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This study has investigated the effects of gold nanoparticles (Au NPs) on the proliferation, differentiation, and mineralization of a 
murine preosteoblast cell line MC3T3-E1 in vitro. The results show that Au NPs with diameters of both 20 and 40 nm promoted 
the proliferation, differentiation, and mineralization of MC3T3-E1 cells in a time- and dose-dependent manner at the concentra-
tions of 1.5×10–5, 3.0×10–5, and 1.5×10–4 mol/L. The reverse transcriptase polymerase chain reaction (RT-PCR) indicates that the 
expressions of runt-related transcription factor 2 (Runx2), bone morphogenetic protein 2 (BMP-2), alkaline phosphatase (ALP), 
and osteocalcin (OCN) genes increased after the 20 and 40 nm Au NP treatments, and the expression levels were higher than those 
of the NaF group. The above results suggest that Au NPs have the potential to promote the osteogenic differentiation and miner-
alization of MC3T3-E1 cells and the particle size plays a significant role in the process. Runx2, BMP-2, ALP, and OCN genes may 
interact with each other, further stimulating the osteogenic differentiation of MC3T3-E1 cells. 
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The recent advances in nanotechnology show the prospect 
for the nanotechnology-based biomaterials. Nanoparticles 
due to their special physical properties, are widely applied 
in the fields, such as diagnostics, drug delivery, tissue engi-
neering, and sensing. The advanced nanotechnology en-
hances nano-based consumer products [1,2]. Gold nanop- 
articles (Au NPs), also called gold colloids, have some 
unique physical properties and biocompatible features as 
well as unique surface properties including surface topog-
raphy, surface chemistry, and surface energy [3]. The wide 
applications of gold nanoparticles in biological fields (such 
as biosensor [4,5], drug vector [6], and cancer diagnosis and 
gene therapy [7]) prove their multi-property features.  

While benefits of nanotechnology are widely publicized, 
the discussion on the potential effects of their widespread 
use in humans is just beginning to emerge [8,9]. It has been 

shown that nanoparticles can enter the human body through 
several ports. Many nanoparticles can enter the lungs where 
it is possible for them to transfer to other vital organs rap-
idly through the blood stream [10]. These nanoparticles 
include silicon nanoparticles, iron oxide nanoparticles, al-
bumin nanoparticles and so on. It has been reported that 
gold nanoparticles are present in various organ systems in-
cluding the blood, liver, spleen, kidney, testis, thymus, heart, 
lung, brain and marrow [10,11]. 

In a human’s whole life, the bone is a mineralized tissue 
which contains two distinct types of cells: osteoblasts and 
osteoclasts. Osteoblasts stem from bone marrow stromal 
cells and synthesize and mineralize the collagenous ex-
tracellular matrix of the bone [12], while osteoclasts stem 
from bone marrow hematopoietic cells, which take part in 
resorbing old bone. The abnormality in the balance between 
osteoblast and osteoclast activities results in skeletal disor-
der such as osteopetrosis, osteoporosis, and inflammatory 
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bone erosion, all of which threaten the human health [13]. 
Although Au NPs have many applications in biological 
fields, it is still unclear whether Au NPs can affect the 
structure and function of the bone. 

The bone is a nanocomposite that consists of a protein 
based soft hydrogel template and hard inorganic compo-
nents (hydroxyapatite, HA). Specifically, 70% of the bone 
matrix is composed of nanocrystalline HA which is typi-
cally 10–50 nm long and 10 nm thick [14]. So far, the ef-
fects of Au NPs on the proliferation, differentiation, and 
mineralization of a murine preosteoblast cell line MC3T3- 
E1 in vitro have not been reported. Therefore, we investi-
gated the biological effects of Au NPs with diameters of 
both 20 and 40 nm on the proliferation, differentiation and 
mineralization of a murine preosteoblast cell line MC3T3- 
E1 in this paper.  

1  Materials and methods 

1.1  Gold nanoparticles (Au NP) 

The colloidal gold particles (obtained with a Phillips Tecnai 
12 instrument) were measured by transmission electron mi-
croscopy (TEM) and energy dispersive X-ray (EDX) meth-
ods. The size of the particles was homogenous with diameters  

of 20 and 40 nm, which were similar to the theoretical size. 
The preparation of colloidal gold had a polydispersity and did 
not have sedimentation phenomenon observed from the im-
ages of TEM (Figure 1(a) and (b)). The results of EDX 
measurement indicate that the primary elements of the col-
loidal gold were Au (Figure 2(a) and (b)).  

1.2  Culture of murine preosteoblast MC3T3-E1 cells 

Mouse calvarial preosteoblasts (MC3T3-E1) were pur-
chased from ATCC (Manassas, VA, USA) and cultured in 
alpha minimum essential medium ( -MEM) supplemented 
with 10% (v/v) fatal bovine serum (FBS), 100 U/mL peni-
cillin and 100 U/mL streptomycin. Incubation was con-
ducted in a CO2 incubator (5% CO2, 95% air) (Sanyo, 
Model MCO-18AIC) at 37°C. The cells were subcultured 
every 3 d in the presence of 0.25% (w/v) trypsin plus 0.02% 
(w/v) ethylenediaminetetraacetic acid tetrasodium salts so-
lution (EDTA) (Gibico). 

1.3  Assay for proliferation  

The proliferation of MC3T3-E1 cells was measured ac-
cording to the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) method as described  

 

Figure 1  TEM of the gold nanoparticles with diameters of 20 (a) and 40 nm (b). 

 

Figure 2  EDX of the gold nanoparticles with diameters of 20 (a) and 40 nm (b). 



 LIU DanDan, et al.   Chinese Sci Bull   April (2010) Vol.55 No.11 1015 

 

previously [15]. In brief, MC3T3-E1 cells were plated on 
96-well plates (5000 cells/well). After preincubation, fresh 
media containing Au NPs were added. Cells without Au 
NPs treatment were used as negative control, and wells 
without cells were set as blanks. After treatment, 20 L of 
MTT (5.0 mg/mL, Sigma, USA) was added and incubated 
for another 4 h at 37°C. Then, the supernatant was removed 
and dimethyl sulfoxide (DMSO) was added, and the ab-
sorbance at 570 nm was recorded on a microplate spectro-
photometer (Bio-Rad Model 680, USA). The proliferation 
rate (%) was calculated according to the formula: (Asample 

–Acontrol)/Acontrol×100%.  

1.4  Assay for alkaline phosphatase (ALP) activity 

MC3T3-E1 cells were seeded in 24-well plates (2×104 

cells/well) containing -MEM medium plus 10% FBS. Af-
ter 24 h, the culture medium was changed to -MEM+10% 
FBS medium containing osteogenic induced supplement (10 
mmol/L disodium -glycerophosphate ( -GP) (BBI), 0.15 
mmol/L ascorbic acid (Sigma) and 10–8 mol/L dexa-
methasone (Sigma)) [16]. Simultaneously, NaH2PO4 was 
added to set the final phosphate concentration to be 3.0 
mmol/L. After 7 and 14 d cultivation with Au NPs, the 
plates were washed twice with ice-cold D-Hank’s and lysed 
by two cycles of freezing and thawing. Aliquots of super-
natants were subjected to alkaline phosphatase activity and 
protein content measurement by an alkaline phosphatase 
activity kit (Nanjing Jiancheng Biological Engineering In-
stitute, China) and a micro-Bradford assay kit (Beyotime 
Biotechnology, China). All results were normalized by pro-
tein content.  

1.5  Assay for mineralized matrix formation 

MC3T3-E1 cells (2×104 cells/well) were seeded in 24-well 
tissue culture plates and cultured overnight at 37°C in a 5% 
CO2 humidified incubator. The medium was then changed 
to differentiation medium containing 10 mmol/L -glyc-
erophosphate (BBI) and 50 g/mL ascorbic acid (Sigma) in 
the presence of 1.5×10–5, 3.0×10–5, and 1.5×10–4 mol/L of 
Au NPs for 8 d, and then transferred to a medium containing  
3.0 mmol/L NaH2PO4 for an additional 8 and 12 d [17]. The 
formation of mineralized matrix nodules was determined by 
alizarin red S (Sigma) staining. Briefly, the cells were fixed 
in 70% ethanol for 1 h at room temperature. The fixed cells 
were washed with D-Hank’s and stained with 1% (w/v)  

alizarin red S at pH 4.2 for 30 min at room temperature. 
Quantitative analysis of alizarin red S staining was per-
formed by elution with 10% (w/v) cetylpyridium chloride 
(Sigma) for 10 min at room temperature and the absorbance 
was measured at 570 nm [18]. Results were expressed as the 
mineralized promotion rate (%). 

1.6  Reverse transcriptase polymerase chain reaction 
(RT-PCR) 

Total RNA was prepared using Trizol (Invitrogen) accord-
ing to the manufacturer’s protocol after treated with Au NPs 
for 7 d, and the concentration was measured by a spectro-
photometer (Eppendorf Biophotometer, Germany). First- 
strand cDNAs were obtained according to the TaKaRa pro-
tocol (TaKaRa, Tokyo). PCR was performed by using 1 L 
of the RT products, Go Taq polymerase (TaKaRa), and the 
following primers. In all, 40 cycles of amplification as in-
dicated in Table 1 were carried out in the following condi-
tions for each cycle: denaturing at 94°C for 1 min, anneal-
ing at 56°C for 30 s, and extension at 72°C for 30 s. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as an internal control. The list of gene specific primers 
used is shown in Table 1. 

1.7  Statistical analysis 

Data were collected from at least three separate experiments 
and expressed as means ± standard deviation (SD). The sta-
tistical differences were analyzed by a paired Student’s 
t-test. P values less than 0.05 were considered to indicate 
statistical differences. 

2  Results 

2.1  Effects of Au NPs on the proliferation of MC3T3- 
E1 cells 

As shown in Figure 3, Au NPs with a diameter of 20 nm 
promoted the proliferation of MC3T3-E1 cells in a time- 
and dose-dependent manner, and Au NPs with a diameter of 
40 nm promoted the proliferation of MC3T3-E1 cells in a 
dose-dependent manner at the concentrations of 1.5×10–5, 
3.0×10–5, and 1.5×10–4 mol/L. 

2.2  Effects of Au NPs on the differentiation of MC3T3- 
E1 cells 

As shown in Figure 4, Au NPs with diameters of both 20 

Table 1  RT-PCR primers 

Gene symbol Forward primer (5  3 ) Reverse primer (5  3 ) 
Runx2 
BMP-2 
ALP 
OCN 
GAPDH 

TTCTCCAACCCACGAATGCAC 
TGGCCCATTTAGAGGAGAACC 
GTTGCCAAGCTGGGAAGAACAC 
GAACAGACTCCGGCGCTA 
GACTTCAACAGCAACTCCCAC 

CAGGTACGTGTGGTAGTGAGT 
AGGCATGATAGCCCGGAGG 
CCCACCCCGCTATTCAAAC 
AGGGAGGATCAAGTCCCG 
TCCACCACCCTGTTGCTGTA 
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and 40 nm promoted the osteogenic differentiation of 
MC3T3-E1 cells in a time- and dose-dependent manner at 
the concentrations of 1.5×10–5, 3.0×10–5, and 1.5×10–4 

mol/L for 7 and 14 d. 

2.3  Effects of Au NPs on the formation of mineralized 
matrix nodules 

As shown in Figure 5 (a) and (b), Au NPs with diameters of 
both 20 and 40 nm promoted the mineralization function of 
MC3T3-E1 cells in a dose-dependent manner at the concen-
trations of 1.5×10–5, 3.0×10–5 and 1.5×10–4 mol/L, and the 
promotion rate of 20 nm Au NPs is higher than that of 40 
nm Au NPs. Moreover, the experimental results are in ac-
cordance with morphological observations (Figure 6). 

 
Figure 3  Time- and dose-dependent effects of Au NPs with diameters of 
both 20 and 40 nm on the proliferation of MC3T3-E1 cells (*P < 0.05, 
**P<0.01 compared with the control group, n = 6). 

 
Figure 4  Time- and dose-dependent effects of Au NPs of with diameters 
of both 20 and 40 nm on the ALP activity of MC3T3-E1 cells (*P < 0.05, 
**P<0.01 compared with the control group, n = 6). 

2.4  RT-PCR analysis of gene expression 

As shown in Figure 7, Au NPs with diameters of both 20 
and 40 nm promoted the expressions of Runx2, BMP-2, 
ALP and OCN genes. Moreover, their expression level was 
higher than that of the NaF group. 

3  Discussion  

The murine preosteoblast MC3T3-E1 cell line is an excel-
lent cell differentiation model that stimulates the events of 
early osteoblastogenesis. MC3T3-E1 cells require only se-
rum and ascorbic acid (AA) to express a fully differentiated 
phenotype [17]. Therefore MC3T3-E1 cell line may provide 
a useful system for the study of the regulation signals in 
relation to the different stages from proliferation to miner-
alization in vitro. In our study, we found that Au NPs with 
diameters of both 20 and 40 nm promoted the proliferation 
of MC3T3-E1 cells in a time- and dose-dependent manner 
at the concentrations of 1.5×10–5, 3.0×10–5 and 1.5×10–4 

mol/L. Our results indicate that Au NPs did not have acute 
cytotoxic effect on MC3T3-E1 cells. ALP activity is an 
early marker of osteoblastic activity, i.e., bone turnover and 
bone remodeling. Its level in serum was increased during 
bone healing after fracture [19,20]. Our experimental results 
indicate that Au NPs of with diameters both 20 and 40 nm 
also promoted the osteogenic differentiation of MC3T3-E1 
cells in a time- and dose-dependent manner at the concen-
trations of 1.5×10–5, 3.0×10–5 and 1.5×10–4 mol/L for 7 and 
14 d. Moreover, ALP activity of MC3T3-E1 cells treated 
with 20 nm Au NPs was higher than that treated with 40 nm 
Au NPs for 7 or 14 d at the same concentration. An essen-
tial sign for the osteogenic differentiation of MC3T3-E1 is 
bone matrix maturation and mineralization. The appearance 
of ALP activity is an early phenotypic marker for osteo-
genic differentiation and mineralized nodule formation is a 
phenotypic marker for the last stage of mature osteoblasts. 
Two to three weeks later osteoblast node was formed and 
reached a peak when osteoblast was mineralized [21–23]. In 
this paper, we found that Au NPs with diameters of both 20 
nm and 40 nm promoted the mineralization function of 
MC3T3-E1 cells in a dose-dependent manner at the concen-
trations of 1.5×10–5, 3.0×10–5 and 1.5×10–4 mol/L. More-
over, the promotion rate of 20 Au NPs is higher than that of 
40 nm Au NPs. Many researchers have reported that nano-
scale particles and nanoparticle-modified surfaces could 
promote the minerali zation [24–27]. Bone consists mainly 
of collagen proteins and hydroxyapatite, where both the size 
and the orientation of the hydroxyapatite crystals (10–50 nm 
length and 10 nm in width) are dictated specifically by the 
collagen template. The precise structural relationship be-
tween the collagen and hydroxyapatite is critical to the 
bone’s resilience and strength [28]. Because nanomaterials 
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Figure 5  Effects of Au NPs on the mineralized nodule formation of MC3T3-E1 cells. (a) The number of alizarin red S staining nodules; (b) mineralization 
quantitated by elution of alizarin red S from stained mineral deposits (*P < 0.05, **P<0.01 compared with the control group, n = 6). 

 

Figure 6  The mineralized nodule formation in the presence of Au NPs stained by alizarin red S. (a) Cells treated with 1.5×10–4 mol/L 20 nm Au NPs; (b) 
cells treated with 1.5×10–4 mol/L 40 nm Au NPs; (c) cells treated with 1.0×10–6 mol/L NaF; (d) cells without Au NPs as control. Original magnification = 
100. 

 
Figure 7 Agarose gel (1.2%) electrophoresis for RT-PCR products. 1: 
control group without osteogenic induce supplement (OS) and Au NPs; 2: 
cells treated with OS; 3: cells treated with 20 nm Au NP and OS; 4: cells 
treated with 40 nm Au NPs and OS; 5: cells treated with 1.0×10–6 mol/L 

NaF and OS as positive control. 

have dimensions similar to hydroxyapatite crystals and col-
lagen fibres found in the bone [29], we hypothesized that 
Au NPs is just like a crystal nucleus, which is similar to the 
hydroxyapatite crystal in size. Therefore, Au NPs stimu-
lated cells’ proliferation, differentiation and mineralization, 
around which calcium deposited. 

A large number of genes which have been associated 
with bone cells are known to be specifically required for 
osteoblast differentiation, such as Runx2, BMP-2, ALP and 
OCN [30]. Runt-related transcription factor 2 (Runx2) is a 
master regulator of osteogenic gene expression and os-
teoblast differentiation. Runx2 knockout mice exhibited no 
bone tissues or osteoblasts, indicating that osteoblast dif-
ferentiation is completely blocked in the absence of Runx2 
[31]. Consistent with these observations, transgenic mice 
overexpressing the dominant negative form of Runx2 exhib-
ited an osteopenic phenotype and reduced bone formation 
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[30]. Runx2-expressing cells shared several properties with 
primary osteoblasts including a requirement for ascorbic 
acid-dependent extra-cellular matrices (ECM) synthesis for 
optimal differentiation and a clear temporal sequence in the 
expression of differentiation markers [32]. Alkaline phos-
phatase (ALP) is considered to play an important role in 
processes leading to mineral formation in tissues like bone, 
cartilage tooth root cementum, and dentin [33]. OCN is the 
most abundant noncollagenous components of the bone 
ECM; their expression levels can suggest the degree of 
ECM mineralization [34], while the mineralization is an 
indication of bone cell differentiation. Bone morphogenetic 
protein (BMP-2) which is a potent osteogenic protein re-
quired for osteoblast differentiation and bone formation, can 
induce low level expression of osteoblast marker genes such 
as osteocalcin (OCN) and alkaline phosphatase (ALP) in 
calvarial cells from Cbfa1 /  animals, although these cells 
are not able to form a mineralized matrix [35]. At molecular 
level, our results indicate there was significant higher ex-
pression level of Runx2, BMP-2, ALP and OCN treatment 
with Au NPs in MC3T3-E1 cells. The order of expressions 
is 20 nm >40 nm >NaF. The expression of Runx2 induced 
ALP activity at early stages followed by OCN and miner-
alization. Combined with the ARS stained results, the re-
sults suggest that higher expression of OCN stimulates min-
eralization in MC3T3-E1 cells. It is well known that BMP-2 
induces osteogenic differentiation of MC3T3-E1 by simu-
lating downstream osteogenic master transcription factor 
Runx2, which in turn works sequentially, and together with 
BMP-2 to induce the expressions of bone marker genes that 
represent transdifferentiation [36]. In view of these findings, 
we deduced that BMP-2 may be able to compliment Runx2 
dependent gene expression to stimulate osteoblast differen-
tiation. Then Runx2 gene induced ALP at early time fol-
lowed by OCN and mineralization [32]. At the same time, 
BMP-2 induced expressions of ALP and OCN genes to 
stimulate the osteogenic differentiation of MC3T3-E1 cells. 
In addition we found that expressions of 20 nm groups were 
higher than those of the 40 nm groups. Reports in the lit-
erature demonstrated that the influence of nanoparticle size 
on bone cell function [37–40]. It has been reported that gold, 
silver, alumina and titania nanoparticles mediated cellular 
response is size-dependent [41,42]. The present study dem-
onstrates, for the first time, that nanometer Au promoted the 
viability and osteogenic differentiation of MC3T3-E1 cells. 
Furthermore, because the synthetic method, chemistry and 
material phase of Au NPs were similar in the present study, 
the results of proliferation, osteogenic differentiation and 
mineralization of MC3T3-E1 were dependent mainly on the 
size of Au NPs. It was suggested that the diameter of the Au 
NPs may play an important role in increasing viability and 
ALP activity. The mechanism involved in the promoted 
osteogenic differentiation and mineralization of MC3T3-E1 
cells after exposure to Au NPs remains to be further studied.  

4  Conclusions 

In summary, our experimental results demonstrate that Au 
NPs do not have acute cytotoxic effect on MC3T3-E1 cells 
and have the potential to promote the osteogenic differen-
tiation and mineralization. Moreover, the size of particles 
has a significant influence on the proliferation, osteogenic 
differentiation, and mineralization of MC3T3-E1 cells. 
RT-PCR results indicated that the expressions of Runx2, 
BMP-2, ALP and OCN genes were increased after the cells 
were treated with 20 and 40 nm Au NPs. The diameter of 
the Au NPs may play an important role in increasing viabil-
ity and ALP activity. Further studies on the molecular 
mechanisms of such effects are needed to provide a better 
understanding on the impact of Au NPs on biological sys-
tems and important information for future safe applications 
of Au NPs and the design of biocompatible nanomaterials. 
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