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Abstract To broaden the knowledge of cytotoxicity of natural rubber latex (NRL) nanoparticles we for the first time 
examined the latex biocompatibility in vitro against mouse calvaria preosteoblastic cells (MC3T3-E1) and human alveo-
lar basal epithelial (A549) cells. For NRL nanoparticles, the half maximal inhibitory concentration (IC50) value for 
MC3T3-E1 cells is one order of magnitude higher in toxicity as compared to that of A549 cells (3.99 mg/mL for 
MC3T3-E1 and 0.33 mg/mL for A549 cells). Owing to fractionation of NRL nanoparticles by ultra-centrifuge, the effect 
of the non-rubber constituents on the cytotoxicity was clarified. The suppression on the proliferation for A549 cells in-
cubated with NRL nanoparticles was demonstrated by the cell cycle distribution. The in vitro study on osteogenic differ-
entiation and expressions of proteins and characteristic genes of MC3T3-E1 cells demonstrated the promising results of 
the NRL nanoparticles for application in bone tissue engineering.

Keywords	 Natural rubber latex, MC3T3-E1 cells, A549 cells, cytotoxicity, osteogenic differentiation

Introduction

Natural rubber latex (NRL) is a type of high molecular 
weight polymeric substance. Currently, more than 90% of 
NRL comes from one single tropical tree species̶Hevea 
brasiliensis (para rubber tree). Recently, promising results 
in the use of NRL from Hevea brasiliensis rubber tree to 
produce replacement and regeneration tissues has been re-
ported1–3). Among them, wound healing in cutaneous tis-
sues, eardrum replacement, bone regeneration, and dental 
alveolus replacement afford a unique means to repair or re-
place the failing organs or tissues2). Nevertheless, little at-
tention has been paid to pharmacological potential activity 
of NRL as nanoparticle. The reason behind this is well ex-
plored as allergic problems in some sensitive individuals, 
which cause immediate hypersensitivity, mediated by im-
munoglobulin E (IgE) antibodies to specific proteins 
(Hevb1 and Hevb3) in the latex. On the one hand, howev-
er, the prevalence of latex allergy in population is believed 
to be very low4, 5).

The primary particle of NRL is around 100–300 nm in 
diameter6), which is promising nanoparticles used in bio-
technology including pharmaceutics and medicines. We 

are interested in the investigation of an anticancer activity 
of NRL with bioactive properties of natural products. In 
this regard, only a few studies have evaluated the safety 
and potential adverse effect on living system6–8). In addi-
tion, the possible reason behind the mechanism of interact-
ing with living cells is not well explored in the literature. 
Furthermore, most studies have observed cytotoxicity only 
at high concentrations (100 mg/mL)6). Further information 
on the potential cytotoxicity of the NRL particles and their 
mechanisms of toxicity are needed to fully understand 
their hazards.

In this work, we examined the latex cytocompatibility in 
vitro against cultured human lung carcinoma (A549) cells 
to emphasize the anticancer effects of NRL particles. We 
also compared the cytotoxic effect of NRL on mouse cal-
varia preosteoblastic cells (MC3T3-E1). In order for NRL 
nanoparticles to be employed in bone regeneration, we 
have used MC3T3-E1 cells to examine in vitro osteocon-
ductivity. These cells behave similar to osteoblast progeni-
tors in that they differentiate in osteoblasts that synthesize 
bone matrix collagen9). With this in mind, an in-depth un-
derstanding of cell differentiation may bring a new per-
spective to regenerative medicine including new bone re-
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generation and cartilage therapy. To the best of our 
knowledge, there are no reports on the osteogenic differen-
tiation of preosteoblastic cells incubated with NRL 
nanoparticles.

Using MC3T3-E1 osteoblastic-like cells, in this study, 
we examined the osteogenic differentiation and expres-
sions of proteins and characteristic genes of mature osteo-
blast.

Materials and methods

NRL and characterization
The solution sample (solid content of 35.4 wt%) was 

provided by Sumitomo Riko Co. Ltd., Japan and was not 
further purified for use. It was stabilized (pH 11.3) using 
an ammonia solution (0.5 wt% in 100 mL of latex, which 
corresponds to less than 1 wt% of solid NRL). The surface 
charge characteristics of NRL nanoparticles in water 
(0.01 wt%) were determined by electrophoresis (Zetasizer 
Nano ZS, Malvern Instruments, UK) by the technique of 
laser Doppler anemometry adjusting the pH of the suspen-
sion in the range of 2–12 using dilute HCl and NaOH (Na-
calai-Tesque). The average diameter of the nanoparticles 
was measured by dynamic light scattering (DLS) using 
Zetasizer Nano ZS (wavelength=532 nm). The dynamic in-
formation can be retrieved by examining the autocorrela-
tion function g(t) of the time-dependent intensity10).

The morphology was observed through field emission 
scanning electron microscope (FE-SEM: SU6600, Hitachi 
Ltd.). The operated accelerating voltage was 15 kV and the 
specimens were coated with a thin layer of gold and palla-
dium (Au/Pd 6:4) with a thickness of ～20 nm on copper 
grids with 200 mesh size, and then water removed by plac-
ing filter paper at the edge of the grids.

NRL nanoparticle is composed of three layers structure 
composed of cis-1, 4-polyisoprene as a core, lipids and 
proteins as surfaces thin layers. To fractionate the NRL 
suspension (0.1 wt%) into three components polymeric 
substance (cis-1, 4-polyisoprene) was collected after ultra-
centrifuge at 105 g for 30 min and the supernatant (protein, 
polypeptides and organic acids) was collected after centri-
fuge at 5×105 g for 120 min using an ultra-centrifuge sys-
tem (Optima MAX-XP, Beckman Coulter K.K. Japan). 
Subsequently, freeze-drying (FDU-2200, Eyela Ltd.) was 
performed under 20 Pa at -80 °C.

Fourier transform infrared (FTIR) spectroscopic imag-
ing measurements were preformed using a Perkin-Elmer 
Spectrum Spotlight 400 Microscope System. This system 
is equipped with a liquid N2 cooled Mercury-Cadmium-
Telluride MCT detector. To construct FTIR maps, spectra 

were collected in continuous scan mode for sample area of 
200×200 μm2 with a resolution of 1.65 μm/pixel by one 
scan for each spectrum of the specimens under the Ge at-
tenuated total reflectance (ATR) crystal. Spectra were col-
lected from 4000–680 cm-1 with a resolution of 8 cm-1 and 
integrated by taking the areas under the curve between the 
limits of the peaks of interest. Data acquisition was carried 
out by means of the Spotlight software package.

X-ray fluorescence analysis was done using an energy 
dispersive spectroscopy (EDX) (EDX-7000, SHIMADZU, 
Japan) equipped with Rh Kα radiation operated at 0.3 mA 
and 40 kV.

In vitro cell culture and cell viability
MC3T3-E1 mouse calvaria preosteoblastic cells ob-

tained from ATCC were cultured in Alpha Minimum Es-
sential Medium (α-MEM) (Gibco®, Life Technologies) at 
pH 7.40 supplemented with 10% (v/v) fetal bovine serum 
(FBS) (Gibco®, Life Technologies) and 1% antibiotic-anti-
mycotic mixture (Nacalai-Tesque). Upon reaching conflu-
ence, cells were cultured on 10 cm dishes in an atmosphere 
of 5% CO2 and 95% relative humidity at 37°C. MC3T3-E1 
cells at 2–4 passages were used in the experiment.

Human lung carcinoma A549 (ATCC) cells were used as 
a cancer cell and cultured in RPMI-1640 (Wako Pure 
Chemical Industries) supplemented with 10% FBS includ-
ing 1% antibiotic-antimycotic mixture. Upon reaching 
confluence, cells were cultured on 10 cm dishes in an at-
mosphere of 5% CO2 and 95% relative humidity at 37°C. 
A549 cells at 2–5 passages were used in the experiment.

The cells were seeded in 96-well plates at a cell concen-
tration of 2.0×104 cells/cm2 in 100 μL of media and cul-
tured for 24 h. NRL suspensions at different concentrations 
(ranged from 10 μg/mL to 100 mg/mL) were diluted with 
each complete culture medium and added to each well. Af-
ter incubation for 24 h in an atmosphere of 5% CO2 and 
95% relative humidity at 37°C, the cell viability was as-
sessed by WST-8 assay (Dojindo) according to manufac-
turer’s instructions. The WST-8 colorimetric test is mea-
suring the activity of intracellular dehydrogenase activity, 
which is proportional to living cells. The optical density 
was read on a Multiskan FC (Thermo Fisher Scientific) at 
450 nm for the absorbance and at 650 nm for the subtract 
background absorbance, respectively. The half maximal in-
hibitory concentration (IC50) values at 24 h were estimated 
from the dose-response curves.

Flow cytometry
A549 cells were seeded in 24-well plates at a density of 

2.0×104 cells/cm2 and incubated for 24 h, then the cells 
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were exposed to 330 μg/mL (equal to IC50 for A549) for 6 
and 24 h. After incubation, the cells were washed twice 
with cold PBS and collected by trypsinization. Then the 
cells were washed and centrifuged twice with PBS again, 
and fixed 10 mL 70% EtOH at 4°C for 2 h. Then the cell 
were centrifuged and washed twice with 5 mL phosphate-
buffer saline (PBS, Nacalai Tesque), resuspended in prop-
idium iodide (PI, Sigma-Aldrich) solution, i.e., 0.25 mg/
mL RNAse in PBS, pH 7.4 for 37°C for 30 min plus 50 mg/
mL PI for 30 min in darkness at room temperature. The cell 
cycle distribution was analyzed by a flow cytometer (BD 
AccuriTM C6, Becton Dickinson Biosciences Ltd.).

Differentiation
For osteogenesis, MC3T3-E1were seeded at a density of 

4.0×104 cells/cm2 in 200 μL of osteogenic medium and cul-
tured with NRL nanoparticles (1.0 mg/mL). The effect of 
NRL on cell differentiation was determined for 21 days in 
osteogenic medium, consisting of α-MEM, 10% FBS, 1% 
(v/v) ascorbic acid (TaKaRa), 0.2% (v/v) Hydrocortisone 
(TaKaRa), 2% (v/v) β-Glycerophosphate (TaKaRa) and 
1% antibiotic-antimycotic mixture. The medium was 
changed with a fresh one every 3 days, 7 times during the 
20 days induction.

For the calcium deposition, after 20 days, the osteoin-
duction of the MC3T3-E1 cells in osteogenic culture was 
analyzed by measuring the absorption of treated cells by 
Alizarin Red staining (PG Research) according to the man-
ufacture’s instructions. The optical density at 450 and 
650 nm, for the subtract background absorbance, were read 
using a microplate spectrophotometer (Multiskan FC, 
Thermo Fisher Scientific).

Gene expression
The total RNA was extracted from cells, induced to os-

teogenic differentiation for 3, 10 and 20 days, using 
RNeasy Mini Kit (Qiagen) with a residual genomic DNA 
Eraser following the protocol. Then the RNA was subject-
ed to reverse transcription using a SuperScript® III (Invit-
rogen, Life Technologies) following the manufacture’s in-
structions. The resulting complementary DNA (cDNA) 
yield was then subjected to real-time polymerase chain re-
action (RT-PCR) using an ABI PRISM 7000 Sequence De-
tention System (Applied Biosystems). The results were an-
alyzed with Sequence Detector software (Applied 
Biosystems). Reaction solutions included SYBR Green 
Mastermix, 1 μM forward and reverse predesigned primers 
(Table S1, Supplementary information), and 10 μL cDNA 
template in a 30 μL volume. The cDNA samples were ana-
lyzed for expression of runt related transcription factor 2 

(Runx-2), SP7 transcription factor, also known as osterix 
(Sp7/Osterix), alkaline phosphatase (Alp), and osteocalcin 
as bone gamma-carboxyglutamate protein (Bglap), relative 
to the β-actin (ACTB) as an internal standard for sample 
normalization.

Statistics
Statistical analysis was performed using Student’s t-test 

and one-way analysis of variance with Dunnett’s post-hoc 
testing, and significance was considered at a probability of 
p<0.05.

Results and Discussion

Characterization of NRL nanoparticles
At pH 7.4, the average particle size of NRL is around 

300 nm with polydispersity index (PDI) of 0.25 at concen-
tration of 10-4 wt% as revealed by DLS study (Fig. 1). The 
DLS data also shows that the distribution is clearly asym-
metric. With increasing concentration up to 1.0 wt%, the 
clustered nanoparticle with a size of ～1300–5000 nm with 
PDI of ～0.5 was observed, indicating the nanoparticles 
are not stabilized electrostatically due to the weak ionic 
characteristics showing at pH 7.4.

Figure 2 shows the morphological feature of NRL 
nanoparticle at concentration of 10-4 wt% as revealed by 
FE-SEM image. The discrete particle exhibits very smooth 
surface having a size of ～300 nm (marked with the arrow 
in Fig. 2(a)). The aggregate formation consisting of many 
discrete particles during the removal of the water is also 
observed in which the particle size increases up to ～3 μm 
(Fig. 2(b)). The top surface is covered with molecules of 
protein thin layer that has both positively and negatively 
charged species like amino acid molecules. The NRL 

Figure 1. Particle size distribution with PDI of NRL in water at dif-
ferent concentrations ranged from 10-4–1 wt% at pH 7.4.



4 e-J. Soft Mater.

nanoparticles have a variable of pH-dependent surface 
charge, because the amino acid residues can either acquire 
or lose protons depending on the pH of the ambient solu-
tion. For this reason, the total negative charge is provid-
ed～-70 mV at pH 7.4 (indicated with the broken line). 
The point of zero charge is (pH) 4.1 (Fig. 3).

The cytotoxicity depends on the charge on the surface of 
the particles. Negatively charged particles at pH 7.40 show 

lower unfavorable effect on the cells viability because of 
the negatively charged cell membrane (～-20 mV), which 
plays an important role to separate the cytoplasm from the 
outside environment and modulate the movement of the 
particles in and out of the cell11, 12).

Cytotoxicity of NRL nanoparticles
MC3T3-E1 cells are very sensitive to the NRL concen-

tration, accompanied with high metabolic and dehydroge-
nase activity of the cells at concentration of less than 
10.0 μg/mL. Beyond concentration of 10.0 μg/mL, NRL 
nanoparticles enhance MC3T3-E1 cell and viability in the 
range of 130–150% in comparison with the control (Fig. 
4(a)). Experiments are underway to find out the actual rea-
son behind this demonstration. This behavior will be deep-
ly discussed further on the basis of the relation of endocyt-
ic process of the NRL nanoparticles into cells.

In contrast, the NRL nano particles are found to be toxic 
to the A549 cells (cell viabilities are below 60% at concen-

Figure 2. FE-SEM images showing NRL nanoparticles at concen-
tration of 10-4 wt%: (a) discrete particle and (b) aggregate formation 
during the water removal.

Figure 3. Zeta potential versus pH of NRL nanoparticles in water 
(0.01 wt%). Results are expressed as mean±S.D. (Standard deviation) 
(n=5).

Figure 4. Cell viability as measured by WST-8 assay using (a) 
MC3T3-E1 and (b) A549 cells after 24 h of incubation with NRL 
nanoparticles of different concentrations.
Data were expressed as mean±S.D. (n=5). Note: * indicates p<0.05 
compared with control.
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tration of 100 μg/mL) within 1 day (Fig. 4(b)). We need to 
consider the cell cycle regarding the suppression of prolif-
eration (see Fig. 9(a)). The estimated IC50 values are 
0.33 mg/mL for A549 cells and 3.99 mg/mL for MC3T3-E1 
cells in the range of 10 μg/mL–10 mg/mL. The IC50 values 
for the ammonia are 1.19 mg/mL for MC3T3-E1 and 
1.25 mg/mL for A549 cells, respectively (Fig. S1 and Table 
S2, Supplementary information), that is interpreted to 
mean that the ammonia does not exert an effect on cell via-
bility in NRL suspensions for both cells. Our data show 
that the addition of even as much as 1.0 mg/mL of NRL 
nanoparticles in cell culture did not kill tested MC3T3-E1 

cells. The NRL nanoparticles exposure to biological tissue 
is expected when one applies NRL as a carrier for anti-
cancer drug delivery13, 14).

Fractionation of NRL nanoparticles and IC50
Figure 5(a) shows typical FTIR spectra of NRL 

nanoparticles before fractionation. The specific peaks of 
NRL are assigned. The sensitive bands at 2960 (νas(CH3)), 
2912 (asymmetric stretching: νas(CH2)), 2852 (symmetric 
stretching: νs(CH2)), 1444, 1376 (δ(CH3)), 836 cm–1 
(cis[>C=CH–]) are attributed to cis-1,4-polyisoprene. The 
sensitive bands at 1664 (amide: ν(C=O)), 1552 (amide: 
ν(C–N/N–H)), 1240 (asymmetric stretching: νas(PO2

-)), and 
1081 cm-1 (symmetric stretching mode: νs(PO2

-)) are attrib-
uted to the molecules on the surface of NRL nanoparticles. 
A band located at 3300 cm–1 was assigned to the structural 
OH stretching mode (ν(OH)).

The fractionated NRL have previously been character-
ized the substances in latex in the largest amounts of pro-
teins, lipids and inorganic salts15). The fractionated NRL 
by ultra-centrifuge in this study is composed of three con-
stituents as aforementioned. The rubber component, con-
tent of approximately 94 wt%, shows both νas(PO2

-) and 
νs(PO2

-) bands assigned to lipids, and ν(C=O) is seen clear-
ly due to the undissolved substance in water (Fig. 5(b)). 
The intermediate phase (5.8 wt%) corresponding to dis-
solved components in water, exhibits adsorbed proteins to-
gether with adsorbed phospholipids on the NRL surfaces 
(Fig. 5(c)). The remainder as a sediment (0.2 wt%) is non-
rubber constituents such as inorganic ions and sterol glyco-
sides15).

Figure 5. FTIR spectra of (a) NRL nanoparticles before fraction-
ation, (b) fractionated NRL by ultra-centrifuge (rubber component), 
and (c) intermediate phase after fractionation in the region of 4000–
680 cm-1.

Figure 6. FTIR image of the ultra-centrifuged sediment obtained from the selected 200×200 μm2 area (left panel). FTIR spectra of correspond-
ing three constituents (a)–(c) by plotting PCA (right panel) in the region of 4000–680 cm-1.
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FTIR image is generated by plotting the principal com-
ponents analysis (PCA) to illustrate the relative distribu-
tion of the components, as shown in Fig. 6 (left panel). The 
ultra-centrifuged sediment is divided into three different 
kinds of constituents as revealed by PCA (right panel in 
Fig. 6). Through EDS analysis for the sediment, the organ-
ic compounds corresponded to 90.42 wt%. The high con-
tents of Mg and P, which were attributed to MgNH4PO3 
6(H2O) were presented (Table 1). We calculated an Mg/P 
ratio of 1.36 within the range expected for struvite. The 
sensitive bands at 1061 cm-1 (ν3(PO4

3-)) and 1003 cm-1 
(ν3(PO4

3-)) is attributed to the struvite, which is often found 

in lattices of low stability16). The peak occurs at 1573 cm-1 
and the band at 1540 cm-1 corresponds to N–H in plane 
bending δ(N–H). The bands at 2919 cm-1 and 2835 cm-1 
might be attributed to organic compounds (sterol glyco-
side-like hydrocarbons). Some potassium, calcium, rubidi-
um, copper and zinc are associated with the rubber phase 
(Fig. S2, Supplementary information)17, 18).

Although the information on them should be considered 
in more detail, the constituents of the sediment are un-
known at present. However, the cytocompatibility analysis 
of the sediment has not been reported yet. Therefore the 
fractionated components on the cytotoxicity were mea-
sured against normal and cancer cells.

For MC3T3-E1cells incubation with rubber component 
(Fig. 7(a)), their viability is maintained at >60% for con-
centration up to 100 mg/mL, implying high biocompatibili-
ty of rubber component as compared with that of NRL 
nanoparticles. The IC50 value for MC3T3-E1 cells is more 
than 100 mg/mL. The intermediate phase induces the en-
hancement of MC3T3-E1 cellular proliferation and viabili-
ty in the range of 110–140% (Fig. 7(b)), which is a similar 
characteristic with NRL nanoparticles as seen in Fig. 4(a). 

Figure 7. Cell viability as measured by WST-8 assay using 
MC3T3-E1 cell after 24 h of incubation with (a) rubber component, 
(b) intermediate phase, and (c) sediment of different concentrations 
after ultra-centrifuge. Data were expressed as mean±S.D. (n=5). Note: 
* indicates p<0.05 compared with control.

Figure 8. Cell viability as measured by WST-8 assay using 
A549 cell after 24 h of incubation with (a) rubber component, (b) in-
termediate phase, and (c) sediment of different concentrations after 
ultra-centrifuge. Data were expressed as mean±S.D. (n=5). Note: * in-
dicates p<0.05 compared with control.

Table 1. EDX analysis of the ultracentrifuged sediment.

Elements Fraction / wt%

Mg 4.6
P 4.31
S 0.25
K 0.25
Ca 0.16
Rb 0.007
Organic compounds 90.42
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The incubation with sediment leads to a significant vitality 
reduction (7%) beyond concentration of 230 μg/mL for 
MC3T3-E1 cells (Fig. 7(c)).

For A549 cells incubation, the characteristics in cell via-
bility show the same characteristics as compared with that 
cultured in presence of NRL nanoparticles (Fig. 8). With 
increasing each concentration for WST-8 test, a significant 
vitality reduction is observed in each constituent. The esti-
mated IC50 values at 24 h for both cells are summarized in 
Table 2. The presence of the non-rubber constituents con-
tributes to significant point of the cytotoxicity. An interest-
ing point is the comparison of IC50 values for sediment in 
both cells. Almost three-fold higher in toxicity given on 
A549 cells is found after 24 h of incubation with non-rub-
ber constituents (intermediate phase and sediment) when 
we compared to that of MC3T3-E1 cells. For NRL 
nanoparticles, the IC50 value for MC3T3-E1 cells is one 
order of magnitude higher in toxicity as compared to that 
of A549 cells (3.99 mg/mL for MC3T3-E1 and 0.33 mg/mL 
for A549 cells). The NRL nanoparticles exposure to bio-
logical bone tissue is expected when one applies nanoparti-
cles for bone regeneration13).

Cell cycle distribution
To understand the proliferation state the cell cycle distri-

bution is shown in Fig. 9. PI discriminates cells at different 
stages of the cell cycle, based on different DNA content in 
the presence of RNAse to increase the specificity of DNA 
staining19). The cell proliferation is controlled by different 
phases such as the G0/G1 (containing two copies of each 
chromosome), S (synthesis of chromosomal DNA), G2/M 
(doubled chromosomal DNA) phases. The A549 cells ex-
hibits cell cycle arrest clearly at G0/G1 phase with incuba-
tion time from 6 to 24 h due to the cells exposed to IC50 
value (0.33 mg/mL), as compared to that of control, where 
shows no observed notable difference in distribution up to 
24 h (Fig. 9(a)). On the other hand, for MC3T3-E1 cells in-
cubated with NRL nanoparticles (330 μg/mL<IC50), the 
cell cycle remains almost constant in the G0/G1 phase for 
24 h incubation, although the increment of the fraction of 
cells without NRL (control) is found in the G2/M phase 
(Fig. 9(b)). It is clear from these cell cycle distributions 
that the effect of suppression on the proliferation for A549 
cells seems to be different due to the significant difference 
in cytotoxicity of NRL nanoparticles in the medium.

The prolonged G0/G1 event occurs at incubation with 
NRL, which indicates the presence of apoptotic cells. The 
level of cell apoptosis was examined by caspases 3/7 stain-
ing. Caspases (cysteinyl-directed aspartate-specific prote-
ases) are cysteine proteases that play a central role in prop-
agating the process of programmed cell death (apoptosis) 
in response to proapoptotic signals. Thus, activation of 
caspase-3/7 is a hallmark of an early event during apoptot-
ic process.

After 24 h of incubation with NRL (0.33 mg/mL=IC50), 
intermediate (0.14 mg/mL=IC50), and/or sediment 
(0.07 mg/mL=IC50), A549 cells show an increase on the 
percentage of apoptotic cells (ca. 5%) in comparison with 
control (Fig. S3, Supplementary information). This indi-
cates the rather strong apoptosis induce effect on A549 
cells. At the same time, late apoptosis or necrosis is rather 
prominent in the cells incubated with NRL (ca. 3% of the 
total cells). The A549 cells treated with intermediate and/
or sediment show no significant increase on the percentage 
of apoptotic cells.

Gene expression and matrix mineralization of MC3T3-
E1 cells

The gene expression of Runx-2, Sp7/Osterix, alkaline 
phosphatase (Alp), and osteocalcin (Bglap) relative to hou-
keeping gene (ACTB) were determined by RT-PCR at day 
3, day 10 and day 20. The NRL nanoparticles show rela-
tively stable expression of Runx-2 from 3 days to 20 days 

Figure 9. Cell cycle distribution of (a) A549 and (b) MC3T3-E1 
cells after treated with NRL nanoparticles with concentration of 
330 μg/mL (IC50 for A549) in G0/G1 (dark colors), S (white), and 
G2/M (light colors) for 0–24 h. (n=3).

Table 2. IC50 values of NRL and three components after ultra-cen-
trifuge for MC3T3-E1 and A549 cells at 24 h.

Samples
MC3T3-E1
IC50/mg/mL

A549
IC50/mg/mL

NRL 3.99 0.33
Rubber component N.D.a 82.6
Intermediate phase 1.07 0.41
Sediment 0.19 0.07

a The values are not detected.
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Figure 10. RT-PCR analysis of the osteogenic gene expression of (a) Runx-2, (b) Sp7/Osterix, (c) Alp, and (d) Bglap for MC3T3-E1 cells cul-
tured with NRL nanoparticles of 1.0 mg/mL at day 3, day 10 and day 20.
Data were expressed as mean±S.D. (n=3). Note: * indicates p<0.05 compared with control (Student’s t-test).

Figure 11. (a) Alizarin Red staining and (b) semi-quantitative evaluation of calcium deposition by MC3T3-E1 cells cultured with different NRL 
nanoparticle concentration after 20 days.
Data were expressed as mean±S.D. (n=4). Note: * indicates p<0.05 compared with control.
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(Fig. 10(a)). The MC3T3-E1cells on mineralized matrices 
exhibits higher expression of Runx-2 for the late stage of 
osteogenic differentiation (at day 20). But there are signifi-
cant differences between NRL-loaded sample (1.0 mg/mL) 
and control throughout 20 days of culture. The Sp7/Osterix 
is also considered as a marker for the early stage osteogen-
ic differentiation20). The expression of Sp7/Osterix is lower 
in the NRL-loaded sample at day 20 (Fig. 10(b)). This 
shows the same trend with Runx-2. This effect is further 
confirmed by the expression of the Alp gene, which is a 
marker ranged from the early to intermediate stages in os-
teogenic differentiation of MC3T3-E1 cells (Fig. 10(c)). 
The expression of Alp gene is elevated up to day 10 and 
has a decreasing trend from 10 days to 20 days. The Bglap 
gene is a typical marker for the late stage of osteogenic dif-
ferentiation. The NRL nanoparticles promote the osteogen-
ic differentiation earlier than control at day 10 and have 
decreasing trend at day 20 (Fig. 10(d)).

To examine matrix mineralization, 20 days cultures were 
fixed and stain by Alizarin Red solution (Fig. 11(a)), which 
stains calcium deposits as another marker of osteogenic 
differentiation. Interestingly, for osteogenic differentiation 
of MC3T3-E1 cells, there are no statistical differences in 
absorbance between any of samples except for NRL 
nanoparticles with loading of 0.1 mg/mL, on which a 
slightly lower than the control, as shown in Fig. 11(b).

The MC3T3-E1 cells cultured with lower NRL concen-
tration (0.1 mg/mL and 0.32 mg/mL) showed more stable 
gene expression compared with that of high loaded sample 
(Fig. S4, Supplementary information). These results indi-
cate that the NRL nanoparticles did not cause so significant 
changes in osteogenic differentiation on the different con-
centration of the nanoparticles in the range of <0.32 mg/
mL.

In addition, we have successfully prepared the biocom-
posites composed of NRL and bone tissue. Taking together 
the calcium deposition and gene expression, the results 
show promise of the NRL nanoparticle for application in 
bone engineering.

Conclusions

The present study has examined the cytotoxicity of NRL 
nanoparticles for cultured mouse calvaria preosteoblastic 
cells (MC3T3-E1) and human alveolar basal epithelial 
(A549) cells. For MC3T3-E1 cells, we found that the high-
er cytocompatibility of NRL nanoparticles without a sig-
nificant vitality reduction for concentration up to 1000 μg/
mL. The estimated IC50 value was an order of magnitude 
higher as compared to that of A549 cells. We have success-

fully fractionated NRL nanoparticles by ultra-centrifuge 
and obtained three constituents, i.e., rubber component, in-
termediate phase and sediment. The presence of the non-
rubber constituents dominantly affected the cytotoxicity. 
The effect of suppression on the proliferation for A549 
cells seemed to be different due to the significant differ-
ence in cytotoxicity of NRL nanoparticles in the medium 
as revealed by cell cycle distributions. After 20 days of 
cultured with osteogenic supplement, both rather stable 
gene expression and calcium deposition were observed 
from MC3T3-E1 cells cultured with NRL nanoparticles. 
We have successfully prepared the biocomposites com-
posed of NRL and bone tissue.
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