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Nanostructural materials increase mineralization in bone cells
and affect gene expression through miRNA regulation
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Abstract

We report that several nanomaterials induced enhanced mineralization (increased numbers and larger areas of mineral nests) in MC3T3-E1
bone cells, with the highest response being induced by silver nanoparticles (AgNPs). We demonstrate that AgNPs altered microRNA expres-
sion resulting in specific gene expression associated with bone formation. We suggest that the identified essential transcriptional factors
and bone morphogenetic proteins play an important role in activation of the process of mineralization in bone cells exposed to AgNPs.
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Introduction

Bone is a living dynamic tissue and its constant rebuilding occurs
through the combined action of osteoblast cells that generate
bone and osteoclast cells that reabsorb it. Recently, a number of
studies have focused on the growth of bone on nanostructural
materials and the complex interactions between such materials
and bone cells, both in vitro and in vivo [1, 2]. Because of their
size and morphological properties, nanoscale materials can inter-
act with cells and living tissues making them ideal vehicles for
accelerated tissue regeneration and enhanced cellular proliferation
[3, 4]. Moreover, these various shaped nanomaterials have been
shown to specifically target and penetrate cells allowing delivery
of genetic material [5]. In the present study, osteoblast cells
(MC3T3-E1 cell line, derived from newborn mice calvaria) were
incubated with various nanomaterials in order to study the effects
of such structures on the biological activity of the cells, with a
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focus on mineralization rates. This type of cell was shown to be a
model system for studying complex biological processes related
to mineralization and bone formation of the osteoid matrix [6].
Additionally, they were found to readily interact with nanostruc-
tural materials and the observed effects could be translated to
in vivo conditions with potentially positive benefits for the treat-
ment of a number of bone related conditions, such as osteoporo-
sis, or resorption of tissues. Here we report the in vitro effects of
various types of nanomaterials (single walled carbon nanotubes —
SWCNTs, hydroxyapatite nanoparticles — HAP, titanium dioxide
nanoparticles — TiO2 and silver nanoparticles — AgNPs) on cell
calcification and mineralization by MC3T3-E1 cells [7, 8], which
display time-dependent and sequential expression of osteoblast
characteristics similar to that found in in vivo bone tissue. The
aforementioned nanomaterials were chosen due to their relevance
to specific areas of nanoscience and their significant potential in
bio-medical applications.

AgNPs with an average diameter of 23.0 = 2.0 nm were used
in this study [9]. AgNPs have been widely used as a biomaterial in
a number of biomedical applications ranging from anti-microbial
coatings to surface enhanced Raman Spectroscopy sensing [10,
11]. HAP is one of the most commonly used materials in bone
graft because of its demonstrated ability to enhance mineral
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formation and promote bone calcification during in vitro and
in vivo experiments [12, 13]. Although it has a high potential in
bone regeneration, the HAP bio-reactivity when in a nanostructural
form, is still not fully understood. TiO2 is one of the most corro-
sion — resistant materials that has been used intensively in
orthopaedics, dentistry and a number of other applications [14].
Also it was previously shown that TiO2 nano-morphologically
modified coatings can be used to reduce the adverse inflammatory
effects of titanium implants and promote more advanced tissue
healing following surgical procedures [14]. SWCNTs are superb
one-dimensional nanostructures and their use in bio-medical
applications range from highly accurate and sensitive biosensors
[15], scaffolds for bone regeneration [16] and other bio-medical
applications [17, 18]. Moreover, we have previously shown that
carbon nanotubes can synergistically enhance the activity of vari-
ous drugs [19]. In this work, the SWCNTs had a diameter ranging
between 0.8 and 1.7 nm, average lengths of several microns and
were prepared according to the methods presented in the
Supporting Information section [20, 21].

In this work, we have demonstrated that these nanomaterials
greatly enhance the level of the extracellular matrix formation and
mineral deposition by MC3T3-E1 cells and the response was a
function of the type of nanomaterials used. The most significant
enhancement of cellular mineralization was observed when using
AgNPs, followed by the HAP, TiO2 and SWCNTs. Interestingly, all
the nanomaterials used in this study induced a higher mineraliza-
tion in the MC3T3-E1 cells when compared to the control —
untreated cells. Although the mechanism that governs the interac-
tions between the nanomaterials and cells are not fully under-
stood, it is thought that they may increase osteoblast cell cCAMP
production and intracellular calcium levels, affect DNA synthesis,
alter collagen protein production and/or to be closely related to
regulation of alkaline phosphatase (ALP) activity [22, 23].

Because nanomaterials have been observed to penetrate vari-
ous sub-cellular compartments, including the nucleus, they may
have the potential to alter normal biological processes. Given that
the nanoparticles increased mineralization in these particular cells,
they are expected to have affected the activity of ALP found on the
bone cell membrane and which is considered an essential marker
for bone cell proliferation and differentiation [7]. Alizarin red, a dye
used to stain inorganic calcium deposition [24, 25], mineralized
versus the unmineralized nodules [26], mineral deposition [27,
28], mineralized matrix [29] and mineralized bone nodule forma-
tion has been used extensively to study and quantify bone differ-
entiation in model cell systems. In addition to alizarin red staining,
electron diffraction spectroscopy (EDS), scanning electron
microscopy (SEM), X-ray diffraction and Raman spectroscopy
[30-33] have been used to examine and quantify mineralization of
inorganic calcium formed by the bone cells. Nanostructural mate-
rials were shown to present negative cytotoxic effects due to the
generation of reactive oxygen species, membrane disruption,
disruption of protein or gene functions or DNA damaging [34].
Still, all the toxic effects induced by such nanoscale materials are
mostly found to be dose dependent. As a result, a toxicological
threshold has to be determined for each type of nanomaterials
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individually and has to take into consideration the shape, size,
concentration, surface functionalization and the biological system
to which they are exposed to. Most of the nanomedical procedures
(ranging from cancer targeting and destruction to tissue engineer-
ing) involving the use of engineered nanomaterials, will have to be
done at concentration values below the toxic threshold in order to
limit any undesired toxic effects induced by the nanomaterials.
The preliminary cytotoxicity studies (not presented here) per-
formed for the nanoparticle concentrations used for the experi-
ments presented in this manuscript, did not indicate the onset of
any significant negative effects for the cells.

In addition to the observed phenotypic responses to the
nanoparticles, we investigated the underlying molecular
processes responsible for these observations. We chose to iden-
tify the genes associated with MC3T3 mineralization by evaluating
microRNA (miRNA) regulation at various times subsequent to
exposure of the cells to control media and control media supple-
mented with AgNPs. miRNAs comprise a family of 21-25
nucleotide non-coding small RNAs that regulate gene expression
at the post-transcriptional level and participate in the regulation of
almost every cellular process that has been investigated [35].
Currently, only a small number of miRNA target genes have been
identified via direct experimentation. Instead, bioinformatic
approaches, such as TargetScan, are used to determine the gen-
eral principles governing miRNA target recognition and mecha-
nism of action [36]. Recently, a study by Li ef al. [37] detected
miRNAs related to osteogenic differentiation induced by bone
morphogenetic protein 2 (BMP2)-exposed pre-myogenic G2C12
cultured cells. They found that the miRNA predicted targets
included the transcription factors Runx2 (Runt domain transcrip-
tion factor), Msx2 (muscle segment 2 homeobox gene), DIx3 (dis-
tal-less 3 homeobox gene), Smad1 (mothers against decapenta-
plegic transcription factor) and Smad5, as well as members of the
Whnt/B-catenin pathway and BMPs and their receptors, and other
signalling pathways that have been reported to promote osteoge-
nesis. They concluded that BMP2 controls bone cell determination
in this model in vitro cell system via a variety of different mecha-
nisms. BMPs are multifunctional growth factors that play critical
roles in embryonic development and cellular functions in postna-
tal and adult animals including acting as potent stimulators of
bone formation [38].

Materials and methods

Nanoparticle synthesis and preparation

AgNPs (purity of 99.999 wt.%) with the average diameter of 23.0 = 2.0 nm
(Fig. S1) and the peak width at half-height of 7.1 = 1.5 nm were prepared
by borohydrate mediated reduction of silver nitrate and was based on the
following protocol: in deionized water sodium borohydrate was introduced
followed by sodium citrate followed by AgNO2 (drop wise) under slow stir-
ring. Polyvinyl pyrrolidone was added to the solution and the mixture was
stirred for 30 min. The resulting product was a golden yellowish in colour.
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Single wall carbon nanotubes utilized in this work were synthesized on
the bi-metallic catalyst system Fe-Co supported on MgO [20]. (Figs S2 and
S3) HAP was purchased from Berkeley Advanced Biomaterials, Inc.,
(Berkeley, CA, USA) and they had a diameter of 20 = 5 nm. The TiO2
nanoparticles were purchased from Nanostructures and Amorphous
Materials, Inc. (Houston, TX, USA) and had a diameter of 20 = 7 nm.

SEM images were obtained using a JEOL 7000F (Peabody, MA, USA)
high-resolution scanning electron microscope coupled with an elemental
analysis system EDAX and the Genesis Microanalysis software.

Cell culture

MC3T3 cells were purchased from ATCC, Inc. (Manassas, VA, USA) and
maintained according to instructions provided. They were plated in 100 mm
culture dishes at a density of 10%/dish and supplemented by o — minimum
essential medium with 10% foetal bovine serum (FBS) and 1% phos-
phatidylserine (PS) and incubated in 37 °C, 5% CO2 humidified incubator.
Once at confluence, the cells were ethylenediaminetetraacetic acid
trypsinized for further experiments. For experimental purposes, the cells
were plated at a desired density in 24-well plates; 10%/well and incubated for
24 hrs with 1 ml a-minimum essential medium with 10% FBS and 1% PS
with or without nanoparticles (20 pg/ml). The nanoparticles of Ag, HAP,
TiO2 and SWCNTs were all sonicated in the growth medium at a concentra-
tion of 20 g/ ml and were introduced into the cell culture and incubated at
37°C in a 5% CO02 humidified incubator for 6 days until cells are confluent.
The medium was changed every 48-72 hrs by aspirating half the volume and
add 0.5 ml of fresh medium for each well. The cells were supplemented with
the differentiation media as described in the following sections.

Characterization of the hone cells

Cells from the same passages were grown on 10 mm plastic cover slips at
a density of (1 X 10° cells/dish) for the SEM images and supplemented
with the growth medium as previously described. For the microscopic
visualization, the cells were grown on 60 mm dishes under the same con-
ditions and stained [tartrate-resistant acid phosphatase (TRACP) and ALP
double-stain Kit] according to the manufacturer procedure.

Osteogenesis induction

The medium was aspirated and replaced by 1 ml of osteogenesis induction
medium #1, containing approximately 99% cell culture medium,
0.02 mM/ml ascorbic acid 2 — phosphate solution and 1 mM/ml glycerol
2 — phosphate solution, this medium change corresponds to differentiation
day 0 and was changed with 1 ml fresh osteogenesis induction medium #1
every 2-3 days.

On differentiation day 9, the medium was replaced by 1 ml fresh osteo-
genesis induction medium #2 by adding 5 nM/ml Melatonin solution to the
osteogenesis induction medium #1, the medium was replaced by fresh
osteogenesis induction medium #2 every 2-3 days.

Osteogenesis quantification assay

After 24 days the cells were fixed by 10% formaldehyde for 10 min. and
washed 3 times for 5-10 min. each with 1 phosphate buffer saline and
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stained with an alizarin red stain solution by adding 400 wl to each well
and incubated for 30 min. The stain was drained and the cells were
washed three times with 1x phosphate-buffered saline (PBS) for
5-10 min. For the osteogenesis quantification 400 wl 10% acetic acid was
added to each well and incubated for 30 min. with shaking to loosen the
attached monolayer with the aid of a cell scraper; the cells and acetic acids
were transferred to 1.5 ml microcentrifuge tubes and vortexed vigorously
for 30 sec. The samples were heated to 85°C for 10 min. and transferred
directly to ice for 5 min. for cooling. The samples were centrifuged at
20,000 x g for 15 min. Four hundred microlitres of the supernatant was
removed to 1.5 ml microcentrifuge tubes and 150 wl of ammonium
hydroxide solution were added to each tube to neutralize the pH and
insure it falls within the range of 4.1-4.5. Four hundred microlitres of the
standard/sample were removed to the spectrophotometer cuvette and
read at OD4o5 and the alizarin red stain concentration in each sample was
plotted versus OD4os. The alizarin red concentration in each sample was
calculated according to the OD of the standard solution and the spec-
trophotometer was calibrated with a blank solution using 400 wl of 1x
alizarin red S (ARS) dilution buffer.

Cells viability analysis and trypan blue assay

The cytotoxic effects of the nanomaterials were determined by trypan
blue exclusion, a well known standard method to detect cell viability.
The cells were cultured for 24 hrs with different nanomaterials at the
concentrations of 20 wg/ml in the appropriate growth medium in a
48-well plate in a desired density. Then, the cells were dissociated with
trypsin and transferred to 1.5 Eppendorf tubes and centrifuged. Finally,
25 wl of 1 trypan blue dye was added to each sample and incubated
for less than 5 min. The viable cell number was counted using a haema-
cytometer, and the viability values were compared to the negative
control. Figure S4 shows the proliferation rates of the cells unexposed
to any nanomaterials.

Alizarin red staining

Cells were washed once with distilled water and then fixed with
phosphate-buffered formalin for 20 min. The fixed cells were also
washed once with distilled water and subsequently stained with 1% ARS
solution for 5 min., the remaining dye was washed out twice with dis-
tilled water and the cells were washed once more and then dehydrated
with ethanol.

ALP double staining

After washing with PBS, the cells were incubated with AgNPs as described
above for three different time-points (6, 15, 24 days) and were fixed with
the fixative solution [citrate buffer (pH 5.4) containing 60% acetone and
10% methanol] for 10 min. at room temperature. After fixation, the cells
were washed thoroughly with PBS and incubated with the substrate solu-
tion for acid phosphatase for 30 min. at 37°C, for double staining of the
ALP; the cells were incubated with the substrate solution for the ALP after
washing and incubated for another 30 min. For the nuclear staining the
cells were stained with methyl green and incubated for 5 min. at room tem-
perature and washed three times with sterilized distilled water. The cells
were visualized under the microscope.
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Alkaline phosphatase activity assay

The bone cells were incubated with AgNPs as described above. Whole-cell
extracts were collected at 0 day from the untreated cells and after 6 days of
differentiation for the AgNPs treated cells, and incubated for 60 min. with
50 mM Tris-HCI (pH 8.8), 10 mM MgCl, and 20 mM of p-nitrophenylphos-
phate, at 37°C. Following incubation the absorbance at 405 nm was measured
spectrophotometrically to quantify the amount of p- nitrophenylphosphate
produced. Total cell protein was assayed according to the method described
by the commercial kit supplier (ALPase assay; Takara Bio, Inc., Shiga, Japan).

miRNA isolation

The cells were rinsed twice with cold 1x PBS and lysed in 600 I RNA
lysis/binding buffer (Ambion, Inc., Austin, TX, USA). miRNAs were isolated
using mirVana™ miRNA isolation kit (Ambion, Inc.) that specifically cap-
ture small RNAs with lengths of less than 200 nucleotides. The RNAs were
initially eluted in 100 wl nuclease-free water (Ambion, Inc.) and then dried
using a Savant DNA 110 SpeedVac vacuum concentrator (Thermo
Scientific, Pittsburgh, PA, USA) to increase RNA concentrations. RNA con-
centrations were determined using a NanoDrop 1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA).

PCR Array analysis of miRNA expression

Two hundred nanograms of enriched small RNAs were converted into
cDNA using RT? miRNA First Strand Kit (SABiosciences Corporation,
Frederick, MD, USA). The cDNAs were mixed with 2x RT? SYBR Green
PCR Master Mix (SABiosciences Corporation) and dispersed into 384-well
Mouse Genome miRNA PCR Array (MAM-3100E, SABiosciences
Corporation) with 10 wl/well reaction mix. The PCR array contained a panel
of primer sets for 376 mouse miRNAs, four small RNAs as the internal
controls and four quality controls. The real-time qRT-PCR was performed
on a 7900 real-time PCR system (Applied Biosystems, Inc., Foster, CA,
USA) with the following cycling parameters: 95°C for 10 min., then 40
cycles of 95°C for 15 sec., 60°C for 30 sec. and 72°C for 30 sec. SYBR
Green fluorescence was recorded from every well during the annealing
step of each cycle. The threshold cycle (Ct) value of each sample was cal-
culated with software SDS 2.3 (Applied Biosystems, Inc.). To calculate Cts,
we set the threshold line as 0.15 and kept it the same across all of the
analyses. The baseline was automatically defined by the software.

Normalization and statistical analysis

Normalization and statistical analysis of miRNA expression were con-
ducted using SABiosciences Corporation’s Online PCR Array Data Analysis
Web Portal. The AACt method was utilized to calculate the fold change
(FC). Four genes, snoRNA251, snoRNA202, snoRNA142 and U6 in the
PCR arrays, were used as endogenous controls to normalize each sample.
To determine the effects of nanoparticle treatment, the formula: FC = 2*
[-(mean of ACt values of nanoparticle-treated samples at a specified time-
point — mean of ACt values of control samples at the same time-point)]
was used for up-regulated genes, while FC = —2* (mean of ACt values of
nanoparticle-treated samples at a specified time-point — mean of ACt
values of control samples at the same time-point) was used for the down-
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Fig. 1 Diagram of the experimental design: MC3T3-E1 cells were incubated
with nanomaterials for 24 hrs, after which the nanomaterials were
removed. This point was considered as day 0. The cells were further incu-
bated with fresh medium and Osteo | and/or Osteo || media for up to 24
days and the effects of the nanoparticles on miRNA expression and miner-
alization were assessed on days 6, 15 and 24.

regulation genes, and P-values were calculated using t-tests between
nanoparticle-treated and control samples at each time-point to determine
whether there was a significant difference for miRNA expression. To deter-
mine the miRNA response in untreated MC3T3 cell, the formula: FC = 2*
[—(mean of ACt values of samples after initiation of the MC3T3 cell culture —
mean of ACt values of control samples at day 0)] was used for up-regulated
genes, while FC = —2" (mean of ACt values of samples after initiation of
MC3T3 cell culture — mean of ACt values of control samples at day 0) was
used for the down-regulations, and P-values were calculated using t-tests
between day 0 samples and samples at each of the subsequent time-points
to determine whether there is a significant difference for miRNA expression.

Prediction of target genes

The predicted target genes of differentially expressed miRNAs were
obtained from TargetScan database (http://www.targetscan.org/).
TargetScan predicts biological targets of miRNAs by searching for the
presence of conserved 8 mer and 7 mer sites that match the seed region
of each miRNA [39, 40]. TargetScan is a widely used database for miRNA
target gene prediction and was demonstrated that its prediction matches
best with the experimental data from proteomics [41].

Results

Figure 1 shows the experimental design used in this study. The
cells were incubated with either control medium or with medium
plus nanoparticles for 24 hrs. After removal of the nanoparticles,
the cultures were further incubated with fresh medium. At conflu-
ence (day 6), all of the cultures were supplemented with Osteo |
medium for 6 days and then supplemented with Osteo || medium
and further cultured to day 24. In the cultures treated with AgNPs,
in addition to mineralization, miRNAs expression was also analysed
at 6, 15 and 24 days after the treatment with these nanoparticles.

© 2011 The Authors
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Fig. 2 Representative photomicrograph showing the characteristic features
of the bone cells stained with methyl green (A) control-unexposed to nano-
materials; (B) incubated with AgNPs; (C) SWCNTs; (D) HAP and (E) TiO2.

During the 24 hr incubation process, the nanoparticles appear
to have penetrated cells suggesting their possible location in the
cytoplasm and nucleus. Figure 2 shows the optical images of the

Fig. 3 The mineralized nodule formation of osteoblasts in
the presence of nanomaterials stained by alizarin red
stain. All samples were incubated with Osteo | and Il dif-
ferentiation media (cf. ‘Materials and methods’): (A) cells
without nanomaterials; (B) cells with AgNPs; (C) cells with
HAP, (D) cells with TiO2; (E) cells with SWCNTSs. (F) Effect
of nanomaterials type on the concentration of ARS stain
when osteoblastic bone cells were incubated in the pres-
ence of (20 wg/ml) of AgNPs, HAP, TiO2 and SWCNTs

Alizarin Red S. (mmolimg)
total protein

compared with the control samples. (G) SEM image of a
mineralization nests and (H) elemental analysis of the

J. Cell. Mol. Med. Vol 15, No 11, 2011

MC3T3-E1 cells before and after incubation with the four types of
nanomaterials used in this study. It is clearly seen that most of the
nanoparticles coalesce around the nucleus while some appeared
to penetrate and accumulate inside the nucleus. As a result, they
are expected to strongly interact with the various sub-cellular envi-
ronments and possibly produce significant genetic and functional
modifications.

Effect of nanomaterials on cell mineralization
in vitro

The formation of mineralized bone nodules is considered a
marker for the final stages of osteoblast differentiation and can
be analysed and quantified by staining fixed cell populations
with ARS. To demonstrate the value of alizarin red staining in
the observation of mineralized nodule formation, we have
imaged all the conditions up to 24 days of culture. Elution and
analysis of the ARS levels bound to the mineralized nodules

mineral nests by EDS indicating the specific elements that
are present in the mineral tissue. The experiments were
assessed on day 24. Alizarin red concentrations were
determined by comparing the samples ODa4os5 with a stan-
dard sample of 2 mM of ARS diluted with 1> ARS dilution
buffer and expressed as the concentration of the eluted
ARS normalized by the standard protein.

© 2011 The Authors
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Fig. 4 Effect of AgNPs on the concentration
of alizarin red stain as a function of time, 10°

cells were plated per 35 mm well with and
without AgNPs (20 p.g/ml) and incubated for
6, 15 and 24 days (A). The results were
derived from three experiments, with six cul-
tures for each variable in each experiment.
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Bars represent the concentration of the eluted
ARS stain which is normalized with the stan-
dard dye. (B) Actual stained Petri dishes with
alizarin red for control and the cell cultured
with AgNPs for 6, 15 and 24 days.
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Fig. 5 Effect of AQNPs on the ALP activity of
MC3T3-E1 cells. (A) Microscopic images
showing the enhanced level of ALP after 6
days after AgNP exposure. The cells were
stained by ALP double staining and the level

of the ALP enzyme was evaluated. (B)
Actual images of the ALP stained Petri
dishes for the control and the cells exposed
to AgNPs and cultured for 6 days.

(Fig. 3A-E) confirmed an enhanced matrix formation in the
osteoblast cell cultures that were exposed to the four types of
nanomaterials. The results showed that there was negligible
staining for the control cells grown in Osteo | and Il media
(unexposed to any nanoparticles) with only few areas of weak
alizarin red staining (Fig. 3A). The effect of enhanced mineral-
ization varied with the type of nanomaterials, with the AgNPs
having the most significant effect (Fig. 3F). Figure 3G and H
shows the SEM and elemental analysis (EDS) of the mineraliza-
tion nests, indicating the presence of Ca, P, O typical to miner-
alized structures.

Because the AgNPs induced the highest level of mineralization
(increase in both area and intensity of mineralized nodules) when
introduced into cell cultures, they were further used to investigate
the kinetics of mineral formation at several time periods (6, 15 and
24 days). Figure 4A and B shows a significant increase in the level
of alizarin red stain for the cells exposed to AgNPs when com-
pared to the control and the trend was found to increase as the
time progressed from 6 to 15 and 24 days of incubation. Figure 4B
shows the actual stained Petri dishes clearly indicating that the
cells exposed to AgNPs induced higher mineralization (darker red
colour) throughout the 24 days as compared to the controls.
Given its significant effect on mineralization, as compared to the
other conditions, only the AgNPs were used in further studies to
understand the role of the nanomaterials on ALP activity and gene
expression.
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Induction of alkaline phosphatase
activity by AgNPs

ALP is an enzyme commonly used as a marker for the calcification
level during the bone maturation process [42]. The effect of the
AgNPs on ALP activity and level was measured at various points
in time. The level of ALP was found to increase significantly when
the cells were exposed to AgNPs, as compared to the control sam-
ples, confirming the increased level of mineralization presented in
Figures 3 and 4. Figure 5 shows the increased level of ALP activ-
ity for the cells exposed to AgNPs for 24 hrs and further incubated
in fresh medium for 6 days.

Discussions

We suggest that certain marker morphogenetic proteins and/or
important transcriptional factors could be involved in the effects
observed in cells exposed to AgNPs. In order to identify the target
genes involved in activation of mineralization in response to
AgNPs, miRNA microarray analysis was performed. This assay
was recently used for identification of gene targets that are posi-
tive regulators of bone formation [34]. In our set of experiments,
miRNA assessment allowed us to determine structural and

© 2011 The Authors
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Table 1 Regulatory genes (transcriptional factors) and selected structural genes regulated by overexpression of miRNAs in control cells grown

in the presence of osteogenesis | and Il growth media

miRNA related to putative

YOI LG structural genes

Putative structural genes
(gene targets of miRNAs)

miRNA related to putative
transcription factors

Putative transcription factors
(gene targets of miRNAs)

6 None None

15 mir-874 BMP1
mir-142-5p; BMP2
mir-17 BMPR1B
mir-101a BMPR2
mir-17 CRIM1
mir-17

24 mir-345-5p BMP2
mir-497 BMPR1A
mir-361 BMPR2
mir-497 BMP8A

None None
mir-133; mir-142-5p DIx3
mir-300; let-7d Smad1
mir-17 Smad5
mir-497 Smadb

BMP1, BMP2, BMP8A: bone morphogenetic protein 1, 2, 8A, respectively; BMPR1A, BMPR1B: bone morphogenetic protein receptor, type 1A, type
1B, respectively; BMPR2: bone morphogenetic protein receptor, type 2; CRIM1: cysteine-rich transmembrane BMP regulator 1; DIx3: Distal-less
3 homeobox gene; Smad1 and Smad5: mothers against decapentaplegic transcription factor.

regulatory genes required for bone formation that were signifi-
cantly affected in control cultures of MC3T3-E1 cells, as well as
cultures that were exposed to AgNPs. We chose to detect miRNA
expression profiles on the same days that the phenotypic
response to AgNPs was determined (Fig. 4). Tables 1 and 2 show
selected up-regulated miRNAs and predicted gene targets, associ-
ated with particular miRNAs, in control cells and cells exposed to
AgNPs at the three time-points. Although several BMPs were
affected in the control cells due to the presence of osteogenesis
differentiation media, there was a delay of several days in miRNA
regulation of expression for a number of BMPs compared with the
AgNPs exposed cultures (Tables 1 and 2). Thus, no BMP gene
targets were detected on day 6 of culture in the controls, while a
large number of these multifunctional bone forming growth
factors were observed on day 6 in the AgNPs exposed cultures.
Additionally, the exposure of cells to AgNPs not only resulted in
the miRNA regulation of similar BMPs that were found in the con-
trol cultures, but also included several gene-target BMPs not
found in the controls; for example BMP3, BMP6, BMP7 and
BMP8B. BMP2 is a critical protein required to induce osteoblast
differentiation [35] and the AgNPs were found to induce expres-
sion of miRNAs associated with the gene that is responsible for
the production of this protein on day 6 of the experiment. We
suggest that significant changes in miRNAs that are related to the
regulation of BMPs in cells exposed to AgNPs play an important
role in the process of mineralization in these cells. The data pre-
sented in Tables 1 and 2 support our hypothesis. We found that
miRNA regulation of essential transcriptional factors involved in
osteoblast formation exhibited a similar trend that was docu-

© 2011 The Authors

mented for BMPs. The up-regulation of several miRNAs related to
transcription factors was delayed in control (unexposed) cells
compared to AgNPs-exposed cells (Tables 1 and 2). Regulation of
miRNAs that can affect Smad5 transcriptional factor appeared on
day 6 in AgNPs-exposed cells but not in control cells. The number
of transcriptional factors associated with bone formation such as
Runx2, DIx3, Msx2 were affected by correspondent miRNAs only
in cells exposed to AgNPs. Runx2 is a common target of trans-
forming growth factor g1 and BMP2, and cooperation between
Runx2 and Smad5 induces osteoblast-specific gene expression in
the pluripotent mesenchymal precursor cell line C2C12 [43].
Lee and his colleagues also showed that Runx2 was a major tar-
get of BMP2 in pluripotent mesenchymal cells and that osteoblast
specific gene expression was also dependent on the transcription
factor Smad>, an upstream regulator of Runx2 [37, 44]. Our data
(Tables 1 and 2) unequivocally indicated that AgNPs are not only
responsible for the miRNA regulation of expression of Smadi1/5
but also of Runx2. Both Runx2 and Smad1/5 are transcription fac-
tors essential for osteogenesis and activate bone-specific genes in
a synergistic way. The difference in the regulation of BMPs and
their transcription factors is most likely responsible for the differ-
ential Alizarin stain intensity observed in Figures 3 and 4.

The miRNA studies clearly show that the AgNPs have signifi-
cant effects on bone-specific genes or transcriptional factors
regulation through miRNAs inducing an enhanced formation of
bone morphogenic proteins with positive effects on the overall
minerals deposited by the cells. Although in this work we mostly
focused on the analysis of regulation of the genes and the tran-
scriptional factors affecting bone formation, the AgNPs were also
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Table 2 Regulatory genes (transcriptional factors) and selected structural genes regulated by overexpression of miRNAs in cells exposed to

osteogenesis | and Il growth media in presence of AgNPs

miRNA related to

Day of ex| { .
ay ol exposure putative structural genes

Putative structural genes
(gene targets of miRNAs)

miRNA related to putative
transcription factors

Putative transcription factors
(gene targets of miRNAs)

6 mir-374 BMP2
mir-374 BMP3
mir-29b BMPR1A
mir-721 BMPR1B
mir-721 BMPR2
mir-295; mir-374 CRIMA1

15 mir-124 BMP6
mir-325 BMP7
mir-16 BMP8A
mir-331-3p; mir-763 BMP8B
mir-503; mir-29b; mir-29c; BMPR1A
mir-16; mir-130a; mir-130b;  BMPR1B
mir-721; mir-381 BMPR2
mir-466d-3p; mir-101b; BMPER
mir-124 CRIMA1
mir-291a-5p; mir-742;
mir-153; mir-106b; mir-130a;
mir-130b; mir-721; mir-93;
mir-25; mir-92b; mir-19a;
mir-361; mir-351; mir-381
mir-466d-5p; mir-760;
mir-19a
mir-335-5p; mir-23b;
mir-16; mir-106b; mir-93;
mir-18a; mir-295; mir-302b

24 mir-141 BMP1

mir-130a; mir-130b Smad5
mir-325; mir-30b, mir-217;  Runx2
mir-466d-3p; mir-23b Msx2
mir-381 DIx3
mir-19a; mir-29¢ Smad1
mir-182; mir-291-5p; Smadb5
mir-30b

mir-130a; mir-130b; mir-721;
mir-224; mir-19a; mir-106b;

mir-93; mir-16; mir-291a-5p;

mir-23b

mir-384-p Runx2
mir-384p DIx3
mir-436 Smad5

Runx2: Runt domain transcription factor; Msx2: muscle segment 2 homeobox gene. See Table 1 for description of the other genes and transcrip-

tion factors.

found to affect a number of genes that are related to stress, cel-
lular assembly and organization, cellular function and mainte-
nance, cell to cell signalling and interaction, protein synthesis and
degradation, and carbohydrate metabolism (data not shown
here). The mechanisms by which the nanoparticles are inducing
these effects are still under investigation using a combination of
genomic, proteomic and bioinformatics approaches. Further
investigation of the ‘cross-talk’ between transcriptional factors
and BMPs in bone cells is important in order to understand the
processes by which nanoparticles, especially AgNPs, enhance
bone formation. To our knowledge, these are the first data indi-
cating that a large number of engineered nanomaterials play a
significant role in bone mineralization at the genomic level and
suggesting that other nanoparticles not evaluated in this study
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may also alter mineralization in these cells in a similar manner.
Although the use of nanomaterials for bone generation has been
previously reported, the major goal for these studies was mostly
to create nontoxic 3D nano-based scaffolds for cellular prolifera-
tion and tissue growth. In this work we show that the uptake of
the nanoparticles by bone cells was found to have a positive
effect on the overall mineralization level of these cells. As a result,
these results can be the foundation of a bone regeneration tech-
nological platform, in which antibody targeted nanoparticles can
be delivered in vivo to the osteoblast cells only and increase their
corresponding level of mineral formation. Such approaches could
find excellent applications in addressing medical conditions such
as osteoporosis, bone death or resorption without the need for
surgical interventions.

© 2011 The Authors
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Conclusions

A thorough evaluation of the effects due to various nanomaterials
on cell calcification and bone matrix formation in MC3T3-E1 bone
cells is very important, given the newly found nanoparticles—cells
interactions and the nanoparticles-induced enhanced extracellular
bone matrix formation. In this study, it was found that several
nanomaterials induced calcification of MC3T3-E1 cells with the
highest response being induced by the AgNPs. The enhanced mag-
nitude of the mineralization and ALP expression in the cells incu-
bated with AgNPs was significantly greater than the levels of the
enzyme analysed in the cells treated with the other nanomaterials
studied (SWCNTs, TiO2 and HAP). Alizarin red staining is still the
standard method to visualize mineralization in osteogenic cell cul-
tures. In the present study the number of the nodules formed in the
culture of bone cells treated with AgNPs was higher than those
induced by the other nanomaterials and untreated control cells. In
addition to these phenotypic responses, we found that the expo-
sure of cells to AgNPs affected genes responsible for osteogenic
differentiation. The miRNA analysis indicated that miRNA regula-
tion and expression of essential transcriptional factors and BMPs
played an important role in activating the process of mineralization
in bone cells exposed to AgNPs. To our knowledge, this is the first
report that describes the regulation of a specific developmental
activity by a nanomaterial resulting in a beneficial outcome.
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