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Objective: The aim of this study is to utilize the biocompatibility characteristics of 

biodegradable polymers, viz, poly lactide-co-glycolide (PLGA) and polycaprolactone (PCL), 

to prepare sustained-release injectable nanoparticles (NPs) of bone morphogenetic protein-2 

(BMP-2) for the repair of alveolar bone defects in rabbits. The influence of formulation 

parameters on the functional characteristics of the prepared NPs was studied to develop a new 

noninvasive injectable recombinant human BMP-2 (rhBMP-2) containing grafting material for 

the repair of alveolar bone clefts.

Materials and methods: BMP-2 NPs were prepared using a water-in-oil-in-water double-

emulsion solvent evaporation/extraction method. The influence of molar ratio of PLGA to PCL 

on a suitable particle size, encapsulation efficiency, and sustained drug release was studied. 

Critical size alveolar defects were created in the maxilla of 24 New Zealand rabbits divided into 

three groups, one of them treated with 5 μg/kg of rhBMP-2 NP formulations.

Results: The results found that NPs formula prepared using blend of PLGA and PCL in 4:2 

(w/w) ratio showed the best sustained-release pattern with lower initial burst, and showed up to 

62.7% yield, 64.5% encapsulation efficiency, 127 nm size, and more than 90% in vitro release. 

So, this formula was selected for scanning electron microscope examination and in vivo evalu-

ation. Histomorphometric analysis showed 78% trabecular bone fill, mostly mature bone in the 

defects treated with rhBMP-2 in NPs within 6 weeks.

Conclusion: The prepared NPs prolonged the release and the residence time of rhBMP-2 in 

rabbits, which led to the formation of adequate bone in critical size alveolar bone defects in 

6 weeks. This noninvasive method has application for the primary restoration of alveolar bone 

defects.
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Introduction
Bone morphogenetic proteins (BMPs) are members of the transforming growth 

factor-β superfamily that act as osteoinductive factors by inducing the differentiation 

of osteoblasts from mesenchymal cells.1 Previous studies have shown the ability of 

BMPs to induce bone formation in a variety of models having many clinical applica-

tions in orthopedics and in oral and maxillofacial/dentistry,2–5 Delivery systems for 

growth factors with, for example, biodegradable carriers, are used to achieve slow 

and controlled release of the growth factor at the site of implantation.4 These include 

collagen, tricalcium phosphate, lactideglycolide copolymers, ehyleneglycol–lactic 

acid copolymer, and gelatin hydrogels.2,4–8
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Nanotechnology deals with the utilization of materials at 

nanoscale level. Current research in the field of nanotech-

nology is attracting countries and large companies to invest 

in this rapidly growing area.9 Materials at nanometer scale 

exploit novel physical, chemical, and biological properties 

that can change or enhance drug properties. Because of their 

good biocompatibility and controlled degradation, polymeric 

nanoparticles (NPs) have been receiving a great deal of inter-

est as devices for advanced drug delivery system (DDS). 

Polymeric nanoparticulate products provide improved 

delivery methods in comparison with conventional dosage 

forms, for several types of drugs including peptides, small 

molecules, nucleic acids, and proteins.10

Various factors control the drug release from NPs includ-

ing the type of the polymer, physical and chemical properties, 

the presence of stabilizer, and type of formulation.11 The 

methods of preparation of the NPs largely depend on type of 

polymer and the solubility of the chosen drug. Variables that 

govern the release of the drug include chemistry of polymer, 

type of conjugation between polymer and drug, solubility of 

drug, difference in formulation parameters, and particle size 

and distribution in the body.12 Several techniques have been 

used for the production of NPs, for example, double-emulsion 

technique, phase separation, and spray drying.13

Biodegradable alpha-hydroxy polymer and esters poly-

mer, particularly the copolymer of poly lactide-co-glycolide 

(PLGA) and polycaprolactone (PCL), are widely used in the 

field of controlled drug delivery.14 The use of biodegrad-

able polymers in such systems provides an added asset, 

due to their enhanced tissue biocompatibility15 and the lack 

of necessity for surgical removal, thus improving patient 

compliance.16 The fabrication of such systems in the form 

of NPs enhances powder flowability and minimizes the pain 

associated with device implantation. In addition, sustained-

release parenteral DDSs provide advantages when compared 

to conventional drug delivery. These advantages include (a) 

increased bioavailability, (b) the possibility to accurately 

control the resulting drug release rates over prolonged periods 

of time, following single administration, and (c) in addition 

to localized drug delivery, minimization of undesired effects 

of the drug.15

The objectives of this work were the following: 1) Prepare 

a sustained-release injectable dosage form by encapsulat-

ing the recombinant human bone morphogenetic protein-2 

(rhBMP-2) into biodegradable polymers, PLGA and PCL, as 

NPs. 2) Study the influence of the formulation parameters on 

the characteristics of the prepared NPs. This is an essential 

step to obtain NPs formulation, with suitable particle size, high 

encapsulation efficiency, and sustained drug release over a 

long period, with minimal burst release. 3) Develop a new non-

invasive procedure for the repair of surgically created alveolar 

bone clefts using rhBMP-2 prepared as injectable NPs.

Materials and methods
Materials
rhBMP-2 was purchased from Creative Biomart (New York, 

NY, USA), PLGA Resomer RG 502 H Mw 17  kDa was 

purchased from Boehringer Ingelheim (Biberach, Germany). 

Polycaprolactone (PCL) (molecular weight 45  kDa) and 

PLGA were purchased from Sigma/Aldrich (St. Louis, 

Missouri, USA). Dichloromethane was purchased from 

Fisher Scientific (Loughborough, UK). Polyvinyl alcohol 

(PVA) was purchased from Fluka Chemie GmbH (Seelze, 

Germany). All chemicals were of analytical grade.

Methods
Preparation of BMP-2 NPs
NPs were formed using a water-in-oil-in-water (w/o/w) 

double-emulsion method. An aqueous solution of rhBMP-2 

was added to five solutions of PLGA:PCL (1:1, 2:1, 3:1, 

4:1, and 5:1) in dichloromethane. The concentration of 

protein in the NP solution was 100 μg/mL of BMP-2. The 

polymer mixture was used at a mass of 1 g in 5 mL of dichlo-

romethane. These phases were sonicated with probe sonicator 

for 3 minutes to form a water-in-oil emulsion. This emul-

sion was added to 200 mL of aqueous solution of 0.3 vol% 

PVA and sonicated for 2 minutes. This double emulsion was 

stirred magnetically for 4 hours at 300 rpm before the NPs 

were recovered by centrifugation, washed, and lyophilized.

Characterization of BMP-2 NPs
Particle size and zeta potential determination
The prepared NPs were assayed for particle size and zeta 

potential analysis using Microtrac® particle size analyzer. To 

test the droplet size of the NPs, 10 mg of each formulation 

was diluted with 10 mL of distilled water. The mean droplet 

size of the resulting dispersion was determined by dynamic 

light scattering using a Zetatrac machine from Microtrac, Inc. 

(Montgomeryville, PA, USA). The average of hydrodynamic 

particle size was expressed using three replicate samples.

Determination of rhBMP-2-loading efficiency  
and encapsulation efficiency
The total rhBMP-2 in the prepared NPs was determined by 

dissolving 1 mL of the prepared NPs suspension in 0.1 N 

NaOH solution, and then, 0.1 N HCl solution was added 
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to aggregate the polymer. The acidified solution was then 

filtered through 0.22 µm filters and assayed for rhBMP-2 

content using enzyme-linked immunosorbent assay (ELISA). 

Encapsulation efficiency of rhBMP-2 was determined by the 

following equation:

EE% = W
E
/W

T
 ×100

where W
E
 is the weight of rhBMP-2 entrapped within the 

prepared NPs and W
T
 is the total weight of rhBMP-2 used 

during the preparation. Loading efficiency (LE%) was deter-

mined by the following equation:

LE% = W
E
/W

p
 ×100

where W
E
 is the weight of rhBMP-2 entrapped within the 

prepared NPs and W
p
 is the total weight of NPs.

In vitro release study
The in vitro drug release tests were determined by the dialysis 

method. That is, rhBMP-2 NPs were placed into a dialysis bag 

(molecular weight cut-off of 45 kDa), and the test was carried 

out using the USP Dissolution Apparatus II fixed with rotat-

ing baskets immersed in phosphate buffer pH 6.8. Samples 

of 5 mL were withdrawn after different time intervals and 

replaced with an equal volume of fresh media. The samples 

were filtered through 0.45 µm filters and assayed for protein 

in the rhBMP-2 by spectrophotometry at 280 nm. Each test 

was carried out in triplicate. According to the results of NPs 

characterization and in vitro release, the selected formula 

was chosen for further scanning electron microscopy (SEM) 

examination and in vivo evaluation.

Examination of NPs morphology
According to the results of NPs characterization and in vitro 

release, the selected formula F3 was chosen for examination 

by using SEM (Jeol JSM-5400 LV, Jeol Ltd, Tokyo, Japan). 

F3 NPs formulation was spread on a layer of double-adhesive 

tape on a metal SEM stub and gold coated using a sputter 

coating device for examination of NP morphology.

The in vivo study
A total of 24, 7-week-old, male, New Zealand White rab-

bits ranging from 2.5 kg to 3.0 kg in weight were used. The 

surgical procedure to create experimental alveolar clefts was 

performed according to the method described in a previous 

study in which BMP-2 was prepared as in situ liposomal 

hydrogel.8 A 10  mm ×5  mm ×5  mm osseous defect was 

created on both sides of the maxillary bone, approximately 

5 mm distal to the incisor, and left to heal. The rabbits then 

received the assigned solution by subcutaneous injection. 

The animals were divided into three groups according to 

the treatment they received: group A injected with 5 μg/kg 

of rhBMP-2 in isotonic saline (positive control), group B 

injected with isotonic saline without rhBMP-2 (negative 

control), and group C injected with 5 μg/kg of rhBMP-2 in 

the assigned NPs suspension formulation F3 prepared using 

blend of PLGA and PCL in 4:2 (w/w) ratio. For pharmacoki-

netic evaluation, plasma samples were taken from rabbits 

in the three groups, before the injection and after 1 hour, 

2 hours, 3 hours, 6 hours, 12 hours, 24 hours, 2 days, and 

4  days. All samples were analyzed for rhBMP-2 content 

using an ELISA.

All animals were kept in an ideal controlled environment 

and were fed a standard diet, and their general health was 

monitored daily.8 After 6 weeks, the rabbits were euthanized 

using CO
2
 according to the regulations of King Abdulaziz 

University Animal Care Committee. Maxillae were dissected, 

processed for light microscopy, and stained for histological 

assessment. Histologic sections were assessed under light 

microscopy. Histomorphometric analysis was also performed 

to quantitate the total bone volume produced in each of the 

created defects.8 Multiple comparisons among the groups 

were performed by one-way analysis of variance followed 

by Tukey’s multiple comparison test using SPSS statistical 

package version 16 (SPSS, Chicago, IL, USA). The level of 

significance was set in advance at 5%.

Results
The prepared NPs were characterized in terms of particle 

size, zeta potential, loading and encapsulation efficiency, 

and morphology. The effect of PLGA-to-PCL ratio on the 

characteristics of NPs is shown in Table 1. All NPs showed 

a particle size ranging from 83 nm to 190 nm. The particle 

size is an important parameter, as it can influence the biop-

harmaceutical properties and the fate of NPs.11 The particle 

size was 83 nm in case of NPs prepared in PLGA alone. By 

increasing the ratio of PCL relative to PLGA, the formed NPs 

showed a significantly larger (P,0.05) mean diameter (for 

PLGA:PCL at ratio 4:4, the size was 190 nm). The results 

of zeta potential measurements indicated that zeta potentials 

became more negative as more PCL was added. All pre-

pared NP formulations had zeta potentials between -18 mV  

and -24.5 mV (Table 1).

SEM photos of the prepared NPs for the different for-

mulae showed spheres with smooth surfaces (Figure 1) with 
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average diameter close to the measured diameter obtained 

using light scattering technique (zetasizer).

The cumulative percentages of rhBMP-2 released from 

NPs based on different PLGA:PCL ratios as a function of 

time are shown in Figure 2. The slowest release was obtained 

at a PLGA:PCL ratio of 4:4, but the cumulative percentage 

of BMP-2 released at the end of the test was 60% only. 

Formula F3 prepared by PLGA:PCL at ratio 4:2 released 

BMP-2 in controlled manner, and the release pattern kineti-

cally followed Higuchi diffusion model and at same time 

showed high percentage of BMP-2 release, and hence, this 

formula was selected for in vivo study.

Histological and histomorphometrical analysis showed 

significantly more bone formation in group C when compared 

to groups A and B (Table 2). In group A, rhBMP-2 injected 

with isotonic saline, plasma levels of BMP-2 measured by 

ELISAs rapidly increased during the first 6 hours to more 

than 20 µg/L and then decreased to less than 5 µg/L within 

48 hours (Figure 3). This result is in accordance with the 

histological examination, which revealed that there were few 

bony spicules embedded in a fibrous tissue filling the defect 

(Figure 4). Histomorphometrically, the repaired defects in 

group A were on average 19% ossified (Table 2). In group B 

(negative control), plasma levels of rhBMP-2 were untrace-

able during the entire 96-hour period of release (Figure 5). 

This is in accordance with the histological examination 

(Figure 6A and B), which revealed very few bone spicules 

in some slides and complete absence of any newly formed 

bone in others (Table 2), with mostly fibrous tissue filling 

the whole created defects. In group C (rhBMP-2 in NPs), the 

plasma level of rhBMP-2 slowly increased to 16 µg/L within 

48 hours. After 48 hours, the plasma level did not decrease 

significantly but remained at a relatively steady plateau dur-

ing the 4-day test period (Figure 7). This is in accordance 

with the histological examination, which showed extensive 

active bone formation surrounding the NPs, which were 

not yet completely resorbed. In general, the newly formed 

bone was mature with many distinct osteocytes. Multiple 

osteoblasts and blood vessels were seen all over the defects 

(Figure 8A–C). The newly formed bone volume was 78%.

Discussion
The w/o/w double-emulsion solvent evaporation/extraction 

method that was used in the present study appeared to be a 

Table 1 Particle size, zeta potential, LE%, and EE% of different rhBMP-2-prepared nanoparticles

Formula PLGA:PCL ratio Particle size (nm) Zeta potential (mV) LE% EE%

F1 4:0 83±4 -18.9 57.3±4.32 41.4±3.11
F2 4:1 110±8 -20.2 59.6±6.11 52.6±4.93
F3 4:2 127±7 -22.3 62.7±5.94 64.5±5.33
F4 4:3 151±9 -23.9 63.1±5.22 67.2±4.27
F5 4:4 190±11 -24.5 66.4±6.21 65.5±5.09

Abbreviations: LE, loading efficiency; EE, encapsulation efficiency; rhBMP-2, recombinant human bone morphogenetic protein-2; PLGA, poly lactide-co-glycolide; PCL, 
polycaprolactone.

Figure 1 SEM images of rhBMP-2 nanoparticles.
Abbreviations: SEM, scanning electron microscopy; rhBMP-2, recombinant human 
bone morphogenetic protein-2; DDL, Dynamic data links.
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Figure 2 Release of rhBMP-2 from nanoparticles prepared with various PLGA:PCL 
ratios.
Abbreviations: rhBMP-2, recombinant human bone morphogenetic protein-2; 
PLGA, poly lactide-co-glycolide; PCL, polycaprolactone.
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suitable technique to formulate rhBMP-2-loaded NPs based 

on PLGA and its PCL copolymers. Moreover, although the 

use of PVA as emulsifier can make uniform particles with 

small size, it has been recently demonstrated that it can 

form an interconnected network with the PLGA polymer 

at the interface that would compromise the dispersibility of 

the NPs.17

Regarding the encapsulation and loading efficiencies, the 

results indicated that incorporation of PCL as a copolymer 

with PLGA increased the entrapment of the drug due to the 

polymer phase becoming more viscous and forming more 

rigid NPs that entrap more rhBMP-2 within the particles. 

Furthermore, PCL copolymers generate a polymer network 

characterized by a more irregular and disordered crystalline 

structure that seems to promote the accommodation of more 

rhBMP-2 molecules. These results were in agreement with 

previous studies, which included encapsulation of docetaxel 

in PLGA NPs.18 The increase in entrapment and loading 

efficiency by increasing the PCL ratio occurred up to 4:3, but 

with further increase in PCL (PLGA:PCL at 4:4), the EE% 

decreased. This may be due to the fact that at higher PCL 

ratios, a fast precipitation of polymer occurs after addition 

of the organic phase to the surfactant solution.

The zeta potential results indicated that there was a slight 

effect of increase in the PLGA:PCL ratio on the surface 

charge of NPs. All prepared NP formulations had zeta poten-

tial between 18.9 mV and 24.5 mV. When all NPs have the 

same negative charge, they tend to remain stable and resist 

aggregation by electrostatic repulsion.

The release rate of rhBMP-2 from the NPs was strongly 

affected by the PLGA:PCL ratio of the polymer matrix. In par-

ticular, PLGA-based NPs are characterized by the higher initial 

burst percentage during the first day of the release (approxi-

mately 70% of rhBMP-2 is released within 24 hours) that is 

attributed to the presence of the hydrophilic glycolide units 

in the PLGA polymer causing an initial release. The higher 

hydrophilicity of the polymer improved water permeability 

into NPs causing a more rapid drug release as well as a faster 

degradation of the polymer.2 This was probably responsible 

for the high initial rhBMP-2 release. By increasing the ratio 

of PCL in the polymer matrix, the burst percentage decreased 

to 10%, and 13% released only during 24 hours in case of 

NPs prepared with polymer matrix formed from PLGA:PCL 

in ratios 4:4 and 4:3, respectively. This could be attributed to 

the increase in stiffness of the NPs formed with PLGA–PCL 

mixture and to the higher viscosity of the polymeric solution, 

which leads to formation of NPs with longer diffusion path-

ways that retard the release of rhBMP-2 from the NPs.19

Table 2 Comparison of total bone volume measured in the created bone defects using one-way ANOVA and Tukey’s multiple 
comparisons

Group Number of  
animals/slides

Nanoparticles rhBMP-2  
(μg/kg)

Concentration of BMP  
at 96 hours (μg)

% of the new  
bone volume ± SD

A 8/28 - 5 ,2 19±3a

B 8/28 - – 0 12±4a

C 7/28 + 5 11 78±4b

Notes: Groups identified by different superscript letters are significantly different (P,0.05) by one-way ANOVA and Tukey’s multiple comparisons. - = no, + = yes.
Abbreviations: ANOVA, analysis of variance; rhBMP-2, recombinant human BMP-2; BMP, bone morphogenetic protein; SD, standard deviation.

Figure 3 Plasma levels of BMP-2 after local injection of 5 µg/kg of BMP-2 isotonic 
saline into the created alveolar bone defects in rabbits (group A).
Abbreviation: BMP-2, bone morphogenetic protein-2.

Figure 4 Photomicrograph of a bone defect in group A (H&E stain, at 4× magnifica
tion).
Abbreviations: H&E, hematoxylin and eosin; px, pixels.
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Figure 5 Plasma level of BMP-2 after injection of isotonic saline into the created 
defects in the rabbits (group B).
Abbreviation: BMP-2, bone morphogenetic protein-2.

Figure 6 Photomicrographs of a bone defect in group B (slides stained with H&E 
stain, at 4 × magnification (A) and 10 × magnification (B)).
Abbreviations: H&E, hematoxylin and eosin; px, pixels.

Figure 7 Plasma level of BMP-2 after injection of 5 µg/kg of rhBMP-2 nanoparticles 
into the surgically created alveolar bone defects in the rabbits (group C).
Abbreviations: BMP-2, bone morphogenetic protein-2; rhBMP-2, recombinant 
human BMP-2.

Histologically, in groups A and B, few bony spicules were 

formed. This could be explained by the fact that in group A, 

the rhBMP-2 was dissolved in isotonic saline only, while in 

group B, no rhBMP-2 was used at all. This is in agreement 

with many previous studies, which found that the rhBMP-2 

is inefficient in the absence of a controlled-release deliv-

ery system.20 In group C, NP use to deliver rhBMP-2 was 

optimized for the slow release of rhBMP-2, due to its avail-

ability at the defect, where the polymer was assumed to bind 

with soft tissue, and then release the protein in an optimum 

manner. This is because in this formula, the rhBMP-2 is 

entrapped within NPs, which retarded the release of rhBMP-2 

and maintained its plasma concentration at steady state for a 

longer period of time.

The present study is a continuation of a previous work,8 

in which a new noninvasive method of treatment was 

investigated, testing rhBMP-2 encapsulated within reverse 

evaporation phase vesicles (REVs) liposome and loaded 

within an in situ gel base. The maximum plasma concentra-

tion of rhBMP-2 in the current study 16.5 µg/L was more 

than twice that seen in the liposomal study (6.5 µg/L).8 This 

suggests that the pharmacokinetics of drugs upon delivery 

in nano-formulations is much higher using NPs than using 

liposomes.21 Also, the time to reach maximum plasma level 

in case of liposomal in situ gel was 18 hours only, and the 

concentration started to decline after 18 hours. However, the 

NPs used in the present study successfully maintained the 

increased plasma rhBMP-2 concentration for 48 hours, which 

indicated that the NPs prolonged and controlled the release 

of rhBMP-2 more than did the liposomal in situ gels. This 

could be due to the fact that NP formulations are generally 

more stable than liposomal formulations due to the solid 

nature of NPs.22 Finally, the newly formed bone was more 

mature and had a greater volume when NPs were used than 

when liposomal in situ gels were used.8 However, unlike the 

liposomal in situ gel group in our previous study, remnants 

of the injected NPs were observed in group C in the present 

study, which indicates that the rate of biodegradation of the 

NPs was lesser than that of liposomal in situ gels.

The combined results of this research suggested many 

future applications for this promising idea of using nonin-

vasive, injectable rhBMP-2. One of these indications is the 

primary grafting of alveolar bone defects in cleft lip and palate 

patients, which is increasing in prevalence in many developing 
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countries.23 This method should reduce the postsurgical retar-

dation of maxillary growth that is expected with the standard 

invasive secondary grafting techniques in the current use, due 

to the lack of scarring when grafted material is introduced by 

injection. However, further standardization and trials of such 

methods are required before human use can proceed.

Conclusion
Encapsulation of rhBMP-2 within PLGA/PCL NPs is a DDS 

that seems to provide superior new noninvasive procedure to 

repair alveolar cleft defects. The defects treated with rhBMP-2 

within PLGA/PCL NPs were found to be 78% ossified with 

surrounding fibro-vascular tissues containing many osteo-

blasts within 6 weeks. This novel method has many potential 

future applications, especially as an early grafting method for 

alveolar bone defects in cleft lip and palate patients.
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