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We designed a delivery vehicle that can maintain the local concentration of recombinant human bone
morphogenetic protein-2 (rhBMP-2) only around the bone surgery site for the enhancement of bone
healing without excessive bone formation at non-targeted sites. The microparticles were fabricated by
encapsulation of rhBMP-2 into a poly(lactic-co-glycolic acid) (PLGA) core and by coating with poly(butyl
methacrylate-co-methacryloyloxyethyl phosphate) (PBMP), which contains both calcium-binding phos-
phomonoester groups and PLGA-binding butyl groups. The PBMP-coated PLGA microparticles (PLGA/
PBMP) successfully encapsulated rhBMP-2 without compromising its bioactivity and demonstrated
encapsulation efficiencies and release kinetics similar to uncoated PLGA microparticles. Notably, the
PBMP coating conferred a significantly higher bone-binding affinity compared to PLGA alone. This
enhanced binding led to a higher local concentration of rhBMP-2, which in turn significantly upregulated
osteogenic markers in preosteoblast MC3T3-E1 cells. We then evaluated the bone growth and ectopic
bone formation after treatment with rhBMP-2-encapsulating PLGA/PBMP (BMP-2-PLGA/PBMP) in a rat
model of spine fusion surgery using autologous iliac bone. The results revealed that the sustained release
of rhBMP-2 from PLGA/PBMP could gradually stimulate bone growth, while free rhBMP-2 boosted bone
regeneration only during the first few weeks. More importantly, unlike free rhnBMP-2 which showed a high
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incidence of ectopic bone formation (>60%), BMP-2-PLGA/PBMP showed almost no incidence of ectopic
bone formation (<10%), indicating site-specific delivery. Collectively, our study demonstrates that the
PLGA/PBMP microparticle system has great potential for enhancing bone regeneration by enabling loca-

rsc.li/biomaterials-science lized delivery of rhBMP-2 with minimal side effects.

bone healing.>> Generally, autobone grafting is considered as
the gold standard technique for enhancing osteoinduction for

1. Introduction

Osteoinductive and osteoconductive functions are essential for
positive bone formation, remodelling, and bone healing after
injury. Osteogenic cells play important roles in the processes;
however, decreased numbers and weak potency of osteogenic
cells in elderly patients significantly hamper the processes.” As
a result, the prevalence of delayed bone healing and non-
union was reported as up to 61% in elderly patients and the
impaired bone formation is common for them even after the

“Department of Chemistry, Seoul National University, Seoul, Korea.

E-mail: gacn@snu.ac.kr

bDepartment of Neurosurgery, Seoul National University Boramae Medical Center,
Seoul, Korea. E-mail: ddolbae01@snu.ac.kr

“College of Pharmacy, Dongduk Women’s University, Seoul, Korea

“Department of Neurosurgery, Seoul National University College of Medicine, Seoul,
Korea

“Clinical Research Institute, Seoul National University Hospital, Seoul, Korea

T Co-first authors: these authors contributed equally to this work.

1 These authors contributed equally to this work.

1418 | Biomater. Sci., 2026, 14, 1418-1430

elderly patients.® Additionally, bone substitutes are often
required for the patients to augment bone formation and to
decrease non-union.®’

To enhance osteoinduction during bone healing, various
osteoinductive or osteopromotive materials including growth
factors, inorganic composites, ceramics, and nanostructured com-
posites have been developed. These materials stimulate the differ-
entiation of mesenchymal stem cells into osteogenic cells and
promote bone growth and repair."®* Among them, bone morpho-
genetic proteins (BMPs), especially BMP-2 and BMP-7, are the
most potent osteogenic factors but their clinical use is limited by
their short half-life, rapid clearance, and side effects.”™" While
high-dose treatment of BMPs can overcome their poor pharmaco-
kinetics for effective osteoinduction, this approach may provoke
adverse side effects such as excessive bone formation caused by
the diffusion of BMPs to non-targeted tissues.

To address these limitations, a variety of biomaterials have
been developed to regulate the spatiotemporal release of

This journal is © The Royal Society of Chemistry 2026
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BMP-2, aiming to minimize side effects and enhance bone
regeneration. For instance, injectable hydrogels based on
temperature-responsive polymers can conformally fill defect
sites while providing sustained release of BMP-2,'*'*
Additionally, 3D-printed scaffolds composed of polycaprolac-
tone (PCL) and f-tricalcium phosphate (B-TCP) have shown the
ability to support tissue ingrowth.'>*°

Another notable approach involves poly(lactide-co-glycolide)
(PLGA)-based microparticles and scaffolds. PLGA is one of the
most widely used biodegradable polymers approved by the
FDA. Due to its endogenous degradation and metabolization
into naturally occurring by-products, PLGA exhibits excellent
biocompatibility with minimal toxicity. Fine-tuning the ratio of
lactic to glycolic acid monomers enables controlled drug
release kinetics through hydrolysis of the polyester backbone
under physiological conditons."””® Given that bone regener-
ation typically requires gradual BMP release for at least 4 to 8
weeks for appropriate bone formation, PLGA-based materials
have been widely used for bone regeneration applications.”*?"

Despite these advancements, several challenges remain.
One major limitation is the insufficient affinity of delivery
vehicles to the target bone defect site, which compromises
their retention and anchoring. This weak interfacial inter-
action often results in premature diffusion of BMP-2 away
from the intended site, leading to reduced regenerative efficacy
and undesired ectopic bone formation.'®** Consequently,
researchers have sought to develop sustained-release strategies
that enable controlled and localized delivery of BMPs near
bone defect sites. Such approaches aim to ensure prolonged
exposure, promote effective bone healing and regeneration,
and minimize adverse effects associated with BMP leakage.'

Our group previously developed a drug delivery system with
strong binding affinity to calcium-based surfaces for selective
release of drugs around the bone or teeth.>® PLGA microparti-
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cles are coated with poly(butyl methacrylate-co-methacryloylox-
yethyl phosphate) (PBMP) to introduce strong calcium-binding
affinity due to the phosphomonoester side chains. The result-
ing PBMP-coated PLGA microparticles can slowly release
encapsulated small drugs on the surface of hydroxyapatite and
exposed bones, successfully inhibiting the bacterial biofilm
formation or surgery-induced osteitis in the sinonasal cavity in
2324 We envisioned that this system could also be applied
to the localized delivery of protein-based drugs during the
bone surgery.

In this study, we encapsulate recombinant human BMP-2
(rthBMP-2) in the PBMP-coated PLGA microparticles (PLGA/
PBMP) and apply the particles to spine fusion surgery using
autologous iliac bone (AIB) (Fig. 1), which is a standard tech-
nique in the clinic to support bone formation and to decrease
non-union for elderly patients.® By using the rat AIB model, we
analysed the enhancement of local bone formation and the
effect of localized delivery of rhBMP-2 encapsulated in PLGA/
PBMP on excessive bone formation at non-targeted lesions.
These approaches aim to optimize the therapeutic efficacy of
BMP-2, promote local bone healing, and facilitate successful
bone regeneration with minimal side effects for overcoming
the patients’ age and medical history, including osteoporosis
using an animal model.

mice.

2. Materials and methods
2.1 Materials

Poly(p,i-lactide-co-glycolide) ~ (PLGA;  average M, =
54 000-69 000; lactide : glycolide = 50 : 50) was purchased from
Evonik (Essen, Germany). 2-Hydroxyethyl methacrylate
(HEMA), pyridine, n-butyl methacrylate (BMA), chloroform,
2,2-azobis(2-methylpropionitrile) (AIBN), ethanol (EtOH), tetra-

BMP-2-PLGA/PBMP

SpE
_0/ \0
Poly (BMA-co-MOEP) (PBMP)

Localization of rhBMP-2 at the surgery site

Spine fusion surgery using
autologous iliac bone 1

Effective bone regeneration &
Negligible ectopic bone formation

Fig. 1 Schematic illustration of applying BMP-2-PLGA/PBMP microparticles to the spine fusion surgery with autologous iliac bone (AIB) for the

localized delivery and enhanced therapeutic effect of rhBMP-2.

This journal is © The Royal Society of Chemistry 2026
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hydrofuran (THF), fluorescein, bovine serum albumin (BSA),
and sodium dodecyl sulfate (SDS) were purchased from Sigma
Aldrich (St Louis, MO, USA). Polyvinyl alcohol (PVA) (average
M, = 13000-23000) and dimethyl chlorophosphate (DCP)
were purchased from Acros Organics (Geel, Belgium).
Bromotrimethylsilane (TMSBr) was purchased from TCI
(Tokyo, Japan). Dichloromethane (DCM), methanol (MeOH),
and dimethyl sulfoxide (DMSO) were purchased from
Samchun (Seoul, Korea). rhBMP-2 was donated from CGBio
(Seoul, Korea). A p-nitrophenyl phosphate (pNPP) alkaline
phosphatase assay kit was purchased from Anaspec (CA, USA).
Anti-RUNX2 antibody (F-2) and Anti-ALP antibody (A-10) were
acquired from Santa Cruz Biotechnology (TX, USA). Goat anti-
mouse Alexa Fluor 488 was purchased from Abcam
(Cambridge, UK).

2.2 Synthesis and characterization of PBMP

PBMP was synthesized as previously reported.”>** In brief,
DCP (0.15 mmol) and pyridine (0.15 mol) were mixed and
slowly added into 10 mL of chloroform containing HEMA
(0.10 mol). The mixture was stirred for 3 h at ambient tempera-
ture and washed with 0.01 M HCIL After evaporating the
washed organic layer, dimethyl methacryloyloxyethyl phos-
phate (DMOEP) was obtained. For the polymerization, DMOEP
(0.10 mol) and BMA (0.10 mol) monomers were added to an
EtOH/THF (v/v = 8/2) mixture with AIBN (0.0020 mol) as an
initiator. After an overnight polymerization at 60 °C, poly(BMA-
co-DMOEP) was obtained. After the evaporation of the solvent,
the polymer was dissolved in anhydrous chloroform. Ice-cold
TMSBr (0.25 mol) was slowly added to the solution and stirred
for 3 h at ambient temperature. After the evaporation of the
solvent, a water/THF (v/v = 1/7) mixture was added. After stirring
overnight at ambient temperature, the deprotected polymer was
purified using a dialysis membrane (Spectrum Laboratories,
MWCO = 3 kDa) against deionized water. PBMP was obtained as
a white powder after freeze-drying. The overall yield was over
60%. Gel Permeation Chromatography (GPC) was used for the
characterization of PBMP.

2.3 Preparation of PLGA and PLGA/PBMP microparticles

Microparticles encapsulating rhBMP-2 were prepared by a pre-
viously reported water-in-oil-in-water (w/o/w) double emulsion
method with slight modification. rhBMP-2 was dissolved in
purified water at a concentration of 0.1% (w/v) and PLGA was
dissolved in DCM at a concentration of 5.0% (w/v) separately.
The rhBMP-2 solution was dispersed in the PLGA solution
with rapid homogenization at 3000 rpm for 1 min to form a
water-in-oil (w/o) primary emulsion. The primary emulsion
was added into an aqueous solution of PVA (2 mL) at a concen-
tration of 3.0% (w/v) followed by the same homogenization
step to form a water-in-oil-in-water (w/o/w) double emulsion.
The emulsion was stirred with a magnetic stirrer for 5 h at
37 °C to evaporate DCM. After solvent evaporation, the result-
ing dispersion was added into 20 mL of an aqueous PVA solu-
tion (0.3% w/v) and stirred for an additional 1 h to obtain
PLGA microparticles encapsulating rhBMP-2 (BMP-2-PLGA).
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For PBMP-coated PLGA microparticles (BMP-2-PLGA/PBMP), the
dispersion obtained after the 5 h stirring step was instead trans-
ferred into a 0.3% (w/v) PVA solution containing PBMP (0.1%
w/v) and further stirred for 1 h. The resulting particle suspension
was centrifuged (Supra 21K, Hanil, Korea) at 8000 rpm for 5 min
and resuspended in deionized water. After repetitive washing
(x3) with deionized water, the particles were lyophilized.
Microparticles encapsulating BSA were fabricated by the same
procedure using BSA instead of rhBMP-2. Microparticles encap-
sulating fluorescein were fabricated using an oil-in-water (o/w)
single emulsion method using 200 pg of fluorescein in a DCM/
DMSO (v/v = 8/2) mixture as an oil phase and 3.0% (w/v) PVA as
an aqueous phase as previously reported.>*

2.4 Characterization of PLGA and PLGA/PBMP microparticles

The morphologies of the PLGA and PLGA/PBMP particles were
examined by field-emission scanning electron microscopy
(FE-SEM) (SIGMA; Carl Zeiss, Jena, Germany) after coating
with Pt by a sputter (EM ACE200; Leica, Wetzlar, Germany).
The zeta potential of the prepared particles was measured
using a Zetasizer (Zetasizernano ZS; Malvern, UK). The
amount of rhBMP-2 and BSA in the PLGA and PLGA/PBMP
microparticles was determined using a BCA protein assay kit
(Thermo Scientific, MA, USA). Briefly, 1.0 mg of the particles
was completely dissolved in 20 pL of DMSO, followed by the
addition of 80 pL of 0.05 M NaOH with 0.5% (w/v) of SDS. The
samples were then centrifuged at 13 000 rpm for 2 min. 10 pL
of the supernatant was collected from each sample for the
quantification of the protein amount by BCA assay. The drug
content and the encapsulation efficiency were calculated as
follows.

__mass of drug loaded in particles
N mass of particles

Drug content (ug mg )

Encapsulation efficiency (%)
_ mass of drug loaded in particles
" mass of drug in the preparation solution

100

2.5 Invitro protein release from PLGA and PLGA/PBMP
microparticles

The release of proteins from the particles was analysed by the
sample and separation method. The BSA release was evaluated
for 8 weeks, while rhBMP-2 release was evaluated for 4 weeks.
Microparticles encapsulating proteins were prepared at a con-
centration of 10 mg mL™" in PBS. The suspension was stirred
with a magnetic stirrer at 37 °C. At each time point, 200 puL of
the solution was sampled and centrifuged at 14 000 rpm for
10 min. The supernatant was collected for the quantitative
analysis of the released amount by the BCA assay. The release
of BSA and rhBMP-2 was quantified using BSA and rhBMP-2 as
the standards, respectively.

2.6 Cell culture

Mouse preosteoblast (MC3T3-E1) cells were cultured in a-MEM
supplemented with 100 U mL™" penicillin, 100 pg mL™" strep-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm01536g

Open Access Article. Published on 13 February 2026. Downloaded on 3/17/2026 12:05:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

tomycin, and 10% fetal bovine serum (FBS). The cells were
maintained at 37 °C under a humidified atmosphere contain-
ing 5% CO,. Osteogenic medium was prepared by the addition
of 10 mM p-glycerophosphate and 50 pg mL ™" ascorbic acid to
the culture medium.

2.7 Invitro bioactivity of released rhBMP-2

The bioactivity of rhBMP-2 released from the microparticles
was assessed using an alkaline phosphatase (ALP) activity
assay. Free thBMP-2 (10 pg mL™") or thBMP-2-loaded PLGA/
PBMP microparticles (10 mg mL™", with a total rhBMP-2 con-
centration of 6.0 pg mL™") were incubated in PBS at 37 °C for 1
and 24 h. After incubation, free rhBMP-2 or the eluates from
microparticles were collected and centrifuged at 14 000 rpm
for 10 min. The supernatant was diluted to a final thBMP-2
concentration of 100 ng mL™" in osteogenic medium. MC3T3-
E1 cells were seeded in 24-well plates at a density of 1 x 10*
cells per well and treated with osteogenic medium containing
free thBMP-2 or eluted rhBMP-2 (100 ng mL™") for 7 days, with
medium exchanges every 3 days. To evaluate the particles’
intrinsic biological effect, empty PLGA/PBMP microparticles
(10 mg mL™") were also incubated for 1 h and processed using
the same procedure. ALP activity was subsequently quantified
using a pNPP alkaline phosphatase assay kit (Anaspec, CA,
USA). The measured enzyme activity was normalized to the
total cellular protein content, which was determined using a
BCA assay.

2.8 Bone-binding affinity of microparticles

The calcium-binding affinity of PLGA and PLGA/PBMP micro-
particles was evaluated by measuring the fluorescence inten-
sity of fluorescein-encapsulated microparticles bound to rat
femurs. Briefly, rat femur samples were immersed in a suspen-
sion of PLGA or PLGA/PBMP microparticles (5 mg mL ™" in de-
ionized water) for 10 min. After immersion, the samples
underwent repetitive washing steps and were dried in a
vacuum oven overnight. The particle-bound bone samples
were then immersed in DMSO for 15 min to completely dis-
solve the microparticles, followed by the addition of an equal
volume of PBS. The fluorescence of the resulting eluates was
measured using a microplate reader at an excitation/emission
wavelength of 485/525 nm to quantify the number of adhered
particles on the bone surface.

2.9 Analysis of osteogenesis markers in MC3T3-E1 cells

2.9.1 Coating of hydroxyapatite discs with microparticles.
To coat hydroxyapatite (HA) discs with microparticles, BMP-2-
PLGA or BMP-2-PLGA/PBMP microparticles were suspended in
deionized water at a concentration of 20 mg mL™'. The HA
discs were immersed in the suspension for 1 min at ambient
temperature, washed thoroughly three times with deionized
water, and subsequently dried in an oven at 37 °C overnight.

2.9.2 RT-qPCR analysis. Microparticle-coated HA discs
were incubated in PBS at 37 °C for 10 days to facilitate the
release of rhBMP-2. The resulting solution was collected and
centrifuged at 14 000 rpm for 10 min to remove any residual

This journal is © The Royal Society of Chemistry 2026
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particles. MC3T3-E1 cells were seeded in 24-well plates at a
density of 2.5 x 10" cells per well and cultured in a
1:1 mixture of osteogenic medium and the collected solution
containing released rhBMP-2. After incubation for 2 days, half
of the medium was replaced with a fresh mixture of osteogenic
medium and the collected rhBMP-2 solution. After further
incubation for 2 days, total RNA was extracted from the cells
using a Total RNA Miniprep kit (Enzynomics, Daejeon, Korea).
The purified RNA was then used for cDNA synthesis with a
TOPscript™ c¢DNA synthesis kit (Enzynomics, Daejeon, Korea).
RT-qPCR was performed using TOPreal™ SYBR Green qPCR
UDG PreMIX (Enzynomics, Daejeon, Korea) according to the
manufacturer’s protocol. The primers used for RT-qPCR ana-
lysis are listed in Table S1. Gapdh was used as the housekeep-
ing gene for normalization.

2.9.3 Immunocytochemical analysis. MC3T3-E1 cells were
seeded directly onto microparticle-coated HA discs in a 24-well
plate at a density of 4 x 10* cells per well and cultured in osteo-
genic medium. After incubation for 2 days, half of the medium
was replaced with fresh osteogenic medium. After further incu-
bation for 2 days, the HA discs were gently washed with PBS,
and the cells were fixed with 4% (w/v) paraformaldehyde (PFA)
for 15 min. The cells were then permeabilized with 0.1% (v/v)
Triton X-100 for 5 min and blocked with 3% BSA in 0.1% (v/v)
Triton X-100 for 1 h. Subsequently, the cells were incubated
with a primary antibody against RUNX2 (1 : 100, Santa Cruz) or
ALP (1:100, Santa Cruz) at 4 °C for 16 h. After washing, the
cells were treated with a goat anti-mouse Alexa Fluor 488 sec-
ondary antibody (1:400, Abcam) for 1 h in the dark. Finally,
nuclei were counterstained with Hoechst 33342 (1:1000
dilution) for 5 min. Fluorescence images were acquired using
a Zeiss LSM 980 confocal microscope (Zeiss, Oberkochen,
Germany).

2.10 In vivo bone formation after posterolateral spine fusion
in a rat model

2.10.1 Animals. The animal experiment was performed
according to the recommendations of the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Institutional Animal
Care and Use Committee of the Clinical Research Institute,
Seoul National University Hospital, Seoul, Korea (permit
number: 14-0259-C1A0).

Ten-week-old male Sprague-Dawley rats obtained from
Orient Bio (Gyonggi, Korea) were used and housed singly in a
pathogen-free ventilated cage with a 12 hour light/dark cycle.
The rats were allowed free access to tap water and standard
rodent chow (Cargill, Gyonggi, Korea) that contained 1.35%
(w/w) calcium and 0.44% (w/w) phosphate and no vitamin D.

2.10.2 In vivo experimental design and surgery. After 2
weeks of acclimatization, 40 ten-week-old male Sprague-
Dawley rats were divided into five groups (n = 10 each, except n
= 5 for BMP(0.5)-PLGA/PBMP and BMP(5)-PLGA/PBMP):
control (autologous iliac bone (AIB)), free BMP(5) (AIB + col-
lagen soaked with 5 pg rhBMP-2), BMP(0.5)-PLGA/PBMP (AIB +
PLGA/PBMP particles containing 0.5 pg rhBMP-2), BMP(2.5)-

Biomater. Sci, 2026, 14,1418-1430 | 1421
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PLGA/PBMP (AIB + PLGA/PBMP particles containing 2.5 pg
rhBMP-2), and BMP(5)-PLGA/PBMP (AIB + PLGA/PBMP par-
ticles containing 5 pg rhBMP-2). All rats underwent unilateral
posterolateral intertransverse fusion with AIB. Anesthesia was
induced with 5% isoflurane and maintained with 2.5% isoflur-
ane; during the maintenance, oxygen was supplied through a
coaxial nose cone. A posterior midline incision was made over
the spinous process on L4-L5. After the left-side dorsal
incision, the L4 and L5 transverse processes were exposed by
muscle splitting between the multifidus and erector spinae
muscles. The cortical bone of the transverse processes of L4
and L5 was decorticated with an electronic bur, and about
0.25 g of AIB was harvested from the ipsilateral iliac bone. The
AIB mixed with PLGA/PBMP particles containing rhBMP-2 at
the dose according to each group was placed between the dec-
orticated transverse processes of L4 and L5.

2.10.3 Evaluation of bone formation. Rats in each group
were euthanized at 4 and 8 weeks after fusion surgery, respect-
ively. Three-dimensional (3-D) micro-CT was performed
(NFR-Polaris-G90, NanoFocusRay, Jeonbuk, Korea) for the assess-
ment of bone formation. Scans were performed initially from the
lower end plate of the S2 vertebral body and proceeded cranially;
the images, including 720° views, were acquired at 70 kvp, 80 A,
and 100 ms per frame. Total 512 slices were acquired with a
reconstructed image size of 1024 x 1024 pixels and a voxel size of
56 x 56 x 124 pm.’ The axial images were converted to 3-D
images using Digital Imaging and Communications in Medicine
(DICOM) software (Lucion, Infinite Healthcare, Seoul, Korea).
The volume between the upper end plate of L4 and the lower end
plate of L5 including the volume of the applied AIB was
measured with a threshold of >700.

In each group, the bone volume change during weeks 0-4
was calculated by subtracting the average bone volume at week
0 from the bone volume of each animal sacrificed at week 4.
Similarly, the bone volume change during weeks 4-8 was
determined by subtracting the average bone volume at week 4
from the bone volume of each animal sacrificed at week 8. It is
important to note that these values do not represent longitudi-
nal measurement of the same subjects over time, but rather
reflect group-wise comparisons at distinct time points. Ectopic
bone formation was defined as the bone formation outside the
parts between L4 and L5 transverse processes, which were the
original spinal fusion sites. The presence or absence of ectopic
bone formation was evaluated by micro-CT.

2.10.4 Histological evaluation of in vivo bone formation
after posterolateral spine fusion. Samples including the L4-L5
intertransverse processes and adjacent vertebral bodies were
harvested and fixed with 4% paraformaldehyde. The speci-
mens were decalcified in 5% nitric acid for 3 days, washed in
distilled water, and embedded in paraffin. Unilateral sagittal
sections with a thickness of 5 pm were obtained from the
midline of the intertransverse process area. The sections were
stained with Alcian blue and Masson’s trichrome with hema-
toxylin/fast green and observed using light microscopy. We
compared the stained areas to analyse the new bone formation
at the spine fusion site.

1422 | Biomater. Sci, 2026, 14, 1418-1430
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2.11 Statistical analysis

We performed all the quantitative experiments at least in tripli-
cate. The data are expressed as mean value + standard devi-
ation. Statistical significance was determined by two-tailed
Student’s t-test, one-way analysis of variance (ANOVA) after
Bonferroni’s correction, and Fisher’'s exact test using
GraphPad Prism software (5.0; GraphPad, San Diego, CA, USA).
A p-value less than 0.05 was considered significant.

3. Results and discussion
3.1 Synthesis of PBMP

Poly(BMA-co-MOEP) (PBMP), which was designed to enhance
the binding affinity of drug-loaded PLGA particles towards
calcium-rich surfaces, was synthesized by free radical polymer-
ization using BMA and DMOEP as monomers based on the
previously reported procedures.?” Hydrophobic n-butyl groups
in BMA are expected to interact with the hydrophobic surface
of the PLGA particle, while phosphomonoester groups in
MOEP provide strong affinity towards the calcium-bearing
materials, such as bones. '"H NMR spectra showed successful
synthesis of PBMP, with the BMA : MOEP ratio of 60 : 40 in the
polymer (Fig. S1A). GPC analysis showed the number average
molecular weight (M,) of 16900 g mol™" and the weight
average molecular weight (M,,) of 32200 g mol™" (Fig. S1B),
which are below the cut-off values of the excretion in the
kidneys.”® The dispersity (P) of 1.91 was a typical characteristic
of polymers synthesized by free radical polymerization.

3.2 Encapsulation of rhBMP-2 in PLGA and PLGA/PBMP
microparticles

For the encapsulation of rhBMP-2 into the PLGA particles, we
used the water-in-oil-in-water (w/o/w) emulsion/evaporation
method, which is well-known for the fabrication of PLGA
microparticles encapsulating hydrophilic proteins.*®*” PLGA
microparticles could be coated with PBMP by incubation in a
PBMP-dissolved solution. The resulting particles were exam-
ined with FE-SEM, showing spherical shapes with an average
diameter of around 0.7 pm (Fig. 2 and Table 1). Non-coated
PLGA particles exhibited a slightly negative zeta potential
(—8.14 mV) due to the carboxylate end groups of the PLGA

Fig. 2 Preparation of rhBMP-2-loaded PLGA microparticles with or
without PBMP coating. FE-SEM images of non-coated PLGA microparti-
cles (BMP-2-PLGA) (A) and PBMP-coated PLGA microparticles (BMP-2-
PLGA/PBMP) (B).

This journal is © The Royal Society of Chemistry 2026
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Table 1 Characterization of BMP-2-PLGA and BMP-2-PLGA /PBMP microparticles. The particle size was measured by the analysis of the particles
(n > 400) in FE-SEM images. The values in the zeta potential, drug content and loading efficiency were obtained in three independent experiments

(n = 3). All values are indicated as the mean + S.D

rhBMP-2 loading

Microparticles Size (pm) Zeta potential (mV) Content (pg mg™) Encapsulation efficiency (%)
BMP-2-PLGA 0.70 £ 0.41 —8.14 £ 2.69 0.68 + 0.47 27.1+19.0
BMP-2-PLGA/PBMP 0.68 £ 0.35 —27.18 +3.27 0.58 +0.21 23.0+1.6

backbone. On the other hand, PLGA/PBMP microparticles
exhibited a much lower zeta potential (—27.18 mV), which was
attributed to the negatively charged phosphomonoester groups
in the side chains of PBMP. The result implied that PBMP
could be coated on the surface of PLGA microparticles
successfully.

The loaded amount of thBMP-2 in the fabricated particles
was measured by BCA assay. PLGA and PLGA/PBMP particles
showed protein contents of 0.68 pg mg~' and 0.58 pug mg™*,
respectively. The encapsulation efficiency was calculated as
27.1% and 23.0% for PLGA and PLGA/PBMP particles, respect-
ively. Overall, the results confirmed that the PBMP-coating on
the PLGA particle surface did not significantly influence the
morphology nor the protein loading of the particles.

3.3 Invitro protein release from PLGA and PLGA/PBMP
microparticles

The release of encapsulated proteins from PLGA and PLGA/
PBMP microparticles was measured by BCA assay. Initially,
bovine serum albumin (BSA) was employed as a model protein
to compare the release behaviour of PLGA and PLGA/PBMP
microparticles. The cumulative release profiles of BSA from
particles are presented as solid lines in Fig. 3. Both PLGA and
PLGA/PBMP showed burst release up to 20% within the initial
1 h of incubation possibly due to the rapid diffusion of weakly
bound BSA around the particle surface. Subsequently, BSA was
released from the particles in a sustained manner for up to 8
weeks. PLGA/PBMP particles showed cumulative release of
37% and 45% on days 7 and 14, reaching around 50% after 4

100
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= - BSA-PLGA/PBVP
o 80
[7)
3
° 60
g
>
= 40
8
>
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>
(&)
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0 20 40 60
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Fig. 3 In vitro release of BSA as a model protein from PLGA and PLGA/

PBMP microparticles. All values are indicated as the mean + S.D (n = 3).
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weeks. By the time point of 8 weeks, a total of 76% of encapsu-
lated BSA was released from PLGA/PBMP. The protein release
profiles of PLGA and PLGA/PBMP are quite similar to each
other. The release rate from PLGA/PBMP was slightly faster
than that from PLGA, but the difference was not statistically
significant. PBMP coating seems to have a minimal effect on
the protein release from the PLGA-based microparticles.

The release of the therapeutic protein thBMP-2 from PLGA/
PBMP microparticles was also quantified using a BCA assay
with thBMP-2 as the standard. Similar to the release pattern
observed from BSA, an initial burst release of approximately
20% occurred within the first hour, followed by gradual and
sustained release reaching 28% and 43% by days 7 and 14,
respectively, and reaching 60% by week 4 (Fig. S2). This pro-
longed release kinetic is highly desirable for bone healing, a
process that requires maintaining therapeutic concentration
over several weeks. We envisioned that the PLGA/PBMP system
can provide localized, long-term delivery of rhBMP-2, poten-
tially avoiding the systemic side effects associated with high-
dose treatments.

3.4 Retention of rhBMP-2 bioactivity in PLGA/PBMP
microparticles

Assessing the bioactivity of encapsulated proteins is crucial, as
the fabrication process can potentially lead to protein dena-
turation. To evaluate whether rhBMP-2 retained its osteoinduc-
tive activity following encapsulation in PLGA/PBMP microparti-
cles, we conducted a comparative analysis. Specifically,
rhBMP-2 was released from BMP-2-PLGA/PBMP by incubation
in PBS at 37 °C, and its osteoinductive activity was compared
with that of free rhBMP-2 incubated under the same con-
ditions. It was confirmed that the osteoinductive activity of
free rhBMP-2 was not significantly decreased under the incu-
bation conditions.

Alkaline phosphatase (ALP) activity, which is a key indicator
of osteogenesis, was measured in preosteoblast MC3T3-E1
cells after 7 day treatment with each rhBMP-2 sample at an
equal concentration (100 ng mL ™). The possible toxicity of
PLGA/PBMP microparticles was examined in a previous study
using the same cell line, showing no significant cytotoxicity up
to 1000 pg mL~ >3

As shown in Fig. 4, thBMP-2 released from BMP-2-PLGA/
PBMP exhibited no significant difference in ALP activity com-
pared to free rhBMP-2 after 1 h-incubation, indicating that the
encapsulation process did not compromise its osteoinductive
function. Notably, rhBMP-2 released from BMP-2-PLGA/PBMP

Biomater. Sci, 2026, 14, 1418-1430 | 1423
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Fig. 4 In vitro bioactivity of rhBMP-2 released from the PLGA/PBMP

microparticles determined by alkaline phosphatase (ALP) activity in
MC3T3-E1 cells. Eluates were collected after incubating microparticles
in PBS for 1 h at 37 °C. The cells were then treated with the eluates
which were diluted to a final rhBMP-2 concentration of 100 ng mL™?, for
7 days before ALP quantification. ALP activity was normalized to that of
the control group. The error bar represents the standard deviation. The
statistical analysis was performed using one-way analysis of variance
(ANOVA). *** indicates p < 0.001. ns means not significant.

retained its bioactivity and induced two-fold higher ALP
activity compared to the control group even after 24 h-incu-
bation (Fig. S3). This result suggests that PLGA/PBMP micro-
particles can serve as a protective carrier, effectively shielding
rhBMP-2 from deactivation. Such protection is advantageous
for maintaining long-term therapeutic efficacy in vivo, ulti-
mately contributing to successful bone regeneration. Empty
PLGA/PBMP microparticles did not exhibit any induction of
ALP activity compared to the control group (Fig. S4).

3.5 Bone-binding affinity of PLGA and PLGA/PBMP
microparticles

One of the major drawbacks of using BMP-2 in the clinic is
unfavourable ectopic bone formation.'®*® Therefore, it is very
crucial to maintain the concentration of BMP-2 only around
the target site by preventing the leakage or diffusion of BMP-2
to non-targeted areas. We expected that calcium-binding
PBMP coating on the PLGA particle surface would greatly
enhance the binding affinity towards the calcium-rich surface,
owing to its phosphomonoester groups. As shown in their out-
standing binding affinity onto hydroxyapatite®® or exposed
bones in the sinonasal cavity after surgery,”® PLGA/PBMP
microparticles could have strong binding affinity to the target
bone during bone surgery and minimize the release of
rhBMP-2 at unwanted sites.

To compare the binding affinity of non-coated PLGA par-
ticles and PLGA/PBMP particles to bones, we prepared fluor-
escein-loaded particles and measured the fluorescence inten-
sity on the surface of sliced rat femurs ex vivo (Fig. 5). The
results revealed that bone samples immersed with PLGA/
PBMP particles showed approximately 2 times higher fluo-
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Fig. 5 Ex vivo bone binding of PLGA and PLGA/PBMP microparticles.
Fluorescein-loaded PLGA and PLGA/PBMP microparticles were used for
the measurement of bone binding. The fluorescence intensity was
measured by dissolving all the adhered-particles on the surface of bone
samples. The error bar represents the standard deviation of the
measurements. The statistical analysis was performed using Student’s
unpaired t-test. * indicates p < 0.05.

rescence intensity than bare PLGA particles, even after repeti-
tive washing procedures for releasing weakly bound particles.
Although non-coated PLGA can interact with bones to some
extent probably due to the interaction between calcium in
bones and carboxylate in PLGA, it is reported that the inter-
action between calcium ions and phosphomonoester is much
stronger.’® Based on the result of the ex vivo binding analysis,
we could presume that the administered PLGA/PBMP particles
would strongly adhere to the bone surfaces in the surgical
lesion, allowing rhBMP-2 to be released in the target area.

3.6 Invitro osteogenesis induced by BMP-2-PLGA and
BMP-2-PLGA/PBMP

As shown in Fig. 5, the PBMP coating was designed to enhance
the binding affinity of PLGA microparticles to bone surfaces.
We therefore expected that this increased adhesion would lead
to greater particle retention on bone surfaces compared to that
of uncoated PLGA particles, thereby elevating the local concen-
tration of rhBMP-2 near the adhesion sites and promoting
osteogenic differentiation.

To simulate the osteogenic process in vitro, hydroxyapatite
(HA) discs were coated with either BMP-2-PLGA or BMP-2-
PLGA/PBMP particles and incubated in PBS for 10 days to
collect released rhBMP-2. These eluates were subsequently
used to induce osteogenesis in MC3T3-E1 preosteoblasts. As
shown in Fig. 6A, the transcription levels of Runt-related tran-
scription factor 2 (Runx2) were measured by RT-qPCR after a 5
day treatment with the collected eluates.*' * While the BMP-2-
PLGA group showed a minimal difference from the control,
the BMP-2-PLGA/PBMP group exhibited a 2.3-fold increase in
Runx2 expression relative to the control.

To further assess osteogenic potential in a more biomimetic
setting that simulates localized cell-particle interactions,
MC3T3-E1 cells were directly seeded onto the particle-coated

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Analysis of osteogenic markers in MC3T3-E1 cells cultured with
rhBMP-2 released from HA disc bound microparticles. (A) RT-qPCR ana-
lysis of Runx2 expression. Cells were stimulated for 5 days with a con-
ditioned buffer obtained by a 10 day incubation of the HA disc coated
with microparticles. Gene expression was normalized to Gapdh. (B)
Representative confocal microscopy images of cells incubated on the
microparticle-coated HA discs for 5 days. RUNX2 and ALP are stained in
green. The scale bar represents 20 pm. (C) Quantification of the fluor-
escence signal for RUNX2 and ALP in cells incubated on the microparti-
cle-coated HA discs. The error bar represents the standard deviation.
The statistical analysis was performed using one-way analysis of variance
(ANOVA). *, ** and *** indicate 0.01 < p < 0.05, 0.001 <p < 0.01and p <
0.001, respectively. ns means not significant.

HA discs. After 5 days of culture, the expression levels of key
osteogenic markers, RUNX2 and ALP, were examined by
immunocytochemistry (ICC).*>* The 5 day time point was

This journal is © The Royal Society of Chemistry 2026
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chosen because early osteogenic markers reach their peak
between days 3 and 7.%**” Confocal laser scanning microscopy
(CLSM) images revealed markedly higher expression of RUNX2
and ALP in cells cultured on HA discs coated with BMP-2-
PLGA/PBMP particles compared to both the control and
BMP-2-PLGA groups (Fig. 6B). Quantitative analysis confirmed
that the BMP-2-PLGA/PBMP group displayed 1.6-fold and 2.2-
fold higher expression of RUNX2 and ALP, respectively, than
the BMP-2-PLGA group (Fig. 6C).

Collectively, the significantly elevated expression of both
osteogenic markers supports the notion that the PBMP-coated
particles enhance retention at the bone surface, thereby main-
taining a sufficient local concentration of rhBMP-2 to effec-
tively promote osteogenesis. These findings highlight the
potential of our delivery system to facilitate robust osteopro-
genitor cell differentiation and underscore its promise for
improving bone regeneration in vivo.

3.7 Evaluation of bone formation after posterolateral spine
fusion

To evaluate the bone formation efficacy of thBMP-2 released
from PLGA/PBMP microparticles, we used the posterolateral
spinal fusion surgery model using rats mimicking the clinical
practice in the present and previous studies.*®*° In the model,
unilateral fusion surgery was performed, with the contralateral
non-operated side serving as an internal control to enable
accurate evaluation of bone formation. AIB was harvested from
the rat and applied with vehicles containing rhBMP-2. PLGA/
PBMP microparticles encapsulating rhBMP-2 were prepared
for the binding on the AIB surface (Fig. 7). The AIB treated
with free rhBMP-2 at a dose of 5 pg (free BMP(5)) or PLGA/
PBMP encapsulating rhBMP-2 (BMP(5)-PLGA/PBMP, BMP(2.5)-
PLGA/PBMP, and BMP(0.5)-PLGA/PBMP) at various doses of
rhBMP-2 (5 pg, 2.5 pg and 0.5 pg doses per rat) was placed over
the spinous processes on L4-L5 for facilitating intertransverse

Fig. 7 In vivo experimental process of posterolateral intertransverse
fusion with autologous iliac bone (AIB) in a rat model. (A) Midline incision
of the back skin over the spine and dissection of spinae muscle. (B)
Exposure of transverse processes of L4 and L5 to be operated on. (C)
Exposure and harvest of the ipsilateral iliac bone for AIB. (D) Applying
BMP-2-PLGA/PBMP microparticles on the surface of AIB. (E) Placing the
mixture of AIB and BMP-2-PLGA/PBMP microparticles in between the
decorticated transverse process of L4 and L5. (F) After 4 and 8 weeks of
the surgery, half of each group is euthanized for micro-CT scanning and
histological analysis.
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fusion. The dose was selected based on previous posterolateral
spinal fusion studies demonstrating robust and effective
fusion at a rhBMP-2 dose of 2-10 pg per rats.’®*' At the time
point of 4 and 8 weeks after the surgery, half of each group
was sacrificed for micro-CT scanning and histological staining
of the spine bones. The 4 and 8 week time points were selected
to assess initial osteogenic activity and mature bone remodel-
ling based on previously established fusion model timelines.
We reported that a rat in the free BMP(5) group and a rat in
the control group died 2 weeks and 6 weeks after the fusion
surgery, respectively.

The micro-CT images of the harvested spine bones are
shown in Fig. 8A. The bone volume change between each time
point was calculated from the micro-CT data and is plotted in
Fig. 8B and C. Without any rhBMP-2 treatment (control), the
volume of the fusion bed increased by 51 mm? between 0 and
4 weeks after the AIB surgery, but slightly decreased between 4
and 8 weeks. In bone remodelling using harvested auto- or
allobone, the grafted bone on the fusion bed is gradually
absorbed over time and becomes matured.**** Therefore, if
osteoinductive materials are not released until the late stage of
bone remodelling, the volume of the bone on the fusion bed
decreases. In contrast, if the osteoinductive materials are
released until the late stage of bone remodelling, the absorp-
tion of the grafted bone can be reduced or the bone volume on
the fusion bed can increase. When free BMP(5) was adminis-
tered at a dose of 5 g, the bone volume increased by 126 mm?
from 0 to 4 weeks, which is the largest change among all
groups. This suggests a rapid and strong osteoinduction by
rhBMP-2 in the fusion bed. However, there was no significant
change in bone volume between 4 and 8 weeks, implying
minimal activity of rhBMP-2 in this period.

On the other hand, groups treated with BMP(0.5)-PLGA/
PBMP or BMP(2.5)-PLGA/PBMP showed almost no significant
change in bone volume between 0 and 4 weeks (Fig. 8B). The
group treated with BMP(5)-PLGA/PBMP showed a decrease in
bone volume during this period possibly due to the absorption
of the grafted bone. However, from 4 to 8 weeks, the increase
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of the bone volume was observed in a dose-dependent manner
(Fig. 8C). Although BMP(0.5)-PLGA/PBMP showed minimal
changes in bone volume, BMP(2.5)-PLGA/PBMP and BMP(5)-
PLGA/PBMP showed a significant increase in bone volume by
56 mm® and 63 mm?, respectively. Unlike other groups with
negligible bone volume changes, only these two groups
showed a significant increase in bone volume in the period
between 4 and 8 weeks.

The distinctive osteogenic effect of free BMP(5) and
BMP-PLGA/PBMP reflected the significance of the sustained
release behaviour of rhBMP-2 from PLGA/PBMP microparti-
cles. Free rhBMP-2 gave a rapid osteogenic effect in the early
period between 0 and 4 weeks but the effect diminished in the
late period between 4 and 8 weeks, probably due to rapid
diffusion from the spine fusion surgery site and elimination
from the body. On the other hand, encapsulated protein drugs
can be released in a sustained manner from PLGA/PBMP
microparticles for more than 6 weeks, as shown in Fig. 3.
Therefore, PLGA/PBMP could release encapsulated rhBMP-2 in
a sustained manner to start facilitating the bone growth more
slowly and to maintain the effective concentration for osteo-
genesis around the attached bone surfaces until the late
period from 4 to 8 weeks.

The dose-efficacy relationship could also be obtained from
the results. While PLGA/PBMP microparticles can release
rhBMP-2 nearby the administered site for a prolonged period,
the concentration of rhBMP-2 might not be maintained over
the threshold value for the osteoinduction if the dosage of
rhBMP-2 encapsulated in PLGA/PBMP is too low. BMP(0.5)-
PLGA/PBMP, which contains only 0.5 pg of rhBMP-2, showed
an almost minimal effect on osteoinduction. When the dosage
of thBMP-2 was 2.5 pg or 5 pg, PLGA/PBMP microparticles
induced gradual osteogenesis up to 8 weeks. BMP(2.5)-PLGA/
PBMP, which contains only half the amount of rhBMP-2 com-
pared to free BMP(5), could maintain the osteogenic activity
even 8 weeks after following the spinal surgery.

The new bone formation was also observed in the stained
images of the harvested bone tissues (Fig. 9A). The Alcian blue
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Fig. 8 Evaluation of bone formation in the spine after the spine fusion surgery in the rat model. (A) Representative micro-CT images of transverse
processes with bone formation after 4 and 8 weeks of spinal fusion surgery. The bone volume change from week 0 to 4 (B), and from week 4 to 8
(C) in the micro-CT images. The error bar represents the standard deviation. The statistical analysis was performed using one-way analysis of var-
iance (ANOVA). *, ** and *** indicate 0.01 < p < 0.05, 0.001 < p < 0.01 and p < 0.001, respectively. ns means not significant.
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Fig. 9 Histological evaluation of surgical sections after the spine fusion surgery in the rat model. Samples were stained with Masson's trichrome
(for bone matrix) and Alcian blue (for cartilage). (Scale bar = 1000 pm.) (A) Representative images of the bone formation after 4 and 8 weeks of
spinal fusion surgery. (B) High magnification images of boxed regions in the BMP(2.5)-PLGA/PBMP group at 8 weeks. The star-shaped markers indi-

cate the cortical bone of the transverse process.

stains cartilage and collagen in blue and the Masson-tri-
chrome staining shows the newly formed bones and collagen
in green.***> After 4 weeks, all groups showed significantly
large areas of newly formed cartilage, bones, and collagen.
However, after 8 weeks, most groups showed significantly
decreased blue- or green-stained areas. Only the BMP(2.5)-
PLGA/PBMP group demonstrated pronounced and sustained
staining of newly formed bone and cartilage through 8 weeks,
with particularly strong signals at the cortical bone interface,
as shown in the magnified images (Fig. 9B). These findings
suggest that the sustained release of rhBMP-2 from PLGA/
PBMP microparticles effectively supported the process of new
bone formation. In addition, no particles were detected in the
histological images, likely due to the hydrolytic degradation of
PLGA in vivo or their removal during the tissue processing pro-
cedures, including xylene treatment."”*®*”

3.8 Evaluation of ectopic bone formation after posterolateral
spine fusion

Despite the strong osteogenic potential of rhBMP-2, its clinical
use is often limited by side effects such as uncontrolled bone
formation in non-target sites. This ectopic bone formation
typically results from the uncontrolled diffusion of rhBMP-2 to
unintended sites.'® Therefore, we expected that our
BMP-PLGA/PBMP microparticles with strong bone binding
affinity would minimize such off-target effects by localizing
rhBMP-2 to the defect sites. The micro-CT images in Fig. 10A
demonstrate examples of normal bone formation and ectopic
bone formation in our posterolateral spinal fusion surgery
model. The bone growth outside of the intended fusion site
between the L4 and L5 transverse processes where rhBMP-2-

This journal is © The Royal Society of Chemistry 2026

treated AIB was placed is defined as ectopic bone. These areas
of ectopic bone are indicated as arrows in the micro-CT
images in Fig. 10B and Fig. S5-S9.

Fig. 11 and Table 2 summarize the occurrence of ectopic
bone formation at 4 weeks and 8 weeks post-surgery. At 4
weeks, the free BMP(5) group showed a significantly higher
incidence of ectopic bone formation (7/9) compared to the
control group (1/10). In contrast, the PLGA/PBMP microparti-
cle groups demonstrated a profound reduction in this side
effect. No ectopic bone formation was observed in the BMP
(0.5)-PLGA/PBMP (0/5) and BMP(5)-PLGA/PBMP (0/5) groups,
and only a single case was observed in the BMP(2.5)-PLGA/
PBMP group (1/10). This trend continued at the 8 week time
point, with the free BMP(5) group maintaining a high inci-
dence (6/10), while the particle groups showed minimal to no
ectopic bone formation: BMP(0.5)-PLGA/PBMP (0/5), BMP(2.5)-
PLGA/PBMP (1/10), and BMP(5)-PLGA/PBMP (0/5).

While the free BMP(5) group was highly effective in promot-
ing bone growth (126 mm? at 4 weeks, Fig. 8B), this came at the
cost of substantial ectopic bone formation, likely due to the
non-localized diffusion and uncontrolled burst release of
rhBMP-2. In contrast, the BMP(2.5)-PLGA/PBMP and BMP(5)-
PLGA/PBMP groups achieved remarkable bone volume increases
(56 mm® and 63 mm?®, respectively, at 8 weeks, Fig. 8C) with
negligible ectopic bone formation. This strongly suggests that
the high binding affinity of PBMP for the bone surface effec-
tively confined rhBMP-2 diffusion to the defect site.

Notably, no statistically significant difference in ectopic
bone formation was observed among the three particle dosage
groups. The complete absence of ectopic bone in the BMP
(0.5)-PLGA/PBMP and BMP(5)-PLGA/PBMP groups, compared

Biomater. Sci,, 2026, 14, 1418-1430 | 1427
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Table 2 Comparison of ectopic bone formation after the spine fusion surgery in the rat model

Control free BMP (5) BMP (0.5)-PLGA/PBMP BMP (2.5)-PLGA/PBMP BMP (5)-PLGA/PBMP
Week 4 1/10 7/9 0/5 1/10 0/5
Week 8 0/9 6/10 0/5 1/10 0/5

to the single case in the BMP(2.5)-PLGA/PBMP group, is likely 4. Conclusion

due to the smaller animal cohort sizes (n = 5 for BMP(0.5)-

PLGA/PBMP and BMP(5)-PLGA/PBMP vs. n = 10 for BMP(2.5)- We successfully encapsulated thBMP-2 in PLGA microparticles
PLGA/PBMP) rather than a dose-dependent effect. The consist- coated with the calcium-binding polymer PBMP, enabling loca-
ent and dramatic reduction of ectopic bone formation across lized delivery of rhBMP-2 for enhanced bone regeneration
all PLGA/PBMP groups compared to that with free rhBMP-2 without side effects at spine fusion surgery sites. The strong
underscores the system’s ability to provide safe and targeted binding affinity of BMP-2-PLGA/PBMP to calcium-rich bone sur-
bone regeneration. faces facilitated sustained release of the encapsulated protein

1428 | Biomater. Sci, 2026, 14, 1418-1430 This journal is © The Royal Society of Chemistry 2026
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over several weeks. In a posterolateral spine fusion rat model,
BMP-2-PLGA/PBMP maintained bone regeneration activity for up
to 8 weeks. More importantly, a significant reduction in ectopic
bone formation validated the efficacy of localized delivery of
rhBMP-2, with therapeutic action confined to the target site.
Despite these promising outcomes, this study was limited by
small in vivo group sizes, which precluded quantitative histo-
logical scoring. Future investigations should incorporate larger
animal cohorts to enable robust statistical analysis.

We believe that PLGA/PBMP microparticles hold substantial
clinical potential for patients requiring enhanced bone
healing—regardless of age or medical history—by maximizing
bone growth factor efficacy while minimizing adverse effects.
Unlike bulk scaffolds, our microparticles offer superior surface
area-to-volume ratios that promote targeted adhesion at defect
sites through bone-targeting coatings, thereby reducing
ectopic mineralization risks. The simplified dip-coating
method with bone-binding polymers further enables efficient
multi-drug encapsulation and precise release control.
However, optimization of encapsulation efficiency for hydro-
philic proteins remains necessary to maximize therapeutic
efficacy. Future studies could explore co-encapsulation of early
osteogenesis promoters (e.g., FGFs) or anti-inflammatory
agents to achieve synergistic therapeutic outcomes.
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