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Citric acid-based polymer/hydroxyapatite composites (CABP-HAs) are a novel class of biomimetic
composites that have recently attracted significant attention in tissue engineering. The objective of this
study was to compare the efficacy of using two different CABP-HAs, poly (1,8-octanediol citrate)-click-HA
(POC-Click-HA) and crosslinked urethane-doped polyester-HA (CUPE-HA) as an alternative to
autologous tissue grafts in the repair of skeletal defects. CABP-HA disc-shaped scaffolds (65 wt.-% HA with
70% porosity) were used as bare implants without the addition of growth factors or cells to renovate 4 mm
diameter rat calvarial defects (n 5 72, n 5 18 per group). Defects were either left empty (negative control
group), or treated with CUPE-HA scaffolds, POC-Click-HA scaffolds, or autologous bone grafts (AB
group). Radiological and histological data showed a significant enhancement of osteogenesis in defects
treated with CUPE-HA scaffolds when compared to POC-Click-HA scaffolds. Both, POC-Click-HA and
CUPE-HA scaffolds, resulted in enhanced bone mineral density, trabecular thickness, and angiogenesis
when compared to the control groups at 1, 3, and 6 months post-trauma. These results show the potential of
CABP-HA bare implants as biocompatible, osteogenic, and off-shelf-available options in the repair of
orthopedic defects.

O
ver 2.2 million bone transplantation procedures are performed annually worldwide in a variety of fields
including orthopedics, neurosurgery, and dentistry1. Although, autologous bone grafts remain the gold
standard for bone grafting procedures due to their superior osteogenic potential, their use is associated

with various complications such as hematoma, soft tissue breakdown, pain, and prolonged recovery times2,3.
Moreover, the use of bone autografts is contraindicated in osteoporotic populations due to a significant reduction
in bone quality and quantity4. Thus, the development of a fully synthetic, readily available, and osteogenic bone
substitute as an adjunct to autologous tissue grafts is strongly encouraged and considered as a great milestone in
the clinical field.

For synthetic orthopedic biomaterials, research in the field has witnessed a shift from the use of permanent,
inert metals towards tissue-engineered biodegradable composites designed to mimic the native composition of
bone. Initially, the majority of synthetic orthopedic materials were based off calcium phosphates (CaPs), such as
hydroxyapatite (HA) and beta tricalcium phosphate (TCP), because of their ability to replicate the native mineral
constituent of bone tissue5–9. Although biomimetic and osteogenic, their applications are severely limited when
fabricated into porous structures due to the inherent brittleness and very slow degradation rates10–12. To improve
their utility, the hybridization of bioceramics and biodegradable polymers has been widely adopted to reform the
mechanical properties and bioactivity of the resulting materials for orthopedic applications13. However, the
current composite materials still suffer from several significant problems such as unsatisfactory mechanical
strength, inefficient bone regeneration, poor bone integration, and the inability to mimic native bone chemical
composition, which is composed of 60–65 wt.-% hydroxyapatite embedded in a collagen matrix14,15.

To address these limitations, our lab has focused on the development of citric acid-based materials to com-
posite with bioceramics for orthopedic tissue engineering. Citrate, a naturally occurring Kreb’s cycle product, is
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highly conserved in native bone with over 90% of the body’s total
citrate content being located in the skeletal system. Recent research
has suggested that citrate plays significant roles in bone anatomy,
physiology, and orthopedic biomaterial development16–18. For
example, citrate is not only a dissolved calcium-solubilizing agent,
but has recently been found to be an integral part of the bone nano-
composite. Previous research by Hu et al. and Davies et al. has shown
that citrate molecules are strongly studded to the apatite nanocrystal
surface and form bridges between mineral platelets regulating bone
mineral crystallinity, respectively, which is highly related to the over-
all strength of bone tissue16,19. Along with the recent exciting and
significant strides that have been made elucidating the role of citrate
in bone formation and physiology, our lab has recently shown the
potential of citrate as a cornerstone in orthopedic biomaterial design.
Our recent exciting results showed that exogenous citrate, whether
presented on a biomaterial, supplemented into culture media, or
released from a biomaterial over the course of degradation can
enhance alkaline phosphatase (ALP) and osterix (OSX) gene
expression, osteoblast phenotype progression, implant osteoinduc-
tivity, and osteointegration both in vitro and in vivo17. The natural
abundance of citrate in bone tissue, its importance in bone physi-
ology, and our recent findings on stem cell culture hint that citrate
may have significant impacts on bone development and orthopedic
biomaterial development19,20.

As previously mentioned, citric acid-based polymer/hydroxyapa-
tite composites (CABP-HAs) are a novel class of orthopedic bioma-
terial, which offer distinct advantages for bone tissue engineering
applications17. The first reported citric acid-based composite, poly
(1,8-octanediol)-HA (POC-HA), is synthesized with non-toxic
monomers using simple and cost-effective procedures. POC-HA
displayed enhanced HA integration through the calcium chelating
ability of free carboxylic chemistry in the bulk of the material20. The
abundant carboxyl chemistry allowed for the incorporation of up to
65 wt.-% of HA in the composites to match the native mineral con-
tent of bone tissue and is a feature that is not possible with previous
materials. Since the development of POC-HA, our laboratory has
long been working on a series of citrate-based biodegradable poly-
mers such as mechanically strong crosslinked urethane-doped polye-
sters (CUPEs)21, biodegradable photoluminescent polymers
(BPLPs)22,23, dual-crosslinkable poly (alkylene maleate citrate)
(PAMC)24,25, and clickable POC-based elastomers (POC-Click)26

for various biomedical applications such as bone, vascular, and
neural tissue engineering, cancer imaging, and drug delivery17,27–29.
To improve upon the mechanical properties of POC-HA through
urethane chemistry, we have shown that CUPE-HA composites dis-
play impressive compressive strengths of 116.23 6 65.37 MPa,
which falls within the range of native human cortical bone (100–
230 MPa). Although, CUPE-HA showed minimal chronic inflam-
mation and full osteointegration when implanted in a rabbit lateral
femoral condyle defect model, the urethane-doping strategy sacri-
ficed valuable pendant carboxyl chemistry to chelate with hydroxya-
patite limiting the mechanical potential of the material17,21,24.

To address this situation, we have recently developed a clickable
biodegradable elastomer, poly (octanediol citrate) – click (POC-
Click), which employs azide-alkyne cycloaddition (click chemistry)
as an additional crosslinking mechanism to improve the mechanical
strength of the bulk material without sacrificing valuable pendant
citric acid carboxyl chemistry for HA calcium chelation26. Although
we have previously shown that citrate-based materials can address
the challenges in designing mechanically strong, osteoconductive,
and osteoinductive orthopedic biomaterials, this new class of ortho-
pedic biomaterials has only been studied as solid, non-porous
implants, and their use as a scaffold for cranial bone defect repair
has not been studied yet. Therefore, in this study, CUPE-HA and
POC-Click-HA porous scaffolds were fabricated and compared for
their potential to repair cranial defects in rats.

Methods
Hydroxyapatite [Mw: 502.32, assay . 90% (as Ca3(PO4)2); particle size: . 75 mm
(0.5%), 45–75 mm (1.4%), , 45 mm (98.1%)] and all remaining chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received unless
stated otherwise.

Scaffold fabrication. CUPE pre-polymers and POC-Click (clickable diols 30% of
total diol composition) pre-polymers were synthesized according to previously
published methods21,26. To fabricate porous CUPE-HA disc shaped scaffolds, CUPE
pre-polymer was first dissolved in 1,4-dioxane and mixed with hydroxyapatite (65
wt.-%). Next, sodium chloride salt with an average size in the range of 200–400 mm
was added to the mixture (70 wt.-%) and stirred in a Teflon dish until a homogenous
viscous paste was formed. To fabricate disc-shaped scaffolds, the viscous paste was
inserted into Teflon tubes (4 3 2 mm; inner diameter 3 height) purchased from
McMaster-Carr (Aurora, OH, USA). Following solvent evaporation, the scaffolds
were post-polymerized in an oven maintained at 100uC for 3 days. Salt was leached
out from the scaffolds by immersion in deionized water under vacuum for 72 hours
with water changes every 12 hours. Finally, the scaffolds were dried using
lyophilization to obtain the final disc-shaped scaffolds (4 3 2 mm; diameter 3

height). POC-Click-HA disc shaped scaffolds were also fabricated as described above.

Ethics Statement. All animal experiments were carried out with the approval of the
Southern Medical University Animal Care and Use Committee in accordance with
the guidelines for the ethical treatment of animals. All surgeries were performed
under chloral hydrate and xylazine anesthesia, and all efforts were made to minimize
animal suffering.

Surgical procedure. Seventy-two male Sprague–Dawley rats (200–220 g) were used
for the animal experiments. The body weights were closely monitored to confirm
feeding and expected growth rates. All rats were handled regularly for at least one
week prior to surgery and individually housed in cages in climate controlled rooms at
22uC with 50% humidity and 12 h light/dark cycles. Surgeries were performed under
semi-sterile conditions with animals under anesthesia induced by the intraperitoneal
injection of 100 mg/kg chloral hydrate and 10 mg/kg xylazine. The surgical site was
shaved and prepared with a 70% ethanol solution, and a subcutaneous injection of
0.5 mL of 1% lidocaine (local anesthetic) was given at the sagittal midline of the skull.
Following this injection, a sagittal incision was made over the scalp from the nasal
bone to the middle sagittal crest, and the periosteum was bluntly dissected. Using a
punch, a 4 mm diameter pit defect was made with a trephine drill, which was
constantly cooled with sterile saline. The calvarial disk was then carefully removed to
avoid tearing of the dura. Animals were randomly assigned into four groups (n518
per group) in which the 4 mm defect was: 1) left empty as a negative control (CON),
2) filled with autogenous bone (AB), 3) filled with CUPE-HA scaffolds (CUPE-HA),
or 4) filled with POC-Click-HA scaffolds (POC-Click-HA). The skin was sutured
with 6-0 vicryl, and the animals were monitored following standard post-operative
animal care protocols (Fig. S1). Animals were ultimately anesthetized and sacrificed
by xylazine injection at 1, 3, 6 months post-surgery.

Scanning electron microscope. Bare CABP-HA scaffolds and explanted scaffolds
isolated 6 months after surgery were fixed with 2.5% glutaraldehyde (Sigma, USA) for
12 h and characterized using scanning electron microscopy (SEM). After tension-free
drying, the samples were coated in gold and analyzed with a S-3000N SEM (Hitachi,
Japan) under high-vacuum conditions (air pressure,1 3 1027 mbar), 20 kV voltage,
and 18 mm working distance. A Philips XL 30 ESEM-FEG system (FEI Co, USA) was
used to capture images at 503 and 5003 magnification.

Microcomputed tomography (micro CT). Micro CT analysis was used to quantify
the volume of bone formation within the defect. The tomography of fixed rat calvarial
bone specimens was performed using a microtomographic imaging system (ZKKS-
MCT-Sharp-III scanner, Caskaishen, China) at 50 kV, 40 W, and an exposure time of
300 ms through a 0.5-mm-thick aluminum filter. The X-ray projections were
obtained at 0.72u intervals with a scanning angular rotation of 360u. The
reconstructed dataset was segmented by an automated thresholding algorithm. The
projection images were reconstructed into three-dimensional images using ZKKS-
MicroCT software (version 4.1) from ZKKS. To calculate the bone mineral density
(BMD) and trabecular thickness (Tb.Th) among the four groups, a hollow cylindrical
volume of interest (VOI-1) 4 mm in external diameter, 2.8 mm in inner diameter,
and 300 mm in height was selected for scanning and corrected for the CT value to
evaluate the bone regeneration at the periphery of the implant areas (Fig. 1A). To
further evaluate bone regeneration between the CUPE-HA and POC-Click-HA
groups in the entire defect areas, a cylindrical volume of interest (VOI-2) 4 mm in
diameter and 300 mm in height was selected to analyze the BMD and Tb.Th (Fig. 1B).

Histological assessment. For histological assessment, the defect and surrounding
tissues were fixed in 4% paraformaldehyde for 48 h, decalcified with 0.5 M
ethylenediaminetetraacetic acid (EDTA) at pH 7.4 for 3 weeks, and embedded in
paraffin. Tissues were longitudinally sectioned with a 4-mm thickness, deparaffinated
with xylene, gradually hydrated, and stained with hematoxylin and eosin (H&E) for
light microscopic analysis. Images were captured at 2003 magnification using an
Olympus bx51 microscope with a 203 objective lens (Olympus, Japan) and a digital
camera (ProgRes C14, Jenoptik, Germany). Five random images were obtained for
each rat along the length of the defect. Overall, a total of 25 to 30 images were acquired
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from five to six rats in each group. The number of blood vessels was determined by
counting luminal structures lined by vascular endothelium and partially filled with
red blood cells30. The deparaffinated slices were stained using Alkaline Phosphatase
Kit based on naphthol AS-MX phosphate and fast blue RR salt (Sigma, MO, USA).
Images were observed at 4003 magnification.

Immunohistochemical analysis. To stain for osteocalcin (OCN) and Vascular
Endothelial Growth Factor-b (VEGF-b), tissue sections were treated with proteinase
K (Sigma, MO, USA) for antigen recovery, washed with PBS, blocked with 5% bovine
serum albumin at room temperature for 30 min, and exposed to antibodies for
VEGF-b (15100 dilution, Bioworld, CA, USA) and osteocalcin (15100 dilution, Santa
Cruz, CA, USA) overnight at 4uC. Peroxidase activity was detected using the enzyme
substrate 3-amino-9-ethyl carbazole. For negative controls, sections were treated in
an identical manner, except they were incubated in PBS-buffered saline without
primary antibodies. Vascular numbers were determined by three single blind
pathologists and calculated according to the average number of vessels in five random
areas of an image at 2003 magnification.

Statistical analysis. Data are expressed as the mean 6 standard deviation. The
statistical significance between two sets of data was calculated using a two-tail
Student’s t-test. Analysis of variance (ANOVA) with Newman-Keuls multiple
comparisons test post-hoc analysis was used to determine significant differences
among three or more groups. Data analysis was performed using SPSS 20.0 software.
Data were considered to be significant when a p-value of 0.05 or less was obtained.

Results
SEM analysis of CABP-HA scaffolds. SEM images of the disc-
shaped CUPE-HA and POC-Click-HA scaffolds fabricated in this
study are shown in Figure 2. As shown in the SEM images (Fig 2A-B),
a porous structure with an average pore size in the range of 200–
400 mm can be seen. The SEM images suggest that the scaffolds
present rough pore walls, which may facilitate protein adsorption
and cell adhesion. Explanted samples after 6 months of implantation
were also viewed under SEM (Fig. 2C–D). As seen from the two SEM
images, the overall morphology between the explanted CUPE-HA
and POC-Click-HA groups were similar in appearance with dense
tissue filling the scaffold pore structures.

Radiographic assessment of new bone formation. To observe new
bone formation within the defects, 3D images of the defects were
reconstructed using micro-CT 1, 3, and 6 months post-surgery
(Fig. 3). Radiographic evidence of new bone formation was highly
variable between non-scaffold groups (CON and AB groups) and
CABP-HA scaffold groups (CUPE-HA and POC-Click-HA
groups). In the untreated defects (CON group), no new bone
formation was observed in the defect 6 months after surgery
(Figs. 3A–C). In contrast, dense tissue was evident inside the defect
of autologous bone treated animals (Figs. 3D–F). In two scaffold
groups, radiopaque tissue was found spread over the entire defect
site indicating new bone formation. The amount of radiopaque tissue
appeared higher in the defects treated with CUPE-HA scaffolds
(Figs. 3G–I) compared to POC-Click-HA scaffolds (Figs. 3J–L).

Next, micro-CT analysis was conducted to quantify the minera-
lized skeletal bone formation at the periphery of the implant using a
hollow cylindrical volume of interest (VOI-1) (Fig. 4A and 4B). The
highest level of peripheral bone formation was observed in defects

Figure 1 | Representative image depicting the anatomical region used to
define the volume of interest (VOI) used for bone mineral density (BMD)
and trabecular thickness (Tb.Th) measurements in axial view. A) A

hollow VOI-1 (red circular area) was defined as the space between outer

circle (4 mm in diameter; red arrow) and inner circle (2.8 mm in diameter;

blue arrow) with a depth of 300 mm to measure mineralized tissue at the

periphery of the implant, and B) a solid cylindrical VOI-2 (red circular

area) was defined as the entire defect area (4 mm in diameter; red arrow)

with a depth of 300 mm.

Figure 2 | Representative scanning electron microscope (SEM) images of bare crosslinked urethane-doped polyester – hydroxyapatite (CUPE-HA)

scaffolds (A) and (B) poly (octanediol citrate) – click – hydroxyapatite (POC-Click-HA) scaffolds (60 wt.-HA and 70% porosity); and C) CUPE explants

and D) POC-click-HA explants 6 months after implantation in a 4 mm rat calvarial defect (magnification 503) (I: implant; B: bone).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 6912 | DOI: 10.1038/srep06912 3



treated with AB compared to all other groups. However, compared to
the negative control (CON), the defects repaired with CABP-HA
scaffolds exhibited greater peripheral bone regeneration. The peri-
pheral BMD and Tb.Th of the AB group was significantly higher than
that of the other groups at 1, 3, and 6 months after surgery (p,0.001),
which is evidenced by the radiopaque tissue bridging the implant and
surrounding bone. The peripheral BMD and Tb.Th of the CUPE-HA
and POC-Click-HA groups was significantly higher than the CON
group at all time points (Fig. 4A and B) (p,0.01). The peripheral
BMD and Tb.Th observed between the CUPE-HA group and the
POC-Click-HA groups showed no significant difference at all time
points (p.0.05). To quantify the amount of mineralized tissue within
the scaffold treated defect sites, the BMD and Tb.Th was calculated
using a solid cylindrical VOI-2 (Fig. 1B). As shown in Figures 4C and
D, no significant difference was seen at the 1 month time point for
both BMD and Tb.Th (Fig. 4C and 4D, respectively). However, the
CUPE-HA treated cranial defects exhibited increased dense tissue
formation within the defect sites when compared to the POC-Click-
HA group with the higher BMD (*p,0.05, **p,0.01) (Fig. 4C) and
Tb.Th (**p,0.01) (Fig. 4D) at 3 and 6 months post-implantation.

Histological assessment. Histological assessment of defect sites in
the CUPE-HA and POC-Click-HA groups were similar to the find-
ings in the autologous bone treated group (AB group). Specifically,
the edge of the defect site was composed of fibrous stroma and react-

ive bone. The fibrous stroma appeared loose around the scaffolds and
exhibited a relatively high level of angiogenesis. In contrast, the defect
sites in the negative control group (CON group) did not exhibit
reactive bone formation and displayed less fibrous stroma
compared to both the AB and CABP-HA scaffold groups (Fig. 5).
Tissue sections were stained for alkaline phosphatase (ALP) to
indicate the presence of osteoblast within the defect site 1, 3, and 6
months post implantation (Fig. 6A). Staining for osteocalcin (OCN)
was also performed and revealed OCN positive cells in the defect site
and were distributed within the implanted scaffolds 1, 3, and 6
months post implantation (Fig. 6B). ALP and OCN positive cells
were also quantified in the defect site of AB and CON control
group (Fig. S2ab). Immunohistochemical staining for VEGF-b was
also performed after 1, 3, and 6 months of implantation (Fig. 7). In
the negative control group (without any material implantation), very
few fibroblasts and inflammatory cells were concentrated in the
defect space and lower levels of VEGF-b expression were observed
when compared to the same area of other groups. In contrast, CUPE-
HA and POC-Click-HA treated groups showed higher levels of
VEGF-b expression and was similar to that of AB group, especially
at the 1 month time point (Fig. 7). Quantification of the vessel
numbers found in defect sites after 1, 3, and 6 months for all
experimental groups are shown in Figure 8. Greater vessel num-
bers in CABP-HA scaffold treated defects were confirmed by mor-
phometric analysis of the vessels (Fig. 8). The vascular numbers of

Figure 3 | Microcomputer tomography (micro CT) reconstructed 3D images of 4 mm rat calvarial defects treated with a–c) negative control (untreated

defects) (CON), d–f) autologous bone (AB), g–i) crosslinked urethane-doped polyester-hydroxyapatite scaffolds (CUPE-HA), and j–l) poly (octanediol

citrate)-click-hydroxyapatite scaffolds (POC-Click-HA) 1, 3, and 6 months post-implantation.
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Figure 4 | Morphometric analysis of A and C) bone mineral density (BMD) and B and D) trabecular thickness (Tb.Th) in 4 mm rat calvarial defects
after 1, 3, and 6 months of implantation Data are presented as mean 6 SD (n 5 3) (*p,0.05, **p,0.01, ***p,0.001). CON: negative control

group; AB: autologous bone group; CUPE-HA: crosslinked urethane-doped polyester-hydroxyapatite composite scaffold treated group; POC-Click-HA:

poly (octanediol citrate)-click-hydroxyapatite composite scaffold treated group.

Figure 5 | Microscopic images of hematoxylin and eosin (H&E) stained tissue sections from 4 mm rat calvarial defects after 1, 3, and 6 months of
implantation. New bone (arrows) and blood vessel formation (asterisks) were presented in the crosslinked urethane-doped polyester-hydroxyapatite

composite scaffold (CUPE-HA) and poly (octanediol citrate)-click-hydroxyapatite composite scaffold (POC-Click-HA) treated animals after 3 and 6

months (magnification 2003). CON: control group; AB: autologous bone group (autogenous bone implant); 1 m, 3 m, and 6 m: 1, 3, and 6 months

post-surgery, respectively; I: implant (black dotted lines); B: bone; Arrow: new bone; Asterisks: blood vessel.
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CUPE-HA groups were significantly higher than the AB and POC-
Click-HA groups 1 month post-surgery (p,0.05) (Fig. 8). No
significant difference was observed in vascular numbers between
each group at 3 and 6 months post-surgery (p,0.05).

Discussion
In the early 1960s, it was found that citrate made up about 5 wt.-%
of the organic component in bone. Recent studies have found that
the surface of apatite nanocrystals is actually strongly bound with
citrate molecules, which regulate and stabilize the crystallinity of
apatite nanocrystals by bridging mineral platelets16,19,31. Our recent
reports on citrate-based polymer blend composites have shown that
citrate, whether presented on the biomaterial or exogenously sup-
plemented into culture media, can promote bone development
through the up regulation of alkaline phosphatase (ALP) and osterix
(OSX) gene expression and acceleration of osteoblast phenotype
progression17. These recent insights have reintroduced interest into
the role of citrate in bone development and provided a new hypo-
thesis that osteoblasts were specialized citrate producing cells pro-
viding the increased citrate levels necessary for proper bone
formation18. It is from this rationale that citrate-based materials
may enhance bone formation through the presentation of citrate
chemistry on the material surface and the release of citrate during
the course of material degradation. Our previous studies have
shown that citrate-based materials are beneficial for orthopedic
applications in that they inherently provide increased citrate levels
to the newly forming tissue through material degradation, offer a
wide range of controllable material properties, and the ability to be
composited with up to 65 wt.-% HA through enhanced bioceramic-
polymer interactions, which is a feature not possible with previous
orthopedic biomaterials17,20,22,32.

Although, the functional bio-integration of CABP-HA solid
implants has been previously demonstrated to show excellent
osteointegration due to their bone-mimicking compositions in vitro
and in vivo, the objective of this study was to compare the efficacy of
using bare citric acid-based polymer composite scaffolds to stimulate
bone tissue regeneration in a rat calvarial defect model without the
use of growth factor supplementation or prior in vitro cell seed-
ing16,17,20,33. The use of a cranial defect as a means to evaluate bone
graft substitutes dates back to more than 100 years when deminer-
alized bovine bone matrix were implanted into the skull of canines34.
It was later in 1986 that Schmitz and Hollinger established a rat
cranial prototype model for osseous nonunions and discontinuity
defects35. Their results showed that although bone is a dynamic tissue
undergoing constant remodeling, its innate ability to heal itself upon
injury is largely dependent upon the defect size and location35,36.
Circular defects created on the rat cranium failed to heal and were
filled with fibrous tissue instead of new bone formation over a 3-
month period35–37. The reduced healing response of the skull was
attributed poor blood supply and relative deficiency of bone marrow
when compared to other bones35,38,39. Unlike typical long bones, there
is no primary nutrient artery present rendering the calvarium bio-
logically inert40. Instead, blood is primarily supplied by the middle
meningeal artery with secondary sources of perfusion being access-
ory arterioles41. These reasons make it especially difficult for even
small defects in the skull to spontaneously repair causing many to
consider the cranial bone defect as the most severe bone implant
test39.

Although poor blood supply is one of the major reasons for slow
bone regeneration in cranial defects, our results show that CABP-HA
materials have promoted bone regeneration over time without the
use of growth factors or prior cell seeding. Our citric acid based bone

Figure 6 | A) Alkaline phosphatase (ALP) and B) osteocalcin (OCN) specific stained tissue sections from 4 mm rat calvarial defects treated with

crosslinked urethane-doped polyester-hydroxyapatite composite scaffolds (CUPE-HA) and poly (octanediol citrate)-click-hydroxyapatite composite

scaffolds (POC-Click-HA) 1, 3, and 6 months after surgery. Magnification: 4003; Arrow: ALP-positive (dark brown) or OCN-positive (brown)

osteoblasts; I: implant (white dotted lines); B: bone.
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substitutes were compared with autogenous bone grafts, which were
considered as the gold standard for bone regeneration and osteoin-
tegration in clinic due to its inherent ability to provide the ideal
biocompatibility and osteogenicity1,8,42. Although BMD and Tb.Th
values for CABP-HA scaffolds were lower than that of autogenous
bone grafts, fibrous-osteotylus formation, a vital marker of intra-

membranous ossification, was markedly observed in both materials
group showing the osteoconductivity of citric acid-based bone sub-
stitutes43. Alkaline phosphatase (ALP) and osteocalcin (OCN) are
considered compelling bio-markers of osteogenesis44, and our results
show the presence ALP positive osteoblasts as well as OCN posi-
tive osteoblasts in the defect area of scaffold treated animals.
Interestingly, CUPE-HA scaffolds displayed enhanced bone regen-
eration over POC-Click-HA treated defects in regards to BMD. The
increased BMD values may be attributed to the degradation rates of
the two materials as previous studies have shown that POC-Click
degrades much more rapidly than CUPE-HA26. However, the ability
of citrate-based materials to stimulate bone regeneration in cranial
defects as bare implant materials shows the osteogenic potential of
these novel biomaterials.

The lack of a stable and integrated vascular system has been deter-
mined to be a significant cause for graft failure45. To address this
issue, a large number of studies on biomaterials have focused on the
bio-graft, which consists of a scaffold, seeded cells, and the release of
bio-factors to either induce angiogenesis or recruit host vasculature
to impregnate the implanted graft. Vascular endothelial growth fac-
tor (VEGF) and bone morphogenetic protein (BMP) are the most
common bio-factors applied in tissue engineering and can enhance
the regeneration of bone and soft tissue through stimulating angio-
genesis and proliferation of seeded cells46. To circumvent the long in
vitro cell culture times and regulatory issues involved with the use of
growth factors, recent research in the field has focused on the use of
off-the-shelf available acellular systems in which the implanted bio-
material/graft alone can induce tissue regeneration, angiogenesis,
and host-cell recruitment to the defect site47,48. Surprisingly, a stimu-
lation of soft tissue regeneration and angiogenesis was revealed in
animals treated with CABP-HA scaffolds in the early time points. In

Figure 7 | Vascular endothelial growth factor (VEGF) immunohistochemical stained tissue sections from 4 mm rat calvarial defects treated with
crosslinked urethane-doped polyester-hydroxyapatite composite scaffolds (CUPE-HA) and poly (octanediol citrate)-click-hydroxyapatite composite
scaffolds (POC-Click-HA) 1, 3, and 6 months of implantation. Both citric acid-based-hydroxyapatite scaffold treated groups (CUPE-HA and POC-

Click-HA) displayed larger VEGF-positive areas (brown) in defect sites compared to empty defects (CON) and autologous implant (AB) groups in the

same time period (magnification 2003). CON: control group; AB: autogenous bone group; 1 m, 3 m, and 6 m: 1, 3, and 6 months post-surgery,

respectively; I: implant I: implant (black dotted lines); B: bone.

Figure 8 | Number of blood vessels presented in critical sized cranial
defects treated with crosslinked urethane-doped polyester-
hydroxyapatite composite scaffolds (CUPE-HA), poly (octanediol
citrate)-click-hydroxyapatite composite scaffolds (POC-Click-HA),
autologous bone (AB), or left empty as a control (CON) 1, 3, and 6
months post-surgery. Data are presented as mean 6 SD (n 5 5).

(*p, 0.05). CON: negative control group; AB: autogenous bone group.
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our study, increased vessel numbers and a higher level of VEGF
expression suggest the development of a satisfactory blood supply
during bone and soft tissue regeneration. As blood supply is vital for
successful bone grafting, the improved angiogenesis in the defect area
after CABP-HA scaffold transplantation indicates that blood supply
demands can potentially be remedied through graft transplanta-
tion43,49,50. In this regard, the two kinds of CABP-HA scaffolds used
in this study enhanced VEGF expression in defect area, which is a
crucial factor in promoting soft tissue regeneration in the bone
defects51–53. Although the mechanism of the biomaterial mediated
angiogenesis is not well understood at this time, taken together, these
results suggest the great potential of citric acid-based hydroxyapatite
biomaterials for clinical use.

Conclusions
In conclusion, highly porous disc-shaped citric acid-based polymer
hydroxyapatite composite scaffolds were fabricated and used to
repair rat calvarial defects. Without incorporating biological growth
factors or pre-seeding with stem cells or osteoblastic cells, both POC-
Click-HA and CUPE-HA scaffolds displayed satisfactory host res-
ponses and osteogenic potential through the stimulation of proximal
bone formation and angiogenesis in the repair of calvarial defects.
Therefore, citric acid-based polymer hydroxyapatite scaffolds could
serve as a promising off-the-shelf implant for the regeneration of
bone defects.
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