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Abstract
The healing of large, critically sized, bone defects remains an unmet clinical need in modern
orthopaedic medicine. The tissue engineering field is increasingly using biomaterial scaffolds as
3D templates to guide the regenerative process which can be further augmented via the
incorporation of recombinant growth factors. Typically, this necessitates supraphysiological
doses of growth factor to facilitate an adequate therapeutic response. Herein, we describe a
cell-free, biomaterial implant which is functionalised with a low dose, combinatorial growth factor
therapy that is capable of rapidly regenerating vascularised bone tissue within a critical sized
rodent calvarial defect. Specifically, we demonstrate that the dual delivery of the growth factors
bone morphogenetic protein-2 (osteogenic) and vascular endothelial growth factor (angiogenic)
at a low dose (5 µg /scaffold) on an osteoconductive collagen-hydroxyapatite scaffold is highly
effective in healing these critical-sized bone defects. The high affinity between the
hydroxyapatite component of this biomimetic scaffold and the growth factors functions to
sequester them locally at the defect site. Using this growth factor-loaded scaffold, we show
complete bridging of a critical sized calvarial defect in all specimens at a very early time-point of
4 weeks, with a 28-fold increase in new bone volume and 7-fold increase in new bone area
compared to a growth factor-free scaffold. Overall, this study demonstrates that a collagenhydroxyapatite scaffold can be used to locally harness the synergistic relationship between
osteogenic and angiogenic growth factors to rapidly regenerate bone tissue without the need for
more complex controlled delivery vehicles or high total growth factor doses.
Keywords: Tissue engineering, bone tissue, collagen scaffold, bone morphogenetic protein 2,
vascular endothelial growth factor,
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Introduction
Bone tissue possesses a unique ability for self-repair in response to minor injuries or trauma
(Fröhlich et al., 2008). However, the healing of large bone defects which are above a critical
size remains an unmet clinical need in modern orthopaedics (Verrier et al., 2016). Bone tissue
engineering (BTE) aims to facilitate and accelerate the body’s natural healing capacity via the
use of biomaterial scaffolds which encourage autologous host cells to proliferate, differentiate
and instigate the repair process. Previously, we have described the development and
application of a highly porous, collagen-hydroxyapatite (CHA) composite scaffold for bone tissue
repair (Gleeson, Plunkett, & O'Brien, 2010). The incorporation of the ceramic hydroxyapatite
(HA) component into a collagen scaffold functioned to create a construct which is
osteoconductive, possesses optimal mechanical properties for bone tissue formation and is both
biocompatible and biodegradable. Indeed our laboratory has demonstrated the significant
regenerative capacity of this CHA scaffold in the healing of bone defects using several in vivo
models including rodents (Gleeson et al., 2010), rabbits (Lyons, Gleeson, Partap, Coghlan, &
O'Brien, 2014) and more recently, in a thoroughbred filly (David et al., 2015).
While this biomimetic CHA scaffold has, to date, demonstrated significant potential in the
healing of small bone defects, it is recognised that for the healing of larger defects, an additional
therapeutic stimulus may be required to both rapidly enhance the deposition of new bone and
also ensure the formation of an adequate vascular network (Raftery et al., 2017). Therefore, the
application of a growth factor (GF) in combination with biomaterials to augment their
regenerative capacity is increasingly becoming a focus of next generation BTE strategies.
Perhaps the best-known example is INFUSE® bone graft (Medtronic) which is used to promote
lumbar spinal fusion in humans and consists of recombinant human BMP-2 (rhBMP-2) soakloaded onto a collagen sponge. While approved clinically, INFUSE® exhibits poor GF release
kinetics and therefore requires supraphysiological dosing of BMP-2 (up to 12 mg rhBMP-2 per
7.62cm x 10.16cm collagen sponge) which has been linked to ectopic bone formation,
cytotoxicity, renal complications and a potential increased malignancy risk (Carragee, Hurwitz, &
Weiner, 2011; Zara et al., 2011). These limitations have prompted extensive research studies
into more advanced platforms for tissue repair which attempt to confer enhanced spatiotemporal
control of GF release locally. Techniques used to achieve these properties include GF
encapsulation within microparticles (E. Quinlan, A. Lopez-Noriega, et al., 2015) or delivery via
nanoparticles (Wei, Jin, Giannobile, & Ma, 2007; Yilgor, Tuzlakoglu, Reis, Hasirci, & Hasirci,
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2009) as well as the alternative approach of delivering gene therapeutics which encode for a
specific GF (R. M. Raftery et al., 2016; D. P. Walsh, Heise, O'Brien, & Cryan, 2017; David P.
Walsh et al., 2018).
The individual delivery of rhBMP-2 (Endo et al., 2006; Ono et al., 2004; Park et al., 2007) or
recombinant human vascularised endothelial growth factor (rhVEGF) (Keeney, van den
Beucken, van der Kraan, Jansen, & Pandit, 2010; E. Quinlan, A. Lopez-Noriega, et al., 2015) on
biomaterial scaffolds has previously been extensively trialled for the healing of large bone
defects, with promising results to date. Increasingly however, the use of combinatorial GF
therapy, which involves the dual application of osteogenic and angiogenic GFs is being used as
a potentially more efficient therapy for the recapitulation of mature vascularized bone via
harnessing of the osteogenic-angiogenic coupling effect (Peng et al., 2002). However, large
doses of GF have been required to stimulate adequate bone tissue regeneration using this
approach. For example, Patel et al. used a porous poly(propylene fumarate) scaffold of 8mm
diameter and 1mm height to deliver 14 µg of a dual GF mixture (2 µg rhBMP-2 & 12 µg
rhVEGF) to achieve bone regeneration in a critically sized, rodent calvarial defect (Patel et al.,
2008).
In acknowledgement of the previous work in this research field which has established the
benefits of combinatorial GF delivery, the overall objective of this study was to develop a cellfree, biomimetic, low dose, dual-GF loaded scaffold via the soak-loading of an osteoconductive
CHA scaffold with an osteoinductive dual-GF cargo of rhBMP-2 and rhVEGF. The use of
combinatorial GF therapy and its previously demonstrated effectiveness in the regeneration of
vascularised bone tissue underpinned our low dose approach (Patel et al., 2008; Patterson et
al., 2010). Furthermore, it is established within the literature that ceramic materials such as
hydroxyapatite (HA) possess a naturally high binding affinity for GFs (Lo, Ulery, Ashe, &
Laurencin, 2012; Wang, Zhou, Hong, & Zhang, 2012). As such, we hypothesised that the CHA
scaffold would function as a carrier for the dual-GF cargo, thereby sequestering the GFs locally
at the defect site and facilitating the use of a relatively low, 5 µg GF dose per scaffold which
consisted of 2.5 µg of rhBMP-2 and 2.5 µg of rhVEGF.
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Materials & Methods
All materials were supplied by Sigma-Aldrich, Ireland unless otherwise stated.
Scaffold fabrication
Collagen and CHA scaffolds were fabricated as previously described (Gleeson et al., 2010;
Rosanne M. Raftery et al., 2016). Collagen scaffold slurry; A collagen slurry was formed via
the addition of 1.8g of collagen (Southern Lights Biomaterials (SLB), New Zealand) to 360ml of
0.05M glacial acetic acid (HOAc). This mixture was blended at 15,000rpm for 90 minutes using
an overhead blender (Ultra Turrax T18 overhead blender, IKA Works Inc., USA) maintained at
40C via a cooling system (Lauda WKL250). CHA scaffold slurry; As per the patented protocol,
1.8g of collagen (SLB, New Zealand) was added to 320ml of 0.5M HOAc with blending for 90
minutes as described above. 3.6g (200 wt.%) of hydroxyapatite was dissolved in 40ml of 0.5M
HOAc and added slowly to the collagen slurry at a rate of 10ml/hour while maintaining a
dispersion at 15,000rpm. Following the addition of all the hydroxyapatite the slurry was blended
further for 60 minutes. Following slurry formation for each scaffold type, gas was removed using
a vacuum pump and the slurries were freeze dried (Advantage EL, Vis-Tir Co. Gardiner NY) to a
final temperature of -100C using a previously optimised freeze drying profile (O'Brien, Harley,
Yannas, & Gibson, 2004). Following fabrication, scaffolds were cross-linked dehydrothermally
(DHT) at 105°C for 24 hours in a vacuum oven (Vacucell 22; MMM, Germany) and subsequently
cut into dry, cylindrical sections of 8mm diameter and 1.5mm height. These dimensions were
designed to be press-fit into the calvarial defect but also to mimic the thickness of natural rodent
cortical bone.
Dual growth factor-loaded scaffold preparation
Prior to use, each scaffold was rehydrated in 2mL of PBS and then chemically cross-linked
using a mixture of 14mM N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
and 5.5 mM N-hydroxysuccinimide (NHS). Each scaffold was then placed in 2mL of fresh PBS
and placed on a plate rocker for approximately 30 minutes to remove any excess EDC and
NHS as per established protocols in our laboratory (Haugh, Murphy, McKiernan, Altenbuchner,
& O'Brien, 2011). This wash step was repeated a total of five times for each scaffold to ensure
all crosslinkers had been removed from the scaffold. rhBMP-2 and rhVEGF-165 proteins were
obtained from R&D systems (Abingdon, UK). Both proteins were reconstituted in sterile, 4mM
HCL at the concentrations of 100 µg/mL (rhBMP-2) and 500 µg/mL (rhVEGF). To form a dual
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GF-loaded scaffold, the scaffolds were first removed from PBS and excess liquid removed
using a pipette. 25 µL of rhBMP-2 solution (contains 2.5 µg rhBMP-2 protein) was mixed with 5
µL of rhVEGF solution (contains 2.5 µg rhVEGF protein). 15 µL of this GF mixture was soakloaded onto one side of the CHA scaffold. The scaffold was incubated at 37°C for 15 minutes,
carefully inverted and the remaining 15 µL of GF mixture added to the second side. Following a
subsequent 15-minute incubation at 37°C the scaffolds were ready for use. The total dose of GF
delivered per scaffold was 5 µg which included equal doses of rhBMP-2 (2.5 µg) and rhVEGF
(2.5 µg).
Growth factor release kinetics and functionality
Dual GF-loaded collagen and CHA scaffolds were formed as above. To compare the GF
release profile from each scaffold and determine the effect that the incorporation of HA has,
each scaffold type (n=3) was placed in 2mL of PBS and incubated at 37°C. At pre-determined
time-points of 1, 2, 3, 4, 5, 10, 15, 20, 25 and 30 days, 1mL of PBS was removed and GF
content was quantified using enzyme-linked immunosorbent assay (ELISA) for human BMP-2
and human VEGF (Biotechne, UK) as per the protocol. To examine the ability of the GF-loaded
scaffolds to promote osteogenesis, rodent MSCs (Cyagen) were seeded onto GF-loaded
collagen and CHA scaffolds as well as GF-free collagen and CHA controls. Here, approximately
2x105 MSCs (passage 5) were seeded onto each side of the scaffold surface as previously
described (D. P. Walsh et al., 2017). Dulbecco’s modified eagles medium supplemented with
10% FBS, 1% penicillin/streptomycin, 10 mM β-glycerophosphate, 50 μM ascorbic acid 2phosphate and 100 nM dexamethasone was added to the cells and changed every three days
until day 30. Calcium content was quantified at day 30 using a Stanbio calcium assay (Calcium
CPC Liquicolour, Stanbio Inc., USA). Briefly, media was removed and the cells were rinsed with
1mL of PBS. One mL of 0.5 M HCl was then added to each well and the contents of each well
were scraped into microcentrifuge tubes and left to shake overnight at 4 °C. Calcium levels were
then quantified according to the manufacturer's instructions against a standard curve.
Surgical procedure
A critical sized rodent calvarial defect model was used in this study. This model is utilised in
almost half of all critical defect studies for bone regeneration (O'Loughlin et al., 2008) and is well
established within our laboratory (Alhag et al., 2012; Lyons et al., 2010). There were two study
groups used; 1) a GF-free scaffold group (n=8) and 2) a dual GF-loaded scaffold group (n=8),
total animals =16. Ethical approval for this study was given by the Research Ethics Committee
of the Royal College of Surgeons in Ireland (REC #1205) and a project license was granted by
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the Health Products Regulatory Authority (HPRA) (License # AE19127/P036) in compliance with
EU directive 2010/EU/63. Anaesthesia was induced with intraperitoneal medetomidine
hydrochloride (0.3 mg/kg) and ketamine hydrochloride (70 mg/kg) and maintained with
inhalational isoflurane (0.5–2%) and oxygen. The skin of the head was shaved and cleaned
using 70% ethanol and chlorohexidine. Analgesia (Buprenorphine – 0.05 mg/kg) and 2mLs of
saline were administered subcutaneously before the animal was placed in the prone position on
a heated aseptic operating platform prior to draping. A 2.5mm sagittal skin incision over the
calvarium was made and the soft tissues and periosteum were dissected using a blunt
technique and the calvarium was exposed using retractors. A 7mm trephine drill was used to
create a circular transosseous defect under constant irrigation with 0.9% NaCl as previously
described by us (Raftery et al., 2017).
Each scaffold (GF-free or dual GF-loaded) was implanted into the defect and the periosteum
was sutured using Vicryl® 4-0 absorbable sutures (Ethicon, USA). The wound was further
secured using a topical skin adhesive (n-butyl cyanoacrylate) (VetbondTM). Post-operatively,
atipamezole hydrochloride (0.05 mg/kg) was administered subcutaneously to reverse
sedation. Antibiotic prophylaxis was administered in the drinking water in the form of Baytril®
(enrofloxacin) (5 mg/kg) for 3 days post-surgery. At four weeks post implantation the animals
were euthanized by CO2 asphyxiation followed by cervical dislocation. A 20mm x 20mm
segment of calvarium containing the defect site was resected using a dental saw (Osung
Dental, USA). The explants were washed in PBS until clear washout was observable before
fixation in 10% formalin. Scaffolds were then stored in PBS at 4°C prior to analysis.
Microcomputed tomography (MicroCT) analysis
MicroCT analysis was used to both qualitatively and quantitatively assess new bone formation
within each defect for all animals (n=16 total). Scans of the 20mm x 20mm excised calvarial
were performed on a Scanco Medical 40 MicroCT system (Scanco Medical, Switzerland) with a
voxel resolution of 12 µm, a 70kVP x-ray source and 112 µA current. A reconstructed 3D
tomogram was formed using Scanco software package which consisted of 300 sliced, 2D
projection images (a threshold of 140, scale from 0 to 1000, density of 257.99 mg HA/cm). To
ensure only new bone was being assessed, a 6mm region of interest (ROI) within each defect
was chosen for analysis. Bone formation was expressed as a percentage of bone volume over
total volume (%BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular
spacing (Tb.Sp) within this ROI.
Histological assessment
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To corroborate the microCT analysis, both qualitative and quantitative histology was performed
on each explant. Each specimen was submerged in Decalcifying Solution-Lite® for
approximately 13 hours to remove all calcium. Specimens were processed overnight using an
automatic tissue processor (ASP300, Leica, Germany). The defect was then bisected, and each
specimen embedded in a paraffin block. Each block was cut using a rotary microtome
(Microsystems GmbH, Germany) into 7 µm sections from the mid-section of each block.
Sections were mounted onto poly(˪-lysine) slides and dried overnight in an oven at 60°C.
Histological assessment was performed using Haematoxylin & Eosin (H&E) staining and
Masson’s (MT) Trichrome staining. Images of each section were acquired and digitized using a
transmitted light microscope (Nikon Microscope Eclipse 90i with NIS elements software v3.06)
(Nikon instruments, Holland). Quantitative histomorphometrical analysis was carried out on n=6
sections from each specimen using the H&E stain (total specimens = 16, quantified sections =
96) to quantify the healing response as previously described (Raftery et al., 2017).
Immunofluorescence staining for neovascularisation
To determine if the inclusion of VEGF protein in the dual GF-loaded scaffold resulted in
enhanced neovascularisation within the defect we assessed the presence of platelet
endothelial cell adhesion marker (PECAM/CD31) within each group. Cross-sections of
decalcified, paraffin-embedded tissue from each defect were deparaffinised and hydrated to
0.05% Tween 20 in PBS. Antigen retrieval was carried out using a citrate-based buffer (Vector
labs) and endogenous peroxidase activity was quenched using hydrogen peroxidase (Abcam)
before incubation in blocking buffer for 1 h. The specimens were washed in 0.05% Tween 20 in
PBS and incubated in rabbit anti-rat polyclonal antibody to CD31 (Abcam) at a dilution of
1:1000 in 1% BSA in PBS overnight at 4°C. A goat anti-rabbit IgG secondary antibody tagged
with Alexa Fluor 647 (Abcam) was used at a concentration of 1:500 and incubated for 1 h at
room temperature. The sections were counterstained using Hoescht 33258 (Sigma) and
mounted using Fluoromount (Sigma). The number of vessels found in 3 random images within
the defect site (n=3 sections per animal; n=4 animals per treatment group) were imaged using
a Nikon Microscope Eclipse 90i with NIS Elements software v3.06, Nikon instruments Europe,
The Netherlands) and quantified (blinded) using ImageJ software.
Statistical analysis
All results are expressed as the mean ± standard deviation (SD). Each experiment was
performed independently in triplicate unless otherwise stated. Each in vivo experimental group
consisted of n=8 animals (n=16 animals total). Statistical significance was determined using
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either an unpaired T-test when two groups were being compared or a one-way ANOVA plus
Tukey post-hoc test when three or more groups were being compared. Values of p≤0.05 were
considered statistically significant where *p<0.05, **p0.01, ***p<0.001 & ****p≤0.0001. Data was
analysed using GraphPad Prism v6.1 software.
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Results
The incorporation of a ceramic hydroxyapatite component in a collagen
scaffold facilitates the sustained release of growth factors over a 30-day period
The release profile of BMP-2 (Figure 1A) and VEGF (Figure 1B) proteins from the dual GFloaded collagen and CHA scaffolds demonstrated that the CHA scaffold facilitated sustained
release of therapeutic proteins over a prolonged 30-day period. Using this CHA scaffold, a low
burst release of just 30% of the loaded BMP-2 and VEGF protein doses was evident within the
first five days. In contrast, release of both BMP-2 and VEGF proteins from the collagen scaffold
was rapid, with a burst release of 70-80% of the loaded protein dose within the first five days.
At day 30, only 60% of the loaded BMP-2 dose and 50% of the loaded VEGF dose had been
released from the CHA scaffold while approximately 88% of the loaded BMP-2 and 70% of the
loaded VEGF dose had been released from the collagen scaffold.

Sustained release of therapeutic proteins from a dual growth factor loaded CHA
scaffold facilitates enhanced MSC mediated osteogenesis
To assess if the sustained release profile observed from a CHA scaffold for both BMP-2 and
VEGF translated into enhanced MSC mediated osteogenesis we quantified the level of calcium
deposition per scaffold at 30 days post seeding with MSCs. For both GF-loaded scaffolds, the
addition of BMP-2 & VEGF enhanced MSC mediated osteogenesis in vitro over their
corresponding GF-free scaffolds (Figure 2). The GF-loaded CHA scaffold resulted in a
significantly higher amount of calcium per scaffold compared to the GF-loaded collagen scaffold
(p<0.001). In fact, this GF-loaded CHA scaffold resulted in the highest level of MSC mediated
mineral deposition of all scaffolds assessed, with over 2000 µg calcium per scaffold produced
at day 30 which was significantly increased over all other scaffold groups (p<0.001).

Dual growth factor loaded CHA scaffolds facilitate rapid bridging of critical
sized bone defects in vivo after just four weeks
We next assessed the potential of this dual GF-loaded CHA scaffold to facilitate healing of
a critical sized, rodent calvarial bone defect in vivo with comparative analysis against a GFfree CHA scaffold. Due to their reduced capacity to stimulate MSC mediated osteogenesis,
neither the GF-free collagen or the dual GF-loaded collagen scaffolds
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were brought forward to this study. At the early time-point of four weeks, 3D
reconstructions generated using microCT qualitatively demonstrated enhanced bone
tissue regeneration in each specimen for the dual GF-loaded CHA scaffold group (n = 8)
(Figure 3B) compared to that of the GF-free CHA scaffold group (n=8) (Figure 3A). In all
GF-loaded specimens, complete bridging of the defect with de novo synthesized bone
was clearly evident. In contrast, little to no healing was yet evident in the GF-free
specimens. Quantitative assessment of a 6mm region of interest (ROI) was selected to
determine the healing response. Figure 3C displays the new bone volume (BV)
calculated as a percentage of total volume (TV) of the ROI (%BV/TV or bone volume
fraction). The quantitative results corroborate this data in that a significantly increased
bone volume fraction was evident in animals treated with the GF-loaded scaffold (59.3 ±
15.1% BV/TV) compared to that of the GF-free scaffold (2.1 ± 0.9% BV/TV) (p<0.0001).
This increase in bone volume fraction equates to a 28-fold increase in new bone
formation by the GF-loaded CHA scaffold compared to a GF-free CHA scaffold.
Analysis of trabeculae characteristics in terms of trabecular number (Figure 3D),
trabecular thickness (Figure 3E) and trabecular spacing (Figure 3F) within this ROI
indicated that the bone tissue formed using the GF-loaded scaffold contained a
significantly increased number of trabeculae (p<0.0001) which were both significantly
thicker (p<0.001) and closer together (p<0.01) compared to the GF-free scaffold group
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Histological assessment of each defect revealed the presence of mature,
vascularized bone within the dual growth factor-loaded CHA scaffold groups
after just four weeks
H&E and MT stains were used to histologically assess new bone formation. H&E stains cell
nuclei purple, extracellular matrix pink and bone dark pink/red while MT stains
collagen/mineralised bone blue and osteoid red. H&E stained sections of the GF-free CHA
scaffold specimens (Figure 4A (i)) illustrated a highly cellularised scaffold present in most
specimens but a lack of new bone tissue at this early timepoint. Similarly, minimal deposition of
mineralised bone was evident after MT staining within the defect in this group (Figure 4A (iii)).
The scaffold itself did not appear well integrated into the defect in multiple specimens, with a
discernible boundary between the scaffold and host tissue evident. High magnification images
corroborated these observations (Figure 4A (ii & iv)) as the specimens displayed a high level of
cellular infiltration, but minimal osteoid deposition or new bone matrix.
In contrast, the GF-loaded CHA scaffold group demonstrated extensive evidence of new bone
formation using both H&E (Figure 4B (i)) and MT (Figure 4B (iii)) staining. New bone tissue was
evident throughout the defect, with extensive evidence of osteoid and mineralised bone tissue
present. The GF-loaded CHA scaffold specimens contained considerable calcified bone matrix,
histologically representing mature lamellar bone tissue. High magnification images (Figure 4B (ii
& iv) further corroborated these results, demonstrating the presence of mature,
mineralised bone tissue.
Histomorphometry was used to quantify the area of new bone within each defect of the H&E
stained sections (Figure 4C). These quantitative results corroborate the microCT analysis in
that the GF-loaded CHA scaffolds resulted in a highly significant, 7-fold increase in new bone
area (2.71 x106 ± 4.5x105 µm2) compared to that of the GF-free scaffold group (3.7x105 ±
7.5x104 µm2) at this early timepoint of four weeks (p<0.0001).
Finally, immunofluorescence staining was used to assess the degree of neovascularisation
within each scaffold via the detection of CD31 positive endothelial cells (Figure 4D).
Reduced positive staining for CD31 (red fluorescence) was evident in the GF-free CHA
scaffold group (Figure 4D (i)) in contrast with the GF-loaded CHA scaffold group (Figure 4D
(ii)) which demonstrated intense positive staining. When quantified, the GF-loaded CHA
scaffold demonstrated a 15-fold increase in the average blood vessel density per image
assessed compared to the GF-free scaffold (p<0.01) (Figure 4E).
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Discussion
There remains an unmet clinical need for the treatment of large, critical sized bone tissue
defects. Increasingly, BTE strategies are focused on the incorporation of GFs into biomaterial
implants with the aim of stimulating and augmenting the body’s natural regenerative capacity
(Lee, Silva, & Mooney, 2011). Previously, the individual delivery of BMP-2 (Geiger, Li, & Friess,
2003) or VEGF (E. Quinlan, A. Lopez-Noriega, et al., 2015) GFs on a collagen scaffold has
demonstrated significant bone tissue regenerative potential. In these instances, complex
delivery technologies such as the use of nanoparticles (Wei et al., 2007) have been combined
with tissue engineering scaffolds to achieve optimal spatiotemporal control of GF release and
thereby enhance tissue repair. More recently however, combinatorial GF therapy, whereby two
synergistic GFs are employed to further enhance tissue regeneration has emerged as a
compelling BTE strategy to recapitulate vascularised bone (Curtin et al., 2015; Koh et al., 2008).
Building on these previous experiments, the present study aimed to develop a low dose, dual
GF-loaded CHA scaffold which would be capable of rapidly regenerating bone tissue in vivo at
the early timepoint of 4 weeks. To achieve this aim, we sought to harness the well documented
therapeutic synergism of the dual delivery of BMP-2 and VEGF GFs, commonly referred to as
osteogenic-angiogenic coupling (Peng et al., 2002; Raftery et al., 2017).
A cell-free (prior to implantation), biomimetic and osteoconductive CHA scaffold was chosen as
the optimal matrix to promote bone tissue regeneration due to its well documented efficacy in
the healing of bone defects in vivo (David et al., 2015; Gleeson et al., 2010; Lyons et al., 2014).
The use of this scaffold offered an alternative approach to two commonly employed
methodologies in BTE – namely the use of controlled delivery technologies and the use of
supraphysiological protein doses. We have previously demonstrated that the regenerative
capacity of this CHA scaffold can be further enhanced via the incorporation of individual
therapeutic growth factors such as rhBMP-2 either encapsulated within PLGA/alginate
microparticles (Elaine Quinlan et al., 2015) or added during the fabrication process (Quinlan,
Thompson, Matsiko, O'Brien, & Lopez-Noriega, 2015), or rhVEGF, encapsulated within spraydried alginate microparticles (E. Quinlan, A. Lopez-Noriega, et al., 2015). Indeed, growth factors
such as rhBMP-2 are commonly applied to biomaterial scaffolds for bone tissue regeneration,
with doses ranging from 1 µg rhBMP-2 per scaffold (Ben-David et al., 2013; Jeon, Song, Kang,
Putnam, & Kim, 2007) up to 30 µg (Martínez-Sanz et al., 2011) depending on the scaffold
(porous solid material or hydrogel) used. INFUSE®, one of the leading TE based strategies for
bone tissue regeneration, is loaded with doses ranging from 4.2 mg rhBMP-2 up to 12 mg
rhBMP-2 depending on the size of the graft required (McKay, Peckham, & Badura, 2007).
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These high doses which are used in INFUSE® have been linked to ectopic bone formation,
renal complications, cytotoxicity and a potential increased malignancy risk (Carragee et al.,
2011; Zara et al., 2011).
Within the literature, there are numerous reports of the ability of calcium phosphates to
naturally absorb and enrich native BMP-2 (Yuan et al., 1998) as well as VEGF (Kim et al.,
2013) in vivo. As such, we hypothesised that the HA component of the CHA scaffold could be
used to sequester the dual-GF cargo locally. This would function to locally harness the
osteogenic-angiogenic coupling effect, thereby enhancing bone tissue repair without the
requirement for controlled release technologies such as microparticles whilst permitting the use
of a relatively low protein dose (5 µg/scaffold) to facilitate the tissue regeneration process.
Furthermore, this should function to mitigate many of the side effects commonly observed with
products such as INFUSE® bone graft.
In agreement with this, we demonstrate that sustained release of bioactive rhBMP-2 and
rhVEGF growth factors can be achieved over a prolonged 30-day period in vitro when they were
co-loaded onto the CHA scaffold. In contrast, collagen only scaffolds lacking this ceramic HA
component demonstrated poor release kinetics, with a high burst release of 70-80% of the
loaded protein dose within the first five days. This uncontrolled release profile would make this
dual GF-loaded collagen scaffold unsuitable for in vivo use due to the risk of “dose dumping”
upon implantation (Epstein, 2011, 2013). The prolonged release profile of both rhBMP-2 and
rhVEGF from the CHA scaffold is likely mediated by both non-specific electrostatic interactions
between cationic charges on the GFs and anionic sites on HA as well as the formation of water
bridged hydrogen bonds between the -OH, -NH2 and -COOH groups of the GFs and the HA
(Dong, Wang, Wu, & Pan, 2007; Gorbunoff & Timasheff, 1984). Importantly, the GF release
kinetics from the CHA scaffold are similar to those obtained using a CHA scaffold containing
both rhBMP-2 (Elaine Quinlan et al., 2015) and rhVEGF (E. Quinlan, A. Lopez-Noriega, et al.,
2015) within alginate microparticles and the lower dose used in this study was still capable of
facilitating significant MSC mediated osteogenesis. Thus, the bioactive, dual GF-loaded CHA
scaffold which has been developed in this study, whereby low dose GFs are incorporated via an
uncomplicated soak loading procedure minimises the design complexity of the construct. As a
result, this reduces both the manufacturing and regulatory burdens associated with its
development and enhances the potential for clinical translation.
To assess if these positive in vitro attributes of sustained release and enhanced osteogenic
activity using the dual GF-loaded CHA scaffold translated in vivo, we determined the
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regenerative potential of the construct using a critically sized, rodent calvarial defect.
Impressively, we demonstrate rapid bridging of the bone defect at the very early timepoint of just
4-weeks post implantation, with a 28-fold increase in new bone volume and a 7-fold increase in
new bone area compared to a GF-free CHA scaffold. Furthermore, full defect bridging was
observed for each animal treated with the dual GF-loaded CHA scaffold, a critical goal in the
healing of all critical fractures. Histomorphometrical analysis of the dual GF-loaded CHA
scaffold demonstrated evidence of scaffold resorption with the clear presence of vasculature.
Importantly, characteristics indicative of rhBMP-2 over dosing such as excess bone resorption
or bone abnormalities (Zara et al., 2011) were not present, further indicating the scaffold was
functioning to control the release of the therapeutic GFs in vivo. Additionally, the clear increase
in vasculature observed for the dual GF-loaded CHA scaffold compared to the GF-free CHA
scaffold demonstrated that the rhVEGF cargo was exerting a therapeutic angiogenic effect.
The dual application of rhBMP-2 and rhVEGF has previously been assessed for bone repair in
vivo using a rodent critical calvarial defect at various dose combinations and using different
scaffold types. Patterson et al. used a hyaluronic acid hydrogel scaffold (35 µl volume) for the
dual delivery of 5 µg rhBMP-2 and 25 µg rhVEGF (Patterson et al., 2010). These authors
highlighted enhanced bone mineral volume within the defect using this dual delivery group
compared to single delivery of either 5 µg rhBMP-2 or 25 µg rhVEGF within scaffolds at 6 weeks
post implantation. Patel et al., used an 8mm x 1mm porous poly(propylene fumarate) scaffold to
deliver a dual combination of 2 µg rhBMP-2 and 12 µg pVEGF. Here, the authors controlled the
release kinetics of both GFs by loading them within gelatin microparticles before incorporation
into the scaffold. At 12 weeks post implantation, this dual release group facilitated an increased
number of animals displaying bony bridging and union of the defect compared to single delivery
of 2 µg rhBMP-2 or 12 µg rhVEGF (Patel et al., 2008). More recently, more complex controlled
release systems specifically designed for tailored GF delivery kinetics have been described by
Subbiah et al. Here, the authors used a dual delivery system consisting of alginate
microcapsules to deliver 3 µg rhBMP-2 and 3 µg rhVEGF. In this study, the rhBMP-2 cargo was
encapsulated within poly(lactic-co-glycolic acid) nanoparticles which were subsequently
incorporated into the alginate microcapsule, while the rhVEGF was entrapped within the
alginate matrix itself. These microcapsules were subsequently loaded into an 8mm x 2mm
collagen scaffold. This dual delivery group demonstrated enhanced bone tissue regeneration
within the defect at 8 weeks post implantation compared to single delivery of either 3 µg rhBMP2 on a collagen scaffold or microcapsules loaded with just 3 µg rhBMP-2 on a collagen scaffold.
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Impressively, this dual release system facilitated a new bone volume of up to 82% at this
8-week timepoint (Subbiah et al., 2015).
While various levels of bone tissue regeneration have been achieved in the above described
literature, the present study indicates that the synergistic osteogenic-angiogenic coupling effect
of dual BMP-2-VEGF delivery permits the delivery of a relatively lower total dose of GF on a
collagen composite scaffold without compromising the regenerative potential of the construct.
Indeed, the formation of new bone tissue represents a highly orchestrated series of events
which requires the co-operation of a cascade of growth factors being expressed in a
spatiotemporally controlled fashion (Chen, Zhang, & Wu, 2010). Therefore, for the successful
recapitulation of bone, the presentation of multiple growth factors at the defect site is likely to
result in enhanced functional tissue regeneration (Ingber et al., 2006). Furthermore, this study
also offers further insights into our previous work in this area. Previously, we have assessed the
regenerative capacity of these CHA scaffolds loaded with individual rhBMP-2 either directly
incorporated during fabrication (E. Quinlan, E. M. Thompson, et al., 2015) or encapsulated
within alginate or PLGA microspheres (Elaine Quinlan et al., 2015) or with rhVEGF incorporated
within alginate microspheres (E. Quinlan, A. Lopez-Noriega, et al., 2015). Interestingly, of all
these approaches, the highest level of bone regeneration observed in a critical rodent defect
was achieved via the direct incorporation of rhBMP-2 into the scaffold during fabrication, with an
approximate new bone volume of ~40% at 8-weeks. This observation suggests that perhaps
the use of controlled release methodologies, such as the incorporation of GFs within
microcapsules may function to slow the rate at which these GFs are available to stimulate bone
tissue regeneration in autologous host cells, with the overall effect being a reduced rate of new
bone formation.
Overall, in vitro, we confirmed the naturally high affinity between the GFs and the HA material
within the scaffold which functioned to facilitate sustained release of the GFs over a 30-day
period in comparison to a collagen alone scaffold. Furthermore, this dual GF-loaded CHA
scaffold facilitated significantly enhanced MSC mediated osteogenesis compared to a dual GFloaded collagen scaffold, or respective GF-free scaffolds. In vivo, using a critical sized rodent
calvarial defect model we demonstrate the significant bone healing capacity of this dual GFloaded CHA scaffold, with full defect bridging occurring in all specimens assessed and the
presence of vasculature at the very early time point of just 4-weeks post implantation. We
attribute the demonstrated success of this illustrated dual GF-loaded CHA scaffold to its two
constituents; namely the biocompatible, bioresorbable and osteoconductive collagenhydroxyapatite scaffold and the osteoinductive, synergistic effect that rhBMP-2 and rhVEGF
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possess in the recapitulation of vascular bone tissue. This therapeutic effect is concentrated
locally within the defect via the natural affinity of GFs for the ceramic hydroxyapatite component
of the composite scaffold (Lo et al., 2012), thereby functioning to create a highly osteogenic
scaffold. Our findings suggest that the harnessing of biological cues, in the form of osteogenicangiogenic coupling can be used to stimulate efficient bone tissue repair using a cell-free,
ceramic containing, biomimetic scaffold thereby negating the requirement for supraphysiological
dosing levels or complex delivery systems.

Conclusion
In summary, we demonstrate that the inclusion of a ceramic HA component in a CHA scaffold
facilitates the sustained release of bioactive, therapeutic proteins over a prolonged period
compared to a HA free collagen scaffold in vitro. Impressively, this dual GF-loaded CHA scaffold
was capable of rapidly regenerating bone tissue in vivo using a rodent critical calvarial defect.
Full defect bridging was observed in all specimens assessed, with the clear presence of
vascularised bone tissue at the very early timepoint of just 4-weeks. The results demonstrate
that the CHA scaffold functions to sequester both rhBMP-2 and rhVEGF locally within the defect
site, thereby maximising their potential to exert an osteogenic-angiogenic coupling effect and
facilitate the use of low overall therapeutic dosing. Overall, we have developed a cell free,
biomimetic, dual-GF loaded CHA scaffold which can stimulate rapid bone tissue regeneration in
vivo, without the requirement for supraphysiological doses of protein or complex delivery
systems.
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Figure Legends
Figure 1: The incorporation of hydroxyapatite into a collagen scaffold facilitates the
sustained release of therapeutic proteins over a 30-day period. Quantitative assessment of
(A) BMP-2 and (B) VEGF protein released from collagen and CHA scaffolds over a 30-day in
vitro culture period following soak loading of a 5 µg total protein dose per scaffold (2.5 µg BMP2 and 2.5 µg VEGF) (GF-loaded). Sustained release of both BMP-2 and VEGF proteins was
evident for the CHA scaffold compared to the collagen scaffold which is due to the high affinity
of these therapeutic growth factors towards the ceramic HA component. Results are expressed
as the mean ± SD (n=3).

Figure 2: Sustained release of therapeutic growth factors from a CHA scaffold promotes
increased MSC mediated osteogenesis compared to GF-loaded collagen scaffolds.
Following seeding of MSCs, the dual-GF loaded CHA scaffold resulted in the highest level of
MSC mediated osteogenesis (Calcium (µg)/scaffold) of all scaffolds assessed at 30 days post
seeding. Results are expressed as the mean ± SD (n=3) where *p<0.05 & ***p<0.001.
Figure 3: Accelerated bone tissue regeneration within a critical calvarial defect using a
dual growth factor-loaded scaffold. Qualitative microCT analysis of excised calvaria for each
specimen 4 weeks post implantation into adult male Wistar rats detailing the variation in de novo
bone formation for (A) GF-free CHA scaffolds & (B) GF-loaded CHA scaffolds (2.5 µg BMP-2
and 2.5 µg VEGF per scaffold). Complete defect bridging was evident for each specimen in the
GF-loaded scaffold group. A 6mm region of interest was selected for quantitative analysis of (C)
new bone volume, (D) trabecular number, (E) trabecular thickness and (F) trabecular spacing.
All GF-loaded scaffold specimens resulted in enhanced bone volume fraction as well as an
increased number of thicker trabeculae compared to that of the GF-free scaffold specimens.
Results are expressed as the mean ± SD where *p<0.05, ***p<0.001 & ****p<0.0001.
Figure 4: Dual GF-loaded CHA scaffolds result in the formation of mature, vascularised
bone tissue within each defect. Histological assessment of excised calvaria for each
specimen 4 weeks post implantation into adult male Wistar rats. (A) Representative H&E and
MT images of the GF-free CHA scaffold group using (i-ii) H&E staining and (iii-iv) MT staining.
(B) Representative images of the GF-loaded CHA scaffold group (2.5 µg BMP-2 and 2.5 µg
VEGF per scaffold) using (i-ii) H&E staining and (iii-iv) MT staining. Qualitatively, the dual GFloaded scaffold group facilitated enhanced de novo bone formation. (C) Quantification of the
area of new bone formation using histomorphometrical analysis corroborated these results. (D)
Significantly enhanced positive staining for CD31 (red fluorescence) was observed within the (ii)
GF-loaded scaffolds compared to the (i) GF-free scaffolds. (E) Quantitatively, the GF-loaded
CHA scaffold resulted in an increased vessel density compared to the GF-free CHA scaffold.
Results are expressed as the mean area (µm2) of new bone detected within the defect or
the average number of vessels per image assessed ± SD where **p<0.01 & ****p<0.0001.
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Figure 1: The incorporation of hydroxyapatite into a collagen scaffold facilitates the sustained release
of therapeutic proteins over a 30-day period. Quantitative assessment of (A) BMP-2 and (B) VEGF protein
released from collagen and CHA scaffolds over a 30-day in vitro culture period following soak loading of a 5 µg
total protein dose per scaffold (2.5 µg BMP-2 and 2.5 µg VEGF) (GF-loaded). Sustained release of both BMP-2
and VEGF proteins was evident for the CHA scaffold compared to the collagen scaffold which is due to the high
affinity of these therapeutic growth factors towards the ceramic HA component. Results are expressed as the
mean ± SD (n=3).
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Figure 2: Sustained release of therapeutic growth factors from a CHA scaffold promotes increased
MSC mediated osteogenesis compared to GF-loaded collagen scaffolds. Following seeding of MSCs, the
dual-GF loaded CHA scaffold resulted in the highest level of MSC mediated osteogenesis (Calcium
(µg)/scaffold) of all scaffolds assessed at 30 days post seeding. Results are expressed as the mean ± SD
(n=3) where *p<0.05 & ***p<0.001.
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Figure 3: Accelerated bone tissue regeneration within a critical calvarial defect using a dual growth factor-loaded scaffold. Qualitative microCT
analysis of excised calvaria for each specimen 4 weeks post implantation into adult male Wistar rats detailing the variation in de novo bone formation for
(A) GF-free CHA scaffolds & (B) GF-loaded CHA scaffolds (2.5 µg BMP-2 and 2.5 µg VEGF per scaffold). Complete defect bridging was evident for each
specimen in the GF-loaded scaffold group. A 6mm region of interest was selected for quantitative analysis of (C) new bone volume, (D) trabecular number,
(E) trabecular thickness and (F) trabecular spacing. All GF-loaded scaffold specimens resulted in enhanced bone volume fraction as well as an increased number
of thicker trabeculae compared to that of the GF-free scaffold specimens25. Results are expressed as the mean ± SD where *p<0.05, ***p<0.001 &
****p<0.0001.

Figure 4: Dual GF-loaded CHA scaffolds result in the formation of mature, vascularised bone tissue within each defect. Histological assessment of
excised calvaria for each specimen 4 weeks post implantation into adult male Wistar rats. (A) Representative H&E and MT images of the GF-free CHA scaffold
group using (i-ii) H&E staining and (iii-iv) MT staining. (B) Representative images of the GF-loaded CHA scaffold group (2.5 µg BMP-2 and 2.5 µg VEGF per
scaffold) using (i-ii) H&E staining and (iii-iv) MT staining. Qualitatively, the dual GF-loaded scaffold group facilitated enhanced de novo bone formation. (C)
Quantification of the area of new bone formation using histomorphometrical analysis corroborated these results. (D) Significantly enhanced positive staining for
26

CD31 (red fluorescence) was observed within the (ii) GF-loaded scaffolds compared to the (i) GF-free scaffolds. (E) Quantitatively, the GF-loaded CHA scaffold
resulted in an increased vessel density compared to the GF-free CHA scaffold. Results are expressed as the mean area (µm 2) of new bone detected within the
defect or the average number of vessels per image assessed ± SD where **p<0.01 & ****p<0.0001.
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