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Introduction: Vascular smooth muscle cells (VSMCs) play an important role in the devel-

opment and progression of atherosclerosis and vascular injuries in terms of proliferation and 

migration. Therefore, the aim of this study was to investigate the anti-migratory and proliferative 

effects of naked gold nanoparticles (AuNPs) on VSMCs.

Materials and methods: One set of physically synthesized AuNPs (pAuNPs) and three sets 

of chemically synthesized AuNPs (cAuNPs) were tested.

Results and discussion: Among them, the pAuNPs were found to significantly and markedly 

inhibit platelet-derived growth factor (PDGF)-induced VSMC migration. Transmission electron 

microscopy revealed that the pAuNPs were ingested and aggregated in the cytoplasm at an early 

stage of treatment, while the viability of VSMCs was not affected within 24 hours of treatment. 

The pAuNP treatment enhanced cellular mitochondrial activity but inhibited basal and PDGF-

induced VSMC proliferation, as determined by MTT, WST-1, and BrdU cell proliferation assays. 

Furthermore, the pAuNPs did not interfere with PDGF signaling or matrix metalloproteinase-2 

expression/activity. Unlike the cAuNPs, the pAuNPs could markedly reduce VSMC adhesion to 

collagen, which was supported by the findings that the pAuNPs could inhibit collagen-induced 

tyrosine protein and focal adhesion kinase (FAK) phosphorylation and actin cytoskeleton 

reorganization during cell adhesion. The in vitro effects of the pAuNPs were confirmed in the 

in vivo rat balloon-injured carotid artery model by diminishing the proliferating VSMCs.

Conclusion: Taken together, the present study provides the first evidence that naked pAuNPs can 

reduce VSMC migration and compromise cell adhesion by affecting FAK and tyrosine-protein 

activation. The pAuNPs also have an inhibitory effect on PDGF-induced VSMC proliferation and 

can reduce proliferating/migrating VSMC expression in vivo.

Keywords: adhesion, AuNP, cardiovascular disease, FAK, platelet-derived growth factor, 

VSMC, TEM

Introduction
Cardiovascular diseases (CVDs) are diseases that involve heart or blood vessels, 

mainly myocardial infarction, stroke, and pulmonary embolism, and are the leading 

cause of death worldwide.1 Among the causes of CVDs, atherosclerosis is a major 

contributing factor. However, even with access to the highest technology and most 

recently available secondary prevention therapies, currently the burden of recurrent 

events after acute coronary syndromes remains unacceptable.2 Thus, atherosclerosis 

remains high on the list of global challenges to long and healthy lives.3

Vascular smooth muscle cells (VSMCs) play an important role in the development and 

progression of atherosclerosis4 and vascular restenosis.5 Under pathological conditions, the 
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subendothelial accumulation of leukocytes from the bloodstream 

initiates the development of atherosclerotic plaques, which is 

also characterized by the migration of VSMCs from the medial 

to the intima layer of the artery.6 The presence of a large number 

of intimal VSMCs, which, for example, form a fibrous cap, has 

been considered evidence that VSMC migration from media 

plays an important role in atherogenesis.4 Data from multiple 

studies support that platelet-derived growth factor (PDGF) 

may contribute to VSMC accumulation in atherosclerosis. 

Recently, clinical imaging studies have identified one of several 

features of atherosclerotic plaque instability leading to rupture. 

A thin or fragmented fibrous cap comprises smooth muscle 

α-actin-positive cells presumed to be derived from VSMCs.4 

A previous study has shown that PDGFs play a prominent 

role in the migration of VSMCs into the neointima following 

acute injury and in atherosclerosis and participate in the patho-

genesis of CVDs.6 PDGFR-β mRNA and protein are increased in 

lesions of atherosclerosis, but their expression is primarily lim-

ited to VSMCs.7,8 Recent studies have also indicated that PDGF 

is required for phenotypic switching of cultured VSMCs.9–11 

Gold-based compounds have long been used for thera-

peutic purposes, such as for treating arthritis and cancer. 

Production of naked gold nanoparticles (AuNPs) typically 

involves one of two methods, namely physical or chemical. 

Most commercially available colloidal gold solutions are 

obtained by chemical reduction and usually have a particle 

size between 5 and 20 nm. In contrast, AuNPs produced 

by physical methods usually have a particle size ranging 

from 0.5 to 50 nm. In general, chemically synthesized gold 

contains unreacted tetrachloroauric acid and semi-reacted 

monovalent and trivalent gold ions, whereas physically syn-

thesized gold contains no added dispersing agents.12 

Most studies on AuNPs have been conducted on poly-

ethylene glycol (PEG)-coated or conjugated AuNPs rather 

than naked or unmasked AuNPs.13 For example, PEG-AuNPs 

bind to arthritic synovial fluid vascular endothelial growth 

factor (VEGF), exert antiangiogenic activities, and reduce 

macrophage infiltration and proinflammatory cytokine levels, 

resulting in the attenuation of inflammation and arthritis.14 

AuNPs conjugated with heparin polysaccharides reduce 

basic fibroblast growth factor (bFGF)-induced angiogenesis 

in vivo.15 Moreover, ginkgolide A-AuNPs inhibit VSMC 

proliferation and migration in vitro and have been shown to 

reduce neointimal hyperplasia in a mouse model;16 moreover, 

curcumin-AuNPs ameliorate tumor necrosis factor (TNF)-

induced intercellular adhesion molecule-1 expression by lung 

epithelial cells.17 However, naked AuNPs have been shown 

to bind to certain growth factors, such as VEGF and bFGF, 

resulting in the inhibition of endothelial cell (EC) proliferation 

in vitro and angiogenesis in vivo.18 In addition, naked AuNPs 

can upregulate the expression of proinflammatory genes, such 

as TNF and interleukins, in in vitro macrophages.19 Recently, 

we reported that naked physically synthesized AuNPs 

(pAuNPs) induce heme oxygenase-1 in human vascular ECs,20 

compromise TNF-α-induced EC adhesion molecule expres-

sion through the NF-κB and protein degradation pathways, 

and can reduce neointima formation in a rat carotid balloon 

injury model.21 Vascular injury not only involves EC inflam-

mation that attracts leukocyte transmigration but also involves 

changes in VSMC behaviors. Therefore, we hypothesized that 

naked pAuNPs may affect VSMC functions and behaviors.

In this study, the effects of naked pAuNPs and chemi-

cally synthesized AuNPs (cAuNPs) on PDGF-induced 

VSMC migration and proliferation were evaluated. One 

set of pAuNPs and one set of cAuNPs were found to sig-

nificantly inhibit PDGF-induced migration. Because of the 

marked inhibitory effect of pAuNPs on VSMC migration, 

the mechanism of action of the particles was further inves-

tigated in this study.

Materials and methods
AuNPs
Four sets of AuNPs were used in this study; the main particles 

were pAuNPs obtained from Gold NanoTech Inc. (Taipei, 

Taiwan), and the three other sets were cAuNPs. The three 

types of cAuNPs were 3–5 nm 1-mercapto-(triethylene 

glycol)methyl ether functionalized AuNPs (3-EG AuNPs), 

(1-mercaptoundec-11-yl)tetra(ethyleneglycol) functionalized 

AuNPs (4-EG AuNPs) (Nanoprobes Inc., Yaphank, NY, USA) 

(gifts from our colleague, Dr Han-Min Chen, Department 

of Life Science), and 5 nm standard unconjugated AuNPs 

(std AuNPs) (Cytodiagnostics, Burlington, Ontario, Canada). 

The pAuNPs had an average size of 3.38 nm.21 The pAuNPs 

and 3-EG and 4-EG AuNPs were dispersed in ddH
2
O, 

whereas the std AuNPs were dispersed in 0.1 mg/mL citrate. 

Based on the atomic radius (0.16 nm) and weight of Au 

(196.96 amu), the molar concentrations of 2 and 5 ppm 

pAuNPs used in this study were estimated to be 1.08 and 

2.70 nM, respectively. The conversion is detailed in the 

supplementary materials of our previous study.21 

Materials
Bovine serum albumin (BSA) and collagen (type I) were pur-

chased from Sigma-Aldrich Co. (St Louis, MO, USA). AM 

(2′,7′-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein/ 

acetoxymethyl ester (BCECF/AM) and fluorescein 
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isothiocyanate (FITC)-conjugated phalloidin were obtained 

from Molecular Probes (Eugene, OR, USA). Antibodies (Abs) 

directed against PLCγ1, p-PLCγ1 (Tyr783), p-p38 MAPK (Thr180/

Tyr182), p-PI-3K p85 (Tyr458)/p55 (Tyr199), p-Akt (Ser473), total 

Akt, p-focal adhesion kinase (pFAK) (Tyr397), and phospho-

PKC (including the p-PKC and PKC isoforms) were purchased 

from Cell Signaling Technology, Inc. (Danvers, MA, USA). 

The Abs raised against phospho-ERK1/2 (Thr202/Tyr204) and 

PDGFR-β were obtained from Santa Cruz Biotechnology Inc. 

(Dallas, TX, USA). Recombinant PDGF-BB (PDGF) and total 

ERK1/2 were purchased from R&D Systems, Inc. (Minneapolis, 

MN, USA). The Abs raised against phosphotyrosine 

(4G10), p-PDGFRβ (Tyr716), p-FAK (Tyr397), and α-tubulin 

were obtained from EMD Millipore (Billerica, MA, USA).

Preparation of VSMCs
The animal experimental procedures were approved by the 

Fu-Jen Animal Experiment Committee and followed the 

National Institutes of Health guidelines for the care and use 

of laboratory animals. Rat aortic smooth muscle cells (SMCs) 

were isolated and characterized as previously described22 and 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

containing 10% fetal bovine serum, penicillin (100 units/mL), 

streptomycin (100 μg/mL), and fungizone (250 ng/mL) 

(Thermo Fisher Scientific, Waltham, MA, USA). Three to 

six passage cells were used in this study. Unless otherwise 

indicated, cells reaching 80%–90% confluency were starved 

and synchronized in DMEM at 37°C overnight and then 

subjected to further analysis. 

Determination of subcellular location of 
AuNPs
The subcellular distribution of the pAuNPs was analyzed by 

transmission electron microscopy (TEM) using a JEM-1400 

(JEOL, Tokyo, Japan) operated at 110 kV. Cells were fixed 

in 4% paraformaldehyde (PAF) and 2.5% glutaraldehyde, 

rinsed in 0.1 M phosphate-buffered saline (PBS, pH 7.2), 

and post-fixed in 1% osmium tetroxide for 2 hours. The 

specimens were dehydrated in ethanol by gradually replacing 

the water with an increasing concentration of ethanol. After 

reaching 100% ethanol, the specimens were infiltrated with a 

plastic monomer using Spurr’s resin kit. The specimens were 

sectioned to a thickness of 75 nm with an ultra-microtome 

(EM-UC7; Leica Microsystems, Wetzlar, Germany). 

Cell migration assay
A cell migration assay with VSMCs was performed by using a 

Transwell apparatus (8.0 μm pore size; Corning Incorporated, 

Corning, NY, USA). The lower face of the polycarbonate 

filter (Transwell insert) was coated with type I collagen 

(10 μg/mL) for 30 minutes in a laminar flow hood. The 

lower chamber was filled with serum-free and PDGF-

containing medium. VSMCs (2.5×105 cells/mL) were applied 

to the upper chamber in the presence of vehicle or AuNPs 

(2–5 ppm). After 3 hours of incubation, all nonmigrant cells 

were removed from the upper face of the Transwell mem-

brane with a cotton swab, and migrant cells were fixed and 

stained with 0.5% toluidine blue in 4% PAF. Migration was 

determined by morphological microscopy and quantified by 

directly counting the number of stained cells per ×100 field 

(high-power field [HPF]) under a phase-contrast microscope 

(Nikon Eclipse Ti-E®; Nikon Corporation, Tokyo, Japan) 

and imaged. 

Lactate dehydrogenase (LDH) release, 
MTT, WST-1, and BrdU incorporation 
assays
Cell viability was determined by the LDH release assay. 

Cellular mitochondrial activity was determined by the MTT 

(Sigma-Aldrich Co.) and WST-1 (Hoffman-La Roche Ltd., 

Basel, Switzerland) assays. Cell proliferation was performed 

by using a Cell Proliferation ELISA, BrdU colorimetric kit 

(Hoffman-La Roche Ltd.) according to the manufacturer’s 

protocol. LDH release in the culture medium was determined 

by the CytoTox 96® Non-Radioactive Cytotoxicity Assay Kit 

(Promega Corporation, Madison, WI, USA). The MTT and 

WST-1 assays were based on cellular mitochondrial activity. 

For the BrdU incorporation assay, 60%–70% confluent 

VSMCs grown in 96-well tissue culture microplates were 

starved overnight and then treated with the pAuNPs for the 

indicated time intervals, followed by labeling by the addi-

tion of BrdU for an additional 2 hours. After removing the 

labeling medium, the cells were fixed, and the DNA was 

denatured. The anti-BrdU-POD Ab was added, then bound 

to the BrdU incorporated into the newly synthesized cellular 

DNA. The reaction product was quantified by measuring the 

absorbance using an ELISA reader.

Cell lysate preparation and Western blot 
analysis
Cell lysate was prepared as previously described.23 Total 

proteins were separated by electrophoresis on sodium dodecyl 

sulfate polyacrylamide gels (SDS-PAGE), electroblotted onto 

polyvinylidene difluoride membranes, and then probed using 

a primary mAb. Immunoblots were detected by a chemilumi-

nescence reagent (EMD Millipore). For some experiments, 
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membranes were stripped with a striping buffer (62.5 mM 

Tris-HCl, pH 6.7, 2% SDS, and 100 mM β-mercaptoethanol), 

washed, and reprobed with Abs for α-tubulin level or the cor-

responding total proteins and developed as described above.

Determination of matrix 
metalloproteinase-2 (MMP-2) activity 
and expression 
Cells were seeded in 24-well plates and treated with PBS 

or PDGF (10 ng/mL) in the presence of vehicle or pAuNPs 

(2–5 ppm) for 16 hours. The conditioned media were col-

lected and analyzed immediately by gelatin zymography. 

Briefly, samples were subjected to SDS-PAGE in a gel 

containing 1% gelatin and then incubated in the development 

buffer (5 mM CaCl
2
, 1% Triton-X 100, 50 mM Tris-HCl, 

pH 7.6) at 37°C for 24 hours. After incubation, the gel was 

stained with 1% Coomassie Brilliant Blue R250 to visual-

ize MMP-2.

Cell adhesion assay
VSMCs pretreated with vehicle or AuNPs for 30 minutes 

were added to 96-well plates precoated with collagen 

(10 μg/mL) in the presence of PBS or PDGF for an additional 

3 hours. After a brief wash, the adherent cells were fixed with 

1% PAF, and cell adhesion was analyzed by phase-contrast/

immunofluorescence microscopy, MTT assay, and fluorom-

etry. To measure cell adhesion by the MTT assay, the cells 

were incubated with MTT (0.5 mg/mL) for 2 hours, followed 

by the addition of dimethyl sulfoxide. The absorbance was 

then measured spectrophotometrically in a Sunrise Microplate 

Reader at 550 nm (Tecan Trading AG, Zürich, Switzerland). 

To measure cell adhesion by immunofluorescence micros-

copy and fluorometry, the cells were labeled with BCECF/

AM (10 µg/mL), whose excitation and emission wavelengths 

are 488 and 525 nm, respectively. After cell adhesion, a brief 

wash was performed to remove unattached cells, the extent 

of cell adhesion was analyzed by fluorescence microscopy 

under a Nikon Eclipse Ti-S fluorescence microscope (Nikon 

Corporation) and quantitatively measured by fluorometry on 

a Wallac Victor 3 1420 multilabel counter (PerkinElmer Inc., 

Waltham, MA, USA).

Immunofluorescence microscopy 
Cells were adhered to collagen-precoated coverslips in the 

presence of vehicle or pAuNPs for 1.5 hours. The adher-

ent cells were fixed by 4% PAF for 20 minutes and then 

treated with 0.2% Triton X-100 for 15 minutes. After being 

blocked with 3% BSA for 30 minutes, cells were incubated 

with anti-phosphotyrosine (4G10) or pFAK Ab overnight 

and then incubated with FITC-conjugated secondary Ab 

for an additional 1 hour. Alternatively, cells were incu-

bated with FITC-conjugated phalloidin 1 hour followed 

by incubation with 4′,6-diamidino-2-phenylindole (DAPI) 

(1:3,000; Thermo Fisher Scientific). After the coverslips 

were mounted, cells were analyzed under a Nikon Eclipse 

Ti-S fluorescence microscope (Nikon Corporation).

Histological examination of carotid 
artery in rats
Vascular injury was induced by balloon catheter inflation of 

the common carotid artery of Wistar rats;21 the experiment 

was approved by the Institutional Animal Care and Use 

Committee of Fu-Jen Catholic University and followed the 

National Institutes of Health guidelines for the care and use 

of laboratory animals. The rats were anesthetized by intra-

peritoneal administration of pentobarbital (50 mg/kg), and 

a 2-Fr Fogarty arterial embolectomy balloon catheter was 

inserted into the right carotid artery to cause vascular injury. 

Vehicle (ddH
2
O) or pAuNPs (0.125 mg/kg per day) (~5 rats 

per group) were orally administered to the rats 3 days before 

and 14 days after the vascular injury. Rats were euthanized, 

and the left and right carotid arteries were removed, fixed, and 

embedded. The tissues were sectioned to a thickness of 5 μm. 

Immunohistochemistry was performed to identify α-smooth 

muscle actinin (α-SMA) and proliferating cell nuclear antigen 

(PCNA) with their respective Abs (LifeSpan BioSciences, 

Inc., Seattle, WA, USA) in the paraffin-embedded aortas as 

previously described.21 The secondary Abs were used at a 

dilution of 1:250. After additional washing, the slides were 

stained with one-step 3-amino-9-ethylcarbazole (Biogenex, 

Fremont, CA, USA) for 5–30 minutes. Sections were washed 

with tap water and mounted with 100% glycerol.

Statistical analysis
Data are expressed as means ± standard error of mean. 

The means of two groups of data were compared using 

the unpaired, two-tailed Student’s t-test, whereas multiple 

groups were compared by one-way analysis of variance 

(ANOVA). 

Results
Effect of AuNPs on PDGF-induced VSMC 
migration
To investigate the effect of AuNPs on VSMC migration, a 

bidirectional Transwell system was used, and PDGF was 

taken as a chemoattractant for VSMC migration. One set 

of pAuNPs and three sets of cAuNPs (3-EG and 4-EG 
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AuNPs and std AuNPs) were tested for their effect on VSMC 

migration. The experiment was divided into two groups 

(Figure 1A and B), as the pAuNPs and EG AuNPs were 

dispersed in ddH
2
O and the std AuNPs were dispersed in 

citrate. As shown in Figure 1, treatment of cells with PDGF 

for 3 hours effectively increased VSMC migration by a 

factor of ~2–2.5. Migration was significantly inhibited by 

the pAuNPs. However, it was not inhibited by the 3-EG and 

4-EG AuNPs (Figure 1A) and was only slightly inhibited by 

the std AuNPs (Figure 1B). The pAuNPs inhibited migration 

in a concentration-dependent manner, and PDGF-induced 

VSMC migration was nearly blocked at a concentration 

of 5 ppm. In contrast, only slight inhibition was observed 

for the std AuNPs at the same concentration. Therefore, 

the pAuNPs were used as the main material investigated 

throughout this study. 

Figure 1 Effect of AuNPs on PDGF-induced VSMC migration. 
Notes: The upper chamber, with VSMCs added in the presence of the indicated AuNPs or their corresponding vehicle ddH2O in (A) and 0.1 mg/mL citrate in (B), was 
assembled with the lower chamber filled with medium in the presence of vehicle, PDGF (10 ng/mL), and/or the indicated AuNPs. After incubation for 3 hours, VSMCs that had 
migrated to the underside of the filter membrane were photographed (left panels) and counted in HPF (magnification, 100×) under a phase-contrast light microscope (right 
panels). The results shown are representative of three to five independent experiments. **P,0.01, and ***P,0.001 versus PDGF+vehicle. Scale bar =100 µm.
Abbreviations: 3-EG AuNPs, 1-mercapto-(triethylene glycol)methyl ether functionalized AuNPs; 4-EG AuNPs, (1-mercaptoundec-11-yl)tetra(ethyleneglycol) functionalized 
AuNPs; AuNPs, gold nanoparticles; HPF, high-power field; pAuNPs, physically synthesized gold nanoparticles; PDGF, platelet-derived growth factor; std AuNPs, standard 
unconjugated AuNPs; VSMC, vascular smooth muscle cell; NS, nonsignificant; veh, vehicle.
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Subcellular location of pAuNPs at an 
early stage of treatment and effect of 
pAuNP treatment on VSMC morphology 
To trace the subcellular location of the pAuNPs at an early 

stage of treatment, a TEM analysis was performed. Figure 2A 

shows that black spots with strong contrast and sharp margins 

located along the cell peripheries and cytoplasm were found 

in the VSMCs treated with the pAuNPs at 0.5 and 3 hours of 

treatment. These black spots were considered aggregates of 

the pAuNPs due to their high-density metal characteristics. 

Some of the spots appeared to have been endocytosed by 

the cells. In contrast, these sharp spots were not found in 

the control cells (0 hours). Gray spots with coarse margins 

were observed and might have been high-molecular-weight 

proteins, such as glycogen. Next, the VSMC morphology 

after pAuNP treatment was further analyzed by phase-contrast 

microscopy. Cell morphology was examined at 3, 16, 24, and 

48 hours after the pAuNP treatment. Figure 2B shows that no 

apparent morphological changes and cell death were observed 

at 3–24 hours of treatment. However, a slight decrease in cell 

number was observed at 48 hours of treatment. Taken together, 

our results show that the pAuNPs entered the intracellular 

space of VSMCs after co-incubation at a very early stage. 

No distinct change in cell morphology after the pAuNP treat-

ment was noted, but a slight decrease in VSMC number was 

observed when the treatment was prolonged to 48 hours. 

Effect of pAuNPs on VSMC viability, 
mitochondrial activity, and proliferation
A previous study reported that AuNPs from the same source 

with an average size of 5.9 nm cause cytotoxicity in human 

chronic myelogenous leukemia cells.24 To examine whether 

the pAuNPs affect VSMC viability, the LDH release and 

MTT assays were performed. As shown in Figure 3A, incu-

bation of cells with the pAuNPs over a period of 24 hours 

did not appreciably affect LDH release in the medium. 

However, an increase in LDH release was observed when the 

incubation time was prolonged to 48 hours, indicating that 

the pAuNPs did not cause cytotoxicity before 24 hours of 

treatment but did induce cytotoxicity at 48 hours (ANOVA, 

P,0.001). Surprisingly, the MTT assay revealed inversely 

enhanced mitochondrial activity in the VSMCs challenged 

with the pAuNPs and PDGF for 24 and 48 hours (Figure 3B). 

A similar but more pronounced enhancing effect was found 

by using WST-1 as a measuring reagent (Figure 3C). WST-1 

has been widely and recently used as it is claimed to have 

soluble cleavage products and to be more stable than MTT 

and XTT for measuring mitochondrial activity to represent 

cell viability and growth/proliferation.25 

Next, we examined whether the pAuNPs affect VSMC 

proliferation by the BrdU incorporation assay. Figure 3D 

shows that the addition of PDGF-BB (10 ng/mL) to VSMCs 

caused marked cell proliferation at 16 hours, but proliferation 

Figure 2 TEM and morphological analysis of VSMCs treated with pAuNPs.
Notes: VSMCs were incubated with pAuNPs for the indicated time intervals. (A) The subcellular distribution of the pAuNPs was analyzed by TEM. Scale bar =0.5 μm. 
(B) Cell morphology was analyzed by phase-contrast microscopy. Scale bar =100 μm. 
Abbreviations: TEM, transmission electron microscopy; pAuNPs, physically synthesized gold nanoparticles; VSMC, vascular smooth muscle cell; ER, endoplasmic reticulum; 
M, mitochondria; N, nucleus.
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decreased thereafter. At 48 hours of incubation, PDGF nearly 

lost its enhancing activity on VSMC proliferation in contrast 

to serum (open bars) (ANOVA, P,0.001). It was found that 

basal and PDGF-induced BrdU incorporation into DNA were 

reduced by the pAuNPs in a concentration-dependent manner 

within 24 hours of incubation, particularly at 16 and 24 hours 

(arrows). However, the particles did not affect serum-induced 

BrdU incorporation. Taken together, our results demonstrate 

that the pAuNPs do not affect cell viability over 24 hours of 

incubation but induce cytotoxicity at 48 hours of incubation. 

It is strongly suspected that the pAuNPs can enhance cellular 

mitochondrial activity in VSMCs. In addition, the particles 

inhibit basal and PDGF-induced VSMC proliferation. 

Effect of pAuNPs on PDGF signaling
As VSMC migration and proliferation by PDGF are medi-

ated through the signal transduction pathways,26–28 we 

further determined the effect of pAuNPs on PDGF signaling. 

Figure 4 shows that treatment of cells with PDGF induced 

protein kinase activation in VSMCs, including PDGF recep-

tor β (PDGFRβ), phospholipase Cγ (PLCγ), PI-3K/Akt, 

MAPKs, protein kinase Cμ, ζ, θ (PKCμ, ζ, θ), and CREB. 

However, coincubation of cells with pAuNPs did not sig-

nificantly inhibit the activation of these protein kinases by 

PDGF, as determined by Western blotting (left panels) and 

quantitative densitometry (right panels). 

Effect of pAuNPs on MMP-2 expression 
and activity
Next, we examined the effect of pAuNPs on MMP expres-

sion and activity, which have been shown to be responsible 

for matrix degradation during migration. We previously 

showed that MMP-2 is a dominant MMP expressed in 

VSMCs.29 Therefore, MMP-2 was used as a main target in 

this analysis. As shown in Figure 5, pAuNPs had no effect 

on MMP-2 activity or expression in the presence or absence 

Figure 3 Effect of pAuNPs on viability, mitochondrial activity, and proliferation of VSMCs.
Notes: Cells were treated with PBS or PDGF (10 ng/mL) in the presence of vehicle or pAuNPs for the indicated time intervals. After incubation, cells were subjected to 
analysis by the LDH release (A), MTT (B), WST-1 (C), and BrdU incorporation (D) assays (n=3–5). *P,0.05, **P,0.01, and ***P,0.001 compared with each vehicle control. 
##P,0.05 compared with basal control level. The arrows indicate a decrease in BrdU incorporation into DNA. Multiple groups were compared by one-way ANOVA.
Abbreviations: pAuNPs, physically synthesized gold nanoparticles; VSMC, vascular smooth muscle cell; PBS, phosphate-buffered saline; PDGF, platelet-derived growth 
factor; LDH, lactate dehydrogenase; ANOVA, analysis of variance.
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of PDGF, as assayed by zymography and Western blotting, 

respectively.

pAuNPs inhibit VSMC adhesion to collagen
To further elucidate the possible mechanism of action of 

pAuNPs in inhibiting VSMC migration, we determined 

VSMC adhesion to extracellular matrix (ECM). Figure 6 

shows that VSMCs could adhere to collagen and spread in the 

absence of PDGF, but a slight increase in the number of adher-

ent cells was observed with PDGF stimulation (Figure 6A). 

Treatment of cells with pAuNPs resulted in a significant 

reduction in VSMC adhesion to the collagen-coated plate in 

a concentration-dependent manner, whether in the absence or 

presence of PDGF. The number of adherent cells markedly 

decreased, and some of those cells were unable to spread on 

collagen and became rounded. However, the cAuNPs (3-EG 

γ

β

β

γ α

γ
β

δ θ

ζ λ

θ ζ
λ

δ
θ

Figure 4 Effect of pAuNPs on PDGF signaling in VSMCs.
Notes: Cells were preincubated with Veh or pAuNPs (2 and 5 ppm) for 30 minutes, followed by PDGF (10 ng/mL) stimulation for (A) 10 minutes or (B) the indicated 
duration. After incubation, cells were collected, and protein phosphorylation and expression were determined by Western blotting (n=3). Similar data were quantitatively 
analyzed by densitometry. The phosphorylation level of each protein was calculated by the ratio of the expression level of phosphorylated protein to the expression level 
of the corresponding total protein. Data are expressed as fold changes relative to the basal level (untreated with PDGF). There is no significance between PDGF+vehicle 
control and each pAuNP treatment group. 
Abbreviations: pAuNPs, physically synthesized gold nanoparticles; VSMC, vascular smooth muscle cell; PDGF, platelet-derived growth factor; Veh, vehicle.
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and 4-EG AuNPs) did not affect VSMC adhesion, and the 

std AuNPs slightly inhibited PDGF-induced VSMC adhe-

sion, as assayed by morphological analysis and the MTT 

assay (Figure 6B and C). To further confirm this result, 

immunofluorescence microscopy and a quantitative analysis 

by fluorometry were performed; the results showed that the 

pAuNPs inhibited VSMC appreciably and the std AuNPs 

slightly inhibited VSMC adhesion (Figure 6D).

Focal adhesions, the best characterized cell–matrix 

adhesions, are composed of clusters of integrin receptors 

associated with large complexes of signaling proteins, includ-

ing talin, vinculin, src, and focal adhesion kinase (FAK), 

linked to the actin cytoskeleton.30 To further explore the effect 

of pAuNPs on cellular signaling during VSMC–ECM adhe-

sion, cells were allowed to adhere onto a collagen-precoated 

dish in the presence of vehicle or pAuNPs for the indicated 

time intervals. It was found that FAK was activated in a 

time-dependent manner. A similar activation profile could 

be observed on a protein that migrated at ~125 kDa using 

a phosphotyrosine Ab as a detection Ab, indicating that 

this is a tyrosine phosphorylated protein. The pAuNP treat-

ment significantly inhibited FAK and protein (~125 kDa) 

tyrosine phosphorylation (Figure 7A). Interestingly, the 

activation of a protein that migrated at 70~90 kDa, possibly 

src, syk, or PI-3K, was also inhibited by the pAuNP treat-

ment (Figure  7A, upper panel, arrow). In line with these 

observations, immunofluorescence microscopy indicated that 

protein tyrosine and FAK phosphorylation were pronounced 

at the cell periphery in the control cells but appeared to be 

diffuse in the pAuNP-treated cells (Figure 7B, upper panels). 

Moreover, actin cytoskeleton reorganization in response to 

cell–ECM interactions, presented as the formation of stress 

fibers across the cells, was observed in the control cells but 

disappeared in some pAuNP-treated cells. Nucleus stain-

ing by DAPI and phase imaging indicated cell locations 

(Figure 7B, lower panels). 

Expression pattern of VSMCs in balloon-
injured carotid artery
We previously demonstrated that pAuNPs reduce monocyte 

adhesion to TNF-α-stimulated human vascular ECs and 

neointima formation in the rat carotid balloon injury model.21 

To identify the expression pattern of SMCs in control and 

balloon-injured rats, cross sections of paraffin-embedded 

arteries were stained with α-SMA (a specific marker of 

SMCs) and PCNA (a marker for proliferating cells). As indi-

cated in Figure 8, both control and balloon-injured carotid 

arteries obtained from control (untreated) rats showed positive 

staining for α-SMA but negative staining for PCNA staining 

in the areas of the vascular media layer, suggesting the pres-

ence of SMCs but a lack of proliferation in the vascular medial 

layers. In response to balloon injury, both α-SMA-positive 

and PCNA-positive staining were observed in the neointima 

and some areas in the medial layer of artery, indicating that 

proliferating SMCs were developed during injury. However, 

positive staining for both the markers was apparently reduced 

in the arteries of the pAuNP-treated rats. 

Discussion
Although VSMC migration is a difficult process to quantify 

in human atherosclerosis, in rodents, (neo)intimal VSMCs 

must have arisen by migration from media or the transdif-

ferentiation of invading myeloid cells from the lumen.4 

VSMC migration is generally involved in vascular repair, and 

PDGF and its receptors are involved in the development of 

intimal lesions in acute vascular injury.31 Some studies have 

shown that functional AuNPs conjugated with ginkgolide A 

can reduce VSMC proliferation and migration in vitro and 

neointimal hyperplasia in a mouse model,16 and the use of 

epigallocatechin-3-gallate-conjugated AuNPs is considered 

a potential alternative approach to prevent restenosis.32 

However, the effects of naked AuNPs on the behaviors 

of VSMCs have been less commonly investigated. In this 

study, we compared four types of AuNPs, including one 

set of pAuNPs and three sets of cAuNPs. We demonstrated 

Figure 5 Gelatin zymography and Western blotting of MMP-2 expression and activity.
Notes: VSMCs were treated with Veh or pAuNPs (2 and 5 ppm) in the presence 
or absence of PDGF (10 ng/mL) at 37°C for 16 hours. The media were removed, 
centrifuged, and then analyzed by gelatin zymography and WB. The quantitation of 
MMP-2 activity based on similar zymographic results is shown in the lower panel 
(n=3).
Abbreviations: pAuNPs, physically synthesized gold nanoparticles; VSMC, vascular 
smooth muscle cell; PDGF, platelet-derived growth factor; MMP-2, matrix 
metalloproteinase-2; Veh, vehicle; WB, Western blotting.
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that naked pAuNPs could mitigate PDGF-induced VSMC 

migration and adhesion. Moreover, the pAuNPs enhanced 

cellular mitochondrial activity and tended to inhibit prolif-

eration in VSMCs. In contrast, the naked cAuNPs (3-EG 

and 4-EG AuNPs) and std AuNPs showed no or only slight 

activity of this type. 

Regarding how the pAuNPs affect PDGF-induced 

VSMC migration, we suggest that the particles mainly act by 
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Figure 6 Effect of AuNPs on VSMC adhesion to collagen.
Notes: Cells were treated with vehicle or the indicated AuNPs for 30 minutes and allowed to adhere to collagen-precoated dishes in the presence or absence of PDGF 
(10 ng/mL) for 1 hour. VSMC adhesion was analyzed by (A–C) microscopy, MTT reduction, and (D) immunofluorescence microscopy and fluorometry (n=2–3). *P,0.05, 
**P,0.01, and ***P,0.001 compared with vehicle control. Scale bar =100 µm.
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affecting cell adhesion. As shown in Figure 4, the pAuNPs 

did not affect PDGF-induced intracellular kinase phospho-

rylation, including that of PDGFRβ, PLCγ, PI-3K/Akt, 

MAPKs, PKC isoforms, and CREB. These kinases have been 

demonstrated to be involved in cell growth and migration.33 

It has been reported that AuNPs can inhibit VEGF/bFGF and 

IL-1β signaling.18,34,35 In addition, AuNPs have been shown to 

block protein–protein interactions to regulate their functions. 

For example, AuNPs could directly bind to heparin-binding 

growth factors, presumably through cysteine residues of 

the heparin-binding domain, to inhibit angiogenesis.36 Our 

unpublished data indicate that the pAuNPs used in this study 

could also reduce VEGF-induced vascular EC migration. 

However, direct interaction of the pAuNPs with PDGF and 

involvement of MMP-2 are unlikely to be due to the lack 

of inhibition of PDGF signaling and the lack of an effect of 

the pAuNPs on MMP-2 expression and activity, respectively 

(Figures 4 and 5). Therefore, the inhibition of cell adhesion 

to ECM and collagen-induced signaling seemed to be the 

main mechanism of action of the pAuNPs. This conclusion 

is supported by the observation that the pAuNPs reduced 

cell adhesion to collagen in the presence or absence of 

PDGF (Figure 6). 

In response to integrin engagement, several tyrosine 

kinases, including FAK and src, are activated, leading to 

the activation of Rac and cdc42. This activation ultimately 

promotes actin assembly and is required for cell adhesion.30,37 

In this study, collagen-induced tyrosine phosphorylation at 

125  kDa and FAK phosphorylation at Tyr397 (~125 kDa) 

were significantly and markedly inhibited by the pAuNPs 

(Figure 7A). In parallel, immunofluorescence microscopy 

indicated that protein tyrosine and FAK phosphorylation 

were more pronounced at the cellular peripheries in the 

control cells but were relatively weak in the pAuNP-treated 

cells. In line with these observations, the reorganization of 

the actin cytoskeleton, manifested as the formation of stress 

fibers within cells, also apparently decreased in the pres-

ence of pAuNPs (Figure 7B). As integrin–ECM interaction 

Figure 7 Effect of pAuNPs on collagen-induced protein tyrosine and FAK phosphorylation and actin cytoskeleton reorganization in VSMCs.
Notes: (A) Cells treated with vehicle or pAuNPs were allowed to adhere to collagen-precoated dishes for the indicated durations. Then, the cells were analyzed by Western 
blotting, and protein phosphorylation was quantified by densitometry (n=3–4). *P,0.05 compared with control. (B) Suspended VSMCs pretreated with vehicle (control) 
or pAuNPs (5 ppm) for 0.5 hours were allowed to adhere to collagen-precoated glass coverslips for an additional 1 hour. The cells were analyzed by immunofluorescence 
microscopy using anti-phosphotyrosine, p-FAK Ab, phalloidin-FITC, and DAPI as described in the Materials and methods section. Arrows indicate that stress fibers were 
formed in the control cells but disappeared in some pAuNP-treated cells. Scale bar =100 µm.
Abbreviations: pAuNPs, physically synthesized gold nanoparticles; VSMC, vascular smooth muscle cell; FAK, focal adhesion kinase; Ab, antibody; FITC, fluorescein 
isothiocyanate; DAPI, 4′,6-diamidino-2-phenylindole; Veh, vehicle.
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requires extracellular metal ions, such as Mn2+, Mg2+, or 

Ca2+,38 whether the pAuNPs could interfere with this process, 

including integrin expression and/or affinity in VSMCs, 

merits further study. 

According to the findings shown in Figure 3B and C, the 

pAuNPs enhanced MTT and WST-1 reduction at 16, 24, 

and 48 hours, especially in the presence of PDGF. A similar 

but relatively weak effect on human vascular ECs has also 

been observed in our laboratory.21 It has been reported that 

the increase in cellular ATP content and MTT reduction 

possibly results from an increase in mitochondrial activity 

and cells undergoing death.39 A comparison of the increases 

in LDH release and MTT and WST-1 reduction reveals that 

an increase in MTT and WST-1 reduction may proceed 

before cells undergo death, as a significant increase in LDH 

release was observed at 48 hours of treatment (Figure 3A). 

MTT and WST-1 are reagents generally used for measuring 

cell viability/proliferation in a similar manner, based on 

the cleavage of the tetrazolium salt to formazan by cellular 

mitochondrial dehydrogenases. Therefore, it is strongly 

suspected that the pAuNP treatment could enhance VSMC 

“mitochondrial activity.” However, whether the increase in 

mitochondrial activity has functions other than simply reflect-

ing cell death is an interesting question and remains to be 

investigated. Our TEM analysis indicated that the pAuNPs 

could be detected at the cell peripheries and in the cytoplasm 

of VSMCs at an early stage of treatment (Figure 2B), sug-

gesting that the pAuNPs had entered VSMCs. According 

to a previous report40 and the models suggested by Sultana 

et al,41 internalized AuNPs can be transported, transformed, 

and ultimately liberated into the cytoplasm, leading to local 

accumulation and alteration of physiological functions of 

cells. Therefore, we can conclude that the endocytosed 

pAuNPs actually compromise VSMC functions. Interest-

ingly, compared with our previous findings, we could observe 

more pAuNP aggregates in the cytoplasm of the VSMCs than 

in vascular ECs.21 This finding might be explained by several 

studies that have shown that VSMCs can ingest LDL during 

atherogenesis42 and uptake of cholesterol, causing VSMCs 

to transdifferentiate into macrophages.43 

Enhanced cellular uptake, low cytotoxicity, and flexibility 

in synthesis and functionalization support the potential of 

“functional AuNPs” as an effective platform for drug and 

nucleic acid delivery to cells.44 Our present study and previous 

Figure 8 Effect of pAuNPs on the expression pattern of VSMCs in rat balloon-induced carotid artery.
Notes: Representative photomicrographs of α-SMA- and PCNA-stained sections of uninjured and balloon-injured carotid arteries of rats fed with or without the pAuNPs 
(five rats per group). The expression pattern of (proliferating) VSMCs in the sections was determined by immunohistochemistry using the Ab specific to α-SMA and PCNA. 
Red staining indicates positive regions. Arrows indicate proliferating VSMCs in the injured carotid arteries. Scale bar =100 μm. The images are representative of three 
independent experiments.
Abbreviations: pAuNPs, physically synthesized gold nanoparticles; PCNA, proliferating cell nuclear antigen; VSMC, vascular smooth muscle cell; α-SMA, α-smooth muscle 
actinin; M, media layer; I, intima; Ab, antibody.
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study reveal that “naked pAuNPs” can exhibit anti-migratory 

activity toward VSMCs as well as HO-1-inducing and anti-

inflammatory activities toward vascular ECs, indicating 

that this type of AuNP has a vascular protective effect. It 

is noteworthy to explain why pAuNPs and cAuNPs exhibit dif-

ferential activities toward VSMCs. In this study, it is unlikely 

that inhibition resulted from the stabilizing/dispersing agent 

in the AuNP solution because the dispersing agent for the 

pAuNPs was ddH
2
O. In addition, the in vitro effects could be 

confirmed by in vivo observation. Both α-SMA-positive and 

PCNA-positive staining in the neointima and some areas in 

the medial layer of artery, representing proliferating (and pos-

sibly migrating) VSMCs in the injured artery, were markedly 

reduced in the balloon-injured arteries of the pAuNP-treated 

rats (Figure 8). Figure 3B shows that the pAuNPs had an 

inhibitory effect on VSMC proliferation. Because the pAuNPs 

were administered to rats in vivo for 17 days, the anti-adhesive, 

migratory, and proliferative effects of the pAuNPs on VSMCs 

are strongly suspected to contribute to the particles’ in vivo 

inhibitory effect on the rat balloon-injured artery model. 

In conclusion, we provide the first evidence that “naked” 

pAuNPs can inhibit VSMC migration and adhesion and 

enhance VSMC mitochondrial activity. We also demon-

strated that in vivo application of the pAuNPs to rats can 

reduce α-SMA and PCNA staining in the neointima and some 

areas in the medial layer of artery. These effects elicited by 

the pAuNPs might contribute to the in vivo vascular protec-

tive effects of particles. 
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