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Biomimetic approaches are widely used in scaffolding designs to enhance tissue regeneration. In this study, we
integrated noncollagenous proteins (NCPs) from bone extracellular matrix (ECM) with three-dimensional nano-
fibrous gelatin (NF-Gelatin) scaffolds to form an artificial matrix (NF-Gelatin-NCPs) mimicking both the nano-
structured architecture and chemical composition of natural bone ECM. Through a chemical coupling process,
the NCPs were evenly distributed over all the surfaces (inner and outer) of the NF-gelatin-NCPs. The in vitro
study showed that the number of osteoblasts (MC3T3-E1) on the NF-Gelatin-NCPs was significantly higher than
that on the NF-Gelatin after being cultured for 14 days. Both the alkaline phosphatase (ALP) activity and the
expression of osteogenic genes (OPN, BSP, DMP1, CON, and Runx2) were significantly higher in the NF-Gelatin-
NCPs than in the NF-Gelatin at 3 weeks. Von Kossa staining, backscattered scanning electron microscopy, and
microcomputed tomography all revealed a higher amount of mineral deposition in the NF-Gelatin-NCPs than in
the NF-Gelatin after in vitro culturing for 3 weeks. The in vivo calvarial defect study indicated that the NF-
Gelatin-NCPs recruited more host cells to the defect and regenerated a higher amount of bone than the controls
after implantation for 6 weeks. Immunohistochemical staining also showed high-level mineralization of the bone
matrix in the NF-Gelatin-NCPs. Taken together, both the in vitro and in vivo results confirmed that the incorpo-
ration of NCPs onto the surfaces of the NF-Gelatin scaffold significantly enhanced osteogenesis and mineralization.
Biomimetic engineering of the surfaces of the NF-Gelatin scaffold with NCPs, therefore, is a promising strategy
to enhance bone regeneration.

Introduction

The biomimetic approach is one of the most important
strategies of scaffolding design for tissue regeneration.1–5

Several technologies, such as electrospun and molecular self-
assembly, have been developed to prepare synthetic nano-
fibrous scaffolds that mimic the nano-structured architecture
of natural extracellular matrix (ECM).6–10 Due to the sim-
plicity and capability of use for a variety of natural and
synthetic biomaterials, electrospun is the most widely used
method to fabricate nanofibrous matrices.7,8 However, this
technique typically forms two-dimensional (2D) sheets, and
is difficult to make three-dimensional (3D) scaffolds with a
well-defined pore size and geometry, which is considered to
be crucial for facilitating cell distribution and guiding tissue
regeneration.11,12 Molecular self-assembly is a useful tool to

fabricate supramolecular architectures, and many biomole-
cules (e.g., peptides and proteins) have been reported to self-
assemble into hydrogels with a nanofibrous structure.13–15

Although molecular self-assembly is a fairly new method for
the formation of nano-structured scaffolds, the mechanical
property of the self-assembled hydrogels is very low, which
limits its applications to tissue regeneration. Using a ther-
mally induced phase separation combined with particle
leaching technique, we recently prepared 3D nanofibrous
gelatin (NF-Gelatin) scaffolds with high surface areas, high
porosities, well-interconnected macropores, and nanofibrous
pore wall structures.16 The NF-Gelatin scaffolds mimic both
the chemical composition and physical architecture of natu-
ral collagen (the most abundant organic component of the
ECM in many tissues) and have been demonstrated to be a
promising scaffold for bone tissue regeneration.17
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In natural bone ECM, there are noncollagenous proteins
(NCPs), which include, but are not limited to, bone sialoprotein
(BSP), osteopontin (OPN), dentin sialophosphoprotein (DSPP),
matrix extracellular phosphoglycoprotein (MEPE) and dentin
matrix protein 1 (DMP1). Recent studies have indicated that
these NCPs play a significant role in osteogenesis and miner-
alization.18–21 For example, DMP1 is highly expressed in os-
teocytes and, when deleted in mice, causes defective osteocyte
maturation, leading to pathological changes in bone minerali-
zation.22 In a subcutaneous transplantation mice model, DMP1
has been shown to induce the generation of dental pulp-like
tissue when combined with dental pulp stem cells and a col-
lagen scaffold.23 However, to date, little is known about the
effects of these NCPs on bone tissue regeneration.

In this work, we developed a surface-engineering technique
to incorporate the NCPs onto the nanofibrous surfaces of the
3D gelatin scaffolds. The NCP-modified NF-Gelatin scaffold
mimics both the nano-fibrous architecture and chemical
compositions of the natural ECM of bone. We hypothesize
that the novel biomimetic scaffold will promote bone tissue
formation and mineralization, resulting in the generation of
bone with a better quality than the NF-Gelatin scaffolds alone.
For the in vitro study, we select MC3T3-E1 preosteoblasts
because MC3T3-E1 is the most widely accepted cell line for
the study of osteoblasts adhesion, proliferation, differentia-
tion, and biomineralization in 3D scaffolds. Furthermore,
in vivo experiments were performed to evaluate this surface-
engineered biomimetic scaffold.

Materials and Methods

Materials

Gelatin (type B, from bovine skin, *225 Bloom) was
purchased from Sigma Chemical Company. N-hydroxy-
succinimide (97%) (NHS) and (2-(N-morpholino) ethane-
sulfonic acid) hydrate (MES) were purchased from Aldrich
Chemical. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) was purchased from Pierce Bio-
technology. Ethanol, hexane, cyclohexane, and 1,4-dioxane
were purchased from Fisher Scientific.

Extraction of NCPs

NCPs were extracted from the long bones of 6-week-old
rats (Sprague Dawley, Harlan) as previously described.24

Briefly, the long bones of the rats were dissected and frozen
in liquid nitrogen to be crushed into small pieces, which were
further ground into powders. The non–mineral-associated
proteins and cells inside the bone powder were removed
using 200 mL guanidine hydrochloride (Gdm-HCl, 4 M) in a
sodium acetate (50 mM) solution. Next, a 4M Gdm-HCl/
0.5 M EDTA solution (200 mL) with a proteinase inhibitor
cocktail (50 mM 6-amino-n-caproic acid, 25 mM benzamidine
HCl, 0.5 mM N-ethylmaleimide, and 0.3 mM PMSF) was
added to release the proteins in the mineral matrix for 2 days.
The extract was clarified by centrifugation at 10,000 g for
30 min. The protein solution was dialyzed using 10-kDa di-
alysis cassettes (Pierce) in 4�C cold water for 3 days. The
dialysized solution was freeze-dried to obtain the NCPs. The
complete compositions of the NCPs are still unclear to date.
However, it is generally accepted that the NCP mixture
mainly includes DMP1, DSPP, BSP, OPN, osteonectin, and

several bone matrix proteoglycans.19,25 The proteins are
predominantly from 10 to 300 kDa.19 All staining results
showed that OPN, DMP1, and BSP are rich in this mixture
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/tea). The presence of OPN,
DMP1, and BSP was confirmed by western blot analyses
using specific antibodies.24

Preparation of fluorescein
isothiocyanate-labeled NCPs

The NCPs (50 mg) and fluorescein isothiocyanate (FITC;
10 mg) were dissolved in borate buffer (10 mL, pH 9.5) at
37�C. The FITC solution was then mixed with the NCP so-
lution and incubated in darkness at 37�C for 24 h. The re-
acted mixture was extensively dialyzed against distilled
water. The water was changed every 12 h for 4 days until no
free FITC was detected in the dialyzing water. The FITC-
conjugated NCP solution was freeze-dried and stored in
darkness at 4�C for further use.

Surface modification of NF-Gelatin
scaffolds with NCPs

NF-Gelatin scaffolds were fabricated as previously de-
scribed.16 Briefly, paraffin spheres (0.40 g, 250–420mm) were
pretreated in Teflon molds at 37�C for 40 min. Gelatin (2.0 g)
was dissolved in water (10 mL) and ethanol (10 mL) solvent
mixture at 45�C, and this solution was cast onto the paraffin
sphere assembly. The gelatin solution in the paraffin assembly
was then phase-separated at - 76�C for at least 4 h. After
leaching the paraffin and solvent exchange, the scaffolds were
freeze-dried and cut to the required size (5.0 mm diameter and
1.5 mm thickness). To couple the NCPs with NF-Gelatin
scaffolds, the NCPs (5 mg) were first dissolved in 5 mL MES
buffer (pH 5.3, 0.05 M). NF-Gelatin scaffolds (50 mg) were
added to the NCP solution, and they were crosslinked using
EDC and NHS at 4�C for 24 h. To maintain the nanostructure
and the swelling of the gelatin scaffold, acetone/water (90/10,
v/v) solvent mixtures were used during the crosslinking
process. Glycine was added to block the unreacted groups,
and the scaffolds were washed 3 times with distilled water at
37�C. The scaffolds were freeze-dried for 3 days and then
stored in a desiccator for later use. The unreacted NCPs in the
solution were concentrated and measured using a MicroBCA
protein assay (Pierce). The amount of NCPs coupling with the
NF-Gelatin scaffold, therefore, was obtained by subtracting
the unreacted NCPs from the total NCPs in the solution. To
visualize the distribution of NPCs inside the NF-Gelatin
scaffolds, FITC-labeled NPCs were used for the crosslinking
reaction. As a control, NF-Gelatin scaffolds were prepared
under the same conditions except that no NCPs were added
during the crosslinking process.

Mechanical test

The compressive modulus of scaffolds was measured using
a mechanical tester (TestResources). Scaffolds were incubated
in water for 24 h before the test. Before the test, the scaffolds
were taken out and the excess water on the surface of the
scaffolds was gently blotted with a filter paper. The com-
pressive modulus was measured as reported previously.16,17

All the samples were circular discs (16 mm in diameter and
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2 mm in thickness). The specimens were compressed at a
crosshead speed of 0.5 mm/min and the stress vs. strain curve
was recorded. The modulus was calculated as the slope of the
linear portion of the stress–strain curve. The averages and
standard deviations (SDs) were reported (n = 6).

Cell culture and seeding on scaffolds

The MC3T3-E1 cells were cultured in a supplemented a-
minimum essential medium (MEM) with 10% fetal calf serum
(Gibco), including several reagents (100 U/mL glutamine,
100 U/mL penicillin, 100 U/mL streptomycin, 50mg/mL
ascorbic acid, 10 mM b-glycerophosphate) in a humidified
incubator at 37�C with 5% CO2. During cell culture, most of
the MC3T3-E1 exhibited a spindle-like shape with extended
cytoplasmic processes. The cell morphology of the MC3T3-E1
remained stable for at least 10 passages, and passages 4–5 were
used for this study. Gelatin scaffolds were sterilized with 70%
ethanol for 2 h. The scaffolds were washed three times (30 min
each) with phosphate-buffered saline (PBS; Invitrogen) to
remove the residual ethanol. After that, the scaffolds were
washed twice with a-MEM containing 10% fetal bovine serum.
The cells (5 · 105) were seeded on each scaffold in a seeding
tray. After 0.5 h, the cell–scaffold constructs were removed
from the seeding trays and transferred into 12-well tissue cul-
ture plates containing 2 mL of complete medium in each well.
The constructs were cultured on the orbital shaker at 80 rpm in
a humidified incubator at 37�C with 5% CO2. The medium was
changed every other day. At 7 and 14 days after cell seeding,
the amount of total DNA on the scaffolds was measured.

DNA assay

The amount of cells on the scaffolds was determined using
a DNA assay kit (BioTek USA). The cell–scaffold constructs
were homogenized in 1 mL of DNA assay buffer (Sigma)
using a homogenizer. One milliliter of cell lysis buffer was
added, and the samples were incubated at 37�C for 1 h. The
cell lysis was spun down at 5000 g for 5 min. The total DNA
was quantified using a fluorescence assay with Hoechst
33258 dye according to the manufacturer’s instructions.

Scanning electron microscopy observation

Scanning electron microscopy (SEM) observation was
performed as described earlier.26 For resin-casted examina-
tion, the samples were dissected and fixed in 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer containing 0.05%
tannic acid. The tissue specimens were dehydrated in as-
cending concentrations of ethanol (from 70% to 100%), em-
bedded in methyl methacrylate, and then surface polished
using 1mm and 0.3 mm Alpha Micropolish Alumina II
(Buehler) on a soft-cloth rotating wheel. The bone surface
was acid etched with 37% phosphoric acid for 2–10 s, fol-
lowed by 5% sodium hypochlorite for 5 min. The samples
were coated with gold and palladium and examined using
an FEI/Philips XL30 Field-Emission Environmental SEM at
10 kV as described previously.26

Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity was detected using a
TRACP & ALP Kit (Takara) according to the manufacturer’s
protocol. The scaffolding construct was washed with PBS,

and the cells on the scaffold were homogenized in 1 mL lysis
buffer supplied with the kit. The lyses were centrifuged at
10,000 g and 4�C for 15 min. Supernatant was collected, and
the absorbance was measured at 405 nm. The amount of ALP
in the cells was normalized against total protein content.

Real-time reverse transcription–polymerase
chain reaction

The total mRNA from the cells was extracted using
Trizol (Invitrogen). First-strand cDNA was synthesized
using a QuantiTect Rev Transcription Kit (Qiagen). The
sequences of the specific primer sets were the following:
ALP (sense 5¢-ACGTGGCTAAGAATGTCATC-3¢; anti-
sense 5¢-CTGGTAGGCGATGTCCTTA-3¢); DMP1 (sense
5¢-TGGGGATTATCCTGTGCTCT-3¢; antisense 5¢-TACTTC
TGGGGTCACTGTCG-3¢); osteocalcin (sense 5¢-CATGA
GAGCCCTCACA-3¢; antisense 5¢-AGAGCGACACCCTA
GAC-3¢); OPN (sense, 5¢-GGTGATAGCTTGGCTTATGG
ACTG-3¢; antisense, 5¢-GCTCTTCATGTGAGAGGTGAGG
TC-3¢); and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; sense 5¢-AGCCGCATCTTCTTTTGCGTC-3¢; an-
tisense 5¢-TCATATTTGGCAGGTTTTTCT-3¢). The mean val-
ues from triplicate analyses were compared. The quantitative
reverse transcription–polymerase chain reaction (qRT-PCR)
was performed using Brilliant SYBR Green QPCR Master Mix
(Applied Biosystems) and the Bio-rad Real-Time PCR Detec-
tion System (Bio-Rad). The PCR conditions were initial de-
naturation at 95�C for 10 min, followed by 45 cycles of 95�C
for 30 s, 60�C for 1 min, and 72�C for 30 s. The levels of genes
in the experimental group were expressed as fold changes
relative to the level in the control group.

X-ray radiography and microcomputed tomography

The in vitro cultured scaffolds were analyzed by X-ray ra-
diography (Faxitron) and a m-CT35 imaging system (Scanco
Medical). The microcomputed tomography (m-CT) analysis is
a high-resolution scan (3.5mm slice increment) of the scaffold
(5 mm diameter, 1.5 mm thick). The data acquired from the
high-resolution scans were used for quantitative analyses. The
quantitative CT parameter bone volume (BV), total volume
(TV), and bone volume to total volume ratio (BV/TV) were
obtained and analyzed using the Scanco software.

Histology analysis

After 3 weeks of culturing, the scaffolds were rinsed with
PBS and fixed with 4% paraformaldehyde. To prepare the
undemineralized sections, the specimens were embedded in
methylmethacrylate and cut in 10-mm-thick sections using a
Leica rotary microtome (Leica). Using a von Kossa Kit
(Polysciences), the undemineralized sections were stained by
von Kossa staining to compare the quantity of calcified bone
matrix according to the manual.

Surgical procedures

A total of 30 male rats (6 weeks, Sprague Dawley; Harlan)
were used for this study. The rats were evenly divided into
three groups: (a) NF-Gelatin-NCPs; (b) NF-Gelatin; and (c)
empty control. All animals were anesthetized by intramus-
cular injection of xylazine/ketamine and submitted to tri-
chotomy of the frontoparietal region of the head, vigorous
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disinfection with iodophor alcohol, and isolation of the sur-
gical area. An incision (1.5 cm) was made in the skin of the
skull with a surgical knife in order to expose the cranial bone
surface of the region. The periosteum was stripped. Using a
surgical trephine measuring 5 mm in diameter, a central per-
foration was created in the skull bone under abundant and
continuous irrigation with physiological saline. The defects
were filled with NF-Gelatin-NCPs and NF-Gelatin scaffolds,
respectively. The stripped periosteum was placed in position
and closed with sutures. Six weeks after surgery, the animals
were euthanized and the skulls were harvested for m-CT,
histological, and immunohistochemistry examination.

Radiographic procedures

The animals were sacrificed by injection of an overdose of
the anesthetics. The skullcap of each animal with overlying
skin was removed and immediately placed in 4% PFA in
phosphate buffer (pH = 7.4). After fixation for 1 week, the
specimens were measured by the m-CT imaging system
mentioned above.

Histological procedures

The specimens were demineralized in 10% EDTA for 3
weeks in a 4�C refrigerator. The specimens were sequentially
washed under water, dehydrated in ethanol, cleared in xy-
lene, and embedded in paraffin. The specimens were cut in
the laterolateral direction into alternating 5-mm-thick sections
and stained with hematoxylin–eosin for histological exami-
nation. For immunohistochemistry staining, rehydrated sec-
tions were pretreated with hyloronadase solution for 60 min
and incubated with primary antibody for 1 h. For the de-
tection of DMP1, anti-DMP1-C-8G10.3 antibodies27 were
used at a dilution of 1:800. To identify BSP and OPN, anti-
bodies were used at a dilution of 1:500, and to distinguish
BSP, anti-BSP-10D9.2 monoclonal Ab24 was used at dilution
of 1:400. To detect OPN, the anti-OPN monoclonal Ab (Santa
Cruz Biotechnology) was used at a dilution of 1:400. Since
osterix (OSX) is a zinc finger-containing transcriptional factor
that is essential for osteoblast differentiation and bone for-
mation, we also included it in the immunohistochemical
staining study. For the detection of OSX, the anti-sp7/ OSX
rabbit polyclonal Ab (Abcam) was used at a dilution of 1:400.
All immunohistochemistry experiments were performed
with an ABC kit and DAB kit (Vector Laboratories, Inc.)
according to the manufacturer’s instructions.

Statistical analysis

All data are presented as mean – SD. To test the signifi-
cance of the observed differences between the two groups, an
unpaired Student’s t-test was applied. A value of p < 0.05 was
considered to be statistically significant.

Results

Preparation and characterization
of NF-Gelatin-NCPs scaffolds

NF-Gelatin scaffolds were fabricated by combining a
thermally induced phase separation and porogen leaching
technique.16 The NF-Gelatin scaffold had a high inter-
connected macroporous structure (Fig. 1a) and nanofibrous

architecture of pore walls (Fig. 1b). The diameter of the NF-
Gelatin nanofibers ranged from 50 to 500 nm, which is the
same as that of natural collagen fiber bundles. Using a che-
mical coupling process, the NCPs were successfully conju-
gated onto the surfaces of the NF-Gelatin scaffolds, as
indicated by the spectrum of ATR-FTIR (Supplementary Fig.
S2) and the confocal images (Figs. 1c, d). The confocal images
of the NF-Gelatin-NCP scaffolds further showed that the
NCPs (labeled with FITC) were distributed evenly over the
entire (both outer and inner) scaffold surfaces. Under our
experimental conditions, the amount of NCPs on the surfaces
of the NF-Gelatin-NCPs was a 26 – 8 mg/mg scaffold. A
higher amount of NCPs could be deposited onto the surface
of the NF-Gelatin by increasing the concentration of NCPs
during the coupling reaction (data not shown). In wet
state, both the NF-Gelatin and NF-Gelatin-NCP scaffolds
retained their original sizes of the dry state and had simi-
lar compressive modulus (26.1 – 4.7 kPa [NF-Gelatin] vs.
25.4 – 5.2 kPa [NF-Gelatin-NCPs]), indicating that the sur-
face coupling process did not affect the mechanical property
of the NF-Gelatin-NCPs scaffolds (Fig. 2).

Cell adhesion, proliferation, and differentiation
on NF-Gelatin/NF-Gelatin-NCPs scaffolds

More MC3T3-E1 osteoblasts attached on the NF-Gelatin-
NCPs than on the NF-Gelatin scaffold 1 day after cell seeding
( p < 0.05) (Fig. 3). At day 14, the DNA amount on the NF-
Gelatin-NCPs (25.9 – 4.3 mg/scaffold) was more than 54.2%
higher than on the NF-Gelatin (16.8 – 4.8 mg/scaffold),

FIG. 1. Characterization of noncollagenous protein (NCP)-
modified nanofibrous gelatin (NF-Gelatin) scaffolds. (a) Scan-
ning electron microscopy (SEM) image of a three-dimensional
NF-Gelatin scaffold, overview; (b) high magnification of the
NF-Gelatin scaffold, showing the nanofibrous architecture of
its pore walls; (c, d) confocal image of the NF-Gelatin scaffold
after coupling with fluorescein isothiocyanate-labeled NCPs.
Image (c) was taken from the outermost edge of the scaffold,
and image (d) was taken from the inner surface of the scaffold
(*400mm from the outside surface). Both (c) and (d) show that
the NCPs were distributed evenly over the surfaces of the entire
scaffold. Color images available online at www.liebertpub
.com/tea
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indicating that the cells on the NF-Gelatin-NCPs had a
higher proliferation rate than on the NF-Gelatin scaffold. The
ALP activity increased in both groups from 1 to 3 weeks
(Fig. 4). At each time point, the NF-Gelatin-NCPs group al-
ways showed significantly higher ALP levels compared to
the NF-Gelatin group. The expression of the genes (OPN,
BSP, DMP1, CON, and Runx2) associated with the osteo-
blastic differentiation was examined using real-time PCR on
both the NF-Gelatin-NCPs and NF-Gelatin at 3 weeks. Re-
peated experiments showed that the expression levels of all
these genes were significantly higher in the NF-Gelatin-NCPs
than in the NF-Gelatin, indicating that the incorporation of the
NCPs onto the surfaces of the NF-Gelatin enhanced the dif-
ferentiation of the MC3T3-E1 osteoblasts (Fig. 5).

After 3 weeks of cell culture, von Kossa staining re-
vealed a higher amount of mineral deposition in the

NF-Gelatin-NCP group than in the NF-Gelatin group (Fig.
6). A high-magnification image showed that the calcium
deposition layer on the NF-Gelatin-NCPs was thicker than
on the NF-Gelatin group (Fig. 6c, d). Backscattered SEM
and m-CT analysis confirmed these results (Figs. 7 and 8).
Furthermore, the m-CT images indicated that the calcium
was deposited evenly throughout the entire NF-Gelatin-
NCP scaffold, while the biomineralization was mainly limited
to the periphery of the NF-Gelatin scaffold (Fig. 8). Quantita-
tive analysis showed that a significantly higher amount of
calcium was deposited on the NF-Gelatin-NCPs (68.4 – 2.1mg/
scaffold) than on the NF-Gelatin (49.5 – 3.7mg/scaffold) (Fig. 9).

In vivo study

After 6 weeks’ implantation, the scaffolds (NF-Gelatin-
NCPs and NF-Gelatin) were retrieved from the rat skull, and
m-CT, histological, and immunohistochemical evaluations

FIG. 2. The compressive modulus of the NF-Gelatin and
NF-Gelatin-NCPs scaffolds in wet state. The scaffolds were
prepared from a 10.0% (wt/v) gelatin solution in an ethanol/
water mixture (ethanol/water = 50/50), and had a macro-
pore size of 250–420 mm and a porosity of about 97.0%. Color
images available online at www.liebertpub.com/tea

FIG. 3. Proliferation of MC3T3-E1 osteoblasts cultured on
NF-Gelatin and NF-Gelatin-NCPs scaffolds for 14 days.
About 5 · 105 cells were seeded on each scaffold (*p < 005).
Color images available online at www.liebertpub.com/tea

FIG. 4. Alkaline phosphatase (ALP) activity of the MC3T3-
E1 osteoblasts cultured on NF-Gelatin and NF-Gelatin-NCPs
scaffolds for 3 weeks (*p < 005). Color images available online
at www.liebertpub.com/tea

FIG. 5. Relative gene expression (osteopontin [OPN], bone
sialoprotein [BSP], dentin matrix protein 1 [DMP1], CON, and
Runx2) after MC3T3-E1 osteoblasts were cultured for 3 weeks
on NF-Gelatin and NF-Gelatin-NCPs scaffolds. Color images
available online at www.liebertpub.com/tea
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were performed. The m-CT images showed that there was
negligible bone formation in the empty defect (Fig. 10a); a
small amount of bone appeared at the native bone margins
and the defect periphery on the NF-Gelatin group (Fig. 10b).
In contrast, a considerable number of new bones covering
most of the defect were observed in the NF-Gelatin-NCP
group (Fig. 10c). Quantitative analysis indicated that the
amount of bone formation exhibited by the NF-Gelatin-NCPs
(BV: 12.16 – 1.35 mm3) was 240.6% higher than the NF- Gelatin group (BV: 3.57 – 0.83 mm3) (Fig. 10d). The values of

the BV/TV in the NF-Gelatin-NCP group (47.8% – 5.6%)
were statistically higher than that for the NF-Gelatin group
(12.9 – 3.5%) (Fig. 10e).

The above findings were further confirmed by histology
analyses. As shown in Figure 11a and b, the defect areas of

FIG. 6. von Kossa staining of MC3T3-E1 osteoblasts cul-
tured on NF-Gelatin and NF-Gelatin-NCP scaffolds for 3
weeks in vitro. (a) NF-Gelatin, overview; (b) NF-gelatin-NCPs,
overview; (c) high magnification of (a), showing the mineral
deposits on the pore walls of the NF-Gelatin; (d) high mag-
nification of (b), showing the mineral deposits on the pore
walls of the NF-Gelatin-NCPs. The deposited mineral layer on
the NF-Gelatin-NCPs (d) is thicker than on the NF-Gelatin
(c). Color images available online at www.liebertpub.com/tea

FIG. 7. Backscatter SEM images of MC3T3-E1 osteoblasts
cultured on NF-Gelatin and NF-Gelatin-NCP scaffolds for 3
weeks in vitro. (a) NF-Gelatin, overview; (b) NF-gelatin-NCPs,
overview; (c) higher-magnification view of boxed area in (a);
(d) higher-magnification view of boxed area in (b). In both (c)
and (d), * indicates the scaffold and the arrows indicate the
deposited minerals from the cells. Color images available
online at www.liebertpub.com/tea

FIG. 8. X-ray and microcomputed tomography (m-CT) im-
ages of MC3T3-E1 osteoblasts cultured on NF-Gelatin and NF-
Gelatin-NCP scaffolds for 3 weeks in vitro. (a) Representative
X-ray image of the NF-Gelatin group; (b) Representative X-ray
image of the NF-Gelatin-NCP group; (c) Representative m-CT
image of the NF-Gelatin group; (d) Representative m-CT image
of the NF-Gelatin-NCP group. The X-ray and m-CT images
clearly show that more minerals secreted from the osteoblasts
were deposited on the NF-Gelatin-NCPs than on the NF-
Gelatin, and the deposited minerals were distributed evenly
throughout the entire NF-Gelatin-NCPs. Color images avail-
able online at www.liebertpub.com/tea

FIG. 9. Calcium content quantification of MC3T3-E1 oste-
oblasts on NF-Gelatin and NF-Gelatin-NCPs cultured for 3
weeks in vitro (*p < 005). Color images available online at
www.liebertpub.com/tea
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the empty group were entirely filled with fibrous soft tissues.
In the NF-Gelatin group, new bone formation was observed,
but only on the dura mater side of the calvarial defect (Figs.
11c, d). In comparison, most of the macropores of the NF-
Gelatin-NCPs scaffold was filled with newly formed bone
tissues (Fig. 11e, f ).

To further examine the content of the bone mineralization,
immunohistochemistry was performed to determine the ex-
pression levels of the mineralization markers (DMP1, BSP,
OPN, and OSX). As shown in Figure 12, immunohisto-
chemical staining exhibited a strong expression (dark brown)
for DMP1, BSP, OPN, and OSX in the areas of new bone
formation within the pore walls of the NF-Gelatin-NCPs

samples (as the red arrows indicate in Fig. 12b, d, f ), whereas
much weaker staining was visible for DMP1, BSP, OPN, and
OSX in the NF-Gelatin group. These results confirm that
more new bones were regenerated in the NF-Gelatin-NCPs
than in the NF-Gelatin scaffold.

Discussion

The ECM of bone is a composite structure whose predom-
inant organic component is type I collagen. The nanofibrous
architecture of collagen (type I) in the body has been shown to
be important to cellular behavior (adhesion, proliferation, and
differentiation),2,28,29 and a number of technologies have been

FIG. 10. m-CT images and
quantitative analyses of cal-
varial bony defects taken 6
weeks after implantation. (a)
Empty group; (b) NF-Gelatin
group; (c) NF-Gelatin-NCP
group. The dotted lines in (a–
c) represent the surgical
margin of the calvarial defect.
(d) Bone volumes (BVs) of the
NF-Gelatin and NF-Gelatin-
NCP constructs after sub-
tracting the value of the neg-
ative control (empty group);
(e) BV to total volume ratio
(BV/TV) values of the NF-
Gelatin and NF-Gelatin-NCP
constructs. The data were
expressed as mean – standard
deviation (n = 4). *Statistically
significant (Student’s t-test,
p < 0.05). Color images avail-
able online at www.
liebertpub.com/tea

FIG. 11. Histological im-
ages of H&E-stained empty
group (a, b), NF-Gelatin (c,
d), and NF-Gelatin-NCPs (e,
f ) implanted in calvarial de-
fects for 6 weeks. Arrows in
(a, c, e) mark the surgical
margin of original defects.
Scale bars in (a, c, e) represent
600 mm and in (b, d, f ) rep-
resent 200mm. Color images
available online at www
.liebertpub.com/tea
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reported to mimic its nano-structured architecture,6,9,10 in-
cluding the thermally induced phase separation method re-
cently developed in our lab.6,9,10,16 In addition to type I
collagen, there is a variety of other matrix proteins in bone—
NCPs, whose effect on bone regeneration has rarely been
studied in tissue engineering. In this study, we demonstrated
that when the NCPs were integrated with 3D NF-Gelatin
scaffolds, these novel biomimetic scaffolds promoted osteo-
blast proliferation, differentiation, and biomineralization,
leading to the regeneration of high-quality bone.

NCPs are bone matrix proteins containing a number of
glycoproteins, sialoproteins, and chondroitin sulfate proteo-
glycans.19,30–32 For example, one category of NCPs is the small
integrin-binding ligand, n-linked glycoprotein (SIBLING)
family, which includes BSP, OPN, DSPP, DMP1, and matrix
extracellular phosphoglycoprotein.19 Since these NCPs are
acidic and are secreted into the ECM during bone formation
and mineralization, they are believed to play key biological
roles in initiating and modulating the mineralization of col-
lagen fibers when osteoids are converted into bone.24 A
number of studies have shown that mutation in or knocked
out of genes coding for certain NCPs is associated with phe-
notypic abnormalities in bone mineralization.22,33–35 However,

the way these NPCs in 3D scaffolds affect osteoblast response
during bone tissue regeneration is largely unknown. In this
work, we developed a surface modification method to couple
NCPs with NF-Gelatin scaffolds. Due to the highly inter-
connected macropores and interstitial spaces between the
nanofibers of the scaffold, the NCPs in the reaction solution
could easily diffuse into the scaffold and couple with the
gelatin molecules on the scaffold surfaces. As the confocal
images showed in Figure 1c and d, the NCPs were evenly
distributed throughout the entire surfaces (both outer and
inner) of 3D gelatin scaffolds. Control of the density of the
NCPs on the scaffold surfaces was readily achieved by the
NCP concentration during the coupling reaction.

Since the surface-modified biomimetic scaffold mimics
both the physical architecture and the chemical compositions
of natural bone ECM, we hypothesized that the NF-Gelatin-
NCPs would provide a better environment for osteoblast
growth and bone tissue formation. As confirmed from the
in vitro experiments, the number of MC3T3-E1 cells on the
NF-Gelatin-NCPs was statistically higher than that on the
NF-Gelatin scaffold after culturing for 2 weeks (Fig. 3). Si-
milar to gelatin and other cell adhesion proteins, many NCPs
(e.g., BSP, OPN, DMP1, and DSPP) contain the Arg-Gly-Asp
(RGD) cell-binding motif.19,24 In addition, the presence of
cryptic cell-binding sites in some NCPs has been reported.36

Further, recent work has shown that some NCPs (e.g., os-
teonectin) can enhance cell adhesion to ECM by modulating
the conformation of matrix molecules (e.g., collagen) into an
active form.37 We believe that those factors contribute to
higher cell numbers on the NF-Gelatin-NCP than on the NC-
Gelatin scaffold during the cell culture period. The effects of
NCPs on cellular differentiation and biomineralization have
been extensively recognized.36 Among them, BSP is capable
of binding collagen type I and nucleating hydroxyl apatite
(HA) and, therefore, enhance osteoblast differentiation and
biomineralization. DMP1 is needed for normal bone forma-
tion, and lack of DMP1 leads to immature osteoblasts in a
mutant mouse model.22 In addition, DMP1 regulate crystal
size of the bone mineral.38 In our study, we found NCPs
obviously enhanced the differentiation of MC3T3-E1 seeded
on the NF-Gelatin-NCPs. After 3 weeks of culture, the ALP
activity and the expression of osteogenic genes (OPN, BSP,
DMP1, CON, and Runx2) on the NF-Gelatin-NCPs were
significantly higher than the NF-Gelatin, respectively (Figs. 4
and 5). Our results show that the incorporation of NCPs onto
the 3D biomimetic scaffolds significantly enhanced osteo-
blasts differentiation and mineralization.

Bone mineralization involves the nucleation and growth of
HA crystals within the collagenous matrix. Since NCPs bind
Ca2 + and PO4

3- and have a high affinity for HA, they are
postulated to act as both nucleators of HA crystal formation
as well as regulators of crystal growth.25,39 An in vitro cell
culture study showed that OPN and BSP are two major os-
teoblast-derived bone proteins that bind to the bone miner-
al.39 Our study indicated that adding NCPs into the scaffold
increased the thickness of the mineral deposition layer on the
surface of the NF-Gelatin-NCPs (Figs. 7 and 8). The calvarial
defect implantation experiment also showed better bone
tissue formation in the NF-Gelatin-NCPs than in the controls
(Figs. 10 and 11). Because no cells were added during im-
plantation, the cells that occupied the NF-Gelatin-NCPs were
most likely derived from tissues surrounding the defects: the

FIG. 12. Immunohistochemical staining for DMP1, BSP,
OPN, and OSX in NF-Gelatin (a, c, e, g) and NF-Gelatin-
NCPs (b, d, f, h) implanted in calvarial defects for 6 weeks.
In the images, the letter ‘‘S’’ indicates the scaffold and the
arrow indicates the stained proteins inside the pore wall of
the scaffold. All scale bars represent 200 mm. Color images
available online at www.liebertpub.com/tea
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periosteum, the dura mater, and the bone tissues. These three
types of tissues have been reported to contain stem/pro-
genitor cells for bone formation.40 A significantly higher
amount of bone formed in the NF-Gelatin-NCPs than in the
controls after in vivo implantation for 6 weeks, which indi-
cates that the NCPs facilitate the recruitment of host cells for
tissue regeneration. The exact mechanism of the cell homing
process is unknown and warrants further investigation in
future studies. Immunohistochemical staining further con-
firmed a high level of mineralization of bone matrix in the
NF-Gelatin-NCPs. Since the NF-Gelatin-NCPs include the
NCPs coupling on the surfaces of the scaffold, a weak
staining of the proteins (DMP1, BSP, OPN, and OSX) was
present on the periphery of the scaffolding pore wall.
However, much stronger staining of these proteins was
shown inside the pore walls of the scaffold, indicating that
the cells from the host were recruited to the NF-Gelatin-
NCPs, synthesizing ECM and forming mineralized bone.
Taken together, both the in vitro and in vivo data confirmed
that the incorporation of NCPs onto NF-Gelatin scaffolds
significantly enhanced osteogenesis and mineralization.

It should be noted that the NCPs extracted from the bone
ECM are a mixture and may contain a certain level of key
growth factors such as bone morphogenetic protein 2 (BMP2)
and fibroblast growth factor (FGF). However, our western
blot analyses using specific antibodies for BMP2 and FGF
could not identify their presence (data not shown). We be-
lieve that the concentration of these molecules in the NCPs is
too low to be detected by western blot. Therefore, it is un-
likely that these growth factors made a significant contri-
bution to the bone regeneration in our experiments. Instead,
other highly expressed acidic matrix proteins (e.g., SIBLING
proteins) and proteoglycans are more likely to play a major
role during the process of osteogenesis and mineralization. It
is not clear which component of the bone NCPs plays
dominant roles in the regeneration of bone in this work.
Future studies will focus on the dissection of the effects of a
single protein in the NCPs on bone regeneration.

Conclusions

NCPs were extracted from bone ECM and successfully
coupled to the surfaces of NF-Gelatin scaffolds. The in vitro
results showed that the NF-Gelatin-NCPs promoted osteo-
blast proliferation, differentiation, and mineralization. The
in vivo calvarial defect study indicated that the NF-Gelatin-
NCPs recruited more host cells to the defect and regenerated
a higher amount of bone than did the controls after 6-week
implantation. The integration of NCPs into NF-gelatin scaf-
folds, therefore, is a promising strategy for improving bone
regeneration.
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