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ABSTRACT 

Vertical bone augmentation of the jaws is required when the height of bone is 

insufficient at the site of dental implant placement. In this proof of concept study, we 

investigated the potential of a biphasic polycaprolactone construct combined with a 

hyaluronic acid based hydrogel loaded with recombinant human bone morphogenetic 

growth factor-2 (BMP-2) for vertical bone regeneration. The biphasic scaffold consisted 

of an outer shell manufactured by fused deposition modelling, mimicking native cortical 

bone and providing mechanical and space maintenance properties essential for bone 

formation. Within this shell, a 90% porous melt electrospun microfibrous mesh 

mimicking the architecture of cancellous bone was incorporated in order to facilitate 

hydrogel loading and subsequent osteogenesis and angiogenesis. The in vitro 

performances of the biphasic construct demonstrated that BMP-2 was released in a 

sustained manner over several weeks and that cell viability was maintained in the 

hydrogel over 21 days. qRT-PCR demonstrated the upregulation of bone markers such 

as osteopontin, osteocalcin and collagen 1A1 at day 3 and 14 in the constructs loaded 

with BMP2. In vivo assessment of the biphasic scaffold was performed using a dose of 

30µg of BMP-2 in a rabbit calvarial vertical bone augmentation model. The histology 

and micro-CT analysis of the elevated space demonstrated that the hydrogel and the 

presence of BMP-2 enabled bone formation. However, this was limited to the immediate 

vicinity of the calvarial bone.  The amount of newly formed bone was relatively small 

which was likely due to poor vascularisation of the extraskeletal space. The utilisation of 

this biomimetic biphasic construct with excellent space maintenance properties can be 
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of interest in dentistry although the in vivo model requires refinement to demonstrated 

appropriate efficacy. 

KEYWORDS: Polycaprolactone, Biphasic scaffold, vertical bone augmentation, 3D 

printing, melt electrospinning  
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1. Introduction 

 Alveolar bone is the part of the jaw bones (maxilla and mandible) which invests 

the teeth and tooth supporting apparatus. Alveolar bone loss can occur due to 

various reasons including trauma, tooth loss, periodontitis and malignancy [1]. In 

particular, the physiological loss of alveolar bone that occurs following tooth loss 

negatively impacts on the ability to adequately reconstruct the lost dentition, as it 

hinders the ability of clinicians to utilize contemporary fixed prosthesis involving 

dental implants that have the ability to restore masticatory function [2, 3]. The 

inability to provide patients with adequate dental function and acceptable facial 

aesthetics leads to poor outcomes in terms of patient quality of life and general 

well-being. Inevitably, dental reconstruction following tooth loss often requires 

some level of bone augmentation. However, currently available bone grafting 

methods are not predictably effective in cases of large vertical defects which are 

characteristically associated with multiple missing teeth in the posterior regions of 

the mandible and maxilla [4-6]. In these cases, vertical bone augmentation is 

required and this has been shown to be highly unpredictable [4].  

 Commonly used methods for vertical augmentation include the use of bone 

grafts, commonly from an autogeneous source [7]. These techniques often result 

in compromised outcomes due to the unpredictable pattern of bone resorption of 

autologous grafts [8], and the possibility of donor site morbidity [8]. Guided bone 

tissue regeneration  can also be used for vertical bone augmentation by 

employing either resorbable (collagen) or non-resorbable membranes (titanium 

reinforced polytetrafluroethylene) [9]. Various other biomaterials including 
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synthetic polymers like polylactic acid, polyglycolic acid, and their co-polymers 

have been widely investigated for vertical bone regeneration [10-12]. Overall, 

previous results showed only modest success with these techniques due to 

limitations in providing sufficient space for bone formation, early or late 

resorption, poor mechanical strength and inflammatory responses due the 

degraded by-products [13, 14].  

 Polycaprolactone (PCL) is an FDA approved synthetic polymer widely used for 

biomedical applications. Favorable PCL properties include biocompatibility, 

biodegradability and the ability to be easily processed into various shaped 

materials including membranes, 3D scaffolds, etc [15, 16]. Previous studies 

showed that PCL has no adverse effects when implanted in vivo [17-19] and can 

be considered as an ideal biomaterial to manufacture scaffolds for space 

maintenance and long-term stability due to its adequate mechanical strength and 

slow degradation profile. The slow degradation profile assists the new-bone 

formation while maintaining, on the long term, the elevated space. This will 

ensure that there will be sufficient time for allowing several cycles of bone 

remodeling before the scaffold is degraded and hence should prevent 

subsequent resorption after complete degradation.  However, PCL does not have 

osteogenic properties and is often used in combination with hydrogels or other 

biological cues to induce bone formation [20].  

Bone morphogenetic Protein 2 (BMP-2) is commonly used in the clinical setting 

for the reconstruction of large bone defects [21, 22]. BMP-2 belongs to the 

transforming growth factor b (TGFb) superfamily and was firstly investigated in 
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the 1960s by Urist et al. [23] for its osteogenic capacity. BMP-2 is currently 

commercialized by Medtronic and is generally delivered via a collagen sponge, 

whose growth factor retention capacity is poor. This uncontrolled release, 

characterized by an initial burst, and combined with supra-physiological doses 

has resulted in significant adverse side effects including ectopic bone formation, 

inflammatory complications, osteoclast activation, osteolysis and wound 

complications [24]. Therefore, a more sustained release of BMP-2 and/or a lower 

dose can potentially mitigate these complications [25]. 

 A sustained delivery can be achieved by the utilization of hyaluronic acid 

hydrogels which have attracted attention in the biomaterial field due to their 

biocompatibility and biodegradability, as well as their ability to mimic extracellular 

matrix [26]. Prestwich et al, reported the use of heparinised hyaluronic 

acid/gelatin hydrogels for controlled and sustained BMP-2 delivery for bone 

tissue regeneration [27]. Heparin is used to bind BMP-2 and facilitate its 

sustained delivery. Hyaluronic acid hydrogels can be easily developed by the 

addition of a cross-linker and are a suitable carrier for growth factors or cells for 

tissue engineering applications [27].          

 

 The objective of this study was to develop a bone tissue engineered biphasic 

construct loaded with BMP-2 in order to enhance its osteogenic properties, which 

resembles the architecture of the native jaw bone. The superstructure of the 

construct mimics the native bone by incorporating an outer polymer shell with 

high structural integrity that provides space maintenance properties similar to [28-
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30] those imparted by cortical bone. Within this shell, there is a highly porous 

electrospun microfiber mesh mimicking the structure of cancellous bone, that 

permits osteogenic and angiogenic cell ingrowth. The polymer superstructure and 

microfibers were functionalized with hyaluronic acid hydrogel encapsulated bone 

morphogenetic growth factor-2 (BMP-2) in order to enable efficient and sustained 

delivery of BMP-2 at the site of interest. 

 

2. Experimental 

2.1. Fabrication of the mPCL biphasic scaffold 

 

Medical grade polycaprolactone (mPCL, Purac, i.v. 1.2 dL/g) was utilised for 

manufacturing the biphasic scaffold. The outer shell, mimicking cortical bone, 

consisted of a hollow tube with a closed base and was fabricated using an in-

house built Fused Deposition Modelling machine. Firstly, a rectangular scaffold of 

30 mm x 15 mm x 10 mm was designed using in-house software and 3D printed 

using mPCL at 100 °C using a 0-90° pattern, a filament gap of 1.5 mm, a flow 

rate of 400mm/minute and layer thickness of 0.4 mm. The outer shell of the 

biphasic scaffold was created by extracting a 6 mm diameter cylinder using a 

biopsy punch (Kai Medical. Australia). The inner part of the FDM scaffold was 

removed using a 4mm biopsy punch and care was taken to leave a 1 mm 

thickness at the base and on the walls of the cylinder (Figure 1 A-C). The FDM 

scaffold has been extensively characterized elsewhere and has a porosity of 

70%, and a compressive modulus of 60 MPa [17, 31].    
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The inner component of the biphasic scaffold was manufactured using an in-

house built melt electrospinning writing device. mPCL pellets were filled into a 

5ml glass syringe fitted with a 23G metal needle and melt electrospun at a feed 

rate of 20µL/hr, at 10 kV, at 100 °C with a spinneret-collector distance of 15mm. 

The deposition was performed layer by layer with a 0-90° pattern onto a x-y 

programmable stage translating at 2500 mm/min (Figure 1D-F). The final 

dimension of the electrospun scaffold was 100 x 50 x 1 mm. The properties of the 

melt electropsun scaffold have already been reported elsewhere and the scaffold 

is 90% porous with minimal compression properties [32-34]. A disc shaped 

electrospun mesh was made from the electrospun scaffold using a 5 mm biopsy 

punch and used throughout the study. Four electrospun discs were stacked 

together and inserted in the hollow space of the FDM scaffold outer shell hence 

creating a biphasic scaffold. The scaffold dimensions were decided in order to 

accommodate two construct on the rabbit calvarium.  
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Figure 1. A, B) Photographs and (C) SEM image of 3D printed mPCL scaffold. D) 

Photograph and (E, F) SEM images of melt electrospun mPCL mesh. G) 

Representative photograph and (H) SEM image of PLLA dome shaped scaffold. 

I) Photograph of the biphasic construct inserted in PLLA scaffold.   

 

2.2. Fabrication of occlusive Poly-L-lactic acid (PLLA) domes  

 

The main purpose of the PLLA dome was to provide space maintenance, 

occlusive properties and structural support for the in vivo implanted experimental 

constructs. It also allowed us to have a   negative control group consisting of an 

empty space without any implanted material.  
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PLLA filament for 3D printing was obtained from Bilby 3D Pty. Ltd, Australia. The 

PLLA dome shaped scaffold was fabricated using a Replicator 3D printer 

(MakerBot, USA). The dome (cylinder with a non-porous top part and hollow 

bottom part with the following dimensions: 11 mm external diameter, 10mm 

internal diameter, 4mm internal height and 5mm external height) was designed 

and converted to and STL file format using Rhinoceros software and then 

converted into Gcode using ReplicatorG software. The polymer layer thickness 

was set to 0.37 mm and the extrusion temperature was 220 ºC (Figure 1G-H).  

The surface of the PLLA domes were smoothened by acetone treatment and 

concomitantly achieved water tightness of the dome as previously described 

[23,24].     

 

2.3. Preparation of hydrogel 

 

The hydrogel (HyStem-HP, Sigma Aldrich) was used as a BMP-2 carrier 

combined within the biphasic scaffold. The kit contains three components, 

thiolated hyaluronic acid-heparin (HyStem-HP), thiolated gelatine (Gelin-S) and a 

crosslinker polyethyleneglycol diacrylate (Extralink). These components were 

individually dissolved in degassed water and HyStem-HP and Gelin-S solutions 

were mixed 1:1 ratio and used for incorporating cells and BMP-2 at various 

doses. Human recombinant BMP-2 was obtained from Genscript, USA. The 

mixture was crosslinked by adding Extralink solution (4: 1 v/v). The composite 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

hydrogel (50 µl) was injected onto the biphasic scaffold and this entire construct 

was used for the in vitro assessment.  

 

2.4. Cells and culture conditions 

 

Human primary osteoblast cells (HOB) used in this study were established in our 

laboratory from redundant tissues following third molar extraction surgery (Griffith 

University human ethics approval number DOH/07/13 HREC), as previously 

described[35]. Cells were cultured on high glucose DMEM (Life Technologies) 

containing 10% FBS, 1x Gibco® MEM Non-Essential Amino Acids and 0.5 mg/ml 

Gibco® Penicillin-Streptomycin-Glutamine solution. Cells were cultured in an 

incubator at 37ºC in a 5% CO2 atmosphere. HOBs were used at passage 3 for all 

experiments.   

 

2.5. In vitro evaluation 

 

The construct used for in vitro assessment was made by injecting BMP-2 and 

HOB loaded (BMP-2 only for the release study) hydrogel onto the disc shaped 

mPCL melt electrospun scaffold (5mm diameter and 1mm thick) and the hydrogel 

completely set in 20 minutes.  
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2.6. BMP-2 release 

 

BMP-2 was reconstituted in sterile 5mM acetic acid at a ratio of 100µg/ml. Two 

concentrations (2.5 and 5 µl from the stock solution) of BMP-2 (250 and 500 ng) 

were used to evaluate the release profile from the HyStem-HP ® hydrogel loaded 

onto the mPCL scaffold. BMP-2 solution was mixed with HyStem-HP hydrogel 

(50µl) and injected on the mPCL scaffold and allowed to set for 20 min. 

Thereafter, the whole construct was placed in a low protein bind tube with 1ml 

PBS solution at 37°C. The tube lids were then sealed with paraffin film to prevent 

the evaporation of releasing medium and mounted on a shaker (100 rpm) at 

37°C. Supernatants (100 µl) were collected with 200 µL low protein binding tubes 

at day 1, 3, 7, 14, 21 and 28. The tube with releasing medium was replenished 

with the same volume of PBS collected. BMP-2 release was quantified by ELISA 

assay according to the manufactures protocol (Peprotech, USA).  

 

2.7. Cell proliferation by PicoGreen® assay  

 

To assess the proliferation of primary osteoblasts on the scaffolds, 2 x 104 cells 

were encapsulated within the HyStem-HP ® hydrogel containing 250 ng BMP-2 

and injected into the scaffold. This whole construct was cultured up to 21 days in 

DMEM cell culture medium. The cell culture medium was changed every three 

days. Quant-iT Picogreen dsDNA assay kit was used to quantify the DNA content 

of the construct following the manufacturer’s protocols. Briefly, the scaffolds were 
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washed with PBS and digested in 300 µL of Phosphate buffered EDTA (PBE) 

containing 0.5mg/mL Proteinase K and incubated at 60 °C overnight. The 

samples were diluted in tris-EDTA (TE) buffer and assessed by Picogreen assay 

by treating 100 µl of diluted sample with 100 µl of PicoGreen reagent in the dark 

for 5 mins.   The fluorescence (Exc/Em 485/520 nm) was measured using a 

fluorescence plate reader. A λDNA standard curve was used to quantify the DNA 

content.  

 

2.8. Live/Dead assay 

 

HOB cells (2 x 104 cells) and BMP-2 (250 ng) were encapsulated into 50 uL 

HyStem-HP hydrogel and injected into the mPCL scaffold. The construct was 

cultured up to 21 days and the cell culture medium was changed once in 3 days.  

A live/dead assay was performed to evaluate cell viability within the construct. 

Briefly, the construct was placed in a new culture well plate to prevent the 

influence of cells attached to the culture plastic wells. The constructs were 

washed thrice with PBS and treated with 200 µl PBS solution containing FDA at 

5µg/ml (Exc/Em 475/535 nm) and PI at 2µg/ml (Exc /Em 488/550). The 

constructs were incubated for 5 mins in the dark at room temperature, washed 

thrice with PBS and imaged using a confocal microscope (Nikon A1R+, USA). 

Three images of control and scaffold with BMP-2 were used to quantify the cell 

viability at different time points. ImageJ software was used for the quantification 

by measuring the fluorescence intensities of live and dead cells.    
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2.9. Gene expression analysis by qRT-PCR 

 

For gene expression analysis 5x104 cells and 250 ng BMP-2 were encapsulated 

into the HyStem-HP ® hydrogel and injected into the mPCL scaffold. The cells 

were cultured for 3 and 14 days prior to RNA isolation. Total RNA was isolated 

using Trizol (Life Technologies) according to the instructions provided by the 

supplier. RNA was quantified using a Nanodrop spectrophotometer. For cDNA 

synthesis, 2 µg of total RNA was used in the reverse transcription reaction. The 

reverse transcriptase M-MuLV (New England Biolabs) was used to synthesis 

cDNA according to the manufacturer’s instruction. Briefly, 1 µg of total RNA was 

subjected to reverse transcription using M-MuLV reverse transcriptase. The initial 

denaturation and priming reaction consisted of 1 µl oligo dT primer (40 µM), 1 µl 

random hexamer primer (40 µM), 1 µl dNTP (10 mM), 1 µg RNA, and nuclease 

free water to a final volume of 16 µl. After denaturation at 70°C and priming at 

4°C, complementary DNA was synthesised by the addition of 1 µL of M-MuLV 

Reverse Transcriptase (200 units/µL) and 2 µL of 10x RT buffer. The reaction 

mixture was incubated at 42°C for 1 hour followed by enzyme deactivation at 

90°C for 10 mins. The prepared cDNA was stored at -20°C until further analysis. 

The synthesised cDNA was probed for osteogenic markers (osteopontin, 

osteocalcin and collagen 1A) by quantitative real-time PCR (qRT-PCR). Table 1 

lists the primers and their respective amplicon sizes used in this study. 

Quantitative real-time PCR was performed using KAPA SYBR® FAST Roche 
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LightCycler® 480 following the manufacturer’s instructions and performed on the 

Roche LightCycler® 480.     

 

Table 1: PCR primers utilized in the in vitro characterization 

Gene Primer 

name 

Sequence 5’>3’ Amplic

on size 

(bP) 

Accession 

OPN OPNHF CGAGGTGATATAGTGTGGTT

TATGG 

128 NM_001104005

8.1 

OPNHR GCACCATTCAACTCCTCGCT

TTC 

OCN OCNHF CGCTACCTGTATCAATGGCT

GG 

123 NM_000711 

OCNHR CTCCTGAAAGCCGATGTGGT

CA 

COL1

A1 

COL1AHF GATTCCCTGGACCTAAAGGT

GC 

107 NM_000088 

COL1AHR AGCCTCTCCATCTTTGCCAG

CA 
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2.10. Extraskeletal bone regeneration evaluation 

 

The concept of this experiment involved the placement of the biphasic scaffold as 

an onlay graft over calvarial bone using a rabbit model. A dome was positioned 

over the scaffold to act both as a space maintainer and an occlusive barrier 

preventing soft tissue infiltration, hence fulfilling the principles of ‘guided bone 

regeneration’. 

 

2.11. Construct assembly 

 

The biphasic scaffolds were fabricated as described above in description of fabrication. 

The PLLA domes and biphasic scaffolds were sterilized using 30 min ethanol immersion 

followed by 30 min UV irradiation. A non-adhesive PTFE membrane was inserted in the 

dome and thereafter the biphasic scaffold was placed into the PLLA dome under sterile 

conditions (note that he empty control group did not receive such as membrane). In 

order to deliver the BMP-2, 50µl of HyStem-HP hydrogel containing 30µg of the growth 

factor were injected into the biphasic scaffold and allowed to gel in the incubator. The 

BMP-2 dose was calculated form a previous report and normalized per volume of tissue 

to regenerate [36]. As a pilot study, four different groups (n=2) were prepared for in vivo 

implantation: 1) PLLA dome only (Empty), 2) PLLA dome + biphasic construct 

(Scaffold), 3) PLLA-dome + biphasic scaffold +Hydrogel (Scaffold + Gel), 4) PLLA dome 

+ biphasic scaffold + hydrogel + 30µg BMP-2 (Scaffold + Gel + BMP). BMP-2 loaded 

composite hydrogel was injected into the biphasic scaffold while still liquid and 
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completely set in the construct before implantation. The semi-liquid nature of the 

hydrogel permitted its infiltration throughout the entire volume of the biphasic scaffold.  

2.12. In vivo evaluation in rabbit model 

 

The bone tissue regeneration potential of the scaffolds was assessed in a New 

Zealand white rabbit model. The animal study was conducted at the Medical 

Engineering Research Facility (MERF), Queensland University of Technology 

(QUT), Australia. The experimental protocol for this study was reviewed and 

approved by the QUT animal ethics committee (QUT UAEC clearance number 

1400000358). Four skeletally mature female New Zealand white rabbits (5-7 

months of age) were used for the in vivo study. The animals were sourced from 

the ''Nanowie'' small animal production unit, Victoria, Australia.  

The rabbits were induced with Ketamine (35 mg/kg) augmented with Xylazine (5 

mg/Kg). Anesthesia was maintained by inhalation of 2% isoflurane in 100% 

oxygen.   A crescent-shape cutaneous-periosteal flap was raised on the rabbit’s 

forehead (3cm) to expose the top of the skull. Using a trephine bur (internal 

diameter: 10 mm and 1500 rpm) with 9000 ppm saline irrigation, circular grooves 

(0.5 mm deep and about 4 mm apart) were created bilaterally on the calvarium 

(two constructs per animal). 

 The constructs were positioned into the grooves created with the trephine. The 

scaffolds and constructs were stabilized onto the calvarial area using four 

titanium dental pins (Stabilok, 0.027”, UK). A barrier collagen membrane (Bio-

Gide®, geistlich, Basel, Switzerland) was placed over the domes as a cushion to 
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prevent the prominent edges of the extrakeletally placed domes from causing a 

wound dehiscence. The incision was sutured in layers using 3/0 Vicryl® and 

Prolene® (Ethicon, USA) sutures (Figure 2).  After wound closure, the surgical 

wounds were covered using a sterile square piece of Ioban® antimicrobial 

adhesive drape, and an Elizabethan collar was applied to the rabbit’s neck for 

further protection. Bi-modal analgesia was provided with buprenorphine and 

meloxicam. The rabbits were then individually housed in cages. The animals 

were euthanized by intravenous injection of pentobarbital sodium (Lethabarb®) at 

week 8.  

   

 

Figure 2. Surgical implantation of constructs onto the rabbit calvarium. A) 

Preparation of the surgical site (B) Implantation of control (empty) PLLA dome (C) 
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Photos of control PLLA and PLLA dome containing experimental scaffold (D) 

Wound closure. 

  

2.13. Histological assessment of bone formation 

 

The retrieved samples were immediately fixed in 4% paraformaldehyde solution 

for two days and then transferred to PBS. Undecalcified resin embedded tissue 

sections were prepared as previously described [37, 38]. The samples were 

dehydrated in a graded series of ethanol and resin infiltrated (Methyl 

Methacrylate / Glycol Methacrylate, Tecknovit 7200, Heraeus Kulzer, Germany). 

Once cured, resin blocks were ground using an EXAKT 400 CS micro-grinding 

system to expose the mid-section of the specimen, glued onto a glass slide and 

subsequently sectioned to a thickness of 150µm using the EXAKT 300 cutting 

system (Exact Apparatebau, GmbH Norderstedt, Germany). The slide was further 

polished down to a thickness of 20 µm using the EXAKT 400 CS micro grinding 

system. The thin specimens were then stained with hematoxylin and eosin for 

light microscopy. Percentage of new bone fill was quantified by histomorphometry 

using Imagescope software, Leica Biosystems. To this end, the resident calvarial 

bone acted as the lower boundary of the elevated space and the PLLA dome 

acted as the lateral and upper boundary. The area occupied by new bone 

formation was measured and divided by total area of the elevated space in order 

to obtain a percentage bone fill.     
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The specimens were also analysis by microcomputed tomography (micro-CT) 

scanner (mCT40, SCANCO Medical AG, Brüttisellen, Switzerland) at a resolution 

of 12 µm and three-dimensional (3D) images of constructs were reconstructed 

from the scans by the micro-CT system software package.  

2.14. Statistical analysis 

Data represents the mean of three biological replicates ± standard error of means 

(SEM). Data was analysed by two-way ANOVA using Graphpad Prism® 

software. A p-value of less than 0.05 was considered significant.      

 

3. Results 

3.1. Fabrication of the biphasic scaffold 

The architecture of the biphasic scaffold recapitulated the internal organisation of 

native alveolar bone: the outer 3D printed mPCL scaffold mimicked the external 

cortical plate, while the internal highly porous melt electrospun microfiber mesh 

replicated cancellous bone.  

The 3D printed scaffold displayed a highly interconnected porosity and a pore 

size of 1 mm allowing nutrient exchange and permitting vascularisation of the 

construct (Figure 1 A-C). This outer component of the biphasic scaffold also 

provided mechanical stability and space maintenance necessary for bone 

ingrowth (Figure 1 D-F).  

Figure 1D represents the melt electrospun scaffold manufactured using a direct 

writing technology. The melt electrospun fibre diameter was 20µm and the fibre 

inter-distance was approximately 160 µm (figure 1E and 1F). The melt 
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electrospun scaffold was highly porous with an open and interconnected porous 

network appropriate for neo-vascularisation and cell and tissue colonisation. 

The assembly of the entire construct was performed by inserting four electrospun 

discs into the 3D-printed mPCL scaffold as shown in Figure 1. For the 

requirement of the in vivo study a 3D printed PLLA dome was utilised in order to 

allow for space maintenance in the group without scaffold (Empty). For scientific 

consistency and in order to comply with the principles of GBR, the dome was 

utilised in all groups, which included the biphasic scaffold even though the 

biphasic constructs displayed self-supportiveness and space maintenance 

capabilities.  Figure 1G and H show the morphology of the dome and Figure 1 

show the insertion of the biphasic construct in its core.   

 

3.2. Release profile of BMP-2 from HyStem-HP ® hydrogel  

Two concentrations of BMP-2 (250 and 500 ng) were used to assess the release 

profile. Both concentrations resulted in a controlled and sustained release from 

day 1 to day 28 as shown in Figure 3A. The initial percentage of BMP-2 released 

at 24 hours was around 20-30% for both concentrations (50-75 µg for scaffold 

loaded with 250µg and 100-150 µg for the scaffold with 500 µg BMP-2) and 

reached 60-70% (150-175 µg for scaffold loaded with 250µg and 300-350 µg for 

the scaffold with 500 µg BMP-2) at day 7. From day 7 to day 30 the hydrogel 

released minimal amounts of BMP-2 and complete release was not reached for 

either dose.   
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Figure 3. A) Cumulative release profile of BMP-2 and B) DNA quantification by 

PicoGreen assay. Bars shows standard deviation and * indicates statistical 

significance between the groups. 

 

3.3 Cell proliferation evaluation by DNA quantification 

 

Cell proliferation was assessed by DNA quantification assay (figure 3B), which 

demonstrated that the presence of 250 ng of BMP-2 had no significantly impact 

on cell proliferation in the hydrogel during the first seven days. Interestingly, the 

number of cells increased in the control group after 14 days of culture whereas 

the cell number remained constant throughout the entire culture in the BMP-2 

loaded hydrogel group.  

 

3.4. Cell viability evaluation by live dead assay 

 

Cell viability assessment was carried out using a live/dead assay as shown in 

Figure 4A. This demonstrated that the cell viability was well maintained in both 
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conditions (with and without BMP-2) as very few dead cells (in red) were 

observed. Quantification of cell viability using ImageJ software indicated a 

significant decrease in the cell viability at day 3 in the bi-phasic scaffold 

containing BMP2 loaded gel-BMP-2 containing gel) compared to the control 

group without BMP-2 and thereafter both control and bi-phasic constructs loaded 

with BMP2 showed comparable cell viability. Although the cell viability (figure 4B) 

was similar for the two groups (control empty gel and gel loaded with BMP-2), 

qualitative differences were noted in the cell morphology; the cells encapsulated 

in the control hydrogel (without BMP-2) adopted a rounded morphology and 

remained spherical during the 21 days of cell culture. In contrast, the cells in the 

BMP-2 loaded hydrogel, after adopting an initial rounded morphology, became 

elongated as early as day 7 and assumed a spindle-like shape in the later time 

points of in vitro culture.     
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Figure 4. A) Live dead assay images of osteoblasts encapsulated in the gel with 

or without BMP-2 at day 3, 7, 14 and 21. Green colour indicate live cells whereas 

red colour indicates dead cells (B) cell viability quantification from the live/dead 

stained images. Scale bars on images indicate 100 µm. 

 

 

3.5. Osteogenic Effects Evaluation by qRT-PCR 

 

To evaluate the osteogenic effect of the BMP-2 loaded composite HyStem-HP / 

mPCL scaffold on HOB cells, the expression of key osteogenic markers by qRT-
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PCR was evaluated over 14 days. At day 3, a 20-fold increase in osteopontin 

(OPN), as well as 10-fold increases in osteocalcin (OCN) and collagen 1A1 

(COL1A1) expression was found in the BMP-2 loaded scaffolds compared to the 

controls (Figure 5 A-C). At day 14, the level of expression of these osteogenic 

markers was significantly reduced when compared to the previous time point and 

no statistical difference was seen for OPN. However, the expression of OCN and 

Col1 was still significantly higher in the BMP-2 containing scaffolds compared to 

the control group. 

  

 

Figure 5. qRT-PCR data of control and biphasic construct loaded with BMP-2. (A) 

Osteopontin (OPN), (B) Osteocalcin and (C) Collagen 1A1 (COL1A1) * indicates 

statistical significance between the groups. 
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3.6. In vivo evaluation and histology  

 

Figure 6 represent the H & E stained images of the harvested tissues (Figure 6 

A-H). Over the different group bone formation was minimal regardless of the 

presence of gel and/or BMP-2.  As expected the empty group (no scaffold) 

displayed nearly no bone formation (Figure 6A and C), and a fibrous tissue 

containing very few isolated islands of bone were noted (Figure 6C). Similar 

results were observed for both the Scaffold group (Figure 6 B and D and the 

Scaffold + Gel group (Figure 6 E and G). Here again, some bone nodules 

embedded in a fibrous tissue were observed and sometimes connected with the 

resident calvarial bone (Figure 6 D).  The construct containing BMP2 showed 

some level of new bone formation within the space provided by the construct. 

This bone formation was albeit limited to the direct vicinity of the calvarial bone.  
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Figure 6. Resin embedded H & E stained images of rabbit calvarial tissue 

sections. A) PLLA dome only, B) PLLA dome + biphasic scaffold. (C and D) 

Magnified images of the space within the inset on empty dome and biphasic 

scaffold respectively.  E) PLLA-dome + biphasic scaffold +Hydrogel, F) PLLA 

dome + biphasic scaffold + hydrogel + 30µg BMP-2. (G and H) Magnified images 
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of the space within the inset on PLLA-dome + biphasic scaffold + composite 

Hydrogel and PLLA dome + biphasic scaffold + composite hydrogel + 30µg BMP-

2 respectively. (I) New bone area calculated by histomorphometry.  

  

Micro-computed Tomography (µCT) confirmed these results as shown in Figure 7 

A-D. Some bone formation located directly over the calvarial bone was noted 

along with peripheral bone formation in the proximity of the surgically created 

grooves (Figure 7 A-B). Micro CT images (Figure 7D) showed that the biphasic 

scaffold loaded with BMP-2 had signs of patchy bone fill within the space 

provided by the scaffold, although no statistically significant differences were 

noted compared to the control groups (Figure 7 A-D).    

  

Figures 7. Micro-CT images of the different treatment groups at week 8 : A) PLLA 

dome only, B) PLLA dome + biphasic construct, C) PLLA-dome + biphasic 

scaffold + composite Hydrogel, D) PLLA dome + biphasic scaffold + composite 

hydrogel + 30µg BMP-2. 

 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

4. Discussion 

The present study reports on the development of a bi-phasic construct for vertical 

bone regeneration; the conceptual design of the construct aimed to mimic the 

architecture of native alveolar bone, which is composed of a dense external load 

bearing cortical plate and an internal highly porous and vascularised cancellous 

component. To this end, a biphasic construct mimicking this architectural 

organisation was manufactured using a robust 3D-printing outer shell and an 

inner highly porous and mechanically softer melt electrospun scaffold. In the 

context of vertical bone augmentation, the biomechanical properties of the 

implanted construct are of paramount importance: it should be self-supporting 

and act as a space maintainer avoiding tissue collapsing; hence enabling 

osteogenesis within the artificially created space. The construct must also 

withstand the mechanical loading exerted during mastication from the adjacent 

tooth structures. Therefore, the design of the biphasic scaffold incorporated a 1 

mm wall thickness for the outer shell to provide these adequate space 

maintenance and mechanical support properties.  

To this end, the selection of appropriate biomaterials, especially the mechanical 

properties, degradation profile, and the polymer processing method, is crucial in 

order to manufacture a construct which is 1) biomechanically stable and 2) 

undergoes slow resorption for achieving long-term space maintenance and 

dimensional stability of the regenerated bone tissue. The FDM scaffolds are 

composed of polymeric struts with diameters in the range of several hundred 
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microns. As such, they are capable of withstanding high degrees of compressive 

load and have been extensively used in load bearing orthopaedic applications 

[39, 40]. The utilisation of a soft thermoplastic polymer such as PCL imparts a 

high degree of flexibility to the construct facilitating the surgical handling and 

reducing the risk of scaffold fracture during graft fixation, as is commonly 

encountered with the use of brittle materials such as bioceramics. Recent 

advances in 3D printing have seen the emergence of additively manufactured 

bioceramic scaffolds which demonstrated high space maintenance properties and 

permitted vertical bone elevation in a calvarial ovine model [41-44]. However, 3D 

printed ceramic scaffolds still suffer from risk of fracture due to their brittleness 

and fast resorption which could be detrimental to bone stability subsequent to 

surgical re-entry for implant placement. In contrast, medical grade mPCL has 

been demonstrated to resorb slowly, both in vitro and in vivo, via a surface 

erosion degradative mechanism, thus enabling long term stability of the newly 

formed bone and avoiding the burst release of acidic by-products that can induce 

a secondary inflammatory process. Despite these obvious advantages, the 

presence of a slow resorbing 3D printed construct in direct contact with the 

overlying soft connective tissue can lead to pressure induced perforation, leading 

to exposure and contamination. A similar incident was recently reported in a 

clinical case aiming at regenerating a periodontal defect using an additively 

manufactured 3D mPCL scaffold [44]. Notably, this scaffold which was fabricated 

via Selective Laser Sintering was more rigid and less porous than the FDM 

scaffolds utilised in the present study.  
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Currently surgical techniques for vertical augmentation often utilise slowly 

resorbing materials in order to ensure long term dimensional stability of the 

regenerated bone, but have the downside of remaining present within the newly 

regenerated bone for many years [45] potentially affecting subsequent bone 

remodelling. The high proportion of residual grafting particles can be detrimental 

to the quality of the regenerated bone. This is an important consideration since 

the regenerated bone is often used for the insertion of titanium dental implants, 

whose osseointegration may be compromised by a high proportion of residual 

grafting material. In order to circumvent this, the design of the scaffold described 

in the present study incorporated a highly porous melt electrospun scaffold 

produced via a direct writing method [33, 46]. This enabled an accurate control 

over the architecture, the pore size and the porosity of the resulting fibrous 

material. Obtaining high porosity in the central portion of the biphasic construct is 

an important parameter in order to physically allow bone ingrowth within the 

scaffold, hence ensuring that the area of vital bone (as opposed to synthetic 

material) in contact with subsequently inserted dental implants is maximised for 

achieving adequate osseointegration.  

The biphasic mPCL scaffold is efficient at maintaining space and is very 

biocompatible, resulting in an osteoconductive construct that passively supports 

the infiltration of surrounding native bone tissue. However, the bioactivity (ie. 

osteoinductive potential) of the material is poor and this is an important 

consideration for a clinically and biologically demanding procedure such as 

vertical bone augmentation, where the aim is essentially to facilitate extraskeletal 
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bone formation beyond the existing bone envelope. Several techniques have 

been developed to overcome this limitation of mPCL, such as surface 

modification via grafting or absorption of bioactive molecules [47], plasma 

treatment and inorganic particle coating [46]. The present study utilised a 

different strategy by incorporating a gelatine-hyaluronate composite hydrogel 

(HyStem-HP ®) loaded with an osteogenic cue (BMP-2) to trigger bone formation. 

The HyStem-HP ® composite hydrogel has been previously demonstrated to 

deliver BMP-2 in a controlled and sustained manner [48], which has been shown 

to facilitate osteoblastic cells differentiation along the osteogenic lineage, both in 

vitro and in vivo[26]. It was also shown that the specific interaction of the heparin 

groups with BMP-2 was capable of maintaining the bioactivity of the growth factor 

while enabling a sustained delivery over 28 days, which could not be achieved 

with a non-heparinised hydrogel [49, 50]. The results of the present study, 

showing a sustained release for two different doses, corroborate these findings 

confirming that the HyStem-HP ® composite hydrogel is an efficient carrier for 

BMP-2 delivery. In addition, the preservation of BMP-2 bioactivity is clearly 

demonstrated by the increase in expression of osteogenesis related genes, as 

well as a lack of cell proliferation and a change in cell morphology, which are 

indicative of enhanced cell differentiation, as has also been previously reported 

elsewhere [51].  

BMP-2 has been utilised in dentistry for bone regeneration and more particularly 

for vertical bone augmentation in the maxillary sinus [52]. In the clinical setting, 

the carrier is usually a collagen sponge [53], a particulate calcium phosphate 
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material [54] or a combination of both [55], incorporating supraphysiological 

doses of BMP-2. These rudimentary carriers don’t elicit any control over the 

release kinetics of the growth factor, leading to a burst release which has been 

associated with significant side effect such as uncontrolled bone formation at 

undesired sites, acute inflammatory reaction in the surrounding soft tissues, and 

post-operative morbidity [56]. The rapid release of the growth factor negatively 

impacts on the bone regenerative outcome in the maxillary sinus as 

demonstrated in a recent systematic review and meta-analysis [52]. Indeed, the 

meta-analysis of six randomised clinical trials with a follow-up over 6 months 

indicated that the incorporation of BMP-2 in the sinus floor augmentation did not 

significantly enhance vertical bone height. The utilisation of a more sophisticated 

carrier such as the one used in the present study, has been demonstrated to 

enable a precise spatiotemporal delivery of BMPs, leading to bone formation that 

is precisely located within the space occupied by the carrier gel and hence 

reducing the risk of the aforementioned side effect (uncontrolled ectopic bone 

formation, acute inflammation).  

In the present study, no significant difference in bone formation or vertical bone 

height was observed between the BMP-2 and the composite hydrogel only group. 

The underlying reason for this is likely to be due to the nature of the surgical site 

preparation and highlights the importance of angiogenesis during bone formation. 

Generally, surgical trauma in the direct vicinity of the scaffold induces bleeding 

leading to the formation of a blood clot, the first step towards healing and 

revascularisation of the area. In this study, the construct was placed within a 
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shallow surgically created groove in order to enable biomechanical stabilisation.  

There was no other preparation of the bone (apart from periosteum elevation), 

any a very low amount of bleeding and subsequent vascularisation came from 

the groove or the surface of the calvarial bone. This was best demonstrated by 

the absence of tissue formation in the control group indicating that an adequate 

blood clot did not form in these specimens, thus impeding subsequent healing. 

This is in contrast to the abundant bone formation obtained in a similar rabbit 

model where the calvarial bone was surgically prepared to host the rigid scaffold 

by means of a trephine bur [57]. Upon scoring the bone, a greater degree of 

bleeding was achieved leading to extensive bone formation within a porous β-

TCP scaffold impregnated with BMP-2.  

In addition to the surgical model, the presence of a dense slowly absorbable 

hydrogel can also impede blood clot formation, preventing vascularisation and 

hence subsequent bone formation [58]. Poor bone formation was reported in a rat 

calvarial vertical bone augmentation model using hydrogel composites of 

oligo(poly(ethylene glycol) fumarate) (OPF) and gelatine microparticles loaded 

with BMP-2. More recently, an additively manufactured tricalcium phosphate/ 

hydroxyapatite scaffold loaded with BMP-2 was tested in an ovine calvarial 

vertical bone augmentation model into which the calvarial bone was drilled at 

numerous locations to stimulate bleeding and subsequent angiogenesis [59]. This 

demonstrated that spatially accurate delivery of BMP-2 could also be achieved by 

infiltrating the scaffold with a BMP solution, in conjunction with a surgical 

implantation technique that induces abundant bleeding within the 3D printed 
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construct. This resulted in full bone fill of the extraskeletal cavity as early as 8 

weeks post-implantation and clearly exemplifies the crucial role of adequate 

construct vascularisation for vertical bone augmentation.  

 

Conclusions 

This proof of concept study investigated the use of a mPCL bi-phasic construct 

fabricated by additive manufacturing technology and loaded with BMP-2 for 

vertical alveolar bone regeneration. The design of the scaffold mimicked the 

architecture of the native bone, consisting of both cortical and cancellous bone 

compartments. The biphasic construct fulfilled crucial criteria for vertical bone 

augmentation, such as biomechanical stability and excellent space maintenance 

over time. It also showed promising results in vitro in regards to long term cell 

viability, proliferation and gene expressions. Although vertical bone formation was 

minimal and solely localized in direct vicinity of the resident calvarial bone, this 

was likely due to a lack of vascularisation post-implantation resulting from the use 

of an inadequate surgical model that requires further refinement. Hence, future 

work is required to assess the performances of the biphasic scaffold towards 

bone regeneration and maintenance of bone height after implant placement in a 

more appropriate animal model.  
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Highlights 

 

1. A biphasic scaffold consisting of a rigid 3D printed outer layer and an internal highly 

porous melt electrospun scaffold was fabricated. 

2. The scaffold displayed excellent space maintenance properties suitable for vertical 

bone augmentation. 

3. Sustained delivery of BMP-2 using the biphasic scaffold is demonstrated, leading to 

some bone formation.  
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