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Abstract: Acellular hydroxyapatite (HA) reinforced collagen

scaffolds were previously reported to induce angiogenesis and

osteogenesis after ectopic implantation but the effect of the HA

volume fraction was not investigated. Therefore, the objective

of this study was to investigate the effect of HA volume fraction

on in vivo angiogenesis and osteogenesis in acellular collagen

scaffolds containing 0, 20, and 40 vol % HA after subcutaneous

ectopic implantation for up to 12 weeks in mice. Endogenous

cell populations were able to completely and uniformly infil-

trate the entire scaffold within 6 weeks independent of the HA

content, but the cell density was increased in scaffolds contain-

ing HA versus collagen alone. Angiogenesis, remodeling of the

original scaffold matrix, mineralization, and osteogenic gene

expression were evident in scaffolds containing HA, but were

not observed in collagen scaffolds. Moreover, HA promoted a

dose-dependent increase in measured vascular density, cell

density, matrix deposition, and mineralization. Therefore, the

results of this study suggest that HA promoted the recruitment

and differentiation of endogenous cell populations to support

angiogenic and osteogenic activity in collagen scaffolds after

subcutaneous ectopic implantation. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Up to 2.2 million bone grafts are performed annually world-
wide, which presents a significant clinical need for graft sour-
ces.1,2 The clinical gold standard is autologous bone graft
which requires no processing and provides an osteoinductive
graft material. However, autologous tissue is limited by graft
size, shape, and complications associated with donor site mor-
bidity which have been reported in as many as 25% of proce-
dures.3–6 These complications can include donor site pain,
sensory disturbances, functional disorders, and fractures.6 Allo-
geneic tissue is less constrained by availability, size, and shape,
but is less osteoinductive and associated with an increased risk
of immunogenic response.7 Therefore, limitations in autograft
and allograft have led to extensive research in synthetic bone
graft substitutes and bone tissue engineering scaffolds aimed
at achieving the functionality of autograft and allograft while
overcoming the limitations and constraints.1,8–10

The important functional requirements for a synthetic bone
graft substitute or scaffold are both biological and mechanical.11

The scaffold should facilitate the recruitment and differentiation
of progenitor cells (bioactivity), support the formation of new
blood vessels (angiogenesis) within pore spaces and new bone
tissue (osteogenesis) along scaffold surfaces (osteoconduction),
and be gradually metabolized (bioresorption) and replaced by
native tissue.11 The ability to induce osteogenesis by the recruit-
ment and osteogenic differentiation of progenitor cells (osteoin-
duction) is often evaluated by evidence of bone formation after
implantation in an ectopic site.12 A synthetic bone graft substi-
tute or scaffold should also possess sufficient mechanical prop-
erties to allow surgical handling and fixation.8,13

Hydroxyapatite (HA)-reinforced collagen scaffolds mimic
key aspects of the composition and architecture of native
bone and have been shown to be bioactive, bioresorbable, and
osteoinductive.14,15 HA-collagen scaffolds and commercialized
collagen sponges are typically prepared via lyophilization
which produces high levels of porosity (80–99%) suitable for
cellular infiltration and nutrient transport.16–21 However,
lyophilized scaffolds are limited by a relatively small pore size
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(<100 mm width) and inherently thin lamellar struts (�1–3
mm) which result in less than ideal mechanical properties for
surgical handling, fixation, and bearing osteogenic loads dur-
ing healing.17–21

Compression-molded HA-collagen scaffolds were recently
designed to overcome the limitations of lyophilized scaf-
folds.15,22 These scaffolds were prepared with an architecture
exhibiting high porosity (85–90%), spherical interconnected
pores (�300–400 mm in diameter), thicker struts (�3–100
mm in thickness) composed of a relatively high collagen fibril
density reinforced with 0–80 vol % HA, and a compressive
modulus of 200–1000 kPa, which is an order of magnitude
greater than lyophilized HA-collagen scaffolds.15,22 Scaffolds
containing up to 60 vol % HA exhibited fully recoverable elas-
tic deformation upon cyclic loading to 50% strain and were
thus well-suited for surgical handling, fixation, and bearing
osteogenic loads during healing.15 Moreover, there was no
difference in vitro cellular bioactivity for scaffolds containing
40 or 80 vol % HA.15 Therefore, acellular collagen scaffolds
containing 40 vol % HA were investigated in vivo and were
observed to induce angiogenesis and osteogenesis after
ectopic implantation, similar to lyophilized HA-collagen scaf-
folds.14,15 However, these previous in vivo studies, for both
lyophilized and compression-molded HA-collagen scaffolds,
did not investigate the effect of the HA volume fraction which
was fixed at�40 vol %.14,15

Therefore, the objective of this study was to investigate
the effect of HA volume fraction on in vivo angiogenesis and
osteogenesis in acellular collagen scaffolds containing 0, 20,
and 40 vol % HA after subcutaneous ectopic implantation
for up to 12 weeks in mice (Fig. 1). Angiogenesis and osteo-
genesis were examined by micro-computed tomography
(micro-CT), explant histology, and immunohistochemistry.

EXPERIMENTAL METHODS

Scaffold preparation
HA-collagen scaffolds were prepared with 85 vol % porosity and
reinforced with 0, 20, or 40 vol % HA whiskers (n5 8/group),
using previously established methods.15,22 Briefly, acidified type

I bovine collagen at 3.2 mg mL21 (Collagen Solutions, PLC, San
Jose, CA) was brought to physiological pH and ionic strength
with 1 M NaOH and phosphate buffered saline (PBS). The colla-
gen slurry was incubated at 378C overnight to allow the solution
to gel. The resulting collagen network was disrupted with a tis-
sue homogenizer for 30 s and centrifuged at 6,000g for 30 min
to concentrate the collagen fibrils to �180 mg mL21. The
concentrated collagen fibrils were collected and mixed with an
appropriate amount of HAwhiskers to achieve 0, 20, or 40 vol %
HA within the collagen matrix of scaffolds. Single crystal,
calcium-deficient HA whiskers were prepared via the chelate
decomposition method under conditions previously reported to
result in a mean (6 standard deviation) length and aspect ratio
of 18.0 (8.9) mm and 7.9 (3.4), respectively.23,24 Paraffin micro-
spheres were then added to the HA-collagen suspension in an
amount to produce scaffolds with 85% porosity. Paraffin micro-
spheres were prepared by vigorously stirring molten paraffin
into a 25 wt % solution of sucrose in water at 808C, quickly cool-
ing in a 2 L ice bath, and sizing with a shaker sieve to a diameter
of 300–425 mm.15,22

The HA-collagen-paraffin slurry was loaded into a 6-mm
diameter pellet die and compression molded at 1 MPa for 1
min such that as-pressed scaffolds exhibited a height of
�6 mm. Scaffolds were subsequently dried in an oven at 378C
for 24–48 h. After drying, the paraffin porogen was leached by
soaking scaffolds in successive solutions of 23 100% hexane
(Sigma, St. Louis, MO) for 8 h, 50/50 hexane/ethanol for 8 h,
and 43 100% ethanol (VWR, Radnor, PA) for at least 6 h each.
The volume of leaching solutions was at least 203 greater than
the volume of the scaffolds. Scaffolds were subsequently
crosslinked for 12 h under gentle stirring in an 80/20 by
volume solution ethanol/DI water containing 20 mM 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC, Sigma) and 8 mM
n-hydroxysuccinimide (NHS, Sigma), with pH adjusted to 7.4
using 0.1M HCl.15,22

Subcutaneous ectopic murine model
Scaffolds from each experimental group (Fig. 1) were
implanted within ectopic subcutaneous pockets in the dor-
sal cervical region of 4-week old, female athymic nude mice
(Harlan Laboratories, Indianapolis, IN) for 6 or 12 weeks
(n5 4/group/time point). All protocols were approved by
the University of Notre Dame Institutional Animal Care and
Use Committee (IACUC). Scaffolds, 3 mm in diameter and
height, were prepared from dehydrated scaffolds prior to
porogen leaching using a biopsy punch. After porogen leach-
ing and crosslinking, scaffolds were sterilized by soaking in
100% ethanol for 24 h, and rehydrated in sterile PBS over-
night. Mice were anesthetized by intraperitoneal delivery of
a cocktail containing 100 mg mL21 ketamine (Henry-Schein,
Dublin, OH), 20 mg mL21 xylazine (Henry-Schein) and 10
mg mL21 acepromazine (Henry-Schein) in sterile saline at a
volumetric dose of 10�W250 mL, where W is the mouse
body weight (g). Scaffolds were implanted in each mouse
through a small incision in the center of the dorsal region.
The incision was closed with one autoclip which was
removed after the wound was healed, between 7 and 10
days post-implantation. Ketoprofen (Ketofen, Henry-Schein)

FIGURE 1. Schematic diagram showing the study design. Collagen

scaffolds containing 0, 20, and 40 vol % HA were implanted within

ectopic subcutaneous pockets in the dorsal cervical region of mice.

Mineralization was measured by micro-CT in as-prepared scaffolds

prior to implantation and at 6- or 12-weeks post-implantation. Note

that the implant micro-CT image was thresholded to show the scaf-

fold architecture in this figure while the explant image was represen-

tative of images thresholded to measure the bone volume (Fig. 2).

After imaging by micro-CT, explants were also prepared for histology.
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was given subcutaneously at a dose of 2 mg kg21 for post-
operative analgesia. Mice were sacrificed via CO2 asphyxia-
tion followed by cervical dislocation at 6- or 12-weeks post-
implantation and scaffolds were excised for characterization.

Micro-computed tomography of scaffold implants
and explants
As-prepared scaffolds were imaged by micro-CT (mCT-80,
Scanco Medical AG, Br€uttisellen, Switzerland) prior to
implantation and explants were imaged at 6- and 12-weeks
post-implantation (Fig. 1). Both scaffold implants and
explants were imaged at 10 mm resolution, 70 kVp voltage,
and 114 mA current with 1,000 projections at 400 ms inte-
gration time with slices oriented transverse to the vertical
axis of the cylindrical scaffolds. Noise in grayscale images
was smoothed by Gaussian filtration with sigma5 0.8 and
support5 1. Mineralization was measured as the change in
thresholded bone volume relative to the total volume in
explants compared with as-implanted scaffolds, D(BV/TV),
after 6- and 12-weeks implantation, in order to enable
comparison between experimental groups with different lev-
els of HA content. The bone volume (BV) was segmented
from the total volume (TV) using a threshold of 212 for
scaffolds containing 40 vol % HA and 196 for scaffolds
containing 0 or 20 vol % HA. These thresholds were previ-
ously determined in as-prepared scaffolds by calibrating
the mineral density measured by micro-CT within the
segmented BV against the mineral density measured by ash-
ing.22 Note that the thresholds of 212 and 196 corre-
sponded to 430 and 383 mg HA cm23, respectively, using a
custom calibration phantom.25

Histology
Explants were fixed in 4% paraformaldehyde (VWR) for 15
min, rinsed with PBS, and decalcified in 0.5M ethylenediami-
netetraacetic acid (EDTA, Sigma). The EDTA solution was
changed twice weekly until the addition of 1 mL of 5% sodium
oxalate (Sigma) to the spent demineralization solution yielded
no precipitate upon consecutive assays. Demineralized
explants were equilibrated in optimal cutting temperature
(OCT) compound (Tissue-TekVR O.C.T.TM, Sakura Finetek, Tor-
rance, CA) for 3 h, frozen in dry ice-cooled isopentane, and
stored at 2808C. Embedded explants were cryosectioned at
2238C in the coronal plane at 5–8 mm thickness and trans-
ferred to gelatin subbed slides, which were dried at 378C for
2 h and then stored at 2808C. Slides were warmed and dried
prior to all staining procedures. Sections were warmed to
room temperature and stained by hematoxylin and eosin
(H&E, VWR), and modified Masson’s trichrome comprising
Weigert’s hematoxylin (Sigma–Aldrich), xylidine ponceau
(Acros Organics, Geel, Belgium), acid fuchsin (Alfa Aesar,
Ward Hill, MA), phosphomolybdic acid (Tokyo Chemical
Industries, Tokyo, Japan), and Fast Green FCF (Electron
Microscopy Sciences, Hatfield, PA).26

All sections were imaged by transmitted light microscopy
(Eclipse ME600, Nikon Instruments, Melville, NY). Angiogene-
sis was quantified by the vascular density measured as the
number of blood vessels per scaffold area (ImageJ v1.49,

National Institutes of Health). Measurements for three
explants per experimental group were pooled from at least
five histologic sections per explant, which were evenly spaced
across the explant volume. Cell density was quantified by
counting the number of nucleated cells within a 0.25 mm2

region of interest (ROI) in the center of each histologic section.
Matrix deposition was quantified as an area fraction in the
same ROI by point counting using a 0.25 mm2 grid with 81
nodes. Matrix deposition was defined as extracellular matrix
deposited by infiltrating cell populations that was distinct
from the scaffold matrix. Measurements for cell density and
matrix deposition were pooled for three histologic sections
per experimental group.

Immunohistochemistry
Immunohistochemistry was performed to detect endothelial
cells associated with angiogenesis by labeling cluster of differ-
entiation 31 (CD31), and osteogenic gene expression by label-
ing osteocalcin (OC) and osteopontin (OP). Antigen retrieval
was performed at 808C for 15 min in 1 mM EDTA with 0.05%
Triton X-100 (Sigma–Aldrich) at pH 8.0, and blocked in 1%
normal goat serum (Jackson ImmunoResearch, West Grove,
PA) and 0.3M glycine (Sigma) for 4 h at 48C. Sections were
separately labeled with CD31, OC, or OP primary antibody
(Abcam, Cambridge, MA) diluted to 1:200 by volume and
applied in 1% bovine serum albumin (BSA, EMD Millipore,
Billerica, MA) in PBS overnight at 48C. Sections were rinsed
with PBS, incubated with the fluorescent secondary antibody
(AlexaFluor647 for OC and AlexaFlour 594 for OP and CD31,
goat anti-rabbit, Jackson ImmunoResearch) diluted to 1:50 by
volume in 1% BSA in PBS for 1 h at room temperature, coun-
terstained with 40,6-diamidino-2-phenylindole (DAPI, Vector
Laboratories, Burlington, CA) for 1 min, rinsed with PBS, and
mounted in an aqueous medium. All sections were imaged by
fluorescence microscopy and immunofluorescent images
were overlayed on grayscale images taken by transmitted
light microscopy (Nikon Eclipse ME600).

Statistical analysis
Angiogenesis (vascular density>0) and mineralization
(D(BV/TV)> 0) were confirmed using an exact t test with a
hypothesized mean of zero (JMP 11.0, SAS Institute, Cary, NC).
Differences in D(BV/TV), vascular density, cellular density,
and percent matrix deposition with HA content and implanta-
tion time were investigated using two-way analysis of var-
iance (ANOVA) with a Bonferroni correction. Post hoc
comparisons were performed using unpaired Student’s t tests.
The level of significance for all tests was set at p< 0.05.

RESULTS

Mineralization was measured by micro-CT as the change in
thresholded bone volume relative to the total volume in
explants compared with as-implanted scaffolds, D(BV/TV),
after 6- and 12-weeks implantation (Fig. 2). Only scaffolds
containing HA exhibited new mineralization (p<0.05 vs. 0,
exact t test), while scaffolds containing collagen alone did not
(p>0.32). Moreover, the amount of mineralization increased
with increasing HA content in scaffolds (p< 0.0001, ANOVA).
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Scaffolds containing 40 vol % HA exhibited a further increase
in mineralization between 6- and 12-weeks post-implantation
(p< 0.05, t test) while scaffolds containing 20 vol % HA did
not (p> 0.45).

After 6-weeks implantation, stained histologic sections
from explants revealed uniform cellular infiltration through-
out the entire pore volume of scaffolds (Fig. 3), and that the
original scaffold architecture (gray arrows) was still apparent
(Fig. 4), regardless of the HA content. Collagen scaffolds exhib-
ited relatively low cell density and no angiogenesis (Figs. 3
and 4). In contrast, collagen scaffolds containing HA exhibited
increased cell density and matrix deposition (white arrows)
with increased HA content (Fig. 3). Importantly, angiogenesis
(black arrows) appeared to be more widespread in scaffolds
with 40 vol % HA compared with 20 vol % HA (Figs. 3 and 4).

After 12-weeks implantation, stained histologic sections
from explants revealed increased cell density and matrix
deposition (white arrows) with increased HA content (Fig.
3). All or most of the original scaffold architecture (gray
arrows) remained apparent in scaffolds containing 0 or 20
vol % HA, respectively (Fig. 4). Angiogenesis and matrix
deposition were not observed in collagen scaffolds but were
evident in scaffolds with 20 vol % HA (Figs. 3 and 4). In
contrast, scaffolds with 40 vol % HA exhibited widespread
angiogenesis (black arrows), matrix deposition (white
arrows), and extensive remodeling such that none of the
original scaffold architecture remained. Vascularized scaf-
folds or vascularized regions of scaffolds maintained healthy
cell populations, while non-vascularized scaffolds or regions
of scaffolds exhibited decreased cell density compared with
6 weeks regardless of the HA content (Figs. 3 and 4).

Angiogenesis was quantified from H&E stained histologic
sections (Fig. 3) as the vascular density measured by the num-
ber of blood vessels per scaffold area after 6- and 12-weeks
implantation [Fig. 5(a)]. Only scaffolds containing HA exhibited
angiogenesis (p< 0.05 vs. 0 mm22, exact t test), while scaffolds
containing collagen alone did not (p> 0.21). Moreover, the vas-
cular density increased with increasing HA content in scaffolds

(p< 0.0001, ANOVA), but pairwise differences between scaf-
folds with 20 and 40 vol % HA (p> 0.07, t test), and between
6- and 12-weeks post-implantation (p5 0.07, ANOVA), were
not statistically significant.

Cellular infiltration was quantified from trichrome
stained histologic sections (Fig. 4) as the cell density meas-
ured by the number of nucleated cells per scaffold area
after 6- and 12-weeks implantation for scaffolds containing
0, 20, and 40 vol % HA [Fig. 5(b)]. Cellular infiltration was
observed in all scaffolds (p<0.05 vs. 0 mm22, exact t test).
The cell density increased with increasing HA content in
scaffolds (p< 0.0001, ANOVA) and was increased for scaf-
folds containing HA compared with collagen alone (p< 0.05
vs. 0 vol % HA, t test) for all groups except 20 vol % HA at
12-weeks post-implantation. The cell density was decreased
with time (p<0.0001, ANOVA) and pairwise differences
were statistically significant for scaffolds containing HA
(p<0.05, t test), but not collagen alone (p> 0.15, t test).

Matrix deposition was quantified from trichrome stained
histologic sections (Fig. 4) as the percent area fraction after
6- and 12-weeks implantation for scaffolds containing 0, 20,
and 40 vol % HA [Fig. 5(c)]. Matrix deposition was observed
in all scaffolds (p< 0.05 vs. 0%, exact t-test). Matrix deposi-
tion increased with increasing HA content in scaffolds
(p<0.0001, ANOVA) and was increased for scaffolds con-
taining HA compared with collagen alone (p< 0.05 vs. 0 vol
% HA, t test) for all groups except 20 vol % HA at 6-weeks
post-implantation. Matrix deposition was increased with
time (p< 0.001, ANOVA) and all pairwise differences were
statistically significant (p� 0.05, t test).

Immunohistochemistry was used to confirm the pres-
ence of endothelial cells associated with angiogenesis by
immunolabeling for CD31 (green) and ostegenic gene
expression by immunolabeling for OC (red) and OP (green).
Infiltrating mouse cells were counterstained by DAPI (blue).
Collagen scaffolds did not exhibit positive staining for CD31,
OC, and OP at either 6 or 12 weeks after implantation, and
the cell density decreased between 6 and 12 weeks (Fig. 6,
insets). Scaffolds containing 40 vol % HA exhibited positive
staining for CD31, which was colocalized with cell popula-
tions but diffuse after 6-weeks implantation and became
stronger and more localized by 12 weeks (Fig. 6). Positive
staining for CD31 was also correlated with cell and tissue
morphologies indicative of vasculature in the explants. Scaf-
folds containing 40 vol % HA also exhibited positive stain-
ing for OC or OP, which were colocalized with cell
populations but diffuse after 6-weeks implantation (Fig. 6).
After 12-weeks implantation, positive staining for cell popu-
lations and either OC or OP became much stronger and less
colocalized. OC and OP were instead localized to regions of
significant matrix deposition which became depopulated by
cells between 6 and 12 weeks.

DISCUSSION

Acellular collagen scaffolds containing 0, 20, and 40 vol %
HA were implanted within subcutaneous ectopic pockets in
mice for up to 12 weeks to investigate the effects of the HA

FIGURE 2. The change in thresholded bone volume relative to the

total volume in explants compared with as-implanted scaffolds, D(BV/

TV), measured by micro-CT after 6- and 12-weeks implantation for

scaffolds containing 0, 20, and 40 vol % HA. * p< 0.05 vs. D(BV/

TV) 5 0, exact t test. ** p < 0.05, 6 vs. 12 weeks, t test.
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volume fraction on angiogenesis and osteogenesis. Collagen
scaffolds (0 vol % HA) exhibited the lowest cell density, no
angiogenesis, no matrix deposition, no remodeling of the
original scaffold matrix, no mineralization, and no osteo-
genic gene expression. Collagen scaffolds containing 20 vol
% HA exhibited increased cell density, angiogenesis, matrix
deposition, remodeling of the original scaffold matrix, and
mineralization, but most of the original scaffold matrix
remained at 12 weeks and there was no further increase in
mineralization between 6 and 12 weeks. Collagen scaffolds
containing 40 vol % HA exhibited a further increase in cell
density, widespread angiogenesis, matrix deposition, exten-
sive remodeling such that none of the original scaffold
matrix remained at 12 weeks, mineralization which contin-
ued to increase between 6 and 12 weeks, and osteogenic

gene expression. These differences were observed even
though endogenous cell populations were able to completely
and uniformly infiltrate the entire scaffold within 6 weeks
regardless of the HA content, and the scaffold architecture
was not significantly altered by the HA content.15 Therefore,
the results of this study suggest that the HA volume fraction
provided differences in chemotactic signaling to endogenous
cell populations.

Osteogenesis
Acellular collagen scaffolds containing �40 vol % HA pre-
pared by lyophilization14 or compression-molding,15 were
previously reported to be osteogenic after intramuscular and
subcutaneous ectopic implantation, respectively, but the effect
of the HA volume fraction was not investigated. In this study,

FIGURE 3. Representative H&E stained histological sections from explants after 6- and 12-weeks implantation for collagen scaffolds containing

0, 20, and 40 vol % HA. After 6-weeks implantation, uniform cellular infiltration was evident throughout the entire pore volume regardless of the

HA content. Collagen scaffolds exhibited relatively low cell density and no angiogenesis at either time point. In contrast, collagen scaffolds con-

taining HA exhibited increased cell density and matrix deposition (white arrows) with increased HA content. Importantly, scaffolds with 40 vol %

HA also exhibited widespread angiogenesis (black arrows), but scaffolds with 20 vol % HA did not. After 12-weeks implantation, scaffolds with

40 vol % HA exhibited matrix deposition (white arrows), as the architecture appeared to be rearranged by infiltrating cells.
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HA was shown to promote osteogenic cell differentiation,
gene expression, and mineralization in acellular collagen scaf-
folds that otherwise exhibited no evidence of osteogenic activ-
ity after subcutaneous ectopic implantation (Figs. 2 and 6).
HA was also shown to promote a dose-dependent increase in
measured cell density, matrix deposition, and mineralization
(Fig. 2 and 5).

Subcutaneous ectopic implantation is advantageous for
investigating the osteogenic potential of scaffolds, or osteoin-
duction, because the subdermal microenvironment contains a
low number of endogenous bone-forming cells and thus pro-
vides a more challenging microenvironment compared with
intramuscular models.12,27 Moreover, murine models have
been reported to have a lower osteoinductive potential com-

pared to larger animals.28,29 These and other observations
have led researchers to conclude that osteoinduction is most
fundamentally defined by the recruitment and osteogenic dif-
ferentiation of endogenous progenitor cells.30,31 Therefore,
observations in this study of the recruitment and osteogenic
differentiation of endogenous cell populations after subcuta-
neous ectopic implantation in mice suggest that the
HA-collagen scaffolds were osteoinductive.

The infiltration and osteogenic differentiation of endoge-
nous progenitor cells in HA-collagen scaffolds was evidenced
by increased cell density and matrix deposition, respectively
(Figs. 3–5), and upregulated osteogenic gene expression
(Fig. 6), with increased HA content. Previous in vitro investiga-
tions have typically reported no difference in cell proliferation

FIGURE 4. Representative Masson’s trichrome stained histological sections from explants after 6- and 12-weeks implantation for collagen scaf-

folds containing 0, 20, and 40 vol % HA. After 6-weeks implantation, uniform cellular infiltration was evident throughout the entire pore volume,

and the original scaffold architecture (gray arrows) was still apparent, regardless of the HA content. Collagen scaffolds exhibited relatively low

cell density and no angiogenesis at either time point. In contrast, collagen scaffolds containing HA exhibited increased cell density with

increased HA content. Scaffolds with 40 vol % HA also exhibited angiogenesis (black arrows), but scaffolds with 20 vol % HA did not. After 12-

weeks implantation, all or most of the original scaffold architecture (gray arrows) remained apparent in scaffolds containing 0 or 20 vol % HA,

respectively. In contrast, scaffolds with 40 vol % HA exhibited extensive remodeling such that none of the original scaffold architecture

remained.
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between lyophilized collagen and HA-collagen scaffolds for up
to 21 days in cell culture after seeding with either primary
osteoblasts or osteoprogenitor cells.14,19,32,33 In a previous
study using identical scaffolds to those in the present study,
murine adipose-derived stromal cells (mASCs) exhibited lower

proliferation, as measured by total DNA, and greater differen-
tiation, as measured by alkaline phosphatase (ALP) activity, on
HA-collagen scaffolds compared with collagen scaffolds after 7
and 14 days in cell culture.15 Differences between scaffolds
containing 40 and 80 vol % HA were not statistically signifi-
cant.15 However, ALP activity was previously shown to be
greater for primary osteoblasts cultured on polymer substrates
containing 40 vol % HA compared with 20 vol % HA after 7–14
days.34 Therefore, the increase in cell density observed in scaf-
folds with increased HA content was most likely due to HA pro-
moting greater recruitment of osteoprogenitor cells to scaffolds
rather than greater proliferation of cells that infiltrated
scaffolds. Moreover, osteogenic differentiation of progenitor
cells that infiltrated HA-collagen scaffolds was due to the
well-known bioactivity of HA.15,20,35

The mechanism by which HA promotes the recruitment
and differentiation of osteoprogenitor cells is not yet fully
understood but key factors have been identified.27,36 Various
calcium phosphates have been reported to be osteoinductive
after subcutaneous ectopic implantation27,28,31,36–39 of bioma-
terials that typically contain both macro- and micro-poros-
ity.27 Hypothesized mechanisms include chemotactic
signaling to cells by (1) the adsorption of endogenous growth
factors (e.g., bone morphogenetic proteins) to calcium phos-
phates, (2) the release of calcium ions from calcium phos-
phates, and, interestingly, (3) cell signaling even in the
absence of (1) and (2).27,30,36 Macro-porosity facilitates cell,
protein, and nutrient transport, while both macro- and micro-
porosity provide high surface area for the adsorption of pro-
teins40 and/or release of calcium ions.27 Therefore, increased
HA content in collagen scaffolds may have facilitated greater
adsorption of endogenous growth factors, greater release of
calcium ions, and/or greater osteogenic gene expression,
which provided greater chemotactic signals to endogenous
cell populations.

Angiogenesis
HA also promoted angiogenesis in collagen scaffolds that oth-
erwise exhibited no angiogenesis [Figs. (2 and 5)(a), and 6].
Moreover, the angiogenicity of HA-collagen scaffolds was
greater in scaffolds containing 40 vol % HA compared with 20
vol % HA. Previous studies demonstrated angiogenesis after
intramuscular implantation of acellular HA scaffolds,41,42 and
subcutaneous ectopic implantation of acellular HA-collagen
scaffolds15,43 and bioglass-coated collagen scaffolds,44 but the
effects of HA volume fraction were less clear. A study investi-
gating the effect of up to �0.5 vol % HA reported no effect
after 1-week implantation,43 but our results suggest that as
much as 20 vol % HA and 6 weeks were required to observe
an effect [Fig. 5(a)]. Subcutaneous ectopic implantation is
advantageous for investigating the angiogenic potential of
scaffolds because the subdermal microenvironment contains
limited native vasculature and thus provides a more challeng-
ing microenvironment compared with intramuscular models
because endothelial cells must be recruited from adjacent tis-
sue.12,45 Therefore, the results of this study suggest that HA-
collagen scaffolds promoted the recruitment of endogenous
endothelial cells.

FIGURE 5. (a) Angiogenesis measured from H&E stained histologic

sections (Fig. 3) as the vascular density after 6- and 12-weeks implan-

tation for scaffolds containing 0, 20, and 40 vol % HA. * p< 0.05 vs.

0 mm22, exact t test, and vs. 0 vol % HA, t test. Cellular infiltration

and matrix deposition measured from trichrome stained histologic

sections (Fig. 4) as the (b) cell density, and (c) percent matrix deposi-

tion, after 6- and 12-weeks implantation for scaffolds containing 0, 20,

and 40 vol % HA. * p< 0.05 vs. 0 vol % HA, t test. ** p� 0.05, 6 vs. 12

weeks, t test.
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There are several mechanisms by which HA could pro-
mote angiogenesis via recruitment of endothelial cells. Bio-
glass research has suggested that the release of calcium ions
upon dissolution provides chemotactic signals which may
stimulate fibroblasts to secrete angiogenic growth factors
(e.g., vascular endothelial growth factor) and/or recruit endo-
thelial cells.46 HA may also promote the adsorption of endoge-
nous angiogenic growth factors. Finally, scaffold or matrix
stiffness may also govern angiogenesis, as described in
greater detail below.

Angiogenesis is essential for functional bone regeneration
via either intramembranous or endochondral ossifica-
tion.47–49 Vascularization promotes oxygen tension, nutrient
delivery, waste removal, osteoblastogenesis, and bone forma-
tion.48–50 Moreover, vascularization may promote the delivery

of osteoprogenitor cells to defect sites even in the absence of
periosteal and marrow-derived osteoprogenitor cells,51 and is
necessary to push the fate of progenitor cells away from a
chondrogenic lineage and toward an osteogenic lineage.52,53

Thus, for all these reasons, the ability of HA-collagen scaffolds
to promote angiogenesis without exogenous angiogenic
growth factors or cell populations is promising for bone
regeneration, but further evaluation is necessary in preclinical
models for orthotopic defects.

Remodeling
The results of this study suggest that HA also promoted
remodeling of collagen scaffolds that otherwise exhibited no
remodeling. Granulation tissue that was observed histologi-
cally in HA-collagen scaffold explants provides a dynamic

FIGURE 6. Representative histologic sections from explants after 6- and 12-weeks implantation for collagen scaffolds containing 0 (inset) and 40

vol % HA showing immunostaining for a marker of angiogenesis, cluster of differentiation 31 (green, CD31), markers of osteogenesis, including

osteocalcin (red, OC) or osteopontin (green, OP), and counterstaining of infiltrating mouse cells (blue, DAPI), overlaid on grayscale images. Col-

lagen scaffolds containing 40 vol % HA exhibited positive staining for CD31, OC, and OP, which was colocalized with cell populations but diffuse

after 6-weeks implantation, and became stronger 12 weeks. Positive staining for CD31 became more localized by 12 weeks; OC and OP were

less colocalized by 12 weeks but were instead localized to regions of significant matrix deposition which became depopulated by cells between

6 and 12 weeks. In contrast, collagen scaffolds did not exhibit positive staining for CD31, OC, or OP at either 6 or 12 weeks (insets).
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source of active progenitor cell populations which may have
induced reorganization and phagocytosis of the scaffold
material.54 Collagen scaffold explants did not exhibit granu-
lation tissue (Fig. 3). Moreover, as discussed below, collagen
scaffolds were also prone to cell-mediated contraction
resulting in pore collapse (Fig. 3) due to a lower stiffness
compared with HA-collagen scaffolds.15 Finally, histology did
not reveal the presence of any multinucleated cells sugges-
tive of osteoclast activity. However the release of OP by
osteoblasts (Fig. 6) signals the activation of osteoclasts and
the beginning of remodeling.55

Biomechanical considerations
Differences in the HA content of scaffolds in this study may
have presented differences in mechanical signals in addition
to chemotactic signals. The mean (6 standard deviation)
compressive modulus of collagen scaffolds reinforced with
0, 20, and 40 vol % HA whiskers was previously reported
as 100 (8), 330 (25), and 525 (58) kPa, respectively.15

Thus, HA reinforcement produced a five-fold increase in the
compressive modulus. These differences in mechanical prop-
erties may have contributed to the results of this study in
two important ways.

First, the collagen scaffolds were previously shown to
exhibit contraction and peripheral pore collapse after in
vitro cell culture, but HA-collagen scaffolds did not.15 There-
fore, cell infiltration, angiogenesis, and nutrient transport
may have been restricted in the collagen scaffolds due to
peripheral pore collapse long before the 6-week time point.
In contrast, HA-collagen scaffolds were able to resist the
contractile forces applied by cells and maintain an open
pore network at the scaffold periphery.

Second, the stiffness of a cell substrate is well-known to
modulate cell phenotype.56 Thus, the increased stiffness of
scaffolds with increased HA content may have contributed
to the recruitment and differentiation of osteoprogenitor
cells in addition the chemotactic effects described above.
Several studies have demonstrated a significant effect of
scaffold stiffness on endothelial tube formation in vitro.57–60

These studies have hypothesized that cellular contraction of
a relatively compliant scaffold matrix induces remodeling
and disrupts endothelial tube formation. The increased
matrix stiffness due to HA reinforcement prevents scaffold
contraction,15 and may therefore promote endothelial
tube formation. There is, however, presently a lack of con-
sensus as other studies reported that increased matrix stiff-
ness opposes endothelial tube formation and capillary
invasion.61,62

Functional significance
HA-collagen scaffolds were shown to provide advantageous
chemotactic and/or biomechanical signals compared to col-
lagen scaffolds. Moreover, acellular HA-collagen scaffolds
were able to promote angiogenesis, mineralization, and
osteogenic gene expression without delivering exogenous
cells or growth factors. Therefore, the results of this study
suggest that these scaffolds may have clinical utility as a
synthetic bone graft substitute or tissue engineering scaffold

that directs endogenous cell populations, or as a delivery
vehicle for exogenous growth factors and/or osteogenic cell
populations which may hasten bone regeneration. In either
case, future studies are required to investigate functional
outcomes in critical-size orthotopic defect models.

CONCLUSIONS

Subcutaneous ectopic implantation of acellular collagen scaf-
folds containing 0, 20, and 40 vol % HA for up to 12 weeks
in mice revealed differences in the signals provided to
endogenous cell populations for directing angiogenesis and
osteogenesis. Scaffolds containing HA exhibited angiogene-
sis, remodeling of the original scaffold matrix, mineraliza-
tion, and osteogenic gene expression, while scaffolds
containing collagen alone did not. Moreover, HA promoted a
dose-dependent increase in measured vascular density, cell
density, matrix deposition, and mineralization. Therefore, HA
promoted the recruitment and differentiation of endogenous
cell populations to support angiogenic and osteogenic activ-
ity in collagen scaffolds after subcutaneous ectopic
implantation.
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