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Abstract: Microspheres have gained immense popularity in bone tissue engineering because of their unique proper-
ties as injectable scaffolds for bone tissue regeneration. Herein, we evaluated the feasibility of using poly (γ-benzyl-
L-glutamate) (PBLG) microspheres for bone engineering by examining the attachment, proliferation, and osteogenic 
differentiation of adipose-derived stem cells (ASCs) in vitro and the use of PBLG microspheres in healing non-union 
in vivo. Scanning electron microscopy and fluorescent 3, 30-dioctadecyloxacarbocyanine perchlorate-labeling were 
performed to study the attachment and growth of ASCs to the PBLG microspheres, and a DNA assay was performed 
to quantify cell proliferation with time. Osteogenic differentiation of ASCs cultured on the PBLG microspheres was 
assessed by determining alkaline phosphatase expression and extracellular calcium deposition, which was further 
confirmed by real-time polymerase chain reaction for osteogenesis-related genes. Femoral non-union were created 
in mouse models and filled with ASCs/PBLG microspheres in vivo. The results showed that ASCs attached, spread, 
and showed good osteogenic differentiation on the PBLG microspheres in vitro. Moreover, the ASCs/PBLG micro-
spheres could repair the mouse femoral non-union in vivo. Thus, PBLG microspheres have good biocompatibility and 
cytocompatibility and are potentially useful as an injectable scaffolds for bone tissue engineering. 
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Introduction

Delayed fracture healing and nonunion occurs 
in up to 10% of all fractures, and remains a sub-
stantial clinical problem [1]. Most hypertrophic 
nonunions can be well treated with stable os- 
teosynthesis, while the treatment of atrophic 
nonunions is often difficult and highly challeng-
ing [2]. Atrophic nonunions are multifactorial, 
including different bones, fracture site, initial 
degree of bone loss, time elapsed since injury, 
extent of soft-tissue injury, as well as a host of 
patient factors such as smoking, diabetes, and 
other systemic diseases [3]. A deficient osteo-
genesis was considered as the main cause [4]. 
The fresh autogenous grafts are considered as 
a gold standard in the treatment of nonunions 
[1]. However, significant problems, such as the 

size limitations of autogenous bone grafts, 
problems with chronic pain at the donor site, 
and complications of the procedures, restrict 
its clinical use [3, 5]. Development of bone tis-
sue engineering provides a novel approach for 
bone regeneration through the combination of 
scaffolds, seed cells, and biologically active 
molecules. The tissue engineering bone graft 
contains living cells that can produce osteoin-
ductive, osteoconductive, and osteogenic prop- 
erties.

In the duration of recent decades, microspheres 
have been paid much attention to in bone tis-
sue engineering because of their unique prop-
erties as injectable scaffolds for bone regener-
ation [6, 7]. Noninvasive or minimally invasive 
surgery has been performed using cell micro-
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carriers to heal specifically bone defects with 
irregular shape [8], which offers desirable ad- 
vantages such as repair with minimal scarring, 
short operation times, reduced complications, 
and improvement in patient comfort and satis-
faction [6, 9, 10]. Synthetic poly (γ-benzyl-L-
glutamate) (PBLG) is one of synthetic polypep-
tides formed by a peptide bond linkage between 
the amino group on the carbon of one glutamic 
acid and the carboxyl group on the carbon of 
the next glutamic acid [11, 12].

In previous studies, we developed synthetic 
PBLG polypeptide microspheres with porous 
structure and good biocompatibility. Using this 
PBLG microspheres as injectable cellular carri-
ers, we successfully generated cartilage as well 
as adipose-like tissue subcutaneously in nude 
mice [13, 14]. These results demonstrate that 
the PBLG porous microspheres possess great 
potential as injectable carriers for tissue engi-
neering. However, whether this PBLG micro-
spheres could be used in treating bony non-
unions remains to be answered.

Immunoprivilege properties of ASCs have been 
well documented in a variety of studies includ-
ing ours in which we demonstrated that alloge-
neic osteogenic differentiated ASCs maintain 
low immunogenicity and immunomodulation 
[15, 16]. Moreouve, it has been shown that allo-
geneic osteogenic differentiated ASCs com-
bined with DBM successfully regenerate ulnar 
bone defects in rabbits without immunosup-
pressive therapies [16]. The use of allogeneic 
ASCs could meet clinical demand as an “off the 
shelf” product without waiting for expansion of 
autologous cells [17, 18]. In addition, the elder-
ly could require cells with higher viability and 
differentiation potential from young healthy 
donors to heal bone defects and nonunions 
[19].

In the current study, we aimed to 1) investigate 
the attachment, proliferation, and osteogenic 
differentiation of ASCs within PBLG polypeptide 
microspheres; 2) evaluate the feasibility of 
using such a scaffold as injectable cellular car-
riers loading allogenic osteo-induced ASCs to 
heal bony nonunion in a mouse model.

Materials and methods

Preparation of PBLG porous microspheres

γ-benzyl-L-glutamate (BLG) was purchased fr- 
om Sigma-Aldrich and used without further 
purication. BLG N-carboxyanhydride (BLG-NCA) 

was synthesized with slight modication accord-
ing to our previous studies [20]. Dicyclohexy- 
lamine was purchased from Aladdin Reagent 
and puried by distillation before use. 1, 4-Dio- 
xane and diethyl ether were purchased from 
Sinopharm Chemical Reagent, and 1, 4-diox-
ane was further distilled before use. Other 
chemicals were of analytical grade and used as 
received. PBLG microcarriers were prepared 
according to our previous study [13]. To investi-
gate the morphology of the porous microcarri-
ers, samples were sputter-coated with gold and 
examined under a scanning electron micro-
scope (SEM; JSE-6500F, JEOL, Tokyo, Japan).

Cell culture and osteogenic differentiation

The experimental protocol was approved by the 
Animal Care and Experiment Committee of the 
Fudan University. ASCs were obtained from 
subcutaneous fat from the inguinal region of 
male, 3-week-old C57 mice. Adipose tissue was 
washed thoroughly with phosphate-buffered 
saline (PBS, pH 7.4) three times, finely minced, 
and digested in 0.075% type I collagenase (Wa- 
shington Biochemical Corp, Lakewood, USA) at 
37°C for 30 min. Enzyme activity was neutral-
ized with low-glucose Dulbecco’s modified Ea- 
gle’s medium (LG-DMEM; Gibco, CA, USA), con-
taining 10% fetal bovine serum (FBS; Gibco, CA, 
USA) as well as 100 μg/mL streptomycin + 100 
U/mL penicillin (regular medium, GM). The solu-
tion was then centrifuged for 10 min at 1200 
rpm. The cells were resuspended in the regular 
medium and plated at a density of 4 × 104/cm2 
in 60-mm culture dishes (Corning, NY, USA). 
The cells were maintained at 37°C in a humidi-
fied atmosphere containing 95% air and 5% 
CO2. The medium was changed twice a week, 
and cells of passage 3 were collected for cell 
seeding. 

For osteogenic differentiation, a different medi-
um (OM) was used: It consisted of LG-DMEM 
with 10% FBS supplemented with 2 mM L-glu- 
tamine and 100 U/mL penicillin/1,000 U/mL 
streptomycin (all from Invitrogen, CA, USA), 
0.01 μM 1,25-dihydroxyvitamin D3, 0.2 mM L- 
ascorbic acid-2-phosphate, and 10 mM β-gly- 
cerophosphate (all from Sigma, Taufkirchen, 
Germany). Cells were grown for a period of up to 
14 days, and the medium was changed twice a 
week. 

ASCs have previously demonstrated mesenchy-
mal differentiation potential. Cells from pas-
sage 3 to 6 were stained for collagen type II 
(after chondrogenic differentiation; antibody: 
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ICN, Aurora, OH) as well as with ALP and Alizarin 
Red S (after osteogenic differentiation; Sigma, 
Taufkirchen, Germany) and with Oil red O stain-
ing (after adipogenic differentiation; Sigma, Ta- 
ufkirchen, Germany). All stainings were perfor- 
med according to the manufacturer’s protoc- 
ols.

Cell viability assays 

Cell viability assays were performed using a 
cell-counting kit-8 (CCK-8 kit; Dojido, Japan). 
According to the manufacture’s instruction, 
ASCs were seeded onto 96-well tissue culture 
polystyrene (TCPS) plates at a density of 1000 
cells/well. Microspheres were placed onto each 
well with a density of 200/cm2. For the control, 
ASCs cultured in wells without microspheres 
were used. The ASCs and microspheres were 
cultured at 37°C in a humidified atmosphere 
with 5.0% CO2 for 1, 3, 5, and 7 days. At the 
endpoint, 20 μL CCK-8 (5 g/L) was added and 
incubated for 4 h. Finally, the absorbance was 
measured at 450 nm using the Victor3 micro-
plate reader (Perkin-Elmer, MA, USA).

Cytotoxicity determination

The potential cytotoxicity of microspheres was 
assessed by measuring lactate dehydrogenase 
(LDH) leakage of ASCs into the culture medium 
by using a LDH-Cytotoxicity Assay Kit (Biovision, 
Mountain View, USA). Briefly, ASCs were seeded 
onto 48-well TCPS plates at a density of 6000 
cells/cm2. Microspheres were then placed onto 
each well with a density of 200/cm2. For the 
control, ASCs cultured in wells without micro-
spheres were used. The ASCs and micro-
spheres were cultured at 37°C in a humidified 
atmosphere with 5.0% CO2. After 1, 3, 5, and 7 
days, the corresponding medium from each 
sample was collected for LDH-leakage mea-
surement. Each well was then sonicated to esti-
mate the intracellular LDH activity. The total 
LDH activity was calculated as the sum of the 
LDH activity in the medium and the intracellular 
LDH activity. The absorbance was measured 
spectrophotometrically at 490 nm against a 
reference filter set at 650 nm. The cytotoxicity 
of each sample was expressed as a percentage 
of the activity measured from the medium over 
that of the total LDH. Non-seeded wells treated 
similarly were used as blank controls, which 
were then subtracted from the corresponding 
samples.

Cell proliferation

To obtain the cell growth curve, 1 × 104 cells 
were seeded in a 12-well plate and cultured. 
Microspheres were placed onto each well with 
a density of 200/cm2. ASCs cultured in wells 
without microspheres served as the control. 
Cell numbers of each well were counted at 1, 3, 
5, and 7 days after seeding.

Seeding and growth of ASCs within PBLG mi-
crospheres

Before seeding, microspheres were sterilized 
by immersion in 75% ethanol for 30 min, fol-
lowed by washing three times with PBS. In each 
flask, 1 × 107 ASCs were mixed with 60 mg 
microspheres in 10.0 mL DMEM with 20% FBS. 
To seed cells evenly on the microspheres, the 
flasks were shaken at 75 rpm for 6 h at 37°C in 
an incubator, following which 20.0 mL culture 
medium was added for long-term culture. Cell 
numbers within the microspheres were quanti-
fied at 1, 3, 5, and 7 days post-seeding by using 
a DNA assay. Briefly, the ASCs/microsphere 
mixture was lysed by repeated freeze-thawing 
and sonication cycles. After centrifugation at 
10,000 rpm for 5 min, the supernatant was col-
lected and the cell numbers were quantified 
using the Hoechst 33258 dye assay to mea-
sure the fluorescence intensity at an excitation 
wavelength of 365 nm and an emission wave-
length of 460 nm. Extracellular matrix (ECM) 
deposition by ASCs within the microspheres 
was observed by SEM examination at 7 days 
after seeding.

Furthermore, to visualize the spatial distribu-
tion of ASCs within the microcarriers, ASCs 
were pre-labeled before seeding with fluores-
cent 3, 30-dioctadecyloxacarbocyanine per-
chlorate (DiO) dye (Molecular Probes, USA) at 
37°C for 20 min according to the manufactur-
er’s protocol. The labeled cells were then mixed 
with the microspheres. The cells grown within 
the microsphere were observed using a confo-
cal laser microscope (Nikon Y-FL, Japan) at 7 
days after seeding.

Osteogenesis of ASCs within PBLG micro-
spheres

The osteogenic phenotype of ASCs with PBLG 
microspheres was determined by performing 
assays for ALP activity and accumulated calci-
um on days 4, 7, 10, and 14 post-seeding. Total 
RNA was extracted from cell layers using Trizol 
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reagent (Invitrogen), according to the single-
step acid-phenol guanidinium extraction meth-
od. The concentration of RNA was determined 
by measuring the optical absorbance at 260 
nm. Thereafter, 1-5 μg of the extracted RNA 
samples was initially reversely transcribed for 
first-strand cDNA synthesis using a PrimeScript 
1st Strand cDNA synthesis Kit (Takara, Daliang, 
China). Real-time PCR was performed in a T3 
thermocycler (Biometra) using a quantitative 
real-time amplification system (MxPro-Mx300- 
0P; Stratagene, CA, USA). SybrGreen PCR Mas- 
terMix (Applied Biosystems, CA, USA) was used 
in each reaction. Markers of osteogenic differ-
entiation (Runx2, ALP, and OCN) were analyzed, 
and the β-actin housekeeping gene served as 
the control (sequences of primers, individual 
annealing temperatures, and amplicon lengths 
are shown in Table 1). Real-time expression of 
each gene of interest was calculated by normal-
izing the quantified cDNA transcript level (cycle 
threshold) to that of β-actin using the MxPro-
Mx3000P system.

Surgical procedure

10-week-old (mean age) C57 mice were anes-
thetized by intraperitoneal injection of 400 mg/
kg chloral hydrate. Under sterile conditions, a 
longitudinal incision of 4 mm was made just 
medial to the right patellar tendon, and the 
patella was dislocated laterally. Subsequently, 
a distally flattened 24 G needle was inserted 
from the trochlear groove into the femoral canal 
in a retrograde manner, and the pin at the right 
knee was cut appropriately. Thereafter, the 
middle of the femur was exposed through a lat-
eral approach, and a 2-mm critical-sized defect 
was created in the middle of the femur using 
bone-cutting scissors. A custom-made clip of 
8-mm length, made of a 27 G needle (Ø, 0.4 
mm), was then implanted ventro-dorsally thro- 

ugh the medullary cavity, just passing the intra-
medullar pin laterally. Finally, the wound was 
completely closed. Normal weight-bearing acti- 
vities were allowed following the operation. Af- 
ter radiological non-union confirmation at 4 
weeks, all animals underwent a second inter-
vention. Under anesthesia, the segmental non-
union was exposed through a small skin inci-
sion. The mice were then randomly divided into 
three groups. In one group (PBLG, n = 5), ani-
mals received local injection of PBLG suspend-
ed in 50 µL PBS. In the second group (ASCs/
PBLG, n = 5), animals received local injection of 
ASCs cells (1 × 106) with PBLG suspended in 50 
µL PBS. In the third group (PBS, n = 5), animals 
received local transplantation of the same vol-
ume of PBS. After 8 weeks, the animals were 
killed by cervical dislocation, and fracture heal-
ing was evaluated by radiological analysis and 
histological analysis.

Detection of systemic immunological reactions 

To detect general immune rejection, 0.5 mL of 
blood was drawn from the caudal vein of each 
animal at selected time points postoperatively. 
The ratios of CD4-positive lymphocytes versus 
CD8-positive lymphocytes (CD4/CD8) were de- 
termined using flow cytometry analysis on days 
0, 1, 3, 5, and 7. Serum contents of immune 
cytokines including interleukin (IL)-2, IL-4, and 
interferon (IFN)-γ were measured using enzyme-
linked immunosorbent assay kits (Jiancheng 
Biotechnology Company, Nanjing, China) at we- 
eks 0, 1, 2, 4, and 8 post-surgery according to 
the manufacturer’s protocols.

Radiological analysis

At the end of the observation time, mice were 
re-anesthetized and ventro-dorsal radiography 
of the right femur was performed. Bone-defect 
regeneration was identified by the presence of 
bridging callus on 2 cortices. To read the image 
more clearly, we first removed the metallic clip.

Micro-computed tomography (micro-CT) evalu-
ation

The micro-architecture of repaired bone was 
evaluated using SkyScan-1176 micro-comput-
ed tomography (µCT) (Bruker micro CT, Belgi- 
um). The settings used for image acquisition 
were as follows: 8.96 µm voxel size, 45 kV, 500 
µA, and 0.5 degrees rotation step (180° angu-
lar range). For three-dimensional analysis, mi- 

Table 1. Sequences of Primers for qRT-PCR in 
the experiment
Gene Primers (F=forward; R=reverse)
Runx2 F: 5’-GTCTTACCCCTCCTACCTGA-3’

R: 5’-TGCCTGGCTCTTCTTACTGA-3’
ALP F: 5’-ACGTGGCTAAGAATGTCATC-3’

R: 5’-CTGGTAGGCGATGTCCTTA-3’
OCN F: 5’-CAAAGGTGCAGCCTTTGTGTC-3’

R: 5’-TCACAGTCCGGATTGAGCTCA-3’
β-actin F: 5’-ATCATGTTTGAGACCTTCAA-3’

R: 5’-CATCTCTTGCTCGAAGTCCA-3’
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cro-CT evaluation was performed on a 4-mm 
region centering on the point of fracture. The 
grey threshold for three-dimensional analysis 
ranged from 120 to 255. 

Histological examination

Bone specimens were fixed in 4% neutral buff-
ered formalin for 48 h and rinsed in tap water 
overnight. Thereafter, specimens were subject-
ed to a quick decalcification with an agent con-
taining 14% hydrochloric acid and subsequently 
rinsed with running tap water overnight. The tis-
sues were then embedded in paraffin, sec-
tioned in 5-µm thickness, and were stained 
with hematoxylin-eosin (H&E) and Azan-Mallory 
staining, respectively.

Statistical analysis

Paired Student’s t-test was used for statistical 
analysis, and a P value < 0.05 was considered 
statistically significant.

Results

Culture and differentiation potential of ASCs

In the primary culture, ASCs isolated from sub-
cutaneous fat of the inguinal region of male 

mice exhibited a relatively homogenous, fibro-
blast-like morphology (Figure 1A, 1B), which 
could be expanded easily in vitro. During in vitro 
expansion using the osteogenic medium, osteo-
genic differentiation of ASCs was visualized by 
positive expression of ALP (Figure 1C) and cal-
cified ECM deposition stained with Alizarin Red 
S (Figure 1D). Chondrogenic differentiation of 
ASCs was observed by immunofluorescence 
staining for the presence of collagen type II 
deposition (Figure 1E), and adipogenic differ-
entiation was observed by intracellular accu-
mulation of lipid droplets stained by Oil Red O 
(Figure 1F).

Evaluation of PBLG microspheres for compat-
ibility of ASCs 

PBLG microspheres fabricated from 6.5% gela-
tin exhibited an average pore diameter of 50.9-
10.3 mm and a porosity of 86.58-2.37%, as 
observed by SEM (Figure 2A, 2B). 

Cellular viability and cytotoxicity between cells 
growing in microspheres and those cultured on 
TCP showed no significant difference after 1, 3, 
5, and 7 days (Figure 3A, 3B). In addition, cell 
number estimated by the DNA assay revealed 
no significant difference between cells growing 

Figure 1. Morphology and multilineage differentiation of ASCs. ASCs of passages 0 and 3 exhibit fibroblast-like mor-
phology (A & B, respectively). Osteogenic differentiation seen by positive ALP staining (C) and alizarin red staining 
(D). Chondrogenic differentiation for the presence of collagen type IIverified by immunofluorescence staining (E). 
Adipogenic differentiation confirmed by positive Oil Red O staining (F). Scale bars: 200 μm for (A); 100 μm for (B-D); 
and 50 μm for (E and F). ASC, adipose-derived stem cells; ALP, alkaline phosphatase. 



Bone regeneration using injectable poly (γ-benzyl-L-glutamate) microspheres

2646 Am J Transl Res 2019;11(5):2641-2656

with and those growing without PBLG micro-
spheres (Figure 3C). 

At 7 days after cell seeding, quantitative assays 
demonstrated that the ASCs proliferated rapid-

Figure 2. Physical characteristics of PBLG microspheres. SEM examination of the whole porous PBLG microspheres 
(A & B). Seven days after cell seeding, SEM shows large amounts of ECM deposition onto the PBLG microspheres 
(C & D). Confocal laser microscopy of DiO-labeled ASCs at the indicated depth in the microsphere after cell seeding 
for 7 days (E & F). PBLG, poly (γ-benzyl-L-glutamate); SEM, scanning electron microscope; ECM, extracellular matrix; 
DiO, 3, 30-dioctadecyloxacarbocyanine perchlorate.
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ly in the PBLG microspheres (Figure 4A). Mo- 
reover, SEM examination showed that ASCs 
attached well on the outer surface of PBLG 
microspheres and a good amount of extracel-
lular matrix (ECM) was detected after culture 
for 7 days (Figure 2C, 2D). 

The presence of DiO-labeled ASCs assessed 
using a confocal microscope after cultivation 
for 7 days revealed that labeled ASCs were 
detected at 75 µm and 125 µm in depth respec-
tively (Figure 2E, 2F, respectively), suggesting 
that the ASCs occupied not only the surface but 
also the innermost region of the microspheres 
by gradually migrating inward to the inner 
region of PBLG microspheres.

Osteogenic differentiation of ASCs on PBLG 
microspheres

To address whether the ASCs grown in the 
PBLG microspheres could maintain their osteo-
genic phenotype, the expression of ALP and 
calcium accumulation were measured on days 
4, 7, 10, and 14 post-seeding. We found that 

the expression of ALP in the osteo-differentiat-
ed group began to increase by day 7 and con-
tinued to increase through days 10 and 14 
(Figure 4B). The amount of calcium accumulat-
ed by osteo-differentiated ASCs increased sig-
nificantly by day 14 (Figure 4C). Both ALP ex- 
pression and accumulated calcium in the undif-
ferentiated group remained at a relatively con-
stant low level throughout the study period. 
This result is further substantiated by the 
results of PCR for osteogenesis-related genes. 
The osteogenesis-related genes Runx2, ALP, 
and OCN were detected at high levels in the 
osteo-induced ASCs, indicating that these 
ASCs could maintain their osteogenic pheno-
type after seeding into PBLG microspheres 
(Figure 5). Because expression of ALP and 
accumulated calcium synergistically increased 
on day 14, cells/PBLG microspheres compos-
ites cultured in vitro for 14 days were chosen 
for subsequent in vivo implantation.

Detection of systemic immunological reactions 

All the animals recovered from the surgical pro-
cedure rapidly without complications. During 

Figure 3. Cell viability, cytotoxicity, and proliferation 
of ASCs on PBLG microspheres. Quantification of 
ASCs culture on TCPS without the microspheres 
served as control. Cell viability at the indicated 
time by using CCK-8 (A). Cytotoxicity assay using 
LDH leakage measurement after 1, 3, 5, and 7 
days of culture (B). Quantification of cell growth 
at the indicated time by counting cell number (C). 
*P < 0.05 compared with the control group. ASC, 
adipose-derived stem cells; PBLG, poly (γ-benzyl-L-
glutamate); TCPS, tissue culture polystyrene; CCK-
8, cell-counting kit-8; LDH, lactate dehydrogenase. 
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the observation period, no mice showed symp-
toms such as fever, infection, swelling, or im- 
plantation-site dehiscence. CD4/CD8 ratios on 
days 0, 1, 3, 5, and 7 post-surgery showed no 
statistically significant changes from that on 
day 0 (baseline value) (P > 0.05, Figure 6A). Mo- 
reover, the serum concentrations of IL-2, IL-4, 
and IFN-γ measured at postoperative weeks 1, 
2, 4, and 8 showed no significant increase com-
pared with the corresponding samples harvest-
ed at week 0 (P > 0.05, Figure 6B-D).

Radiographic evaluation of fracture healing

X-ray images revealed that none of the femurs 
in any of the groups demonstrated healing 8 
weeks after operation (Figure 7A), and no inter-

nal fixation failure was observed in any mice. 
Mice in the PBS group and the PBLG group 
remained unhealed (Figure 7B, 7C). However, in 
the ASCs/PBLG group, the femoral segmental 
defect was occupied by newly formed bone 
(Figure 7D).

Micro-CT evaluation

Three-dimensional micro-CT scanning was 
used to evaluate repair of the femoral non-
union at 8 weeks post-surgery. The femoral 
non-union treated with PBS or PBLG alone had 
less repair at 8 weeks post-surgery, while the 
femoral nonunions that were treated with the 
ASCs/PBLG composite were almost completely 
repaired at 8 weeks post-surgery (Figure 8). 

Figure 4. In vitro proliferation and characterization of osteo-differentiation of ASCs on PBLG microspheres. Prolif-
eration of osteo-differentiated and undifferentiated ASCs on PBLG microspheres determined by DNA assay using 
Hoechst 33258 dye on days 1, 3, 5, and 7. PBLG microspheres alone cultured in osteogenic culture medium served 
as an empty (A). Osteogenic differentiation of osteo-differentiated and undifferentiated ASCs cultured on PBLG 
microspheres evaluated by the expression of ALP (B) and accumulated calcium (C) on days 4, 7, 10, and 14 post-
seeding. PBLG microspheres seeded with undifferentiated ASCs served as a control. *P < 0.05 vs respective undif-
ferentiated ASCs controls, **P < 0.01 vs undifferentiated ASCs controls, #P < 0.05 vs 4-day osteo-differentiated 
ASCs cultured with OM, ##P < 0.01 vs 4-day osteo-differentiated ASCs cultured with OM. ASC, adipose-derived stem 
cells; PBLG, poly (γ-benzyl-L-glutamate); ALP, alkaline phosphatase; OM, osteo-differentiated medium.
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Figure 5. Real-time PCR determination of osteogenic 
gene expression of ASCs cultured in PBLG micro-
spheres. PBLG microspheres scaffold seeded with 
undifferentiated ASCs served as control. *P < 0.05 
vs undifferentiated ASCs controls, **P < 0.01 vs un-
differentiated ASCs controls, ##P < 0.01 vs 4-day os-
teo-differentiated ASCs cultured with OM. PCR, poly-
merase chain reaction; ASC, adipose-derived stem 
cells; PBLG, poly (γ-benzyl-L-glutamate); ALP, alkaline 
phosphatase; OM, osteo-differentiated medium.
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The coronal transverse-sectional analyses of 
the non-union sites demonstrated that non-
union treated with PBS or PBLG alone were not 
repaired and connected by bone regeneration, 
whereas the non-union treated with ASCs/PB- 
LG composites were repaired and connected 
structurally by tissue-engineered bone (Figure 
8D-F). In addition, a statistically significant in- 
crease in bone volume (BV) and bone volume/
total volume ratio (BV/TV) were detected be- 
tween non-union treated with PBS or PBLG 
alone and that treated with ASCs/PBLG (Figure 
8G, 8F). Furthermore, a statistically significant 
decrease in trabecular pattern factor (Tb.Pf) 
was detected between non-union treated with 
PBS or PBLG alone and that treated with ASCs/
PBLG (Figure 8I).

Histological examination

At 8 weeks post-implantation, H&E staining sh- 
owed that there was no bridging bone forma-

Bone non-union is a frequent complication in 
surgical treatment of fractures and remains a 
major challenge for orthopedic surgery [1, 3]. 
Many strategies have been used in the treat-
ment of non-union, among which, bone auto-
graft represents the gold standard therapeutic 
approach [1, 21]. However, autograft bone is 
associated with several disadvantages such as 
donor-site morbidity and lack of supply, which 
limit its clinical use [3, 5]. Allografts, on the 
other hand, feature good osteo-conductive 
properties but carry a risk of disease transmis-
sion [22]. The rapid development of bone tis-
sue engineering provides an attractive appr- 
oach for the treatment of non-union, by which 
functional new bone tissue is generated in non-
union site with the combination of seed cells 
and bio-scaffolds [23]. In the last decade, well-
designed and porous three-dimensional biode-
gradable scaffolds that provide a large surface 
area for cell attachment and proliferation and 
guide tissue formation have gained importance 

Figure 6. Detection of systemic immunological reactions after allogeneic ASCs transplantation. (A) Flow cytometric 
analysis shows no significant changes in the CD4/CD8 ratios on postoperative days 1, 3, 5, and 7 compared with 
those on day 0 (n = 5, P > 0.05). The serum concentrations of IL-2 (B), IL-4 (C), and INF-γ (D) measured at 1, 2, 4, 
and 8 weeks after surgery, and no significant differences are detected compared to the corresponding values on 
week 0 (n = 5, P > 0.05). ASC, adipose-derived stem cells; IL, interleukin; INF, interferon. 

Figure 7. Representative radiographs of the right femur at 8 weeks after creat-
ing a segmental non-union. (A) Non-union treated with PBS (B) and PBLG mi-
crospheres (C) remain unhealed, whereas non-union treated with ASCs/PBLG 
microspheres (D) are occupied by newly formed bone. PBS, phosphate-buffered 
saline; ASC, adipose-derived stem cells; PBLG, poly (γ-benzyl-L-glutamate).

tion within non-union site in 
the PBS and PBLG-alone 
groups, and the non-union 
of the femur was filled with 
loose fibrous tissue (Figure 
9A-F). In the ASCs/PBLG gr- 
oup, regenerated bone sh- 
owing typical structure of 
mature trabecula as well as 
re-connected marrow cavi-
ty was observed. Moreover, 
some small clusters of cho- 
ndrogenic-like cells were ob- 
served be scattered in the 
neo-generate bone tissues, 
indicating a process of en- 
dochondral bone formation 
occurred during repair of 
non-union bone (Figure 9G- 
I). In addition, Azan-Mallory 
staining showed that new 
bone tissue (red staining) 
regenerated the non-union 
in the ASCs/PBLG group 
(Figure 10).

Discussion
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Figure 8. Micro-CT evaluation of femoral bone repair at 8 weeks post-implantation. Three-dimensional reconstruction of the actual non-union sites shows that at 
the PBS-treated site or PBLG microspheres-treated site (A & B), the non-union are left unconnected. At ASCs/PBLG microspheres composite-treated sites (C), the 
tissue-engineered bone is connected with the surrounding normal bone. The coronal transverse sectional analyses confirms the observation of three-dimensional 
reconstruction (D-F). Structure parameter bone volume (BV), bone volume/total volume ratio (BV/TV) and trabecular pattern factor (Tb.Pf) were measured by micro-
CT (G-I). CT, computed tomography; PBS, phosphate-buffered saline; ASC, adipose-derived stem cells; PBLG, poly (γ-benzyl-L-glutamate).



Bone regeneration using injectable poly (γ-benzyl-L-glutamate) microspheres

2652 Am J Transl Res 2019;11(5):2641-2656

in bone tissue-engineering [10]. However, tran- 
splantation of these spongy scaffolds needs an 
open surgery and is not suitable for repairing 
irregularly shaped bone defects and nonunions. 
Thus, injectable scaffolds hold more potential 
in regeneration of non-union and bone defects 
owing to their advantages such as ability to 
maintain cell differentiated phenotype and re- 
pair irregularly shaped defect, ease of opera-
tion using needle syringes, and shorter opera-
tive times [24, 25].

Injectable porous microspheres have been 
designed from synthetic polymers such as chi-
tosan and poly (lactic-co-glycolic acid) for bone 
tissue engineering [10, 26, 27]. However, most 
injectable porous microspheres have been fab-
ricated from the aliphatic polyesters and their 
derivatives usually, leading to local inflamma-
tory reactions in vivo [13]. Synthetic polypep-

tides originate from a wide choice of a-amino 
acid monomers linked with peptide bonds and 
thus mimic natural proteins. Compared to syn-
thetic aliphatic polyesters and polycarbonates, 
synthetic polypeptides are considered a more 
reasonable material for tissue engineering 
because of their several practical advantages, 
such as the inherent ability to biodegrade into 
non-toxic products with a near-neutral pH, sig-
nicant functionality, good biocompatibility, and 
nonimmunogenicity [11-13, 28]. Previous stud-
ies by ours and others found that polypeptides-
synthetic PBLG-can be eventually degraded in- 
to monomer units of L-glutamic acid, an impor-
tant component of the body tithout eliciting 
harmful inflammatory reactions [11, 12]. Fur- 
thermore, synthetic PBLG and its derivatives 
have been developed as implantable scaffolds 
for bone tissue engineering [29], showing good 
biocompatibility and osteogenesis capacity in 

Figure 9. H&E staining evaluation at 8 weeks post-implantation. H&E staining shows that the PBS-treated or PBLG 
microspheres-treated non-union (A-F) is filled with loose fibrous tissue, whereas the ASCs/PBLG microspheres 
composite-treated non-union is filled with mature bone structure (G-I). H&E, hematoxylin-eosin; PBS, phosphate-
buffered saline; ASC, adipose-derived stem cells; PBLG, poly (γ-benzyl-L-glutamate).
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vivo. Using fabricated porous microspheres 
from the synthetic PBLG, we successfully con-
structed tissue-engineered cartilage and adi-
pose via subcutaneous injection of PBLG 
microsphere-loaded chondrocytes and adipo-
genic ASCs into nude mice, respectively [13, 
14]. The PBLG porous microspheres fabricated 
in our studies showed controllable degradation 
properties and good cytocompatibility for utili-
zation as an injectable vehicle for tissue engi-
neering. Therefore, in this study, we investigat-
ed the attachment, proliferation, and osteogen-
ic differentiation of ASCs in PBLG microspheres 
and explored the feasibility of applying PBLG 
microspheres as an injectable vehicle to repair 
femoral non-union in a mice model.

An ideal bio-scaffold must exhibit good biocom-
patibility for the seeded cells. In the current 
study, the CCK-8, LDH, and cell-number assays 
showed no significant difference in cellular via-

bility, cytotoxicity, and proliferation between 
cells growing in PBLG microspheres and those 
cultured on TCP after 1, 3, 5, and 7 days. Thus, 
the PBLG microspheres exhibited favorable bio-
compatibility with the seeded ASCs. 

Adhesion and proliferation of seed cells on mi- 
crospheres indicate the occurrence of cell-
material interaction and influence the process-
es of seed cells including differentiation, ECM 
deposition, and maturation. Consequently, we 
seeded ASCs in PBLG microspheres and cellu-
lar proliferation was observed. The quantitative 
assay revealed a significantly elevated cellular 
proliferation in 7 days of cultivation, indicating 
that the PBLG microspheres possessed good 
biocompatibility to support the proliferation of 
ASCs in vitro. Consistent with the quantitative 
assay of proliferation, the images observed by 
SEM showed that ASCs attached well on the 
PBLG microspheres and abundant ECM was 

Figure 10. Azan-Mallory staining evaluation at 8 weeks post-implantation. Azan-Mallory staining shows that new 
bone tissue (red staining) and fibrous tissue (blue staining) fill the ASCs/PBLG microspheres composite-treated non-
union (G-I), whereas no bone tissue is observed in non-union treated with PBS-treated or PBLG microspheres only 
(A-F). PBS, phosphate-buffered saline; ASC, adipose-derived stem cells; PBLG, poly (γ-benzyl-L-glutamate).
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deposited in the microspheres on day 7. Furth- 
ermore, the images observed by confocal mi- 
croscope showed that a significant number of 
DiO-labeled ASCs migrated inside the PBLG 
microspheres, which indicated that the pore 
size as well as interconnection of pores in PBLG 
microspheres was generally suitable for ASCs 
to adhere and migrate into the inner pores. 

Osteogenesis of ASCs seeded in the PBLG 
microspheres is one of the key issues deter-
mining the success of bone generation in vivo. 
In this study, we detected ALP expression and 
extracellular deposition of calcium to evaluate 
osteogenesis of ASCs seeded. ALP is consid-
ered a key enzyme that control earl osteogen-
esis by regulating organic or inorganic phos-
phate metabolism via the hydrolysis of phos-
phate esters, and functions as a plasma-mem-
brane transporter for inorganic phosphates 
[30]. The extracellular deposition of calcium 
was a marker expressed in late osteogenesis, 
which indicated osteogenesis maturation [31]. 
ASCs seeded in microspheres were shown to 
express high-level ALP and calcium in the dura-
tion of 2 weeks. Consistent with the results of 
the quantitative ALP and calcium deposition 
assays, expression of osteogenesis-related ge- 
nes such as Runx2, ALP, and OCN initially in- 
creased on day 7 and reached a peak on day 
10 after seeding. These data indicate that the 
PBLG microspheres help to retain the osteo-
genesis of ASCs in vitro. 

Our previous study demonstrated that alloge-
neic osteogenic differentiated ASCs maintained 
low immunogenicity and negative immunomod-
ulation. Furthermore, we successfully regener-
ated ulnar non-union in rabbits using allogeneic 
osteogenic differentiated ASCs combined with 
DBM without immunosuppressive therapies 
[24]. Therefore, in this study, we repaired the 
segment femoral defect in mice using alloge-
neic osteogenic differentiated ASCs-loaded PB- 
LG microspheres to determine whether the PB- 
LG microspheres prepared from PBLG could 
serve as injectable carriers for bone tissue 
engineering in vivo. The IL-2, IL-4, and INF-γ lev-
els in serum after surgery showed no statisti-
cally significant difference compared to that on 
day 0, which indicated there was no immuno-
logical disturbance after allograft of engineered 
bone constructed with ASCs. 

Radiological analyses revealed that femoral 
non-union that were treated with the ASCs/PB- 

LG composite were almost completely repaired 
at 8 weeks post-surgery. However, the femoral 
non-union treated with PBS or PBLG alone sh- 
owed a lower degree of repair at 8 weeks post-
surgery. Histological analysis revealed that the 
ASCs/PBLG microsphere composite repaired 
the segment femoral non-union in mice with no 
ectopic neoformation, overgrowth, related imm- 
une response, or local inflammation in bone re- 
pairing site. 

Despite our important findings, this study has a 
few limitations that need to be addressed. 
First, the biomechanical strength of the inject-
able engineered bone composed of PBLG 
porous microsphere and ASCs is poorer than 
that of the solid scaffolds. Therefore, rigid inter-
nal and/or external fixation was necessary dur-
ing the repair surgery. Second, the injectable 
PBLG microsphere discussed in this study 
could not be used for infected non-union or 
non-union coexisting with other superficial in- 
fection of skin tissue. Finally, some non-union 
lead to complications and cause limb deformi-
ty, in which case, injection therapy cannot re- 
construct the deformed limb until an operation 
is performed. Further study to promote the clin-
ical application of injectable microspheres is 
therefore required. 

Conclusion

The current study showed that ASCs attached, 
spread, and showed good osteogenic differen-
tiation on the PBLG microspheres in vitro. The 
PBLG microspheres with osteogenic ASCs suc-
cessfully repaired femoral non-union in mouse 
models in vivo. Therefore, the PBLG micro-
spheres are potentially useful as an injectable 
vehicle for bone tissue engineering.
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