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The eﬀect of local delivery of adiponectin from
biodegradable microsphere–scaffold composites
on new bone formation in adiponectin knockout
mice†
Dan Li,‡ab Yuan Guo,‡ab Hui Lu,‡ab Ren Wang,ab Hong-cheng Hu,ab Song-he Lu,ab
Xue-fen Li,b Zi-chen Li,c Yu-wei Wu*ab and Zhi-hui Tang*ab
Adiponectin (APN) is the most abundant adipocyte-secreted adipokine; it regulates energy homeostasis
and exerts well-characterized insulin-sensitizing properties. Previous studies have verified that globular
adiponectin (gAPN) is also involved in bone metabolism, although observations have been controversial.
The purpose of the current study is to use an APN-knockout (APN-KO) mouse model to evaluate the
local delivery of gAPN to new bone formation. Using chitosan microspheres (CMs), we found that
following an initial burst at 1 week, the release behavior of gAPN from the scaﬀold was sustained in a
linear manner for the first 4 weeks, followed by a slower, more stable release from week 5 onwards.
Interestingly, PLGA/b-TCP/CM-loaded gAPN scaﬀolds implanted in APN-KO mice increased bone
formation and mineralization, and enhanced osteogenic marker expression 28 days post-implantation.
gAPN also promoted preosteoblast (MC3T3-E1) cellular proliferation in vitro. In MC3T3-E1 cells, adaptor
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protein-containing pleckstrin homology domain, phosphotyrosine domain, leucine zipper motif (APPL1)
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gAPN treatment, while APPL1 small interfering RNA (siRNA) pre-treatment reversed this enhanced
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expression. In conclusion, modified bone graft substitutes loaded with gAPN increase bone formation
and mineralization in part by promoting osteoblast proliferation via the APPL1/PI3K pathway.

and phosphoinositide 3-kinase (PI3K) expression was upregulated in a time-dependent manner upon

Introduction
Bone defects are one of the most commonly encountered
problems in clinical practice. Existing bone defect treatment
modalities include autogenous, allogenic, and synthetic bone
grafts, with autografts as the preferred choice for bone grafting
materials.1,2 However, autografts require a second surgery and
can cause morbidity, and the limited quantities of donor tissue
and allografts lead to inherent problems of their own, such
as possible transmission of donor pathogens, immunogenic
response by the host, and high risk of infection.
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On the other hand, many composite scaﬀolds have been
successfully prepared by combining synthetic polymers or
natural biopolymers with inorganic bioactive fillers such as
poly(lactic-co-glycolic acid) (PLGA) chitosan microspheres
(CMs) and b-tricalcium phosphate (b-TCP).3–6 Biodegradable
PLGA scaffolds combined with the controlled release of peptides
and proteins by CMs are commonly used biomaterials for bone
tissue engineering.7,8 PLGA is well known for its excellent biocompatibility and controlled degradation rate. However, the PLGA
scaffold surface is hydrophobic and lacks a cell-recognizing signal
interface. The combination of PLGA with CMs and b-TCP may
ameliorate these disadvantages. Chitosan has excellent biological
properties with regard to biodegradability, biocompatibility, lack
of toxicity, and bacteriostatic and adhesive properties, and is
widely employed for the controlled delivery of peptides or proteins
contained in microspheres.9 CMs were introduced into the PLGA
scaffolds to eliminate the need for organic solvents therein, which
may cause structural damage to growth factor proteins, as well as
to sustain delivery of the biologically active cytokines over an
extended period of time. b-TCP was also embedded into the
scaffold to increase the amount of cell-recognizing surface.10,11
The incorporation of b-TCP led to a significant increase in water
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absorption by the scaffolds.12 b-TCP is porous and entraps growth
factors within its micropores, thereby prolonging their activity.13
Fast degradation of b-TCP leads to the release of calcium ions, one
of the main components of bone, facilitating the formation of new
bone. In addition, b-TCP is well-known for its osteoinductive
capabilities, triggering BMP expression upon direct contact with
cells.14,15 Proliferation of human osteogenous cells and synthesis
of extracellular bone matrix are significantly enhanced in a dosedependent manner with increasing doses of b-TCP;15 furthermore, scaffolds constructed with b-TCP enhance the osteogenic
differentiation of human bone marrow-derived mesenchymal
stem cells (h-BMSCs), possibly via activation of the MAPK/ERK
signaling pathway.16,17 Nevertheless, PLGA-based implant systems
can lead to severe inflammatory responses18 which compromise
healing11 at the local implant site; in some cases additional
surgery is required in order to re-implant the scaffold.19 Bioactivity
and osteogenesis of PLGA and b-TCP composites need to thereby
be further enhanced to be of better use as implant materials in
bone graft substitutes.
Due to the aforementioned limitations associated with PLGA
composites, a combination of growth factors with engineered
biomaterials has emerged as a new treatment alternative in
bone repair and regeneration. Delivery of growth factors via
optimally designed biodegradable scaﬀolds can stimulate
cellular adhesion, proliferation, and diﬀerentiation, thus promoting
bone regeneration.4,13,15,19–21 Adiponectin (APN) present in
plasma (20–30 mg ml!1)22,23 is the most abundant adipocytesecreted adipokine,24 and is comprised of trimers, hexamers,
and high molecular weight multimers of full-length APN
(fAPN).25,26 The trimeric form of globular APN (gAPN), which
results from proteolytic cleavage of fAPN, is also found in
plasma.27 APN displays well-characterized insulin-sensitizing,
anti-inflammatory, anti-atherosclerotic, and anti-diabetic
properties.28,29 Ample clinical research data have demonstrated
an association between APN and bone metabolism in various
patient populations, however, with conflicting results.30–32
In this study, CMs loaded with APN were developed using
emulsion-ionic cross-linking and then embedded into a PLGA/
b-TCP scaﬀold to extend the APN release time. Consequently,
we focused on exploring the long-term eﬀects of gAPN on bone
metabolism in APN knockout (APN-KO) mice. The aims of this
study were twofold: (1) to elucidate the long term eﬀects of
controlled release of APN by a microsphere–scaffold complex
carrier system on the induction of mineralized tissue formation
in a male APN-KO mouse model, and (2) to explore possible
molecular mechanisms underlying APN promotion of osteogenic effects in MC3T3-E1 cells.

Materials and methods
Recombinant gAPN
The pEt15b bacterial expression vector encoding the C-terminal
domain of human APN (amino acids 106–244) was used to express
gAPN with a histidine marker (His-gAPN) in BL21 (DE3) bacterial
cells. His-gAPN was then purified using a GE Pharmacia AKTA
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Purifier 10 (Ramsey, MN, USA) followed by endotoxin removal
using a ToxinErasert Endotoxin Removal Kit L00338 (GenScript,
Piscataway, NJ, USA) and isolation using Zeba Spin Desalting
Columns, 7k MWCO, 10 ml (Pierce, Rockford, IL, USA). The gAPN
solution was passed through a 0.22 mm pore filter to remove
bacteria.
Materials
Chitosan (MW = 500 kDa, with a deacetylation grade of 90%),
tripolyphosphate (TPP) and Span-80 were purchased from
Beijing Chemical Reagents Company (Beijing, China). PLGA
(nLA/nGA = 50/50) was obtained from Jinan Daigang Bioengineering
Co. Ltd (Jinan, Shandong, China), and b-TCP was prepared in
our lab. All other chemicals were of analytical grade and used as
received in accordance with the manufacturer’s instructions.
All chemicals were sterilized with cobalt-60 gamma radiation
prior to use.
Preparation and characterization of scaﬀolds
CMs were formulated by emulsion-ionic cross-linking. Briefly,
chitosan (900 mg) was dissolved in 2% (v/v) aqueous acetic acid
(29 ml), and then 1 mg of gAPN in 1 ml of 2% (v/v) aqueous
acetic acid was added. This mixture was poured into liquid paraﬃn
(300 ml) containing 2% (v/v) of Span-80 and stirred mechanically for
2 h (C-MAG HS 10, IKAs Works Inc., Wilmington, NC, USA). Next,
5% (w/v) TPP (70 ml) was slowly added to the emulsion and stirred
for 4 h at room temperature. The microspheres were isolated by
repeated washings with excess amounts of petroleum ether,
isopropyl alcohol, and distilled water prior to lyophilization.
Microsphere–scaffold composites were fabricated via thermally
induced phase separation. Next, 720 mg of PLGA was dissolved
in 1,4-dioxane (12 ml), and after stirring for 30 min, 360 mg of
b-TCP was added to the mixture.
An ultrasonic homogenizer (HuaNan Ultrasonic Equipment
Co., Ltd Guangzhou, China) was used to disperse the b-TCP for
10 min. CMs loaded with APN (240 mg) were subsequently
added to the solution. The solution was then stirred to completely disperse the microspheres. Afterwards, the mixture was
immediately frozen with liquid nitrogen. Finally, PLGA/b-TCP/CM
scaﬀolds with or without APN were acquired following overnight
lyophilization at !20 1C according to the manufacturer’s instructions (Labconco, Kansas City, MO, USA). Scaﬀolds without APN
were used as an experimental control. The above procedures were
conducted under aseptic conditions.
Scanning electron microscopy (SEM)
The PLGA/b-TCP and CM surface structures were examined
using a Hitachi S-4800 field-emission scanning electron microscope (Hitachi Ltd, Chiyoda, Tokyo, Japan) at an accelerating
voltage of 20 kV. Samples were sputter coated with 50 nm gold
particles under vacuum.
In vitro hydrolytic degradation
PLGA/b-TCP/CM scaﬀolds with or without APN were prepared
as cylinders with a diameter of 7 mm and a height of 5 mm.
All samples were placed in 10 ml of PBS (0.1 M, pH 7.4) for
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degradation. All experiments were performed in a shaking
incubator at 37 1C at a speed of 100 rpm (Shanghai Hasuc
Instrument Manufacture Co., Ltd, Shanghai, China). During
the degradation process, the pH value of the degradation
media was monitored using a pH meter (HANNA Instruments,
Woonsocket, RI, USA) at predetermined time points. Three
samples were prepared for each scaﬀold and reported pH values
represent an average of the three samples.
In vitro release study
The APN release study was carried out in PBS (pH 7.4, 0.05 mol L!1)
containing 0.01% sodium azide as a preservative. The microsphere–
scaffold composite (about 20 mg) was placed in 10 ml of PBS at
37 1C at a rotation speed of 70 rpm. At predetermined time intervals,
tubes were centrifuged at 2000 rpm for 5 min. The supernatant
(1 ml) was removed, 1 ml of fresh solution was added, and APN
concentration was measured using a Piercet Micro BCAt Protein
Assay kit (Thermo Scientific, Rockford, IL, USA). PLGA/CA without
gAPN was used as a control. All of the data presented in this report
are the mean data from 3 replicate samples.
Animal experimentation and surgical procedures
Male APN-KO (Jax #008195) mice weighing 20–25 g were used.
All protocols using mice were carried out under the guidelines
described in the Association for Assessment and Accreditation
of Laboratory Animal Care with approval (LA2013-4) from the
Peking University Health Center Institutional Animal Care and
Use Committee and Peking University Health Center Ethics
Committee. All surgeries were performed by one person, and all
efforts were made to minimize animal suffering and to reduce
the number of animals used. Under general anesthesia (sodium
pentobarbital 0.2 ml/100 g body weight, IP), mice were pronated, the skin over the thigh muscle was disinfected with
iodine solution and ethanol, and then incised, exposing the
hind limb fascia, followed by blunt dissection for muscle pouch
formation. For the experimental group, gAPN-loaded scaffolds
(3 " 3 " 3 mm) were implanted into the right and left thigh
muscles of 4-week-old mice. In control mice, blank scaffolds were
implanted following the same protocol. Mice in both groups then
received calcein (10 mg kg!1, Sigma-Aldrich, St. Louis, MO, USA)
injections at 1 and 25 days post-implantation. Mice were sacrificed
at 4 weeks post-implantation. Bone samples were isolated, fixed
in 4% formalin solution overnight, and then scanned by microCT (mCT), dehydrated, and embedded in paraffin.
lCT examination
Radiographs of bone samples were scanned using a highresolution mCT system (Inveon, Siemens, Germany). Specimens
were scanned at 60 kV, 300 mA, and 8.5 mm eﬀective pixel size.
Images were analyzed using software provided by the manufacturer. All images were captured using the following parameters:
Ct = !550; W = 550. Tissue bone mineral density (T-BMD) was
then evaluated. T-BMD diﬀers from bone mineral density (BMD)
and can be used to estimate tissue mineral density (TMD).33
TMD diﬀers from bone mineral density (BMD) in that TMD is
calculated from the average attenuation value of the bone tissue
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only and does not include attenuation values from non-bone
voxels, as is done for BMD (whether volumetric or areal).
Flow cytometry
To analyze immunogenic responses, blood was collected from
the APN-loaded scaﬀold (experimental group) or the angular
vein (control group) at 1 week post-implantation. The percentages of CD4+ and CD8+ T lymphocyte subpopulations and the
ratios of CD4+/CD8+ T lymphocytes in peripheral blood from
implant recipients were detected by flow cytometry.
Blood cells from the angular vein were dispersed into
single-cell suspensions and stained with monoclonal antibodies (mAb) against human cell surface antigens, CD4 fluorescein isothiocyanate (FITC), CD8 phycoerythrin (PE), and CD3
peridinin chlorophyll protein (PerCP) (BD Biosciences, San
Jose, CA, USA). For surface staining, cells were maintained in
the dark at 4 1C throughout. Cells were washed twice in ice-cold
FACS buﬀer (2% fetal calf serum, 0.1% NaN3 in PBS), then
incubated with each antibody and conjugate layer for 30 min
and washed thoroughly with FACS buﬀer between layers. Flow
cytometry analyses were performed on either a BD LSR II or BD
FACSCanto II (BD Biosciences) and analyzed using FlowJo
software (Tree Star, Ashland, OR, USA).
Histological analysis and immunohistochemistry (IHC)
For histological analysis, samples were demineralized in 15%
EDTA, dehydrated in graded alcohols and xylene, embedded in
paraﬃn, and cut serially into 5 mm sagittal sections. The
sections were then stained with hematoxylin–eosin (H&E). For
IHC, the sections were deparaffinized and incubated with
specific antibodies to detect expression of osteopontin (OPN).
OPN (FL-314, 1 : 000) (sc-20788, Santa Cruz Biotechnology, CA,
USA) is a rabbit polyclonal antibody which is used to detect
OPN expression in humans, mice and rats. Anti-rabbit IgG (H+L)
F(ab 0 )2 fragments (Cell Signalling Technology, MA, USA.) were
conjugated to Alexa Fluors 555 dye and detected using a LSM510
confocal scanning laser microscope (Zeiss, Germany).
Quantitative real-time PCR
The composite transplantation region was dissected and homogenized. Total RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA). Reverse transcription was performed using an
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) in a 20 ml
reaction volume containing 1 mg of total RNA, incubated at
25 1C for 5 min, transcripted at 42 1C for 30 min, and
terminated by heating at 85 1C for 5 min. Real-time PCR was
performed with Power SYBRGreen PCR Master Mix using a
7500 real-time PCR system (Applied Biosystems, Foster, CA).
The reactions were run in duplicates with 1 ml of cDNA template
in a 20 ml reaction volume with the program running at 50 1C
for 2 min and 95 1C for 10 min, followed by 40 cycles at 94 1C for
15 s and 60 1C for 1 min. The amplification specificity was
confirmed by the melting curve. The mRNA level of the target
gene was acquired from the value of the threshold cycle (Ct)
as a relative level to that of b-actin through the formula 2!DCt
(DCt = b-actin Ct – gene of interest Ct). The primers were
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synthesized according to the previous study as follows: OPN
sense/antisense, 5 0 -CTGCATACTGTAACCGCAGTC-3 0 /5 0 -CTCTC
CATCCATAACATGGGC-3 0 ;OCN sense/antisense, 5 0 -AGCCACCG
AGACACCATGAGA-30 /50 -TAGCCACCGAGACACCATGAGA-30 ; b-actin
sense/antisense, 50 -TGA CAG GAT GCA GAA GGA GA-30 /50 -TAG AGC
CAC CAA TCC ACA CA-30 .
Cell proliferation analysis
The 25 mg PLGA/b-TCP/CMs loaded with APN were extracted in
5 ml of a-MEM supplemented with 10% FBS, 1% penicillin, and
100 mg ml!1 of streptomycin sulfate for 7 days at 4 1C. Approximately 1 " 103 MC3T3-E1 cells per well were seeded in a 96-well
plate and cultured to allow cell attachment. After incubation in
100 ml of extract (test groups) or a-MEM (control group) with 10%
FBS, cell proliferation was measured at 12, 24, 48 and 72 h using
a Cell Counting Kit-8 (CCK-8) assay. Next, 20 ml of CCK-8 solution
was added to each well. The plates were incubated in a cell
incubator for 1 h. Cell proliferation was analyzed using a
microplate reader at a wavelength of 450 nm (BioTek, Winooski,
VT, USA). Each experiment was performed in triplicate.
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LI-CORs, Lincoln, NE, USA). Blotted proteins were detected and
quantified using an Odyssey infrared imaging system (LI-CORs,
Lincoln, NE, USA).
Statistical analysis
The results are presented as mean # SD as calculated from three
independent experiments. Statistical significance was evaluated
using a one-way analysis of variance (ANOVA) or an independentsample t-test. Data were analyzed using the Student’s t-test for
independent samples. All statistical analyses were performed using
SPSS statistical analysis software, Version 17.0. Values of P o 0.05
were considered statistically significant.

Results
Characterization of chitosan microspheres and PLGA/b-TCP/CM
scaﬀolds
Fig. 1a and b demonstrate the surface morphology of CMs containing APN. The average diameter was 18.59 # 15.20 mm (Fig. 1a).

APN treatment and siRNA-mediated knockdown of APPL1 in
MC3T3-E1 cells
To further explore a possible signal transduction pathway for
APN in promoting the proliferation of preosteoblasts, MC3T3-E1
cells were treated with gAPN or APPL1 siRNA. MC3T3-E1 cells
were grown in a-MEM with 10% FBS in a 60 mm dish. Once the
cells reached approximately 80% confluence, cells were cultured
in a-MEM medium without FBS for 24 h followed by gAPN
treatment for 15, 30, 60, and 120 min.
For APPL1 siRNA transfection, cells were grown in normal
growth medium in a 6-well plate. When cells reached approximately
50% confluence, a pool of 3 target-specific 19–25 nucleotide small
interfering RNA (siRNA) sequences (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) either specifically designed to knockdown
APPL1 or containing scrambled siRNA were tested in MC3T3-E1
cells. APPL1 siRNA or scrambled siRNA was transfected into
MC3T3-E1 cells using the Lipofectamines 2000 reagent (Invitrogen,
Carlsbad, CA, USA), according to the precise protocol provided by
the manufacturer. After 6 h of incubation, the medium was replaced
with normal growth medium. Following an 18 h culture in normal
growth medium, siRNA-transfected cells were lysed and the efficiency of siRNA-mediated APPL1 knockdown was evaluated by
western blot.
Western blotting analysis
Whole protein lysates were prepared using RIPA lysis buﬀer (Santa
Cruz Biotechnology Inc.). SDS-PAGE and western blot analyses
were performed using NuPAGEs 4–12% Bis–Tris gradient gels and
0.45 mm Invitrogen polyvinylidene fluoride (PVDF) membranes
(Life Technologies, South San Francisco CA, USA). Antibodies were
obtained for APPL1 (1 : 2000, Cat. 3858, Cell Signalling Technology,
Beverly, MA, USA), PI3 Kinase p110a (1 : 2000, Cat. 4249, Cell
Signalling Technology), and b-actin (1 : 1000, Cat. 130656, Santa
Cruz Biotechnology), respectively. Secondary antibodies were goat
anti-rabbit IgG conjugated to IRDyes 800CW (Cat. 926-32211,
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Fig. 1 (a) Optical microscopy image (scale bars = 100 mm) and SEM (b)
image (scale bars = 40 mm) of CMs with APN. (c) SEM image of the PLGA/
b-TCP scaﬀold (scale bars = 100 mm) prepared in the presence of CM-APN.
Arrows show the CMs (red) in the scaﬀold. Samples were sputter coated
with 50 nm gold particles under vacuum. (d) Appearance of the PLGA
scaﬀold changing from block mass to turbid liquid after 4 months of shaking
in PBS solution at 37 1C at a speed of 100 rpm. (e) pH of PLGA/b-TCP
scaﬀold degradation medium after PBS incubation at various time points.
(f) In vitro release of APN from a PLGA/b-TCP/CM scaﬀold in PBS solution.
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Microspheres presented as spherical, wrinkled structures with a
rough and uniform surface (Fig. 1b). SEM images showed that
CMs were distributed across the PLGA/b-TCP matrix (Fig. 1c). After
4 months of shaking in PBS solution (0.1 M, pH 7.4) at 37 1C at a
speed of 100 rpm, the appearance of the PLGA scaﬀolds changed
from block mass (cylinders with a diameter of 7 mm and a height
of 5 mm) to turbid liquid (Fig. 1d). During PBS incubation, the
PLGA scaﬀold pH decreased slowly from weeks 3–6 and then
dropped off sharply (from 6.29 to 3.58) from weeks 6–16 (Fig. 1e).

APN-loaded scaﬀold (14.7 # 3.1%) and in the sham group
(14.9 # 3.3%). The ratio of CD4+/CD8+ T cells was not significantly diﬀerent between the two groups.

In vitro release kinetics of APN

APPL1 requires gAPN to induce PI3K and promote MC3T3-E1
proliferation in vitro

Fig. 1f shows that after an initial burst at week 1, the release of
APN from the scaﬀold via CM was sustained in a linear manner
for the first 4 weeks, followed by a slower, more stable manner
from week 5 onwards. Consequently, the final amount of APN
released from the scaﬀolds was 68.94% over the entire 91 days.
Local delivery of APN from biodegradable scaﬀolds promotes
bone formation in APN-KO mice
T-BMD values of mCT were significantly higher in the APNloaded scaﬀold group than in the control group (Fig. 2a and b).
Moreover, calcein-labeled samples from the APN-loaded scaffold group showed a pattern of continual bone deposition as
compared to controls (Fig. 2c). IHC showed that the number of
osteoblasts expressing OPN was significantly increased in the
APN-loaded scaﬀold group as compared to the control group
(Fig. 3a). APN-loaded scaﬀold promoting osteogenic activity was
further confirmed by OPN and osteocalcin (OCN) expression at
the mRNA level (Fig. 3b and c).
Immunogenic response
As shown in Fig. 4, diﬀerences in immunogenic responses
between the APN-loaded scaﬀold and control groups were not
significant at 1 week (P 4 0.05). The percentage of CD4+ T
lymphocytes was evaluated in the APN-loaded scaﬀold group
(27.4 # 4.3%) and in the sham group (26.2 # 3.7%). The
percentage of CD8+ T lymphocytes was also evaluated in the

gAPN promotes preosteoblast cellular proliferation
The proliferation of preosteoblast MC3T3-E1 cells significantly
increased in the APN-treated group as compared to the control
group at 24 h (P = 0.003) and 48 h (P = 0.002) (Fig. 5). Cell growth
eventually decreased after 48 h in the APN-treated group.

We found that expression levels of APPL1 (Fig. 6a and b) and
PI3K (Fig. 6a and c) increased after 15 and 30 min of gAPN
treatments and then decreased at 60 and 120 min as compared
to untreated controls, indicating that gAPN treatment activates
the PI3K signaling pathway.
To further evaluate whether gAPN activates MC3T3-E1 cell
PI3K signaling via APPL1, MC3T3-E1 cells were treated with
APPL1 siRNA. We found that downregulation of APPL1 expression
decreases PI3K expression (Fig. 7).

Discussion
APN has been found to play an important role in bone metabolism by previous studies, however, observations have been
controversial. In this study, we focused on exploring the longterm eﬀects of gAPN on bone metabolism in APN knockout
(APN-KO) mice and exploring possible molecular mechanisms
underlying APN promotion of osteogenic eﬀects. Microspheres
loaded with gAPN presented as spherical, wrinkled structures
with a rough and uniform surface (Fig. 1a–c), in line with
previous studies that have shown that faster removal of the
solvent may lead to a more wrinkled and shrunken profile.34
This deformation and diminishment could also be induced by
preparation of the samples for SEM observations. As a biodegradable material, PLGA has long been in use in surgical

Fig. 2 Local PLGA/b-TCP/CMs with APN transplantation increase bone formation and mineralization in APN-knockout (APN-KO) mice. (a) mCT images
of the composite region in APN-KO mice 28 days post-transplantation (n = 5). (b) Changes in tissue bone mineral density (T-BMD). Values are mean # SD
for n = 5 mice/group. *P o 0.05 as determined by the independent-sample t-test. (c) H&E and calcein stained sections of the composite transplantation
region (indicated by arrow). Scale bar = 20 mm. The full-length H&E picture of the scaﬀold loaded with APN was included as key data in ESI,† Data 1.
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Fig. 3 Osteogenic marker expression is enhanced following transplantation with PLGA/b-TCP/CMs containing APN in APN-KO mice for 28 days. IHC
analysis of nuclear (blue), OPN (red), and merged images in transplantation sections (a). Scale bars = 20 mm. The APN-loaded scaﬀold promoting
osteogenic activity was further confirmed by OPN and osteocalcin (OCN) expression at the mRNA level (b and c).

Fig. 4 Diﬀerences in immunogenic responses between the APN-loaded scaﬀold and sham controls were not significant (P 4 0.05). The percentage of
CD4+ T lymphocytes in APN-loaded scaﬀold groups averaged 27.4 # 4.3% and in sham groups, 26.2 # 3.7%. The percentage of CD8+ T lymphocytes of
APN loaded scaﬀold groups averaged 14.7 # 3.1% and in sham groups, 14.9 # 3.3%. The ratios of CD4+/CD8+ T cells were not significantly diﬀerent
between the two groups (P 4 0.05).

Fig. 5 Cell proliferation analysis. gAPN promotes preosteoblast (MC3T3E1) cellular proliferation at 24 h (P = 0.003) and 48 h (P = 0.002). *P o 0.05
by one-way ANOVA.
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applications with bone regenerative materials.4 However, these
delivery systems have unpredictable release rates, often displaying a high initial burst.4,35,36 Luginbuehl et al. reported that
the PLGA scaffold should be used solely for protein-controlled
delivery36 as PLGA/b-TCP scaffolds loaded with tetracycline
produced an initial burst of about 30% of the total dose within
12 h, followed by rapid release of 90% of the remaining drug
within 4 days. Furthermore, the use of organic solvents to load
APN into the polymer scaffold may cause structural damage to
growth factor proteins, reducing their bioactivity. Therefore,
CMs were introduced into a PLGA/b-TCP scaffold to produce a
sustained delivery rate of biologically active cytokines over an
extended period of time. In our study, CMs were embedded into
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Fig. 6 APN treatment can promote MC3T3-E1 cell proliferation. (a) APPL1
and PI3K expression in MC3T3-E1 cells was enhanced following 0.1 nM
gAPN treatment. (b and c) Relative intensities of APPL1 (b) and PI3K (c).
*P o 0.05 by one-way ANOVA. Cropped blots were used in the main
figures and all gels were run under the same experimental conditions. Fulllength blots are included as key data in ESI,† Data 2.

PLGA/b-TCP scaffolds (Fig. 1a–d). CMs loaded with gAPN were
developed by emulsion-ionic cross-linking in the presence
of TPP to prevent negative chemical crosslinking effects in a
protein/peptide context.
Besides the need for a controlled drug delivery system,
optimized degradation rates and resorption of the bone substitute are other important aspects for a material to be widely
used for guided bone regeneration. There was no significant
change in the pH value for the initial 4 weeks, because
dissolution of the chitosan component and b-TCP was able to
alkalize the medium. Over the subsequent 10 weeks, pH
dropped sharply from 6.29 to 3.58 (Fig. 1e). Therefore, the
median pH value depends upon both the degradation rate of
the PLGA matrix and the dissolution profiles of the CMs and
b-TCP. This result was in agreement with previous studies.37,38
In vitro degradation therefore revealed that gAPN-CM-loaded
scaﬀolds have an advantage over other bone repair applications, as b-TCP-stimulated natural bone structure formation
and alkaline dissolution of CMs and b-TCP are able to counteract the eﬀects of the degraded acidic molecules of PLGA on pH;
this reduced overall PLGA degradation.
Release of gAPN from CM-loaded scaﬀolds gradually
increased for the first 24 days, followed by a slow and stable
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release up to day 91 (Fig. 1f). Because of the short clearance
time of gAPN in mice (32.4–83.3 min)39 and the rapid loss of
APN bioactivity when administered in solution in vivo, a controlled release system was designed for loading. Our microsphere–scaffold delivery composite improved the function of
APN by maintaining local cytokine concentrations at ideal
levels for longer periods of time in accordance with continuous
and sustained release. As previous studies have indicated
conflicting functions for gAPN in bone metabolism,30,40 we
explored the effects of long-term delivery of gAPN on bone
regeneration in vivo. We used an APN-KO mouse model to study
and evaluate the critical role of gAPN in bone physiology. mCT
data showed that local, long-term gAPN delivery confers greater
T-BMD in APN-KO mice than that found in control mice 4
weeks post-implantation (Fig. 2a and b). Histological analysis
further confirmed that long-term APN treatment increases
bone formation and mineralization (Fig. 2c). Additionally, at
4 weeks post-implantation, we found that the scaffold material
was well combined with the surrounding muscle tissue, indicating little to no inflammatory reaction to the hydrolytic
degradation of PLGA (Fig. 2c). These results are consistent with
those showing significantly retarded growth of bone explants in
APN-KO mice;41 in addition, AdipoR1 mice had higher bone
volumes and trabecular numbers than wild-type mice.42 We
thereby evaluated the number of osteoblasts per bone surface
and found that there were significantly more in the APN-loaded
group as compared to the control group (Fig. 3), which is
concordant with data showing AdipoR1 mice with higher bone
formation marker expression levels than wild-type mice.42
Due to its excellent biocompatibility and biodegradability,
PLGA is one of the most widely used biodegradable synthetic
biomaterials. However, PLGA is composed of the random
polymerization of two monomers (lactic acid and glycolic acid)
and the hydrolytic or enzymatic degradation of PLGA results
in relatively acidic byproducts that can induce acute or
chronic inflammatory responses.2 To analyze acute inflammatory
responses, the percentages of CD4+ and CD8+ lymphocyte subpopulations and the ratios of CD4+/CD8+ T lymphocytes in
peripheral blood from APN-KO mice with either gAPN-loaded or
control scaﬀolds were detected by flow cytometry (Fig. 4). This
testing index reflects certain acute immunogenic response patterns, such as those found in graft-versus-host disease (GVHD)43
and transplant rejection.44 In the present study, no significant
diﬀerences in acute immunogenic responses were found between
the gAPN-loaded scaﬀold and blank control groups through week
1 post-implantation (P 4 0.05) (Fig. 4). This indicates an acceptable biocompatibility for local PLGA/b-TCP/CM scaﬀolds.
To further explore the bioactivity of gAPN released from
PLGA/b-TCP/CM scaﬀolds and the role of gAPN in the bone
formation process, we studied the proliferation eﬀects of treatment with gAPN extracted from PLGA/b-TCP/CM scaﬀolds or
APPL1 siRNA on the MC3T3-E1 (preosteoblasts) cell line. In the
MC3T3-E1 cell proliferation experiment, we demonstrated that
gAPN extracted from PLGA/b-TCP/CM scaﬀolds promotes cell
proliferation following 24 h and 48 h of culture, respectively
(Fig. 5). In the APN-treated group, cell growth decreased after 48 h.
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In our study, we avoided a potential confounding endotoxin
effect by processing gAPN using an endotoxin removal process
followed by desalting. Another possible reason is that our
controlled release of gAPN delivery could increase the duration
of gAPN, enhancing its effects.
In summary, our data demonstrate that a PLGA/B-TCP/CM
scaﬀold delivery system can provide sustained gAPN release
for 91 days. Extended gAPN delivery by composite scaﬀolds
resulted in extensive bone formation in male APN-KO mice,
indicating that a sustained and controlled delivery of gAPN
increases the bone regenerative eﬃcacy of the PLGA and b-TCP
composite. The local, sustained delivery system for gAPN
developed in this study could provide a powerful new modality
for bone regeneration.
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Fig. 7 siRNA-mediated knockdown of APPL1 in MC3T3-E1 cells and
gAPN treatment. (a) APPL1 siRNA pre-treatment down-regulated PI3K
expression in MC3T3-E1 cells. (b and c) Relative intensities of APPL1 (b)
and PI3K (c). *P o 0.05 by the independent-sample t-test. Cropped blots
were used in the main figures and all gels were run under the same
experimental conditions. Full-length blots are included as key data in ESI,†
Data 2.

The assay was performed following 7 days of extraction in MEM
culture medium; 7 days would appear to correspond to a release
of quite a small amount of gAPN. As such, a longer duration
extraction process may have resulted in the extraction of more
APN molecules from the scaﬀolds. Moreover, gAPN treatment
increased APPL1 and PI3K expression in a time-dependent
manner within the first 30 min (Fig. 6), suggesting a potential
role of APPL1 and PI3K in osteoblast cell proliferation. Indeed,
the western blot results also point to an enhancement of cell
proliferation by gAPN over a short period of time (48 h).
Furthermore, considering that PI3K plays a central role in
osteoblast proliferation and diﬀerentiation,45,46 we were able to
show that knockdown of APPL1 expression decreases PI3K
expression in MC3T3-E1 cells (Fig. 7). Taken together, these data
provide partial insight into the role of the APPL1/PI3K signaling
pathway in regulating osteoblast proliferation and diﬀerentiation
in response to gAPN treatment. These results are in agreement
with previous studies that showed that gAPN induces osteoblastogenesis and suppresses osteoclastogenesis, enhancing bone
formation.23,41,42,47–49 While Luo et al. showed that gAPN inhibits
osteoprotegerin expression in human osteoblasts,50 this controversial observation may have been caused by LPS contamination,
which could have created confusion as to the true function of gAPN.
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