*'® Accumulating evidence
suggested that such modified AuNRs facilitates bone tis-
sue engineering. Vieira et al reported that gellan gum-
coated AuNRs

osteogenesis.'” However, while these direct coating strate-

have a positive influence on
gies markedly improve biocompatibility, the thick and
dense surface modification coating heavily hinder their
physicochemical properties and interactions with biologi-
cal cells since it has evidenced that these AuNRs are
enclosed by many high-index crystalline facets.'®
Therefore, an alternative AuNR candidate with optimal
biocompatibility as well as an accessible surface is essen-
tial. Wei et al reported a robust surfactant exchange
method for converting CTAB-stabilized AuNRs into
citrate-capped AuNRs, utilizing polystyrene sulfonate
(PSS) as a mild detergent and citrate as a stabilizing
agent.'” Among diverse surface ligands, citrate plays
a critical role because it provides a thin, loosely and
moderately bound layer, which can be easily be
approached, despite its good biocompatibility. In addition,
there is accumulating evidence that behaviors of AuNRs in
biological systems can be manipulated by their sizes.
Chen’s group reported that bovine serum albumin
(BSA)-modified Au NRs with sizes of 40, 70 and 110

nm showed excellent compatibility, and their effects on

osteogenic differentiation of human mesenchymal stem
cells (hMSCs) were further investigated, where 70 nm
AuNRs significantly increased but blocked by 40 nm
AuNRs.”® However, the present methods for turning
aspect ratio (AR) of AuNRs were accomplished via vary-
ing the experimental parameters during the synthetic pro-
cess, which may not guarantee their reliability and
reproducibility. Our previous study suggested a rapid and
robust anisotropic oxidation method for selectively short-
ening AuNRs with AuBrs;-CTA complex oxidation under
mild temperature.>' The citrate-stabilized Au NRs with
desired and precise aspect ratio can be achieved. In this
regard, it is imperative to evaluate the cellular effects of
citrate-stabilized AuNRs with various sizes. Till now, to
the best of our knowledge, the effects of citrate-stabilized
AuNRs with various aspect-ratios on osteogenic differen-
tiation of cells have not been investigated.

In this study, citrate-stabilized AuNRs with various
aspect-ratios (Cit-NRI, Cit-NRII, and Cit-NRIII) were pre-
pared using surfactant exchange strategy and end-selective
etching method. The as-prepared citrate-stabilized AuNRs
showed excellent biocompatibility compared to CTAB-
stabilized AuNRs. Furthermore, their effects on osteogenic
differentiation of MC3T3-E1 cells, rBMSCs and PDLPs
were comprehensively investigated through the expression
of osteogenic marker genes, alkaline phosphatase (ALP)
activity and the formation of mineralized nodule. We also
investigated the potential signaling pathway involved in
citrate-stabilized AuNRs-mediated osteogenic differentia-
tion of Multiple Cells (see Scheme 1).

Materials and Methods

Materials

CTAB (99%) and PSS (Mw 70,000 Da) were purchased from
Sigma. Hydrogen tetrachloroauric acid (HAuCly-4H,0, 99%),
hydrochloric acid (HCI, 37 wt%), silver nitrate (AgNO»),
sodium borohydride (NaBH,, 96%), trisodium citrate
(C¢HsNa30,:2H,0), sodium chloride (NaCl), and r-ascorbic
acid (L.-AA) were obtained from Shanghai Chemical Reagent
Co., Ltd (China). The Milli-Q water with resistance 18 mQ
was used in all experiments. All glassware was cleaned by
aqua regia (HCI/HNO; in 3:1 v/v) before usage.

Synthesis of Colloidal Gold Seeds

Freshly prepared 0.1 mL HAuCly-4H,0O (0.25 mM) solu-
tion was added to 10 mL CTAB (10 mM) aqueous solu-
tion. The newly configured NaBH,4 was added to the above
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Scheme | Schematic illustration of citrate-stabilized AuNRs and their effects on osteogenic differentiation of MC3T3-El cells, rBMSCs, and PDLPs.

mixture with agitation for 2 min; the color of the solution
turned bright yellow to brown immediately. The seed
solution was stored at room temperature for at least 2
h to guarantee complete hydrolyzation of the unreacted
NaBH,.

Preparation of CTAB-Stabilized AuNRs

with Different Aspect-Ratios

CTAB-NRI the
method.'>** Typically, 1 mL AgNO; aqueous solution
(10 mM), 2 mL HAuCl; aqueous solution (1 wt%),
0.8 mL HCI aqueous solution (1 M), and 0.55 mL L-AA
aqueous solution (0.1M) were added sequentially mixed

was synthesized by seed growth

under slow stirring. After 1 min, 180 pL seeds were added
and incubated overnight in a 25 °C water bath.

CTAB-NRII and CTAB-NRIII were prepared by the
oxidation-etching method from CTAB-NRI?' Briefly, the
CTAB-NRI was suspended in 0.1 M CTAB for centrifuga-
tion. The aqueous HAuCl, solution was added to 15 mL
GNRs solution with an optical density (OD) = 2 at 60 °C
for 15 min, followed by centrifugation in 2 mM CTAB
solution. The amount of HAuCl, during the preparation of
CTAB-NRII and CTAB-NRIII was 70 and 140 pL,
respectively.

Preparation of Citrate-Stabilized AuNRs
The sodium citrate-coated AuNRs were prepared by the
PSS replacement method.”® CTAB-stabilized AuNRs with
various aspect-ratios were harvested by centrifugation to
reduce the concentration of CTAB. Then, 3mL PSS (10 g/
L in 5 mM NaCl) was mixed with 30 mL AuNRs solution
(optical density (OD) = 3). A small amount of NaCl
solution promotes the unfolding of the charged PSS
chain, which was incubated at room temperature for 1
h. After centrifugation at 6000g for 15 min, the solution
was finally resuspended in 30 mL of deionized water. This
treatment was repeated, the pellet was reconstituted in
26.3 mL water and 3.3 mL sodium citrate (1 wt%) incu-
bated for 12 h, followed by centrifugation at 5500 xg for
15 min and reconstitution with 13.35 mL water and
1.65 mL of citrate solution.

Cell Culture

MC3T3-El cells were purchased from the Institute of Life
Science Cell Culture Center (Shanghai, China), rBMSCs
were purchased from Cyagen Biosciences Inc. (CA, USA),
PDLPs were purchased from the Institute of ScienCell
Research Laboratories (Carlsbad, CA, USA). The cells
were cultured in growth medium (GM), containing o-
MEM medium (Gibco, USA) supplemented with 1%
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penicillin-streptomycin solution (P/S, Gibco) and 10%
fetal bovine serum (FBS, Gibco, USA) at 37 °C in 5%
CO,. For osteogenic induction, cells were cultured in an
medium which containing GM supplemented with 0.1 uM
dexamethasone, 50 pg/mL ascorbic acid and 10 mM f-
glycerophosphate.

Cell Viability Assay

The cell viability was tested using the Cell Counting Kit-8
(CCK-8) assay. MC3T3-El cells, rBMSCs, and PDLPs
were seeded in 96-well plates at a density of 5x10% cells/
well and cultured at 37 °C with 5% CO, for 24 h, followed
by incubation with AuNRs of various aspect-ratio at the
final concentration of 1, 10, and 100 nM, respectively.
After 1-, 3-, and 5-day incubation, CCK-8 reagent
(Bimake, China) was added to each well and cultured at
37 °C for 1 h. The OD was measured at 450 nm on
a microplate reader (Multiskan GO, Thermo Fisher
Scientific, USA).

ALP Activity Assay and Staining

After osteogenic induction for 14 days, MC3T3-E1 cells,
rBMSCs, and PDLPs treated with citrate-stabilized
AuNRs of various aspect-ratio were harvested. The ALP
activity levels were measured using Alkaline Phosphatase
Assay Kit (Beyotime, China), and the absorbance was
measured at 405 nm. For ALP staining, after osteogenic
induction for 14 days, the cells were stained with BCIP/
NBT Alkaline Phosphatase Color Development Kit.

Alizarin Red S Staining Assay

After osteogenic induction for 21 days, MC3T3-E1 cells,
rBMSCs, and PDLPs treated with citrate-stabilized
AuNRs of various aspect-ratio were treated with 5% ali-
zarin red S (ARS; Sigma) staining solution for 5 min.
Subsequently, the cells were washed and examined, and
images captured by an inverted optical microscope
(Olympus IMT-2, Tokyo, Japan), and the formation of
mineralized matrix nodules was quantified by measuring
the absorbance at 562 nm after incubation with 10% (w/v)
cetylpyridinium chloride (Sigma-Aldrich) for 2 h.

Real-Time Quantitative PCR

MC3T3-El cells were cultured in 6-well plate (3x10°
cells/well) for 24 h and incubated with citrate-stabilized
AuNRs of various aspect-ratio for 3, 5, and 7 days, respec-
tively. Then, total RNA was isolated from cells using
RNA-Quick Purification Kit (Yishan Biotech, Shanghai,

China), and cDNA was generated using a HiScript II Q RT
SuperMix and used as a template for qPCR (Vazyme
Biotech, Nanjing, China). The ChamQ™ SYBR Color
gPCR Master Mix (Vazyme Biotech) was utilized for
gPCR reactions. The amplification was conducted on
a LightCycler 480-II (Roche, Mannheim, Germany)
using the primers listed in Table S1.

Western Blot (WB) Analysis

MC3T3-El cells were cultured with citrate-stabilized
AuNRs of various aspect-ratio for 3 days and lysed in
RIPA lysis buffer supplemented with 1 mM
Phenylmethanesulfonyl fluoride (PMSF). The proteins
were obtained according to the mammalian protein extrac-
tion kit, separated by 10% SDS-PAGE, and electroblotted
onto Polyvinylidene Fluoride (PVDF) membranes
(Millipore Co., Billerica, MA, USA). Then, the mem-
branes were blocked with 5% (w/v) non-fat powdered
milk for 1 h at room temperature, probed with primary
antibody at 4 °C overnight, followed by incubation with
horseradish peroxidase (HRP)-labeled secondary antibody
for 1 h. The level of protein was detected using ECL plus
WB detection system.

Statistical Analysis
The differences between groups were determined using
one-way analysis of variance (ANOVA), followed by
Tukey’s posthoc analysis. P < 0.05 indicated statistical
significance. All statistical analyses were performed
using GraphPad Prism 8.

Results and Discussion
Characterization of CTAB and
Citrate-Stabilized AuNRs

CTAB-stabilized AuNRs with various aspect-ratios
(CTAB-NRI, CTAB-NRII, and CTAB-NRIII) were pre-
pared using the seed growth method and end-selective
etching method.?**> The oxidation mechanism AuNRs is
attributed to Au(Ill) in the presence of CTAB, where
ligand exchange from AuCl, to AuBr, will occur when
CTAB-modified AuNRs are mixed with HAuCl4 solution
(Equation 1). The formation of AuBr4-CTA complex will
facilitate the comproportionation reaction between
Au(Ill) and Au(0) (Equation 2), thus shortening the
AuNRs.

submit your manuscript

2792

Dove

International Journal of Nanomedicine 2021:16


https://www.dovepress.com/get_supplementary_file.php?f=299515docx
http://www.dovepress.com
http://www.dovepress.com

Dovepress

Zhang et al

AuCly < AuCl3Br~ < AuCl3Br, < AuCIBr; < AuBr,
M

AuBry — CTA + 2Au 4+ 2CTA' + 2BR™
= 3AuBr, — CTA )

Citrate-stabilized AuNRs with various aspect-ratio (Cit-
NRI, Cit-NRII, and Cit-NRIII) were prepared by a PSS-
assisted ligand exchange process from CTAB-stabilized
AuNRs.”* The morphology of the synthesized nanoparti-
cles was characterized by transmission electron micro-
scopy (TEM), which showed that both CTAB-stabilized
AuNRs (Figure 1A-C) and citrate-stabilized AuNRs
(Figure 1D-F) had the same width while the length
decreased gradually owing to end-selective -etching
method. As shown in Figure 1G, the sizes according to
the TEM images were 86.68+9.24 (94.62+6.63), 76.78
+6.28 (77.18+7.84), and 52.45+4.15 (53.77+5.04) nm for

CTAB-NRI (Cit-NRI), CTAB-NRII (Cit-NRII), and
CTAB-NRIII (Cit-NRIII), respectively. These findings
indicated that the exchange process did not affect either
the morphology or the size of the AuNRs. Strikingly, the
LSPR spectrum of nanoparticles indicated aggregation and
surface surrounding. Therefore, the LSPR spectrum was
used to monitor the colloidal stability of GNRs during the
change from CTAB bilayer to citrate.”” Based on the
normalized UV-Vis spectra (Figure 1H), their absorption
peaks were located at 1176 nm, 973 nm, and 784 nm for
CTAB-NRI, CTAB-NRII, and CTAB-NRIII, respectively.
The narrow width and sharp profile of the LSPR band
indicated the monodispersity of the CTAB-stabilized
GNRs. After the surface exchange, the UV-vis spectra of
citrate-stabilized AuNRs showed an obvious blue shift of
37.3 nm for Cit-NRI, 27.9 nm for Cit-NRII, and 18.7 nm
for Cit-NRIII. The wavelength (Ay..) of longitudinal

| 50 nm

Statistical Size (nm)
3
Extinction (a.u.)

50 E 1 e
G‘Pe»@ G“ﬁd{w O“"@d‘l\”ﬁ C-v'a@ Y

$

Cit-NR| Cit-NRI CHARIN

CTASMRI CTAB-NRI CTAB-NRIN

Zeta potential (mV)

£ 8

Wavelength (nm)

Figure | Characterization of AuNRs. Typical TEM images of as-prepared (A—C) CTAB-stabilized AuNRs and (D-F) citrate-stabilized AuNRs with various aspect-ratio. (G)
Statistical Size of CTAB and citrate-stabilized AuNRs with various aspect-ratio according to the TEM images in (A-F). (H) UV-Vis absorption spectra of CTAB and citrate-
stabilized AuNRs with various aspect-ratio. (I) Zeta potential analysis of AuNRs with various ligands and aspect-ratio.
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LSPR of aqueous ellipsoid nanoparticles showed a linear
correlation between peak position and the AR as follows:

Amax= 420+95 AR?%?7

Thus, the blue shift of the spectrum caused by the differ-
ence in aspect ratio is <10 nm, indicating that the blue shift
might be caused by surface modification. The profile of the
experimental spectra, as well as the full width at half max-
imum of longitudinal LSPR peak, was maintained constant,
indicating the effective exchange of the CTAB bilayer without
inducing aggregation. The ligand exchange results were also
monitored by measuring their surface charge via the dynamic
light scattering (DLS) method (Figure 11). The zeta-potential

200+ 1504

-
o
=3

1

-

g

L

Cell viability
in % of control

Cell viability
in % of control
g
1
2
1

o
o
1

Cit-NRIl  Cit-NRIll Cit-NRI

Cit-NRIl

of CTAB-stabilized AuNRs was positive surface charge due to
the positive charge of the trimethylammonium group [-N
(CH3);'] of CTAB, which showed a decreasing value with
decreasing size: 62.3 mV for CTAB-NRI, 40.2 mV, for CTAB-
NRIIL, and 33.9 mV for CTAB-NRIII. Following the PSS and
NasCT treatment, the zeta potential of CTAB-stabilized
AuNRs shifted to a negative value. In this process, PSS was
tightly adsorbed to the surface of the CTAB bilayer, and the
PSS-CTAB complex could be isolated by centrifugation,
forming citrate-stabilized AuNRs. Consequently, the surface
charge becomes negative, indicating a successful replacement
process. Similarly, as the aspect ratio decreases, the negative
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Figure 2 Biocompatibility and cellular uptake of citrate-stabilized AuNRs. (A) Photographs of MC3T3-E| cells treated with citrate-stabilized AuNRs with various aspect-
ratio for 48 h, respectively. (B) Cell viability of MC3T3-E| cells after incubated with citrate-stabilized AuNRs with various aspect-ratio for |, 3 and 5 days, respectively. (C)
TEM images of MC3T3-El cells treated with citrate-stabilized AuNRs (100 nM) for | day. Asterisk indicates statistically significant differences between control and

experience group (*p < 0.05; ***p < 0.005).
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charge decreases. The CTAB- and citrate-stabilized AuNRs
with various aspect-ratio were utilized to assess the biocom-
patibility and cellular internalization.

Biocompatibility and Cellular
Internalization of Citrate-Stabilized
AuNRs

The effects of CTAB-stabilized and citrate-stabilized
AuNRs on biocompatibility and cellular internalization of
MC3T3-El cells were investigated. As shown in Figure
S1A-C, the cell viability of MC3T3-El cells exceeds 95%
in citrate-stabilized AuNRs groups after incubation for 1,
3, and 5 days. Also, a slightly increased proliferation was
observed after treatment with Cit-NRI and Cit-NRIII for
1 day. However, CTAB-stabilized AuNRs displayed some
cytotoxicity. After 5 days of treatment, the viability
decreased by 17.6% for CTAB-NRI and 38.9% for
CTAB-NRII. These results were attributed to fact that the
CTAB around the AuNR surface demonstrated potential
toxicity to biological cells, which was in accordance with
Wang’s work."? In addition, ARS staining assessed the

Cit-NRI

Control Cit-NRII

>

MC3T3-E1

PDLPs

potential effect on osteogenic differentiation of cells. As
displayed in Figure S1D, more calcium nodules were
observed in citrate-stabilized AuNRs groups compared to
CTAB-stabilized AuNRs groups, which had an inhibitory
effect on mineralization. These findings were further ver-
ified by quantified mineralized matrixes in the cells
(Figure S1E). Based on the preliminary assessment of
CTAB-stabilized and citrate-stabilized AuNRs on the bio-
compatibility and osteogenic differentiation of MC3T3-El
cells, we found that citrate-stabilized AuNRs might be
appropriately utilized as osteogenic bioactive material for
bone regeneration. The comprehensive evaluation of their
effects on osteogenic differentiation of MC3T3-El cells,
rBMSCs, and PDLPs were further investigated.
Furthermore, the biocompatibilities of citrate-stabilized
AuNRs with various aspect-ratio were tested by CCKS assays.
As shown in Figure 2A, after co-incubation with MC3T3-El
cells for 48 h at the concentrations of 1, 10, and 100 nM, no
obvious morphological changes were observed as compared to
that in control group, which was in agreement with the results

of rBMSCs (Figure S2A) and PDLPs (Figure S3A).
Additionally, citrate-stabilized AuNRs did not exhibit any
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-
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Figure 3 Effects of AuNRs on ALP activity. (A—C) ALP staining and (D-F) ALP activity level of MC3T3-El cells, rBMSCs and PDLPs after treated with citrate-stabilized
AuNRs with various aspect-ratio for 14 days, respectively. Asterisk indicates statistically significant differences between control and experience group (*p < 0.05; **p < 0.01;

#kp < 0,005).
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significant cytotoxicity to MC3T3-El cells (Figure 2B),
rBMSCs (Figure S2B), and PDLPs (Figure S3B), indicating
a viability of >95% in all groups after incubation for 1, 3, and 5
days, respectively. These findings indicated that the citrate-
stabilized AuNRs were non-toxic and exhibited adequate bio-
compatibility due to the citrate molecule around the AuNRs,
which was in agreement with our previous work.® It is known
that the fate of gold nanomaterials after internalized by cells
were significantly affected by their shape, size, and most
importantly, surface functionalization. As for the conventional
fate of citrate-stabilized gold nanomaterials after internalized
by cells, which are internalized through membrane proteins-
mediated endocytosis, localized in cytoplasm and finally
excreted through exocytosis. The cellular uptake markedly
affects the interactions between nanomaterials and biological
cells, wherein thermodynamics plays a dominant role in the
cellular internalization of nanomaterials.”” Spherical nanopar-
ticles with size < 50 nm cluster to generate a driving force for
cellular uptake, while the size >50 nm is not required.** To
further investigate the cellular internalization of citrate-stabi-
lized AuNRs with various aspect-ratio, TEM was performed

Control Cit-NRIl

Cit-NRI

MC3T3-E1

rBMSCs

PDLPs

and the data are shown in Figure 2C, where it could be seen
that all the three types of AuNRs were taken up by cells and
localized in intracellular vesicles, instead of other cellular
organelles, such as mitochondria and cell nucleus after treat-
ment with MC3T3-El cells for 24 h. As expected, the AuNRs
in vesicles were insulated as their size was >50 nm, which is
consistent with the data from previous studies.>’ Due to the
anisotropic structure of AuNRs, the permeability in the cells
need excess energy, which makes it difficult for the intracel-
lular uptake compared to that of spherical nanoparticles.
Besides, the citrate-stabilized AuNRs possessed extreme sta-
bility, which might be hard to degrade. Therefore, we con-
cluded that citrate-stabilized AuNRs might be partly excreted
from cells through exocytosis but not be degraded.

Effects of Citrate-Stabilized AuNRs on

ALP Activity and Mineralization

ALP is an early bone marker (7-14 days) that represents the
osteogenic activity of cells.*? To investigate the effects of
citrate-stabilized AuNRs with various aspect-ratio on
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Figure 4 Effects of AuNRs on mineralization. Mineralized nodules stained with alizarin red S and calcium deposition assay of MC3T3-E| cells, rBMSCs and PDLPs after
incubated with citrate-stabilized AuNRs with various aspect-ratio for 21 days, respectively. Asterisk indicates statistically significant differences between control and

experience group (***p < 0.005).
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osteogenic differentiation of cells, the ALP staining of
MC3T3-El cells (Figure 3A), rBMSCs (Figure 3B), and
PDLPs (Figure 3C) was assessed after treatment with
citrate-stabilized AuNRs for 14 days. As a result, the ALP
expression in all three types of cells was enhanced in the Cit-
NRIII group, while no significant difference was detected in
the Cit-NRI and Cit-NRII groups. Moreover, the quantitative
analysis of ALP activity levels after treatment was further
detected, which revealed a similar trend, as shown in Figure
3D-F. Among the three types of citrate-stabilized AuNRs,
Cit-NRIII had the strongest ability to increase the ALP
activity level, indicating that the effects of citrate-stabilized
AuNRs on the ALP activity levels in the cells were aspect-
ratio-dependent. Furthermore, the formation of mineralized
nodules is a critical phenotypic marker that reflects the final
stage of the osteogenic differentiation of cells.*® The calcium
depositions were evaluated by ARS staining for three types
of cells cultured with citrate-stabilized AuNRs with various
aspect-ratio in the osteogenic induction medium for 21 days,
and the data are shown in Figure 4. However, no significant
difference was detected among the Cit-NRI, Cit-NRII, and
control groups, while calcium nodules were observed in the

Cit-NRIII group, indicating a robust effect on mineralization.
Furthermore, the mineralized matrixes in the cells were
further quantified by eluting and measuring the absorbance
of ARS deposits at 562 nm. The results confirmed that the
effects of citrate-stabilized AuNRs on intracellular calcium
nodules were also aspect-ratio-dependent, whereas Cit-NRIII
exhibited stronger effects compared to Cit-NRI and Cit-
NRIL

Effects of Citrate-Stabilized AuNRs on
Osteogenic Gene Expression by
Activating the Wnt/p-Catenin Signaling
Pathway

Several specific marker genes, such as ALP, Runt-related
Transcription Factor 2 (Runx2), type I Collagen (COLI),
and Osteopontin (OPN), were inevitably expressed during
the process of osteogenic differentiation.***> Among these
osteogenic-related genes, ALP is a hydrolase enzyme that
supplies calcium nucleation sites with inorganic phosphate
and Runx2, a key transcription factor; together, these are
considered as early markers of osteogenic differentiation.*
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Figure 5 Effects of GNPs on osteogenic gene expression via Wnt/B-catenin signal pathway. MC3T3-E| cells were treated with citrate-stabilized AuNRs with various aspect-
ratio for 3, 5 and 7 days. (A-D) Real-time PCR analysis of ALP, Runx-2, COLI and OPN expressions. (E) Western blot analysis and (F-H) relative protein level of Runx-2,
COLI and OPN expressions. (I) Western blot analysis and (J and K) relative protein level of B-catenin and p-GSK-3f expressions. Asterisk indicates statistically significant
differences between control and experience group (*p < 0.05; **p < 0.01; **p < 0.005).

International Journal of Nanomedicine 2021:16

submit your manuscript

2797

Dove


http://www.dovepress.com
http://www.dovepress.com

Zhang et al

Dove

COL1 is the main component responsible for forming the
bone extracellular matrix, and OPN is a key marker that
regulates osteoblast differentiation, the formation of miner-
alized nodules, and bone-building.>” We further investigated
these osteogenic-related genes expression level by real-time
polymerase chain reaction (PCR). As shown in Figure SA-D,
after co-incubation with citrate-stabilized AuNRs for 3, 5,
and 7 days, the mRNA expression level of these osteogenic
genes was significantly upregulated by one- to threefold
under Cit-NRIII treatment and was associated with progres-
sive osteogenic differentiation of MC3T3-E1 cells, while no
significant differences were detected in Cit-NRI- and Cit-
NRII-treated groups. These results were similar to those of
the ALP activity and mineralization. WB revealed that the
expression level of these osteogenic-related genes and pro-
teins, COL-1, Runx-2, and OPN, was upregulated after treat-
ment with Cit-NRIII (Figure SE-H). These findings
indicated that Cit-NRIII enhances the osteogenic differentia-
tion of MC3T3-E1 cells compared to that of Cit-NRI and Cit-
NRII in vitro. Furthermore, Runx2 is considered as a key
downstream gene that is involved in the Wnt/B-catenin sig-
naling pathway during the osteogenic differentiation of
cells.®® As the upregulated of Runx2 is induced by Cit-
NRIII, we speculated that the Wnt/B-catenin signaling path-
way might play an important role in Cit-NRIII-induced
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osteogenic differentiation in MC3T3-E1 cells. Wnt/B-catenin
signaling pathway regulates the osteogenic differentiation of
cells, wherein the accumulation of B-catenin in the cytoplasm
determines its activation.”® Moreover, B-catenin is phos-
phorylated by GSK-3f, a serine/threonine-protein kinase,
resulting in the inactivation and degradation in cytoplasm.
Upon Wnt activation, GSK-3p was inhibited via phosphor-
ylation of Ser9, causing the accumulation of B-catenin in the
cytoplasm, thus improving the expression of Runx2.*
Therefore, potential molecular mechanisms were investi-
gated by examining the expression of key markers, such as
B-catenin and p-GSK-3B, which might be involved in the
relevant signaling pathways during the osteogenic differen-
tiation of MC3T3-E1 cells.*'*** As expected, WB analysis
demonstrated that the level of B-catenin and p-GSK-3[ was
increased in Cit-NRIII-treated cells (Figure 5I-K), indicating
that the Wnt/B-catenin signaling pathway might play a major
role in citrate-stabilized AuNRs-induced osteogenic differ-
entiation in MC3T3-E1 cells.

Mechanisms of Osteogenic Effect Induced
by Citrate-Stabilized AuNRs

The mechanisms of Cit-NRIII-induced osteogenic differ-
entiation of MC3T3-E1 cells were further validated by
specific Wnt/B-catenin signaling inhibitor, KYA1797K,
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Figure 6 Effects of Wnt/B-catenin inhibitor KYA1797K on Cit-NRIlI-induced osteogenic differentiation. (A) ALP staining and (B) ALP activity level of MC3T3-El cells after
treated with Cit-NRIII alone or combine with KYA1797K for 14 days, respectively. (C) Mineralized nodules stained with alizarin red S and (D) Calcium deposition assay of
MC3T3-El cells after treated with Cit-NRIII alone or combine with KYAI797K for 21 days, respectively. (E-H) Real-time PCR analysis of ALP, Runx2, COLI and OPN,
mRNA expression of MC3T3-El cells after treated with Cit-NRIIl alone or combine with KYAI797K for 3, 5 and 7 days, respectively. Asterisk indicates statistically
significant differences between control and experience group (*p < 0.05; **p < 0.01; ***p < 0.005).
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which could markedly decrease the activity of B-catenin
involved in Wnt/B-catenin signaling pathway.* As
a low molecular weight compound, KYA1797K was
firstly studied its effects on surface of citrate-stabilized
AuNRs. UV-Vis absorption spectra of citrate-stabilized
AuNRs before and after co-incubated with KYA1797K
for 24, 48 and 72 hours were measured. As shown in
Figure S4, the absorption peak also existed but showed
red shift of 9 nm when incubated with KYA1797K,
which might be due to the absorption of KYA1797K
on surface of nanorods. These results indicated that the
citrate-stabilized AuNRs still keep stability and their
surface are not be obviously disturbed. As shown in
Figure 6A and B, the enhanced ALP activity induced
by Cit-NRIII was significantly blocked with
KYA1797K. Consistent with this, ARS staining (Figure
6C) and quantified mineralized matrixes inside cells
(Figure 6D) showed that the mineralized-nodule forma-
tion after treatment with Cit-NRIII combined with
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KYA1797K was lower than that with Cit-NRIII alone.
Also, the qRT-PCR analysis revealed that Cit-NRIII
combined with KYA1797K
a downregulation of the expression of osteogenic-related
genes, ALP, RUNX2, COL1, and OPN combined with
the Cit-NRIII alone group (Figure 6E—H). In addition,
Western blots (Figure 7A) demonstrated that the effects
of Cit-NRIII on osteogenic-related protein expression
(RUNX2, COL1, and OPN) were reversed by
KYA1797K as shown in Figure 7B-D. Surprisingly, B-
catenin and p-GSK-3p, the critical proteins in Wnt/j-

treatment resulted in

catenin signaling pathway, were also examined by WB
(Figure 7E-G). Consequently, the expression of these
proteins was enhanced significantly by treatment with
Cit-NRIII and immediately blocked by KYA1797K
The KYA1797K
enhanced osteogenic differentiation induced by Cit-
NRIIIL, indicating that Cit-NRIII-induced acceleration
of osteogenic differentiation of MC3T3-El cells was

treatment. inhibitor reversed the
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Figure 7 Effects of Wnt/B-catenin inhibitor KYA1797K on Cit-NRlll-induced osteogenic differentiation. MC3T3-El cells were treated with Cit-NRIIl alone or combine with
KYA1797K for 3 days. (A) Western blot analysis and (B-D) relative protein level of Runx-2, COLI and OPN expressions. (E) Western blot analysis and (F and G) relative
protein level of B-catenin and p-GSK-3f expression. Asterisk indicates statistically significant differences between control and experience group (*p < 0.05; **p < 0.01; ***p <

0.005).
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related to the activation of the Wnt/B-catenin signaling
pathway. These results indicated that Cit-NRIII-induced
osteogenic differentiation might be regulated via Wnt/p-
catenin signaling pathway.

Conclusions

In summary, citrate-stabilized AuNRs with various aspect-
ratios showed excellent biocompatibility and their effects
on osteogenic differentiation of Multiple Cells were
aspect-ratio-dependent, where Cit-NRIII demonstrated
enhanced ALP activity, mineralized-nodule formation and
expression of osteogenic-related genes and proteins. The
mechanisms underlying citrate-stabilized AuNRs-induced
osteogenic differentiation of MC3T3-E1 cells revealed that
Whnt/B-catenin signaling pathway might provide a potential
explanation for the citrate-stabilized AuNRs-mediated
osteogenic differentiation. These findings could elucidate
the contribution of citrate-stabilized AuNRs in modulating
osteogenic differentiation of cells, which were also utilized
as potential osteogenic candidates in the field of bone

tissue engineering and regenerative medicine.
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