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Abstract: The development of growth factor delivery strategies to circumvent the burst
release phenomenon prevalent in most current systems has driven research towards
encapsulating molecules in resorbable polymer matrices. For these polymer release
techniques to be efficacious in a clinical setting, several key points need to be addressed.
This present study has investigated the encapsulation of the growth factor, BMP-2 within
PLGA/PLGA-PEG-PLGA microparticles. Morphology, size distribution, encapsulation
efficiency and release kinetics were investigated and we have demonstrated a sustained
release of bioactive BMP-2. Furthermore, biocompatibility of the PLGA microparticles
was established and released BMP-2 was shown to promote the differentiation of
MC3T3-El cells towards the osteogenic lineage to a greater extent than osteogenic
supplements (as early as day 10 in culture), as determined using alkaline phosphatase and
alizarin red assays. This study showcases a potential BMP-2 delivery system which may
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now be translated into more complex delivery systems, such as 3D, mechanically robust
scaffolds for bone tissue regeneration applications.

Keywords: poly(lactic-co-glycolic acid); PLGA; poly(ethylene glycol) PEG; MC3T3;
differentiation; BMP-2; microparticles; microspheres; controlled release

1. Introduction

Bone repair may be necessitated by a number of situations including trauma, congenital defects,
pathological deformation or revision surgery [1]. In some severe situations spontaneous bone
regeneration may not occur [2]. The clinical gold standard in such a situation is bone grafting, but
autologous grafting can lead to donor site morbidity and limited donor site availability; allogeneic
grafting can lead to infection and rejection [3]. An alternative to grafting is the addition of a
biomaterial or scaffold to the defect site to aid tissue regeneration. Most biomaterials alone lack
efficacy and have been proven to perform better if combined with cells or bioactive molecules [4].

Growth factors are a group of bioactive molecules currently receiving large research attention in the
field of tissue regeneration. They can be used to simulate natural repair processes with great specificity
and effectiveness but disadvantages include their low stability, high cost, and the requirement for high
doses (to counteract loss from burst release) to illicit a response which in turn may lead to negative
side effects [5]. These problems could be reduced by using a sustained delivery approach [6] that has
the potential to control both the rate and location of growth factor delivery. However, most delivery
systems involve harsh chemical environments during manufacture which may not pose a problem for
small drug molecules but may denature bioactive proteins and thereby reduce the activity of the growth
factor [7-9].

Bone morphogenetic protein 2 (BMP-2) is the gold standard of growth factor treatment proven to
regenerate bone and has been utilised successfully in many studies to date [10,11]. However,
maintaining therapeutic concentrations is difficult due to a short half-life in vivo. Various delivery
systems have been developed for BMP-2; some are based on collagen (although generally not
delivering a sustained release such as Medtronic’s INFUSE® [12]), tricalcium phosphate,
demineralised bone matrix, hydrogels and polymers [11,13-19]. Some of these have proven to have
unpredictable release profiles and many are overwhelmed by an initial high-burst release from the
surface bound BMP-2. Consequently, an initial high dose of BMP-2 is often required to be loaded into
the carrier in order to achieve active levels within the therapeutic window leading to elevated costs.
There is therefore a strong clinical need for better carrier systems for the delivery of growth factors,
which enable a sustained release and reduce the need for supra-physiological loading, thus driving
down costs and associated biological complications.

Poly (lactic-co-glycolic acid) (PLGA) is a biocompatible, biodegradable polymer [20,21] with a
history of over forty years use in medical resorbable sutures [22]. Protein encapsulation by a double
emulsion method (water/oil/water) is a well regarded robust technique [23-25] with encapsulation
efficiencies in the range of 42% to 100% [26-29]. It has been suggested that denaturation may occur at
the water/oil interface but this can often be mitigated with the addition of surfactants and process
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optimisation [8,30]. Degradation of PLGA occurs by hydrolysis of ester bonds and is accelerated by
water ingress [31]. By modifying the lactide:glycolide ratio, the chain length and the addition of
plasticisers, the degradation rate of the polymer particles can be modified influencing the release profile.

The goal of this preliminary study was to validate a sustained release system that is composed of
PLGA with the plasticiser PLGA-poly(ethylene glycol) (PEG)-PLGA for the formation of
microparticles containing encapsulated BMP-2. The morphology, size, encapsulation efficiency of
protein and release kinetics of the PLGA microparticle delivery system was characterised. We
demonstrated sustained BMP-2 release over 2 weeks that stimulated MC3T3-E1 cells to differentiate and
form bone-like mineral depositions. We also assessed the expression of alkaline phosphatase as an early
marker of differentiation. This microparticle delivery system was also attached to a 3D scaffold with the
future aim of supplementing a mechanically supportive scaffold with a sustained release system.

2. Results and Discussion

2.1. Microparticle Characterisation and Analysis

The mean diameter of the PLGA composite microparticles was 97.85 pm (SD + 30.06). Multiple
batches of microparticles formed under the same conditions demonstrated repeatable distributions. As
a result of the emulsion process, the PLGA/PLGA-PEG-PLGA microparticles demonstrated a bell
curve size distribution as shown in Figure 1.

Figure 1. Size distribution (by volume) of protein loaded PLGA microparticles formed
using the double emulsion solvent evaporation technique and sized using laser diffraction.
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The entrapment efficiency of PLGA/PLGA-PEG-PLGA composite microparticles was 57.1%
(SD =+ 4.4%). Scanning electron microscopy (SEM) images of the microparticles loaded with protein
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revealed a regular spherical morphology, which was not damaged by the process of protein
incorporation (Figure 2). The apparent size of the microparticles ascertained with SEM is in agreement
with the laser diffraction data.

Figure 2. Representative scanning electron microscopy images (a) at low magnification
and (b) at high magnification of PLGA/PLGA-PEG-PLGA composite microparticles
showing spherical morphology.

This formulation of PLGA and PLGA-PEG-PLGA (90% PLGA, 10% PLGA-PEG-PLGA)
mitigates the common problem of burst release [32]; delivering a sustained dose of protein as shown in
Figure 3. Most delivery systems deliver a burst release during the first few hours often releasing
over 60% of the encapsulated/surface bound product [11,33]. This burst release may still have
therapeutic benefit as proven with products such as INFUSE® (Medtronic) (which has no sustained
release system and relies on a burst delivery) but due to the short half-life in vivo of BMP-2, the
therapeutic dose may be quickly depleted as the BMP-2 degrades. Furthermore a supra-physiological
loading of BMP-2 is required in these systems which greatly increases the cost and may lead to several
disadvantageous side-effects [34]. A therapeutic delivery system with the ability to sustain an active
dose of BMP-2 may prove more effective in a clinical situation as it avoids the costly waste of BMP-2
and should demonstrate reduced side effects as no supra-physiological loading is required. Our system
released protein gradually over a time course of 2 weeks, as shown in Figure 3, and did not
demonstrate high initial burst release, indicating that the protein was encapsulated effectively within
the microparticles (as opposed to being surface bound) and was releasing as the microparticles
degraded with time. The inclusion of hydrophilic PLGA-PEG-PLGA is how the release profile was
tailored. Once in a wet environment the PLGA-PEG-PLGA facilitated water ingress into the
hydrophobic PLGA. This increased the rate of hydrolysis of the PLGA thereby increasing the rate of
degradation and protein release. This mitigated the common lag phase seen in pure PLGA formulations
whereby the surface-bound protein causes the initial burst release and a lag is observed until such time
that the PLGA begins to degrade releasing entrapped protein [35,36]. This formulation is a slow
release formulation, releasing 7% of the entrapped protein by day 13. Based on this release rate 5 mg
of microparticles (as used in vitro) will release on average 18.5 ng of BMP-2 daily. This is above the
lower limits shown to induce alkaline phosphatase (ALP) expression in MC3T3-E1 cells [37].
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Figure 3. Release curve showing the cumulative protein release from microparticles over
a 13 day release period. Protein was quantified using a bicinchoninic acid (BCA) assay.
Error bars are =1 SD (n = 3).
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2.2. Cell Culture in 2D
2.2.1. Cells in Culture with PLGA Microparticles

After six days in culture, the MC3T3-E1 cells show clear differences in attachment and orientation
towards the microparticles with and without BMP-2 inclusion. The BMP-2 releasing microparticles
appear to offer a favourable environment over the tissue culture plastic, with cells attaching to and
bridging between the microparticles preferentially. In contrast the control microparticles appear to
have no enhanced adhesive properties on the cells. The cells display no orientation inclination around
the non-BMP-2 containing spheres nor do they avoid growing adjacently to them, as depicted in
Figure 4. The addition of exogenous BMP-2 has reportedly increased osteoblast attachment to titanium
alloy by inducing a more extensive extracellular matrix thereby increasing surface contact of the cells
with the alloy [38]. A similar process may be positively influencing cell attachment to the
microparticles that are releasing BMP-2.
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Figure 4. Optical microscopy images show the behaviour of the cells after six days in culture
with BMP-2 loaded PLGA composite microparticles and control PLGA microparticles
containing no BMP-2. The preferential attachment of cells to the BMP-2 loaded
microparticles can be seen under three different magnifications; 4% (a, d), 10x (b, €) and 20x
(c, ). The cells attached to the BMP loaded particles are in a different focal plane to those
attached to the tissue culture plastic giving the appearance of poor cell attachment (c) but
cell attachment was in fact consistent between groups.
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2.2.2. Analysis of Alkaline Phosphatase Activity

To assess the effect of different volumes of BMP-2 loaded microparticles on the differentiation of
MC3T3-El1 cells, the activity of ALP was quantified at days 10, 17 and 24. ALP is an early marker of
differentiation towards the osteoblastic lineage [39,40] and it is anticipated that BMP-2 released from
the microparticles would push the cells towards the osteogenic lineage. As expected, the control group
expressed low levels of ALP and there was no significant difference between time points, as depicted in
Figure 5. The cells exposed to osteogenic media showed significantly higher levels of ALP at all time
points (compared to control) indicating differentiation of the cell population. Small amounts (0.5 mg) of
BMP-2 loaded microparticles induced an effect similar to that of the osteogenic control at day 10,
although this decreased at day 17 and day 24. The expression of ALP at day 10 by cells cultured
with 5 mg of microparticles containing BMP-2 was the most significant (more than 3-fold higher than
the 0.5 mg BMP-2 group) remaining higher than the control at day 17 and not significantly different to
any condition at day 24.
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These results indicate that the BMP-2 released from the microparticles was bioactive at a
concentration sufficient to have an osteogenic effect on the cells and the effect was more prevalent at
earlier time points. This is consistent with ALP being regarded as an early marker of differentiation.

Figure 5. Quantification of ALP expression at day 10, day 17 and day 24 by
MC3T3-El1 cells cultured under 4 different conditions: 0.5 mg of BMP-2 loaded
PLGA/PLGA-PEG-PLGA microparticles, 5 mg of BMP-2 loaded microparticles, control
media (no microparticles) and an osteogenic media (positive control, no microparticles).
Error bars show + 1 SD (n=4) *p <0.000.
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2.2.3. Observation of Mineralised Bone-Like Tissue

After 10, 17 and 24 days in culture, cells were stained with alizarin red to identify calcium
phosphate mineral deposition (an indicator of differentiation) and photographed under optical
microscopy. Figure 6 shows the results of this qualitative histochemical assay. The control samples
also showed no positive staining. The positive control (cells cultured with osteogenic media) showed
clear staining for calcium deposits at day 17 increasing at day 24. Interestingly, the cells cultured in the
presence of the BMP-2 loaded microparticles show staining as early as day 10 for both sets of BMP-2
containing microparticles. Due to the mildly acidic conditions surrounding the degrading PLGA, the
alizarin red stain appeared slightly yellow over time. This was a response of the stain to the pH
condition. To verify that the PLGA composite was not giving a false positive, control microparticles
were also cultured with MC3T3-E1’s and stained with alizarin red in an identical manner. They
showed a clearly negative result for staining.

These results support the aforementioned alkaline phosphatase data (Figure 5) which indicate that
the BMP-2 released from the microparticles is bioactive and inducing early differentiation of the
MC3T3 cells compared with standard osteogenic induction techniques.
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Figure 6. Representative light photographs of tissue culture wells stained with alizarin red
to identify calcium deposits in the MC3T3-E1 culture in the presence of PLGA/PLGA-
PEG-PLGA composite microparticles with and without BMP-2 inclusion at day 10, 17
and 24. Groups were: control media (no microparticles), osteogenic media (no
microparticles) 0.5 mg of blank microparticles (no BMP-2), 5 mg of blank microparticles (no
BMP-2), 0.5 mg BMP-2 loaded microparticles and 5 mg of BMP-2 loaded microparticles.
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Figure 7. Representative optical microscopy images showing MC3T3-E1 cell depositions
stained with alizarin red after culture with BMP-2 loaded PLGA/PLGA-PEG-PLGA
microparticles for 10 days. A heterogeneous staining follows the contours of the
microparticles. Images show magnifications at 2x (a and b) and 20x (¢).
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At higher magnification, a striking zonal deposition of alizarin red staining was observed which
followed the contours of the microparticles, shown in Figure 7. This may be a result of the BMP-2
released from the microparticles creating concentration gradients which provided a non-homogenous
differentiation environment. Interestingly the mineral deposition was not immediately adjacent to the
microparticles but was consistently localised a short distance away from them.

2.3. Incorporation of Microparticles in 3D Scaffolds

Having established the ability of the microparticles to release BMP-2, we next attached the
microparticles to a well-established 3D scaffold comprising medical grade e-poly-caprolactone
incorporating 20% (w/w) B-tricalcium phosphate (mPCL-TCP). This demonstrated the feasibility of
incorporating the delivery system into a more mechanically robust scaffold environment providing a
multifunctional scaffold which has both mechanical stability combined with growth factor releasing
potential. Figure 8 shows the scaffold produced; further studies will verify the release in the 3D
environment, cellular differentiation in the 3D environment and ultimately investigate the effect of the
3D composite scaffold on in vitro/in vivo bone regeneration.

Figure 8. Photographs of 5 mg of PLGA/PLGA-PEG-PLGA microparticles attached to
fused deposition modelled scaffolds made from medical grade e-poly-caprolactone
incorporating 20% w/w B-tricalcium phosphate. (Particles were first stained red with Oil
red O to enable visualisation on the scaffold).

3. Experimental Section
3.1. PLGA-PEG-PLGA Triblock Copolymer Preparation

The PLGA-PEG-PLGA triblock co-polymer was formed using a method outlined by Zentner et al.
2001 [41] and refined by Hou et al. 2008 [42]. It was synthesised using a ring opening polymerisation
of cyclic dimers of D,L-lactide (Lancaster synthesis, Alfa Aesar) and Glycolide (Purac, Netherlands)
with PEG 1,500 kDa (Sigma-Aldrich, UK) in the presence of the catalyst stannous octoate
(Sigma-Aldrich, UK). The PEG was heated to 120 °C under vacuum, the temperature then raised
to 150 °C, and the D,L-lactide and glycolide were added. The reaction was maintained at 150 °C
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for 30 minutes under a nitrogen atmosphere. The stannous octoate was then added and the reaction was
allowed to proceed for 8 hours. The resultant copolymer was dissolved and precipitated in water in
order to remove the unreacted lactide and glycolide. The PLGA-PEG-PLGA was then dried under
vacuum and stored at —20 °C until required for use.

3.2. Microparticle Preparation

Poly(lactic-co-glycolic acid) (PLGA §&85:15 DLG 4A4, molecular weight 56 kDa, Lakeshore
Biomaterials, Birmingham, Alabama, USA) microparticles were formed using a water in oil in water
(w/o/w) emulsion method. An aqueous solution of human serum albumin (HSA, Sigma UK) and
BMP-2 was added to a solution of PLGA and PLGA-PEG-PLGA (90%:10% respectively) in
dichloromethane (Fisher Scientific, UK). These phases were homogenized (Silverson L5M
homogeniser) for 2 min at 4,000 rpm to form the water in oil emulsion. This emulsion was added to
a 200 mL aqueous solution of polyvinyl alcohol (PVA) (0.3%) and homogenized for 2 min
at 2,000 rpm. This double emulsion was stirred magnetically for 4 hours at 300 rpm before the
microparticles were filtered, washed and lyophilized. The concentration of the protein solution
was 90 mg/mL HSA and 10 mg/mL BMP-2. The polymer was used at a mass of 1 gram in 5 mL
dichloromethane. At these concentrations a 100 pL aliquot of protein solution (as used in the primary
emulsion) gave a protein loading of 1% with respect to polymer mass. Control particles were loaded
with a protein concentration of 100 mg/mL HSA and formed using the above method.

3.3. Microparticle Characterization

3.3.1. Determination of Size Distribution of Microparticles

Due to the high cost of BMP-2, some of the analysis was carried out on batches of microparticles
analogous to those containing 0.1% (w/w) BMP-2 but with a lower loading of growth factor. To
maintain the overall protein loading at 1% the ratio of HSA to BMP-2 was increased.

A suspension of the microparticles was prepared in double deionised water and sized using a laser
diffraction method (Coulter LS230, fitted with the hazardous fluids module, Beckman Coulter, UK)
while under agitation to prevent the particles settling.

3.3.2. Scanning Electron Microscopy

Microparticles of PLGA were gold sputter coated for 4.5 min at 30 mA (Baltzers SCD 030 gold
sputter coater). Imaging was carried out with an accelerating voltage of 10 Kv (JEOL 6060LV variable
pressure scanning electron microscope).

3.3.3. Determination of Protein Entrapment within the Microparticles

The measurement of the encapsulation efficiency of protein within the microparticles was a
modification of an extraction method used by Morita et al. 2001 [43] based on techniques first
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explored by Sah et al. 1999 [8]. PLGA microparticles (10 mg) were incubated in 750 uL dimethyl
sulphoxide (DMSO) (Fisher scientific) at room temperature for 1 hour, 2,150 pL of 0.5% SLS/0.02 N
NaOH was added for a further incubation at room temperature for one hour. The resulting solution was
measured using a bicinchoninic acid (BCA) protein assay kit (Thermo scientific) to ascertain the
protein content and compared against a standard curve of HSA conducted at the same time. Sample
(150 pL) and BCA working reagent (150 pL) were mixed and incubated for 2 hours at 37 °C and the
absorbance at 462 nm measured using a Tecan infinite 200 plate reader.

3.4. Release Study

Aliquots of the microparticles (100 mg) were suspended in 3 mL of phosphate buffered saline
(PBS) and then incubated at 37 °C under gentle agitation (orbital rocker set at 5 rpm). At regular
intervals the PBS was completely replaced and assayed for protein content using the BCA assay Kkit.
Calibration standards reflected the formulation of protein within the microparticles and were prepared
in PBS.

3.5. Cell Culture

Murine calvaria pre-osteoblast (MC3T3-E1) cells were cultured with a-minimum essential medium
(aMEM) (Invitrogen) supplemented with 10% (v/v) foetal calf serum (Invitrogen), 100 U/mL
penicillin and 100 pg/mL streptomycin (Invitrogen) as the standard growth media. The osteogenic
growth media included 10mM f-glycerophosphate, 0.1 mM ascorbate-2-phosphate and 100 nM
dexamethasone. Cells were cultured at 37 °C in a humidified 5% CO, atmosphere and the media was
replenished twice weekly.

The MC3T3-El cells were seeded into 48-well tissue culture plates at 5 x 107 cells per well
(1 x 10* cells per mL). The cells were cultured under six different conditions (n = 4) and assayed at
three time points. During media changes, care was taken not to disturb/aspirate the PLGA
microparticles.

Table 1. Experimental conditions that were assessed in 2D culture in 48-well tissue culture plates.

) ) ) ) . BMP-2 loaded BMP-2 loaded )
Time Blank microparticles Blank microparticles . . . . Control  Osteogenic
. microparticles microparticles ) )
point (0.5 mg/well +£ 20%) (5 mg/well + 20%) media media
(0.5 mg/well +20%) (5 mg/well +20%)
Day 10 n=4 n=4 n=4 n=4 n=4 n=4
Day 17 n=4 n=4 n=4 n=4 n=4 n=4
Day 24 n=4 n=4 n=4 n=4 n=4 n=4

3.6. Alizarin Red

Cells were washed with PBS and fixed with ice cold methanol. Alizarin red dye (Sigma) was
prepared at a concentration of 20 mg/mL in water and the pH was adjusted using 0.5% (v/v)
ammonium hydroxide so that it was in the range 4.1-4.3. The cells were incubated with the alizarin red
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stain for 5 min then washed several times with deionised water. The wells were photographed using
standard photography (Sony DSC-W55) and under optical microscopy (Nikon Eclipse TS100—
PixeLINK).

3.7. Alkaline Phosphatase

The cells were washed with PBS before being incubated at —20 °C in a solution of 0.1% Triton
X-100 in 0.2 M Tris buffer, pH 8. The cell lysate was centrifuged for 10 min at 10,000 rpm at 4 °C and
the supernatant added to a 96 well assay plate (100 pL/well) in triplicate to which 200 uL pNPP
substrate solution was added (SigmaFAST, p-Nitrophenyl phosphate tablets N1891). A control well
of 0.1% (v/v) Triton X-100 in 0.2 M Tris buffer was also assayed. The plate was incubated for 30 min
(room temperature) and the absorbance measured at 405 nm (BIO RAD Benchmark Plus).

3.8. Microparticle Attachment to 3D Scaffolds

The microparticles were attached to fused deposition modelled scaffolds made from medical grade
g-poly-caprolactone incorporating 20% w/w p-tricalcium phosphate (mPCL-TCP) (Osteopore
International, Singapore) by softening the microparticles with a 10% v/»v DMSO solution (scaffolds
were dipped for 5 seconds into the solvent solution and dry particles were added manually using a
spatula). This technique allowed the microparticles to attach to the scaffolds without disrupting the
morphology of either the microparticles or the scaffold (higher concentrations of DMSO adversely
affected the microparticle morphology). The application of distilled water to the scaffolds helped
evenly distribute the microparticles within the pores and the microparticles remained attached as the
scaffold was dried.

For photographic purposes, microparticles were pre-stained with Oil red O (Sigma, UK) before
attachment to the mPCL-TCP scaffolds. These stained microparticles were not used for cell culture.

3.9. Statistical Analysis

Statistical comparisons were carried out using the SPSS 18.0.1 software package. Comparisons
were made using Tukey-Kramer analysis of variance (ANOVA) and results were considered
significant if p < 0.05.

4. Conclusions

The shift in tissue engineering towards more regenerative approaches is increasingly focusing on
the use of scaffolds and exogenous signalling molecules. While the delivery of small robust molecules
such as drugs is fairly well understood, there remain uncertainties surrounding the delivery of an active
protein from a resorbing polymer matrix. For these polymer release techniques to be efficacious in a
clinical setting, several key areas such as entrapment efficiency, activity retention, and subsequent
release of the protein need to be investigated. This present study has addressed the encapsulation of the
growth factor BMP-2 within a polymer formulation candidate. Morphology, size distribution,
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encapsulation efficiency and release kinetics of the resultant microparticles have all been verified. This
formulation has shown the ability to mitigate the large burst release, by the inclusion of a triblock
co-polymer PLGA-PEG-PLGA in the formulation, usually seen in micro-delivery vehicles and offers a
reproducible and sustained release. Furthermore biocompatibility of the PLGA microparticles and
preferential cell behaviour towards BMP-2 loaded microparticles has been demonstrated. In contrast,
negative control microparticles containing no BMP-2 have demonstrated no significant effect on cell
behaviour. Both high and low levels of BMP-2 loaded PLGA microparticles have demonstrated the
ability to release bioactive BMP-2 which stimulates osteogenic differentiation (ascertained using
alkaline phosphatase and alizarin red assays) by day 10, outperforming cells cultured with
osteogenically supplemented media which only showed mineral deposition at day 24. This study
demonstrates a BMP-2 delivery system which may now be translated into more complex delivery
systems such as 3D mechanically robust scaffolds which may be suitable for implantation into a
load-bearing defect site.
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