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Background: Bone disorders (including osteoporosis, loosening of a prosthesis, and bone
infections) are of great concern to the medical community and are difficult to cure. Therapies are
available to treat such diseases, but all have drawbacks and are not specifically targeted to the
site of disease. Chitosan is widely used in the biomedical community, including for orthopedic
applications. The aim of the present study was to coat chitosan onto iron oxide nanoparticles
and to determine its effect on the proliferation and differentiation of osteoblasts.

Methods: Nanoparticles were characterized using transmission electron microscopy, dynamic
light scattering, x-ray diffraction, zeta potential, and vibrating sample magnetometry. Uptake of
nanoparticles by osteoblasts was studied by transmission electron microscopy and Prussian blue
staining. Viability and proliferation of osteoblasts were measured in the presence of uncoated
iron oxide magnetic nanoparticles or those coated with chitosan. Lactate dehydrogenase, alkaline
phosphatase, total protein synthesis, and extracellular calcium deposition was studied in the
presence of the nanoparticles.

Results: Chitosan-coated iron oxide nanoparticles enhanced osteoblast proliferation, decreased
cell membrane damage, and promoted cell differentiation, as indicated by an increase in alkaline
phosphatase and extracellular calcium deposition. Chitosan-coated iron oxide nanoparticles
showed good compatibility with osteoblasts.

Conclusion: Further research is necessary to optimize magnetic nanoparticles for the treat-
ment of bone disease.
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Introduction

Osteoporosis is characterized by low bone mass and microarchitectural deteriora-
tion of bone tissue, with a subsequent increase in bone fragility and susceptibility to
fracture.! Osteoporosis currently affects 10 million Americans and is responsible for
more than 1.5 million fractures annually, including hip, vertebral (spinal), wrist, and
other fractures.? The financial impact of osteoporosis is substantial, with annual direct
medical costs estimated at $17-$20 billion in the US alone.? Aging of the population
is expected to increase the prevalence of osteoporosis and the number of osteoporotic
fractures.’

The overall aim of treatment for osteoporosis prior to a fracture is to increase bone
strength and reduce the risk of fracture. The anabolic agent, parathyroid hormone,
and its analogs have been used to treat postmenopausal women with osteoporosis.**
Calcitonin and vitamin D have also shown some efficacy in reducing the risk of
fractures. Hormone replacement therapy and the bisphosphonate, etidronate, have also
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been reported to reduce the risk of fracture, but these stud-
ies are less rigorous.” In their lifetime, 30%-50% of women
and 15%-30% of men will suffer a fracture related to
osteoporosis.” In most cases, surgical intervention to repair
the fracture is required. Decreased bone mineral density cre-
ates difficulties relating to fracture reduction and fixation, as
well as healing.

Low bone density is not limited to osteoporosis. Other
conditions, such as loosening of a prosthesis after arthro-
plasty, are also caused by bone loss locally to the peripros-
thetic due to increased osteoclast activity and decreased
osteoblast activity.

Although the therapies discussed may have some effect on
low bone density, a limitation is the inability of most of these
agents such as bisphosphonates to increase bone growth.®
Bisphosphonates have even been shown to decrease the pro-
liferation of osteoblasts.®’ Therefore, effective bone-building
strategies will benefit patients with these conditions.

Iron oxide nanoparticles are the most commonly used
magnetic nanoparticles and their use shows promise in a
number of biomedical applications. The use of magnetic
nanoparticles for delivery of orthopedic drugs is also
promising. When an external magnetic field and field gradi-
ent are applied, active ingredients bound to or incorporated
in these particles are successfully carried to the desired site
with relatively high accuracy, minimum surgical interven-
tion, maximum dose, and avoidance of toxic side effects on
other organs.'*2

Chitosan is a deacetylated derivative of chitin, a natural
polymer found in the shells of crustaceans, and is structur-
ally similar to hyaluronic acid (extracellular matrix).'*!
The biomedical applications of chitosan have been studied
for over 40 years.!® The excellent properties of chitosan,
including its biocompatibility, bioactivity, biodegradability,
and nontoxic byproducts make it easy to functionalize for
biomedical applications.!*!> Previous research has shown
that chitosan supports the growth of osteoblasts.!* Recently,
the applications of chitosan in tissue engineering and drug
delivery systems have been investigated.!® Chitosan films,
gels, and porous sponge-like scaffolds have shown potential
in regenerative medicine.'>!7 A thin-film chitosan coat-
ing enhanced osteoblast growth on titanium substrates.'¢
Chitosan as a composite with calcium phosphate and
hydroxyapatite was used to coat a titanium substrate due to
its good biocompatibility.'®

Although the osteogenic properties of chitosan in tissue
engineering applications have been established,'* there are
to our knowledge no reports of the use of magnetic chitosan

nanoparticles in orthopedic disease or of chitosan-coated iron
oxide nanoparticles as a magnetic transport carrier. Due to the
promise shown by chitosan-coated magnetic nanoparticles in
the field of orthopedics, we investigated the interactions of
chitosan-coated iron oxide nanoparticles with osteoblasts in
terms of their possible application for treatment of orthopedic
diseases, including osteoporosis, prosthetic loosening, and
many other diseases.

The aim of this study was to determine the cytocompat-
ibility properties of chitosan-coated iron oxide nanoparticles
with osteoblasts. The data suggest that osteoblast prolifera-
tion and differentiation increased in the presence of chitosan-
coated iron oxide nanoparticles in vitro.

Materials and methods
Preparation of chitosan-coated and

uncoated iron oxide nanoparticles

Iron oxide nanoparticles were prepared in an aqueous
medium by addition of 5 mL ferric chloride (0.25 M) to 5mL
ferrous sulfate solution (0.25 M) and mixing. The solution
was stirred constantly for 20 minutes under a nitrogen atmo-
sphere at 45°C to remove any dissolved oxygen. Ammonia
(1 M, 40 mL) was then added and the mixture was stirred
constantly for a further 30 minutes until a precipitate formed.
This precipitate was washed four times with deionized water
to remove excess ammonia, leaving a brown precipitate. The
solution was mixed continuously and chitosan 0.2 mg/mL
was added. The pH was adjusted to 4.0 using phosphoric acid.
The solution was stirred constantly for a further 12 hours.
The nanoparticles were then separated using a permanent
magnet and washed four times with deionized water. The
precipitate was directly dried in a vacuum oven at 50°C for
20 hours. The dried sample was sterilized by autoclaving
prior to use.

Nanoparticle characterization

The size and shape of the iron oxide nanoparticles were
characterized using a transmission electron microscope
(TEM). A droplet of an aqueous dispersion of nanoparticles
was placed on a TEM copper grid, allowed to dry, and
examined under a Philips CM-120 TEM. Particle size dis-
tribution was measured using the dynamic light scattering
technique (Malvern Zetasizer Nano, Worcestershire, UK).
Iron oxide nanoparticles were dispersed in double-distilled
water by sonication at 25°C. A 2.42 refractive index and an
absorbance of 0.2 were used for size measurements. The
same apparatus was used to measure zeta potentials. X-ray
diffraction was performed on dried nanoparticle powders
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using a Siemens D500 (Siemens, Berlin, Germany) within
a 20 range of 20-80 degrees using Cu Ko radiation. The
magnetic properties of the dried nanoparticles were evalu-
ated using vibrating sample magnetometry (LakeShore 7040,
Westerville, OH) at room temperature.

Cell culture

Human osteoblasts (SV40, American Type Culture
Collection, Manassas, VA) were incubated under standard
cell culture conditions (37°C, humidified, 5% CO,/95% air
environment) in Dulbecco’s modified Eagle’s medium and
nutrient mixture F12 (Dulbecco’s modified Eagle’s medium/
F12 medium, Gibco, Grand Island, NY), supplemented with
10% fetal bovine serum (Hyclone, Logan, UT) and 1%
penicillin/streptomycin.

Interaction of osteoblasts

with nanoparticles under TEM

The SV40 human osteoblasts were incubated with chitosan-
coated and uncoated iron oxide nanoparticles 100 mg/mL to
study the uptake of the nanoparticles into osteoblasts. After
48 hours, the cells were washed twice with phosphate-buffered
solution and detached using 0.25% trypsin, washed and fixed
with 2% glutaraldehyde for 2 hours, and then washed twice
with phosphate-buffered solution. After treatment with
1% osmium tetroxide, the samples were dehydrated in a
graded alcohol series (25%, 50%, 75%, 95%, and 100%)
and infiltrated with epoxy resin. The cells were then centri-
fuged and the pellets were transferred into the epoxy resin.
After 48 hours of curing in an oven at 60°C, the samples
were sliced using a microtome. Thin sections were stained
with uranylacetate and lead citrate for examination by TEM
(CM-120, Philips, The Netherlands).

Prussian blue staining of magnetic

nanoparticles in cells

Intracellular iron oxide was visualized by Perls’ Prussian
blue staining. In brief, after incubation with nanoparticles
for 24 hours, the cells were washed with phosphate-buffered
solution to remove free nanoparticles. Osteoblasts were fixed
for 30 minutes in 4% paraformaldehyde. The cells were then
washed with phosphate-buffered solution and incubated
with potassium hexacyanoferrate solution (4% potassium
ferrocyanide/6% HCL, 1:1 v/v, Sigma, St Louis, MO) for
30 minutes. The cells were counterstained with 0.02%
neutral red (Sigma), and observed under an inverted optical
microscope.'®2!

Osteoblast proliferation

Osteoblast proliferation tests were conducted after one, 3,
and 6 days. Cells were grown in a 12-well plate at a density
of 4000 cells/cm? in the presence of chitosan-coated and
uncoated iron oxide nanoparticles 100 pug/mL, and a control
with no nanoparticles. Nanoparticles were sonicated before
being added to the 12-well plate. The cells were incubated
under standard conditions for one, 3, or 6 days, washed with
phosphate-buffered solution and stained with acridine orange
(Sigma). Cells were visualized and counted by fluorescence
microscopy.

Cell viability assay

The Cell Counting Kit-8 (CCK-8, Beyotime, China)
was employed to evaluate quantitatively the viability of
the osteoblasts, as described previously.?? Cell viability
tests were conducted at 72 hours. Briefly, approximately
8000 cells were seeded in each well of a 96-well plate for
12 hours. Chitosan-coated and uncoated iron oxide nano-
particles (20, 100, 300 pg/mL) were added to separate wells
and cocultured with osteoblasts. The cells were incubated
under standard conditions (37°C, humidified, 5% CO,,
95% air) for 48 hours before being subjected to a CCK-8
assay. The culture medium was removed and the cultures
were washed twice with phosphate-buffered solution.
Approximately 100 uL of serum-free Dulbecco’s modi-
fied Eagle’s medium and 10 pL of CCK-8 solution were
added to each well, and the plate was incubated at 37°C for
2 hours. The optical density at 450 nm was then determined
in wells using a microplate reader (Bio-Tek Instrument Inc,
Winooski, VT). Four duplicate samples were assayed for
each time point.

Lactate dehydrogenase assay

A commercial lactate dehydrogenase kit (Cayman Chemi-
cal Company, Ann Arbor, MI) was used to measure lactate
dehydrogenase activity in the culture medium. Lactate
dehydrogenase is a soluble enzyme located in the cytosol.
When apoptosis or necrosis occurs, lactate dehydrogenase
is released into the surrounding culture medium. Lactate
dehydrogenase activity is used for the measurement of
cytotoxicity as an indicator of cell membrane integrity.
After incubation with 200 pg/mL nanoparticles for 3 or
6 days, the lactate dehydrogenase activity in 100 UL culture
medium was assayed. The optical density at 490 nm was
then determined using a microplate reader. All procedures
were based on the protocols of the Cayman Chemical
Company.
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Osteoblasts were seeded on polystyrene substrates at a
density of 103 cells/cm? and cultured under standard condi-
tions for 7, 14, or 21 days. Chitosan-coated and uncoated
iron oxide nanoparticles 200 pg/mL were then added to
the cultures. The medium was replaced every other day.
At the end of each prescribed time period, the supernatant
was removed and the substrates were washed three times
with phosphate-buffered solution. The remaining osteo-
blasts were lysed using deionized water and three freeze-
thaw cycles.?® The supernatant lysates were transferred to
microtubes to determine intracellular protein synthesis.
The total intracellular protein content in the cell lysates
was determined using a commercially available kit (Pierce
Chemicals, Rockford, IL) and a spectrophotometer, fol-
lowing the manufacturer’s instructions. The absorbance at
595 nm of these samples was measured. Total protein syn-
thesized by the osteoblasts was determined from a standard
curve of absorbance versus known albumin concentrations
that was run in parallel with the experimental samples. The
total intracellular protein content was normalized to the
osteoblast-exposed substrate area.

Alkaline phosphatase activity assay

Alkaline phosphatase is a marker of early-stage differentia-
tion towards an osteoblast phenotype. Alkaline phosphatase
activity increases as primary cells begin to differentiate
towards the osteoblast phenotype, reaches its peak, and
then decreases as cells mature into active osteoblasts.?
Osteoblasts were seeded on polystyrene substrates at a den-
sity of 10° cells/cm? for 12 hours at 37°C. Chitosan-coated
and uncoated iron oxide nanoparticles (200 pg/mL) were
added to the cultures for 7, 14, or 21 days. At each time point,
the cell layers were washed with phosphate-buffered solu-
tion, harvested using 0.25% trypsin-ethylenediamine tetra-
acetic acid, and protein was extracted with 1% Triton X-100
(Sigma). After centrifugation, alkaline phosphatase activity
and total protein levels in the cell lysates were assayed by
addition of 100 UL of p-nitrophenylphosphate. The reaction
was stopped after 30 minutes by addition of 50 uL of 2 M
NaOH. Absorbance at 405 nm of the samples was then mea-
sured with a spectrophotometer (Bio-Tek Instruments Inc) to
quantify the amount of p-nitrophenol produced. A standard
curve of absorbance versus p-nitrophenol concentration
was generated and used to determine the p-nitrophenol
concentration in the samples. Alkaline phosphatase activity
values were normalized to total protein concentrations in
the lysate.***

Calcium deposition in extracellular

matrix

After 21 days of incubation with nanoparticles, osteoblast
lysates were removed from the substrates, and the remain-
ing extracellular matrix was treated with 0.6 M HCI at
room temperature for 24 hours. Calcium levels in the acidic
supernatants were quantified using a commercially avail-
able kit (Calcium Quantification Kit; Sigma), following the
manufacturer’s instructions. Absorbance of the samples at
575 nm was measured spectrophotometrically. Calcium levels
(ug/L) were calculated from standard curves of absorbance
versus known calcium concentrations measured in parallel
with the experimental samples. Calcium concentrations were
normalized to the substrate area and expressed as pg/cm?
Experiments were repeated four times.

Statistical analyses

Data are expressed as the mean + the standard error of the
mean. The results were analyzed using the Student’s 7-test,
and P values less than 0.05 were considered to be statisti-
cally significant.

Results

Nanoparticle characterization

TEM showed that most of the uncoated iron oxide nanopar-
ticles were sphere-like, with diameters of 6—12 nm (Figure 1).
Chitosan-coated iron oxide nanoparticles were very similar in
shape but larger, with most nanoparticles showing diameters
of 15-25 nm (Figure 2). The largest percentage of distribu-
tion size of these nanoparticles was 18 nm, and that of the

Figure | Transmission electron microscopic image of iron oxide nanoparticles.
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Figure 2 Transmission electron microscopic image of chitosan-coated iron oxide
nanoparticles.

chitosan-coated iron oxide nanoparticles was 35 nm as mea-
sured by dynamic light scattering (Figure 3). The average zeta
potential was 47.8 mV (Figure 4). The x-ray diffraction pat-
tern confirmed the existence of iron oxide in the final product
(Figure 5). According to the vibrating sample magnetometry
results, the chitosan-coated iron oxide nanoparticles showed
properties of superparamagnetic materials (Figure 6).

Interaction of osteoblasts

with nanoparticles under TEM

After incubation for 48 hours, uncoated iron oxide nanopar-
ticles were observed within osteoblasts (Figure 7). There was
an increased number of vacuoles in the cytoplasm, and the
nanoparticles were localized mostly to osteoblast organelles.
Karyopyknosis was observed in osteoblasts that contained a
large number of iron oxide nanoparticles in the cytoplasm.
In contrast, most chitosan-coated iron oxide nanoparticles
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Figure 3 Particle size distribution of iron oxide nanoparticles and chitosan-coated
iron oxide nanoparticles by dynamic light scattering.
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Figure 4 Zeta potential of nanoparticles by a Malvern Zetasizer Nano instrument.
(A) Uncoated iron oxide nanoparticles and (B) chitosan-coated iron oxide
nanoparticles.

were found outside cells, attached to the cell membrane
(Figure 8). This was expected, because chitosan-coated iron
oxide nanoparticles were larger and had a different surface
charge than the iron oxide nanoparticles.

Prussian blue staining

Prussian blue staining indicated that chitosan-coated iron
oxide nanoparticles had lower cellular uptake than did
uncoated nanoparticles (Figure 9).

Osteoblast proliferation

After culture for one day, osteoblast densities were similar
to that of the control. However, cell density increased sig-
nificantly when cocultured with chitosan-coated iron oxide
nanoparticles (100 pg/mL) after 3 and 6 days, compared with
the control (Figure 10).
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20 30 40 50 60 70
2 theta

Figure 5 X-ray diffraction results for synthesized nanoparticles. (A) Iron oxide
nanoparticles and (B) chitosan-coated iron oxide nanoparticles.
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Figure 6 Magnetization curves of chitosan-coated iron oxide nanoparticles as measured by vibrating sample magnetometry at room temperature. (A) Iron oxide nanoparticles

and (B) chitosan-coated iron oxide nanoparticles.

Cell viability assay

The CCK-8 assay was used to compare the viability of SV40
osteoblasts after 48 hours of incubation with iron oxide or
chitosan-coated nanoparticles (20, 100, and 300 pg/mL). As
shown in Figure 11, the osteoblast viability was not signifi-
cantly different when the concentration of chitosan-coated
nanoparticles increased from 20 pg/mL to 300 pg/mL when
cocultured with chitosan-coated nanoparticles. However,
decreased osteoblast viability was shown as the concentra-
tion increased from 100 pug/mL to 300 wg/mL when cocul-
tured with iron oxide nanoparticles. Moreover, osteoblasts
incubated with chitosan-coated nanoparticles showed higher
osteoblast viability than uncoated nanoparticles at concen-
trations of 100 ug/mL and 300 pg/mL. This may have been
due to internalization of more nanoparticles, resulting in
apoptosis as shown by TEM.

Lactate dehydrogenase assay

The lactate dehydrogenase assay is a convenient method for
evaluation of cell damage, as indicated by lactate dehydro-
genase release from the cytosol of lysed cells. The lactate

dehydrogenase results (Figure 12) were consistent with those
of the CCK-8 assay. There was no significant difference
between the iron oxide and the control groups. However,
the absorbance values of the chitosan-coated iron oxide
nanoparticles were much lower than those of the controls,
suggesting less cell membrane damage.

Total intracellular protein

Total intracellular protein levels are shown in Figure 13. After
7, 14, and 21 days, intracellular protein levels of osteoblasts
incubated with chitosan-coated iron oxide nanoparticles were
higher than those of both osteoblasts incubated with uncoated
iron oxide nanoparticles and the control at each time point.
There was no significant difference in intracellular protein
levels in osteoblasts incubated with uncoated iron oxide nano-
particles compared with the control after 14 and 21 days.

Alkaline phosphatase activity assay

Chitosan-coated magnetic nanoparticles 200 pg/mL showed
significantly higher alkaline phosphatase activity compared
with the control after 7 and 14 days (Figure 14). Coculture with

Figure 7 Transmission electron micrographs of Fe,O, nanoparticle uptake by
osteoblasts.

Figure 8 Transmission electron micrographs of chitosan-coated Fe,O, nanoparticles
attached to cell surfaces.
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Figure 9 Prussian blue staining of iron in osteoblasts. Osteoblast SV40 incubated
with chitosan-coated iron oxide nanoparticles (A) and uncoated iron oxide
nanoparticles (B) at a concentration of 200 ug/mL for 24 hours.

Note: Scale bar 50 um.

chitosan-coated magnetic nanoparticles resulted in significantly
enhanced alkaline phosphatase activity at all time points com-
pared with iron oxide nanoparticle coculture. This may have
been due to induction of apoptosis and necrosis by the large
number of nanoparticles internalized in osteoblasts.

Extracellular calcium deposition

Calcium deposition by osteoblasts on culture plates was
detected after 21 days of culture (Figure 15). Generally, signifi-
cantly higher amounts of calcium were deposited by osteoblasts
when incubated with chitosan-coated iron oxide nanoparticles
compared with the control. More calcium deposition was shown
at the concentration of 300 pg/mL than 20 pg/mL when incu-
bated with chitosan-coated nanoparticles. However, this was
not the case in the uncoated nanoparticle group.

Discussion

In this study, we created chitosan-coated iron oxide nano-
particles to establish new approaches to treatment of low
bone mineral density (such as osteoporosis and the loosening
of prostheses) and to develop a new drug delivery system for
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Figure 10 Osteoblast density in the presence of magnetic nanoparticles after one,
3, and 6 days of culture.

Notes: Nanoparticle concentration was 100 ug/mL. Data are shown as the mean +
standard error of the mean (n = 4). *P < 0.05 compared with control samples.
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Figure 11 Cell viability of SV40 osteoblasts incubated with different concentrations
of nanoparticles after 3 days.

Notes: Data are shown as the mean + standard error of the mean (n = 4). *P < 0.05
compared with the Fe,O, group.
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Figure 12 Lactate dehydrogenase assay of osteoblasts incubated with chitosan-
coated iron oxide nanoparticles and iron oxide nanoparticles (200 pg/mL) for 3 days
and 6 days.

Notes: Data are shown as the mean + standard error of the mean (n = 4). *P < 0.05
compared with control samples.
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Figure 13 Intracellular total protein synthesis of osteoblasts incubated with
chitosan-coated iron oxide nanoparticles and iron oxide nanoparticles (200 pig/mL)
for 7, 14, and 21 days.

Notes: Data are shown as the mean + standard error of the mean (n = 4). *P < 0.05
compared with control samples. Osteoblast seeding density was 100,000 cells/cm?.

International Journal of Nanomedicine 2012:7

submit your manuscript

5599

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Shi et al

Dove

-
4]
]

EE 7 days
E= 14 days
E3 21 days

-
o
1

)]
1

[T TA AT AR

ALP/protein/area (pmol/pg/cm?)

o
I

Figure 14 Alkaline phosphatase activity of osteoblasts after 7, 14, and 2| days of
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Notes: Data are shown as the mean + standard error of the mean (n = 4). *P < 0.05
compared with control samples at the same time point; **P < 0.05 compared with
the chitosan-coated nanoparticles at the same time point.

orthopedic applications. Using an external magnetic field,
these magnetic nanoparticles can be directed to the desired site
of bone formation. The nanoparticle is a core-shell material; it
is a combination of magnetically controllable iron oxide and
the cytocompatible material chitosan, resulting in a targetable
therapeutic. In the present study, chitosan-coated iron oxide
nanoparticles promoted cell proliferation and enhanced sev-
eral important osteoblast markers of differentiation, including
alkaline phosphatase activity and calcium deposition.
Surface treatments, including improvement of surface
chemistry, surface energy, and surface topography, enhance
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Figure 15 Extra cellular calcium deposition in the presence of nanoparticles of
different concentrations after 2| days of culture.

Notes: Data are shown as the mean * standard error of the mean (n =4). *P < 0.05
compared with control samples at the same time point.

osteoblast responses.*** Of these, the contribution of surface
topography is the greatest.* Surface nanocrystallization has
been shown to optimize the surface topography,?’ and research
has demonstrated its enhancement of osteoblast adhesion,
proliferation, and differentiation.?® Chitosan-coated nanopar-
ticles have a large surface area to volume ratio, which benefits
osteoblast adhesion. Adhesion of chitosan-coated nanoparticles
to the cell membrane was observed by TEM in this study.

Also, the majority of the chitosan-coated iron oxide nano-
particles was extracellular and attached to the membrane, while
the uncoated nanoparticles were predominantly intracellular.
Tran and Webster attributed this phenomenon to the differ-
ent particle sizes, and our results were consistent with these
findings.”> However, it is also possible that surface charge
contributes to this phenomenon. Osaka et al reported a cor-
relation between surface charge and cellular uptake efficiency
into different cell lines.?” Nanoparticles with a positive charge
have been shown to have a higher internalization rate in human
breast cancer cells compared with those with a negative charge.
However, the degrees of internalization of positively charged
and negatively charged nanoparticles into human umbilical
vein endothelial cells were similar. Chitosan coating alters the
surface charge of iron oxide nanoparticles.’*32

Coculture with chitosan-coated iron oxide nanoparticles
increased osteoblast proliferation, viability, and differentiation.
The mechanisms underlying these effects are still under
investigation. Mathews et al found that chitosan enhanced
mineralization significantly during osteoblast differentiation
of human bone marrow-derived mesenchymal stem cells by
upregulating the expression of associated genes, such as colla-
gen type 1 alpha 1, integrin-binding sialoprotein, osteopontin,
osteonectin, and osteocalcin.'* Another plausible hypothesis is
that protein adsorption on nanophase surfaces and nanopar-
ticles differs from that on conventional surfaces." Adhesive
dots less than 73 nm in diameter improved cell attachment
and spreading, and dramatically increased the formation
of focal adhesion and actin stress fibers.* Webster et al
showed that in the serum environment, there was increased
vitronectin adsorbed to nanophase surfaces of alumina.*
Vitronectin is considered to be a significant protein impor-
tant for osteoblast adhesion.*

Iron oxide nanoparticles showed satisfactory cytocompat-
ibility at low concentrations. It has been postulated that inter-
actions between the nanoparticle charges on the cell surface
may enhance the metabolic activity of the cell.'*** However,
as the concentration increased to 300 pg/mL, cytotoxicity was
shown in terms of both proliferation and differentiation. This
may have been due to the increased internalization of iron
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oxide nanoparticles by osteoblasts, which induced apoptosis.
This phenomenon was also observed by TEM. However, no
concentration-dependent internalization of chitosan-coated
nanoparticles was observed, and this is the desired result, given
that there will be less dosage restrictions in clinical practice.

The aim of this study was to facilitate understanding
of the use of magnetic nanoparticles for the treatment of
osteoporosis and loosening of prostheses. Furthermore,
chemotherapeutic compounds (eg, antibiotics) can be loaded
into chitosan-coated nanoparticles; the magnetic properties
of these nanoparticles can be utilized to target the infective
focus, resulting in a high drug concentration at the appropriate
site. Thus, the success of such a treatment requires that the
particles are cytocompatible with osteoblasts. Therefore, it is
encouraging that our data suggest chitosan-coated iron oxide
nanoparticles have satisfactory proliferative and differential
effects on osteoblasts. These results are promising, but further
in vivo and in vitro investigations of the efficacy and safety
of magnetic nanoparticles are necessary to optimize their use
in various orthopedic applications.

Conclusion

Uncoated and chitosan-coated iron oxide nanoparticles were
synthesized and characterized by TEM, dynamic light scat-
tering, x-ray diffraction, zeta potential, and vibrating sample
magnetometry. Osteoblast proliferation, viability, and differen-
tiation were assayed in the presence of uncoated and chitosan-
coated iron oxide nanoparticles. The results indicate that
chitosan-coated iron oxide nanoparticles enhanced osteoblast
viability. Most importantly, coculture of chitosan-coated nano-
particles with osteoblasts showed improved differentiation,
as indicated by higher alkaline phosphatase activity and
extracellular calcium deposition compared with the controls.
These data suggest the potential of chitosan-coated magnetic
nanoparticles to increase bone growth at bone defect sites, and
this should be the subject of further research.
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