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11CHAPTER 1

Bone grafting is used in almost every aspect of orthopedic reconstructive surgery from 
fracture treatment to extensive limb salvage procedures and complex spine surgery. 
Over 2 million bone grafting procedures are performed annually worldwide, which makes 
bone the second most frequent transplanted tissue after blood transfusion. Autograft is 
considered the gold standard for bone induction.(1) The autograft is histocompatible, 
non-immunogenic and possesses the three required properties for bone formation, i.e. 
osteogenicity, osteoconductivity and osteoinductivity.(2) Nevertheless, autografts have 
several disadvantages, including limited supply and donor site morbidity with 2%-8% 
chronic pain,  6% dysesthesia, and  2% infection of the treated cases.(3, 4) Allografts 
(bone derived from another individual) are more readily available and account for nearly 
one third of all bone grafts used in North America.(5) However, inferior healing was 
observed compared to autografts and there is a risk of disease transmission.(6-10) To 
address these limitations, alternative bone substitutes are extensively investigated and 
a slight shift towards these substitutes is seen in the last years.(11)

As growth factors and cytokines are known to be major determinants to guide 
tissue structure and function, growth factor and cytokine based therapies have great 
potential in bone tissue engineering. The potential of growth factors in bone tissue 
engineering was recognized upon discovery in 1965 by Urist (12), who observed that 
decalcifi ed bone matrix extracts were able to induce ectopic bone formation. In the 
years that followed, the growth factor extract, referred as Bone Morphogenetic Proteins 
(BMPs), was further isolated, purifi ed to contain multiple different induction factors.
(13-18) Despite the low yield of native BMPs from bone (1-2µg/kg cortical bone) (17, 
18), advances in molecular biology allowed researchers to purify and clone the growth 
factor in the decades of 80s and 90s. Once advances in  recombinant DNA technology were 
made, it was possible to produce biologically active recombinant BMPs in 1988.(19)

The BMP family is part of the transforming growth factor-ß (TGF- ß) superfamily 
and over 20 members have been described;(20) BMP-1 is not a member of the BMP-
family as it was misidentifi ed.(21) In general, only BMP-2 to BMP-11 are considered 
to be BMPs. BMP-12 to BMP-14 are, due to chondroinductive capacities referred as 
cartilage-derived morphogenetic proteins.(22) Although the biological functions of 
BMPs are mainly related to bone and cartilage formation, these growth factors play 
an important role in embryonic pattern formation and organogenesis, homeogenesis 
and regeneration of other tissues than bone and cartilage as well. For example, BMP-2 
plays a critical role in heart morphogenesis (23) and neural stem cells differentiation 
(24), BMP-7 in development and homeostasis of the kidney(25) and various BMPs in 
gonad physiology and development.(26) The role of BMPs in embryogenesis is even more 
profound, with BMP-2 and 4 inducing embryo ventral differentiation, and BMP-3 and -3b 
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opposing this ventralizing effect by inducing tail and head formation, respectively.(27, 
28) Furthermore, during gastrulation BMP gradients are involved in directing cells into 
forming organs as bone, cartilage, kidney and heart.(29) As a result of these important 
actions of BMPs during fetal development and organogenesis, knock out of BMP-2 and 
BMP-4 in mice is lethal in the early embryonic stage, and BMP-7 knock-out is associated 
with severe developmental abnormalities in multiple organs and perinatal lethality.
(30) Although BMPs clearly show pleiotropic effects in controlling the proliferation 
and differentiation of cells, several BMPs show powerful osteoinductive properties. In 
fracture healing, BMPs follow a specific temporal pattern with early peaking of BMP-2 
after 1 day, a spike of BMP-14 after 7 days and BMP-3, -4, -7, and -8 mainly expressed 
after 14 days.(31) In relation, different BMPs also showed specific spatial distribution in 
bone tissue and different expression patterns for specific bone tissue types.(32)

A clear in vitro and in vivo bone inducing effect is observed for BMP-2, -4, 
-6, -7 and -9.(33, 34) In vitro research shows that the differentiation state of the 
target cells is an essential determinant of BMP effectiveness. Whereas BMPs were able 
to stimulate multiple pluripotent cells and osteoprogenitor cells, more mature cells as 
osteoblasts and fibroblasts did not show enhancement of osteogenic marker expression 
when exposed to BMPs.(35-38) This indicates BMP is effective in inducing osteogenesis 
primarily in immature pluripotent cells. In vivo, BMPs initiate the full cascade of bone 
formation, including mesenchymal stromal cell (MSC) infiltration and differentiation.
(30) Dependent on the dose and animal model, BMPs induce endochondral and 
intramembranous ossification resulting in woven and lamellar bone. Preclinical studies 
investigating the osteoinductive capacity of BMPs showed accelerated bone formation 
in various animal models, including osteotomy and fracture defects (39, 40), cranial 
defects (41, 42), maxillofacial defects (43, 44) segmental bone defects (45), spinal 
fusion (46) and ectopic intramuscular or subcutaneously implantation sites.(reviewed 
in (47, 48)) 

Extensive preclinical research has eventually resulted in two commercially 
available collagen-based BMP containing products. BMP-2 (InductOs, EU, Infuse Bone 
Graft, US, Medtronic) received approval for treatment of acute tibial fractures in adults, 
anterior lumbar interbody fusions, maxillofacial alveolar ridge and sinus augmentations, 
and posterolateral lumbar spine pseudoarthrosis. BMP-7 (Osigraft, EU, OP-1 Putty, 
US, Stryker) received approval for tibial non-unions and revision posterolateral spinal 
fusion.(49-54) After the pre-market approval in 2002, the use of these BMPs increased 
strongly (in particular the off-label use, estimated to be 85% of all procedures) with 
in the USA exceeding 17,000 cases in 2006, representing 24% of all primary cases 
and 36.6% of all revision surgeries with BMP-2 being preferably employed.(55, 56) 

19020 Olthof proefschrift_04.indd   12 18-09-19   14:15



13CHAPTER 1

Lumbar fusion accounted for approximately 50% of all BMP-use cases.(55) However, the 
results from the post-marketing clinical trials were rather disappointing considering the 
impressive preclinical results. Although addition of BMP-2 to intramedullary nail fixation 
appeared to be more effective compared to nail fixation without the use of BMP-2, 
addition of intramedullary reaming abolished the effect of BMP.(57, 58) Also in non-
unions, systematic reviews could not prove that BMPs were more effective to autografts. 
However, no solid conclusions could be drawn due to heterogeneity of the published 
data with the use of different BMPs, treatment models and clinical outcome measures.
(57, 59) For spinal fusion, much of the published data was contradictory, hence a large 
systematic review showed that BMPs are more effective compared to autograft in single 
level degenerative disease.(60) 

In addition to the disappointing clinical effectiveness, the exponential rise of 
BMP use (especially BMP-2) has been associated with increasing reports of side effects. 
Initially, after FDA approval BMP-2 was thought to be nearly perfect, as the industry-
sponsored trials showed no significant side effects of BMP-2 use in various surgical 
procedures with a combined reported risk of less than 0.5% in the early 2000s.(61) 
Subsequent systematic reviews from the FDA reports, Yale University of Open Data Access 
Project and Medtronic internal reports revealed evidence of reporting bias and showed a 
higher incidence of more serious side effects.(62, 63) Although BMP-2 is known for its 
strong osteoinductive effect, the protein is associated with pleiotrophic cellular effects 
including adipogenesis, inflammatory responses and osteoclast activation. As a result, a 
range of serious clinical side effects such as inflammatory complications, radiculopathy, 
ectopic bone formation, osteolysis, urogenital problems and wound complications could 
be correlated to high supraphysiological BMP-2 doses (extensively reviewed by (64)). 

The frequency of complications had a direct correlation with the BMP-2 dose 
employed. As such decrease of the BMP-2 dose and improved local growth factor 
containment have been suggested as key determinants to avoid the majority of the 
complications. (65, 66) Since the local growth factor retention is limited (T½ = 0.3 days 
for ectopically injected BMP-2), biomaterials play an essential role in optimizing the 
site-specific pharmacokinetics. Biomaterials used as scaffolds and/or controlled release 
systems should maintain the local BMP concentration within the therapeutic window for 
a sufficient period of time to allow the migration of cells with osteogenic potential to 
the area of injury for proliferation and differentiation. Several studies proved that local 
retention of BMP-2 using carriers improved BMP-2 osteogenic capacity compared to 
injection of carrier free BMP-2.(67-70) Consequently, delivery vehicles are required for a 
more efficient use of BMP-2. Despite extensive research in this field, neither the optimal 
therapeutic window nor the required timing and duration of BMP-2 release are known. 

19020 Olthof proefschrift_04.indd   13 18-09-19   14:15



GENERAL INTRODUCTION14

BMP-2 pharmacokinetics

Studying the effect of the BMP-2 release profile on bone formation is complicated. 
Adjusting the growth factor release rate often requires changes to the biomaterial 
structure and composition, and hence may influence cellular behavior and subsequent 
bone formation.(69, 71-74) Furthermore, much of the published literature on BMP-2 carrier 
development only shows in vitro release profiles and is deficient in characterization of in 
vivo pharmacokinetics. Although these in vitro profiles provide valuable information on 
the growth factor binding capacity and retention/release mechanisms of the material, 
these data cannot be extrapolated to the in vivo situation, as release profiles change 
significantly upon implantation.(68, 71, 75-80) Since the extent of these changes varies 
between delivery vehicles, characterization of the in vivo pharmacokinetic profile is 
important to correlate BMP-2 releases to tissue response or bone formation. So far, there 
are no studies investigating the relation between in vitro and in vivo release profiles. 
Modeling and prediction of in vitro-in vivo relations would be beneficial for BMP-2 based 
bone regenerations since it may reduce the need for in vivo pharmacokinetic studies.

There is still debate over the ideal release profile of BMP-2 that effectuates 
optimal bone formation.(81) Two release scenarios are proposed in literature 
consisting of a burst release and sustained release scenario. The burst release scenario 
assumes that a critical density of BMP-2 responsive cells and a minimal concentration 
of BMP-2 are necessary to induce bone regeneration.(81) The burst release results in 
a high BMP-2 concentration during the early days of implantation which allows for 
rapid influx of the appropriate cells. Consequently, the local cell population rapidly 
exceeds the critical cell density at the repair site. The relatively high local BMP-2 
concentrations also induce cell differentiation and direct tissue formation towards 
bone. In this scenario, BMP-2 is considered an inductive agent which initiates the 
cascade of bone regeneration. The clinically available collagen delivery vehicle 
(Infuse® absorbable collagen sponge (ACS)) is based on this scenario and releases 
more than 95% of the BMP-2 within the first 14 days peaking within 3 days after 
implantation. A slower and sustained release is considered less efficient in this 
scenario since it recruits less responsive cells. As a result, the critical cell density of 
osteogenic cells may be reached too late coinciding with early fibrous tissue formation or 
may not be reached at all.(81)

In a sustained release scenario, it is assumed that cell recruitment at the target 
site takes time.(81) The surgical procedure and implanted biomaterial initiate an 
inflammatory response with the release of chemotactic factors that favors recruitment 
of MSCs.(82) The BMP-2 released during the first few days contributes to this response as 
it stimulates the cytokine and growth factor production by local cells. In this scenario, 

19020 Olthof proefschrift_04.indd   14 18-09-19   14:15



15CHAPTER 1

bone regeneration is coordinated by multiple growth factors and cytokines each playing 
different roles at different stages. Herein, BMPs like BMP-2, -4 and -7 are acting as the 
differentiation factors which guide tissue formation towards bone. In the sustained 
release scenario, the burst release of the majority of the BMP-2 in the early days is 
considered ineffective as large amounts will be lost in the hematoma at the repair site. 

Although both scenarios are supported in literature, head-to-head comparisons 
have never been performed. Unfortunately, designing a scaffold for comparison of 
the two release scenarios is difficult. Alterations to the growth factor release profile 
often require changes in the scaffold composition. However, these alterations may 
also influence the cellular response of the scaffold and subsequent bone formation. To 
isolate the effects of the different release scenarios on bone formation, head-to-head 
comparisons should ideally be performed using scaffolds with similar material structure, 
composition and chemistry.

Biomaterial chemistry

In bone tissue engineering biomaterials are employed as delivery vehicles, and importantly 
as scaffolds to support cellular attachment, proliferation and differentiation. Since 
scaffold properties could work synergistically with BMP-2 during bone regeneration, 
optimizing scaffold properties could improve the safety and efficacy of the growth 
factor. Due to off-the-shelf availability in large quantities, drug delivery functionality, 
chemistry and adjustable mechanical properties synthetic polymers are extensively used 
in tissue engineering.(83) However, since most polymers were originally developed for 
non-biological applications, they lack the essential ability to support cell attachment, 
proliferation, differentiation and ultimately tissue formation.(84) To optimize the bone-
biomaterial interface different alterations of biomaterial surface properties such as physical 
properties (85, 86), surface chemistry and charge (87-89) and surface functionalism (90-
92) have been investigated. Nonetheless, there is no consensus concerning the optimal 
scaffold characteristics for BMP-2 induced bone tissue engineering.

Incorporation of inorganic components of natural bone like hydroxyapatite or 
other calcium phosphates are studied to mimic the bone extracellular matrix, enable 
direct biomineralization, stimulate bone tissue formation. They have been shown to 
enhance attachment of osteoblasts to synthetic polymers(93) and may drive osteogenic 
differentiation of adult human stem cells.(94, 95) Although coating techniques have 
been studied extensively to achieve these biomimetic properties, it is a time-consuming 
process that results in slow growth of crystalline or amorphous biominerals, which 
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lack adhesion and structural relationship with the polymer substrate.(96-98) On the 
contrary, more structural bonds between biominerals and polymer substrate have been 
shown to achieve a higher level of integration with the newly formed bone.(99, 100) 
Due to specific biomaterial characteristics, hydrogels are seen as excellent candidates 
for designing highly functional tissue engineering scaffolds mimicking the chemical 
structure of bone. First, the structural and chemical characteristics from hydrogels 
like the intrinsic elasticity and high water retention capacities resemble the major 
component of bone, i.e. collagen.(101) Secondly, hydrogels have excellent engineering 
characteristics for 3-dimensional assembly. Thirdly, the water compatible polymerization 
chemistry makes the surface chemistry highly controllable by copolymerization with 
different monomers displaying multiple functional groups including anionic peptides. 
For example, phosphate functionalization of hydrogels improved attachment and 
proliferation of cells (MSCs and osteoblasts) and hydrogel matrix mineralization in vitro.
(102-105) In addition to phosphate groups, several anionic functional groups have also 
shown to improve adhesion to hydroxyapatite, biomineralization and cellular adhesion 
to the synthetic polymer matrix in vitro.(106) These negatively charged functional 
groups also improved bone formation in vivo on various biomaterials and natural bone.
(89, 107-116) Overall, the material characteristics and ability to functionalize hydrogels 
make them ideal candidates for bone tissue engineering. 

Application site

BMP-2 has been employed in several application sites, including ectopic sites 
(subcutaneous, intramuscular), and orthotopic sites such as segmental defects 
(femur, fibula, humerus, radius, tibia), drill defects (calvaria, cleft, condyle, patella, 
vertebrae) and lumbar fusion models.(48) Whereas the ectopic site allows investigation 
of the osteoinductive capacity of the scaffold, the combined osteoinduction and 
osteoconduction can be studied at the orthotopic site. Although several biomaterials 
with different BMP-2 release profiles were able to achieve adequate bone formation at 
both locations, the site specific pharmacological actions could not be isolated due to 
confounding factors such as biomaterial chemistry changes to alter release. Differences 
in cellular availability, matrix and growth factor composition at different application 
sites could influence the efficacy of various BMP-2 release profiles.(81) Therefore, the 
efficacy of bone induction of different release profiles should also be studied at both 
locations to obtain more insight in the optimal release scenario.
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17CHAPTER 1

Aims and scope of the thesis

A better understanding of the site-specific pharmacokinetics of BMP-2 is essential in 
designing an effective therapeutic approach for bone tissue engineering. So far, neither 
the optimal therapeutic window nor the required time and duration are known.

Requirements to address the knowledge gaps 
Considering the disappointing clinical effectiveness and side effects associated with the 
use of high supraphysiological dose, it is important to improve our understanding of 
the effect of release and material changes on BMP-2 induced bone formation. As most 
studies assume in vivo release based on in vitro release models, critical analysis of the 
in vivo-in vitro release can aid the development of prediction models of their relation 
and hence reduce the need for in vivo pharmacokinetic studies. Furthermore, the limited 
studies that measure in vivo release are not able to isolate the effect of differential 
BMP-2 release on bone formation due to confounding factors of biomaterial chemistry. 
Therefore, a composite able to generate differential BMP-2 release profiles without 
changing the biomaterial chemistry and structure should be developed. Previous research 
indicated that, composites chemistry and application site also play an important role 
in the site-specific pharmacological action of BMP-2. To obtain a better understanding 
of these material changes, these alterations should be studied in scaffolds with similar 
release profiles. A better understanding of the role of these parameters could provide 
new approaches to further optimize BMP-2 based bone regeneration in the clinics. 

To address these issues, a biomaterial is required that allows 1) tailoring of the 
release with minimal changes to the scaffold composite and 2) tailoring of the scaffold 
chemistry while maintaining the BMP-2 release at a constant rate. Therefore, a composite 
material based on a (poly(propylene fumarate) (PPF) scaffold or oligo[(polyethylene 
glycol) fumarate] (OPF) hydrogel was constructed with embedded  poly(lactic-co-glycolic 
acid) microspheres which allows tailoring of growth factor release. Theoretically, such a 
composite should fulfill all material and release requirements. 

Aims of the thesis

The present thesis aims at addressing the aforementioned knowledge gaps, focusing on 
the role of the release profile, the structure and chemistry of the scaffold, and the site 
of application. In Chapter 2, different commonly used BMP-2 release systems for in 
vitro studies are evaluated and modeled to predict in vivo release. In order to discern the 
effect of the release profile from the effect of the biomaterial structure and composition 
of this delivery vehicles, Chapter 3, 4 and 5 explore polymer/microsphere composites 
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that generate differential BMP-2 release profiles while preserving the chemistry and 
structure of the scaffolds. Furthermore, the osteoinductive role of scaffold surface 
chemistry and charge in the presence or absence of BMP-2 is studied in Chapter 4, 5 
and 6. These effects are examined employing composite delivery systems that explicitly 
achieve similar in vivo release profiles of BMP-2. To define the role of the application site 
Chapter 7 investigates the effect of differential BMP-2 release at a subcutaneous and 
orthotopic site employing a promising delivery system, i.e. the phosphate modified OPF 
composite scaffold. The phosphate modified OPF scaffold was compared with the ACS at 
the subcutaneous and orthotopic application site to compare the new composite with 
the present gold standard approach employed in the clinics. 
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Abstract

Local sustained delivery of bioactive molecules from biomaterials is a promising strategy 
to enhance bone regeneration. To optimize delivery vehicles for bone formation, the 
design characteristics are tailored with consequential effect on BMP-2 release and 
bone regeneration. Complying with the 3R principles, the growth factor release is often 
investigated in vitro using several buffers to mimic the in vivo physiological environment. 
However, this remains an unmet need. Therefore, this study investigates the correlation 
between the in vitro and (IVIVC) BMP-2 release from complex delivery vehicles in several 
commonly used in vitro buffers: cell culture model, phosphate buffered saline, and a 
strong desorption buffer. The results from this study showed that the release environment 
affected the BMP-2 release profi les, creating distinct relationships between release 
versus time and differences in extent of release. According to the guidance set by the 
U.S. Food and Drug Administration (FDA), in vitro- in vivo correlation resulted in level A 
internal predictability for individual composites. Since the IVIVC was infl uenced by the 
BMP-2 loading method and composite surface chemistry, the external predictive value of 
the IVIVCs was limited. These results show that the IVIVCs can be used for predicting the 
release of an individual composite. However, the models cannot be used for predicting in 
vivo release for different composite formulations since they lack external predictability. 
Potential confounding effects of drug type, delivery vehicle formulations and application 
site should be added to the equation to develop one single IVIVC applicable for complex 
delivery vehicles. Altogether, these results imply that more sophisticated in vitro systems 
should be used in bone regeneration to accurately discriminate and predict in vivo BMP-2 
release from different complex delivery vehicles. 
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1.  Introduction

Local sustained delivery of bioactive molecules from biomaterials is a promising strategy 
to enhance bone regeneration. Many studies have shown enhancement of bone formation 
in ectopic and orthotopic locations by sustained release of various growth factors.
(48) Despite these promising results, improvement of the local delivery vehicles and 
optimization of the growth factor release profile remains a challenge.

New technologies have enhanced tailoring of release profiles within the 
challenging topic of designing the appropriate delivery vehicle for clinical application 
in bone regeneration. The biomaterials fulfill both a scaffold and delivery role, and 
need to meet various physical, mechanical, biological and chemical demands. Tailoring 
the design characteristics may influence the growth factor release (69, 72, 79, 117) with 
consequent differential effect on bone regeneration. As such, extensive in vivo animal studies 
are needed to analyze the release profiles and efficacy of the various delivery vehicles. 

In contemporary scientific practice the 3R principles (Replacement, Reduction, 
Refinement) are warranted. Therefore, in order to estimate the release kinetics, growth 
factor release is often investigated in vitro using several buffers to mimic the in vivo 
physiological environment.(118-120) Nonetheless, various studies have showed that in 
vitro release cannot be extrapolated to in vivo release.(68, 76, 78) To the best of our 
knowledge, there are no studies available that have attempted to correlate the in vitro 
and in vivo release profiles in the field of bone tissue engineering, and as such the 
relevance of these in vitro profiles for future clinical applications remains unknown. 
Therefore, the aim of this study is to investigate the correlation between the in vitro and 
in vivo growth factor release in several commonly used in vitro buffers and to develop a 
predictive model providing a standardized method employing a commonly used growth 
factor for these purposes. 

In vitro-in vivo correlation (IVIVC) is defined by the U.S. Food and Drug 
Administration (FDA) as “a predictive mathematical model describing the relationship 
between an in vitro property of a dosage form and relevant in vivo response”.(121) 
Several levels are described by the FDA protocol (122), including level A up to D. Level A 
correlation represents a point-to point relationship between in vitro and in vivo profiles. 
Level A correlation is considered most informative and is recommended by the FDA. It is 
the only level that can be used to obtain biowaiver. Level B correlation is based on the 
principles of statistical moment analysis but is devoid of a point-to point correlation 
and hence does not reflect the actual in vivo release profile. As such, this level may 
lack sufficient predictability. Level C correlation establishes a single point relationship 
between a dissolution and a pharmacokinetic parameter. Since it is based on a single 
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25CHAPTER 2

point analysis, it is does not reflect the complete shape of the plasma concentration time 
curve, which is critical to define in vivo performance of the studied drug. Multiple Level 
C correlation relates multiple dissolution time points to one or more pharmacokinetic 
parameter(s) and should be based on at least three dissolution time points covering the 
early, middle, and late stages of the dissolution profile. A multiple Level C correlation 
can be as useful as a Level A correlation. However, if a multiple Level C correlation is 
achieved, the development of a Level A correlation is feasible and preferred. Level D 
correlation is a rank order correlation comparing in vitro and in vivo release profiles. 
A level D correlation is only qualitative and is not adopted in the FDA IVIVC Guidance.

Given that level A IVIVC is the most informative, the present study employs this 
correlation level to accurately predict the in vivo performance from the in vitro performance. 
Bone morphogenetic protein-2 (BMP-2), a promising bone formation inducing agent, 
was used and released from several biomaterial composites to investigate the internal 
and external predictability of the IVIVC. The IVIVC for locally delivered drugs, such as 
BMP-2, is challenging due to complex characteristics of the biomaterials and lack of a 
standardized in vitro model. Therefore, level A IVIVC was analyzed for composites with 
various characteristics releasing BMP-2 in several in vitro models as a first step towards 
determining the proper in vitro system and developing a predictive model for in vivo 
release of BMP-2. Furthermore, in order to make a qualitative assessment of the IVIVC, a 
rank order level D IVIVC between the different composites was performed. 

2. Materials and methods

2.1  Experimental design 
To investigate the relationship between in vitro and in vivo BMP-2 release kinetics, 
various composites with predicted differential release profiles were studied in three 
in vitro models. The composites were based on 75% porous oligo(polyethelene glycol) 
fumarate (OPF) hydrogels (22.5% w/w) containing 2.5% (w/w) poly(lactic-co-glycolic 
acid) (PLGA) microspheres. The BMP-2 loading method and hydrogel chemical properties 
were modified in order to achieve distinct BMP-2 release kinetics. These results were 
described in previous papers.(123, 124) BMP-2 was encapsulated in PLGA microspheres 
and/or adsorbed on the hydrogel to create hydrogels with different burst and sustained 
release of BMP-2. Apart from the different loading methods, hydrogel chemistry was 
modified to further tailor BMP-2 release by crosslinking sodium methacrylate (SMA) 
(Sigma Aldrich, St. Louis, MO), [2-(methacryloyloxy) ethyl]-trimethylammonium chloride 
(MAE) (Sigma Aldrich, St. Louis, MO) or bis(2-(methacryloyloxy)ethyl) (BP) into the 
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hydrogel to obtain negatively charged (n-OPF), positively charged (p-OPF) and phosphate 
modified hydrogels (Ph-OPF), respectively. These modifications resulted in a total of 12 
different composites (Table 1).

The in vitro and in vivo BMP-2 release was evaluated by employing BMP-2 
radiolabeled with 125I. To simulate the cell-rich in vivo environment, in vitro release of 
all composites was investigated using a cell culture set-up for 8 weeks. To analyze the 
influence of different commonly used in vitro buffers on in vitro BMP-2 release, a subset 
of composites was immerged in a cell-free environment in the presence of Phosphate 
Buffered Saline (PBS) or a Strong Desorption Buffer (SDB). The in vivo BMP-2 release 
was analyzed in a subcutaneous rat model with 8 weeks’ follow-up. Subsequently, the in 
vitro-in vivo correlation (IVIVC) level A was investigated for all in vitro release systems. 

2.2  BMP-2 radio iodination 

Carrier-free Na125I was obtained from PerkinElmer life and Analytical Sciences (Boston, 
MA). To study the release profiles of BMP-2, a fraction of the incorporated BMP-2 was 
radiolabeled with 125I, using the chloramine-T method as previously described (125). 
The radiolabeled BMP-2 was separated from the free 125I by 24-hour dialysis (10 kDa 
molecular weight cut-off (MWCO), SpectraPor 7, Rancho Dominguez, CA) against 0.01 
M phosphate-buffered saline at pH 7.4 (Sigma-Aldrich, St. Louis, MO). The 125I-BMP-2 
dialysate was concentrated in a Millipore device (10kDa MWCO, Billerica, MA) and 
the purity was determined by trichloroacetic acid precipitation. The final 125I-BMP-2 
preparation contained 99.7% precipitable counts, which indicated the percentage of 
covalently bound 125I to the BMP-2. Thereafter, 125I-BMP-2 was mixed with non-labeled 
BMP-2 (1:5.3 hot–cold ratio) and incorporated into the composite formulations. 

2.3  Microsphere fabrication 

PLGA 50:50 (Mw 52 kDa, Lakeshore biomaterials, AL) microspheres were fabricated using a 
double-emulsion-solvent-extraction (W1-O-W2) technique according to a previously described 
method. (126) Briefly, an aqueous solution containing 130 µl (OPF-Msp), 65 µl (OPF-Cmb), or 
0 µl (OPF-Ads) of 3.7 mg/ml 125I-BMP-2/BMP-2 (1:5.3 hot:cold ratio) solution was emulsified 
with 250 mg PLGA 50:50 dissolved in 1.25 ml of dichloromethane using a vortex at 3050 rpm.  
The solution was re-emulsified in 2 ml of 2% (w/v) aqueous poly(vinyl alcohol) (PVA, 87-89% 
mole hydrolyzed, Mw= 13,000-23,000, Sigma Aldrich) to create the double emulsion and added 
to 100 ml of a 0.3% (w/v) PVA solution and 100 ml of a 2% (w/v) aqueous isopropanol solution. 
After 1 hour of slow stirring, the PLGA microspheres were collected by centrifugation at 2500 
rpm for 3 minutes, washed 3 times with distilled deionized water (ddH2O) and freeze dried to a 
free-flowing powder. The characteristics of the PLGA microspheres were reported in a previous 
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study.(124) The diameter of the both unloaded and BMP-2 loaded microspheres was distributed 
between 0-100 microns. The PLGA microspheres used in this study lose approximately 80% of 
their mass within 4 weeks after implantation.(127)

2.4  Fabrication of composites 

OPF was fabricated using polyethylene glycol (PEG) with an initial molecular weight 
of 10 kDa according to previously describes method. (128) OPF (44% w/w), N-vinyl 
pyrrolidinone (13% w/w (NVP), Sigma Aldrich, St. Louis, MO) Irgacure 2959 (0.2% Ciba-
Specialty Chemicals, Tarrytown, NY) and H2O (42% w/w) was mixed with SMA (200 mg, 
8.2% w/w, Sigma Aldrich, St. Louis, MO), MAE (225 mg, 10.3% w/w, Sigma Aldrich, St. 
Louis, MO), or no additive to create hydrogels with a fixed negative (n-OPF), positive 
(p-OPF) or neutral (-OPF) charge, respectively. For phosphate modified hydrogels (Ph-
OPF), OPF (41% w/w), N-vinyl pyrrolidinone (NVP, 29% w/w, Sigma Aldrich, St. Louis, 
MO), BP (8.2% w/w) and Irgacure 2959 (0.2% w/w, Ciba-Specialty Chemicals, Tarrytown, 
NY) were dissolved in deionized water (21.6% w/w). 

To create the composites, the OPF/NVP, OPF/NVP/SMA, OPF/NVP/MAETAC or OPF/
NVP/BP paste (22.5% w/w) was mixed with NaCl salt particles (75% w/w, sieved to a 
maximal size of 300 µm) and PLGA microspheres (2.5% w/w). The resulting mixture was 
forced into a cylindrical mold with a diameter of 3.5 mm and exposed to UV light (365 
nm at intensity of ~8 mW/cm2 black-Ray Model 100AP, Upland, CA) to crosslink the 
composites for 40 minutes in total. The composite implants were cut into 6 mm long 
rods, sterilized by ethanol evaporation for both the in vitro and in vivo experiments and 
immersed in sterile ddH2O to leach out the salt. After blot drying, additional BMP-2 
was loaded on the composite matrix by adsorption for the OPF-Cmb and the OPF-Ads 
scaffolds. By varying the BMP-2 loading method, three different composite implants 
were created consisting of 100% of the BMP-2 encapsulated in PLGA microspheres (OPF-
Msp, sustained release), 50% of the BMP-2 encapsulated in PLGA microspheres and 50% 
adsorbed on the composite (OPF-Cmb, combined burst and sustained release), and 100% 
adsorbed on the composite (OPF-Ads, mainly burst release) (Table 1). 

The bioactivity of the released BMP-2 was reported previously and showed a similar 
bioactivity of the microsphere encapsulated and adsorbed growth factor after 9 weeks of 
release.(124) Also, the released BMP-2 generated a similar biologic response compared to 
freshly added BMP-2 of corresponding dose in vitro. The degradation rate of the OPF hydrogel 
is reported previously and was slow with minimal in vitro degradation of crosslinked hydrogels 
with an OPF:NVP ratio > 0.3 after 21 days in PBS.(129) Furthermore, histology shows a still 
visible porous structure of OPF after 9 weeks of implantation, as opposed to a fully resorbed 
Infuse® absorbable collagen sponge (Medtronic, Minneapolis, MN).(124) 
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2.5  In vivo release measurements
Thirty-two 12-week old male Harlan Sprague Dawley rats were used for this study 
according to an approved protocol by the local animal care and use committee. Animal 
studies were previously published. (123, 130) Surgery was performed under sterile 
conditions and general anesthesia (ketamine/xylazine, 45/10 mg/kg). After shaving and 
disinfecting the surgical sites, subcutaneous pockets were created in each limb and 
filled with 125I-BMP-2 loaded implants. Two subcutaneous pockets in the thoracolumbar 
region were used to implant the controls (unloaded implants). Acetaminophen (160mg 
in 5ml added to pint water bottle) was given as postoperative analgesia for the duration 
of one week. Four scintillation probes (model 44-3 low energy gamma scintillator, 
Ludlum measurements Inc., TX, USA) connected to digital scalers (Model 1000 scaler, 
Ludlum measurements Inc.) as described previously (126), were used for determining 
in vivo 125I-BMP-2 release kinetics. Directly after wound closure, the 125I-BMP-2 activity 
was measured to determine the starting implanted dose. At each subsequent time point 
(biweekly the first week, weekly from week 1 onwards), the rats were anesthetized 
using isoflurane (induction 4%, maintenance > 1.5%) to measure the local 125I-BMP-2 
activity in duplicate over two 1-minute periods. To determine the BMP-2 release, the 
125I-BMP-2 measurements were corrected for radioactive decay and background activity. 
The 125I-BMP-2 activity was normalized to the starting implanted dose to determine the 
retained 125I-BMP-2 dose and released amounts. After 9 weeks, the rats were euthanized 
by CO2 asphyxiation.

2.6  In vitro BMP-2 release

BMP-2 release was analyzed using a W20-17 cell culture system. The composites were 
exposed to consecutive 7-day cell cultures (seeded at 20,000 cells per cm2 in a 24-
well plate) in 1 ml Dulbecco’s Modified Eagle’s Medium/ Nutrient Mixture F-12 Ham 1:1 
mixture (DMEM/F12, Sigma Aldrich, St. Louis, MO) supplemented with 10% fetal bovine 
serum and 1% penicillin at 37ºC, 20% O2, 5% CO2. A subset of composites was analyzed 
for BMP-2 release in the presence of PBS (pH 7.4) or SDB (solution containing 0.5 M 
arginine, 0.5 M NaCl and 50 mM K2HPO4 in ddH2O at pH of 7.5). The composites were 
placed in 1.0 ml PBS or SDB containing Eppendorf tubes and maintained at 37ºC in the 
incubator. At weeks 0.5, 1, 2, 3, 4, 5, 6, 7 and 8, the culture medium was collected 
and replaced with fresh DMEM/F12, PBS or SDB. To determine the BMP-2 release, the 
collected culture medium was assayed for 125I activity on a gamma counter. At the end 
of the study, the composites were collected to determine the remaining 125I activity as 
a measure of retained BMP-2. All 125I activity measurements were corrected for decay 
and normalized to the starting amount. The corresponding in vitro release profiles were 
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determined by correlating the gamma-irradiation in counts/minute to the amount of 
BMP-2 released from the composites.

2.7  IVIVC 

The data acquired in the release studies were used to develop the IVIVC. The IVIVC was 
obtained by correlating the composites cumulative release in vitro with the cumulative 
in vivo release. Regression analysis was applied to the IVIVC plots and the corresponding 
equations described. To analyze the external predictive value of the in vitro models, 
superimposability of the IVIVCs was tested for composites with similarly expected release 
mechanisms. Therefore, OPF-Msp composites (expected to release BMP-2 mainly by polymer 
degradation and diffusion), OPF-Cmb composites (expected to release BMP-2 mainly by 
polymer degradation, diffusion, desorption and ion exchange) and OPF-Ads composites 
(expected to release BMP-2 mainly by desorption and ion exchange) were analyzed for 
external predictability separately. To accurately predict the in vivo BMP-2 release profile, 
a point-to point in vitro-in vivo correlation is needed. Therefore, levels B and C were 
considered not suitable for developing a clinically relevant predictive model. To make a 
qualitative assessment of the IVIVCs, level D IVIVC was analyzed using the cumulative 
BMP-2 release of the different composites in the various release environments.  

2.8  Statistical analysis

Statistical analysis was performed using Prism 7 (Graphpad software, La Jolla, CA) 
and SPSS 22.0 software (SPPS Inc., Chicago, IL). In vitro results (n=3 per composite 
type studied) and in vivo results (n=10 for -OPF, n-OPF, p-OPF and Ph-OPF-Cmb; and 
n=8 for Ph-OPF-Msp and Ph-OPF-Ads) of BMP-2 release are given as mean ± standard 
deviation (SD). The BMP-2 release was analyzed point to point for a period of 8 weeks 
in vitro and in vivo. All datasets were tested for outliers using Hoaglin’s outlier labeling 
rule,(131) for normality of the residuals using the Shapiro-Wilk test and for homogeneity 
of variances using the Levene’s test. Parametric data were analyzed with univariate 
analysis of variances (ANOVA) and Benjamini Hochberg post-hoc. Radar diagrams were 
used to illustrate the extent of cumulative BMP-2 release and ranking of the different 
composites in the various release environments (in vitro and in vivo). To analyze the 
predictive value of in vitro release for in vivo BMP-2 release different regression models 
were analyzed for fit using R2. 
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3.  Results

3.1  BMP-2 labeling and incorporation 
Labeling of the BMP-2 with 125I resulted in an activity per mass of 6.1 µCi/µg. The 
microspheres were loaded with either 2.9 µg BMP-2/mg PLGA (OPF-Msp) or 1.3 µg  
BMP-2/mg PLGA (OPF-Cmb). The composite scaffold characteristics are summarized 
in table 1. The different loading methods resulted in comparable BMP-2 loading per 
scaffold. OPF modifications aiming at composite chemistry resulted in differences in 
BMP-2 loading (< 1.9 µg BMP-2) within chemistry modifications due to differences 
in BMP-2 loss during the fabrication process (Table 1). In order to correct for this, 
the release kinetics were corrected for the starting amount of BMP-2 loading for each 
individual composite both in vitro and in vivo.

3.2  Animals
Five rats died one day after surgery, probably due to oversensitivity to xylazine, since 
no health problems were observed in the remainder of the rats after the xylazine was 
lowered. Nine implants were removed by the rats themselves from the subcutaneous 
pocket during the follow up and were therefore discarded from further analysis. Detailed 
information on sample size used for each analysis is provided in Supplementary Table 1. 

Table 1. Summary of composite characteristics used in the in vitro and in vivo BMP-2 release 
studies. Msp: microsphere encapsulated BMP-2; Cmb: combined microsphere encapsulated and 
adsorbed BMP-2; Ads: adsorbed BMP-2; -OPF: unmodified OPF; n-OPF: negatively charged OPF; 
p-OPF: positively charged OPF; Ph-OPF: phosphate modified OPF; CC: in vitro cell culture model; 
PBS: in vitro phosphate buffered saline model; SDB: in vitro strong desorption buffer model. 

Composite 
name

BMP-2 Loading Initial activity 
/ implant
(µCi)

BMP-2 / 
implant
(µg)

In vitro  
BufferHydrogel Microspheres

-OPF-Msp 0% adsorbed 100% loaded 3.7 ± 0.8 4.7 ± 1.0 CC

-OPF-Cmb 50% adsorbed 50% loaded 3.5 ± 0.2 4.6 ± 0.2 CC, PBS, SDB

-OPF-Ads 100% adsorbed 0% loaded 3.8 ± 0.2 4.9 ± 0.3 CC, PBS, SDB

n-OPF-Msp 0% adsorbed 100% loaded 3.0 ± 0.5 3.8 ± 0.6 CC

n-OPF-Cmb 50% adsorbed 50% loaded 2.7 ± 0.2 3.6 ± 0.2 CC, PBS, SDB

n-OPF-Ads 100% adsorbed 0% loaded 3.0 ± 0.1 4.0 ± 0.1 CC, PBS, SDB

p-OPF-Msp 0% adsorbed 100% loaded 2.4 ± 0.3 3.1 ± 0.4 CC

p-OPF-Cmb 50% adsorbed 50% loaded 2.3 ± 0.1 3.0 ± 0.2 CC, PBS, SDB

p-OPF-Ads 100% adsorbed 0% loaded 2.5 ± 0.1 3.2 ± 0.2 CC, PBS, SDB

Ph-OPF-Msp 0% adsorbed 100% loaded 3.1 ± 0.1 4.0 ± 0.1 CC

Ph-OPF-Cmb 50% adsorbed 50% loaded 3.0 ± 0.2 3.9 ± 0.3 CC

Ph-OPF-Ads 100% adsorbed 0% loaded 3.1 ± 0.6 4.0 ± 0.7 CC
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3.3  In vivo and in vitro release profiles

As expected, the composites showed different in vivo BMP-2 release profiles. Most 
composites demonstrated a triphasic in vivo release profile with a large burst release 
phase (Phase 1, till week 0.5), high dose sustained release phase (Phase 2, week 0.5 
to week 5) and a low dose zero order release phase (Phase 3, week 5 onwards) (Figure 
1A). After the large burst release, various release patterns were seen for the different 
OPF-composites in phase 2, including exponential growth, exponential decay and linear 
relationships of BMP-2 release versus time (Figure 2). In Phase 3 all composites showed 
a linear relationship with different BMP-2 release rates. Ph-OPF-Msp and Ph-OPF-Cmb 
exhibited a tetraphasic in vivo release profile, with the high sustained release phase 2 
divided into a lag phase and rapid release phase (Figure 2).    
Although different release profiles were observed in vitro compared to in vivo, the 
triphasic time frames were similar. In the cell culture set-up, the composites exhibited 
different burst releases in phase 1, exponential decay release profiles with large variability 
in phase 2 and zero order release in phase 3 (Figure 1B). In PBS, a minimal burst 
release was observed for all composites, a near linear exponential decay release profile in  
phase 2, and a zero-order release in phase 3 (Figure 1C). Minimal differences were 
observed between the composites in SDB. After the burst release with minimal variability, 

Composite 
name In vivo Cell Culture PBS SDB

-OPF-Msp 8 3 - -

-OPF-Cmb 8 3 3 3

-OPF-Ads 6 3 3 3

n-OPF-Msp 5 3 - -

n-OPF-Cmb 6 3 3 3

n-OPF-Ads 6 3 3 3

p-OPF-Msp 10 3 - -

p-OPF-Cmb 9 3 3 3

p-OPF-Ads 9 3 3 3

Ph-OPF-Msp 4 3 - -

Ph-OPF-Cmb 10 3 3 3

Ph-OPF-Ads 8 3 3 3

Supplementary Table 1. Sample sizes used for data analysis. Msp: microsphere encapsulated 
BMP-2; Cmb: combined microsphere encapsulated and adsorbed BMP-2; Ads: adsorbed BMP-2; 
-OPF: unmodified OPF; n-OPF: negatively charged OPF; p-OPF: positively charged OPF; Ph-OPF: 
phosphate modified OPF; CC: cell culture in vitro model, PBS: phosphate buffered saline in vitro 
model, SDB: strong desorption buffer in vitro model.
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Figure 1. Cumulative release of BMP-2 from various polymer composites in vivo in a rat 
subcutaneous implantation model (A) or in vitro (Cell Culture model (CC) (B), Phospate Buffered 
Saline (PBS) (C), Strong Desorption Buffer (SDB) (D)). The release profiles are divided into 
three phases, burst release (phase 1), high dose release sustained release (phase 2), low dose 
sustained release (phase 3). Msp: microsphere encapsulated BMP-2; Cmb: combined microsphere 
encapsulated and adsorbed BMP-2; Ads: adsorbed BMP-2; -OPF: unmodified OPF; n-OPF: 
negatively charged OPF; p-OPF: positively charged OPF; Ph-OPF: phosphate modified OPF.

similar exponential decay patterns were seen for all composites during phases 2 and 3 
(Figure 1D). Since every phase showed different relationships for BMP-2 release versus 
time, the phases were analyzed for IVIVC level A separately. Phases 1 and 2 were 
considered most relevant since in vivo most composites released >80% BMP-2 till week 5 
and low dose release was observed from week 5 onwards for all composites. 
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Figure 2. Relationship between the cumulative release of BMP-2 (%) in vivo in a rat 
subcutaneous model and time for the low dose sustained release phase (phase 2). Various 
release patterns were observed for the different OPF-composites in phase 2, including 
exponential growth, exponential decay and linear relationships of BMP-2 release versus time. 
Msp: microsphere encapsulated BMP-2; Cmb: combined microsphere encapsulated and adsorbed 
BMP-2; Ads: adsorbed BMP-2; -OPF: unmodified OPF; n-OPF: negatively charged OPF; p-OPF: 
positively charged OPF; Ph-OPF: phosphate modified OPF.
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3.5  In vitro-in vivo correlations (IVIVC)
3.5.1 Level A IVIVC
3.5.1.1  All phases

For the cell culture model, OPF-Msp composites showed linear regression relationship 
(R2 > 0.90) with residuals < 19.6% (Figure 3A). Similarly, OPF-Cmb composites showed 
linear regression relationships (R2 > 0.91) with residuals < 14.2% between in vitro and in 
vivo in the cell culture model (Figure 3B). The OPF-Ads composites showed exponential 
decay regression relationships (R2 > 0.99) with residuals < 3.0% (Figure 3C). For the 
cell-free PBS buffer, OPF-Cmb composites showed linear regression relationships (R2 > 
0.95) with residuals < 9.4% (Figure 3D). OPF-Ads composites showed an exponential 
decay relationship (R2 > 0.99) with residuals < 1.0% between in vitro and in vivo (Figure 
3E). For the cell-free SDB buffer, OPF-Cmb composites showed linear and exponential 
regression relationships (R2 > 0.99) with residuals < 13.1% (Figure 3F). The OPF-Ads 
composites showed an exponential decay relationship (R2 > 0.99) with residuals < 1.8% 
between in vitro and in vivo (Figure 3G).
The confounding effect of the surface chemistry of the composites on the relationship, 
slope, span, and x- and y- intercepts of the IVIVCs, influenced the regression models 
of all IVIVCs (Figure 3). The acquired models were not superimposable and therefore 
lacked external predictability. Since a large area had to be extrapolated for the large 
burst release phase, the burst release phase and sustained release phase were analyzed 
for in vitro-in vivo correlation separately.
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3.5.1.2 Phase 1 (Burst release phase)

In the cell culture set-up, the burst release from the different composites showed a 
strong linear correlation (R2 = 0.68) with the in vivo burst release and residuals < 11% 
released BMP-2 (Figure 4A, B). In the subset of composites the correlation between  
in vitro and in vivo BMP-2 burst release was very weak in PBS (R2 = 0.06) and SDB  
(R2 = 0.07), and moderate in the cell culture set-up (R2 = 0.45) (Figure 4C, D). 

 

Figure 3. Level A in vitro (CC, PBS and SDB)- in vivo correlations (IVIVCs) of cumulative BMP-
2 release (%) for the different OPF composites for all time-points. The figure is horizontally 
divided into different in vitro models and vertically divided into different BMP-2 loading 
methods. Msp: microsphere encapsulated BMP-2; Cmb: combined microsphere encapsulated and 
adsorbed BMP-2; Ads: adsorbed BMP-2; -OPF: unmodified OPF; n-OPF: negatively charged OPF; 
p-OPF: positively charged OPF; Ph-OPF: phosphate modified OPF; CC: cell culture in vitro model, 
PBS: phosphate buffered saline in vitro model, SDB: strong desorption buffer in vitro model.
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3.5.1.3 Phases 2 and 3 (Sustained release phase) 

For the cell culture model (Table 2), the OPF-Msp composites showed a sigmoidal 
regression relationship (R2 > 0.99) with residuals < 2.2% (Figure 5A). Similarly, the 
OPF-Cmb composites showed sigmoidal regression relationship (R2 > 0.98) with residuals 
< 4% (Figure 5B). A linear regression relationship (R2 > 0.97) was observed for OPF-
Ads composites with residuals < 1.8% (Figure 5C). For the cell-free PBS in vitro model 
(Table 3), OPF-Cmb composites showed sigmoidal regression relationship (R2 > 0.99) 
with residuals < 3.1% (Figure 5D). OPF-Ads composites showed exponential decay 
regression relationships (R2 > 0.99) with residuals < 0.6% (Figure 5E). For the cell-
free SDB in vitro model (Table 3), OPF-Cmb composites showed sigmoidal (R2 > 0.99, 
-OPF, n-OPF) and exponential growth (R2 > 0.94, p-OPF) regression relationships with < 
0.7% (-OPF, n-OPF) and < 8.7% released BMP-2 (p-OPF) residuals (Figure 5F). OPF-Ads 
composites showed an exponential decay relationship (R2 > 0.99) with residuals < 0.6% 
(Figure 5G). 

Figure 4. Level A in vitro (CC, PBS and SDB)- in vivo correlations (IVIVCs) of the BMP-2 burst 
release phase 1 for the all OPF composites (A, B) and a subset of composites (OPF-Cmb/Ads, 
n-OPF-Cmb/Ads, p-OPF-Cmb/Ads) (C, D) with corresponding residuals. CC: cell culture in vitro 
model, PBS: phosphate buffered saline in vitro model, SDB: strong desorption buffer in vitro 
model. 
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The confounding effect of the surface chemistry of the composites on the relationship, 
slope, span, and x- and y- intercepts of the IVIVCs, influenced the regression models 
of all IVIVCs (Figure 5). The acquired models were not superimposable and therefore 
lacked external predictability. 

Composite 
name Relationship R2 Model

-OPF-Msp Sigmoidal 0.998 Y=51+(98-51)/(1+10^((49-X)*0.08))

-OPF-Cmb Sigmoidal 0.998 Y=65+(98-65)/(1+10^((58-X)*0.08))

-OPF-Ads Linear 0.986 Y=0.38*X+62.25

n-OPF-Msp Sigmoidal 0.999 Y=41+(97-41)/(1+10^((27-X)*0.06))

n-OPF-Cmb Sigmoidal 0.999 Y=54+(99-54)/(1+10^((44-X)*0.06))

n-OPF-Ads Linear 0.989 Y=0.19*X+81.17

p-OPF-Msp Sigmoidal 0.997 Y=35+(95-35)/(1+10^((34-X)*0.1))

p-OPF-Cmb Sigmoidal 0.991 Y=45+(96-45)/(1+10^((53-X)*0.2))

p-OPF-Ads Linear 0.971 Y=0.43*X+56.85

Ph-OPF-Msp Sigmoidal 0.995 Y=28+(107-28)/(1+10^((35-X)*0.09))

Ph-OPF-Cmb Sigmoidal 0.981 Y=52+(160-52)/(1+10^((57-X)*0.07))

Ph-OPF-Ads Linear 0.998 Y=0.28*X+75.15

Table 2. Internal predictive IVIVC level A characteristics for the sustained release phase 
in a cell culture model. Models were based on a sigmoidal function Y=bottom+(top-bottom)/
(1+10^((logEC50-X)*hillslope)) and a linear function Y=slope*X+Y-intercept. Msp: microsphere 
encapsulated BMP-2; Cmb: combined microsphere encapsulated and adsorbed BMP-2; Ads: 
adsorbed BMP-2; -OPF: unmodified OPF; n-OPF: negatively charged OPF; p-OPF: positively 
charged OPF; Ph-OPF: phosphate modified OPF. 
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Release buffer Composite 
name Relationship R2 Model

PBS

-OPF-Cmb Sigmoidal 0.999 Y=64+(97-64)/(1+10^((23-X)*0.2))

-OPF-Ads Exponential 
decay 0.999 Y=(-64-96)*exp(-0.3*X)+96

n-OPF-Cmb Sigmoidal 0.999 Y=54+(96-54)/(1+10^((18-X)*0.4))

n-OPF-Ads Exponential 
decay 0.992 Y=(17-98)*exp(-0.2*X)+98

p-OPF-Cmb Sigmoidal 0.992 Y=44+(98-44)/(1+10^((9-X)*0.4))

p-OPF-Ads Exponential 
decay 0.996 Y=(-88-102)*exp(-0.2*X)+102

SDB

-OPF-Cmb Sigmoidal 0.999 Y=60+(106-60)/(1+10^((70-X)*0.03))

-OPF-Ads Exponential 
decay 0.999 Y=(33-99)*exp(-0.03*X)+99

n-OPF-Cmb Sigmoidal 0.999 Y=44+(114-44)/(1+10^((70-X)*0.02))

n-OPF-Ads Exponential 
decay 0.998 Y=(74-100)*exp(-0.02*X)+100

p-OPF-Cmb Exponential 
growth 0.937 Y=25*exp(0.01*X)

p-OPF-Ads Exponential 
decay 0.997 Y=(38-100)*exp(-0.04*X)+100

Table 3. Internal predictive IVIVC level A characteristics for the sustained release phase 
in cell free in vitro buffers. Models were based on a sigmoidal function Y=bottom+(top-bot-
tom)/(1+10^((logEC50-X)*hillslope)), an exponential decay function Y=(Y0-plateau)*exp(-
K*X)+plateau, an exponential growth function Y=Y0*exp(K*X) and a linear function 
Y=slope*X+Y-intercept. Cmb: combined microsphere encapsulated and adsorbed BMP-2; Ads: ad-
sorbed BMP-2; -OPF: unmodified OPF; n-OPF: negatively charged OPF; p-OPF: positively charged 
OPF; PBS: in vitro phosphate buffered saline model; SDB: in vitro strong desorption buffer model. 
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3.5.2 Level D IVIVC 

Level D IVIVC of BMP-2 release in the various conditions is shown per time-point in radar 
diagrams (Figure 6) in order to analyze the rank order and extent of release of the different 
composites in the various release environments. The burst release varied in extent of release 
and ranking for the different composites. Whereas the variation in burst release between the 
different composites was minimal in the cell-free PBS and SDB, large differences were observed 
between the composites in the cell culture model and in vivo. Furthermore, the ranking of the 
implants differed per release environment. For example, negatively charged n-OPF-Ads had 
the highest burst release in vivo, but ranked 4th in cell culture set up, 3rd in PBS and 5th in 
SDB. Differences in ranking and extent of cumulative BMP-2 release were also observed for the 
different release environments in the sustained release phase up to 8 weeks. 

Figure 5. Level A in vitro (CC, PBS and SDB) - in vivo correlations (IVIVCs) of cumulative BMP-2 
release (%) for the different OPF composites for the sustained release phase (phase 2, 3). The figu-
re is horizontally divided into different in vitro models and vertically divided into different BMP-2 
loading methods. Msp: microsphere encapsulated BMP-2; Cmb: combined microsphere encapsulated 
and adsorbed BMP-2; Ads: adsorbed BMP-2; -OPF: unmodified OPF; n-OPF: negatively charged OPF; 
p-OPF: positively charged OPF; Ph-OPF: phosphate modified OPF; CC: cell culture in vitro model, 
PBS: phosphate buffered saline in vitro model, SDB: strong desorption buffer in vitro model.
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Figure 6. Level D in vitro (CC, PBS and SDB) - in vivo correlations (IVIVCs) of cumulative BMP-2 
release (%) for a subset of OPF composites for all time-points shown in radar diagrams per time-
point in order to analyze the rank order and extent of release of the different composites in the 
various release environments. Cmb: combined microsphere encapsulated and adsorbed BMP-2; 
Ads: adsorbed BMP-2; -OPF: unmodified OPF; n-OPF: negatively charged OPF; p-OPF: positively 
charged OPF; CC: cell culture in vitro model, PBS: phosphate buffered saline in vitro model, SDB: 
strong desorption buffer in vitro model.
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Discussion

The BMP-2 release profiles and IVIVC of various complex composites were investigated 
in several in vitro release environments. The latter affected the BMP-2 release profiles, 
creating distinct different relationships between release versus time and differences in 
extend of release. In vitro- in vivo correlation resulted in level A internal predictability 
for individual composites. However, since the IVIVC was influenced by the BMP-2 loa-
ding method and composite surface chemistry, the external predictive value of in vivo 
release based on the in vitro and in vivo relationship was limited, stressing thereby 
the importance of including these cofounders in future IVIVC models. 

The release environments influenced the BMP-2 release profiles differently. 
Whereas a large variation was seen in release profiles between the different compo-
sites in vivo and in the cell culture, limited differences were seen in the cell free in 
vitro environments. Although variation in cumulative release was observed in the cell 
culture model, the rank orders of the composites were different compared to in vivo. 
Despite the limited differences, the rank order also differed between PBS or SDB and in 
vivo. Furthermore, the in vivo relationship between release and time was not accura-
tely predicted by the in vitro models. These results indicate that these in vitro models 
are not able to mimic the complex in vivo drug release conditions. Certain in vivo 
environmental differences could have explained differences in polymer erosion, drug 
diffusion, ion exchange and desorption with subsequent differences in release profiles. 
For example, in PLGA foams, in vivo degradation was accelerated by an autocatalytic 
effect of the degradation products of the polymer.(132) Furthermore, resident cells, 
proteins and ions could have influenced the polymer erosion, ion exchange and desorp-
tion in vivo.(133-136) The superior in vivo reflection of the cell culture model against 
the cell-free in vitro models highlights the profound effect of biological influences on 
release profiles. 

The various release phases affected the IVIVCs from the different composites. 
Since the in vivo burst release of the composites was > 25% and no data points were 
available within this period, a large interval of the IVIVCs had to be extrapolated 
questioning the validity of the findings regarding this phase of release. Therefore, 
the burst and sustained release phase of the different composites was also analyzed 
separately. IVIVCs beyond the burst release phase showed models with better fit and 
internal predictability compared to all phases combined. In line with this, high burst 
releases are associated with lower correlating IVIVCs.(137) Rapid burst release phase 
from microencapsulated drugs may be related to the onset of bulk erosion of the 
polymer, providing additional pores for diffusion of the entrapped protein.(138) Since 
the rate limiting step of drug availability is drug permeability across the tissue barriers 
(a nonlinear kinetic process), IVIVC models fail to accurately predict the in vivo drug 
performance under burst release conditions. Notably, in the cell culture in vitro envi-
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ronment, a strong linear model (R2 = 0.68) with good internal predictability (residuals 
within ~10% BMP-2) was observed for the burst releases of the different composites. 
Since burst release is associated with a clinical relevant biological response and is 
often grossly underestimated in vitro,(130) predicting the in vivo burst release using 
an in vitro model could offer a highly valuable tool.

Composite modifications influenced the external predictability of the IVIVC. To 
achieve a robust level A IVIVC, external predictability of multiple composite formula-
tions with different release rates are recommended.(121) The external predictability 
of the achieved IVIVCs is complicated by confounding effects of the different compo-
site formulations. In order to address this issue, we studied a set of biomaterials with 
tunable BMP-2 loading method and surface chemistry resulting into differential BMP-2 
release profile. Indeed, both the BMP-2 loading method and the composite surface 
chemistry influenced the relationship, slope and intercepts of the IVIVC regression 
models. Therefore, the models were not superimposable and could not accurately pre-
dict the in vivo release profiles of other formulations. Other studies did achieve a level 
A IVIVC with multiple formulations.(139-142) However, these studies used relatively 
simple delivery vehicles of PLGA microspheres with varying molecular weight and/or 
lactic to glycolic ratio. These microspheres have comparable chemistry and release is 
directed by similar erosion and diffusion processes, while complex composites used 
in this study have different chemistry and release is directed by different mechanisms 
including polymer erosion, diffusion, desorption and ion exchange. The differences 
between these release mechanisms in vitro and in vivo could have influenced the 
IVIVC of the different composites. Altogether these results indicate that for complex 
delivery vehicles, a more sophisticated in vivo prediction model is needed. Various 
confounding factors should be analyzed and implemented as variables for successful 
predictive modeling of in vivo BMP-2 release and bone formation. Therefore, standards 
need to be set within the field, including the preferable in vitro environment to study 
BMP-2 release.

There is an unmet need for tuned in vitro release environments for proper 
prediction of IVIVC. The IVIVCs of different composites were investigated in commonly 
used in vitro systems (PBS and cell culture setup) and a strong desorption buffer. Thus 
far, these models have been employed and grossly underestimate the in vivo release 
and did not explore the IVIVC. (71, 75, 76, 78, 79) In all buffers of the present study, 
IVIVCs with good internal predictive value could be developed, in line with other 
observations. However, in line with previous observations (139, 143, 144), all mo-
dels lacked external predictive value due to the confounding effect of the composite 
formulations. This implies that advanced systems are needed to accurately discriminate 
between various release profiles, predict burst release and imitate the complex in vivo 
release mechanisms. Thus far, there are a few limited alternatives. Level A IVIVC based 
on multiple delivery vehicle formulations has been reported using membrane dialysis in 
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vitro systems. (140, 141)  A flow through dissolution apparatus (USP 4), incorporating 
Risperdal microspheres or Dexamethasone microspheres in laminar flow cells with PBS 
0.1% (w/v) sodium azide as circulation medium, demonstrated improved discrimina-
tion between different release profiles, better prediction of the in vivo release profiles 
and better prediction of the in vivo burst release. (142, 145) These studies indicate 
that creating more in vivo reflective in vitro models could improve the predictive value 
of in vitro release kinetics. 

Conclusion

The large differences between in vitro and in vivo release force us to reconsider the 
in vitro BMP-2 release models used in bone tissue engineering. The cell free in vitro 
buffers (PBS, SDB) used in this study represented gross under- or overestimation of the 
in vivo release, respectively, and were not able to discriminate between different in vivo 
release profiles. Although the cell culture model performed better in discriminating the 
different in vivo release profiles, the cumulative release was ranked differently compared 
to the in vivo ranking. All in vitro buffers showed IVIVCs with good internal predictive 
value. However, due to the confounding effect of composite formulations, all models 
lacked external predictability. To develop a predictive in vitro model for in vivo release 
from complex delivery vehicles, in vitro models should imitate the in vivo environment. 
Potential confounding effects of drug type, delivery vehicle formulations and application 
site could be analyzed to develop one single IVIVC for release from complex delivery 
vehicles. 
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Abstract

To investigate the effect of sustained bone morphogenetic protein-2 (BMP-2) release 
kinetics on bone formation in poly(propylene fumarate) (PPF) scaffolds, different 
poly(lactic-co-glycolic acid) (PLGA) microspheres were used as delivery vehicles. All 
PPF scaffolds had the same 75% porous structure, while the degradation rate of the 
embedded PLGA microspheres was changed to tailor BMP-2 release by varying the lactic-
to-glycolic acid (L:G) ratio in the copolymer. Four PLGA microsphere formulations with 
50/50, 65/35, 75/25 and 85/15 L:G ratios and varying in vivo degradation rates were 
fabricated. The in vitro and in vivo BMP-2 release kinetics were determined by analyzing 
radiolabeled 125I-BMP-2. Biological activity of released BMP-2 was tested using a W20-
17 cell culture model in vitro and a subcutaneous rat model in vivo. Corresponding 
outcome parameters were defi ned as capacity to increase the in vitro AP activity in 
weekly consecutive cell cultures over 14 weeks and the in vivo bone formation after 7 
and 14 weeks. The PLGA/PPF composites showed similar biological activity and BMP-2 
release profi les in vitro. In vivo, PPF/PLGA 85:15 composite released signifi cantly less 
BMP-2 per time point in the fi rst weeks. Micro-CT and histological analysis after 7 and 14 
weeks of implantation showed bone formation, which signifi cantly increased over time 
for all composites. No signifi cant differences were seen between the composites. Overall, 
the results of this study show that small differences in BMP-2 sustained release had no 
signifi cant effect on BMP-2 osteogenic effi cacy in PPF/PLGA composites.
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1.  Introduction

Bone morphogenetic protein-2 (BMP-2) is a growth factor with a strong osteoinductive 
capacity, which plays an important role in osteogenesis and bone metabolism. As a result 
of its ability to induce bone formation, it has dominated the field of bone regeneration 
research in the last decades. However, its short biologic half-life, localized activity, and 
rapid local clearance from the implantation site (T½ = 0.3 days for ectopically injected 
BMP-2(146)) complicate the use of BMP-2 for orthopedic applications. Therefore, the 
use of biomaterials as local delivery vehicles is required to retain efficient biological 
activity of BMP-2 at the target site.(81) Apart from its role as delivery vehicle, these 
biomaterials should also be biocompatible, osteoconductive and offer mechanical 
strength needed for bone replacement. 

Over the past decades, many different BMP-2 delivery vehicles have been 
developed and tested in animal experimental models.(46, 147-159) Despite all these 
studies, little is known about the optimal release profile for BMP-2. So far, few studies 
have characterized the in vivo release kinetics of BMP-2 and most of the release data 
of the delivery vehicles are based on in vitro release profiles. Unfortunately, the in vitro 
data cannot be extrapolated to the in vivo situation.(76, 78, 80, 154) Furthermore, 
correlating release profiles from different biomaterials with bone formation is difficult 
due to the biomaterial related effects. 

Investigating the effect of BMP-2 release kinetics on bone formation is important 
to optimize the use of BMP-2 in future clinical applications. To analyze the effect of BMP-
2 release kinetics in PPF on bone formation, we have developed a composite formulation 
based on porous PPF scaffolds and poly(lactic-co-glycolic acid) (PLGA) microspheres 
as growth factor delivery vehicles. PPF is a cross-linkable linear polyester.(160) When 
combined with a cross-linker, PPF forms an injectable paste that can be polymerized into 
a mechanically strong scaffold. PLGA has shown to be a suitable synthetic polymer to 
create growth factor loaded microspheres, which can be embedded into a PPF scaffold for 
the prolonged delivery of BMP-2.(76) These microspheres offer the opportunity to modify 
BMP-2 release kinetics and subsequently allow further investigation of the correlation 
between growth factor release and bone formation in a porous PPF scaffold. Therefore, 
the aim of this study was to investigate the effect of different sustained BMP-2 release 
kinetics on the bone formation in PPF constructs. 
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2. Materials and methods

2.1  Experimental design
To investigate the effect of various sustained BMP-2 release kinetics on bone formation 
in PPF constructs, four copolymers with lactic to glycolic acid (L:G) ratios 50:50, 65:35, 
75:25, and 85:15 were selected based on their increasing in vivo degradation rates 
and manufacturer data (127). The PLGA copolymers were used to form BMP-2 loaded 
microspheres which were subsequently embedded in PPF to create 4 types of composite 
formulations (Table 1). The composite scaffolds were designated as C-50, C-65, C-75, 
and C-85 according to the different PLGA copolymers embedded. The in vitro and in 
vivo release kinetics were analyzed by radiolabeling a fraction of the BMP-2 with 125I 
and correlating the amount of radioactivity with the amount of BMP-2. For the in vivo 
experiment, eight composites were implanted subcutaneously in rats. Four 125I-BMP-2 
loaded composites were implanted in the limbs and four corresponding negative controls 
without BMP-2 were implanted in the thoracolumbar area in each animal. To determine 
the in vitro bioactivity of the released BMP-2, W20-17 cells were cultured in the presence 
of the composite formulations and assayed or their alkaline phosphatase (AP) activity. 
The in vivo bioactivity was determined by analyzing the bone formation after 7 and 14 
weeks of subcutaneous implantation in rats. 

2.2  BMP-2 radio-iodination

Carrier-free Na125I was obtained from PerkinElmer life and Analytical Sciences (Boston, 
MA). To study the release profiles of BMP-2, a fraction of the incorporated growth factor 
was radiolabeled with 125I, using the chloramine-T method as previously described.(125) 
The radio-labeled protein was separated from the free 125I by 24 hour dialysis (10 kDa 

Composite 
type

PLGA microspheres

Composite
PorosityL:G ratio Molecular weight

Estimated in  
vivo degradation  
(>80% of mass loss)*

C-50 50-50 52 kDa 3-4 weeks 75%

C-65 65-35 51 kDa 4-6 weeks 75%

C-75 75-25 51 kDa 4-5 months 75%

C-85 85-15 62 kDa 5-6 months 75%

Table 1. Characteristics of the four types of composite scaffolds containing different PLGA 
microspheres. L:G ratio = Lactic to Glycolic ratio. *Degradation time estimates based on 
manufacturer’s data and (127). 
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molecular weight cut-off (MWCO), SpectraPor 7, Rancho Dominguez, CA) against 0.01 M 
phosphate-buffered saline at pH 7.4 (Sigma-Aldrich, St. Louis, MO). After concentrating 
the 125I-BMP-2 solution in a Millipore device (10kDaMWCO, Billerica, MA), the purity 
was determined by trichloroacetic acid (TCA) precipitation. The final 125I-BMP-2 solution 
contained 99.9% precipitable counts, which indicated the percentage of covalently 
bound 125I to the protein. The 125I-BMP-2 solution was mixed with non-labeled BMP-2 
(1:6 hot–cold ratio) and incorporated into the composite formulations. 

2.3  Microsphere fabrication

PLGA (Lakeshore biomaterials, AL) microspheres were synthesized using a double-
emulsion-solvent-extraction water in oil in water (W1-O-W2) technique according to 
a previously described method.(161) Briefly, 100 µl of 4.0 mg/ml 125I-BMP-2:BMP-2 
solution was emulsified in a solution of 250 mg PLGA in 1.25 ml of dichloromethane 
using a vortex at 3050 rpm. The mixture was re-emulsified for 30 sec. in 2 ml of 2% 
w/v aqueous poly(vinyl alcohol) (PVA, 87-89% mole hydrolyzed, Mw= 13,000-23,000, 
Sigma Aldrich) solution to create a double emulsion. The content was then added to 
a slowly stirring 100 ml 0.3% (w/v) PVA solution. Subsequently a 2% (w/v) aqueous 
isopropanol solution was added and the total mixture was stirred for 1 hour to allow 
the dichloromethane to evaporate. The microspheres were collected by centrifugation 
at 2500 rpm for 3 min, washed three times with distilled deionized water (ddH20), and 
finally freeze dried to a free-flowing powder. Empty, non-loaded, microspheres were used 
as negative controls.

2.4  Fabrication of composites

PPF with a number average molecular weight (Mn) of 3.1 kDa and a polydispersity index 
(PI) of 3.4 was fabricated using a two-step reaction process as previously described.
(162) The microsphere/PPF composites were fabricated by photo-crosslinking PPF with 
N-vinylpyrrolidinone (NVP, Aldrich, Milwaukee, WI) using bis(2,4,6-trimethylbenzoyl) 
phenylphosphine oxide (BAPO, Ciba-Specialty Chemicals, Tarrytown, NY) as the photo-
initiator. (117, 163) Briefly, 1 g of PPF and 50 µl of a 100 mg/ml BAPO/dichloromethane 
solution were dissolved in 0.5 ml of NVP. Subsequently the microspheres (7.5% wt) and 
salt (maximum diameter of 300 µm, 75% wt) were mixed with the PPF/NVP/BAPO paste 
(17.5% wt). The resulting mixture was forced into a cylindrical Teflon mold of 3 mm in 
diameter and 6 mm in height and allowed to crosslink at room temperature under UV 
light for 30 min. Finally, the scaffolds were removed from the mold and the salt was 
leached out in sterile ddH2O freeze dried, sterilized by ethanol evaporation and frozen 
down at -20oC until use. 
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2.5 In vitro BMP-2 release and bioactivity
The in vitro BMP-2 release and bioactivity were analyzed as previously described.(76) 
The biological activity of BMP-2 was analyzed by measuring its ability to increase the 
alkaline phosphatase (AP) activity in a cell culture model. A mouse stromal cell line, 
W20-17 (passage 23; American type culture collection, Manassas, VA), was used for 
its known increase in AP activity when exposed to BMP-2. Over a 14-week period, the 
composites were transferred to new cell cultures in order to determine the AP activity 
over consecutive 7-day periods. The cells were cultured in Dulbecco’s Modified Eagle’s 
Medium/ Nutrient Mixture F-12 Ham 1:1 mixture (DMEM/F12, Sigma Aldrich, St. Louis, 
MO) supplemented with 10% fetal bovine serum, 1% penicillin and 18.3% glucose. At 
each time point an aliquot of cells was thawed, expanded for 4 days and re-plated in a 
24-well plate at 20,000 cells/well. After one day of incubation followed by a change of 
medium, the cells were exposed to transwells filled with BMP-2 loaded composites or 
empty transwells (negative control) for periods of 3.5 days (first week) or 7 days (weeks 
2 to 14). The medium was changed every 3.5 days for the consecutive 7-day periods. 
Cultures were also exposed to 0, 0.01, 0.1 or 1.0 µg BMP-2 (positive controls) to investigate 
the dose responsiveness of the cells. BMP-2 positive control doses were selected based on 
the expected BMP-2 release from BMP-2 loaded composites per time point. 

At each time point, the media and cell lysate were collected to measure the AP 
activity, the total protein count, and radioactivity. The AP activity was measured by a 
self-assembled 3-component AP activity kit (p-Nitrophenyl phosphate, 4-nitrophenol, 
Alkaline buffer, Sigma Aldrich, St. Louis, MO) and normalized to the total protein count 
by the Bradford (Bio-rad, Hercules, CA). To determine the in vitro BMP-2 release, the 
culture media and cell lysates were analyzed for 125I-radioactivity using a gamma counter.  
After 14 weeks, the implants were collected to determine the remaining radioactivity. 
The 125I was corrected for decay and normalized to the starting amount. The in vitro 
BMP-2 release was determined by correlating the 125I radioactivity in counts/minute to 
the amount of incorporated BMP-2. 

2.6  Animals and surgical procedure 

The study was carried out using twenty 12-week old male Harlan Sprague Dawley rats 
(weight 320-350g) according to an approved protocol by Mayo Clinic’s Animal Care 
and Use Committee (protocol A1814). The operations were performed aseptically under 
general anesthesia (ketamine/xylazine (45/10 mg/kg)). After shaving and disinfecting, 
small skin incisions were made in the proximal limb and the thoracolumbar area according 
to a randomized scheme. In each of the four limbs, a subcutaneous pocket was created 
and filled with one of the four 125I-BMP-2 containing composites. Four corresponding 
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negative controls consisting of scaffolds without the growth factor were implanted 
subcutaneously in the thoracolumbar region of every rat. Post-operative analgesia was 
provided by acetaminophen (160 mg in 5 ml added to a pint water bottle) for one week. 
The rats received fluorochrome markers calcein green (10mg/kg, intraperitoneal) and 
tetracycline (10mg/kg, intraperitoneal) at 3 and 9 weeks postoperatively, respectively. 
Ten rats each were euthanized using overdose of CO2 inhalation at 7 and 14 weeks to 
assess bone formation by micro-computed tomography (µCT) and histology. 

2.7  In vivo release measurements

To determine the in vivo release profiles from the different carriers, four scintillation 
probes connected to digital scalers were used as previously described.(126) Immediately 
after implantation and at each subsequent time point, the rats were sedated using 
isoflurane (1.5-4%) to measure the remaining radioactivity of the implants over two 
1-minute periods with 2 different detectors. The BMP-2 release was measured weekly for 
a 14-week period. 2.8  In vivo bone formation 
Quantitative assessment of the newly formed bone in the ectopically implanted scaffolds 
was done using µCT. Scanning of the excised scaffolds and segmental image post-
processing was done using a Scanco µCT 35 scanner (Scanco Medical, Switzerland) at 
10 µm resolution. The volume of the calcified tissue at the ectopic site was quantified 
using standardized thresholds. 

2.9  Histology 

After µCT analysis, the implants were dehydrated in a graded series of alcohol and 
embedded in methylmethacrylate for histological analysis. Sections were stained with 
Gömöri trichrome for evaluation of the general tissue response and bone formation. 
Unstained sections were used for fluorescence microscopy. Since µCT was used for 
quantitative assessment of the calcified bone using 3d analysis, histology was only used 
for qualitative assessment of the tissue. 

2.10  Statistical analysis

Results from the in vitro study (n=4) and in vivo study (n=10) are presented as means 
± standard deviations (SD). To show a relevant difference of at least 20% at an alpha 
of 0.05 and an SD of 1.4, the groups will be n=8 per condition to gain a power of 80%. 
Extra rats were used considering potential loss of rats during follow-up.(76) Statistical 
analysis was performed in SPSS 22.0 (SPPS Inc., Chicago, IL) All datasets were tested 
for outliers using studentized residuals, for normality of the residuals using the Shapiro-
Wilk test and for homogeneity of variances using the Levene’s test. Non-parametric 
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data (BMP-2 loading) were analyzed with Kruskal-Wallis and Bonferroni post-hoc tests. 
Parametric data (BMP-2 release, AP activity) were analyzed with univariate analysis of 
variances (ANOVA) followed by Bonferroni post-hoc (homogeneous variances), Dunnet 
post-hoc (homogeneous variances and compared to control) or Games-Howell post-hoc 
(unequal variances). Bone formation was evaluated for differences between composites 
using repeated measurement ANOVA and for time effect using the unpaired t-test. 
Differences were considered significant for p<0.05. 

3.     Results

3.1  BMP-2 labeling and incorporation 

The first labeling procedure resulted in an activity of 8.5 µCi/µg. Since an extra 
labeling procedure was needed for creating PPF/PLGA 85:15 composites, an additional 
activity of 3.4 µCi/µg. was used for these scaffolds. The entrapment efficiency of BMP-
2 in PLGA microspheres based on 125I measurements, and the microsphere and scaffold 
fabrication characteristics are stated in Table 2. The BMP-2 was encapsulated in the 
PLGA microspheres with an average efficacy of 84±2.2%. A significant lower BMP-2 
loading (p≤0.001) was found in the C-85 composites compared to the others due to the 
fabrication process.  

3.2  In vitro release kinetics

All composites showed a small burst release between 0.2±0.2 µg and 0.6±0.2 µg 
of BMP-2 which correspond to 2.7±1.8% to 8.2±2.8% of the loaded growth factor  
(Figure 1). The BMP-2 burst release from the C-65 composites was significantly higher 
compared to C-75 composites (p=0.037). Fluctuations in the release of all groups 

Composite type
PLGA microspheres Implant

EE (%) BMP-2/Msp (µg/mg) Initial activity (µCi) BMP-2/implant 
(µg)

C-50 85 2.4 7.9±0.3 9.0±0.3

C-65 86 2.3 7.9±0.3 9.0±0.6

C-75 84 2.1 7.8±0.3 8.9±0.3

C-85 81 2.5 4.3±0.2* 8.2±0.5*

Table 2. Characteristics of the four types of composite scaffolds after fabrication.  
EE = encapsulation efficiency. Msp = PLGA microspheres. *Significant lower loading compared  
to the other implants.

19020 Olthof proefschrift_04.indd   53 18-09-19   14:15



EFFECT OF DIFFERENT SUSTAINED BMP-2 RELEASE KINETICS ON BONE FORMATION IN PPF SCAFFOLDS 54

were seen until day 35. After this time point, the release stabilized and the BMP-2 
was released in a near linear fashion (R2 ≥0.99) for all composites without significant 
differences. At day 66.5, a bacterial contamination was observed in all cell cultures. 
As a result, all samples had to be re-sterilized by ethanol, two samples were excluded 
from the release dataset and day 73 could not be included in the release graph  
(Figure 1). After re-sterilization, all groups showed a spike in BMP-2 release with a 
significant higher release of the C-50 group compared to all others at day 73 (p≤0.0012). 
After day 76.5 the release stabilizes again with a near linear release as a result in all 
groups (R2 ≥0.98). 

Figure 1. 125I-BMP-2 release kinetics from four different composite scaffolds in vitro, shown in 
(A) µg released and (B) normalized to % released from each composite per time point. Due to 
consequences of contamination the data point at day 73 is not shown.
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3.3  In vitro bioactivity
The bioactivity of the released BMP-2 was studied in a W20-17 cell culture model and 
showed a significantly higher AP activity compared to basal levels for all composites 
during the first 31.5 days (p≤0.00018) (Figure 2). For the rest of the culture period, no 
significant differences of all composites above basal levels were seen with the exception 
on days 73, 80 and 108 (p≤0.002). Significantly higher AP activity from specific 
composites compared to the control level was seen for C-50 and C-65 on day 38.5 
(p≤0.029), C-50 and C-75 on day 45.5 (p≤0.019), C-75 and C-85 (p≤0.015) on day 101. 

The dose response curve with fresh BMP-2 was performed multiple times during 
this study and showed a wide variation in AP response to BMP-2 of the W20-17 cells 
over time. Whereas a significant increase of AP activity over basal level was seen for all 
doses at days 3.5, 73 and 108 (p≤0.025), none of the BMP-2 doses showed a significant 
rise over basal levels at days 52.5 and 94. At day 31.5 BMP-2 dosages of 0.1 and  
1 µg were able to generate a significant increase in AP activity (p≤0.004). The W20-17 
cells treated with freshly added BMP-2 to the culture medium reached a maximum AP 
response at 0 to 100 ng/ml at the various time points and none of the curves showed a 
linear response at any of the time points.
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3.4  Animals
Three rats died after surgery, probably due to oversensitivity to anesthetics (remaining 
rats: n=8 at 7 weeks and n=9 at 14 weeks). One composite was removed from the 
subcutaneous pocket by the rat after implantation. No complications were observed in 
the remainder of the animals. 

Figure 2 (A) AP activity of consecutive new W20-17 cell cultures exposed to empty transwells 
(control level) or transwells containing BMP-2 loaded composites. The AP activity was normalized 
to total protein contents and shown in fold increase over control level. **All composites showed 
a significant rise in AP activity compared to control level (α<0.01), # C-50 and C-65 composites 
showed significant rise in AP activity compared to control level (α<0.01), ^ C50 and C-75 compo-
sites showed significant rise in AP activity compared to control level (α<0.01), & C-75 and C-85 
composites showed significant rise in AP activity compared to control level (α<0.01) (B) Relation-
ship between the BMP-2 concentration in the culture medium and normalized AP activity over the 
basal level from the composites and freshly added BMP-2 (positive control).
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3.5  In vivo BMP-2 release
The burst release for all scaffolds varied between 1.0±0.6 µg and 1.3±0.5 µg of BMP-2 
and consisted of 11.8±6.1% to 14.7±6.1% of the entrapped growth factor (Figure 3). 
After the initial burst release, BMP-2 released from the C-85 composites was significantly 
less compared to the other groups at days 14 and 24.5 (p≤0.008). Subsequently, the 
release rate decreased in all composites with C-85 releasing significantly less BMP-2 
compared to C-75 at day 28 and compared to C-50 and C-75 at day 35 (p≤0.036). No 
significant differences in the amounts of released BMP-2 between the groups were seen 
until day 69, where C-85 released significantly more BMP-2 than all other composites 
(p<0.002). At day 87, C-75 released significantly less and C-85 significantly more BMP-2 
compared to the rest of the composites (p≤0.04). 

At the end of the 14-week study period, a total amount of 7.6±0.3 µg, 7.7± 
0.4 µg, 8.3±0.4 µg, and 6.0 ± 0.4 µg BMP-2 was released from the C-50, C-65, C-75 
and C-85 composites, respectively (Figure 3). The remaining percentage of BMP-2 still 
entrapped in the scaffolds was 15.5±2.5%, 14.7±3.8%, 6.7±2.0% and 27.3±5.2% for the 
C-50, C-65, C-75 and C-85 composites, respectively. The total amount of BMP-2 released 
from the C-85 composites was significantly lower compared to all groups (p<0.001). The 
C-75 composites released a significantly higher total amount of BMP-2 compared to the 
other groups (p≤0.018). 

 

19020 Olthof proefschrift_04.indd   57 18-09-19   14:15



EFFECT OF DIFFERENT SUSTAINED BMP-2 RELEASE KINETICS ON BONE FORMATION IN PPF SCAFFOLDS 58

Figure 3. 125I-BMP-2 release kinetics from four different composite scaffolds in vivo, shown in 
(A) µg released, (B) % growth factor retained and (C) cumulative release in µg, and C-50, C-65, 
C-75, and C-85 denote composite PPF scaffolds containing BMP-2-loaded PLGA 50:50, 65:35, 
75:25, and 85:15 microspheres, respectively.
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3.6  μCT analysis 
All BMP-2 containing implants showed calcifications after 7 and 14 weeks, which varied 
from 0.3 to 17.7 mm3. The majority of the bone was formed in the pores of the implants 
and had a trabecular appearance (Figure 4). No bone formation was seen in the 
composites containing microspheres without BMP-2 (negative controls). All composites 
showed a significant increase in bone formation over time (p≤0.001). Comparison of 
the total bone quantity showed no significant differences in bone volume between the 
composites after 7 and 14 weeks of implantation (p>0.58, Figure 5). Since the quantity 
of released BMP-2 varied between the composites, the bone volume was also normalized 
to the amount of released BMP-2. After normalization, no significant differences were 
observed between the groups (p=1.0). 
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Figure 4. 3-D µCT reconstructions of the four composite scaffolds after 7 and 14 weeks of 
subcutaneous implantation. The scale bar represents 2 mm. 
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3.7  Histology 
Histology results confirmed the findings of bone formation seen by the µCT (Figures 
6,7). Whereas the salt particles formed crystal shaped pores in PPF, the microspheres 
created small circular shaped lacunae with varying PPF wall thickness. All composite 
groups showed good integration of cells with the scaffold in an interconnected porous 
network. Osteoid, bone marrow, and fibrous-like tissues were found in this network. Bone 
growth was seen inside the pores, the pore surface and on the exterior surface of the PPF 
scaffold. The newly formed bone had a woven appearance with osteoid depositions on its 
surface. Calcein green was found in all the samples. Circles of calcein green were seen in 
various areas on both the scaffold exterior surface and pores confirming bone formation 
started at several places at the same time. Tetracycline injection resulted in a very weak 
signal, therefore no conclusions can be drawn from this marker.  

Figure 5. Amount of newly formed bone in the four composite scaffolds and corresponding 
controls after 7 and 14 weeks of subcutaneous implantation, shown in volume in mm3 (A, left 
axis), volume normalized to the total volume of the cylindrical scaffolds (3 mm diameter x 6 mm 
length) (A, right axis)., and volume normalized over the released BMP-2 (mm3/µg BMP-2) (B). 
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Figure 6. Gömöri trichrome stained histological sections of C-50, C-65, C-75, and C-85 after  
7 weeks of subcutaneous implantation. An interconnected porous network was seen with both 
osteoid (red) and bone growth (green) on the surface of the PPF scaffold (#). Osteoblasts were 
seen on the scaffold surface producing osteoid. Whereas pores created by salt leaching were 
cubical shaped, small circle-shaped lacunae (arrows) were created by microsphere. Scale bars 
represent 1000 mm (A–D), 500 mm (E, G, H); 200 mm (F and L), 100 mm (I–K).
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4.  Discussion

To investigate the effect of BMP-2 release kinetics on bone formation in a PPF scaffold, 
four types of PLGA microspheres were embedded in PPF. Previous in vitro studies showed 
a bi-phasic BMP-2 release from PLGA microspheres with an initial burst release and 
subsequent sustained release.(76, 161, 164) Whereas the initial burst release can be 
controlled by the acid value, protein concentration and absorption technique, the 

Figure 7. Gömöri trichrome stained (A–L) and unstained (M–P) histological sections of C-50, 
C-65, C-75 and C-85 after 14 weeks of subcutaneous implantation. An interconnected porous 
network was seen with both osteoid (red) and bone growth (green) on the surface of the PPF 
scaffold (#). Osteoblasts were seen on the scaffold surface producing osteoid. Whereas pores 
created by salt leaching were cubical shaped, small circle-shaped lacunae (arrows) were created 
by microsphere. Fluorochrome analysis (M–P) showed calcein green (green) deposition in the 
newly formed bone on both scaffold surface and in the pores with woven appearance. Scale bars 
represent 1000 mm (A–D), 500 mm (E–H), 200 lm (J), 100 mm (I, K, L), 50 mm (M and P), and 
20 mm (N and O).
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sustained release can be controlled by the degradation and mass loss of PLGA.(164, 165) 
Since the lactic-to-lactic bonds in PLGA are less preferentially cleaved than glycolic-to-
glycolic and glycolic-to-lactic bonds due to their inherent low reactivity with water and 
/or greater hydrophobicity, the lactic to glycolic acid ratios were altered in this study.
(127, 132, 164-166) 

In a previous study, incorporation of these PLGA microspheres in a non-porous 
PPF/microsphere composite resulted in a minimal initial burst release with the majority 
of the BMP-2 released between days 14 and 28.(76, 117) Since these in vivo release 
profiles corresponded with the in vivo degradation of the 50:50 PLGA microspheres(17, 
26), several lactic to glycolic acid ratios were selected to influence the microsphere 
degradation rate and its subsequent BMP-2 release. 

Apart from the microsphere changes, two other structural changes were made 
to the scaffold compared to previous studies. Since porosity was dependent on 
microsphere degradation in the previous solid constructs, the composites in this study 
were made 75% porous to enhance bone ingrowth in composites with slower degrading 
microspheres. Furthermore, the microsphere to PPF weight ratio was decreased from 
1:0.8 to 1:2.3 to decrease the influence of microsphere material changes on the overall 
scaffold properties. Therefore, the porosity and microsphere/PPF ratios were similar in all 
composites in this study. The wide variation in lactic acid molar ratios and subsequent 
microsphere degradation times, however, resulted in minimal changes in the in vitro and 
in vivo BMP-2 release profiles. 

Compared to the non-porous composites in previous studies, the porous C-50 
composites in this study had a larger initial in vivo burst release. This is most likely 
the result of scaffold porosity which enhanced water diffusion and BMP-2 diffusion.
(167) Furthermore the loading of the microspheres differed between the studies (1.4µg/
mg in solid PPF and 2.4µg/mg in porous PPF) which may have also increased the 
burst release in this study.(164) Despite these early effects on the burst release, the 
sustained release of the C-50 composites was slower compared to previous 50:50 PLGA 
microsphere/PPF composites. This could be the effect of a larger PPF to microsphere 
ratio, which resulted in a thicker PPF layer around the PLGA microspheres. While PLGA 
and PPF both exhibit heterogeneous bulk erosion by hydrolysis of ester bonds, the more 
hydrophobic PPF crosslinked in a dense polymer network slows aqueous diffusion and 
protects the backbone from hydrolysis.(132, 168-170) In vitro and in vivo degradation 
studies show minimal degradation of PPF/PLGA composites after 18 weeks.(171, 172) 
Whereas PLGA degrades much faster compared to PPF, the slow degrading crosslinked 
PPF ensured minimal degradation of the embedded 50-50 PLGA microspheres. Therefore, 
the hydrophobic PPF diffusion barrier could have dictated BMP-2 release in this study 
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resulting in minimal differences between the composites. Previous studies showed that 
BMP-2 release from 50-50 PLGA microspheres was much faster in alginate and segmented 
polyurethane scaffolds, releasing 100% of the loaded dose after 5-6 weeks.(173, 174) 
This indicates that PPF served as important release controlling factor in this study. As a 
result, no conclusions can be drawn on the role of the lactic to glycolic ratio on BMP-2 
release from this study. 

In vitro BMP-2 release profiles from all PPF/PLGA composite formulation were 
significantly slower compared to the in vivo release profiles confirming findings of 
previous research. Autocatalytic effects of the polymers, increased solubility of small 
oligomers, presence of ions, proteins and cells in the environment and mechanical stress 
are considered main contributing factors explaining these findings.(132, 135, 175) 
Although various previous studies based their BMP-2 release profiles on in vitro data, 
the differences in release profiles in this study highlights that extrapolation of the in 
vitro release to the in vivo situation is not possible. 

Although the in vitro release underestimates the in vivo profiles, the in vitro assay 
can provide valuable information on the biological activity of the released bioactive 
molecules. While BMP-2 biologic activity up to 84 days was shown in a previous study, 
all PPF/PLGA composites in this study showed significant AP activity over basal levels 
at day 108 in the W20-17 cell study.(76) However, bioactivity could not be shown for all 
released fractions during this period. The relatively high basal AP activity compared to 
previous studies and non-responding positive controls at certain time points indicated 
that some of the W20-17 cells had already differentiated before exposure to BMP-2.(176, 
177) Furthermore, the positive controls did not show a similar increase in AP activity 
by BMP-2 in a dose response manner up to 1000 ng BMP-2/ml as previous studies.(176-
179) Although the cell passage number was not mentioned in these studies, passage 
23 cells used in this study had already reached a maximum response at 100 ng/ml. This 
was higher compared to the maximum AP response at 50 ng/ml for passage 26 cells.(76) 
Although the effect of BMP-2 on numerous W20-17 cell conditions is tested extensively, 
the effect of passaging on the characteristics of W20-17 cells is still lacking. Yet, this 
may be one of the factors that influenced the heterogeneous response at the various 
time-points in this study. Despite fluctuations in the cell response, the final BMP-2 
fraction released between day 101 and 108 was able to induce a significant higher AP 
activity compared to the control, indicating biological active BMP-2 release form the 
composites.

All composite formulations were able to generate ectopic bone formation, 
which significantly increased over time. However, there were no significant differences 
between the composites. After correcting for differences in the total amount of BMP-2 
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release between the composites using the BMP-2 residues and initial BMP-2 loading, 
even smaller differences were seen between the composites. Since the PPF framework 
of the different composites had similar chemistry and structure, the different sustained 
BMP-2 release profiles could be directly correlated to bone formation. This suggests 
that the minimal differences in BMP-2 sustained release kinetics between the different 
composites do not affect the osteoinductive efficacy of BMP-2. Although these minimal 
release differences had no significant effect on bone formation, it remains interesting 
weather larges release changes would affect bone formation. So far, few studies have 
investigated the correlation between the in vivo BMP-2 release kinetics and bone 
formation.

PLGA microspheres have been used previously to alter in vivo BMP-2 release.
(146) By using high and low molecular weight PLGA microspheres embedded in calcium-
phosphate cement to either entrap or adsorb BMP-2, release could be modified to a 
limited extend as BMP-2 also interacted with the cement. Since bone formation was not 
analyzed, no correlations could be made. In another study, BMP-2 was incorporated in 
the calcium phosphate cement by embedding PLGA microspheres, adding it to the liquid 
phase while preparing the cement or adsorbing it on the solidified cement.(79) While 
the first two methods generated similar sustained release without any bone formation, 
the solidified cement with absorbed BMP-2 exhibited a burst release and was able to 
generate bone formation. This study suggests that a burst release is needed to trigger 
bone regeneration in these composites. However, a similar BMP-2 dose and sustained 
release profile did result in ectopic bone formation in our composites, which highlights 
the importance of the supportive scaffold material during bone formation. Several 
studies have altered in vivo BMP-2 release profiles from other types of biomaterials 
or composites and could not clearly correlate the differences in bone formation to the 
BMP-2 release profiles (69, 72, 73, 75, 180). These correlations could not be made due 
to possible influences of the scaffold characteristics on the bone regeneration process. 
Consequently, more in vivo BMP-2 release data from one material is needed to obtain a 
better understanding of the effect of BMP-2 release kinetics on bone regeneration.

 In conclusion, our study has demonstrated that the incorporation of BMP-2 
loaded PLGA microspheres into porous PPF scaffold resulted in sustained BMP-2 release 
over a period of 14 weeks and ectopic bone formation in a subcutaneous rat model. 
Varying L:G ratios of the PLGA microspheres in PPF modified the BMP-2 release kinetics to 
a limited extent. The small and non-significant differences in bone formation indicated 
a minimal clinical relevant effect of varying sustained releases in a PPF composite. 
Furthermore, the released BMP-2 showed similar osteogenic efficacy from the minimal 
different sustained releases. Although these results provide additional insights into PPF/
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PLGA composites as a BMP-2 release system, the effect of greater differences in BMP-2 
release on the bone formation from several biomaterials should be tested to obtain a 
better understanding of the influence of BMP-2 release on bone formation. 
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Abstract

The optimal release profi le of locally delivered BMP-2 for safe and effective clinical 
application is unknown. In this work, the effect of differential BMP-2 release on bone 
formation was investigated using a novel biomaterial oligo[(polyethylene glycol) fumarate] 
bis[2-(methacryloyloxy) ethyl] phosphate hydrogel (OPF-BP) containing poly(lactic-co-
glycolic acid) microspheres. Three composite implants with same biomaterial chemistry 
and structure but different BMP-loading methods were created: BMP-2 encapsulated in 
microspheres (OPF-BP-Msp), BMP-2 encapsulated in microspheres and adsorbed on the 
phosphorylated hydrogel (OPF-BP-Cmb), and BMP-2 adsorbed on the phosphorylated 
hydrogel (OPF-BP-Ads). These composites were compared to the clinically used BMP-
2 carrier, Infuse® absorbable collagen sponge (ACS). Differential release profi les of 
bioactive BMP-2 were achieved by these composites. In a rat subcutaneous implantation 
model, OPF-BP-Ads and ACS generated a large BMP-2 burst release (>75%), while a more 
sustained release was seen for OPF-BP-Msp and OPF-BP-Cmb (~25% and 50% burst, 
respectively). OPF-BP-Ads generated signifi cantly more bone compared to all other 
composites, and the bone formation was 12-fold higher than the clinically used ACS. 
Overall, this study clearly shows that BMP-2 burst release generates more subcutaneous 
bone compared to sustained release in OPF-BP-microsphere composites. Furthermore, 
composites should not only function as a delivery vehicle but also provide a proper 
framework to achieve appropriate bone formation.
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1.  Introduction

Bone morphogenetic protein-2 (BMP-2), a well-known stimulus for bone formation, has 
already been extensively used in clinical applications. Despite more than a decade of 
clinical experience, the results of many clinical trials have been rather disappointing 
considering the impressive pre-clinical results in numerous species and application sites.
(47) In humans, the effectiveness of BMP-2 has been demonstrated in limited clinical 
cases. For example, addition of BMP-2 was as effective as autografts for open tibial 
fracture with reamed intramedullary nail fixation and fracture non-unions.(58, 60) For 
spine fusion, the use of BMP-2 was shown more effective compared to autogenous bone 
graft in terms of radiographic spinal fusion and clinical improvement only in patients 
undergoing fusion for single level degenerative disk disease.(60)  

Apart from the limited effectiveness in clinical applications, many serious 
complications have emerged related to the use of BMP-2.(61, 181) Since these 
complications were observed less frequently when lower BMP-2 amounts were implanted, 
they can be partially attributed to the supraphysiological BMP-2 dosage used in current 
clinical applications.(65, 66) Therefore, current research strategies have focused on 
optimizing biomaterials for local delivery to enhance the site-specific osteogenic and 
osteoinductive effects of BMP-2. 

Despite the extensive research on BMP-2 carrier development for bone 
regeneration, the optimal growth factor dose, release duration and required timing of 
release are still unknown. Although optimizing these release parameters is a logical step 
in improving BMP-2 therapies, this process is difficult since adjustments of the growth 
factor release rate often require changes to the composite structure or composition, and 
hence may influence cellular behavior and subsequent bone formation.  This phenomenon 
has indeed been noticed in previous studies. (69, 71-74) Optimizing BMP-2 release 
kinetics could increase the growth factor’s efficacy, lower the required dose and minimize 
complications in the clinics. Therefore, the main aim of this study was to investigate 
the effect of different BMP-2 release profiles on bone formation in a biomaterial with 
tailorable BMP-2 release kinetics without altering biomaterial chemistry and structure. 
As discussed earlier, apart from BMP-2 release kinetics, also the biomaterial physical and 
chemical properties can stimulate the BMP-2 induced bone formation. Therefore, the 
second aim of this study was to compare the newly developed phosphorylated hydrogel 
with the golden standard delivery vehicle for BMP-2, the Infuse® absorbable collagen 
sponge (ACS). 

A novel oligo[(polyethylene glycol) fumarate] bis[2-(methacryloyloxy) 
ethyl] phosphate hydrogel (OPF-BP) containing poly(lactic-co-glycolic acid) (PLGA) 
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microspheres, was developed to investigate the effect of BMP-2 release on bone 
formation. In vitro, phosphorylated OPF-BP showed improved attachment, proliferation 
and differentiation of osteogenic precursor cells and mesenchymal stem cells compared 
to non-phosphorylated OPF.(103) To tailor the release, BMP-2 was adsorbed in the 
composite matrix and/or encapsulated in the microspheres. We hypothesized that 
adsorption will result in a large burst release with subsequent low dose sustained 
release while microsphere encapsulation will result in a more sustained release of BMP-2 
over time. By altering the BMP-2 adsorption/microsphere encapsulation ratio without 
adjusting the biomaterial chemistry and structure, changes in bone formation can be 
ascribed to the differential BMP-2 release. Furthermore, OPF-BP was compared with ACS 
with similar BMP-2 release kinetics to analyze the effect of the biomaterial properties. 

2.  Materials and methods

2.1  Experimental design 
OPF-BP composites with a 75% porosity containing 2.5% (w/w) PLGA microspheres were 
employed. To assess the effect of differential BMP-2 release profiles on bone formation, 
BMP-2 (Metronic, Minneapolis, MN) was either adsorbed on the OPF-BP hydrogel to 
achieve a burst release or encapsulated in PLGA microspheres to achieve a more sustained 
release profile. A schematic design of the fabrication process is shown in figure 1A. Three 
different composite implants were created: 100% of the BMP-2 encapsulated in PLGA 
microspheres (OPF-BP-Msp: Microspheres) (Figure 1B), 50% of the BMP-2 encapsulated 
in PLGA microspheres and 50% adsorbed on the composite (OPF-BP-Cmb: Combined) 
(Figure 1C), and 100% adsorbed on the composite (OPF-BP-Ads: Adsorbed) (Figure 
1D). To compare these composite designs to the clinically used BMP-2 carrier, Infuse® 
absorbable collagen sponge (ACS) (Medtronic, Minneapolis, MN) was used. 

The effect of the different protein incorporation methods on BMP-2 release was 
assessed in vitro and in vivo by employing BMP-2 radiolabeled with 125I The in vivo 
bioactivity was investigated by analyzing bone formation after 9 weeks of subcutaneous 
implantation in rats. 
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2.2  BMP-2 radioiodination 

Carrier-free Na125I was obtained from PerkinElmer life and Analytical Sciences (Boston, 
MA). To study the release profiles of BMP-2, a fraction of the incorporated BMP-2 was 
radiolabeled with 125I, using the chloramine-T method as previously described (125). The 
radiolabeled BMP-2 was separated from the free 125I by 24-hour dialysis with a 10 kDa 
molecular weight cut-off (MWCO) (SpectraPor 7, Rancho Dominguez, CA), against 0.01 
M phosphate-buffered saline at pH 7.4 (Sigma-Aldrich, St. Louis, MO). The 125I-BMP-2 
dialysate was concentrated in a Millipore device (10kDaMWCO, Billerica, MA) and 
the purity was determined by trichloroacetic acid precipitation. The final 125I-BMP-2 

Figure 1. A) Scheme for fabrication procedures of the OPF-BP composite implants. Three 
types of implants with BMP-2 incorporated by varied loading methods were created: B) BMP-
2 encapsulated in microspheres (OPF-BP-Msp), C) BMP-2 encapsulated in microspheres and 
adsorbed on the hydrogel (OPF-BP-Cmb), and D) BMP-2 adsorbed on the hydrogel (OPF-BP-Ads). 
Oligo[(polyethylene glycol) fumarate]: OPF; poly(lactic-co-glycolic acid): PLGA.
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preparation contained 99.7% precipitable counts, which indicated the percentage of 
covalently bound 125I to the BMP-2. Thereafter, 125I-BMP-2 was mixed with non-labeled 
BMP-2 (1:5.3 hot:cold ratio) and incorporated into the composite formulations. 

2.3  Microsphere fabrication 

 GA microspheres (50:50 lactic to glycolic acid ratio, Mw 52 kDa, Lakeshore biomaterials, 
AL) were fabricated using a water-in-oil-in-water (W1-O-W2) double-emulsion-solvent-
extraction technique according to a previously described method. (126) Briefly, an 
aqueous solution containing 130 µl (OPF-BP-Msp), 65 µl (OPF-BP-Cmb), or 0 µl (OPF-BP-
Ads) of 3.7 mg/ml 125I-BMP-2/BMP-2 (1:5.3 hot:cold ratio) solution was emulsified with 
250 mg PLGA 50:50 dissolved in 1.25 ml of dichloromethane using a vortex at 3050 rpm. 
The solution was re-emulsified in 2 ml of 2% (w/v) aqueous poly(vinyl alcohol) (PVA, 
87-89% mole hydrolyzed, Mw = 13,000-23,000, Sigma Aldrich) to create the double 
emulsion and added to 100 ml of a 0.3% (w/v) PVA solution and 100 ml of a 2% (w/v) 
aqueous isopropanol solution. After 1 hour of slow stirring, the PLGA microspheres were 
collected by centrifugation at 2500 rpm for 3 minutes, washed 3 times with distilled 
deionized water (ddH2O) and freeze dried to a free-flowing powder. After freeze drying 
the morphology of the microspheres was observed by electron microscopy (SEM, S-4700, 
Hitachi Instruments, Tokyo, Japan) at 5.0 kV. 

2.4  Fabrication of composites 

OPF was fabricated using polyethylene glycol (PEG) with an initial molecular weight 
of 10 kDa according to previously describes method (103). BP (Aldrich, Milwaukee, WI) 
was crosslinked into the OPF hydrogel. To create the hydrogel composites, OPF (41% w/w), 
N-vinyl pyrrolidinone (NVP, 29% w/w, Sigma Aldrich, St. Louis, MO), BP (8.2% w/w) and 
Irgacure 2959 (0.2% w/w, Ciba-Specialty Chemicals, Tarrytown, NY) were dissolved in ddH2O 
(21.6% w/w).  The resulting OPF/NVP/BP paste (22.5% w/w) was mixed with NaCl salt 
particles (75% w/w, sieved to a maximum size of 300 µm) and PLGA microspheres (2.5% 
w/w). The mixture was then forced into a cylindrical glass mold with a diameter of 3.5 mm 
and exposed to UV light (365 nm at intensity of ~8 mW/cm2 Black-Ray Model 100AP, Upland, 
CA) to crosslink the composites for 40 minutes. The composites were cut into 6 mm long rods 
and immerged in sterile ddH2O water to leach out the salt. After blot drying, the additional 
BMP-2 was adsorbed on the composite matrix. The Infuse® ACS was cut into cylindrical (4 
mm in diameter and 6 mm in length) rods using a tissue puncher and loaded with 125I-BMP-2 
using adsorption. To analyze the morphological features of the OPF hydrogels, dry (directly 
after crosslinking) and hydrated samples were freeze dried and observed by SEM at 5 kV. 
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2.5  In vitro BMP-2 release
The in vitro release of BMP-2 was analyzed as previously described (76). Briefly, composite 
implants placed in a 12 well transwell culture system were exposed to consecutive 7 day 
W20-17 cell cultures in Dulbecco’s Modified Eagle’s Medium/ Nutrient Mixture F-12 Ham 
1:1 mixture (DMEM/F12, Sigma Aldrich, St. Louis, MO) containing 10% fetal bovine 
serum and 1% penicillin. The medium was analyzed weekly for radiolabeled 125I-BMP 
using a gamma counter. After 9 weeks, the composites were collected to determine 
the remaining activity. The 125I activity was corrected for decay and normalized to the 
starting amount. The counts/minute were correlated to the amount of released BMP-2. 

2.6  In vitro biological activity

OPF-BP-Msp, OPF-BP-Ads and OPF-BP control (unloaded OPF-BP implant) were tested 
using ATDC5 cells, a well-known culture system that undergoes late phase osteogenic 
differentiation and is often employed for determination of BMP activity. (182-184) 
They encompass stages from mesenchymal condensation to calcification and as such 
representative of endochondral bone formation. In fracture healing (and specifically large 
bone defects) this is the primary process of bone regeneration. In order to determine 
whether biologically active BMP-2 was released even after 9 week of implantation, the 
implants were placed in Dulbecco’s Modified Eagle’s Medium containing 10% fetal bovine 
serum, 1% penicillin/streptomycin and 1% humane serum albumin during this period. 

 Thereafter, the implants were exposed to 200 µl of fresh media for two weeks. 
The conditioned medium was collected at 11 weeks and stored at -800C until further 
analysis. Subconfluent ATDC5 cells were exposed to the conditioned medium for 3 days, 
after which the cells were lysed and assessed for alkaline phosphatase (ALP) activity and 
total DNA content using ALP assay kit (Sigma) and Qubit (Life Technologies) according 
to manufacturer’s instructions, respectively. The ALP activity was normalized over total 
DNA content and compared with the negative control (i.e. ATDC5 cells cultured in 
conditioned media with unloaded OPF-BP control). Freshly added BMP-2 to ATDC5 cells 
with a range of expected BMP-2 release concentrations (0, 0.025, 0.05, 0.1, and 1 µg 
BMP-2/ml) served as a positive control. 

2.7  Animals and surgical procedure 

Twenty-two 12-week old male Harlan Sprague Dawley rats were used for this study 
according to an approved protocol by the local Animal Care and Use Committee. Surgery 
was performed under sterile conditions and general anesthesia (45/10 mg/kg ketamine/
xylazine). After shaving and disinfecting the surgical sites, subcutaneous pockets were 
created in each limb and filled with 125I-BMP-2 labeled implants. Two subcutaneous 
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pockets in the thoracolumbar region were used to implant the controls (unloaded 
implants). Acetaminophen (160mg in 5ml added to one pint water bottle) was given 
as postoperative analgesia for the duration of one week. Fluorochrome markers calcein 
green (10mg/kg, intraperitoneal) and tetracycline (10mg/kg, intraperitoneal) were 
administered at 3 and 6 weeks post-operatively, respectively. After 9 weeks, the rats 
were euthanized by CO2 asphyxiation to collect the implants for assessment of bone 
formation by micro computed tomography and subsequent histological analysis. 

2.8  In vivo BMP-2 release

Four scintillation probes (Model 44-3 low energy gamma scintillator, Ludlum 
Measurements Inc., TX) connected to digital scalers as described previously (126), were 
used for non-invasive determination of in vivo 125I-BMP-2 release kinetics. Directly after 
wound closure, the 125I-BMP-2 activity was measured to obtain the starting implanted 
dose. At each subsequent time point, the rats were anesthetized using isoflurane (1.5-
4%) to measure the local 125I-BMP-2 activity over two 1-minute periods with 2 different 
detectors. To determine the BMP-2 release, the 125I-BMP-2 measurements were corrected 
for radioactive decay and background activity. The 125I-BMP-2 activity was normalized 
to the starting implanted dose to determine the retained 125I-BMP-2 dose and released 
amounts.

2.9  In vivo bioactivity of released BMP-2 

Micro computed tomography (µCT) was used to measure the total bone volume in the 
composites. Ex–vivo scanning of the composites was performed using a Scanco µCT 35 
scanner (Scanco medical, Switzerland) at 10 µm resolution. The samples were loaded 
in a cylinder and standardized settings were used for all scans. Standardized thresholds 
were used to quantify the ectopic calcified tissue. 

2.10  Histology

The samples were dehydrated in graded series of ethanol and embedded in 
methylmethacrylate for qualitative assessment by histology. Sections were stained 
with Gömöri trichrome staining for evaluation of the general tissue response and bone 
formation. The stained sections were analyzed by a board eligible veterinary pathologist. 
Unstained sections were used for fluorescence microscopy to evaluate fluorochrome 
incorporation.

2.11  Statistical analysis

Statistical analysis was performed using SPSS 22.0 software (SPPS Inc., Chicago, IL). In 
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vitro results (n = 3) and in vivo results (n = 8) are given as means ± standard deviations 
(SD). Prior to the in vivo study, power analysis estimated that in order to demonstrate 
a relevant difference of at least 20% at an alpha of 0.05 and an SD of 1.4, the groups 
should be n = 8 per condition at a power of 80%. Extra available subcutaneous locations 
were filled with OPF-BP-Cmb and ACS (n = 10). All datasets were tested for outliers using 
studentized residuals, for normality of the residuals using the Shapiro-Wilk test and for 
homogeneity of variances using the Levene’s test. Non-parametric data were analyzed 
with Kruskal-Wallis and Benjamini-Hochberg post hoc tests. Parametric data were 
analyzed with univariate analysis of variances (ANOVA) followed by Benjamini Hochberg 
post-hoc (homogeneous variances) or Games-Howell post-hoc (unequal variances). 
Differences were considered significant for p < 0.05. Based on in vitro bioactivity assays, 
> 25 ng BMP-2 per ml was considered a relevant difference. For in vivo BMP-2 release, 
differences were considered relevant at > 100 ng BMP-2. (73, 185)

3. Results

3.1  BMP-2 labeling and scaffold characterization 
Labeling of the BMP-2 with 125I resulted in an activity per mass of 6.1 µCi/µg. The 
microspheres were loaded with either 2.9 µg BMP-2/mg PLGA or 1.3 µg BMP-2/mg PLGA 
for the OPF-BP-Msp and OPF-BP-Cmb groups, respectively. The characteristics of three 
composites are summarized in Table 1. The different loading methods resulted in no 
significant differences of total BMP-2 loading per composite. 

A schematic demonstration of the loading procedure of BMP-2 into PLGA 
microspheres is presented in Figure 2A. SEM of PLGA microspheres with or without the 
incorporation of BMP-2 proteins was conducted after freeze-drying of the microspheres. 
As demonstrated in Figure 2, the unloaded (Figure 2B) and BMP-2 loaded (Figure 2C) 
PLGA microspheres showed a smooth surface. The diameter of the both unloaded and 
loaded microspheres were all distributed between 0-100 microns. The detailed distribution 
profile of the PLGA microspheres was further determined: the PLGA microspheres without 
BMP-2 showed a sharp distribution profile with the highest peak appearing at around 45 
microns (Figure 2D). For PLGA microspheres loaded with BMP-2 protein, however, the 
distribution was much more even, with the highest peak appearing at around 25 microns 
and large ratio of particles distributed at 50-70 microns (Figure 2E). 

After hydrogel fabrication, the salt in the hydrogel was leached out by soaking 
in ddH2O to generate porous hydrogel scaffolds, (Figure 3A). A typical hydrogel 
with salt incorporated is demonstrated in Figure 3B and the typical porous hydrogel 
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obtained after salt leaching is demonstrated in Figure 3C. The soak volume of OPF-
BP was approximately 1.5 times the dry volume of the hydrogel. To determine the salt 
distribution and porous morphology, the OPF hydrogel, before and after salt leaching, 
was freeze-dried and scoped using SEM. As displayed in Figure 3D, there were obvious 
salt particles as well as microspheres randomly distributed inside the hydrogel. Leaching 
out the salt crystals resulted in a randomly distributed microporous structure with PLGA 
microspheres embedded inside, as presented in Figure 3E.

 

Composite name
BMP loading Initial activity / 

implant (µCi)
BMP-2 / implant 

(µg)Hydrogel Microspheres

OPF-BP-Msp 0% absorbed on 
hydrogel

100% loaded in 
microspheres 3.1 ± 0.1 4.0 ± 0.1

OPF-BP-Cmb 50% absorbed on 
hydrogel

50% loaded in 
microspheres 3.0 ± 0.2 3.9 ± 0.3

OPF-BP-Ads 100% loaded on 
hydrogel

Empty 
microspheres 3.1 ± 0.6 4.0 ± 0.7

Table 1. Implant characteristics. Oligo[(polyethylene glycol) fumarate] bis[2-(methacryloyloxy) 
ethyl] phosphate hydrogel: OPF-BP. 
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Figure 2. A) Scheme for the fabrication of PLGA microspheres. SEM images of B) PLGA microsp-
heres and C) BMP-2 loaded PLGA microspheres. The distribution of D) PLGA microspheres and E) 
BMP-2 loaded microspheres calculated from SEM images. Poly(lactic-co-glycolic acid): PLGA.
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3.2  In vitro release kinetics
The release profiles of all composite formulations showed an initial burst release 
which leveled off to a more sustained release for the rest of the 9 weeks. The BMP-2 
loading methods resulted in significantly different burst releases within the first 3 days  
(p < 0.02).  OPF-BP-Msp had released the least BMP-2 within this period of time  
(0.4 ± 0.1µg BMP-2), while OPF-BP-Cmb and OPF-BP-Ads had significantly higher BMP-2 
burst releases (0.7 ± 0.2µg and 1.1 ± 0.1µg more respectively) (Figure 4A). A similar 
release pattern was also observed until week 3 with OPF-BP-Msp releasing significantly 
(p < 0.02) less BMP-2 per time-point compared to OPF-BP-Cmb and OPF-BP-Ads, while 
OPF-BP-Ads releasing significantly (p < 0.02) more compared to OPF-BP-Cmb. At week 
4, OPF-BP-Ads released significantly (p < 0.02) more BMP-2 compared to OPF-BP-Msp 
and OPF-BP-Cmb. After this time point, no relevant significant differences were seen 

Figure 3. A) Scheme for the salt leaching and pores generation process. Photographs of the 
OPF-BP composite B) before and C) after salt leaching process. SEM images of the OPF-BP com-
posite observed D) before and E) after the salt leaching process. ddH2O: double distilled H2O; 
poly(lactic-co-glycolic acid): PLGA.
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between the different OPF-BP formulations. 
 ACS control group released 1.4 ± 0.09 µg BMP-2 after 3 days (Figure 4A). This 

was significantly (p < 0.008) higher compared to all OPF-BP formulations. BMP-2 release 
from ACS gradually decreased, resulting in significantly (p < 0.006) less BMP-2 release 
per time-point compared to all OPF-BP formulations from week 3 till week 5. After week 
5 no relevant significant differences were seen between ACS and all OPF-BP formulations. 

 In line with the differential release profile between OPF-BP loading methods, 
all composites showed significantly (p < 0.026) different cumulative release profiles, 
with OPF-BP-Msp resulting in a sustained release profile, OPF-BP Cmb in an intermediate 
release profile and OPF-BP-Ads and ACS in a predominantly burst release profile, until 4 
weeks in culture (Figure 4B). From week 5 onward no significant differences (p > 0.131) 
were found between ACS and OPF-BP-Ads BMP-2 cumulative release. After 9 weeks  
39.8 ± 1.0% BMP-2 was released from OPF-BP-Msp, 55.6 ± 2.5% from OPF-BP-Cmb, 87.2 
± 2.4% from OPF-BP-Ads and 89.2 ± 2.1% from ACS. 

Since linear zero order cumulative release was observed from week 5 onward, 
linear regression was used to estimate the BMP-2 release for OPF-BP-Msp and OPF-
BP-Ads (+1.1958x + 70.744 with R2 of 99% and +0.8884x + 20.704 with R2 of 99%, 
respectively) after 9 weeks. This showed an expected release of 85.9 ± 37.0 ng for OPF-
BP-Msp and 57.3 ± 74.2 ng for OPF-BP-Ads from 9 to 11 weeks.
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Figure 4. In vitro BMP-2 release kinetics (n=3) from the different composites, shown in A) 
µg BMP-2 release and B) % BMP-2 cumulative release. C) ALP activity normalized over total 
DNA content (U/ml ALP/ng DNA) from ATDC5 cells exposed to conditioned media with OPF-
BP implants containing BMP-2 or fresh BMP-2 solution at different concentrations for 3 days. 
Unloaded OPF-BP implants served as negative control. Significantly different BMP-2 release is 
indicated between all formulations (*), all formulations except collagen vs. OPF-BP-Msp (^), 
all formulations except OPF-BP-Msp vs. OPF-BP-Cmb (>), ACS vs. OPF-BP-Msp, OPF-BP-Com and 
OPF-BP-Ads ($), and all formulations except ACS vs. OPF-BP-Ads (#). Significantly different 
ALP activity vs. unloaded OPF-BP control is indicated as *. One symbol indicates a significant 
difference at α < 0.05 and two symbols at α < 0.01. OPF-BP: oligo[(polyethylene glycol) 
fumarate] bis[2-(methacryloyloxy) ethyl] phosphate hydrogel; Msp: microsphere encapsulated 
BMP-2; Cmb: combined microsphere encapsulated and adsorbed BMP-2; Ads: adsorbed BMP-2; 
ACS: Absorbable Collagen Sponge.
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3.3  In vitro biological activity in ATDC5 cells
The conditioned medium generated from OPF-BP-Msp and OPF-BP-Ads was still able to 
generate significantly (p < 6.3E-8) higher ALP activity compared to the negative control 
(Figure 4C) after 11 weeks indicating biological activity of the released BMP-2 in the 
medium. 

 ATDC5 cells were responsive to BMP-2 above a concentration of 25 ng/ml of 
freshly added BMP-2 (positive control). OPF-BP-Msp and OPF-BP-Ads showed significantly 
(p < 0.023) higher ALP activity (8.3 ± 0.2 and 7.5 ± 1.0 ALP /DNA U/ml/ng respectively) 
compared to a 25 ng, 50 ng and 100 ng of freshly added BMP-2 (4.7 ± 0.7, 5.6 ± 0.3 and 
6.1 ± 0.8 U/ml/ng ALP/DNA respectively). 

3.4  Animals

Two rats died one day after surgery, probably due to oversensitivity to xylazine. No 
health problems were observed in the reminder of the rats after the xylazine dose was 
lowered. Two rats each removed an OPF-BP-Msp implant from their subcutaneous pocket 
during follow up and these implants were discarded from the analysis. No complications 
were observed in the remainder of the animals.

3.5 In vivo BMP-2 release

BMP-2 loading methods had a significant effect (p < 0.04) on the BMP-2 burst release 
from the composites within the first 3 days, with OPF-BP-Msp releasing 1.0 ± 0.4 µg 
BMP-2, OPF-BP-Cmb releasing 2.0 ± 0.3 µg BMP-2 and OPF-BP-Ads releasing 3.4 ± 0.09 
µg BMP-2 (Figure 5A). The amount of BMP-2 loaded in PLGA microspheres correlated 
inversely with this BMP-2 burst release. ACS showed a burst release of 3.6 ± 0.3 µg BMP-2, 
which was not significantly different from OPF-BP-Ads. During the first week, the release 
rate of all implants was similar. Subsequently, OPF-BP-Msp and OPF-BP-Cmb released 
significantly (p < 0.01) more BMP-2 compared to OPF-Ads during the 2nd week. OPF-BP-
Msp and OPF-BP-Cmb showed again an increase in BMP-2 release per time-point from week 
4 until week 7. Hereafter, no relevant differences were seen between the implants. 

In line with the in vitro results, all OPF-BP composites showed significantly (p < 
0.007) different cumulative release profiles, with OPF-BP-Msp resulting in a sustained 
release profile, OPF-BP Cmb in an intermediate release profile and OPF-BP-Ads in a burst 
release profile, (Figure 5B). However, whereas OPF-BP-Ads generated a significantly 
different release profile compared to ACS in vitro, similar cumulative release profiles 
were seen in vivo. After 9 weeks of implantation, the OPF-BP-Ads and ACS implants 
released more than 99% BMP-2, while OPF-BP-Msp and OPF-BP-Cmb released 88.8 ± 
10.4% and 94.6 ± 2.5% BMP-2, respectively. 
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Figure 5. In vivo BMP-2 release kinetics (n=4-8) from the different composites, shown in A) 
µg BMP-2 release and B) % BMP-2 cumulative release. C) Quantification of the amount of newly 
formed bone in the four implants, shown in volume mean±SD (mm3). d) 3-D µCT reconstructions 
of the four BMP-2 containing implants after 9 weeks of subcutaneous implantation. Significantly 
different BMP-2 release is indicated between all formulations (*), all formulations except ACS 
vs. OPF-BP-Ads (#), OPF-BP-Ads vs. OPF-BP-Msp and OPF-BP-Cmb (&), OPF-BP-Msp and OPF-BP-
Cmb vs. OPF-BP-Ads and ACS (@), and ACS vs. OPF-BP-Msp and OPF-BP-Cmb, and OPF-BP-Ads vs. 
OPF-BP-Cmb (+). Significantly different bone formation vs. all other implants is indicated as *. 
One symbol indicates a significant difference at α < 0.05 and two symbols at α < 0.01. OPF-BP: 
oligo[(polyethylene glycol) fumarate] bis[2-(methacryloyloxy) ethyl] phosphate hydrogel; Msp: 
microsphere encapsulated BMP-2; Cmb: combined microsphere encapsulated and adsorbed BMP-
2; Ads: adsorbed BMP-2; ACS: Absorbable Collagen Sponge; µCT: micro-computed tomography; 
SD: standard deviation.
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3.6  μ-CT analysis 
µ-CT analysis showed the largest amount of ectopic bone in OPF-BP-Ads (184.4 ± 78.2 
mm3) after 9 weeks of implantation (Figure 5C). The bone volume was significantly 
(p < 0.02) higher compared to OPF-BP-Msp and OPF-BP-Cmb composites. OPF-BP-Msp 
generated the least volume of bone (0.03 ± 0.01 mm3), which was significantly (p = 
0.025) less compared to OPF-BP-Cmb (67.2 ± 81.2 mm3) and OPF-BP-Ads. Furthermore, 
the bone volume in OPF-BP-Ads composites was significantly (p = 0.00006) higher 
compared to ACS (14.3 ± 8.8 mm3). While no significant differences were seen between 
OPF-BP-Cmb and ACS, the bone volume in the OPF-BP-Msp composites was significantly 
(p = 0.0001) less compared to ACS. 

 The 3-D reconstructions confirm this data, with diffuse bone formation seen on 
the surface and in the pores of the OPF-BP-Cmb and OPF-BP-Ads hydrogels, very minimal 
bone formation in OPF-Msp, and small compact ossicles for ACS (Figure 5D).   

3.7  Histology 

After 9 weeks of implantation, OPF-BP composites containing no BMP-2 (negative 
control) showed no bone formation with minimal fibrous tissue ingrowth (< 50% of 
the pores filled) and a moderate inflammatory response with some macrophages and 
multinucleated giant cells (Figure 6A, B, C). OPF-BP-Msp composites showed very 
minimal osteoid formation and calcifications. Minimal tissue ingrowth mainly consisting 
of fibrous tissue was seen in less than 50% of the pore volume (Figure 6D, E, F). There 
was a mild inflammatory response in the OPF-BP-Msp composites with few macrophages 
and multinucleated giant cells. Assessment of OPF-BP-Cmb implanted composites showed 
good tissue ingrowth (> 50% pore volume) with fibrous tissue, osteoid, woven bone 
and fat cells. Bone was seen centrally or on the surface of the pores with both fibrous 
and bone tissue surrounding the exterior of the composite (Figure 6G, H, I). Also 
these scaffolds showed a mild inflammatory response. OPF-BP-Ads showed good tissue 
ingrowth (> 50%) with mainly osteoid, woven bone and fat cells. Woven bone was seen 
on the pores surface with fat cells centrally showing good integration of the composite 
and tissue (Figure 6J, K, L). The inflammatory response in the OPF-BP-Ads was minimal 
compared to the previous scaffolds. The ACS were fully resorbed and replaced by small 
ossicles with a thin cortex containing trabecular bone structure and fat cells centrally 
(Figure 6M, N O).  

Fluorescence markers calcein green (green) and tetracyclin (orange) showed 
woven (Figure 7A, C, E, F) and lamellar bone (7B, D) disposition starting at various 
locations both early (3 weeks, calcein) and late (6 weeks, tetracyclin) in the pores of 
OPF-BP-Cmb, OPF-BP-Ads and ACS implants. 
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Figure 6. Gömöri trichrome stained histological sections of unloaded OPF-BP (negative control) 
(A,B,C), OPF-BP-Msp (D, E, F), OPF-BP-Cmb (G, H, I), OPF-BP-Ads (J, K, L) and ACS (M, N, O) 
after 9 weeks of subcutaneous implantation. The OPF hydrogel (#) formed an interconnected 
porous network with minimal fibrous tissue (Fb) ingrowth in unloaded OPF-BP and OPF-BP-Msp. 
A moderate inflammatory response was in unloaded OPF-BP with some multinucleated giant 
cells (arrows C). Whereas only small bony islands (I) were seen in OPF-BP-Msp, good tissue 
ingrowth was seen in OPF-Cmb and OPF-Ads with bone (B) and osteoid (O) growing on the 
surface of the hydrogel with fat cells (Fa) centrally in the pores. The ACS were fully resorbed and 
replaced by small ossicles with a thin cortex containing trabecular bone structure and fat cells 
centrally. Scale bars represent 1000 µm (A, D, G, J, M), 500 µm (B, H, K, N), 200 µm (C, E, I, 
L, O) and 100 µm (F). OPF-BP: oligo[(polyethylene glycol) fumarate] bis[2-(methacryloyloxy) 
ethyl] phosphate hydrogel; Msp: microsphere encapsulated BMP-2; Cmb: combined microsphere 
encapsulated and adsorbed BMP-2; Ads: adsorbed BMP-2; ACS: Absorbable Collagen Sponge. 
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4.  Discussion

To investigate the effect of differential BMP-2 release on bone formation, the 
growth factor was loaded into OPF-BP composites by adsorption and/or microsphere 
encapsulation. Whereas the chemical and structural properties of the composites were 
left unchanged, the different BMP-2 loading methods generated significantly different 
BMP-2 release kinetics. Adsorption mainly resulted in a large burst release with low dose 
sustained release of BMP-2 for the rest of the time period. Encapsulation of BMP-2 into 
the microspheres decreased the burst release and resulted in a more sustained release 

Figure 7. Fluorescence imaging of histological samples of OPF-BP-Cmb (A, B), OPF-Ads (C, D) 
and ACS (E, F). Fluorescence markers calcein green (green) and tetracyclin (orange) show woven 
and lamellar bone disposition in the pores in all BMP-2 containing implants. Scale bars represent 
400 µm (A, E), 200 µm (C, F) and 100 µm (B, D). OPF-BP: oligo[(polyethylene glycol) fumarate] 
bis[2-(methacryloyloxy) ethyl] phosphate hydrogel; Cmb: combined microsphere encapsulated 
and adsorbed BMP-2; Ads: adsorbed BMP-2; ACS: Absorbable Collagen Sponge.
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over time. BMP-2 adsorption on the composite matrix resulted in significantly more 
bone formation compared to BMP-2 microsphere encapsulation and the combination of 
both methods (50% loading in microspheres and 50% loading by adsorption). Although 
adsorption of BMP-2 into the ACS and OPF-BP composites resulted in similar release 
profiles, bone formation was 12-fold higher in the OPF-BP-Ads scaffolds compared to 
ACS, a commonly used product in the clinic. 

Several mechanisms may be responsible for the incorporation of BMP-2 into 
the composite including adsorption, ionic complexation and physical entrapment. By 
adsorbing the growth factor onto the composite, the protein binding is dependent 
on physiochemical interactions and ionic complexation, hence highly sensitive to 
environmental conditions.(186) In the OPF-BP matrix, rapid desorption and ion 
exchange in a subcutaneous environment resulted in a BMP-2 burst release of more than 
35% in vitro and more than 85% in vivo within 3 days. Microsphere encapsulation and 
subsequent embedding in the hydrogel matrix resulted in physically entrapped BMP-2 in 
the composite matrix. This additional diffusion barrier reduced the BMP-2 burst release 
to approximately 25%, generating a sustained release profile. Since the PLGA used in 
this study lost approximately 80% of its mass within 4 weeks after implantation and 
BMP-2 release is extended for a longer period of time, the growth factor entrapment 
within the OPF-BP hydrogel may also have contributed to BMP-2 retention. (127) 

 PLGA microspheres have been used previously to deliver BMP-2 in different 
biomaterials. (75, 76, 80, 173, 174, 187) Although PLGA characteristics did not vary 
much between these studies, the implanted biomaterials showed a wide variation of in 
vitro and in vivo release profiles. This illustrates that not only the microspheres but 
also the composite matrix containing them, influences BMP-2 release. Although the in 
vitro release profile can provide valuable information on the growth factor retention 
mechanisms, the results of this study and previous studies (68, 71, 75-80) show that 
they greatly underestimate the in vivo release. Comparison of the in vivo release profiles 
showed that BMP-2 microsphere encapsulation in porous OPF-BP generated a larger burst 
release compared to solid gelatin, poly(propylene fumarate) (PPF) and calcium phosphate 
composites containing microspheres.(76, 79) Furthermore, similar subsequent sustained 
release profiles were seen compared to the gelatin-microsphere and PPF-microsphere 
composites.(16) BMP-2 adsorption generated high burst releases (> 85%) in both OPF-
BP composites and ACS. This was comparable to previous studies using ACS implants 
showing a BMP-2 burst release ranging from approximately 55%-90% within 3 days and 
subsequent low dose sustained releases for another 2-3 weeks. (69, 74, 153, 188-193)

Since prolonged retention in the composite may affect the stability and 
subsequent biological activity of the growth factor, the in vitro BMP-2 bioactivity was 
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also investigated in this study. The BMP-2 released from both adsorbed and microsphere 
loading was shown to be biologically active even after 9 weeks. In line with this 
observation, the bioactivity of BMP-2 released from microspheres, microsphere-gelatin 
and microsphere-PPF was already shown over a period of more than 10 weeks.(76) Since 
the biological activity of the protein closely depends on its structural integrity, the 
results of the present study indicate that a substantial fraction of the protein can remain 
stable over time within the composite matrix in an in vitro physiologic environment.  
Given this, it is tempting to hypothesize that this may also be the case in vivo as BMP-2 
loaded composites effectively augmented bone formation. 

 Since the chemistry and structure of all OPF-BP composite implants were 
similar, the differential release profiles could be directly correlated with in vivo bone 
forming capacity of the released BMP-2. BMP-2 burst release generated significantly 
more bone compared to sustained release in OPF-BP composite implants. Furthermore, 
the burst release was in direct correlation with bone formation in these implants. The 
local concentration of BMP-2 achieved by burst release may be one of the key-factors for 
augmented bone formation. Several studies proved that local retention of BMP-2 using 
carriers improved BMP-2 osteogenic capacity compared to injection of carrier free BMP-
2.(67-70) Consequently, delivery vehicles are required for a more efficient use of BMP-2. 
Various BMP-2 release profiles have shown good bone formation in several biomaterials. 
Low BMP-2 burst release (< 5%) with subsequent sustained release showed good bone 
formation in PPF and calcium phosphate cement.(76, 187) Good bone formation was seen 
in PLGA, brushite, segmented polyurethane/PLGA/beta tricalcium phosphate, gelatin/
tricalcium phosphate, insoluble bone matrix and fibrous glass membrane exhibiting a 
moderate BMP-2 burst release (20-65%) with subsequent sustained release.(68, 72, 
75, 180) Finally, also a high BMP-2 burst release (> 75%) from collagen and gelatin 
generated bone.(70, 189) However, few studies attempted to investigate the effect of 
pharmacokinetic characteristics of BMP-2 release on bone formation in biomaterials with 
similar chemistry and structure. Whereas a BMP-2 burst release from calcium phosphate 
cement implants generated bone, two loading methods resulting in sustained release of 
BMP-2 did not show any bone formation. (79) 

In another study, the crosslinking density of gelatin hydrogels was increased to 
increase degradation time and hence decreased the BMP-2 burst release.(69) Initially, 
BMP-2-induced ALP and osteocalcin in the tissue surrounding the gelatin implants 
increased with prolonged growth factor retentions. However, above a certain BMP-2 
retention, osteoinductivity as well as cell infiltration in the densely-crosslinked hydrogel 
started to decrease. Subsequently, BMP-2 release from two differentially crosslinked 
gelatin hydrogels was analyzed.(194) Whereas both formulations generated a similar 
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small burst release (<20%),  the densely-crosslinked gelatin showed a more sustained 
BMP-2 release profile and more de novo bone formation compared to the less densely-
crosslinked gelatin. Furthermore, BMP-2 burst release by adsorption compared to 
sustained release by microsphere encapsulation generated significantly more bone in 
gelatin composites.(76) Also when the release and osteoinductive capacity of BMP-2 
were studied in insoluble bone matrix and fibrous glass carriers, higher burst release 
in insoluble bone matrix increased BMP-2 osteoinductivity.(72) It should be taken into 
account that the composite modifications could also have influenced the osteoinductive 
effect of BMP-2 in these studies. Altogether, these studies and the present study suggest 
that an initial burst release is favorable for ectopic bone formation. However, since 
studies that are able to directly correlate BMP-2 release and bone formation are very 
limited, it remains unknown weather this applies to all types of biomaterials. 

 Apart from the release characteristics, this study also shows that biomaterial 
characteristics play an important role during bone regeneration. ACS showed a similar 
release profile compared to OPF-BP-Ads. Therefore, the higher amount of bone formed in 
the OPF-BP-Ads is most likely due to differences in biomaterial properties. This difference 
could be due to physical, biomechanical, and chemical properties of the biomaterials. 
Whereas hydration of OPF-BP results in expansion of its volume of 1.5 times the dry 
volume, previous characterization of the ACS has shown that the sponge shrinks and 
loses its geometric conformation with significant smaller pores and approximately 
one-third of soak volume after application of aqueous solution compared to the dry 
volume.(195) Previous biomechanical studies showed that the compressive modulus of 
the phosphorylated OPF-BP lies 3 times higher compared to the ACS.(103, 196) This 
allows the OPF-BP to maintain its volume when exposed to external pressure in the 
subcutaneous in vivo environment. 

Furthermore, the phosphate in the OPF-BP matrix could have also contributed 
to the enhanced bone formation. Previous studies have shown that incorporation of 
phosphate into OPF or poly(ethylene glycol) improved mineralization, and attachment 
and proliferation of mesenchymal stem cells (MSC) and osteoblasts in vitro.(102-105) 
In vivo, an improved osteoconduction and BMP-2 induced bone formation was seen for 
phosphorylated OPF compared to unmodified.(130) Altogether, these findings imply that 
the role of OPF-BP as an osteoconductive scaffold with its specific physical, biomechanical 
and chemical properties, could be responsible for the diffuse bone formation in its 
porous structure as opposed to the small ossicles of mature bone formed from ACS.
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5.  Conclusion

In conclusion, this study clearly shows that BMP-2 burst release generates more bone 
compared to sustained release in OPF-BP composites. This highlights that the release 
profile is an important factor influencing BMP-2 induced bone formation. Furthermore, 
the OPF-BP composite had a similar burst release profile to the clinically used ACS  
BMP-2 carrier, but showed a more than 12-fold increase in bone formation. This 
emphasizes that composites should not only function as a delivery vehicle but also 
provide a proper framework to achieve appropriate bone formation. 
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Abstract

Biomaterials that act as both protein delivery vehicle and scaffold, can improve the 
safety and effi cacy of bone morphogenetic protein-2 (BMP-2) for clinical applications. 
However, the optimal scaffold characteristics are not known. The osteoinductive and 
osteoconductive capacity of a fi xed electrically charged surface is thus far unexplored. 
Therefore, in this study we aim to investigate the effect of different electrical states 
on BMP-2 induced bone formation in oligo[(polyethylene glycol) fumarate] (OPF) 
hydrogels. Neutral, negatively or positively charged scaffolds were fabricated using 
unmodifi ed OPF (neutral charge), sodium methacrylate (SMA) crosslinked OPF (negative 
charge), or [2-(methacryloyloxy) ethyl] trimethylammonium chloride (MAE) crosslinked 
OPF (positive charge), respectively. To allow investigation of surface charge for 
different BMP-2 release rates, three BMP-2 release profi les were generated by protein 
encapsulation into poly(lactic-co-glycolic acid) (PLGA) microspheres and/or adsorption 
on the OPF composite. Release of radiolabeled 125I-BMP-2 was analyzed in vitro and in 
vivo and bone formation was assessed after 9 weeks of subcutaneous implantation in 
rats. Negatively charged OPF generated signifi cantly more bone formation compared to 
neutral and positively charged OPF. This effect was seen for all three loading methods and 
subsequent BMP-2 release profi les. Along with charge modifi cations, a more sustained 
release of BMP-2 improved overall bone formation in OPF composites. Overall, this study 
clearly shows that negative charge enhances bone formation compared to neutral and 
positive charge in OPF composites.
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1.  Introduction

BMP-2 is a potent osteoinductive growth factor, which has shown impressive results 
in many preclinical bone regeneration studies.(47) Despite these encouraging results, 
clinical use of BMP-2 is complicated by its short biological half-life, lack of long term 
stability and tissue selectivity.(197) Therefore, local delivery of BMP-2 is essential 
for the effectiveness of the growth factor. Several studies showed that local BMP-2 
retention in carriers improved its osteoinductive capacity compared to injection of the 
carrier free growth factor solution.(68-70) Consequently, many BMP-2 vehicles are under 
development to enhance its osteoinductive potential. 

The newly developed biomaterials should not only function as a local BMP-2 
delivery vehicle, but also as a scaffold to support cell attachment, proliferation and 
differentiation. These scaffold properties can act synergistically with the growth factor 
during bone regeneration and optimizing scaffold properties can improve safety and 
efficacy of BMP-2 in future clinical applications. However, there is no consensus on the 
optimal scaffold characteristics for bone tissue engineering purposes. Development of an 
optimal interface between bone and biomaterials has taken place for many years.(198, 
199) Many studies have investigated the optimal bone-implant interface by alteration 
of biomaterial surface properties such as surface physical properties(85, 86), surface 
chemistry(87), surface charge(88, 89) and surface functionalism(90-92). Recently, 
surface charge generation by electrical polarization has drawn much attention. 

Piezoelectricity is charge that is generated due to applied stress to a material or 
vice versa.(200) Previous research showed that the piezoelectric characteristics of bone 
directly influence bone formation.(88, 201-203) Whereas bone can grow more efficiently 
under compression, tension can cause resorption. Even more so, when an electrical 
current was supplied, higher amounts of bone were observed at the negatively charged 
pole.(114) When these piezoelectric characteristics were applied to biomaterials (barium 
titanate (BaTiO3), hydroxyapatite (HAp)/ BaTiO3 and poly(L-lactide) (PLLA)), in vivo 
results showed improved osteointegration in all biomaterials.(204-206) A more permanent 
electrically polarized material such as Teflon, showed accelerated osteointegration and 
bone first formed at the negative pole, growing towards the positive pole.(89, 207) 
Furthermore, electrically polarized bioactive HAp showed improved osteointegration at 
the negatively charged surface pole.(109, 115, 116) Since electrical polarization showed 
improved bone formation at negatively charged surfaces of different biomaterials, 
functionalizing polymer surface with fixed negative electrical charge could in theory 
enhance any biomaterial’s osteoconductive and osteoinductive properties. 
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 Previously, oligo[(polyethylene glycol) fumarate] (OPF) networks were modified 
with charged small monomers containing negative (sodium methacrylate (SMA)) and 
positive (2-(methacryloyloxy) ethyl)-trimethyl ammonium chloride (MAE)) charge 
to create hydrogels with different charges.(128) The monomers were successfully 
incorporated in the polymer networks and Zeta potential measurements showed that the 
polymer networks were electrically charged and conductive which increased with higher 
concentrations of monomers.(128) The modified hydrogels became sensitive to the pH 
and ionic strength of their environment. Furthermore, cells cultured on the modified 
hydrogels not only remained viable, but cellular behavior was also influenced by the 
modification. Whereas positively charged OPF promoted in vitro neurite outgrowth of 
primary nerve cells, negative charge stimulated in vitro attachment of chondrocytes.
(128, 208) Although the charge modifications influence in vitro cell behavior, it is not 
known whether charge also plays a role in three-dimensional in vivo tissue formation.

Considering the previous research on electrically charged materials, we 
hypothesized that a negative charged surface would better improve in vivo bone 
formation than positive or neutral charged surfaces. Therefore, the aim of this study 
is to investigate the effect of negative and positive charge on bone formation in OPF 
networks. Furthermore, the OPF hydrogels were used as BMP-2 delivery vehicles. Since 
the hydrogel charge could also affect BMP-2 release and hence influence bone formation, 
BMP-2 was incorporated in the differentially charged OPF scaffolds by protein adsorption 
and/or encapsulation into poly(lactic-co-glycolic acid) (PLGA) microspheres to vary the 
release kinetics. A previous study showed differential release of biologically active BMP-
2 using this method in OPF.(124) This method allowed us to investigate the effect of 
surface charge on bone formation for different BMP-2 release rates.  
 

2.  Materials and methods

2.1  Experimental design 
OPF hydrogels (22.5% w/w) with a 75% (w/w) porosity containing 2.5% (w/w) PLGA 
microspheres were used for the BMP-2 containing implants as well as the BMP-2 unloaded 
controls. To analyze the effect of charge on BMP-2 release and bone formation, SMA 
(Sigma Aldrich, St. Louis, MO) or MAE (Sigma Aldrich, St. Louis, MO) were crosslinked 
into the OPF hydrogel to obtain either a fixed negative or positive charge, respectively 
(Figure 1a, c). By adjusting the % of adsorbed BMP-2 on the composite matrix and 
BMP-2 encapsulated in PLGA microspheres the release of BMP-2 could be adjusted from 
a burst to sustained release profile (Figure 1b). BMP-2 was 100% encapsulated in 
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microspheres, 50% encapsulated in microspheres and 50% adsorbed on the hydrogel, 
or 100% adsorbed on the hydrogel. The 3 different charge modifi cations (-OPF: neutral, 
unmodifi ed; n-OPF: negative, SMA crosslinked; and p-OPF: positive, MAE crosslinked) 
and three loading methods (Msp: 100% microsphere loading, Cmb: combination of 50% 
microsphere and 50% adsorption loading, and Ads: 100% adsorption loading) resulted in 
9 different composites (Figure 1d). For every charge modifi cation, an implant without 
BMP-2 loading was included (controls), resulting in a total of 12 different composites. 
The effect of composite charge and BMP-2 incorporation methods on BMP-2 release 
was evaluated in vitro and in vivo by using BMP-2 radiolabeled with 125I. The in vivo 
bioactivity of the released BMP-2 was investigated by analyzing bone formation after 9 
weeks of subcutaneous implantation in rats.  

Figure 1. Schematic design of a) mechanism research question, b) BMP-2 loading methods, c) 
OPF charge modifi cations and d) all OPF formulations.  
SMA: sodium methacrylate, MAE: -(methacryloyloxy) ethyl)-trimethyl ammonium chloride, -OPF: 
unmodifi ed OPF, n-OPF: negatively charged OPF, SMA crosslinked, p-OPF: positively charged OPF, 
MAE crosslinked.
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2.2  BMP-2 radio iodination 
Carrier-free Na125I was obtained from PerkinElmer life and Analytical Sciences (Boston, 
MA). To study the release profiles of BMP-2, a fraction of the incorporated BMP-
2 was radiolabeled with 125I, using the chloramine-T method as previously described 
(125). The radiolabeled BMP-2 was separated from the free 125I by 24-hour dialysis  
(10 kDa molecular weight cut-off (MWCO), SpectraPor 7, Rancho Dominguez, CA) against 
0.01 M phosphate-buffered saline (PBS) at pH 7.4 (Sigma-Aldrich, St. Louis, MO). The 
125I-BMP-2 dialysate was concentrated in a Millipore device (10kDaMWCO, Billerica, MA) 
and the purity was determined by trichloroacetic acid precipitation. The final 125I-BMP-2 
preparation contained 99.7% precipitable counts, which indicated the percentage of 
covalently bound 125I to the BMP-2. Thereafter, 125I-BMP-2 was mixed with non-labeled 
BMP-2 (1:5.3 hot:cold ratio) and incorporated into the composite formulations. A 
previous study of our group showed biologically active 125I-BMP-2 after labeling using a 
similar technique.(76) 
 
2.3  Microsphere fabrication 

PLGA with a lactic to glycolic ratio of 50:50 (Mw 52 kDa, Lakeshore biomaterials, AL) was 
used to fabricate microspheres using water-in-oil-in-water (W1-O-W2) double emulsion 
solvent extraction technique according to a previously described method. (126) Briefly 
0, 50 or 100 µl of 3.7 mg/ml BMP-2-125I-BMP-2 solution was emulsified with 250 mg 
PLGA 50:50 dissolved in 1.25 ml of dichloromethane using a vortex at 3050 rpm, to 
obtain 0%, 50%, or 100% BMP-2 loading into microspheres, respectively. The solution 
was re-emulsified in 2 ml of 2% (w/v) aqueous poly(vinyl alcohol) (PVA, 87-89% mole 
hydrolyzed, Mw= 13,000-23,000, Sigma Aldrich) to create the double emulsion and 
added to 100 ml of a 0.3% (w/v) PVA solution and 100 ml of a 2% (w/v) aqueous 
isopropanol solution. After 1 hour of slowly stirring, the PLGA microspheres were 
collected by centrifugation at 2500 rpm for 3 minutes, washed 3 times with distilled 
deionized water (ddH2O) and freeze dried to a free-flowing powder. After freeze drying 
the morphology of the microspheres was observed by electron microscopy (SEM, S-4700, 
Hitachi Instruments, Tokyo, Japan) at 5.0 kV. The PLGA microspheres used in this study 
lose approximately 80% of their mass within 4 weeks after implantation.(127)

2.4  Fabrication of composites 

OPF was synthesized using polyethylene glycol (PEG) with an initial molecular 
weight of 10 kDa according to previously describes method. (128) OPF (44.4% w/w), 
N-vinyl pyrrolidinone (NVP, 13.3% w/w Sigma Aldrich, St. Louis, MO), Irgacure 2959 
(0.2% w/w, Ciba-Specialty Chemicals, Tarrytown, NY) and H2O (42.1% w/w) solution 
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was mixed with either SMA (200 mg, 8.2% w/w, Sigma Aldrich, St. Louis, MO), MAE (225 
mg, 10.3% w/w, Sigma Aldrich, St. Louis, MO) or no additive to create hydrogels with a 
fixed negative (n-OPF), positive (p-OPF) or neutral charge (-OPF), respectively. To create 
the composites, the OPF/NVP/SMA, OPF/NVP/MAE or OPF/NVP paste (22.5% w/w) was 
mixed with NaCl salt particles (75% w/w, sieved to a maximum size of 300 µm) and PLGA 
microspheres (2.5% w/w). The resulting mixture was forced into a cylindrical mold with 
a diameter of 3.5 mm and exposed to UV light (365 nm at intensity of ~8 mW/cm2 black-
Ray Model 100AP, Upland, CA) to crosslink the composites for 40 minutes in total. The 
composite implants were cut into 6 mm long rods and immerged in sterile ddH2O water 
to leach out the salt. After blot drying, additional BMP-2 was absorbed into certain 
composite matrix accordingly to the experimental design. 

To analyze the morphological features of the OPF hydrogels, dry (directly after 
crosslinking) and hydrated samples were freeze dried and observed by SEM at 5 kV. The 
biomaterial characteristics, including surface chemistry, mechanical properties, swelling ratio, 
zeta potential and conductivity is investigated in a previous study.(128) The zeta potential of 
the used OPF modifications in this study is -1.75 ± 0.7 mV, -5.44 ± 0.6 mV, 3.7 ± 1.1 mV for -OPF, 
n-OPF and p-OPF respectively. The bioactivity of the released BMP-2 was reported previously 
and showed a similar bioactivity of the microsphere encapsulated and adsorbed growth factor 
after 9 weeks of release.(124) Also, the released BMP-2 generated a similar biologic response 
compared to freshly added BMP-2 of corresponding dose in vitro. The degradation rate of 
the OPF hydrogel is reported previously and was slow with minimal in vitro degradation of 
crosslinked hydrogels with an OPF:NVP ratio > 0.3 after 21 days in PBS.(129) Furthermore, 
histology shows a still visible porous structure of OPF after 9 weeks of implantation, as opposed 
to a fully resorbed Infuse® absorbable collagen sponge (Medtronic, Minneapolis, MN).(124) 

2.5  In vitro BMP-2 release

The in vitro release of BMP-2 was analyzed as previously described (76). Briefly, composite 
implants placed in a 12-well transwell culture system were exposed to consecutive 7 
day W20-17 cell line cultures in Dulbecco’s Modified Eagle’s Medium/ Nutrient Mixture 
F-12 Ham 1:1 mixture (DMEM/F12, Sigma Aldrich, St. Louis, MO) supplemented with 
10% fetal bovine serum and 1% penicillin. The W20 clone 17-cell line is a mouse bone 
stromal line, known to respond to BMP-2 with an increase in AP activity.(176) The 
transwell was transferred into a new culture after 7 days and the medium was analyzed 
for radiolabeled 125I-BMP using a gamma counter. After 9 weeks, the scaffolds were 
collected to determine the remaining activity. The 125I activity was corrected for decay 
and normalized to the starting amount. To analyze the in vitro BMP-2 release, the 
counts/minute were correlated to the amount of released BMP-2. 
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2.6  Animals and surgical procedure 
Thirty 12-week old male Harlan Sprague Dawley rats were used for this study according 
to an approved protocol by the local Animal Care and Use Committee. 
Surgery was performed under sterile conditions and general anesthesia (45/10 mg/kg 
ketamine/xylazine). After shaving and disinfecting the surgical sites, 4 subcutaneous 
pockets were created in each limb and filled with 125I-BMP-2 labeled implants. Two 
subcutaneous pockets in the thoracolumbar region were used to implant the controls 
(implants without BMP-2 loading). A total of 6 implants were used per rat with a total 
of ~16 µg BMP-2 per rat. The implants were randomized for application site using a 
randomized block design per charge modification. Acetaminophen (160mg in 5ml added 
to one pint water bottle) was given as postoperative analgesia for the duration of one 
week. Fluorochrome markers calcein green (10mg/kg, intraperitoneal) and tetracycline 
(10mg/kg, intraperitoneal) were administered at 3 and 6 weeks post-operative, 
respectively. After 9 weeks, the rats were euthanized by CO2 asphyxiation to collect 
the implants for assessment of bone formation by micro computed tomography and 
subsequent histological analysis.

2.7  In vivo BMP-2 release

Four scintillation probes connected to digital scalers as described previously (126), were 
used for non-invasive determination of in vivo 125I-BMP-2 release kinetics. Directly after 
wound closure, the 125I-BMP-2 activity was measured to obtain the starting implanted 
dose. At each subsequent time point (biweekly the first week, weekly from week 1 
onwards), the rats were anesthetized using isoflurane (induction 4%, maintenance 
> 1.5%). to measure the local 125I-BMP-2 activity over two 1-minute periods with 2 
different detectors. To determine the BMP-2 release, the 125I-BMP-2 measurements were 
corrected for radioactive decay and background activity. The 125I-BMP-2 activity was 
normalized to the starting implanted dose to determine the retained 125I-BMP-2 dose 
and released amounts.

2.8  In vivo bone formation 

Micro computed tomography (µCT) was used to measure the bone total bone volume of 
all implants, including the negative controls without BMP-2. Ex–vivo scanning of the 
scaffolds was performed using a Scanco µCT 35 scanner (Scanco medical, Switzerland) 
at 10 µm resolution. Global thresholding at 57 was applied in ImageJ (version 2.0.0) to 
quantify the bone formation (BoneJ, plugin of ImageJ) within the implants.
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2.9  Histology
The samples were dehydrated in graded series of ethanol and embedded in 
methylmethacrylate for qualitative assessment by histology. Sections were stained 
with Gömöri trichrome staining for evaluation of the general tissue response and bone 
formation.(209) Gömöri trichrome stains bone green, osteoid red, fibrous tissue pink and 
fat cells white. Unstained sections were used for fluorescence imaging of calcein green 
and tetracyclin.

2.10  Statistical analysis

Statistical analysis was performed using SPSS 22.0 software (SPPS Inc., Chicago, IL). In 
vitro results (n = 3) and in vivo results (n = 10) are given as means ± standard deviations 
(SD). The 3-D µCT reconstructions were in shown for the median value of each group. Prior 
to the in vivo study, power analysis estimated that in order to demonstrate a relevant 
difference of at least 20% at an alpha of 0.05 and an SD of 1.4, the groups should be n = 
8 per condition at a power of 80%. All datasets were tested for outliers using residuals, 
for normality of the residuals using the Shapiro-Wilk test and for homogeneity of 
variances using the Levenes test. Non-parametric data were analyzed with Kruskal-Wallis 
and Benjamini-Hochberg post hoc tests. Parametric data were analyzed with univariate 
analysis of variances (ANOVA) followed by Benjamini Hochberg post-hoc (homogeneous 
variances) or Games-Howell post-hoc (unequal variances). Differences were considered 
significant for p < 0.05. Based on in vitro bioactivity assays, > 25ng BMP-2/ml was 
considered a biologically relevant difference for in vitro BMP-2 release. Differences in 
vivo release BMP-2 were considered clinically relevant at > 100ng BMP-2. (73, 185)

3.  Results

3.1  BMP-2 labeling and incorporation 
Labeling of the BMP-2 with 125I resulted in an activity per mass of 6.1 µCi/µg. The 
microspheres were loaded with either 2.9 µg BMP-2/mg PLGA or 1.3 µg BMP-2/mg 
PLGA. A schematic demonstration of the fabrication of the PLGA microspheres is shown 
in Figure 2a. The composite scaffold characteristics are summarized in Table 1. The 
different loading methods resulted in comparable BMP-2 loading per scaffold. However, 
OPF modifications aiming at electrical charge resulted in significant (p < 0.01) differences 
in BMP-2 loading within these OPF groups due to differences in loss of BMP-2 during the 
fabrication process. In order to correct for this, the release kinetics were normalized to 
the starting amount of BMP-2 loading for each individual composite in vitro and in vivo. 
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SEM of the PLGA microspheres, performed after freeze-drying, showed a smooth surface 
similar for unloaded and BMP-2 loaded microspheres (Figure 2b, c). The diameter of the 
microspheres varied between 5 and 85 µm. Figure 2d shows SEM images of the hydrogels 
before salt leaching, with microspheres and salt particles embedded in the hydrogel 
matrix. Salt leaching resulted in randomly distributed microporous hydrogels with the 
microspheres embedded in the hydrogel matrix (Figure 2e). Typical hydrogels before 
and after salt leaching are shown in Figure 2f and 2g, respectively. 

 

Composite name
BMP-2 Loading Initial activity / 

implant (µCi)
BMP-2 / implant 

(µg)Hydrogel Microspheres

-OPF-Msp 0% adsorbed 100% loaded 3.66 ± 0.79 4.71 ± 1.02

-OPF-Cmb 50% adsorbed 50% loaded 3.48 ± 0.15 4.58 ± 0.2

-OPF-Ads 100% adsorbed 0% loaded 3.75 ± 0.2 4.88 ± 0.25

n-OPF-Msp 
(negative charge) 0% adsorbed 100% loaded 2.98 ± 0.45 3.83 ± 0.58

n-OPF-Cmb
(negative charge) 50% adsorbed 50% loaded 2.71 ± 0.17 3.57 ± 0.22

n-OPF-Ads
(negative charge) 100% adsorbed 0% loaded 3.04 ± 0.08 3.96 ± 0.11

p-OPF-Msp
(positive charge) 0% adsorbed 100% loaded 2.37 ± 0.32 3.05 ± 0.41

p-OPF-Cmb
(positive charge) 50% adsorbed 50% loaded 2.29 ± 0.14 3.01 ± 0.18

p-OPF-Ads
(positive charge) 100% adsorbed 0% loaded 2.48 ± 0.12 3.23 ± 0.16

Table 1. Composite implant characteristics. Msp: 100% BMP-2 loaded in PLGA microspheres; 
Cmb: 50% BMP-2 loaded in PLGA microspheres, 50% BMP-2 adsorbed on the hydrogel; Ads: 100% 
BMP-2 loaded on the hydrogel; -OPF: unmodified OPF; n-OPF: negatively charge OPF; p-OPF: 
positively charged OPF. 
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3.2  In vitro release kinetics
3.2.1  Effect of charge modification

For the % BMP-2 release per time-point, the OPF charge modifications affected the 
vitro BMP-2 release overall significantly. Whereas neutral -OPF composites released 
significantly (p < 0.01) more BMP-2 compared to negatively charged n-OPF and positively 
charged p-OPF, p-OPF released significantly (p < 0.01) less compared to n-OPF within 3 
days. Subsequently, n-OPF released more (p < 0.01) BMP-2 compared to -OPF and p-OPF 
from week 2 to week 6, while p-OPF released less (p < 0.01) BMP-2 compared to -OPF 
and n-OPF from week 3 to week 6. Corresponding overall cumulative release profiles are 
shown in Figure 3A. 

 Post-hoc analysis of charge modifications showed significant differences within 
OPF-Msp, OPF-Cmb and OPF-Ads groups. For OPF-Msp composites with a more sustained 
release profile, -OPF-Msp released significantly (p < 0.02, Week 0.5 (W0.5): 27.5 ± 2.0%, 
W1: 11.6 ± 1.0%) more BMP-2 compared to n-OPF-Msp (W0.5: 11.0 ± 1.1%, W1: 8.6 ± 

Figure 2. a) Water-in-oil-in-water (W1-O-W2, W/O/W) fabrication of microspheres. SEM images 
of b) PLGA microspheres and c) PLGA microspheres loaded with BMP-2. SEM images of OPF 
hydrogel d) before and e) after the salt leaching process. Photograph of f) dried OPF hydrogel 
before salt leaching and g) hydrated OPF hydrogel after salt leaching. PLGA: poly(lactic-co-
glycolic acid). Msp: Microspheres.
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1.3%) and p-OPF-Msp (W0.5: 16.5 ± 2.1%, W1: 8.3 ± 0.7%) composites during the first 
week. Whereas n-OPF-Msp released more (p < 0.011) BMP-2 compared to -OPF-Msp and 
p-OPF-Msp, p-OPF-Msp released less (p < 0.01) compared to -OPF-Msp at 3 and 4 weeks. 
Corresponding OPF-Msp cumulative release profiles are shown in Figure 3B. 

For OPF-Cmb composites with a combination of burst and sustained release profile, 
n-OPF-Cmb showed a lower (p < 0.03, 20.9 ± 1.9%) BMP-2 burst release compared 
to -OPF-Cmb (33.6 ± 5.2%) and p-OPF-Cmb (28.1 ± 2.3%) composites after 3 days. 
Whereas n-OPF-Cmb released more (p < 0.01) BMP-2 compared to -OPF-Cmb and p-OPF-
Cmb, p-OPF-Cmb released less (p < 0.01) compared to -OPF-Cmb at 3 and 4 weeks. 
Furthermore, n-OPF-Cmb released significantly (p < 0.006) more BMP-2 compared to 
p-OPF-Cmb at 2 and 5 weeks. For the remaining period, p-OPF-Cmb released less (p < 
0.006) BMP-2 during week 6 and 7 and more BMP-2 during week 8 and 9 compared to the 
other OPF-Cmb composites. The corresponding cumulative release profiles for OPF-Cmb 
composites are shown in Figure 3C. 

For OPF-Ads composites, with a larger burst release, n-OPF-Ads showed a 
significantly smaller BMP-2 burst release (p < 0.01, 32.4 ± 5.3%) compared to the 
other -OPF-Ads (49.2 ± 4.9%) and p-OPF-Ads (49.1 ± 3.7%) composites after 3 days. 
Subsequently, p-OPF-Ads released more (p < 0.01) BMP-2 compared to -OPF-Ads and 
n-OPF-Ads at 1 week. From week 2 onward n-OPF-Ads released significantly (p < 0.02) 
more BMP-2 compared to the other OPF-Ads composites. p-OPF-Ads released significantly 
(p < 0.04) less BMP-2 compared the other OPF-Ads composites at 4 and 5 weeks. The 
corresponding cumulative release profiles for OPF-Ads composites are shown in Figure 3D.  

3.2.2  Effect of loading method

Overall, the BMP-2 loading method significantly affected the in vitro growth factor 
release. OPF-Msp released significantly (p < 0.05) less BMP-2 compared to OPF-Cmb 
and OPF-Ads until week 3, while OPF-Ads released significantly (p < 0.01) more BMP-
2 compared to OPF-Cmb. For the remaining period, OPF-Msp and OPF-Cmb released 
significantly (p < 0.01) more BMP-2 compared to OPF-Ads. The corresponding overall 
cumulative release profiles are shown in Figure 3E. 

Post-hoc analysis of the loading effects showed significant differences within the 
-OPF, n-OPF and p-OPF groups. For the neutral -OPF composites, within the first 3 days 
BMP-2 burst release was significantly (p < 0.05) different between -OPF-Msp (27.5 ± 
2.0%), -OPF-Cmb (33.6 ± 5.2%) and -OPF-Ads (49.2 ± 4.9%). Whereas -OPF-Ads released 
significantly more BMP-2 compared to the other -OPF composites until week 2, -OPF-Msp 
and -OPF-Cmb release rates were significantly higher compared to -OPF-Ads from week 
5 onward. The corresponding –OPF cumulative release profiles are shown in Figure 3F. 
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For negatively charged n-OPF composites, n-OPF-Msp released the least (p < 
0.45; W0.5: 11.0 ± 1.1%, W1: 8.0 ± 1.3%, W2: 8.2 ± 1.1%) and n-OPF-Ads released 
the most (p < 0.01; W0.5: 32.4 ± 5.3%, W1: 17.3 ± 2.7%, W2: 15.0 ± 1.2%) BMP-2 
during the first 2 weeks. n-OPF-Msp and n-OPF-Cmb released significantly (p < 0.01) 
more BMP-2 compared to n-OPF-Ads at 6, 8 and 9 weeks. For the n-OPF composites, the 
corresponding cumulative release profiles are shown in Figure 3G. 

For the positively charged p-OPF composites, p-OPF-Msp released the least BMP-2  
(p < 0.01; W0.5: 16.5 ± 2.1%, W1: 8.3 ± 0.7%) and p-OPF-Ads the most (p < 0.01; W0.5: 
49.1 ± 3.7%, W1: 24.5 ± 0.7%) during the first week. BMP-2 release from p-OPF-Msp 
and p-OPF-Cmb increased significantly (p < 0.01) compared to p-OPF-Ads from week 5 to 
week 9. The corresponding cumulative release profiles are shown in Figure 3H. 
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Figure 3. The effect of charge modifications (A-D) and BMP-2 loading method (E-H) in OPF 
hydrogels on 125I-BMP-2 release kinetics, shown in % cumulative BMP-2 release. Graphs represent 
the overall effect (A, E) and effect within groups (B-D, F-H). 
One letter indicates a significant difference at p < 0.05, two letters indicate a significant 
difference p < 0.01. Significant different BMP-2 release is indicated between a: all formulations, 
b: p-OPF vs. -OPF and n-OPF, c: n-OPF vs. -OPF and p-OPF, d: -OPF vs. n-OPF and p-OPF, e: n-OPF 
vs. p-OPF, f: -OPF vs. p-OPF, h: OPF-Ads vs. OPF-Cmb and OPF-Msp, i: OPF-Ads vs. OPF-Msp, j: 
OPF-Cmb vs. OPF-Ads. Msp: 100% BMP-2 loaded in PLGA microspheres; Cmb: 50% BMP-2 loaded 
in PLGA microspheres, 50% BMP-2 adsorbed on the hydrogel; Ads: 100% BMP-2 loaded on the 
hydrogel; -OPF: unmodified OPF; n-OPF: negatively charge OPF; p-OPF: positively charged OPF.
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3.3  Animals
Five rats died one day after surgery, probably due to oversensitivity to xylazine, since 
no health problems were observed in the remainder of the rats after the xylazine was 
lowered. Eight implants were removed by the rats from the subcutaneous pocket during 
the follow up and were lost. This resulted in group sizes of: p-OPF-Msp n = 10; p-OPF-
Cmb and p-OPF-Ads n = 9; -OPF-Msp and -OPF-Cmb n = 8; -OPF-Ads, n-OPF-Cmb and 
n-OPF-Ads n = 6; and n-OPF-Msp n = 5. No BMP-2 unloaded controls were removed during 
follow-up. 

3.4  In vivo BMP-2 release
3.4.1 Effect of charge modification

Overall, charge modifications affected the in vivo BMP-2 release significantly. p-OPF 
showed a significantly (p < 0.01) smaller burst release compared to OPF-Umn and n-OPF 
within 3 days. Subsequently, p-OPF released more (p < 0.02) compared to the other 
composites at week 4 and 5. The corresponding cumulative overall release profiles are 
shown in Figure 4A. 

Post-hoc analysis of the charge modifications showed significant differences in 
OPF-Msp, OPF-Cmb and OPF-Ads groups. For OPF-Msp with a more sustained release 
profile of BMP-2, p-OPF-Msp released significantly (p < 0.01, 33.6 ± 7.4%) less BMP-
2 compared to -OPF-Msp (52.1 ± 6.1%) and n-OPF-Msp (46.4 ± 6.9%) within 3 days, 
while releasing more (p < 0.009) at 4 and 5 weeks. Furthermore, n-OPF-Msp released 
more (p < 0.03) BMP-2 compared to p-OPF-Msp at week 2. For OPF-Msp composites, the 
corresponding cumulative release profiles are shown in Figure 4B. 

In OPF-Cmb composites with a combination of burst and sustained release profile, 
p-OPF-Cmb released the least (p < 0.01, 42.5 ± 4.7%) BMP-2 and -OPF-Cmb the most (p 
< 0.01, 65.2 ± 2.6%) BMP-2 within 3 days. n-OPF-Cmb released significantly (p < 0.04) 
more BMP-2 compared to both OPF-Cmb composites at week 2 and compared to -OPF-
Cmb at week 3. Subsequently, p-OPF-Cmb released more (p < 0.01) BMP-2 compared to 
the other OPF-Cmb composites at week 4 and 5. The corresponding cumulative release 
profiles for OPF-Cmb composites are shown Figure 4C. 

For OPF-Ads composites with a burst release profile, p-OPF-Ads showed a 
significantly (p < 0.01, 78.9 ± 5.5%) smaller burst release compared to n-OPF-Ads 
(81.4 ± 3.6%) within 3 days. Subsequently, p-OPF-Ads released more (p < 0.03) BMP-
2 compared to the other OPF-Ads composites at week 1. The corresponding OPF-Ads 
cumulative release profiles are shown in Figure 4D. 
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3.4.2 Effect of loading method
Overall, the BMP-2 loading method influenced the in vivo growth factor release 
significantly in a similar trend as in vitro. Whereas OPF-Msp released less (p < 0.01) 
BMP-2 compared to OPF-Cmb and OPF-Ads, OPF-Ads released more (p < 0.01) BMP-2 
compared to OPF-Cmb within 3 days. From week 2 to week 5 OPF-Msp and OPF-Cmb 
released significantly (p < 0.01) more BMP-2 compared to OPF-Ads. OPF-Ads released 
significantly (p < 0.01) less BMP-2 compared to OPF-Msp and OPF-Cmb from week 2 to 
week 4. The corresponding overall cumulative release profiles are shown in Figure 4E. 
Post-hoc analysis of loading methods showed significant differences in OPF-Msp, OPF-
Cmb and OPF-Ads groups. In neutral -OPF, -OPF-Msp released the least (p < 0.03,  
52.1 ± 6.1%) BMP-2 and -OPF-Ads released the most (p < 0.01, 81.4 ± 3.6%) BMP-2 at 3 
days, 2, and 3 weeks. -OPF-Msp and -OPF-Cmb released more (p < 0.03) BMP-2 compared 
to -OPF-Ads at 4 and 5 weeks. For the –OPF composites, the corresponding cumulative 
release profiles are shown in Figure 4F. 

For negatively charged n-OPF, significant different burst releases were seen with 
n-OPF-Msp releasing the least (p < 0.01, 46.4 ± 6.9%) and n-OPF-Ads releasing the most 
(p < 0.01, 86.7 ± 5.2%) BMP-2 within 3 days. n-OPF-Msp and n-OPF-Cmb released more 
(p < 0.04) BMP-2 compared to n-OPF-Ads from week 1 to week 5. The corresponding 
cumulative release profiles for n-OPF composites are shown in Figure 4G. 

For positively charged p-OPF, significantly different burst releases were seen with 
p-OPF-Msp releasing the least (p < 0.01, 33.6 ± 7.4%) and p-OPF-Ads releasing the most 
(p < 0.01, 78.9 ± 5.5%) within 3 days. p-OPF-Msp and p-OPF-Cmb released significantly 
more (p < 0.03) BMP-2 compared to p-OPF-Ads from week 2 to week 5 and at week 7. 
The corresponding p-OPF cumulative release profiles are shown in Figure 4H. 
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Figure 4. The effect of charge modifications (A-D) and BMP-2 loading method (E-H) in OPF 
hydrogels on 125I-BMP-2 release kinetics in vivo, shown in % cumulative BMP-2 release. Graphs 
represent the overall effect (A, E) and effect within groups (B-D, F-H). 
One letter indicates a significant difference at p < 0.05, two letters indicate a significant 
difference p < 0.01. Significant different BMP-2 release is indicated between a: all formulations, 
b: p-OPF vs. -OPF and n-OPF, c: n-OPF vs. -OPF and p-OPF, d: -OPF vs. n-OPF and p-OPF, e: n-OPF 
vs. p-OPF, f: -OPF vs. p-OPF, h: OPF-Ads vs. OPF-Cmb and OPF-Msp, i: OPF-Ads vs. OPF-Msp, j: 
OPF-Cmb vs. OPF-Ads. Msp: 100% BMP-2 loaded in PLGA microspheres; Cmb: 50% BMP-2 loaded 
in PLGA microspheres, 50% BMP-2 adsorbed on the hydrogel; Ads: 100% BMP-2 loaded on the 
hydrogel; -OPF: unmodified OPF; n-OPF: negatively charge OPF; p-OPF: positively charged OPF.
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3.5  μCT analysis
In all unloaded implants (not containing BMP-2) no bone formation was observed. 
Overall, negatively charged n-OPF (48.4 ± 47.2 mm3) showed significant (p < 0.001) 
greater bone formation compared to neutral -OPF (10.5 ± 20.8 mm3) and positively 
charged p-OPF (4.9 ± 15.8 mm3; Figure 5a). Also in individual groups with different 
BMP-2 loading methods and subsequent release profiles, negatively charged n-OPF 
contained significantly (p < 0.05) more bone volume compared to the neutral -OPF and 
positively charged p-OPF groups (OPF-Msp group: n-OPF 48.4 ± 47.1 mm3, -OPF 12.3 ± 
18.5 mm3, p-OPF 10.1 ± 25.6 mm3, OPF-Cmb group: n-OPF 56.3 ± 43.6 mm3, -OPF 15.9 
± 28.9 mm3, p-OPF 3.8 ± 6.6 mm3 and OPF-Ads group: n-OPF 40.5 ± 57.5 mm3, -OPF 0.8 
± 1.8 mm3, p-OPF 0.06 ± 0.09 mm3; Figure 5b). Normalizing bone formation by released 
BMP-2 (mm3/µg) showed similar results (Supplementary Figure 1).

Fully or partially loading BMP-2 in microspheres showed a significant (p < 0.04) 
increase in bone formation compared to fully adsorbing the BMP-2 on the composite 
(OPF-Msp 19.2 ± 32.1 mm3, OPF-Cmb 21.7 ± 34.4 mm3, OPF-Ads 11.8 ± 34.2 mm3; Figure 5c).

Within OPF charge modifications this trend was observed for positively charged 
p-OPF, with p-OPF-Msp and p-OPF-Cmb showing significantly (p < 0.008) more bone 
formation compared to p-OPF-Ads (Figure 5d). No significant effect of microsphere 
loading was seen within neutral -OPF and negatively charged n-OPF. 

The 3d reconstructions confirm this data, showing diffuse bone formation in the 
pores of negatively charged n-OPF (Figure 6D-F) and minimal bone formation in neutral 
-OPF (Figure 6A-C) and positively charge p-OPF (Figure 6G-I). 
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Figure 5. Amount of newly formed bone after 9 weeks of subcutaneous implantation, shown in 
total bone volume (mm3). Data represents the overall effect of OPF charge modifications (A) and 
the effect within BMP-2 loading methods (B), and the overall effect of BMP-2 loading method 
(C) and the effect within OPF charge modifications (D). One symbol indicates a significant 
difference at p < 0.05, two symbols indicate a significant difference p < 0.01. Significant 
different bone volume between implants is indicated as *: implant vs. all other implants within 
group, *[: selected implants vs. other selected implants
Msp: 100% BMP-2 loaded in PLGA microspheres; Cmb: 50% BMP-2 loaded in PLGA microspheres, 
50% BMP-2 adsorbed on the hydrogel; Ads: 100% BMP-2 loaded on the hydrogel; -OPF: 
unmodified OPF; n-OPF: negatively charge OPF; p-OPF: positively charged OPF.
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Figure 6. Representative 3-D µCT reconstructions of the BMP-2 containing implants after 9 
weeks of subcutaneous implantation. Msp: 100% BMP-2 loaded in PLGA microspheres; Cmb: 50% 
BMP-2 loaded in PLGA microspheres, 50% BMP-2 adsorbed on the hydrogel; Ads: 100% BMP-2 
loaded on the hydrogel; -OPF: unmodified OPF; n-OPF: negatively charge OPF; p-OPF: positively 
charged OPF. Scale bars represent 1000 µm. 
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3.6  Histology

In neutral -OPF, histological analysis showed minimal fibrous tissue ingrowth in the 
unloaded negative controls. (Figure 7A, E) No bone formation and a mild inflammatory 
response were observed in these composites. -OPF-Msp showed ingrowth mainly 
consisting of fibrous tissue, osteoid, and woven bone with a minimal inflammatory 
response (Figure 7B, F). More tissue ingrowth was seen in -OPF-Cmb showing a 
similar inflammatory response and tissue ingrowth as -OPF-Msp (Fig 7C, G). In -OPF-

Supplementary Figure 1. Amount of newly formed bone normalized over released BMP-2 after 
9 weeks of subcutaneous implantation, shown in total bone volume (mm3/µg). Data represents 
the overall effect of OPF charge modifications (A) and the effect within BMP-2 loading methods 
(B), and the overall effect of BMP-2 loading method (C) and the effect within OPF charge 
modifications (D). One symbol indicates a significant difference at p < 0.05, two symbols 
indicate a significant difference p < 0.01. Significant different bone volume between implants 
is indicated as *: implant vs. all other implants within group, *[: selected implants vs. other 
selected implants
Msp: 100% BMP-2 loaded in PLGA microspheres; Cmb: 50% BMP-2 loaded in PLGA microspheres, 
50% BMP-2 adsorbed on the hydrogel; Ads: 100% BMP-2 loaded on the hydrogel; -OPF: 
unmodified OPF; n-OPF: negatively charge OPF; p-OPF: positively charged OPF.
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Ads, minimal fibrous tissue in growth was seen with a minimal inflammatory response 
(Figure 7D, H). 

In negatively charged n-OPF, the unloaded controls showed no bone formation 
with mainly ingrowth of fibrous tissue and a moderate inflammatory response (Figure 
7I, M). n-OPF-Msp showed tissue ingrowth of woven bone, fat cells and fibrous tissue 
with a mild inflammatory response (Figure 7K, O). The bone was formed on the scaffold 
surface with fat cells centrally in the pores. Also, n-OPF-Cmb showed ingrowth of 
woven bone on the surface of the scaffold with fat cells, fibrous tissue and a minimal 
inflammatory response. In n-OPF-Ads tissue ingrowth was typed as a combination of 
osteoid, bone, fat cells and fibrous tissue accompanied with a minimal inflammatory 
response (Figure 7L, P). The bone was seen in good contact with the scaffold and fat 
cells centrally in the pores. 

In the positively charged p-OPF, the unloaded control showed no bone formation 
with minimal fibrous tissue ingrowth and a mild inflammatory response (Figure 7Q, 
U). All BMP-2 loaded p-OPF showed similar minimal tissue ingrowth consisting mainly 
of fibrous tissue and very minimal osteoid with calcifications (Figure 7R-T, V-X). The 
inflammatory response was typed as mild for these p-OPF composites. 

Fluorescence markers calcein green (green) and tetracyclin (orange) showed the 
aspect of woven (Figure 8D, E, G, H) and lamellar (Figure 8A, B, F) bone disposition 
starting at various locations both early (3 weeks, calcein) and late (6 weeks, tetracyclin) 
in the pores of -OPF-Msp, -OPF-Cmb, all n-OPF, p-OPF-Msp and p-OPF-Cmb hydrogels 
(Figure 8 A, B, D-H).
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Figure 7. Gömöri trichrome stained histological sections of neutral -OPF unloaded (A,E), -OPF-
Msp (B,F), -OPF-Cmb (C,G), -OPF-Ads (D,H); negatively charge n-OPF unloaded (I, M), n-OPF-Msp 
(J,N) n-OPF-Cmb (K,O), n-OPF-Ads (L,P); and positively charged p-OPF unloaded (Q,U), p-OPF-
Msp (R,V), p-OPF-Cmb (S,W), p-OPF-Ads (T,X) after 9 weeks of subcutaneous implantation. The 
OPF hydrogels (#) formed an interconnected porous network with fibrou¬¬s tissue (Fb), fat tissue 
(Fa), bone (B) and osteoid (O) ingrowth in the BMP-2 loaded composites. Whereas only small 
bony islands were seen in p-OPF, substantial tissue ingrowth was seen in n-OPF with bone and 
osteoid growing on the surface of the hydrogel with fat cells centrally in the pores. Much void 
(V) volume was seen in unloaded -OPF, -OPF-Ads and all p-OPF composites. Scale bars represent 
1000 µm (A, B, C, D, I, J, K, L, Q, R, S, T), 500 µm (E, G), 200 µm (F, H, M, N, O, P, U, V, W, X)
Msp: 100% BMP-2 loaded in PLGA microspheres; Cmb: 50% BMP-2 loaded in PLGA microspheres, 
50% BMP-2 adsorbed on the hydrogel; Ads: 100% BMP-2 loaded on the hydrogel; -OPF: 
unmodified OPF; n-OPF: negatively charge OPF; p-OPF: positively charged OPF.
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Figure 8. Fluorescence imaging of histological samples of BMP-2 containing OPF composites. 
Fluorescence markers calcein green (green) and tetracyclin (orange) showed the aspect of woven 
(D, E, G, H) and lamellar (A, B, F) bone disposition starting at various locations both early (3 
weeks, calcein) and late (6 weeks, tetracyclin) in the pores of –OPF-Msp, -OPF-Cmb, all n-OPF, 
p-OPF-Msp and p-OPF-Cmb hydrogels (A, B, D-H). Scale bars represent 100 µm (B, C, E, F, G, H), 
50 µm (A, D). 
Msp: 100% BMP-2 loaded in PLGA microspheres; Cmb: 50% BMP-2 loaded in PLGA microspheres, 
50% BMP-2 adsorbed on the hydrogel; Ads: 100% BMP-2 loaded on the hydrogel; -OPF: 
unmodified OPF; n-OPF: negatively charge OPF; p-OPF: positively charged OPF.
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4.  Discussion

Electrical charge modifications of OPF composite scaffold had a significant effect on 
BMP-2 release and bone formation. For microsphere encapsulated BMP-2, positively 
charged p-OPF decreased the burst release and released the BMP-2 in a more sustained 
release fashion in vivo. Regardless of the BMP-2 loading method, significantly more 
bone formation was seen in negatively charged n-OPF compared to neutral and positive 
charge. Other than electrical charge, the BMP-2 loading methods also affected BMP-2 
release and bone formation significantly. Whereas BMP-2 adsorption on the composite 
matrix mainly resulted in a large burst release with subsequent low dose sustained 
release, BMP-2 encapsulation in the microspheres decreased the burst release and 
resulted in a more sustained release over time. The more sustained BMP-2 release by 
microsphere encapsulation resulted in significant more bone formation compared to 
adsorption alone. All variables that influenced BMP-2 release and bone formation will 
be discussed in detail.  

The biomaterial electrical charge influenced BMP-2 induced bone formation. 
Regardless of the BMP-2 loading method, negatively charged OPF augmented bone 
formation better than neutral and positively charged OPF. In line with our results, 
previous studies showed superior mineralization and bonelike cellular attachment in 
vitro and improved bone formation in vivo on various negatively charged biomaterials 
and natural bone.(89, 107-116) More recently, multiple studies investigated the 
underlying mechanism using polarized HAp.(109, 111, 113, 115, 210) A suggested 
theory is that the negatively charged surface has high affinity with Ca2+ which will in 
turn enhance biomineralization. The biomineralized surface will attract several adhesion 
molecules that stimulate bonelike cellular attachment to the biomaterial. In line with 
this, several synthetic polymers showed improved biomineralization, cell adhesion and 
cell proliferation when functionalized with anionic functional groups.(106) Although 
this showed that electrical charge is an important mechanism driving osteoconduction, 
it should be taken into account that the biomaterial surface chemistry and physical 
properties also play a role in this process. The charge modifications of OPF required 
incorporation of an additional compound and consequently modified the chemical 
structure of the biomaterial. For biomaterial surface chemistry, it has been shown 
that apart from anionic functional groups, the cationic amine group has also been 
associated with improved biomineralization by strong affinity for phosphate.(106, 211) 
For biomaterial physical properties, studies investigating polarized HAp have shown that 
surface roughness could potentially override the effect of surface charge.(212) However, 
overall this study and previous research strongly indicate that functionalizing biomaterials 
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with a negative surface charge has great potential for bone tissue engineering.
Sustained BMP-2 release by microsphere encapsulation augments bone formation 

compared to sole adsorption of BMP-2 on the composite. Overall, a BMP-2 burst release 
ranging from 40-52% with subsequent sustained release, generated significant more bone 
in OPF composites compared to composites with >80% of BMP-2 released within 3 days. 
This highlights that timing of release is an important factor influencing BMP-2 induced 
bone formation. Although the beneficial effect of local BMP-2 retention by biomaterials 
on bone formation is evident (67-70), the optimal release rate remains unknown. So far, 
various BMP-2 release profiles have shown good bone formation in several biomaterials 
(68, 70, 72, 75, 76, 180, 187, 189), but few studies have explored the relationship 
between BMP-2 release and bone formation in biomaterials with similar chemistry and 
structure (69, 79). Previous studies of our group showed the profound effect of BMP-2 
release profiles on in vivo bone formation.(124, 213) Whereas subcutaneously bone 
formation was inversely correlated with BMP-2 burst release in phosphate modified 
OPF hydrogels, no difference was observed between BMP-2 burst release and sustained 
release in an orthotopic defect site. Although the effect of release on bone formation 
may differ between different biomaterials and application sites, the results of this study 
clearly show that tailoring release within the biomaterial is important to optimize bone 
formation. 

Charge influenced BMP-2 release and hence may have affected bone formation. 
For microsphere encapsulated BMP-2, positive charge decreased BMP-2 burst release 
and released the BMP-2 in a more sustained fashion compared to neutral and negative 
charge in OPF composites. As shown by the effect of different BMP-2 loading methods, 
a more sustained release can also enhance bone formation in these composites. 
However, negatively charged n-OPF generated more bone formation compared to neutral 
and positively charged OPF-MAE within all BMP-2 loading methods. Altogether these 
findings indicate that negative charge was the major determinant in BMP-2 induced 
bone formation. Apart from influencing bone formation in vivo, differentially charged 
biomaterial surfaces affect BMP-2 release kinetics in vitro and in vivo. 

Charge modifications affected the in vitro and in vivo BMP-2 release differently. 
Whereas negatively charged n-OPF resulted in a significantly lower burst release and 
higher subsequent sustained release compared to the other charge modifications in 
vitro, positively charged p-OPF resulted in a significantly lower burst release and 
higher subsequent sustained release compared to other charge modifications in vivo. 
These differences highlight that in vitro conditions do not mimic the complexity of the 
chemical, mechanical, electrical and biological in vivo environment. Specific proteins 
and cells could have influenced the scaffold BMP-2 binding in the in vivo environment.
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(133, 134) So far, studies investigating in vivo BMP-2 release kinetics are sparse and 
protein release from biomaterials is usually studied in an in vitro environment. Although 
in vitro studies provide useful information on scaffold protein interactions, these results 
and previous studies (68, 71, 75-80, 124) highlight that the need for careful data 
interpretation is warranted. 

Compared to the BMP-2 loading method, biomaterial surface charge had limited 
effect on in vivo BMP-2 release kinetics. Fully adsorbing BMP-2 on the hydrogel surface 
resulted in large burst release (>78%) after 3 days without relevant differences between 
the differently charged surfaces. Since the BMP-2 is adsorbed on the hydrogel, the 
protein binding is dependent on physiochemical interactions and ionic complexation, 
hence highly sensitive to environmental conditions.(186) No relevant differences in this 
study between the charged surfaces indicate that rapid desorption and ion exchange in 
the in vivo environment override the effect of differential protein ionic complexation. 
Previous studies show that adsorption on phosphorylated OPF, PPF, and collagen 
generated similar large burst releases (>70%) after 3 days.(124, 189, 214) Furthermore, 
when BMP-2 was adsorbed on acidic and basic gelatin, large burst releases (>90%) after 
3 days were observed without relevant differences between the charged biomaterials.
(71) On the contrary, studies on several ceramics showed that protein adsorption could 
also generate a more sustained in vivo release due to physiochemical interactions 
between BMP-2 and biomaterials.(73, 215) Microsphere encapsulation and subsequent 
embedding in the hydrogel matrix resulted in significant reduction of the burst release 
(<66%) and subsequent sustained release for all charge modifications. This is in line 
with previous studies investigating in vivo BMP-2 release from PLGA microspheres.(76, 
79, 124, 216) While neutral and negatively charged hydrogels generated similar BMP-2 
release kinetics, positively charged hydrogels showed significantly lower burst releases 
(<43%) for microsphere encapsulated BMP-2. By embedding the PLGA microspheres in 
different hydrogels, the BMP-2 was physically entrapped, creating an extra diffusion 
barrier. Since BMP-2 adsorption on the differentially charged OPF showed no relevant 
differences in BMP-2 release kinetics, degradation of the additional diffusion barrier may 
cause this difference. This was also seen in previous research, where BMP-2 encapsulated 
in PLGA microspheres with similar characteristics embedded in different biomaterials 
resulted in various BMP-2 release profiles.(75, 76, 80, 173, 174, 187) The difference 
in degradation rate between the differentially charged OPF remains to be investigated.  
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5.  Conclusion

In conclusion, negative charge enhanced bone formation compared to neutral and 
positive charge in OPF composites. The enhanced bone formation was seen for all three 
loading methods and subsequent BMP-2 release profiles. Although biomaterial surface 
charge had limited effect on BMP-2 release, bone formation was also improved by 
sustained release of BMP-2 from PLGA microspheres within the OPF hydrogel 
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Abstract

Off the shelf availability in large quantities, drug delivery functionality, and modifi able 
chemistry and mechanical properties makes synthetic polymers highly suitable 
candidates for bone grafting. However, most synthetic polymers lack the ability to 
support cell attachment, proliferation, migration and differentiation and ultimately 
tissue formation. Incorporating anionic peptides into the polymer that mimic acidic 
proteins, which contribute to biomineralization and cellular attachment, could enhance 
bone formation. Therefore, this study investigates the effect of a phosphate functional 
group on osteoconductivity and BMP-2 induced bone formation in an injectable and 
biodegradable oligo[(polyethylene glycol) fumarate] (OPF) hydrogel. Three types of 
OPF hydrogels were fabricated using 0%, 20% or 40% Bis(2-(methacryloyloxy)ethyl) 
phosphate (BP) creating unmodifi ed OPF-noBP and phosphate modifi ed OPF-BP20 and 
OPF-BP40, respectively. To account for the osteoinductive effect of various BMP-2 release 
profi les, two different release profi les (i.e. different ratios of burst and sustained release) 
were obtained by varying the BMP-2 loading method. To investigate the osteoconductive 
effect of phosphate modifi cation, unloaded OPF composites were assessed for bone 
formation in a bone defect model after 3, 6 and 9 weeks. To determine the effect of the 
hydrogel phosphate modifi cation on BMP-2 induced bone formation, BMP-2 loaded OPF 
composites with differential BMP-2 release were analyzed after 9 weeks of subcutaneous 
implantation in rats. The phosphate modifi ed OPF hydrogels (OPF-BP20, OPF-BP40) 
generated signifi cantly more bone in an orthotopic defect compared to the unmodifi ed 
hydrogel (OPF-noBP). Furthermore, the phosphate functionalized surface enhanced BMP-
2 induced ectopic bone formation regardless of the BMP-2 release profi le. In conclusion, 
this study clearly shows that phosphate functional groups improve the osteoconductive 
properties of OPF and enhanced BMP-2 induced bone formation. Therefore, functionalizing 
hydrogels with phosphate groups by crosslinking monomers into the hydrogel matrix 
could provide a valuable method for improving polymer characteristics and hold great 
promise for bone tissue engineering.

19020 Olthof proefschrift_04.indd   127 18-09-19   14:15



PHOSPHATE FUNCTIONAL GROUPS AUGMENT BONE FORMATION128

1.  Introduction

Synthetic polymers are extensively used in tissue engineering.(83) Off the shelf availability 
in large quantities, drug delivery functionality, and modifiable chemistry and mechanical 
properties make synthetic polymers suitable candidates for bone grafting. However, most 
polymers were originally developed for non-biological applications and therefore lack 
the ability to support cell attachment, proliferation, migration and differentiation and 
ultimately tissue formation.(84) To mimic the bone extracellular matrix, enable direct 
biomineralization and stimulate bone tissue formation, previous research has focused 
on incorporation of hydroxyapatite (HA) or other calcium phosphates in synthetic 
polymers. This major inorganic component of natural bone has been shown to enhance 
attachment of osteoblasts to synthetic orthopedic implants (osteoconductivity)(93) and 
may drive osteogenic differentiation of adult human stem cells (osteoinductivity)(94, 
95). In general, calcium phosphate minerals coating is time-consuming and results in 
slow growth of crystalline or amorphous biominerals, which lack adhesion and structural 
relationship with the polymer substrate.(96-98) Therefore, more recent studies have 
focused on developing a more structural bond between the biominerals and the polymer 
substrate, which will ensure a higher level of integration with the newly formed bone.
(99, 100)

 Hydrogels are excellent candidates for designing highly functional tissue 
engineering scaffolds mimicking the chemical structure of bone. Hydrogel characteristics 
such as the intrinsic elasticity and high water retention capacities resemble the major 
extracellular component of bone, i.e. collagen.(101) Furthermore, the 3-dimensional 
assembly of hydrogels makes the surface chemistry highly controllable by copolymerization 
with different monomers displaying multiple functional groups. Since the polymerization 
chemistry is water compatible, it is possible to incorporate anionic peptides that mimic 
acidic proteins which can enhance bone mineralization.(106) Therefore, this study 
investigates the effect of a phosphate functional group on osteoconductivity and BMP-2 
induced bone formation in an injectable and biodegradable polyethylene glycol (PEG)-
based hydrogel. Oligo(PEG) fumarate (OPF) physical and chemical properties can be 
modified by incorporation of small cationic or anionic monomers.(128) 

Incorporation of bis(2-(methacryloyloxy)ethyl) phosphate (BP) into OPF showed 
improved mineralization and osteoblast precursor cell attachment, proliferation and 
differentiation in vitro.(103) Furthermore, BMP-2 induced bone formation may be 
influenced by differential release profiles in several biomaterials.(69, 76, 79, 124) In 
a previous study, differential BMP-2 release was investigated by modifying the ratio of 
BMP-2 encapsulated in poly(lactic-co-glycolic acid) (PLGA) microspheres and adsorbed 
on the hydrogel.(124) To account for the effect of differential BMP-2 on bone formation, 
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two release profiles were investigated for every phosphate modification. Since the in 
vitro cellular function was enhanced in phosphate containing OPF hydrogels, this study 
investigates the effect of phosphate functional groups on osteoconduction and BMP-2 
induced bone formation in vivo.

2.  Materials and methods

2.1  Experimental design 
To investigate the effect of phosphate modification on osteoconduction and BMP-
2 induced bone formation, OPF hydrogels modified with 0%, 20% or 40% Bis(2-
(methacryloyloxy)ethyl) phosphate (BP)(OPF-noBP, OPF-BP20 and OPF-BP40, 
respectively) were used. The composites containing poly(lactic-co-glycolic acid) (PLGA) 
microspheres were used unloaded or BMP-2 loaded. Since BMP-2 release profiles could 
influence osteoinduction in the various composites, the effect of different release 
profiles on bone formation was analyzed. To obtain differential in vivo BMP-2 release 
profiles the protein was either adsorbed on the hydrogel surface and encapsulated 
in PLGA microspheres (Combined-Cmb, combined burst and sustained release profile) 
or adsorbed on the hydrogel surface (Adsorbed-Ads, mainly burst release profile)  
(Table 1).(124) To investigate the osteoconductive effect of phosphate modification, 
unloaded OPF composites were assessed for bone formation in a bone defect model after 
3, 6 and 9 weeks. For the orthotopic site, an additional group was added without implant 
to show that the femoral defect was critical-sized. (Table 1) To determine the effect of 
the hydrogel phosphate modification on BMP-2 induced bone formation, BMP-2 loaded 
composites with differential BMP-2 release and corresponding unloaded controls were 
analyzed after 9 weeks of subcutaneous implantation in rats.
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2.2  Microsphere fabrication 
PLGA with a lactic to glycolic ratio of 50:50 (Mw 52 kDa, Evonik, AL) was used to 
fabricate microspheres using water-in-oil-in-water (W1-O-W2) double-emulsion-solvent-
extraction technique according to a previously described method.(126) Briefly 50 µl of 
4 mg/ml BMP-2 solution or 100 µl of ddH2O was emulsified with 250 mg PLGA 50:50 
dissolved in 1.25 ml of dichloromethane using a vortex at 3050 rpm to create PLGA 
microspheres loaded with 0.68 µg BMP-2/mg PLGA (Cmb) and unloaded microspheres 
(Ads). The solution was re-emulsified in 2 ml of 2% (w/v) aqueous poly(vinyl alcohol) 
(PVA, 87-89% mole hydrolyzed, Mw= 13,000-23,000, Sigma Aldrich) to create the double 
emulsion and added to 100 ml of a 0.3% (w/v) PVA solution and 100 ml of a 2% (w/v) 
aqueous isopropanol solution. After 1 hour of slowly stirring, the PLGA microspheres were 
collected by centrifugation at 2500 rpm for 3 minutes, washed 3 times with distilled 
deionized water (ddH2O) and freeze dried to a free-flowing powder. 

2.3  Fabrication of composites 

OPF was fabricated using PEG with an initial molecular weight of 10 kDa according 
to previously describes method.(103) The OPF composites were fabricated using a salt 
leaching method (Figure 1a) To create the OPF-noBP paste, OPF (0.5 g/ml), N-vinyl 
pyrrolidinone (0.15 g/ml, Sigma Aldrich, St. Louis, MO, NVP), Irgacure 2959 (0.002 g/
ml, Ciba-Specialty Chemicals, Tarrytown, NY, I2959) were dissolved in ddH2O. The OPF-
BP20 and OPF-BP40 hydrogels reflect 20% w/w OPF and 40% w/w OPF, respectively. To 
create the OPF-BP20 and OPF-BP40 paste, 200 mg or 400 mg BP was dissolved in an 
aqueous solution (OPF (0.5 g/ml), NVP (0.35 g/ml), I2959 (0.002 g/ml) in ddH2O). The 

N BMP-2 Release BP (%w/w OPF) Implantation site

Empty 8 - - Orthotopic

OPF-noBP 8/8 Unloaded 0% Orthotopic/subcutaneous

OPF-BP20 8/8 Unloaded 20% Orthotopic/subcutaneous

OPF-BP40 8/8 Unloaded 40% Orthotopic/subcutaneous

OPF-noBP-Cmb 8 Burst and sustained 0% Subcutaneous

OPF-noBP-Ads 8 Burst 0% Subcutaneous

OPF-BP20-Cmb 8 Burst and sustained 20% Subcutaneous

OPF-BP20-Ads 8 Burst 20% Subcutaneous

OPF-BP40-Cmb 8 Burst and sustained 40% Subcutaneous

OPF-BP40-Ads 8 Burst 40% Subcutaneous

Table 1. Characteristics of study conditions. 
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OPF/NVP or OPF/NVP/BP pastes (22.5% w/w) were mixed with NaCl salt particles (75% 
w/w, sieved to a maximum size of 300 µm) and PLGA microspheres (2.5% w/w) to create 
the final paste for the composite. The resulting mixture was forced into a cylindrical 
mold with dimensions of 3.0 µm diameter and 5.0 µm length and exposed to a UV light 
(UV-Handleuchte lamp A., Hartenstein, Germany, wavelength: 365 nm, intensity: 1.2 
mW/cm2, total: 2880 J/cm2, distance: 3 cm) to crosslink for 40 minutes. The composites 
were immersed in sterile ddH2O to leach out the salt. After blot drying, additional BMP-
2 was loaded on the composite matrix by adsorption for the OPF-Cmb and the OPF-Ads 
scaffolds. By varying the BMP-2 loading method, two different implants were created 
consisting of 50% of the BMP-2 encapsulated in PLGA microspheres and 50% adsorbed 
on the composite (OPF-noBP-Cmb, OPF-BP20-Cmb, and OPF-BP40-Cmb: burst release 
combined with subsequent sustained release), and 100% adsorbed on the composite 
(OPF-noBP-Ads, OPF-BP20-Ads, and OPF-BP40-Ads: mainly burst release).(124) 

The loss of BMP-2 by the fabrication method was objectivized in a previous study.
(124) This calculation was used to estimate the BMP-2 loss and adjust the applied amount 
by adsorption. A similar BMP-2 dose and composite fabrication method was used for all 
OPF composites which resulted in approximately 2 µg BMP-2/implant.(124) The release 
profiles of the 2 different BMP-2 loading methods is shown in Supplementary Figure 1. 
Although this different incorporation process could influence BMP-2 bioactivity, the 
released BMP-2 remained to show in vitro bioactivity comparable to a freshly added 
BMP-2 dose added to the cell cultures.(124)

 

Supplementary Figure 1. In vivo BMP-2 release kinetics shown in % BMP-2 cummulative 
release. OPF-BP20-Cmb: OPF hydrogel modified with 20% Bis(2-(methacryloyloxy)ethyl) 
phosphate (BP). -Cmb: 50% of the BMP-2 encapsulated in PLGA microspheres and 50% adsorbed 
on the composite. -Ads: 100% of the BMP-2 adsorbed on the composite.(124)
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2.4  Animals and surgical procedure 
Thirty-two 16.0 ± 1.2-week old Harlan Sprague Dawley rats (Envigo, Horst, NL) were 
used in this study according to an approved protocol by the Dutch Central Committee 
for animal care and use (protocol: AVD115002015111). Before surgery, antibiotic 
prophylaxis (Terramycin/LA, 60 mg/kg, Pfi zer, NL) and analgesia (Temgesic, 0.05 mg/kg) 
was given subcutaneously. Surgery was performed under sterile conditions and general 

Figure 1. a) Scheme for the fabrication of the OPF composites. b) SEM images of the OPF 
composites before salt leaching with salt (red arrow) and microspheres (yellow arrow) 
depicted. OPF: oligo[(polyethylene glycol) fumarate],PLGA: poly(lactic-co-glycolic acid), Msp: 
microspheres, OPF-noBP: unmodifi ed OPF, OPF-BP20: 20% BP w/w OPF, OPF-BP40: 40% BP w/w 
OPF, SEM: scanning electron microscopy.
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inhalation anesthesia (isoflurane: induction 4%, maintenance approximately 1.5%). For 
the orthotopic site, the femur was exposed by a lateral approach and a polyether ether 
ketone (PEEK) plate (length: 2.3 cm, thickness: 3 mm, width: 3 mm and 6 holes) was 
fixed to the craniolateral site of the femur using three screws (length: 7 mm, diameter 
1 mm) at the proximal end and three screws (length: 7 mm, diameter 1 mm) at the 
distal end of the plate. The periosteum over approximately 8 mm of the screw-free mid-
diaphysis was removed before removal of a 6-mm long bone segment using a tailor-made 
saw guide and a wire saw (RatFix, AO Foundation).

Following closure of the femoral wound, subcutaneous pockets were created in 
the thoracolumbar region and filled with BMP-2 loaded implants and corresponding 
unloaded controls. Temgesic (0.05 mg/kg) was given subcutaneously as postoperative 
analgesia for 3 days two times daily. After 9 weeks, the rats were euthanized by CO2 
asphyxiation to collect the implants for assessment of bone formation by micro computed 
tomography and subsequent histological analysis.

2.5  Quantification of bone volume

Micro computed tomography (micro-CT) was used to determine the total bone volume 
within the scaffolds in the orthotopic and ectopic location. In vivo scanning under 
general anesthesia (isoflurane 1.5-4%) was performed at 3, 6, and 9 weeks using a 
Quantum FX (Perker Elmer, USA) scanner at 42 µm3 voxel size, 3 min scan time, 90 kV 
tube voltage and 180 µA tube current. Ex vivo scanning after 9 weeks was performed to 
analyze the subcutaneous implants. Global thresholding was applied in ImageJ (version 
2.0.0) to quantify the bone formation (BoneJ, plugin of ImageJ) within the implants. 
The results are given in bone volume (mm3) and % of bone volume normalized to the 
total known defect volume.

2.6  Histology

After micro-CT, tissues were fixed in formalin and were dehydrated in graded series of 
ethanol and embedded in methylmethacrylate. Qualitative assessment was performed in 
30 µm thick methylin blue/basic fuchsin stained sections for evaluation of general tissue 
response and bone formation. 

2.7  Statistical analysis

Statistical analysis was performed in SPSS 22.0 (SPPS Inc., Chicago, IL). In vivo results 
(n=8) are given as means ± standard deviations. Prior to the in vivo study, power analysis 
estimated that in order to demonstrate a relevant difference of at least 20% at an alpha 
of 0.05 and an SD of 1.4, the groups should be n=8 per condition at a power of 80%. 
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The change in bone volume over time is calculated in bone volume increase/week for 
every 3 weeks. All datasets were tested for outliers using Hoaglin’s outlier labeling 
rule(131), for normality of the residuals using the Shapiro-Wilk test and for homogeneity 
of variances using the Levenes test. Parametric data were analyzed using univariate 
analysis of variances (ANOVA) followed by Benjamini Hochberg post-hoc. Differences 
were considered significant for p<0.05. 

3  Results

3.1  Composites characterization

The microspheres and salt particles were distributed homogeneously thorough the 
composite (Figure 1b). Salt leaching resulted in a highly porous interconnected network 
with microspheres embedded in the polymer matrix (Figure 2). 

Figure 2. SEM images of the OPF composites with pores (green arrow) and PLGA microspheres 
(purple arrow) depicted. PLGA: poly(lactic-co-glycolic acid), Msp: microspheres, OPF-noBP: 
unmodified OPF, OPF-BP20: 20% BP w/w OPF, OPF-BP40: 40% BP w/w OPF, SEM: scanning 
electron microscopy.
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3.2  Animals
One rat died during surgery and another during in vivo micro-CT measurements due to 
overdose of the used anesthetics. Furthermore, in a third rat, bone defect could not be 
created due to overdrilling of the screw holes. These three rats had to be excluded from 
further analysis. 

3.3  Analysis of bone formation
3.3.1  Osteoconductivity

For the orthotopic application site, micro-CT showed non-bridging defects with bone 
ingrowth proximally and distally of the critical sized defects (Figure 3). Significantly 
(p<0.04) more bone volume was observed in the empty defect (13.5 ± 5.6 mm3 or 18 ± 
0.1%) compared to OPF-noBP (6.7 ± 3.6 mm3 or 9 ± 0.1%) after 3 weeks (Figure 4A). 
No differences were observed between OPF-BP20 (8.0 ± 2.7 mm3 or 11 ± 0.1%) and OPF-
BP40 (9.7 ± 6.7 mm3 or 13 ± 0.1 %) for this time period. After 6 weeks both the empty 
defect (19.9 ± 8.1 mm3 or 26 ± 0.1%) and OPF-BP20 (17.9  ± 6.6 mm3 or 24 ± 0.1%) 
contained more (p<0.02) bone compared to OPF-noBP (9.1 ± 5.6 mm3 or 12 ± 0.1%). 
Subsequently, after 9 weeks a higher (p<0.03) bone volume was observed in the empty 
defect, (24.0 ± 9.1 mm3 or 32 ± 12%) OPF-BP20 (25.9 ± 9.8 mm3 or 35 ± 13 %) and 
OPF-BP40 (25.5 ± 9.8 mm3 or 34 ± 13%) compared to OPF-noBP (12.7 ± 7.6 mm3 or 17 
± 10%). No significant differences were seen between the empty defect, OPF-BP20 and 
OPF-BP40.

In order to visualize differences in bone formation in time between groups,  
the difference in bone volume within each group between time points was calculated 
(Figure 4B). A higher (p=0.04) bone formation rate was seen in the empty defect 
compared to OPF-noBP after 3 weeks. After 6 weeks, OPF-BP20 showed a higher (p=0.01) 
bone formation rate compared to OPF-noBP. For the 9-week time point, a higher 
(p=0.02) bone formation rate was seen in OPF-BP40 compared to both empty defect and  
OPF-noBP. 
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Figure 3. 3-dimensional µCT reconstructions of the bone defects after 3, 6 and 9 weeks.  
Empty: unfilled defect, OPF-noBP: unmodified OPF, OPF-BP20: 20% BP w/w OPF, OPF-BP40:  
40% BP w/w OPF. µ-CT: micro-computed tomography.
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3.3.2  Osteoinductivity

Subcutaneously, no bone volume was seen in the scaffolds without BMP-2 (data not 
shown in graph). No significant differences in bone volume were observed between 
the different BMP-2 loading methods. Whereas the phosphate modified composites 
generated more (p<0.001) bone compared to unmodified composites, no differences 
were seen between OPF-BP20 and OPF-BP40 composites (Figure 5). 

 

Figure 4. Amount of newly formed bone in the orthotopic defect after 3, 6 and 9 weeks of 
implantation, (A) shown in volume mean±sd (mm3). The bone formation rate every 3 weeks (mm3 
/ week) (B). * indicates a significant difference at p <0.05. Empty: unfilled defect, OPF-noBP: 
unmodified OPF, OPF-BP20: 20% BP w/w OPF, OPF-BP40: 40% BP w/w OPF.
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Figure 5. 3-dimensional µCT reconstructions of the implants after 9 weeks (A). Amount of newly 
formed bone after 9 weeks of subcutaneous implantation (B), shown in mean volume ±sd (mm3). 
* indicates a significant difference at p <0.05. OPF-noBP: unmodified OPF, OPF-BP20: 20% (w/w) 
BP in OPF, OPF-BP40: 40% (w/w) BP in OPF. Cmb: combined BMP-2 release, Ads: mainly BMP-2 
burst release. All implants contain 2 µg BMP-2. 
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3.4  Histology 
3.4.1  Osteoconductivity

After 9 weeks of orthotopic implantation, no signs of persistent inflammatory response 
were observed across all groups (Figure 6). In the empty defect, an interposition of 
muscle tissue was observed at the center of the defect with bone ingrowth distal and 
proximal in the defect. Unmodified OPF-noBP showed little cellular infiltration with 
large total area of void volume (> 50% pore volume) and minimal bone ingrowth at the 
edges of the defect. In both phosphate modified OPF-BP20 and OPF-BP40 composites 
proper cellular and blood vessel infiltration (>75% pore volume) was observed with bone 
regeneration in direct contact with the hydrogel surface.
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Figure 6. Representative methylin blue/basic fuchsin stained histological sections of the 
implants after 9 weeks of orthotopic implantation. In the empty defect (A, B) there was 
interposition of muscle (Mu) and fat (Fa) tissue in the center of the empty femoral defect with 
limited ingrowth of bone (Bo) from the distal and proximal osteotomy sides. The unmodified 
OPF-noBP (#) (C, D) showed minimal cellular infiltration and much void volume (Vo) with 
minimal bone ingrowth at the edges of the defect. In both phosphate modified OPF-BP20 (E, 
F) and OPF-BP40 (G, H) good cellular and blood vessel infiltration (>75% pore volume) was 
observed with bone regeneration in direct contact with the hydrogel surface (#). Empty: unfilled 
defect, OPF-noBP: unmodified OPF, OPF-BP20: 20% BP w/w OPF, OPF-BP40: 40% BP w/w OPF.
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3.4.2  Osteoinductivity
After 9 weeks of subcutaneous implantation, unloaded OPF-noBP and OPF-noBP-Ads 
showed similar tissue formation as the orthotopic location, with minimal cellular 
infiltration and a large area of void volume (>50% pore volume) (Figure 7). Only in 
OPF-noBP-Cmb minimal woven bone was observed. Unloaded OPF-BP20 and OPF-BP40 
showed substantial cellular infiltration (>75% pore volume) without bone formation. 
Regardless of the BMP-2 release profile, the BMP-2 loaded OPF-BP20 and OPF-BP40 
composites showed substantial bone formation, with woven bone in direct contact with 
the hydrogel surface. 
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Figure 7. Representative methylin blue/basic fuchsin stained histological sections of the 
implants (#) after 9 weeks of subcutaneous implantation. Unloaded OPF-noBP composites (A, 
D) showed minimal cellular infiltration with much void (Vo) volume (>50%). Whereas OPF-noBP-
Ads (M, P) showed no bone formation, minimal bone was observed in OPF-noBP-Cmb (G, J). 
Unloaded BP modified composites (B, C, E, F) showed substantial cellular infiltration without 
bone tissue. BMP-2 loaded BP modified composites (H, I, K, L, N, O, Q, R) showed substantial 
bone formation (Bo) with woven bone in direct contact with the polymer surface. noBP: 
unmodified OPF, BP20: 20% BP w/w OPF, BP40: 40% BP w/w OPF. Unloaded: not loaded with 
BMP-2, Cmb: combined BMP-2 release, Ads: mainly BMP-2 burst release. 
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4. Discussion

This study clearly shows that the phosphate functionalized surface enhanced BMP-2 
induced ectopic bone formation. Even more so, phosphate functional groups enhance 
the osteoconductive characteristics of OPF in an orthotopic defect. 
 Incorporation of phosphate functional groups increased the osteoconductive 
properties of OPF. Since bonelike minerals have shown to be a prerequisite for 
osteoconduction(93), biomineralizion is thought to be the important underlying 
mechanism. Natural biomineralization of collagen fibrils can be mimicked by 
incorporation of functional anionic groups within the polymer network.(217) Anionic 
groups with strong affinity to calcium can both adsorb hydroxyapatite (HA) and trigger 
the physiologic process of nucleation. This provides a strong interaction between the 
organic matrix of the polymer substrate with the inorganic phase of natural bone. Several 
anionic functionalized groups, including carboxyl-, phosphate- , phosphonate-, hydroxyl- 
and sulfate-groups, showed strong adhesion to HA, and improved biomineralization and 
cellular adhesion to the synthetic polymer in vitro.(106) Various polymers functionalized 
with phosphate groups showed improved peptide specificity for bone-like minerals 
and improved biomineralization.(218-220) Although the in vitro results of phosphate 
modified synthetic hydrogels have been promising, no in vivo studies were available 
studying the effect of functionalized phosphate groups on bone formation. The improved 
in vivo osteoconductive properties of phosphate modified OPF in this study show that 
phosphate functionalized polymers hold great promise for bone regeneration.
 Similar bone formation was seen for the empty defect compared with the 
phosphate modified hydrogels in the absence of BMP-2. Whereas the bone formation 
in the empty defect started at a high rate and decreased rapidly over time, the bone 
growth in the phosphate functionalized hydrogels started at a low rate but was stable 
over time. The osteoconductive properties of the phosphate modified hydrogels allow 
slow ingrowth of bone into the polymer porous structure without interposition of the 
tissue environment into the defect, while interposition of muscle and fat tissue could 
have prohibited the empty defect from bridging. The unmodified OPF-noBP showed that 
non-osteoconductive materials in bone defects allow minimal bone ingrowth and have a 
negative influence on bone regeneration. 

 Phosphate functional groups enhanced BMP-2 induced ectopic bone formation. 
Previous studies showed that the surface of PEG based hydrogels is not well suited 
for cellular attachment and biomineralization.(102, 103) Also in this study, the 
unmodified hydrogel showed a limited amount of ectopically formed bone and inferior 
osteoconductive properties compared to empty defects and phosphate modified OPF. 
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In vitro, a phosphate functionalization of OPF showed significant improvement in cell 
attachment, proliferation and differentiation of osteoblast precursor cells. In vivo, no 
ectopic bone formation was seen in the negative controls without BMP-2, indicating 
phosphate modified polymers are not osteoinductive in an ectopic location. Whereas 
minimal bone formation was seen in BMP-2 loaded unmodified polymers, substantial 
bone formation was observed in BMP-2 loaded OPF-BP20 and OPF-BP40 composites. 
Within the phosphate modifications, a trend could be observed with a more sustained 
BMP-2 release increasing bone formation in noBP composites and a mainly burst release 
increasing bone formation in BP modified composites. However, the limited effect on 
bone formation indicates that the effect of BMP-2 release profiles is supplementary 
to the effect of phosphate modifications in these composites. Previous research also 
showed that calcium phosphate coatings in combination with BMP-2 showed improved 
bone formation in a synthetic polymer.(221) Since the BMP-2 release profiles were 
similar for the different composites the observed difference in BMP-2 induced bone 
formation could be explained by cell-composite or BMP-2-composite interactions. It is 
tempting to hypothesize that enhanced ectopic bone formation is attributed to improved 
cell adhesion and proliferation. Furthermore, the biomimetic surface of the phosphate 
modified hydrogels may have improved the adsorption of certain cytokines and growth 
factors, which could have had a synergistic effect with BMP-2 on bone formation.(222) 
As such, the improved BMP-2 osteoinductivity of phosphate modified hydrogels can help 
lower growth factor dose in future clinical applications.

Crosslinking a phosphate containing monomer into the OPF hydrogel matrix 
provides an efficient and effective method for functionalizing the hydrogel surface for 
bone grafting. Coating techniques are widely use to improve the biomimetic properties 
of synthetic polymers. Weak adhesion, lack of structural integrity and long processing 
time makes these techniques a method with minimum quality and efficiency.(96-98) 
Furthermore, these coated scaffolds are less suitable for off the shelf products which 
can be shaped into the desired size of a clinical bone defect. Therefore, studies 
focus on encapsulating calcium phosphate microparticles into the polymer matrix to 
mimic the bone inorganic phase.(223-225) However, this method does not mimic the 
hierarchically structured comprised HA nanocrystallites dispersed in an organic matrix 
of bone. Therefore, newer methods focus on chemically altering the polymer interface. 
Whereas some methods involve chemical post processing treatment, other methods 
incorporate monomers with functional groups in the polymer matrix.(106) While both 
methods improve the integration of calcium phosphate with the polymer surface and 
enhance biomineralization, preferably no time consuming post-processing is needed. 
Functionalizing polymers by incorporation of phosphate functional groups was shown to 
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be effective in several polymers.(218, 219) This implies that incorporation of phosphate 
functionalized groups into a polymer could be an efficient and effective method for 
functionalizing polymers for bone grafting. 

Incorporation of more phosphate functional groups than 20% w/w did not 
stimulate further osteoconduction and BMP-2 induced bone formation. In vitro, higher 
amounts of phosphate on the surface decreased the Ca/P ratio of the adsorbed minerals.
(103) This could indicate that Ca2+ binds less efficiently to a higher phosphate surface 
density and will not contribute to a higher biomineralized surface. Furthermore, 
increasing the phosphate content of OPF above 20% wt. did not have an additional 
effect on the in vitro proliferation of osteoblasts.(103) These results may indicate that 
above a certain threshold density a phosphate functionalized surface is not contributing 
to an improved bone formation. 

In conclusion, this study clearly shows that phosphate functional groups improve 
the osteoconductive properties of OPF. Furthermore, the phosphate functionalized 
surface enhanced bone formation in the context of BMP-2. Therefore, functionalizing 
hydrogels with phosphate groups by crosslinking monomers into the hydrogel matrix 
could provide a valuable method for improving polymer characteristics and hold great 
promise for bone tissue engineering.
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Abstract

The main challenge in BMP-2 based application lies in fi nding strategies that prolong its 
effective period, as it has a short biological half-life. Several BMP-2 release profi les have 
shown to enhance bone formation at various application sites. However, it remains to be 
determined which BMP-2 release profi le best augments bone formation and whether this 
effect is location-dependent. Therefore, the aim of this study was to investigate the effect 
of BMP-2 release from oligo[(polyethylene glycol) fumarate] bis(2-(methacryloyloxy)
ethyl) phosphate (OPF-BP) composites on the osteoinductive effi cacy at ectopic versus 
orthotopic application. By varying the BMP-2 loading method, three different OPF-BP 
composites were created with varied release profi les. The composites were compared 
to unloaded OPF-BP as negative control, and to the clinically used Infuse® absorbable 
collagen sponge (ACS) as positive control. Bone formation was assessed by micro-
computed tomography after 9 weeks of subcutaneous implantation and 3, 6, and 9 
weeks of orthotopic implantation in rats (n=48). Whereas a BMP-2 burst release of >49% 
generated signifi cantly more bone compared to sustained release (burst release <30%) 
at the subcutaneous implantation site, differential release did not affect bone formation 
at the orthotopic site. Furthermore, all BMP-2 containing OPF-BP composites showed 
signifi cantly more bone formation compared to ACS in the orthotopic implantation 
site. In conclusion, this study clearly shows that the osteoinductive effect of different 
BMP-2 release profi les is location dependent. Additionally, more bone formation in OPF-
BP compared to ACS at both application sites emphasizes the role of biomaterials as a 
scaffold to achieve proper bone tissue formation.
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1.  Introduction

Bone morphogenetic protein 2 (BMP-2), a well-known osteoinductive growth factor, has 
shown great potential in numerous animal models.(47) The main challenge in BMP-2 
based application lies in finding strategies that prolong its biological effective period, 
as it has a short biological half-life.(197) Therefore, biomaterials are used as delivery 
vehicles to improve the local retention and osteoinductive capacity of BMP-2 compared 
to locally injected carrier-free BMP-2.(67-70) Several biomaterials with differential 
growth factor release kinetics have shown to enhance BMP-2 induced bone formation 
at various application sites, including ectopic sites (subcutaneous, intramuscular), and 
orthotopic sites such as segmental defects (femur, fibula, humerus, radius, tibia), drill 
defects (calvaria, cleft, condyle, patella, vertebrae) and lumbar fusion models.(48) 
However, it remains to be determined which BMP-2 release profile best augments bone 
formation and whether this effect is location-dependent.
 Determining the biologic effect of the released BMP-2 is complicated by 
confounding factors influencing bone formation, including the biomaterial characteristics 
of the delivery vehicle.(76) While many previous studies investigated the effect of in vitro 
BMP-2 release on bone formation, the value of these results are limited since in vitro 
BMP-2 release cannot be extrapolated to in vivo release. (68, 71, 75-80) Other studies 
that investigated the effect of in vivo BMP-2 release on bone formation did not address 
the confounding effect of biomaterial characteristics on bone formation. (72, 73, 75) In 
studies where the need for BMP-2 release from biomaterials with similar characteristics 
was recognized, either no differential release pattern could be obtained (146) or the 
biological activity of the released BMP-2 was not investigated (79). Therefore, in a 
previous study, we developed a composite consisting of oligo[(polyethylene glycol) 
fumarate] bis(2-(methacryloyloxy)ethyl) phosphate hydrogel (OPF-BP) containing 
poly(lactic-co-glycolic acid) (PLGA) microspheres capable of releasing biologically active 
BMP-2 with several in vivo release profiles while maintaining similar scaffold chemistry 
and structure.(124) In vitro analysis of the phosphorylated OPF-BP hydrogel showed 
improved cellular attachment and mineralization compared to unmodified PEG based 
hydrogels.(102-105) Furthermore, the phosphate modified surface improved BMP-2 
induced bone formation and osteoconductivity in vivo.(130) The BMP-2 release from this 
composite can be altered by varying the BMP-2 adsorption/microsphere encapsulation 
ratio. Whereas a BMP-2 burst release of >49% in OPF-BP hydrogels showed appropriate 
bone formation, a more sustained release of BMP-2 (burst release <25%) generated only 
minimal calcifications in a subcutaneous rat model. (124) Although this subcutaneous 
model provides valuable information about BMP-2 retention profiles and ectopic 
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osteoinductivity, it remains unknown whether this ectopic osteoinductive capacity also 
applies in orthotopic locations. Furthermore, differences in cellular availability, matrix 
and growth factor composition at an orthotopic application site could influence the 
efficacy of the various BMP-2 release profiles.(81) Therefore, the aim of this study is to 
investigate the effect of BMP-2 release from OPF-BP composites on the osteoinductive 
efficacy at ectopic versus orthotopic application. 

2.  Materials and methods

2.1  Experimental design 

To investigate the location-dependent effect of differential BMP-2 release on 
bone formation, composites loaded with a total of 2 µg recombinant human BMP-2 
(Medtronic, Minneapolis, MN) with tailorable BMP-2 release were implanted ectopically 
(subcutaneously) and orthotopically (critical sized femoral defect) in rats. All composites 
consisted of an OPF-BP hydrogel (22.5% w/w) containing PLGA microspheres (2.5% w/w) 
with 75% w/w NaCl particles to create porosity. By varying the BMP-2 loading method, 
three different implants were created consisting of 100% of the BMP-2 encapsulated 
in PLGA microspheres (OPF-BP-MS: Microspheres, ± 30% burst release), 50% of the 
BMP-2 encapsulated in PLGA microspheres,  50% adsorbed on the composite (OPF-BP-
Cmb: Combined, ± 49% burst release), and 100% adsorbed on the composite (OPF-BP-
Ads: Adsorbed, ± 85% burst release).(124) (Table 1, Supplementary Figure 1) The 
composites were compared to unloaded OPF-BP (OPF-BP) as negative control, and to 
the clinically used Infuse® absorbable collagen sponge (ACS) containing 2 µg adsorbed 
recombinant human BMP-2 for both orthotopic and ectopic locations as positive control. 
For the orthotopic site, an additional group was added (defect only, without implant 
augmentation) to confirm that the femoral defect was critical-sized. Bone formation was 
assessed using micro-computed tomography (micro-CT) after 9 weeks of subcutaneous 
implantation and after 3, 6, and 9 weeks of orthotopic implantation. 
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2.2  Microsphere fabrication 

PLGA (50:50 lactic to glycolic acid ratio, Mw 52 kDa, Evonik, AL) microspheres were 
fabricated using a water-in-oil-in-water (W1-O-W2) double emulsion solvent extraction 
technique according to a previously described method. (126) Briefly 100 µl of 4 mg/ml 
BMP-2 solution, 50 µl of 4 mg/ml BMP-2 solution or 100 µl of distilled deionized water 
(ddH2O) was emulsified with 250 mg PLGA 50:50 dissolved in 1.25 ml of dichloromethane 
using a vortex at 3050 rpm to create PLGA microspheres loaded with 1.36 µg BMP-2/mg 
PLGA (OPF-BP-MS), 0.68 µg BMP-2/mg PLGA (OPF-BP-Cmb) and unloaded microspheres 
(OPF-BP-Ads), respectively. The solution was re-emulsified in 2 ml of 2% (w/v) aqueous 
poly(vinyl alcohol) (PVA, 87-89% mole hydrolyzed, Mw= 13,000-23,000, Sigma Aldrich) 
to create the double emulsion and added to 100 ml of a 0.3% (w/v) PVA solution and 
100 ml of a 2% (w/v) aqueous isopropanol solution. After 1 hour of slowly stirring, 
the resulting PLGA microspheres were collected by centrifugation at 2500 rpm for  

Porosity (w/w) PLGA Msp (w/w) BMP-2 loading BMP-2 release

OPF-BP-MS 75% 2.5% 100% Msp ± 30% burst release

OPF-BP-Cmb 75% 2.5% 50% Msp, 50% Ads ± 49% burst release

OPF-BP-Ads 75% 2.5% 100% Ads ± 85% burst release

Table 1. Composite characteristics. OPF-BP-MS: microsphere (more sustained BMP-2 release), 
OPF-BP-Cmb: Combined (combined BMP-2 release), OPF-BP-Ads: Adsorbed (mainly burst release).

 145 

 
 Porosity (w/w) PLGA Msp 

(w/w) 
BMP-2 loading BMP-2 release 

OPF-BP-Msp 75% 2.5% 100% Msp ±30% burst release 
OPF-BP-Cmb 75% 2.5% 50% Msp, 50% 

Ads 
±49% burst release 

OPF-BP-Ads 75% 2.5% 100% Ads ±85% burst release 

Table	1.	Composite	characteristics.	OPF-BP-MS:	microsphere	(more	sustained	BMP-2	release),	OPF-BP-Cmb:	

Combined	(combined	BMP-2	release),	OPF-BP-Ads:	Adsorbed	(mainly	burst	release)	
	

	

	
Supplementary	Figure	1.	In	vivo	BMP-2	release	kinetics	shown	in	%	BMP-2	retention.	OPF-BP-MS:	microsphere	

(more	sustained	BMP-2	release),	OPF-BP-Cmb:	Combined	(combined	BMP-2	release),	OPF-BP-Ads:	Adsorbed	

(mainly	burst	release),	ACS:	Absorbable	Collagen	Sponge	containing	2	µg	BMP	(mainly	burst	release)	as	

positive	control.(124)	

	

2.2	Microsphere	fabrication		

PLGA	(50:50	lactic	to	glycolic	acid	ratio,	Mw	52	kDa,	Evonik,	AL)	microspheres	were	

fabricated	using	a	water-in-oil-in-water	(W1-O-W2)	double	emulsion	solvent	extraction	

technique	according	to	a	previously	described	method.	(126)	Briefly	100	µl	of	4	mg/ml	BMP-

2	solution,	50	µl	of	4	mg/ml	BMP-2	solution	or	100	µl	of	distilled	deionized	water	(ddH2O)	

was	emulsified	with	250	mg	PLGA	50:50	dissolved	in	1.25	ml	of	dichloromethane	using	a	
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Supplementary Figure 1. In vivo BMP-2 release kinetics shown in % BMP-2 retention. OPF-
BP-Msp: microsphere (more sustained BMP-2 release), OPF-BP-Cmb: Combined (combined 
BMP-2 release), OPF-BP-Ads: Adsorbed (mainly burst release), ACS: Absorbable Collagen Sponge 
containing 2 µg BMP (mainly burst release) as positive control.(124)
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3 minutes, washed 3 times with ddH2O and freeze dried to a free-flowing powder. The 
characteristics of the PLGA microspheres have been reported in a previous study.(124)

2.3  Fabrication of composites 

OPF was synthesized using polyethylene glycol (PEG) with an initial molecular weight of 
10 kDa according to a previously described method.(103) Bis(2-(methacryloyloxy)ethyl) 
phosphate (BP, Aldrich, Milwaukee, WI) was crosslinked into the OPF hydrogel. The OPF-
BP hydrogel and the composites were fabricated according to a previously described 
method.(124) To create the OPF-BP hydrogel, OPF (41% w/w), N-vinyl pyrrolidinone 
(NVP, 29% w/w, Sigma Aldrich, St. Louis, MO), BP (8.2% w/w) and Irgacure 2959 (0.2% 
w/w, Ciba-Specialty Chemicals, Tarrytown, NY) were dissolved in deionized water (21.6% 
w/w). To create the composites, the OPF/NVP/BP paste (22.5% w/w) was mixed with NaCl 
salt particles (75% w/w, sieved to a maximum size of 300 µm) and PLGA microspheres 
(2.5% w/w). The resulting mixture was forced into a cylindrical mold with dimensions of 
3.0 mm diameter and 5.0 mm length and exposed to a UV light (UV-Handleuchte lamp 
A., Hartenstein, Germany, wavelength: 365 nm, intensity: 1.2 mW/cm2, distance: 3 cm) 
to crosslink for 40 minutes. The composites were collected (59.7 ± 0.5 mg dry weight, 
0.03 µg BMP-2/ composite) and immersed in sterile water to leach out the salt. After 
blot drying, additional BMP-2 was loaded on the composite matrix by adsorption for the 
OPF-BP-Cmb and the OPF-BP-Ads scaffolds. 

By varying the BMP-2 loading method, three different implants were created 
consisting of 100% of the BMP-2 encapsulated in PLGA microspheres (OPF-BP-MS, ± 
30% burst release), 50% of the BMP-2 encapsulated in PLGA microspheres and 50% 
adsorbed on the composite (OPF-BP-Cmb, ± 49% burst release), and 100% adsorbed 
on the composite (OPF-BP-Ads, ± 85% burst release).(124) The loss of BMP-2 by the 
fabrication method was objectivized in a previous study.(124) This calculation was used 
to estimate the BMP-2 loss and adjust the applied amount by adsorption. A similar BMP-
2 dose and composite fabrication method was used for all OPF-BP composites which 
resulted in approximately 2 µg BMP-2/implant.(124) 

The release profiles of the 3 different BMP-2 loading methods are shown in 
Supplementary Figure 1. Although this different incorporation process could influence 
BMP-2 bioactivity, the released BMP-2 remained to show in vitro bioactivity comparable 
to a freshly added BMP-2 dose added to the cell cultures.(124) The Infuse® ACS was cut 
into cylindrical (4mm in diameter and 6mm in length) rods using a tissue puncher and 
adsorbed with 2 µg BMP-2/implant. The characteristics of OPF-BP have been investigated 
in detail in a previous study.(103, 124) 
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2.4 Animals and surgical procedure 
Forty-eight 16.0 ± 1.2-week-old male Sprague Dawley rats (Envigo, Horst, NL) were 
used in this study according to an approved protocol by the Dutch Central Committee 
for Animal Care and Use (protocol: AVD115002015111). Before surgery, antibiotic 
prophylaxis (Terramycin/LA, 60 mg/kg, Pfizer, NL) and analgesia (Temgesic, 0.05 mg/kg) 
was given subcutaneously. Surgery was performed under sterile conditions and general 
inhalation anesthesia (isoflurane: induction 4%, maintenance approximately 1.5%). For 
the orthotopic site, the femur was exposed by a lateral approach and a polyether ether 
ketone (PEEK) plate (length: 2.3 cm, thickness: 3 mm, width: 3 mm and 6 holes) was 
fixed to the craniolateral site of the femur using three screws (length: 7 mm, diameter 
1 mm) at the proximal end and three screws (length: 7 mm, diameter 1 mm) at the 
distal end of the plate. The periosteum over approximately 8 mm of the screw-free mid-
diaphysis was removed before removal of a 6-mm long bone segment using a tailor-made 
saw guide and a wire saw (RatFix, AO Foundation). 

Following closure of the femoral wound, the ectopic site was prepared. 
Subcutaneous pockets were created in the thoracolumbar region and filled with implants 
corresponding to the orthotopic defect. In the group of rats with the empty orthotopic 
defect, an unloaded OPF-BP scaffold was implanted subcutaneously. Temgesic (0.05mg/
kg) was given subcutaneously as postoperative analgesia two times daily for 3 days. 

2.5  Quantification of bone volume 

Micro-CT was used to determine the total bone volume within the scaffolds in the 
orthotopic and ectopic location. In vivo scanning under general anesthesia (isoflurane 
1.5-4%) was performed at 3, 6, and 9 weeks using a quantum FX (Perker Elmer, USA) 
scanner at 42 µm3 voxel size, 3 min scan time, 90 kV voltage and 180 µA current. Ex 
vivo scanning after 9 weeks was performed to analyze the subcutaneous implants. Global 
thresholding was applied in ImageJ (version 2.0.0-rc-43/1.51f) to quantify the bone 
formation (BoneJ, plugin of ImageJ) within the implants. The osteoinductive efficacy 
of the released BMP-2 was analyzed by normalizing the bone volume over the assumed 
% BMP-2 release based on the previously studied subcutaneous rat model after 3, 6, 
and 9 weeks.(124) The change in bone volume over time is calculated in bone volume 
increase/week for every 3 weeks.

2.6  Histology

After micro-CT, tissues were fixed in formalin and samples were dehydrated in graded 
series of ethanol and embedded in methylmethacrylate. Qualitative assessment was 
performed in 30 µm Methylene blue/basic fuchsine stained sections for evaluation of 
general tissue response and bone formation. 
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2.7  Statistical analysis
Statistical analysis was performed using SPSS 22.0 (SPPS Inc., Chicago, IL). Prior to 
the in vivo study, power analysis estimated that a sample size of n=8 was needed 
to demonstrate a relevant difference of at least 20% at an alpha of 0.05, standard 
deviation (SD) of 1.4 and a power of 80%. In vivo results (n=8) are represented as 
means ± standard deviations. All datasets were tested for outliers using Hoaglin’s outlier 
labeling rule(131), for normality of the residuals using the Shapiro-Wilk test and for 
homogeneity of variances using the Levene’s test. Parametric data were analyzed with 
univariate analysis of variances (ANOVA) and Benjamini Hochberg post-hoc. Differences 
were considered significant for p<0.05. 

3 Results

3.1  Animals

In one rat in the unloaded OPF-BP group, implant failure occurred during post mortem 
preparation for the micro-CT. Therefore, this sample was excluded from the 9-week 
analysis. The other rats showed no complications and remained healthy during the 
9-week follow up. 

3.2  Analysis of the bone volume

In the orthotopic application, an increasing amount of bone was seen in all defects 
macroscopically (Figure 1). The bone was formed as a compact shell at the cortical 
region and had a trabecular structure in the center. None of the empty defects and 
defects filled with an unloaded implant showed bridging of the defect on the micro-CT 
images. Furthermore, whereas OPF-Cmb and OPF-BP-Ads showed bridging of the defects 
mainly consisting out of a compact shell, OPF-BP-MS showed more trabecular structures 
bridging the defect. For ACS, no bridging of the defects was observed. 

Quantification of the bone volume using micro-CT showed a significantly (p<0.01) 
higher bone volume in all BMP-2 containing implants compared to the negative controls 
(empty defect and unloaded OPF-BP) after 3 weeks (Figure 2). For the negative controls, 
the bone volume in the empty defect (13.5 ± 5.6 mm3) was significantly (p<0.01) higher 
compared to the defects containing unloaded OPF-BP (8.0 ± 2.7 mm3) after 3 weeks. In 
the BMP-2 loaded implants, significantly (p<0.03) more bone was observed in OPF-BP-
Cmb (63.3 ± 24.6 mm3) compared to OPF-BP-MS (41.2 ± 14.6 mm3) in the first 3 weeks. 

After 6 weeks, all BMP-2 loaded implants showed a higher (p<1E-7) bone volume 
(OPF-MS: 99.1 ± 22.0 mm3, OPF-Cmb: 122.2 ± 14.2 mm3, OPF-Ads: 130.6 ± 23.4 mm3 and 
ACS: 65.8 ± 21.6 mm3) compared to the negative controls (empty defect: 19.9 ± 8.1 mm3 
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and unloaded OPF-BP: 17.9 ± 6.6 mm3) (Figure 2). All femoral defects containing BMP-2 
loaded OPF-BP composites showed a higher (p<0.001) bone volume compared to ACS. 
Furthermore, differences were observed within the BMP-2 loaded OPF-BP composites 
with OPF-BP-Ads and OPF-BP-Cmb generating a higher (p<0.04) bone volume compared 
to OPF-BP-MS. 

At 9-weeks follow up, the defects containing BMP-2 loaded OPF-BP composites 
contained a higher (p<1.4E-6) bone volume compared to the empty defects, unloaded 
OPF-BP controls and ACS. There were no differences between BMP-2 containing OPF-BP 
composites (OPF-MS: 122 ± 19.0 mm3, OPF-Cmb: 129.5 ± 8.6 mm3 and OPF-Ads: 140.1 ± 
11.7 mm3). ACS contained more (p<1E-6) bone volume (71.9 ± 24.0 mm3) compared to 
the negative controls (empty defect: 24.0 ± 9.1 mm3 and unloaded OPF-BP: 25.9 ± 9.8 
mm3). 3-D micro-CT reconstructions of the bone defects after 3, 6 and 9 weeks showed 
a similar pattern as the bone volume measurements (Figure 1). 

To analyze osteoinductive efficacy of the released BMP-2 from OPF-BP composites 
and ACS, the bone volume was normalized based on the % released BMP-2 after 3, 6, and 
9 weeks of implantation (Figure 3A). After 3 weeks OPF-BP-Cmb and OPF-BP-MS showed 
significantly (p<0.01) higher bone volume per released BMP-2 compared to OPF-BP-Ads 
and ACS. Subsequently, after 6 and 9 weeks of implantation all BMP-2 containing OPF-
BP composites showed significantly (p<4E-6) more bone as a function of the released 
BMP-2 compared to ACS. 

In order to estimate bone formation rates, the difference in bone volume within 
each group between time points was calculated (Figure 3B). After 3 weeks, all BMP-2 
containing implants showed a higher (p<0.01) bone formation rate compared to the 
controls. For the 6-week time point, the bone formation rate of the BMP-2 containing 
OPF-BP implants was higher (p<0.008) compared to ACS and the negative controls. After 
9 weeks of implantation, OPF-BP-MS showed a faster (p<0.03) bone formation compared 
to all other implants. 

After 9 weeks of subcutaneous implantation a different pattern was seen 
compared to orthotopic implantation on 3-D micro-CT reconstructions (Figure 4A) and 
bone volume measurements (Figure 4B). For the BMP-2 loaded implants, OPF-BP-Cmb 
(28.2 ± 17.0 mm3) and OPF-BP-Ads (35.6 ± 22.8 mm3) contained a higher (p<0.005) 
bone volume compared to OPF-BP-MS (6.3 ± 5.4 mm3) and ACS (6.0 ± 3.2 mm3). The 
unloaded OPF-BP composites contained no bone (not depicted in Figure 4). 
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Figure 1. 3-D µCT reconstructions of the bone defects after 3, 6 and 9 weeks. Empty: unfilled 
defect, OPF-BP: unloaded control, OPF-BP-MS: microsphere (more sustained BMP-2 release), 
OPF-BP-Cmb: Combined (combined BMP-2 release), OPF-BP-Ads: Adsorbed (mainly burst release), 
ACS: Absorbable Collagen Sponge containing 2 µg BMP (mainly burst release) as positive 
control. 

Figure 2. Newly formed bone in the orthotopic defect after 3, 6 and 9 weeks, shown in 
volume mean±SD (mm3). *p<0.05 and **p<0.01: significantly different from all other groups 
or between specified groups when accompanied by an asterisk bracket. Empty: unfilled defect, 
OPF-BP: unloaded control, OPF-BP-MS: microsphere (more sustained BMP-2 release), OPF-BP-
Cmb: Combined (combined BMP-2 release), OPF-BP-Ads: Adsorbed (mainly burst release), ACS: 
Absorbable Collagen Sponge containing 2 µg BMP (mainly burst release) as positive control. 
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Figure 3. Newly formed bone in the orthotopic defect normalized over % released BMP-2 after 
3, 6 and 9 weeks, shown in volume/% BMP-2 mean±SD (mm3/%) (A). Bone formation rate in the 
orthotopic defect every 3 weeks (mm3 / week) (B). *p<0.05 and **p<0.01: significantly different 
from all other groups or between specified groups when accompanied by an asterisk bracket. 
Empty: unfilled defect, OPF-BP: unloaded control, OPF-BP-MS: microsphere (more sustained BMP-
2 release), OPF-BP-Cmb: Combined (combined BMP-2 release), OPF-BP-Ads: Adsorbed (mainly 
burst release), ACS: Absorbable Collagen Sponge containing 2 µg BMP (mainly burst release) as 
positive control.
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3.3  Histology 

After 9 weeks of orthotopic implantation, there was interposition of muscle tissue in 
the center of the empty femoral defect with limited ingrowth of woven bone from the 
distal and proximal osteotomy sides (Figure 5). The unloaded OPF-BP composites were 
surrounded by a fibrous capsule and showed ingrowth of fibrous tissue (>75% pore 
volume) in the pores of the scaffold with bone formation at both osteotomy sides. In all 
BMP-2 loaded OPF-BP composites, a combination of endochondral, woven and lamellar 
bone formation (>75% pore volume) was observed with fat cells centrally in the pores. 
The exterior of the BMP-2 containing OPF-BP composites was surrounded by a bony 
cortex. Bone formation was located on the surface of the OPF-BP composite and in the 
center of the pores of the scaffold. The ACS was fully resorbed and the defect was mainly 
filled with woven and lamellar bone (>50%). 

Figure 4. 3-D µCT reconstructions of the BMP-2 containing implants after 9 weeks of 
subcutaneous implantation (A). Newly formed bone after 9 weeks of subcutaneous implantation, 
shown in volume mean±SD (mm3) (B). *p<0.05 and **p<0.01: significantly different from all 
other groups or between specified groups when accompanied by an asterisk bracket. OPF-BP: 
unloaded control, OPF-BP-MS: microsphere (more sustained BMP-2 release), OPF-BP-Cmb: 
Combined (combined BMP-2 release), OPF-BP-Ads: Adsorbed (mainly burst release), ACS: 
Absorbable Collagen Sponge containing 2 µg BMP (mainly burst release) as positive control.
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After 9 weeks of subcutaneous implantation, the unloaded OPF-BP composites 
were surrounded by a fibrous capsule with fibrous tissue ingrowth (>50% pore volume) 
and no bone formation (Figure 6). In both OPF-BP-Ads and OPF-BP-Cmb composites, 
woven bone and fat tissue were observed in the pores (>50% pore volume) with a bony 
and fibrous layer surrounding the implants. Woven and lamellar bone was seen lying on 
the surface of pores and centrally in the pores. A combination of woven bone, fat tissue 
and fibrous tissue was observed in the pores (>50% pores volume) of the OPF-BP-MS 
composites with a bony and fibrous layer surrounding the implant. The ACS was fully 
resorbed and showed small ossicles consisting of lamellar and woven bone and fat tissue. 
The bone in the center of these ossicles had a trabecular structure with fat tissue filling 
the void spaces in the trabeculae. 
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Figure 5. Representative Methylene blue/basic fuchsine stained histological sections of the 
implants after 9 weeks of orthotopic implantation. In the empty defect (A, B, C) there was 
interposition of muscle tissue (M) in the center of the empty femoral defect with limited 
ingrowth of bone (Bo) from the distal and proximal osteotomy sides. The unloaded OPF-BP 
composites (#) (D, E, F) showed ingrowth of fibrous tissue (Fi) in the pores with bone formation 
at both osteotomy sides. In all BMP-2 loaded OPF-BP composites (G-O) (#), a combination of 
endochondral (Ch), woven and lamellar bone formation was seen with fat cells (Fa) centrally in 
the pores. The ACS (P-R) was fully resorbed and the defect was mainly filled with chondrocytes 
and woven and lamellar bone. Green squares represent approximate locations of the high 
magnification images. Empty: unfilled defect, OPF-BP: unloaded control, OPF-BP-MS: microsphere 
(more sustained BMP-2 release), OPF-BP-Cmb: Combined (combined BMP-2 release), OPF-BP-Ads: 
Adsorbed (mainly burst release), ACS: Absorbable Collagen Sponge containing 2 µg BMP (mainly 
burst release) as positive control.
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Figure 6. Methylene blue/basic fuchsine stained histological sections of the implants after 9 
weeks of subcutaneous implantation. The pictures shown are representative for the groups. The 
unloaded OPF-BP (A, B, C) hydrogels (#) formed an interconnected porous network without 
any bone formation and mainly ingrowth of fibrous tissue (Fi). In BMP-2 containing OPF-BP 
composites ingrowth of fibrous tissue, fat tissue (Fa) and bone (Bo) was seen. Whereas only 
small bony islands surrounded by fibrous tissue were seen in OPF-BP-MS (D, E, F), good bone 
ingrowth was seen in OPF-BP-Cmb (G, H, I) and OPF-BP-Ads (J, K, L) with bone and osteoid 
growing on the surface of the hydrogel with fat cells centrally in the pores. The ACS (M, N, 
O) were fully resorbed and replaced by small ossicles with a thin cortex containing trabecular 
bone structure and fat cells centrally. Green squares represent approximate locations of the high 
magnification images. OPF-BP: unloaded control, OPF-BP-MS: microsphere (more sustained BMP-
2 release), OPF-BP-Cmb: Combined (combined BMP-2 release), OPF-BP-Ads: Adsorbed (mainly 
burst release), ACS: Absorbable Collagen Sponge containing 2 µg BMP (mainly burst release) as 
positive control. 
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4 Discussion

This study clearly showed that the osteoinductive effect of BMP-2 release profiles was 
location dependent. Whereas BMP-2 burst release generated significantly more bone 
compared to sustained release at a subcutaneous implantation site, bone formation 
was not different between scaffolds effectuating different BMP-2 release profiles in 
orthotopic implantation. Furthermore, all BMP-2 containing OPF-BP composites showed 
significantly more bone formation compared to ACS at the orthotopic implantation 
site, while subcutaneously this effect was only seen for composites with a BMP-2 burst 
release of > 49%. 

The application sites influenced the effect of BMP-2 release profiles on bone 
formation. In order to compare the effect of BMP-2 release profiles on bone formation in 
an orthotopic compared to an ectopic location, OPF-BP scaffolds with tailorable BMP-2 
release profiles were employed.(124) Whereas adsorption of the growth factor on the 
composites resulted in a large burst release of more than 85% within the first 3 days, 
loading of BMP-2 in microspheres generated a lower burst release of less than 30% 
with a more sustained release for the rest of the 9-week period.(124) In the ectopic 
location, a burst release of BMP-2 was associated with efficient bone formation: OPF-
BP composites effectuating primarily burst release generated significantly more bone 
compared to OPF-BP composites with a sustained release. However, no significant 
differences in bone formation between these composites were observed at an orthotopic 
implantation site. This is in line with the limited studies investigating BMP-2 release 
in various biomaterials such as calcium phosphate cement (ceramic), gelatin (natural 
polymer) and OPF (synthetic polymer) that suggest an initial burst release is favorable 
for BMP-2 induced bone formation at a subcutaneous application site.(76, 79, 124). 
However, the present study indicates that a more sustained release profile generates 
comparable bone volume to a BMP-2 burst release in an orthotopic implantation site. 
Whereas the bone formation rate for all BMP-2 loaded OPF-BP composites was similar 
until week 6, sustained BMP-2 release from OPF-BP-MS resulted in a significantly faster 
bone formation rate for the last 3 weeks. 

The question arises as to how the location site affects bone formation. Since a 
previous study showed limited differences between ectopic and orthotopic measured 
release profiles,(126) factors at the implantation sites are most likely responsible for 
the differences in BMP-2 responsiveness. Mechanisms such as osteoconduction and 
autologous osteoinduction could enhance the natural bone regeneration process at 
the orthotopic location compared to the subcutaneous environment. Furthermore, the 
availability of BMP-2 responsive cells and several locally produced growth factors and 
cytokines are different for the ectopic and orthotopic locations. The first few days after 
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implantation, the composites are surrounded by a hematoma at both locations.(226) 
However, the exposed bone marrow at the orthotopic location may generate a hematoma 
more enriched with pluripotent cells compared to the subcutaneous tissue layer. In line 
with this thought, multipotent cells in bone marrow are readily available after aspiration, 
while the multipotent cells after liposuction are still embedded in the fat tissue.(227-
229) Furthermore, whereas both adipose and bone marrow-derived cells are able to 
differentiate towards the osteogenic lineage, various in vitro studies have suggested 
inferior osteogenic capacity of adipose derived cells.(230, 231) Apart from possible 
local differences in BMP-2 responsive cells, several locally produced growth factors and 
cytokines may influence the regeneration process at the different sites. In an ectopic 
environment, the BMP-2 release has to modify the normal regeneration process towards 
wound healing, while in an orthotopic environment, BMP-2 can act synergistically with a 
cascade already in favor of bone healing. In line with this, simultaneous release of BMP-2 
with VEGF showed improved bone formation subcutaneous, while similar bone formation 
was observed in a orthotopic location.(117) Whereas the VEGF could have influenced 
the subcutaneous environment in favor for bone formation, a sufficient exogenous level 
of growth factors was available at the orthotopic environment, making the additional 
release of VEGF not clinical relevant.

While the effect of BMP-2 release kinetics on bone formation was location 
dependent, the effect of composite chemistry and structure was similar at both 
application sites. The biomaterial chemistry and structure of OPF-BP enhanced bone 
formation at both subcutaneous and orthotopic locations. Whereas ACS formed small 
ossicles subcutaneously and non-bridging defects orthotopically, OPF-BP-Ads with similar 
BMP-2 release kinetics generated significantly more bone formation in both implantation 
locations. Also, all OPF-BP composites showed more efficient use of the released BMP-2 
after 9 weeks of orthotopic implantation. This emphasizes the role of biomaterials as a 
scaffold for bone tissue formation, more efficient use of BMP-2 and eventual bridging 
of bone defects. The phosphate modified hydrogel functioned as a framework which 
prohibited interposition of surrounding structures and provided a structure for cells to 
attach and proliferate. This is in line with in vitro results showing that incorporation of 
phosphate into OPF or poly(ethylene glycol) improved mineralization, attachment, and 
proliferation of mesenchymal stem cells and osteoblasts.(102-105). 
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5  Conclusion 

In conclusion, this study clearly showed that the osteoinductive effect of different 
BMP-2 release profiles is location dependent. Whereas BMP-2 sustained release was 
insufficient to generate adequate bone formation in a subcutaneous environment, good 
bone formation was seen in an orthotopic environment. As opposed to BMP-2 release, 
composite chemistry and structure had a similar influence on bone formation at both 
subcutaneous and orthotopic application sites. More bone formation in OPF-BP compo-
sites compared to ACS at both application sites emphasizes the role of biomaterials as 
scaffold to achieve proper bone tissue formation. 
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CHAPTER 8

General Discussion     
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BMP-2 is a powerful osteoinductive agent used extensively in the clinics.(56, 232) 
Although excellent osteoinductive capacity with minimal side effects was observed in 
preclinical models, the high supraphysiological dose of BMP-2 employed in the clinics 
is associated with various serious side effects.(64) As most of these side effects were 
observed less frequently when a lower dose of BMP-2 was used, reduction of the BMP-2 
dose and improved local growth factor effi cacy are seen as the most important factors 
to avoid these side effects. (65, 66) Since the local BMP-2 retention is limited (T½ 
= 0,3 days for ectopically injected BMP-2(78)), biomaterials play an essential role 
in optimizing the site-specifi c pharmacokinetics of the delivered drug. Biomaterials 
used as scaffolds and/or controlled release systems should maintain the local BMP-2 
concentration within the therapeutic window for a suffi cient period of time to allow 
the migration of bone-forming cells to the area of injury and thereafter stimulate their 
proliferation and differentiation towards the osteoblastic lineage. So far, neither the 
therapeutic window nor the required timing and duration of BMP-2 release are known. 
 There is still debate concerning the ideal BMP-2 release profi le, i.e. burst versus 
sustained release of BMP-2, and associated optimal osteoinductive capacity. (reviewed 
by (81)) In the burst release scenario, BMP-2 is seen as an osteoinductive agent that 
initiates the cascade of bone regeneration. In the sustained release scenario, BMP-
2 functions as a differentiation factor acting synergistically with multiple cytokines 
and growth factors to drive bone formation. Although both theories are supported by 
literature, there are no head-to-head comparative studies of these release scenarios in 
similar scaffolds. 
 For a better understanding of the site-specifi c pharmacological action of 
the released BMP-2, the effect of differential growth factor release profi les needs to 
be studied within a therapeutic application. However, studying the in vivo effects of 
different release scenarios on the local tissue response in an experimental setting is 
complicated, as many confounders such as release adjustment methods, biomaterial 
characteristics and application side may infl uence bone regeneration. For example, to 
achieve differential growth factor release profi les, changes to the scaffold structure 
or composition are required and these (bio)material changes can also infl uence the 
cellular response to the scaffold and subsequent bone formation.(69, 71-74) To address 
this challenge, we developed a composite formulation with microspheres embedded 
in a scaffold for bone regeneration which has the ability to tailor the BMP-2 release 
with minimal changes to the main scaffold structure. Whereas modifi cations of the 
microsphere characteristics (Chapter 3) or BMP-2 loading method (Chapters 4-7) allow 
tailoring of the growth factor release, the scaffold matrix components defi ning the 
overall structural and biochemical properties remain the same. As a result, differences in 
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bone formation can be attributed more clearly to the growth factor pharmacokinetics at 
the site of implantation. In this thesis, these microsphere-biomaterial composites were 
employed as ideal scaffold candidates to further investigate the effect of release kinetics 
on bone formation.

Are in vivo BMP-2 release profiles predictable?

So far, most peer-reviewed work on BMP-carrier development only shows in vitro release 
profiles and is deficient in characterization of in vivo pharmacokinetics. Although these 
in vitro profiles provide valuable information on the growth factor binding capacity and 
retention/release mechanisms of the carrier-material, these data cannot be extrapolated 
to the in vivo situation as release profiles significantly change upon implantation. (68, 
71, 75-80) As such, modelling in vivo release from different complex release vehicles 
using in vitro models is highly valuable. To this end, we retrospectively explored the 
relations between the in vitro release in three buffers (Dulbecco’s Modified Eagle Medium 
for cell cultures, phosphate buffered saline and a dedicated BMP-2 dissolution buffer) 
and in vivo release in a subcutaneous rat model. Chapter 2 demonstrates that BMP-2 
release profiles in these three commonly used in vitro buffers cannot be extrapolated 
to in vivo release. The different in vitro buffers represented not only a gross under- 
or overestimation of in vivo release, but were inadequate in accurately discriminating 
between different in vivo release profiles.(233) 

Furthermore, predicting in vivo release in complex delivery vehicles by in vitro-in 
vivo modelling proved to be complexed by confounding factors like biomaterial chemistry 
and the BMP-2 loading method. As all models studied here lacked external predictability, 
more sophisticated models are needed to develop an accurate in vitro predictive model 
for in vivo release. For other drugs like Risperdal and Dexamethasone encapsulated in 
microspheres, a more advanced in vitro model using a flow through dissolution apparatus 
(USP 4) demonstrated improved discrimination between different release profiles, better 
prediction of the in vivo release profiles and importantly improved prediction of the in 
vivo burst release.(142, 145) This indicates that creating more in vivo-reflective in vitro 
models for BMP-2 release could improve the predictive value of in vitro release kinetics 
in order to better instruct BMP-2 driven therapeutic strategies. 
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Requirements for tunable in vivo BMP-2 release profiles 

Investigating BMP-2 release is complicated since adjustments of the growth factor release 
rate often require changes to the composite structure or composition, and hence may 
influence cellular behavior and subsequent bone formation. Therefore, a vehicle capable 
of differential BMP-2 release without adjusting its structure and chemistry is required 
to discern the effect of differential BMP-2 release on bone formation. In a first attempt, 
poly(propylene fumarate) (PPF)/poly(lactic-co-glycolic acid) (PLGA) microsphere 
composites with different BMP-2 loading methods but with similar biomaterial structure 
and chemistry were employed in Chapter 3. PLGA microspheres with different lactic to 
glycolic ratios, and hence corresponding different in vivo degradation rates, were loaded 
with BMP-2. However, embedding these microspheres in 75% porous PPF resulted in 
minimally different sustained release profiles. Within the context of slower degradation 
rates of PPF compared to PLGA and the much faster BMP-2 release from PLGA microspheres 
embedded in alginate and polyurethane, most probably the hydrophobic diffusion barrier 
of PPF dictated the BMP-2 release rather than the differential PLGA degradation rate.
(171-174) 

Therefore, an alternative approach was investigated in Chapter 4 and Chapter 5 
using oligo[(polyethylene glycol) fumarate] (OPF)/PLGA microspheres composites 
with tunable chemistry and BMP-2 loading method. The BMP-2 was loaded using 3 
methods, i.e. 100% of the BMP-2 encapsulated in PLGA microspheres, 50% of the 
BMP-2 encapsulated in PLGA microspheres and 50% adsorbed on the composite, and 
100% adsorbed on the composite. The differential loading with BMP-2 adsorbed in 
the composite matrix and/or encapsulated in the microspheres resulted in significant 
differential BMP-2 release profiles. Also, when the OPF chemistry was modified using 
sodium methacrylate, [2-(methacryloyloxy) ethyl] trimethylammonium chloride and 
bis[2-(methacryloyloxy) ethyl] to create negatively charged OPF, positively charged OPF 
and phosphate modified OPF, a similar effect of the differential loading method was 
observed on release. Overall, BMP-2 loaded in the microspheres resulted in significant 
reduction of the burst release and subsequent more sustained release profile. A similar 
effect was seen in previous studies investigating in vivo BMP-2 release from PLGA 
microspheres.(76, 79, 123, 124, 216) For BMP-2 adsorption most biomaterials such as 
PPF, collagen and gelatin exhibit similar high burst releases(124, 189, 214), however 
it should be noted that coating of the protein onto several ceramics generated a more 
sustained release due to physiochemical reactions.(73, 215) 

Although altering the loading site may not be suitable for every biomaterial, 
this thesis shows that it allows comparison of the differential BMP-2 release without 
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confounding factors caused by significant alterations to the composite chemistry and 
structure. This thesis demonstrates that the site-specific pharmacological actions of 
BMP-2 are highly dependent on three main parameters, i.e. BMP-2 pharmacokinetics, 
biomaterial chemistry and application site (Figure 1). A better understanding of the 
role of these parameters provides insights that can be used to further optimize BMP-2 
based therapeutic approaches for bone tissue engineering. 

The effect of BMP-2 pharmacokinetics on BMP-2 osteoinductive capacity

The pharmacokinetics of BMP-2 are strongly influenced by the carrier characteristics. To 
this end, various in vivo release profiles from numerous biomaterials showed adequate bone 
formation. Satisfactory bone formation was seen in biomaterials effectuating low BMP-2 
burst release (< 5%) with subsequent sustained release in PPF and calcium phosphate 
cement (76, 187); moderate BMP-2 burst release (20-65%) with subsequent sustained 
release in PLGA, brushite, segmented polyurethane/PLGA/beta tricalcium phosphate, 
gelatin/tricalcium phosphate, insoluble bone matrix and fibrous glass membrane (68, 
72, 75, 180); and high BMP-2 burst release (> 75%) in collagen and gelatin generated 
bone.(70, 189) However, few studies performed head-to head comparisons to investigate 
the effect of pharmacokinetic characteristics of BMP-2 release on bone formation in 
biomaterials with similar chemistry and structure.(79) PPF/PLGA composites (Chapter 3) 
with similar chemistry and structure showed that small differences in BMP-2 sustained 
release do not result in significantly different bone formation. To achieve larger differences 
in release profiles, a different BMP-2 loading method as described above was investigated 
in Chapter 4. To our knowledge this is the first study that demonstrates the effects of 
differential BMP-2 release on bone formation in composites with similar chemistry and 
structure. Biologic activity of the released BMP-2 even in the sustained release group was 
confirmed for the extended period of 9 weeks of in vitro release. The present study showed 
an improved bone formation for BMP-2 burst release compared to sustained release in 
phosphate modified OPF at the ectopic site. One other study also compared different in 
vivo BMP-2 loading methods in calcium phosphate cement maintaining similar chemistry 
among scaffolds. They demonstrated improved bone formation of BMP-2 released in a more 
burst release fashion compared to no bone formation in two sustained release scenarios.
(79) It should however be noted that the biological activity of the released BMP-2 in the 
different loading methods was not investigated. Therefore, it remained unclear to what 
extent the differential BMP-2 loading methods for the calcium phosphate cement affected 
the biological response in a bone environment.
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Studies analyzing the effect of charge modifications on differential BMP-2 release 
in Chapter 5, demonstrate that the effect of release on bone formation changed when 
biomaterial chemistry was altered. Whereas no significant changes in bone formation 
were seen for the different release profiles in negatively charged scaffolds, a sustained 
BMP-2 release enhanced bone formation more compared to a burst release in unmodified 
and positively charged scaffolds. Overall, the results of Chapters 5 and 6 showed that 
the optimal BMP-2 pharmacokinetics (burst vs sustained release scenario) to enhancing 
bone formation was not equal but depended on scaffold chemistry. 

Overall, the release data from this thesis (Chapter 2, 3, 4 and 5) give more 
insight in the complexity of biomaterial based BMP-2 induced bone formation. Different 
BMP-2 release profiles could have large influence on bone formation, ánd that this 
effect changes when biomaterial characteristics like chemistry are modified. As the 
combination of the BMP-2 release profile and biomaterial characteristics influences bone 
formation, it cannot be claimed that either burst release or sustained release improves 
BMP-2 osteoinductive capacity. Given that biomaterials characteristics influence BMP-
2 release kinetics and in vitro models are not (yet) able to accurately predict in vivo 
release, assessing in vivo BMP-2 release is needed to correlate the biologic activity of 
the released BMP-2 to bone formation.            

The osteoinductive effect of biomaterial chemistry on (BMP-2 driven) 
bone tissue engineering 

Biomaterials in bone tissue engineering serve as delivery vehicles and importantly also 
as scaffolds to safeguard the biomechanic demands of the application site supporting 
cellular attachment, proliferation and differentiation. Herein, the scaffold can act 
synergistically with the BMP-2. As previously described, BMP-2 release kinetics modify 
bone formation significantly. Consequently, release profiles should be similar to be 
able to directly compare the effect of biomaterial characteristics on bone formation. 
In Chapter 4 Absorbable Collagen Sponge (ACS), the current gold standard in clinical 
care, is compared with a novel phosphate modified OPF hydrogel. Although in vivo BMP-
2 release profiles were similar, the material properties differed significantly between 
the two scaffolds resulting in a 12-times greater amount of bone in OPF-BP compared 
to the ACS. Whereas OPF-BP increases in size 1.5 times the dry volume upon hydration 
resulting in an interconnected porous structure, the ACS shrinks and loses its geometric 
conformation with significant smaller pores and approximately one-third of the soak 
volume compared to dry volume.(195)  Since OPF-BP has a 3 times higher compressive 
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modulus compared to ACS, its superior mechanical characteristics help to maintain 
scaffold geometrical structure when exposed to the subcutaneous in vivo environment.
(103, 196) Although the mechanical properties are not the sole reason explaining the 
difference in bone formation, maintaining the scaffold geometry may be an important 
aspect in order to further augment the BMP-2 osteoinductive capacity in future clinical 
applications. 

Apart from biomaterial structure, Chapters 5 and 6 also show that the material 
chemistry significantly influences BMP-2 induced bone formation. Previous in vitro studies 
demonstrated that incorporation of phosphate into the OPF matrix improved mineralization 
and attachment and proliferation of mesenchymal stem cells and osteoblasts.(102-105) To 
this end, Chapter 6 substantiates these in vitro observations by studying osteoconduction 
and BMP-2 induced bone formation in OPF-BP versus unmodified OPF hydrogels. Indeed, 
phosphate modified OPF showed a more than 2-fold increase in bone formation compared 
to unmodified OPF in a orthotopic defect model even in the absence of BMP-2. Also 
in the BMP-2 loaded scaffolds with similar BMP-2 release profiles, significantly more 
subcutaneous bone was formed in the phosphate modified scaffolds (OPF-BP) compared 
to the unmodified controls. Overall, it can be concluded that phosphate modification 
enhanced the osteoconductive capacity of the OPF hydrogels and BMP-2 osteoinduction. 
Alternatively, other functional groups have also been proposed to augment osteoinduction 
(89, 107-116). Chapter 5 compares the effect of chemical modification of OPF hydrogels 
with charged monomers on BMP-2 induced bone formation. While no significant differences 
were observed between positively charged and unmodified hydrogels, negatively charged 
scaffolds generated significantly more bone formation with similar BMP-2 release profiles. 
The improved bone formation of the negatively charged hydrogels is in line with previous 
studies showing superior mineralization and bone-like cellular attachment in vitro and 
improved bone formation in vivo on various negatively charged biomaterials and natural 
bone.(89, 107-116) 

In conclusion, biomaterial chemistry has been shown to be an important factor 
in further optimally exploiting the osteoinductive and conductive properties of both 
scaffold and loaded BMP-2. By comparing BMP-2 induced bone formation between 
composites with similar BMP-2 release profile this thesis was able to directly correlate 
biomaterial characteristics like composite chemistry and charge with bone formation. 
Noteworthy, phosphate modified OPF or negatively charged OPF scaffolds loaded with 
BMP-2 generate a similar in vivo BMP-2 burst release profile, but the former outnumbers 
negatively charged OPF scaffolds by inducing an approximate 4-fold increase in bone 
formation. This highlights the great potential of polymer phosphate functionalization in 
enhancing BMP-2 based bone tissue engineering. 
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The role of the application site on BMP-2 driven bone tissue engineering

The osteoinductive capacity of BMP-2 is typically studied at various application sites, e.g. 
ectopic (subcutaneous, intramuscular) and orthotopic sites such as segmental defects, 
drill defects and lumbar fusion models dependent on the intended clinical application.
(48) Theoretically, the availability of local growth factors, cytokines and cells at the 
application site differs and could affect the osteoinductive efficiency of different BMP-
2 release profiles. Therefore, location-dependent effects of composites with similar 
chemistry and structure at different application sites with differential BMP-2 release 
profiles were studied in an orthotopic (femoral defect) and ectopic (subcutaneous) site 
in Chapter 7. A scaffold with a BMP-2 sustained release generated significantly less 
subcutaneous bone compared to a scaffold with primarily a BMP-2 burst release. In 
contrast, BMP-2 sustained release showed adequate bone formation at the orthotopic 
location, without significant difference compared to a predominant burst release profile. 
These results indicate that the external environment of the application site influences 
the osteoinductive effect of the released BMP-2.

Conclusion

In this thesis, we employed sequential in vitro and in vivo preclinical models in 
order to gain a better understanding of how the interplay of BMP-2 release profile 
and the structure and chemistry of the scaffold affects bone tissue engineering. A 
critical analysis of the most commonly used in vitro release models showed they were 
insufficient for predicting in vivo release of complex delivery vehicles, stressing the 
complexity of modeling. Consequently, measurement of in vivo growth factor retention 
profiles remains essential for predicting local BMP-2 concentrations during the process 
of optimizing site specific pharmacokinetics. To obtain a better understanding of the 
entanglement of differential release profiles and scaffold structure/chemistry in bone 
tissue engineering, tailoring of isolated scaffold parameters was required. By using 
polymer/microsphere composites loaded with differential ratios of BMP-2 adsorbed and/
or encapsulated inside the microspheres, it was possible to create significantly different 
in vivo release profiles while maintaining scaffold structure and chemistry similar. By 
using these composites, we could show that different in vivo BMP-2 release profiles greatly 
influence bone formation. Subsequently, similar release profiles were matched to isolate the 
effect of biomaterial chemistry and charge on BMP-2 induced bone formation. Burst release 
from phosphate modified OPF showed most efficient subcutaneous bone formation with  
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a 12-fold increase compared to the clinically used absorbable collagen sponge and a 4-fold 
increase compared to the other most efficient scaffold with modified charge (negatively 
charged OPF). 

Overall, these results highlight the potential of improving BMP-2 osteoinductive 
efficacy by modifying growth factor release and biomaterial characteristics in a structured 
way. Surprisingly, we could not clearly answer the question whether a BMP-2 burst or 
sustained release is most efficient in generating bone formation since the effect of 
release type was dependent on the biomaterial chemistry and application site. Whereas 
a burst release in the phosphate modified OPF scaffold correlated with the most effective 
bone regeneration subcutaneously, bone formation was comparable for both burst and 
sustained release in this scaffold at the orthotopic location. Based on this thesis, we 
have to conclude that “one size fits all” will not apply for the optimal release profile in 
BMP-2 based bone tissue engineering (Figure 1). Most likely, scaffold characteristics and 
release profiles need to be tailored to meet the requirements of the clinical application. 
 

Figure 1. Schematic design representing the interactions between BMP-2 pharmacokinetics, 
biomaterial chemistry and application site in BMP-2 induced bone formation. 

BMP-2 Osteoinduction

19020 Olthof proefschrift_04.indd   176 18-09-19   14:16



177CHAPTER 8

Future perspectives 

In vitro- in vivo correlation 
Modeling in vitro to in vivo correlation of growth factor release from complex delivery 
vehicles is still in its infancy. The first great challenge is to develop a bio-relevant in 
vitro dissolution model, capable of reflecting the complex in vivo environment. Lessons 
can be learned from other biomedical applications in mimicking the in vivo environment.
(234, 235) In the cancer field, a novel drug release assay that uses multilamellar vesicles 
to simulate the physiological presence of a lipid membrane showed better correlation 
between in vitro and in vivo release data compared to the commonly used dialysis 
membrane method for liposomal drugs.(235) In another study a first step was made 
towards creating a two-stage in vitro model, reflecting both the systemic circulation and 
the uptake at the target site.(234) This progress indicates that more in vivo reflective in 
vitro systems will improve prediction of the in vivo release. Therefore, the field of bone 
tissue engineering should focus on developing new technologies to enhance the in vitro 
models to better predict in vivo release. A solution may be provided by deep learning 
algorithms generated by big data that predict release based on biomaterial composition, 
drug characteristics, loading method and application site.(236) 

The optimal biomaterial 

The ideal biomaterial in bone tissue engineering is biocompatible, bioresorbable, 
osteoconductive, osteoinductive, structurally similar to bone, porous, mechanically 
resistant easy to use, safe and cost-effective.(2) Direct comparison of the different 
biomaterial designs is complexed by the heterogeneous data and multiple differences 
in chemistry associated with biomaterial modifications. In this thesis, good in vitro 
performance with respect to cellular attachment proliferation and differentiation 
of phosphate and charge modification could be correlated to a satisfactory in vivo 
performance with respect to bone formation. This indicates that the in vitro cell to 
material interaction is a good predictor for in vivo performance. Therefore, the use 
of in vitro 3D high throughput arrays of over 1000 different biomaterials analyzing 
proliferation and differentiation of MSCs and preosteoblasts could provide a valuable 
technology for selecting the biomaterials with optimal cell to biomaterial interface.
(237-239) Apart from cell to material interactions, also biomaterial characteristics such 
as surface properties and mechanical properties can be analyzed with high throughput 
technology.(237, 240) Further development of these microarrays will facilitate the 
discovery of the optimal biomaterials for various applications in bone tissue engineering. 
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Early cellular response in bone tissue engineering 

As the combination of burst release of ±80% of BMP-2 within the first 3 days with 
phosphate modified OPF was correlated with the most efficient BMP-2 osteoinductivity, 
the early regeneration phase might be important for effective bone formation. Considering 
the early physiological inflammatory reaction in fracture healing, inflammatory cells 
could be an important regulator of growth factor induced bone formation.(82) Pro-
inflammatory cytokines such as TNFα, IL-6 and IL-1 show a peak temporal expression 
profile together with BMP-2 after 24 hours.(82) Furthermore, BMPs have shown (in)
direct chemotactic effects on lymphocytes and monocytes and a dose responsive 
effect on inflammatory response in vivo.(65, 241, 242) These effects are associated 
with significant early adverse effects of BMPs in the clinics.(65, 181) Nonetheless, the 
early inflammatory response is also considered essential for adequate bone formation. 
Numerous studies showed that suppressing the immune response with nonsteroidal anti-
inflammatory drugs during the early stage of bone formation leads to decreased bone 
healing.(243-245) To date, most regenerative medicine studies on BMPs only focus on 
the late stage effects, namely bone volume. However, to obtain a better understanding 
of the cellular and tissue response, it is important to study the early effects after growth 
factor exposure. By investigating the early cellular and corresponding growth factor and 
cytokine response in BMP-2 induced bone tissue engineering, we may be able to guide 
the early inflammatory response more in the direction of bone formation. 
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As the second most frequent transplanted tissue after blood transfusion, successful 
bone grafting is essential in reconstructive orthopedic surgery.(1) Although autografts 
are considered the golden standard, they have several disadvantages including limited 
availability and donor side morbidity.(2-4) Allografts are readily available but show 
inferior healing compared to autografts and impose the risk of disease transmission.
(6-10) These limitations drive the search for new technologies that enable of-the-shelf 
osteoinductive bone graft substitutes. 

To this end, growth factor-based therapies have been shown to facilitate bone 
tissue engineering. Bone morphogenetic protein-2 (BMP-2) is an osteoinductive 
growth factor extensively used clinically.(56, 232) Although preclinical studies showed 
impressive results with effi cient bone formation and low side effect rates, the high 
supraphysiological doses needed for effective bone induction in humans are associated 
with various serious side effects.(64) Since less side effects were observed when lower 
growth factor amounts were implanted, new treatment strategies focus on lowering 
the administered BMP-2 dose. (65, 66) These strategies are challenged by the limited 
half-life of BMP-2 in vivo (T½ = 0,3 days for ectopically injected BMP-2). Biomaterials 
offer herein a solution, as they can retain and effectuate sustained release of BMP-2 to 
optimize its site-specifi c pharmacological actions.(78) However, neither the therapeutic 
window nor the required timing and duration of BMP-2 release effectuating bone 
formation with minimal side effects is known. Therefore, this thesis investigated the 
site-specifi c pharmacological actions of differential BMP-2 release. 
 To optimize the site-specifi c actions of BMP-2, it is important to obtain more 
insight into local pharmacokinetics at the delivery site. Exploration of the correlation 
between in vitro models and actual in vivo release could help future optimization of 
controlled BMP-2 delivery systems since it decreases the need for animal experiments. 
As such, the fi rst study (Chapter 2) investigated the validity of in vitro BMP-2 release 
models and whether these models predict in vivo release. BMP-2 release profi les in three 
BMP-2 release buffers (i.e. Dulbecco’s Modifi ed Eagle Medium for cell cultures, phosphate 
buffered saline and a dedicated BMP-2 dissolution buffer) could not be extrapolated 
to the in vivo situation. Furthermore, predicting in vivo release in complex delivery 
vehicles by in vitro-in vivo modelling proved to be complexed by confounding factors 
like biomaterial chemistry and the BMP-2 loading method. Since all studied models 
lacked external predictability, more sophisticated in vitro bioreactors or mathematical 
algorithms encompassing multiple factors governing BMP-2 release are needed to be 
able to predict in vivo release. Identifi ed factors that may infl uence BMP-2 release (in)
dependent from each other studied in the present thesis were biomaterial chemistry, 
BMP-2 loading method and site of application.
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In order to discern the roles of biomaterial chemistry and the BMP-2 loading 
method on the BMP-2 release profile, follow up work in Chapter 3 focused on developing 
a vehicle capable of differential in vivo BMP-2 release without adjusting its chemistry 
or structure. Poly(lactic-co-glycolic acid) (PLGA) microspheres with different in vivo 
degradation rates were embedded in a 75% porous poly(propylene fumarate) (PPF) 
scaffold. Although this approach could potentially result in different release profiles 
due to different in vivo degradation rates of the PLGA microspheres, the in vivo study 
only showed minimally different sustained BMP-2 release profiles and no significant 
differences in bone formation between the different scaffolds. Due to the limited 
differences in release profiles, this study provided limited information on the effect of 
timing and duration of BMP-2 release on bone formation.

Therefore, an alternative approach was investigated in Chapter 4 using phosphate 
modified oligo[(polyethylene glycol) fumarate] (OPF)- bis[2-(methacryloyloxy) ethyl] 
(BP)/PLGA microspheres composites with tunable BMP-2 loading method. Three BMP-
2 loading methods were used to modify release, i.e. 100% of the BMP-2 encapsulated 
in PLGA microspheres, 50% of the BMP-2 encapsulated in PLGA microspheres and 50% 
adsorbed on the composite, and 100% adsorbed on the composite. In vitro, both BMP-
2 encapsulated in PLGA microspheres and adsorbed on the composite were able to 
release biological active BMP-2 after a prolonged release period of 9 weeks. The different 
loading methods exhibited differential in vitro and in vivo release profiles in which 
adsorbed BMP-2 on the composite was related to burst release properties: BMP-2 burst 
release showed improved bone formation compared with sustained release in OPF-BP/
PLGA composites implanted subcutaneously in rats. 

As biomaterial chemistry, including the charge of the scaffold employed, 
could influence BMP-2 release profiles and corresponding bone formation, Chapter 5 
investigated similar BMP-2 loading methods in unmodified OPF, negatively charged 
modified OPF (using sodium methacrylate (SMA)) and positively charged modified 
OPF (using [2-(methacryloyloxy) ethyl] trimethylammonium chloride (MAE)). Similar 
to the phosphate modified OPF-BP/PLGA, differential adsorption and/or microsphere 
encapsulation in neutral, negatively and positively charged composites resulted 
in differential BMP-2 release with BMP-2 adsorption correlating with burst release 
properties. However, the effect of BMP-2 release on bone formation changed when 
the biomaterial chemistry was altered. Whereas no significant differences in bone 
formation were seen for the different release profiles in negatively charged OPF-SMA/
PLGA composites, a sustained BMP-2 release augmented bone formation compared to a 
burst release in unmodified OPF and positively charged OPF-MAE scaffolds. Noteworthy, 
phosphate modified OPF-BP/PLGA or negatively charged OPF scaffolds loaded with BMP-
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2 adsorption generate a similar in vivo BMP-2 burst release profile, but the former 
outnumbers negative charged OPF scaffolds by inducing an approximate 4-fold increase 
in bone formation.

Overall Chapter 4 and 5 demonstrated that differential BMP-2 release had a 
significant effect on bone formation ánd that this effect changed when biomaterial 
characteristics, i.e. biomaterial chemistry, are modified. As, based on the aforementioned 
findings, differential BMP-2 release profiles significantly influenced bone formation, 
release profiles should be similar to accurately compare the effect of biomaterial 
characteristics on bone formation. As such in Chapter 4 the novel phosphate modified 
OPF-BP/PLGA composite could be directly compared with the current golden standard 
BMP-2 delivery vehicle in clinical care, the Absorbable Collagen Sponge (ACS). OPF-BP/
PLGA and ACS had similar in vivo BMP-2 release profiles but OPF-BP/PLGA generated a 
12-times greater amount of bone compared to ACS in the subcutis. This finding highlights 
the important role of biomaterials as osteoinductive scaffolds for optimal BMP-2 induced 
bone formation. 

Considering the outstanding effects of phosphate modified OPF-BP/PLGA 
composites, Chapter 6 further analyzed the effect of phosphate modifications on 
bone formation. In an orthotopic defect model, phosphate modified OPF-BP/PLGA 
showed a more than 2-fold increase in bone formation compared to unmodified OPF/
PLGA in absence of BMP-2. Similar results were observed for BMP-2 loaded scaffolds 
in a subcutaneous rat model, with significantly more subcutaneous bone formation in 
phosphate modified OPF-BP/PLGA compared to unmodified OPF/PLGA for similar BMP-
2 release profiles. Phosphate content showed a threshold effect with no additional 
improved bone formation above 20% w/w OPF. 

Overall, Chapter 4-6 showed that biomaterial properties are important to consider 
when optimizing the osteoinductive and osteoconductive properties of both the scaffold 
and loaded BMP-2. Furthermore, functionalizing hydrogels with phosphate groups by 
crosslinking monomers into the hydrogel matrix could provide a valuable method for 
improving polymer characteristics and hold great promise for bone tissue engineering.

 Since BMP-2 is employed in various clinical applications, the effect of application 
site on BMP-2 induced bone formation was further analyzed in Chapter 7. The phosphate 
modified OPF-BP/PLGA hydrogels with tunable BMP-2 release profiles while maintaining 
similar chemistry and structure were implanted subcutaneously and orthotopically in 
rats. The composites were compared to unloaded OPF-BP/PLGA as negative control, 
and to the clinically used ACS as positive control. An overall sustained release in OPF-
BP/PLGA generated minimal subcutaneous bone formation which was significantly less 
compared to burst release. However, adequate orthotopic bone formation was observed 
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for sustained BMP-2 release without significant difference compared to burst release. It 
can therefore be concluded that the osteoinductive effect of BMP-2 release profiles is 
strongly location-depended. Furthermore, all BMP-2 containing OPF-BP/PLGA composites 
showed significantly more bone formation compared to ACS in the orthotopic implantation 
site. This finding was in line with findings in Chapter 4 exploring bone formation in the 
ectopic location and emphasizes the role of biomaterials as osteoconductive scaffold to 
achieve proper bone tissue formation.  

Conclusion 

Overall, this thesis showed that the currently used in vitro models are insufficient for 
predicting BMP-2 in vivo release of complex delivery vehicles. Therefore, analyzing in 
vivo release profiles remains essential for predicting local BMP-2 concentrations during 
the process of optimizing site specific pharmacokinetics. Differential loading methods 
in OPF/PLGA composites, offers the opportunity to create differential BMP-2 release 
profiles while maintaining scaffold structure and chemistry similar. By directly correla-
ting BMP-2 release kinetics and biomaterial characteristics to BMP-2 osteoinductivity 
this thesis demonstrated that the site-specific pharmacological actions of BMP-2 are 
highly dependent on three main parameters, i.e. BMP-2 pharmacokinetics, biomaterial 
chemistry and application site. Direct correlation of BMP-2 release and bone formation 
showed that in vivo release profiles influence BMP-2 bone formation greatly. Surpri-
singly, we could not clearly answer the question whether a BMP-2 burst or sustained 
release is most efficient in generating bone formation since the effect of release was 
dependent on the biomaterial chemistry and application site. Based on this thesis, we 
have to conclude that “one size fits all” will not apply for the optimal release profile in 
BMP-2 based bone tissue engineering. Most likely, scaffold characteristics and release 
profiles need to be tailored to meet the requirements of the clinical application. 
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CHAPTER 10

Dutch Summary, 
Nederlandse Samenvatting         
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Bot transplantaties vormen een belangrijk onderdeel van de reconstructieve orthopedische 
chirurgie. De transplantaten zijn frequent nodig bij bot defecten die ontstaan bij tumor 
chirurgie, loszittende gewrichtsprotheses of werveloperaties. Hierdoor is bot een van 
de meest getransplanteerde weefsels ter wereld.(1) Autoloog bot (bot van de patiënt 
zelf) wordt gezien als de gouden standaard omdat het lichaamseigen cellen, botmatrix 
en groeifactoren bevat. Echter de nadelen van autograft bot zijn de morbiditeit van 
de donor locatie en de beperkte beschikbaarheid binnen de patiënt.(2-4) Allograft 
botweefsel (donor bot van een ander mens afkomstig van de botbank) is in grotere 
hoeveelheden beschikbaar, maar is gerelateerd aan slechter regeneratief vermogen in 
vergelijk tot autoloog bot en heeft een risico op overdracht van ziektes.(6-10) Vanwege 
deze tekortkomingen wordt binnen de regeneratieve geneeskunde gezocht naar nieuwe 
methodes die uit-voorraad-leverbare botgroei stimulerende substituten mogelijk maken. 
 Op groeifactor gebaseerde therapieën hebben grote potentie getoond op het 
gebied van weefselregeneratie. Groeifactoren zijn eiwitten die de vorming van weefsels 
beïnvloeden en kan sturen richting het gewenste weefsel. Ook voor botregeneratie 
zijn er een aantal groeifactoren beschikbaar die in staat zijn het lichaam bot te laten 
ontwikkelen (osteoinductie). De klinisch meest gebruikte osteoinductieve groeifactor 
is bone morphogenetic protein-2 (BMP-2).(56, 232) Ondanks hele goede resultaten in 
preklinische dierstudies met effi ciënte botformatie en weinig bijwerkingen, bleek dat 
er bij mensen veel hogere doseringen van deze groeifactor nodig waren voor effectieve 
botvorming waardoor er ook verschillende serieuze bijwerkingen aan het licht kwamen. 
Omdat er minder bijwerkingen werden gezien bij het verlagen van de groeifactor 
dosis, richten de nieuwe bot regeneratie strategieën zich op effi ciënter gebruik van 
de groeifactor en lagere BMP-2 doseringen. De grootste uitdaging hierbij vormt de 
beperkte half-waarde tijd van BMP-2 in het lichaam (binnen 8 uur is de helft van een 
geïnjecteerde BMP-2 dosering verdwenen van de injectie locatie)(78). Biomaterialen 
bieden een oplossing voor dit probleem. Door BMP-2 in een biomateriaal te laden en 
hieruit gereguleerd af te geven, kan de lokale farmacologische werking van de groeifactor 
verlengd en geoptimaliseerd worden. Het ideale afgifte profi el van BMP-2 is echter nog 
niet bekend. Daarom richt dit proefschrift zich op het onderzoeken van de locatie-
specifi eke farmacologische acties van verschillende BMP-2 afgifte profi elen. 
 Om de osteoinductieve werking van BMP-2 verder te optimaliseren is het eerst 
nodig meer inzicht te krijgen in lokale afgifte profi elen uit het biomateriaal. In de 
huidige literatuur worden vaak in vitro BMP-2 afgifte profi elen gebruikt om de het in 
vivo profi el te voorspellen. Onderzoek naar de correlatie tussen in vitro modellen en 
daadwerkelijk lokale afgifte in vivo zou, omdat het de behoefte aan dierenexperimenten 
verminderd, de optimalisatie van gecontroleerde BMP-2 toedieningssystemen kunnen 
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versnellen. Derhalve onderzocht het eerste studie (Hoofdstuk 2) de validiteit en in vivo 
voorspelbaarheid van in vitro BMP-2 afgiftemodellen. Er werden drie in vitro modellen 
met afgifte buffers getest bestaande uit: Dulbecco’s Modified Eagle Medium voor 
celculturen, fosfaat gebufferde zoutoplossing en een BMP-2 toegewijde oplossingsbuffer. 
Echter, de BMP-2 afgifte in alle 3 de modellen konden niet worden geëxtrapoleerd naar 
de in vivo profielen. Het voorspellen van in vivo afgifte in complexe biomaterialen door 
in vitro-in vivo correlaties bleek erg moeilijk te zijn door verstorende factoren zoals 
biomateriaaleigenschappen en de BMP-2 ladingsmethode. Omdat geen van de bestudeerde 
modellen enige externe voorspelbaarheid toonde, moet in de toekomst op zoek gegaan 
worden naar meer geavanceerde in vitro bioreactoren of wiskundige algoritmen om in 
vivo-afgifte te voorspellen en de noodzaak voor dierproeven te verminderen. Omdat 
botvorming door verschillende factoren wordt beïnvloed, focust het verdere proefschrift 
zich op de invloed van 1) de eigenschappen van het biomateriaal, 2) het afgiftepatroon 
van de groeifactor en 3) de locatie van afgifte.

Het identificeren van de invloed van verschillende factoren op botvorming is 
moeilijk omdat veranderingen van het afgifte profiel vaak aanpassingen aan het 
biomateriaal vergen. Echter, deze veranderingen van het biomateriaal kunnen op zichzelf 
ook al invloed hebben op de botvorming. Om de rol van het biomateriaal en de BMP-2-
ladingsmethode op het BMP-2-afgifteprofiel te onderscheiden, is het belangrijk om een 
biomateriaal te ontwikkelen waarin beide veranderd kunnen worden. De vervolgstudie in 
Hoofdstuk 3 richt zich op het effect van verschillende in vivo BMP-2-afgifte profielen 
in een biomateriaal waarin geen grote aanpassingen aan de structuur of chemie zijn 
gemaakt. Hiervoor werd een composiet gebruikt van poly(melkzuur-co-glycolzuur) 
(PLGA) micropartikels met verschillende in vivo degradatie snelheden voor de BMP-
2 afgifte ingebed in een 75% poreuze poly(propyleenfumaraat) (PPF) matrix voor 
botvorming. In theorie zouden de verschillende PLGA-micropartikels kunnen leiden tot 
verschillende afgifteprofielen vanwege het verschil in degeneratie snelheid. Echter, de 
praktijk toonde slechts minimale verschillen tussen in vivo BMP-2 afgifte profielen en 
geen verschil in botvorming. Vanwege de beperkte verschillen in BMP-2 afgifte, gaf deze 
studie zeer beperkte informatie over het effect van timing en duur van BMP-2-afgifte 
op botformatie. 
 Daarom werd in Hoofdstuk 4 een ander composiet ontwikkeld. Deze bestond 
uit PLGA-micropartikels die nu geïncorporeerd waren in een fosfaat gemodificeerde 
oligo[(polyethyleenglycol) fumaraat] (OPF) hydrogel. Omdat aanpassingen in de PLGA-
degeneratiesnelheid te weinig verandering in de afgifte gaf, werden nu verschillende 
BMP-2 ladingsmethodes gebruikt. BMP-2 werd geadsorbeerd in de hydrogel voor een 
snelle afgifte of geïncorporeerd in de micropartikels voor een vertraagde afgifte. Er 
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werden 3 composieten onderzocht waarbij 1) 100% van de BMP-2 geïncorporeerd 
was in micropartikels, 2) 50% van de BMP-2 geïncorporeerd in micropartikels en 50% 
geadsorbeerd op de composiet, en 3) 100% geadsorbeerd op de composiet. In vitro en 
in vivo resulteerde dit in verschillende BMP-2 afgifteprofielen waarbij de geadsorbeerde 
BMP-2 in de composiet snel werd afgegeven en de geïncorporeerde BMP-2 in de 
micropartikels langzaam werd afgegeven. Ook kon in vitro worden aangetoond dat het 
BMP-2 wat afgegeven werd na 9 weken nog steeds bioactief was.  Omdat het biomateriaal 
niet veranderd is om het verschil in afgifte te bewerkstelligen, kon geconcludeerd worden 
dat een snelle BMP-2 afgifte resulteerde in een verbeterde botformatie vergeleken met 
een langdurige afgifte in de subcutaan geïmplanteerde composieten.
 Het biomateriaal kan potentieel het BMP-2 afgifte profiel en de BMP-2 
geïnduceerde botvorming beïnvloeden. Daarom onderzocht Hoofdstuk 5 het effect van 
de hierboven genoemde BMP-2 ladingsmethoden (Hoofdstuk 4) op het afgifte profiel en 
botvorming in OPF met verschillende elektrische lading, niet-gemodificeerde (neutrale) 
OPF, negatief geladen OPF (door middel van natriummethacrylaat (SMA)) en positief 
geladen OPF (door middel van [2- (methacryloyloxy) ethyl] trimethylammoniumchloride 
(MAE)). Vergelijkbaar met fosfaat gemodificeerde OPF, resulteerde dit in verschillende BMP-
2 afgifteprofielen, waarbij de geadsorbeerde BMP-2 op de hydrogel snel werd afgegeven en 
de geïncorporeerde BMP-2 in de micropartikels langzaam werd afgegeven, onafhankelijk 
van de elektrische modificatie. Het effect van het BMP-2 afgifte op botvorming 
veranderde echter tussen de neutral, negatief en positief geladen biomaterialen. 
Ondanks verschillende afgifte profielen door verschillende ladingsmethodes, was er geen 
verschil in botvorming in de negatief geladen biomaterialen. Daarentegen stimuleerde 
langzame BMP-2 afgifte botvorming beter dan snelle afgifte in de neutrale en positief 
geladen -composieten. Ondanks een adequate botvorming door snelle BMP-2 afgifte 
in fosfaat gemodificeerde en negatief geladen composieten, ontstond er bij een gelijk 
afgifte profiel 4 keer meer bot in de fosfaat gemodificeerde composieten.  

Omdat de snelle afgifte van het geadsorbeerde BMP-2 in de fosfaat gemodificeerde 
composiet vergelijkbaar was met het afgifteprofiel uit de klinisch toegepaste absorbeerbare 
collageen spons, kon de effectiviteit van de 2 biomaterialen om botvorming te stimuleren 
direct vergeleken worden in Hoofdstuk 4. Hierbij werd bij een gelijke dosis BMP-2 een 
12-maal grotere hoeveelheid subcutaan bot gevormd in de OPF-composiet in vergelijking 
met klinisch toegepaste collageen spons. Deze bevindingen benadrukken het belang van 
een goede osteoconductieve matrix die gevormd moet worden door het biomateriaal om 
de BMP-2-geïnduceerde botvorming zo optimaal mogelijk te faciliteren.
 Gezien de goede resultaten met de fosfaat gemodificeerde composieten, werd in 
Hoofdstuk 6 het effect van de fosfaat modificatie op botvorming verder onderzocht. In 
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een femur bot defect bij ratten werd er meer dan twee keer zo veel bot gevormd in fosfaat 
gemodificeerde vergeleken met niet-gemodificeerde composieten. Ook in een subcutaan 
rattenmodel werd meer bot gevormd in fosfaat gemodificeerde composieten. Hierbij werd 
bij het verhogen van het fosfaatgehalte, geen verdere toename van botvorming meer 
gezien boven de 20% w/w OPF.
 Concluderend, toonde Hoofdstuk 4-6 aan dat de biomateriaaleigenschappen een 
belangrijk aspect zijn bij het optimaliseren van de osteoinductieve en osteoconductieve 
eigenschappen van zowel het biomateriaal als de geladen BMP-2. Het crosslinken 
van fosfaat bevattende monomeren in de polymeer matrix verbeterd de biomateriaal 
eigenschappen voor botregeneratie aanzienlijk. 
 BMP-2 wordt gebruikt in verschillende klinische toepassingen waarbij het 
optimale release profiel ook nog zou kunnen verschillen per locatie. Daarom werd in 
Hoofdstuk 7 het effect van verschillende release profielen onderzocht in een subcutaan 
model en een femur defect (orthotopisch) model in ratten. De fosfaat gemodificeerde 
composieten met verschillende afgifteprofielen door BMP-2 te adsorberen of te laden 
in micropartikels werden geïmplanteerd. De composieten werden weer vergeleken met 
de klinisch toegepaste collageen spons als positieve controle. Net als in de eerdere 
studies, werd in de biomaterialen met een snelle afgifte weer aanzienlijk meer bot 
subcutaan gevormd dan in de biomaterialen met een langzame afgifte. Echter, in de 
orthoptische locatie was er ook in de biomaterialen met een langdurige afgifte veel 
botvorming waarbij dit niet meer significant verschilde van de biomaterialen met de 
snelle-afgifte. Er kan daarom geconcludeerd worden dat het optimale afgifteprofiel sterk 
locatie-afhankelijk is. Net als in de subcutane locatie in Hoofdstuk 4, vormde alle BMP-
2 geladen OPF-BP/PLGA-composieten significant meer orthotopisch bot vergeleken met 
de klinisch toegepaste collageen spons. Dit benadrukt dat zowel de BMP-2 afgifte als 
het biomateriaal in klinische toepassingen nog aanzienlijk verbeterd kan worden om 
botvorming te optimaliseren.

Conclusie

Dit proefschrift toont aan dat de momenteel gebruikte in vitro modellen ontoereikend 
zijn om in vivo BMP-2 afgifteprofielen van complexe afgiftesystemen te voorspellen. 
Daarom blijft het analyseren van in vivo afgifteprofielen essentieel voor het 
voorspellen van lokale BMP-2-concentraties gedurende het optimaliseren van de 
locatie-specifieke farmacokinetiek. De verschillende ladingsmethoden in OPF/PLGA-
composieten genereerden andere BMP-2-afgifteprofielen met behoud van vergelijkbare 
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biomateriaalstructuur en -chemie. Door de BMP-2 afgifte te variëren binnen hetzelfde 
biomateriaal en het biomateriaal te variëren met gelijkblijvende afgifteprofielen kon 
beter onderzoek gedaan worden naar de optimale BMP-2 osteoinductiviteit. Hierdoor 
kon aangetoond worden dat de locatie-specifieke farmacologische acties van BMP-
2 sterk afhankelijk zijn van drie hoofdparameters, d.w.z. BMP-2 farmacokinetiek, 
biomateriaalchemie en toedieningslocatie. De verschillende farmacokinetiek studies 
toonden aan dat in vivo BMP-2 afgifte profielen botvorming sterk beïnvloeden. 
Verrassend genoeg konden we niet duidelijk zeggen of een snelle of langdurige BMP-2 
afgifte het meest efficiënt is voor botregeneratie omdat dit effect verschilde tussen 
biomaterialen en toedieningslocaties. Op basis van de resultaten in dit proefschrift 
moeten we daarom concluderen dat "one size fits all" niet van toepassing zal zijn bij 
het optimaliseren van BMP-2 afgifte in botregeneratie. Hoogstwaarschijnlijk moeten 
biomateriaaleigenschappen en afgifteprofielen specifiek worden aangepast op basis van 
de vereisten van de klinische toepassing.  
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