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Our long-term goal is to develop smart biomaterials that can facilitate regeneration of critical-size craniofacial
lesions. In this study, we tested the hypothesis that biomimetic scaffolds electrospun from chitosan (CTS) will
promote tissue repair and regeneration in a critical size calvarial defect. To test this hypothesis, we first
compared in vitro ability of electrospun CTS scaffolds crosslinked with genipin (CTS-GP) to those of min-
eralized CTS-GP scaffolds containing hydroxyapatite (CTS-HA-GP), by assessing proliferation/metabolic ac-
tivity and alkaline phosphatase (ALP) levels of murine mesenchymal stem cells (mMSCs). The cells’ metabolic
activity exhibited a biphasic behavior, indicative of initial proliferation followed by subsequent differentiation
for all scaffolds. ALP activity of mMSCs, a surrogate measure of osteogenic differentiation, increased over time
in culture. After 3 weeks in maintenance medium, ALP activity of mMSCs seeded onto CTS-HA-GP scaffolds
was approximately two times higher than that of cells cultured on CTS-GP scaffolds. The mineralized CTS-HA-
GP scaffolds were also osseointegrative in vivo, as inferred from the enhanced bone regeneration in a murine
model of critical size calvarial defects. Tissue regeneration was evaluated over a 3 month period by microCT
and histology (Hematoxylin and Eosin and Masson’s Trichrome). Treatment of the lesions with CTS-HA-GP
scaffolds induced a 38% increase in the area of de novo generated mineralized tissue area after 3 months,
whereas CTS-GP scaffolds only led to a 10% increase. Preseeding with mMSCs significantly enhanced the
regenerative capacity of CTS-GP scaffolds (by *3-fold), to 35% increase in mineralized tissue area after
3 months. CTS-HA-GP scaffolds preseeded with mMSCs yielded 45% new mineralized tissue formation in the
defects. We conclude that the presence of HA in the CTS-GP scaffolds significantly enhances their osseoin-
tegrative capacity and that mineralized chitosan-based scaffolds crosslinked with genipin may represent a
unique biomaterial with possible clinical relevance for the repair of critical calvarial bone defects.

Introduction

Craniofacial reconstruction involves the repair or
replacement of bones malformed or fractured due to a

congenital defect or a traumatic injury. A defect is considered
of critical size when it does not spontaneously heal on its
own1 and requires intervention. Surgical options available to
restore critical size defects traditionally have included auto-
grafts, tricalcium phosphate-containing biomaterials that mi-
mic some features of hydroxyapatite (HA), and inert metallic
compounds. However, because of the various complications
associated with each of these components, allogeneic mate-

rials are emerging as a new strategy. In the past, treatments of
defective or injured nonload-bearing cranial and maxillofacial
bones have primarily focused on replacement rather than
regeneration.

In the United States alone, craniofacial defects affect over
250,000 children annually.2 Such birth defects frequently
lead to cosmetic and potentially life-threatening complica-
tions. Reconstruction in children presents a unique challenge
requiring special surgical techniques often involving several
surgeries to compensate for growing and remodeling bones.2

In adults, craniofacial surgery is usually required after a
traumatic skull injury due to combat or accidents, or when
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large tumors affect the integrity of craniofacial bones or soft
tissues. In 2001, almost 25,000 people in the U.S. needed
maxillofacial surgery as a result of trauma.2

Bone grafting is the conventional practice in the recon-
struction of critical size bone defects, using autologous bone
harvested from the patient as the gold standard. However, there
are several drawbacks with this method. Grafting introduces a
secondary operative site associated with morbidity such as
infection and chronic pain.3,4 If a large graft is needed, it raises a
concern for instability and risk of fracture at the donor site and,
therefore, limits the amount of available autograft.

An alternative regenerative treatment approach involves
the use of biomimetic matrices implanted at the lesion site to
encourage bone growth and repair.5 Within the past 30
years, a variety of different types of biomimetic matrices in
place of autologous grafts have been explored. Ideally these
would be osteoconductive [promote recruitment of bone
(progenitor) cells from the host], osteoinductive (promoting
the transformation of bone precursor cells into osteoblasts),
and osseointegrative (capable of supporting appropriate
host/graft interaction with minimal immune response).6

These matrices can be composed of either inorganic such as
HA,7–9 organic such as collagen I,10,11 or synthetic materials
such as polymethylmethacrylate (PMMA) or poly (lactic-
co-glycolic acid [PLGA]).12,13

Electrospinning has emerged as a promising and well-
studied platform technology for the fabrication of scaffolds
as graft materials. A number of studies have evaluated the
potential of electrospun scaffolds for bone tissue engineer-
ing and shown that these scaffolding materials are capable
of supporting necessary cell adhesion, osteogenic expres-
sion, and function.14–17 Electrospun chitosan (CTS) scaf-
folds have been shown to specifically aid in osteogenesis
and bone tissue engineering applications.18,19 Previously,
we reported that electrospun chitosan/hydroxyapatite mi-
crofibrous scaffolds crosslinked with genipin (GP) effec-
tively induce and enhance the osteogenic differentiation and
maturation of cultured 7F2 mouse osteoblast-like cells
in vitro. The individual fibers in the scaffolds were micro-
textured due to the incorporation of hydroxyapatite nano-
particles. Genipin crosslinking rendered the mechanical
properties of the scaffolds similar to those of periosteum.17

Successful osseointegration of allografts depends on the
presence of periosteum, the functional layer covering bone that
contains osteogenic progenitor cells akin to mesenchymal stem
cells (MSCs).20 The periosteum functions as a reservoir of
progenitor cells and acts as a bridge to guide cells to the bone
defect area. Several groups have focused on recreating the
cellular layer of the periosteum.21–23 As an alternative, MSCs
are a renewable cell source that can easily be obtained and
differentiated into osteoblasts.20,24 To date, only a few studies
have focused on engineering biomimetic scaffolds that mimic
the fibrous layer of the periosteum combined with the cellular
layer and that constitute implantable regenerative scaffolds,
which can induce/promote bone healing.25,26 So far, none of
these attempts have been implemented clinically.

In this study, we evaluated the ability of our previously
described chitosan–hydroxyapatite–genipin scaffolds17 to
support the proliferation of cultured murine mesenchymal
stem cells (mMSCs) and their in vitro differentiation to-
ward an osteogenic lineage. Using a mouse calvarial de-
fect model, we then assessed the potential of our scaffolds

to integrate with the host tissue in vivo. Our results show
that these scaffolds can provide an appropriate environ-
ment to initiate MSC differentiation, while supporting the
formation of multilayered tissue-like formation in vitro.
Moreover, the mineralized scaffolds promote in vivo os-
seointegration with the host tissue, as demonstrated by
enhanced defect closure and new tissue formation around
the periphery of the lesions.

Materials and Methods

Materials

Medium molecular weight CTS (75–85% deacetylated),
trifluoroacetic acid (TFA, ‡ 98%), HA (reagent grade,
< 200 nm nanoparticles), 1,1,1,3,3,3-hexafluoro-2-propanol
(HFP), ascorbate-2-phosphate, b-glycerosphosphate, ferric
chloride, Beibrich’s Scarlet, Acid Fuchin, phosphomolybolic
acid, and phosphotungstic acid were purchased from Sigma-
Aldrich Co. Ltd. (St. Louis, MO). Hematoxylin, Eosin Y,
37% formaldehyde, hydrochloric acid (HCl), Aniline Blue,
and Permount were purchased from Fisher Scientific (Kala-
mazoo, MI). Picric acid was from EMS (Hatfield, PA).
Decalcifying solution (Cal-Ex) was purchased from Fisher
Scientific. GP ( ‡ 98% pure) was purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan). The alamarBlue�
colorimetric assay kit was from AbD Serotec (Raleigh, NC).
The alkaline phosphatase colorimetric assay was purchased
from Abcam (Cambridge, MA). Xylene was purchased from
VWR Laboratories (West Chester, PA). Dexamethasone was
from Alfa Aesar (Ward Hill, MA).

Murine mesenchymal stem cells (mMSCs) were kindly
provided by Dr. Darwin Prockop (the University of Texas
A&M, Institute of Regenerative Medicine). CD-1 strain
female mice ( - 30 g) were purchased from The Jackson
Laboratory (Bar Harbor, ME). All surgical supplies were
purchased from PennVet (Lancaster, PA). Trephines
(2.1 mm diameter) were purchased from Fine Science Tools
(Foster City, CA).

Fabrication of electrospun and modified
chitosan scaffolds

CTS and CTS-HA-containing scaffolds were electrospun as
previously described.17 Briefly, 7% (w/v) CTS was dissolved in
TFA and electrospun at 1.0 mL/h, 15 kV, and a 15 cm working
distance. HA-containing scaffolds were generated by admixing
1.0% HA nanoparticles (w/v) to the CTS solution before
spinning. All solutions were stirred at room temperature for at
least 5 days. The scaffolds were first stabilized (waterproofed)
by soaking them for 20 min in 0.5% sodium hydroxide (NaOH)
dissolved in 100% ethanol, followed by five 30 s washes with
1· phosphate buffer solution (PBS) to remove any trace
amounts of ethanol.27 The stabilized scaffolds were then
crosslinked in 0.1% (w/v) GP dissolved in 1· PBS for 24 h.
Resulting scaffolds were either GP-crosslinked chitosan
scaffolds (CTS-GP) or genipin-crosslinked hydroxyapatite-
containing chitosan scaffolds (CTS-HA-GP).

Maintenance and multipotency of mMSC in culture

Cell culture. Murine MSC (mMSC) were maintained in
Iscove’s modified Dulbecco’s medium (IMDM) containing

OSSEOINTEGRATIVE PROPERTIES OF NANOFIBROUS CHITOSAN SCAFFOLDS IN VIVO 971



1 g/L glucose and supplemented with 10% fetal bovine
serum + 10% horse serum, 2 mM l-glutamine and 2%
antibiotic–antimitotic (ABAM). Cells were placed in T75-
cell culture flasks in an incubator set to 37�C and 5% carbon
dioxide. The medium was changed every third day. The
cells were passaged at a ratio of 1:3 three times by trypsiniza-
tion before seeding on the scaffolds. Multipotency of mMSCs
was ascertained by culturing the cells for 3 weeks in either an
osteogenic medium (OGM) containing DMEM (4.5 g/L glu-
cose) containing 100 nM dexamethasone, 500 mM ascorbate-
2-phosphate, and 10 mM b-glycerophosphate, and staining
with Alizarin Red S, or in a serum-free chondrogenic me-
dium containing 1% 100 · ITS + 3 (insulin, transferrin,
and selenium), 1.25 mg/mL bovine serum albumin (BSA),
100 nM dexamethasone, 2000mM ascorbate-2-phosphate,
1 mM sodium pyruvate, and 10 ng/mL transforming growth
factor-b3 (TGFb3), and staining with Alcian Blue (Sup-
plementary Fig. S1; Supplementary Data are available on-
line at www.liebertpub.com/tea).28

Cell seeding. Circular scaffolds with a diameter of
10.3 mm, cut from either the CTS-HA-GP (1.0% HA) or
CTS-GP electrospun sheets, were placed in 24-well plates,
secured with a Viton O-ring,29 stabilized, and crosslinked
with 0.1% GP, as described above. The samples were ster-
ilized using 10% ABAM overnight and then subsequently
washed three times with DI water and left overnight in
complete IMDM. The next morning, the medium was as-
pirated and the scaffolds seeded by carefully pipetting 50 mL
of the mMSC suspension containing 500,000 cells onto the
center of the scaffold. The cell-seeded scaffolds were then
placed into an incubator for 1 h. After this time period,
450 mL of complete IMDM or OGM was added to each well,
as per the specific experimental conditions. The cells were
cultured for up to 21 days, during which time the medium
was changed every third day. Cells were also cultured in a
similar manner on tissue culture polystyrene (TCP) as a
negative control.

Cell morphology. The morphology of the cells was vi-
sualized by fluorescent microscopy. All cells were cultured
on 10 mm diameter circular scaffolds and TCP controls, as
described above. The cells were fixed at days 7, 14, and 21
and stained with DAPI/phalloidin staining to visualize
mMSC morphology on the various substrates, as previously
described.30 Briefly, scaffolds were fixed in 10% formalin at
the above-mentioned time points for 20 min followed by
subsequent washing with distilled deionized (DDI) water
and 60 mM glycine. The fixed cells were permeabilized with
0.5% Triton-X 100 for 20 min and then washed three times
for 10 min each in immunofluorescent wash containing
130 mM NaCl, 7 mM Na2HPO4, 3.5 mM Na2H2PO4, 7.7 mM
NaN3, 0.1% BSA, 0.2% Triton-X 100, and 0.05% Tween-20
in DI water, which greatly reduced scaffold autofluore-
scence. The samples were then incubated for 15 min with a
1:1000 dilution of FITC-phalloidin, washed three times, and
mounted in Vectashield� medium containing DAPI (from
Vector Labs, Burlingame, CA). All images were obtained
using a Z1 Observer light microscope (Zeiss, Thornwood,
NY) at 10 · magnification. All analyses were performed
using the Axiovision (Zeiss) software.

Cell viability and proliferation. Cell viability and prolif-
eration were continually monitored over a 21 day period
using the alamarBlue� assay, as previously described.31 In
brief, mMSCs were seeded in 24-well plates onto TCP as
well as onto circular CTS-GP and CTS-HA-GP scaffolds at
a density of 500,000 cells per well, as described above. On
days 0, 3, 7, 14, and 21, AB was added at 10%
(v/v) in triplicate wells. The plates were then returned to the
incubator for 3 h. For zero control, AB was also either added
to wells containing only medium or scaffolds and media.
After 3 h, 200 mL aliquots of the supernatant were pipetted
in triplicate into 96-well plates and the AB fluorescence was
read in a Synergy 4 microplate reader (Biotek, Winooski,
VT) at an excitation wavelength of 545 nm and an emission
wavelength of 590 nm. The data were analyzed using the
Gen5 software (Biotek) and samples were normalized to
their respective zero controls. The cells were refed with
fresh medium and placed in the incubator to be analyzed at
the next time point.

Alkaline phosphatase activity. To assess the osteogenic
potential of our scaffolds we seeded mMSCs, as above, in
IMDM or OGM on TCP, CTS-GP, and CTS-HA-GP scaf-
folds and measured the activity of alkaline phosphatase
(ALP), which is an established early marker for MSC dif-
ferentiation toward the osteoblast phenotype.32 ALP activity
was measured colorimetrically on days 0, 7, 14, and 21
using a commercial kit (ab83369; Abcam). At each time
point, three cell-seeded scaffolds were homogenized in a
glass tube homogenizer containing 300mL of lysis buffer
(kit component). The supernatant was collected and centri-
fuged at 350 g for 3 min to remove all insoluble debris.
Thirty-microliter aliquots of the resultant samples were
added to a 96-well plate followed by 50 mL of assay buffer
and 50mL of para-nitrophenylphosphate (pNPP) solution.
Following incubation for 1 h at room temperature, 20 mL of
stop buffer was added to the samples and the absorbance
was read in the microplate reader at 420 nm, as previously
described.17 To measure the ALP activity of control cells
growing on TCP, the wells were rinsed with 300 mL of 1·
PBS, followed by the addition of 300 mL 1· lysis buffer for
10 min. After that, the supernatant was collected and cell
remnants were scraped with a cell scraper for manual lysis.
The ALP activity was analyzed, as above. Results are
presented as fold increase compared with the cells cultured
on TCP.

Osseointegrative capacity of the scaffolds

Cell culture for in vivo implantation. CTS-GP and CTS-
HA-GP scaffolds were cut into 10 mm circular scaffolds,
fitted into 24-well plates and held in place using Viton
O-rings.33 The scaffolds were sterilized in 10% ABAM
overnight and subsequently washed three times with DI
water and incubated with IMDM medium overnight.

MSCs were cultured in complete IMDM in conventional
T-75 cell culture flasks, split at a ratio of 1:3 and expanded
for two passages. Undifferentiated (naive) stem cells were
seeded onto the various scaffolds 3 days before implantation
at a seeding density of 500,000 cells per scaffold. Im-
mediately before implantation, 2.5 mm circular samples
were cut aseptically using a punch biopsy from the various
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scaffolds (CTS-GP and CTS-HA-GP scaffolds with and
without cells) placed into a Petri dish containing 1· PBS
with calcium and magnesium and transported aseptically
into the surgery room.

Animal studies. CD1 female mice (n = 48) weighing
*30 g (4–6 weeks) were obtained from Jackson Laboratories
(Bar Harbor, ME). Mice were housed in cages with ad libitum
access to food and water and maintained on a 12-h light–12-h
dark schedule. A maximum of five mice were housed in a
single cage. Cages were cleaned daily and all mice were al-
lowed to acclimate for 1 week after arrival to the laboratory
before any surgical procedures were performed.

All surgical procedures and postoperative care were in
accordance with an Institutional Animal Care and Use
Committee (IACUC)-approved protocol. In brief, animals
were anesthetized with isofluorane (3 L/min) (E-Z Systems,
Palmer, PA) for 15 min and placed into a stereotaxic frame
(David Kopf Instruments, Tujunga, CA). Once secured in
the stereotaxic frame, the animals were maintained on 1.5–
2.0 L/min isofluorane delivered through a surgical mask.
Ketoprofen (5 mg/kg) was administered subcutaneously for
prophylactic treatment for pain and inflammation. An inci-
sion was made along the sagittal axis and the skin was de-
flected laterally to expose the underlying cranium. A
stereotaxic microdrill (Foredom, Bethel, CT) fitted with a
microtrephine (2.3 mm external diameter; Fine Science
Tools) was used to remove two circular sections of bone
from each side of the skull. One of these lesions was cov-
ered with one of the scaffolds (cell-free or cell-seeded, as
mentioned above), while the contralateral lesion was left
untreated as a control to ensure that the wound was, in fact,
critical size. A small dab of Vetbond surgical glue (3M,
St. Paul, MN) was applied to the tip of a stainless steel
insect pin (size 00) and used to fasten the underside of the
apices of the scaffold to the underlying bone and prevent
shifting following surgery. Animals were given subcutane-
ous ketoprofen (2 mg/kg) injections 12 and 24 h postsurgery
for pain management. Mice were sacrificed at 1, 2, and
3 months and calvaria were studied for regeneration. Of the
48 animals, 3 mice died during surgery and 2 postsurgery.

Euthanasia and harvesting of tissue. Animals were
sacrificed by induction with isofluorane followed by an
overdose of intraperitoneally administered Beuthanasia
(Merck Animal Health, Summit, NJ). The head was then
detached with sheers and the skin was fully removed from the
skull. Harvested skulls were placed in 10% formalin in 4�C
overnight for fixation and then stored in 1· PBS until further
processing and analysis.

MicroCT imaging and defect area measurements. New
bone formation and the density of new tissue formed post-
surgery were assessed by microCT, using a Viva40mCT-50
scanner (Scanco Medical, Wayne, PA) housed at the Uni-
versity of Pennsylvania School of Veterinary Medicine, De-
partment of Animal Biology (Philadelphia, PA). The scanner
was run with an X-ray energy/intensity of 70 kVp, 114mA
and 8 W; a medium resolution; a scout view reading from 0 to
145 mm and angle of 90�; an FOV diameter of 38.9 mm; a
voxel size of 38mm; and an integration time of 200 ms. The
number of slices was 211/8.02 mm, equivalent to 38mm/slice.

Wound morphology and area measurements were carried out
on reconstructed images using the Axiovision (Zeiss) and
ImageJ Imaging Softwares.34,35 For each time point, the area
of the treated defects was normalized to the area of the un-
treated contralateral control defects and is presented as a
percentage of wound closure. Zero time control defects were
created by drilling standard defects into three animals, fol-
lowed by immediate euthanasia and averaging the circular
area of the defects (at time 0).

Hematoxylin/eosin and Masson’s Trichrome staining for
bone formation. Following acquisition of the microCT
images, fixed samples were decalcified in Cal-Ex dec-
alcifying solution (Fisher Scientific) until the skull bone lost
its rigid texture and became softer and more pliable (*10
days). After decalcification, the calvaria was excised from
the rest of the skull, serially dehydrated in EtOH (75%,
85%, 95%, and 100% twice) and xylene (50:50 ethanol:
xylene, followed by 100% xylene twice) for 15 min each,
and finally embedded in paraffin. Paraffin-embedded sam-
ples were frozen at - 20�C overnight and then sectioned
transversely into 5 mm slices using a Leica R2255 micro-
tome (Buffalo Grove, IL). Slices were placed in a warm
water bath and then mounted onto poly-l-lysine-coated
slides and allowed to dry overnight.

Routine Hematoxylin and Eosin (H&E) staining was used
to assess the integration of the scaffolds with the host tissue.
Briefly, tissue sections were rehydrated through a serial
xylene/ethanol/water rehydration procedure then stained with
H&E following standard procedures (IHC World, Wood-
stock, MD). Conventional Masson’s Trichrome staining was
used to visualize the organization of the newly formed tissue
around the injury site, especially the presence of collagen.
Samples from both stains were mounted with Permount and
viewed under bright light illumination in a Leica DMRX
microscope.

Statistical analysis

All cell culture studies were performed three times in-
dependently in triplicate unless stated otherwise. Animal
studies were performed according to an IACUC-approved
protocol with four animals per group, deemed statistically
significant by power calculations using the GPower software
and a pilot study. Where indicated, all data are presented as
means – standard deviation. A two way-ANOVA analysis
was used with Tukey post hoc analysis performed to record
power values of p > 0.05 (*) or p > 0.01 (**).

Results

CTS-HA-GP scaffolds support proliferation and
osteogenic differentiation potential of cultured mMSC

A scanning electron microscopy image of typical electro-
spun nanofibers crosslinked with genipin is shown in Figure
1. Details of the morphology of HA-containing mineralized,
genipin-crosslinked fibers are shown at higher magnification
(insert). The nano-sized protrusions (*25 nm in diameter, see
arrows) on the fibers represent HA nanoparticles studded
throughout the fibrous network, as previously demonstrated
using several independent techniques, such as X-ray diffrac-
tion, Fourier transform infrared spectroscopy and energy
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dispersive X-ray spectroscopy.17 The average fiber diameter
of both the crosslinked CTS-GP and CTS-HA-GP scaffolds,
was 334.7 – 119.1 nm (n = 10 independent samples, analyzing
*50 fibers/sample), similar to the values reported previous-
ly.17 The Young’s modulus of composite scaffolds was
142 – 13 MPa, also as previously reported.17

To investigate the capacity of the various scaffolds to
support MSC proliferation and potential osteogenic differ-
entiation, mMSCs were seeded onto nonmineralized (CTS-
GP) and mineralized (CTS-HA-GP) scaffolds and assessed
for cell morphology, metabolic, and ALP activity. Adhe-
sion, spreading, and proliferation of mMSCs on both scaf-

folds were visualized by fluorescence microscopy, using
DAPI/phalloidin staining of nuclei and cytoskeleton, re-
spectively. The scaffolds were placed in 24-well plates,
seeded with 500,000 cells per well, and imaged after 1 and 3
weeks of culture. The cells formed confluent monolayers
essentially, completely covering the scaffolds after 1 week,
and maintained confluence for the duration of our study
irrespective of the scaffold type (Fig. 2A–D). A 3D ren-
dering of DAPI-stained fluorescent nuclei of the cells seeded
onto CTS-HA-GP scaffolds showed a three-fold increase
( p > 0.05) in the thickness of the cell layer at 2 weeks when
compared to 1 week (Fig. 2E, F) from 8 to 24 mm. Similar
results were observed on CTS-GP scaffolds (not shown).

AB is widely used to assess the metabolic activity of
cultured cells. This metabolic activity can serve to indirectly
suggest whether cells are in a state of proliferation or dif-
ferentiation.36 As seen in Figure 3A, AB fluorescence
readings, that is, the metabolic activity of mMSCs, in-
creased throughout the first week and then decreased by day
10 on all scaffold and medium types. After 2 weeks, the
metabolic activity plateaued at a level below that of freshly
seeded scaffolds. In conventional viability studies, such a
decrease in the readout of indicators of metabolic activity is
often equated with a decrease in cell numbers.37 However,
because in our case the cell layers maintained confluence on
the scaffolds (Fig. 2A–D), we attribute the decrease in AB
fluorescence after day 10 followed by an invariant plateau at
the later time points to a shift from proliferation to enhanced
(osteogenic) differentiation, and with that a lower metabolic
activity of the cells, rather than cell death.

To assess the potential of our scaffolds to induce osteogenic
differentiation of cultured mMSCs, we quantified the enzy-
matic activity of ALP over time. The data were normalized to
the ALP activity of cells cultured in parallel on TCP. As seen in
Figure 3B, at both days 7 and 14, all conditions show a slight
increase when compared to TCP, except CTS-GP without cells
at day 7, which is lower than TCP. Interestingly, the combi-
nation of OGM and HA, at these stages, did not significantly
enhance osteogenic differentiation. By contrast, on day 21, a

FIG. 1. Morphology of electrospun CTS-HA-GP scaf-
folds. Scanning electron micrographs of electrospun min-
eralized scaffolds (original magnification: 1000 · ) indicate
a network of randomly oriented, beadless fibers. The insert,
taken at higher magnification (5000 · ), shows the presence
of hydroxyapatite (HA) nanoparticles studding the surface
of the electrospun fibers (white arrows). Scale bars are
100 mm (main figure) and 200 nm (insert), respectively.
CTS, chitosan; GP, genipin.

FIG. 2. Morphology of murine mesenchymal stem cells (mMSCs) seeded onto chitosan (CTS) scaffolds. (A–D) Cells
cultured on CTS-GP scaffolds at 1 week (A) and 3 weeks (C) and CTS-HA-GP scaffolds at 1 week (B) and 3 weeks (D)
were fixed and stained with DAPI (nuclei, blue) and Phalloidin (F-actin, green). The cultures quickly reached and then
maintained confluence throughout the study. (E, F) Three-dimensional renderings of the scaffolds demonstrated a three-fold
increase ( p > 0.05) in thickness of the cellular layer between 1 week (E) at 8mm and 2 weeks (F) at 24mm. Scale bars for all
panels = 50mm, original magnification for all images: 10 · . Color images available online at www.liebertpub.com/tea
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significant increase of 3.1 – 0.4- and 3.8 – 0.2-fold in ALP ac-
tivity was seen in cells cultured in OGM on CTS-GP and CTS-
HA-GP scaffolds, respectively. A significant, albeit somewhat
lower (1.8 – 0.1-fold) increase was also observed in cells on
CTS-HA-GP scaffolds in maintenance medium. By contrast,
ALP activity of cells cultured on CTS-GP scaffolds in main-
tenance medium was indistinguishable from that of cells
cultured on TCP. Taken together, we conclude that cells on
CTS-GP scaffolds are more likely becoming quiescent,
whereas cells on CTS-HA-GP are undergoing a shift toward the
osteogenic phenotype.

Osseointegrative capacity of CTS-HA-GP scaffolds

To test the osseointegrative capacity of our scaffolds
in vivo, that is, the ability to allow the host tissue to in-
corporate into the constructs, we implanted CTS-GP or

CTS-HA-GP scaffolds, with or without naive mMSCs pre-
seeding, into critical size calvarial defects, as detailed in the
Materials and Methods section. Samples were harvested
after 1, 2, and 3 months and analyzed histologically and by
microCT.

Representative microCT images for all scaffolds and
conditions are shown in Figure 4 and Supplementary Figure
S2. One month after injury, very little mineralized tissue
formation was discernible, irrespective of whether the le-
sions were treated with mineralized or nonmineralized
scaffolds, and whether the scaffolds had been preseeded,
seeded with mMSCs, or not. Quantification of the cumulative
results indicated a trend, in which mineralized scaffolds with
or without cell seeding induced more wound closure than the
nonmineralized scaffolds, albeit at a low scale. After 2
months, there was a significant (*25%) increase in de novo
bone formation for lesions covered with mineralized, MSC-

FIG. 3. The alamarBlue� fluo-
rescence and alkaline phosphatase
(ALP) activity of mMSCs seeded
onto the various scaffolds. Murine
MSCs were seeded onto the various
scaffolds in either maintenance
medium (Iscove’s modified Dul-
becco’s medium) or osteogenic
medium (OGM). AB fluorescence
(for metabolic activity) and ALP
activity (for osteogenic differentia-
tion) were measured at the times
indicated (for details see Materials
and Methods section). All data are
presented as means – standard de-
viations. Sample size was n = 3 (in
triplicate) with *p < 0.05 and
**p < 0.01 compared with the pre-
vious time points of the same group
and + + p < 0.01 compared with the
CTS-GP control group at the same
time point. (A) Continual measure-
ment of alamarBlue� fluorescence
revealed that by day 10 the meta-
bolic activity of mMSCs decreased
on all scaffolds, and plateaued until
day 21 (data are expressed as arbi-
trary fluorescence units). (B) ALP
activity normalized to mMSCs cul-
tured in parallel on tissue culture
polystyrene (TCP), increased in the
presence of HA and OGM when
compared with CTS-GP cultures
alone.
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seeded CTS-HA-GP scaffolds, whereas lesions treated with
cell-free nonmineralized scaffolds showed a smaller, but sig-
nificant *10% decrease in the wound area. By contrast,
wounds treated with nonmineralized CTS-GP scaffolds, with
and without cells, still showed minimal bone formation. By 3
months, ca. 30% wound closure was observed in lesions
treated with cell-seeded nonmineralized CTS-GP scaffolds,
whereas in the absence of cells, novo tissue formation induced
by the nonmineralized scaffolds still remained minimal (Fig.
4A, B, respectively). Importantly, at this time point, lesions
treated with mineralized CTS-HA-GP scaffolds, without and
with cells, showed a 35% and 45% decrease in the wound
area, respectively, when compared to untreated control (Figs.
4C, D, and 5).

Taken together, these results suggest that 3 months after
injury, wound healing in lesions treated with nonmineralized
scaffolds requires additional preseeding with mMSCs,
whereas in the case of mineralized scaffolds, the CTS-HA-
GP scaffolds alone, even without preseeding MSCs, are
essentially equally effective in promoting osseointegration
and new bone growth.

To histologically assess osseointegration, decalcified
skulls were stained with both H&E and Masson’s Trichrome
stain (MTS) and evaluated histologically. As seen in Figure
6A and B, after 3 months the nontreated wounds were lined
by a thin fibrous layer, mostly comprised of collagen (which
is characterized by blue color in MTS, see especially insert
in Figure 6B), indicating the formation of fibrous scar tissue.
In contrast, in animals implanted with CTS-HA-GP scaf-
folds for 3 months, new tissue formation could be seen
along the host/scaffold interface (Fig. 6C, D). This re-
generating tissue contained both collagen fibers (blue) and

FIG. 4. Reconstructed microCT images of calvarial defect treatments. Formation of new mineralized tissue at 3 months. The
size and location of the original lesions are depicted by the orange circular regions of interest. Representative mCT images are
shown. (A) CTS-GP scaffolds without cells; (B): CTS-GP-HA scaffolds without cells; (C): CTS-GP scaffolds with cells; (D):
CTS-GP-HA scaffolds with cells. Scale bar = 5 mm. Color images available online at www.liebertpub.com/tea

FIG. 5. Bone regeneration in critical size calvarial defects.
The percentage (%) of defect closure in the presence of the
scaffolds was normalized to the size of the contralateral
nontreated control defects in each sample at every time
point. No or minimal healing was observed in untreated
defects at all times. Nonmineralized scaffolds were effective
after 3 months, but only when preseeded with mMSCs. Most
pronounced healing over time was observed in lesions
treated with scaffolds preseeded with mMSCs. However, at
3 months there was no statistically significant difference in
the percentage of wound closure in lesions treated with
mineralized scaffold without or with cells. For details see
text. Data are presented as means – standard deviations. The
sample size (number of individual mice) was n = 4 for all
measurements, with *p < 0.05 and **p < 0.01 compared with
nonmineralized scaffolds.
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new bone (red) as well as remnants of the genipin-cross-
linked scaffold material, indicating the degradation of the
scaffold material and its replacement with new bone tissue
(Fig. 6D). The insert in Figure 6D depicts, at higher mag-
nification, abundant presence of collagen (blue) and for-
mation of new bone (red) along the scaffold, especially
along the outer surface of the wound periphery. The com-
posite CTS-HA-GP scaffolds on its own induced significant
new bone formation and collagen deposition. Osseointe-
gration was further enhanced by treating the lesions with
scaffolds preseeded with mMSCs (Fig. 6E, F), as inferred
from the greater abundance of collagen (blue) and bone
(red) that, for example, in Figure 6D. This latter observation
also is in line with the analysis of the microCT data (Fig. 5).

Discussion

Optimized biomimetic scaffolds for bone tissue engi-
neering will provide physical and chemical cues capable of
supporting tissue-specific differentiation of progenitor cells
in vitro (osteoinduction) and ingrowth of/integration with
the surrounding host tissue in vivo (osteoconduction). The
major finding of this study is that electrospun genipin-
crosslinked chitosan scaffolds, mimic certain features of the
mineralized fibrillar nanostructure of native bone tissue,

initiate regeneration and tissue interaction, and support os-
seointegration in a murine model of critical size calvarial
defects in vivo. More specifically, our mineralized scaffolds
efficiently facilitate mMSCs growth/proliferation and osteo-
genic differentiation in vitro (Figs. 2 and 3) and promote the
repair of critical size cranial defects and the integration of
the scaffolds with the surrounding host tissue in vivo (Figs.
4–6). Most importantly, our mineralized chitosan scaffolds,
crosslinked with genipin and containing HA nanoparticles
(Fig. 1), can trigger regeneration of critical-size calvarial
defects in a mouse model without the need for preseeding
the scaffolds with MSCs (Fig. 5). This observation may be
significant for translating our findings into the clinical
realm, enabling the production of cell-free bioactive min-
eralized scaffolds with prolonged shelf life.

The ability of HA in composite materials to stimulate
osteogenesis has been shown in several studies.38–40 For
example, Liu et al. demonstrated that the deposition of HA
from simulated body fluid onto nanofibrous/macroporous
gelatin scaffolds enhanced their mechanical properties and
also significantly increased the expression of osteogenic
markers in murine MC3T3-E1 osteoblasts cultured on/in
these scaffolds.38

A variety of manufacturing techniques, such as thermally
induced phase separation or electrospinning38,39 can be used

FIG. 6. Histology of healing of
critical size calvarial defects 3
months after injury. Nontreated
defects show no or minimal wound
healing and coverage of the lesion
with a thin fibrous layer that is
comprised of collagen. (A) Hema-
toxylin and Eosin (H&E) staining,
(B): Masson’s Trichrome stain
(MTS), original magnification of
(A, B) is 40 · . H&E (C) and
Masson’s Trichrome (D) staining
of defects treated with CTS-HA-GP
scaffolds without mMSCs show
new bone formation (red), collagen
deposition (blue), and significant
scaffold interaction. Original mag-
nification 40 · , inserts are 100 · .
H&E (E) and Masson’s Trichrome
(F) staining of defects treated with
CTS-HA-GP scaffolds pressed with
mMSCs indicates very similar re-
sults to those scaffolds without
cells, but does appear to have en-
hanced tissue growth and new bone
formation along the periphery of
the scaffold (brown). Higher
magnification of a defect treated
with CTS-HA-GP scaffolds
seeded with mMSCs reveals
endochondral-like tissue formation
along the host–scaffold interface
(F). Original magnification 40 · ,
inserts are 100 · . Magnification for
(C–F) are 100 · . For details, see
text. Scale bars: (A, B): 250mm;
(C–F): 100mm. Color images
available online at www
.liebertpub.com/tea
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to directly incorporate HA into the polymer matrix of
composite scaffolds, whereas surface coating of electrospun
matrices with HA can be achieved by electrodeposition.39

To the best of our knowledge, except of our own previous
publication,17 there are no other reports on the direct in-
corporation of HA into fibers electrospun out of pure chit-
osan (in the absence of additives, such as poly[ethylene
oxide] [PEO]41,42 and crosslinked with genipin).

Composite electrospun scaffolds containing chitosan and
other biomaterials, such as collagen and PLGA, have previ-
ously been shown to promote MSC attachment/proliferation
and osteogenic differentiation in vitro.43,44 To the best of our
knowledge, no one has yet studied these effects using pure
electrospun CTS-GP or CTS-HA-GP scaffolds. The meta-
bolic activity and/or proliferation of cells cultured on bioac-
tive scaffolds in vitro are frequently assessed using the
alamarBlue� assay.37,45 The sizeable decrease in AB fluo-
rescence (mMSC metabolic activity) after 10 days in culture,
as seen in Figure 3A, could be due to either a decrease in the
number of viable cells, or, alternatively, to the enhancement
of their quiescence/differentiation.36,45,46 As seen in Figure 2,
the cell numbers did not decrease over time; on the contrary,
the cells maintained and expanded their multilayered con-
figuration and continued to cover the scaffold surface over the
remaining experimental duration (3 weeks). Taken together
these data suggest that the observed decrease in AB fluores-
cence after 10 days in culture might indicate the inception of
cell differentiation, rather than a loss of cell numbers/viabil-
ity, or entry into cellular quiescence.

In support of the notion of enhanced differentiation,
mMSC, ALP activity was significantly increased at day 21
(Fig. 3), which, in conjunction with our AB data, we in-
terpret to indicate that the mMSCs seeded onto CTS-HA-GP
scaffolds are differentiating toward an osteogenic pheno-
type, even in the absence of an OGM. Previously, we
showed parallel induction of ALP and other more specific
markers of osteogenic differentiation markers, such as os-
teonectin and osteopontin in 7F2 osteoblasts that were cul-
tured on our composite scaffolds.17 In this study, ALP
served as a surrogate marker for osteogenic differentiation
of mMSCs, in line with several published reports, in which
ALP has been used as a common marker for osteogenic
induction47,48 and osteogenic differentiation of MSCs.49,50

As seen in Figure 3B, ALP was always higher when the
cells were cultured on the mineralized scaffolds. Further-
more, ALP activity of the cells on the scaffolds, both non-
mineralized and mineralized, was further enhanced twofold
to threefold in the presence of an OGM, indicating an ad-
ditive effect between the chemical cues in the differentiation
medium and the osteogenic properties of the electrospun
scaffolds. These three independent observations (cell visu-
alization, AB fluorescence, and enhanced ALP activity)
support the notion that the addition of HA can aid in pro-
moting osteogenic differentiation of cultured mMSCs.

The enhanced osteogenic capacity of HA-containing
scaffolds may, in part, also be due to their unique submicron
topography. Indeed, topographical properties of micro- and
nanoscale grooves and pits as well as the incorporation of
nanoparticles of hydroxyapatite, zinc, and other naturally
occurring inorganics in the body lead to enhanced spreading
and production of cultured human osteoblasts.51 Accord-
ingly, our data, both in vitro and in vivo, suggest that the

presence of HA in the scaffolds promoted osteogenic dif-
ferentiation and osseointegration (Figs. 4–6).

For our in vivo studies we used both cell-free scaffolds
and scaffolds seeded with naive mMSCs. Implanting un-
differentiated MSCs may have certain advantages to seeding
predifferentiated MSCs. Naive MSCs exhibit bystander cell
effects, that is, they release factors that promote cell mi-
gration, proliferation, and differentiation of other cell types,
leading, for example, to enhanced chondrocyte proliferation
in vitro,52 or enhanced cartilage formation in the presence of
undifferentiated MSCs in vivo.53 Furthermore, naive MSC
exhibit immunosuppressive properties54,55 and reduce un-
wanted side effects of immune responses and rejection as
inferred from the reportedly beneficial adjuvant effects of
MSCs in organ transplantation.56

The microCT data (Figs. 4 and 5) indicate that non-
mineralized CTS-GP scaffolds induce only moderate defect
healing, that is, *10% area closure compared with control
defects over a 3 month period. However, the incorporation
of mMSCs and/or HA significantly enhanced the tissue re-
generative properties of the CTS-GP scaffolds, as indicated
by 35% gap closure, when implanting mMSCs-seeded,
nonmineralized scaffolds and 40% and 45% when the
scaffolds contained HA alone or in combination with
mMSCs (Figs. 4 and 5 and see also Supplementary Fig. S2).

Given the significant enhancement of wound closure by
MSC-seeded scaffolds, we attempted in preliminary studies
to localize seeded GFP-expressing MSCs in the wound
using an in vivo imaging system. At the earliest time point
investigated, (1 months postseeding) we were unable to
trace MSCs in the wound area. Our failure to visualize la-
beled MSCs 1 month after implantation is in line with the
reported short-term ( < 14 days) survival of these cells.57

Nevertheless, it is remarkable that in spite of their short
survival at the site of lesion, transplanted MSCs are capable
to enhance the beneficial effects of the nonmineralized
chitosan scaffolds over a period of 3 months. The time
course and duration of MSCs survival postimplantation and
the mechanisms, how these cells enhance wound closure,
are currently under investigation in our laboratory.

Semiquantitative analysis of the microCT data in terms of
percentage reduction in the area of the lesion indicates sig-
nificant formation of new, mineralized bone after 3 months
(up to 45%) under optimized conditions using mineralized
scaffolds (Figs. 4 and 5 and Supplementary Fig S2). Our
results are in line with other studies indicating the regenera-
tive capacity of biomimetic electrospun scaffolds.58–60 For
example, Zhu et al.58 electrospun core-shell nanofibrous
scaffolds from polyethyleneglycol/polycaprolactone (PCL)
and incorporated human recombinant BMP-2 for controlled
release at the site of a critical size cranial defect in rabbits.
After 3 months the extent of wound healing induced by the
optimized drug-laden scaffolds was *35%. Similarly, Scho-
fer et al.61 [using a rat calvarial critical size defect model
reported results very similar to ours, namely that electrospun
scaffolds made of poly((l)-lactic acid), PLLA] and incor-
porating BMP-2 induced some 45% wound closure in 12
weeks, whereas the PLLA scaffolds by themselves were
essentially ineffective. Finally, electrospun scaffolds made
of PCL/poly(methylmethacrylate) microfibers enhanced the
healing of cranial defects to a degree that was similar to the
one seen with our scaffolds.61
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While the rate and degree of wound closure obtained in
our study are similar to the values reported in the literature,
the main difference of our approach to most other ones is
that, in our case, the mineralized scaffolds themselves, in the
absence of exogenous growth factors, are bioactive. This is
certainly an advantage in terms of cost efficiency and sim-
plifying the manufacturing process, and with that of po-
tentially translating our findings into a clinical setting. As
another advantage, we note that the mechanical properties
(Youngs/compressive modulus) of our mineralized scaf-
folds17 exceed those of electrospun scaffolds used by oth-
ers41,61 for repairing calvarial defects by approximately two
orders of magnitude, that is, ca. 140 MPa versus 1–4 MPa.

Histological analysis revealed that in the absence of
scaffolds even after 3 months the lesions were covered with
only a thin fibrous layer (Fig. 6A, B), mostly comprised of
collagen. This is quite common in untreated defects of
critical size1 and is probably due to the lack of supporting
tissue or scaffolding to allow cellular infiltration and tissue
formation.62 In a critical size defect, when large amounts of
bone are removed during injury or surgery, the periosteum is
no longer intact and does not have the ability to functionally
restore the area.23 Based on our results, we posit that min-
eralized CTS-GP scaffolds may serve as bridging templates
to initiate integration with the surrounding tissue and fa-
cilitate tissue ingrowth from the periphery of the defects.
Indeed, as seen in Figure 6C and E, most of the tissue for-
mation occurs from the periphery. We speculate that due to
their unique topography, electrospun scaffolds (thin mem-
brane-like scaffolds, rather than foam fillers, metal implants,
etc.) will readily integrate with the outer surface of the bone
and stimulate the periosteum to initiate wound healing. As
seen in Figure 6D and F, there was significant collagen
formation, along the outer edge of the scaffold that appeared
to be emanating from the outer edge of the cortical surface,
as inferred from the pattern of the MTS stains.

Taken together, by enabling both cellular infiltration and
ECM deposition, our composite CTS-HA-GP scaffolds
promote peripheral healing not seen in defects treated with
the nonmineralized CTS-GP scaffolds. On the other hand,
the trade-off in using thin electrospun scaffolds is the lim-
ited penetration of cells into the scaffolds and tissues lack of
tissue ingrowth into the scaffolds (Fig. 6C–F). From the
histological data it is evident that there is new tissue for-
mation at the periphery and along the surface of the im-
plants, however, little ingrowth is observed completely
penetrating the scaffold. This is a common issue with
electrospun scaffolds and we, like many others, are looking
into various ways of enhancing the porosity to elicit tissue
ingrowth and cell penetration while still maintaining the
integrity of the overall scaffold and the innate ECM-
mimicking properties at the micro-level.63–66

Importantly, similar levels of new bone formation were
observed at the peripheral edges of the CTS-HA-GP scaf-
folds with and without mMSCs, indicative of regenerative
host/scaffold interactions.26 It is well known that the peri-
osteum harbors osteoprogenitor cells within the cambium
layer, which are responsible for initiating bone healing.21

Permissive electrospun biomaterials, like the ones used in
our study, may be suitable to promote a periosteal response.
Since mineralized CTS-HA-GP scaffolds without cells were
equally effective in inducing host tissue ingrowth as were

scaffolds with cells, we suggest that HA may act as nucle-
ation sites, creating biochemical cues that can initiate os-
seointegration, facilitate healing responses, and promote
tissue regeneration in critical size bone defects.
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