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Abstract: Since diabetes lead to alterations in bone metabolism with reductions in bone mineral content and de-
layed bone formation, the most effective method for bone regeneration in diabetes remains to be determined. In
this study, type 2 diabetes were successfully induced via a high-fat diet and low-dose streptozotocin intraperitoneal
injection. Excess reactive oxygen species (ROS) has been implicated in diabetes mellitus. Overexpression of ROS
can lead to oxidative stress and subsequently to H,0,-mediated impaired proliferation and delayed cellular differ-
entiation. As a result, antioxidant alpha-lipoic acid (ALA)-loaded poly (lactic-co-glycolic acid) (PLGA) microspheres
were fabricated using the emulsion solvent evaporation method, and a sustained and controlled release of ALA was
observed up to 27 days. It was demonstrated that biodegradable PLGA microspheres loaded with ALA acted as ROS
scavengers and partially recover the mesenchymal stem cell proliferation and differentiation. The bone formation of
ALA loaded scaffolds in rat cranial bone defects were greater than the prime three-dimensional collagen scaffold.
These results suggest the application of ALA loaded PLGA microsphere exhibit good bioactivity and bone forming
ability in diabetes.

Keywords: Reactive oxygen species, type 2 diabetes, antioxidant, a-lipoic acid, poly (lactic-co-glycolic acid)

Introduction

With the rapid developments of materials sci-
ence and biotechnology, application of a three-
dimensional (3D) scaffold to the bone defect
has been approved as an effective strategy for
bone repair and regeneration. However, most of
the studies were performed in generally healthy
individuals that possessed active tissue regen-
erative capacity, while their transfer into the
clinic in patients with pathological conditions
remains controversial [1]. In clinical practice,
the clinical failure with delayed union or non-
union is much higher in those suffering from
pathological conditions that limit the capacity
of neovascularization and osteogenesis, e.g.
diabetes, osteoporosis or hypertonia [2, 3].
Thus, it is critical to address the need of bone
regeneration in such pathological conditions.

Type 2 Diabetes mellitus (DM), a metabolic dis-
ease that is primarily characterized by abnor-
mal regulation of glucose metabolism, afflicts
over 190 million people worldwide [4, 5]. DM
has been associated with various musculoskel-
etal abnormalities that alter the normal bone
healing program, such as increased risk of
bone fractures, delayed fracture healing, and
osteoporosis, etc. [6]. Previous studies on the
effect of experimental diabetes on the bone
healing have demonstrated that there is an evi-
dence for decreased progenitor cell prolifera-
tion [7, 8], reduced cartilage formation and pre-
mature cartilage resorption [5], delayed cellular
differentiation and biomechanically inferior
repair [9, 10].

In the recent studies, substantial and growing
evidences have proven that the hyperglycemia
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associated with diabetes could dramatically
increase the level of reactive oxygen species
(ROS) invarious cell types [11], and the impaired
oxidant/antioxidant balance might be one of
the critical biological mechanisms underlying
poor bone formation in uncontrolled diabetes.
ROS is an important inflammatory mediator
with local and distant patho-physiological ef-
fects under pathological conditions [12], and
its overproduction is known to be able to subse-
quently suppress the migration, proliferation,
and osteogenesis capacity of progenitor cells
during the healing period [5]. Alternatively,
scavenging ROS with antioxidant remarkably
rescues the decreased cell viability and dys-
function [3].

Alpha-lipoic acid (ALA), an essential free radical
scavenger that play a crucial role in the mito-
chondrial respiratory pathway [13], has attract-
ed considerable attention and is used in the
treatment of several inflammatory related dis-
eases [14-16]. However, the good solubility of
ALA leads to the immediate release spike in
plasma within 1 h after oral administration
which is fast eliminated subsequently [17].
Local drug delivery system made of biodegrad-
able materials, such as microspheres and scaf-
folds, is an effective method to improve drug
bioavailability [18]. They allow for precise con-
trol over local drug release to increase bioavail-
ability and protect encapsulated components
against degradation to prolong drug activity.

As a result, the aim of our study was to assess
if local introduction of ALA to the collagen scaf-
fold could facilitate the scaffold with better
osteogenesis in diabetes mellitus animal
model. In this work, the collagen scaffold was
functionalized with ALA-loaded poly (lactic-co-
glycolic acid) (PLGA) microspheres, in order to
deliver a controlled and prolonged release of
ALA.

Materials and methods
Materials

Collagen was obtained from Sichuan Mingrang
Tech., China. ALA, PLGA, N-(3-(dimethylamino)
propyl)-N-ethylcarbodiimide hydrochloride crys-
talline (EDC) and N-hydroxysuccinimide (NHS)
were purchased from Sigma Aldrich. A Cell
Counting Kit-8 (CCK-8) was obtained from
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Dojindo. Polyvinyl Alcohol (PVA) and dichloro-
methane were purchased from Aladdin, China.

Scaffolds fabrication and surface characteriza-
tion

ALA-loaded PLGA microspheres were fabricat-
ed using the single emulsion solvent evapora-
tion method [19]. Briefly, PLGA was dissolved in
dichloromethane with ALA (the final concentra-
tion is 2% W/V) and sonicated for 15 min to
obtain a homogeneous dispersion. Then the
mixture was then slowly dropped into 3% (w/V)
aqueous PVA solution. After that, the mixture
was magnetic-stirred to volatilize the solvent
for 6 h at room temperature, and then collected
by centrifugation (500 g, 5 min). The obtained
microspheres were washed three times with
distilled water and lyophilized in a freeze-dryer
for 48 h.

Collagen scaffolds (COL) were prepared as pre-
viously described. Briefly, 1% collagen solution
(1% W/V in ddH,0) was obtained under mag-
netic stirring. Then, 0.1 M EDC and 0.025 M
NHS were added under stirring, and the mixture
was held for 1 h at RT to form a hydrogel by self-
crosslinking. The hydrogels were frozen over-
night at -80°C and subsequently lyophilized at
-50°C [20]. To incorporate the PLGA micro-
spheres into the scaffolds (PLGA/COL), 7 mg of
PLGA microspheres was mixed well with 10 ml
of collagen slurry (the final concentration of
PLGA is 0.07%). The surface and pore morphol-
ogies and pore size distributions of the scaf-
folds were observed using scanning electron
microscopy (Hitachi, Ibaraki, Japan) at an accel-
erating voltage of 10 kV.

Release properties

To determine the ALA release kinetic from the
PLGA microspheres, 1 mg of PLGA micro-
spheres were added to 5 ml of PBS in a 10 ml
tube and then shaken at 37°C. At certain time
points, the supernatant was removed and an
equal volume of fresh PBS was added. The con-
centration of ALA in the supernatant was deter-
mined using a UV spectrophotometer as above.

Isolation and Identification of bone marrow
derived mesenchymal stem cells

Rat bone marrow derived mesenchymal stem
cells (BMSCs) were obtained as previously
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Table 1. Summary of primer sequences

Sequences of primers for PCR

Gene name Forward Sequence (5’-3)
or Reverse
BMP2 Forward CGTCAAGCCAAACACAAACA
Reverse AGTCATTCCACCCCACATCA
coL1i Forward CGTGGAAACCTGATGTATGCT

Reverse  ACTCCTATGACTTCTGCGTCTG

ALP Forward GAAAGAGAAAGACCCCAGTTAC

Reverse ATACCATCTCCCAGGAACAT
Runx2 Forward CGAAATGCCTCTGCTGTTAT

Reverse CGTTATGGTCAAAGTGAAACTCT

B-actin Forward CCTCTATGCCAACACAGT
Reverse  AGCCACCAATCCACACAG

described [21]. Cells were cultured in Dul-
becco’s modified Eagle’s media (DMEM) con-
taining 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Passage 2-3 BMSCs
were used for the experiments. To evaluate sur-
face markers, antibodies against CD29, CD31,
CD44,CD45 and CD90 were used. Cell fluores-
cence was determined using a FACS flow
cytometer (BD Biosciences, San Jose, CA, USA).

Analysis of cell proliferation

The microspheres were sterilized with ethylene
oxide prior to use. Indirect culture method was
used to observe the effect of the ALA release. 1
x 10* cells were seeded onto each well of 24
well-plates and were randomized to incubate
with one of the following factors: 1) normal
serum (NS), 2) diabetic serum (DS) and 3) DS +
ALA/PLGA. The ALA/PLGA were placed on the
top of the cells separated by a culture insert
(0.32 cm?, pore diameter 0.4 um, Millipore).
The normal and diabetic serum were acquired
from normal and diabetic rats, respectively. For
the proliferation, the cell proliferation was
assessed using a CCK-8 according to the man-
ufacturer’s instruction at each time point (1, 3,
5 and 7 days). The absorbance was measured
at 450 nm using a microplate reader (Thermo
Electron Corporation, Waltham, MA, USA). In-
tracellular ROS measurement ROS was mea-
sured using a non-fluorescent probe, 2,7-diace-
tyl dichlorofluorescein (DCFH-DH) that can pen-
etrate into the intracellular matrix of cells,
where it is oxidized by ROS to fluorescent
dichlorofluorescein (DCF) [14]. Briefly, an ali-
quot of isolated cells (8 x 10° cells/ml) were
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made up to a final volume of 2 ml in normal
phosphate buffered saline (pH 7.4). 1 ml aliquot
of cells was taken to which 1 yl DCFH-DA (1
mg/mL) was added and incubated at 37°C for
30 min under dark condition. Fluorescent mea-
surements were made with excitation and
emission at 485 + 10 and 530 + 12.5 nm,
respectively using a multimode reader (Teccan,
Austria). Images were taken on an epifluores-
cent microscope (Nikon, Eclipse TS100, Japan)
with a digital camera (Nikon 4500 Coolpix,
Japan).

Intracellular ROS measurement

2,7-diacetyl dichlorofluorescein (DCFH-DH) was
used to measure the intracellular ROS [22].
Briefly, 1 ml aliquot of isolated cells (8 x 10°
cells/ml) were made in PBS, then 1 ul DCFH-DA
(1 mg/mL) was added and incubated at 37°C
for 30 min under dark condition. Images were
taken on a fluorescent microscope (FV1000,
Olympus, Japan).

Alkaline phosphatase (ALP) and alizarin red
staining

At day 7 after osteogenic induction, the cells
were fixed for ALP staining and subsequent
imaging evaluation using HP Scanjet G3110
Photo Scanner. ALP activity after 7 and 14 days
of culture was quantified using the QuantiChrom
TM Alkaline Phosphatase Assay Kit (BioAssay
Systems, CA, USA), and the total protein con-
tent was assessed with the BCA Protein Assay
Kit (Thermo Scientific). At day 14 after osteo-
genic induction, cells were fixed in 4% parafor-
maldehyde for 15 min and were then incubated
with 40 mM alizarin red (AR) staining solution
for 15 min at room temperature. For quantifica-
tion of the mineralization, the mineralized
matrix nodules were dissolved in 10% (w/v)
cetylpyridinium chloride (Aladdin), and the
absorbance was measured at 450 nm using a
microplate reader.

Quantitative real-time polymerase chain reac-
tion (RT-QPCR)

The expressions of genes associated with
osteogenesis were assessed by RT-gPCR. For
this, BMSCs were seeded at 1 x 10* onto each
well of 24-well plates. After 6 h, 1 ml osteogenic
induction media consisting of DMEM supple-
mented with 10% FBS, 50 mg/ml of ascorbic
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acid, 10 mM B-glycerophosphate, and 10 nM
dexamethasone was added, and the transwell
insert containing microspheres was placed
onto each well. After 7 and 14 days of the indi-
rect culture, the total RNA was prepared using
TRIzol reagent (Invitrogen) to determine the
osteogenesis related gene expression [Alkaline
phosphatase (ALP), Collagen type 1 (COL1),
Bone morphogenetic protein-2 (BMP2) and
Runt-related transcription factor 2 (RUNX2)]
and real-time PCR was conducted using SYBR
GreenER qPCR SuperMix reagents (Invitrogen).
The relative expression was obtained by nor-
malizing the mean cycle threshold (Ct) value of
each target gene with the Ct value of the house
keeping gene (B-actin). The primer sequences
of the genes are summarized in Table 1.

Viability of BMSCs in collagen substrates

Fluorescent microscopy was used to study the
viability of BMSCs culture on 3D collagen scaf-
folds. The scaffolds were cultured with BMSCs
in 24-well culture plates. At 48 h after cell seed-
ing, the scaffolds were washed with PBS for
5 min and stained using a live/dead cell imag-
ing kit (Invitrogen, CA, USA) according to manu-
facturer’s instructions. After that, the stained
cells were examined with an inverted fluores-
cence microscope (Carl Zeiss Meditec, Jena,
Germany).

Rat type 2 diabetes model

A high-fat diet and low-dose streptozotocin
(STZ) intraperitoneal injection was adminis-
tered to 40 rats to induce type 2 diabetes as
previously reported [5, 23]. The treatment
study protocol was approved by the Ethical
Committee of Shanghai Ninth People’s Hospital
Affiliated Shanghai Jiao Tong University School
of Medicine, and the National Institutes of
Health Guide concerning the Care and Use of
Laboratory Animals. After consuming a high-fat
diet with a total calorific value 44.3 kJ/kg for 4
weeks, rats in the DM group were intraperitone-
ally injected with 30 mg/kg of STZ. A same vol-
ume of vehicle buffer was injected in the con-
trol group. Four weeks following the STZ
injections, rats with blood glucose levels of
>16.7 mmol/L were considered diabetic and
were allowed to continue to feed on a high-fat
diet until the end of the study. The diabetic rats
were then randomly divided into a COL group
(collagen scaffold, n = 6), and a ALA/PLGA/COL
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group (Collagen scaffolds with ALA-loaded
PLGA microspheres, n = 6). The collagen scaf-
folds implanted in the normal rats were served
as the control (n = 6).

Critical-sized cranial bone defect and trans-
plantation

A rat critical-sized cranial bone defect model
was performed as previously described [21].
Briefly, the rats were anesthetized by pentobar-
bital intraperitoneal injection (Nembutal 3.5
mg/100 g). Then, a 2.0 cm sagittal incision was
made in the middle of the scalp to expose the
calvarium. The defect was created by means of
a 5-mm diameter trephine (Nouvag AG,
Goldach, Switzerland). After the scaffold was
implanted, the incision was closed. 8 weeks
after surgery, rats were sacrificed for Micro-CT
measurement and histological analysis.

Micro-CT measurement

The defect sites were dissected, soaked in 4%
paraformaldehyde, and scanned at a resolution
of 10 um using a Micro-CT (GE Healthcare,
Milwaukee, USA). After scanning, 3D images of
the samples were reconstructed based on the
slices and bone volume per tissue volume (BV/
TV) of the defect sites in all groups was statisti-
cally analyzed using the CTAn software (Bruker
Corporation, Kontich, Belgium).

Histological analysis

After being examined by micro-CT, the samples
were decalcified in 10% EDTA for 21 days. After
complete decalcification, the samples were
dehydrated in increasing grades of ethanol and
embedded in paraffin wax. Then, the paraffin-
embedded samples were sectioned into 5 ym
thick sections using a microtome and stained
with hematoxylin and eosin. To observe type |
collagen, Masson’s trichrome staining was per-
formed. The results of staining were observed
using a light microscope.

Statistical analysis

Numerical data were presented as mean =+
standard deviation and analysis of variance
(ANOVA) and post-hoc Holm-Sidak multiple
comparison tests was performed to determine
the statistical significance between experimen-
tal groups with GraphPad Prism 6 (San Diego,

Int J Clin Exp Pathol 2017;10(9):10019-10031
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Figure 1. Scanning electron microscope (SEM) images of (A) blank PLGA microspheres and (B) ALA-loaded PLGA mi-
crospheres. Magnification, x 1500. (C) The average particle sizes of ALA-loaded PLGA microspheres. (D) Cumulative
in vitro release profile of ALA from PLGA microspheres. (E) 100 x and 2000 x maghnification of SEM images of COL,
PLGA/COL and ALA/PLGA/COL scaffolds. The pore diameter (F) and porosity (G) of the scaffolds.
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CA, USA). A value of P < 0.05 was regarded as
statistically significant difference.

Results
Characterization of PLGA microspheres

As shown in scanning electron microscopy
(SEM) images, the blank PLGA microspheres
showed smooth surface and spherical shape
(Figure 1A). There was no significant difference
in morphology between the blank PLGA micro-
spheres and ALA-loaded PLGA microspheres
(Figure 1B). The particle size distribution (Figure
1C) was in the range of 2~20 um (average par-
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Figure 2. A: Cell surface markers identified by flow cytomet-
ric analysis. B: Determination of reactive oxygen species
(ROS) production 7 days after incubation. Fluorescent im-
ages of intracellular ROS labeled with DCF. C: Summary of
fluorescence labeling results. D: Measurement of BMSCs
proliferation with CCK-8 after 7 days of incubation. *P <
0.05, vs. the NS group. #P < 0.05, vs. the DS group.

ticle size 11.26 um). The in vitro release profile
of the ALA from the microspheres was analyzed
by UV spectrophotometry (Figure 1D). Appro-
ximately 42% of the initially incorporated ALA
was released from the microspheres in the first
three days. After the initial burst release, the
ALA was released in a sustained manner over
27 days. At the end-point of the release study,
ALA-loaded microspheres had released 92% of
the initially incorporated content.

Characterization of scaffolds

The COL scaffolds exhibited an interconnected
porous network (Figure 1E), and the PLGA

Int J Clin Exp Pathol 2017;10(9):10019-10031
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Figure 3. The effect on osteogenic differentiation of BMSCs. A: Representative
images of ALP and Alizarin red (AR) staining. B: ALP activity results. C: Sum-
mary of AR staining results. *P < 0.05, vs. the NS group. #P < 0.05, vs. the

DS group.

microspheres were uniformly distributed within
the collagen matrix. The mean pore size and
porosity of COL scaffolds were 99.8 ym and
81.9%, respectively. The incorporation of ALA
loaded PLGA microspheres into the scaffolds
slightly reduced the pore size and the porosity
(Figure 1F, 1G).

Characterization of BMSCs

As shown in Figure 2A, the cell surface markers
identified by flow cytometric assay revealed
they were positive for the MSC surface markers
CD29 and CD90, but negative for the hemato-
poietic and endothelial surface markers CD31,
CD44 and CD45.

Intracellular ROS measurement

The intracellular ROS production in cultured
BMSCs was determined with the analyzing
intensity of DCF fluorescence 7 days after cul-
ture, and the results (Figure 2B, 2C) showed
markedly higher intensity in DS group than that
in the NS group, while the incubation of BMSCs
with DS supplemented with ALA/PLGA signifi-
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cantly attenuated ROS gen-
eration.

Cell proliferation and vi-
ability

We further investigated the
role of antioxidant ALA in dia-
betic serum-induced sup-
pressed BMSC function and
decreased proliferation. A
CCK-8 assay was used to
evaluate the effect of the
diabetic serum and ALA/
PLGA on cell proliferation. As
showed in Figure 2D, the cell
number gradually increased
as the culture time prolonged
in all groups. There were no
significant differences bet-
ween the NS and DS group at
day 1. The cell viability was
statistically lower in DS gro-
up, even more obvious after
7 days of incubation. The
suppression of ROS by ALA
obviously improve prolifera-
tion of BMSCs cultured with
DS.

Osteogenic activity of BMSCs

ALP and AR staining were used to evaluate the
osteogenic activity of BMSCs cultured with dif-
ferent culture mediums, and both groups
revealed osteogenic differentiation when sub-
jected to osteogenic supplements. However, in
the BMSCs stimulated by DS, the ALP activity
and mineralized nodules were more distinct in
ALA/PLGA group (Figure 3A). The ALP activity of
BMSCs cultured in different groups was quanti-
tatively evaluated at 7 and 14 days respectively
(Figure 3B). With culture time increasing from 7
to 14 days, an increase in ALP activity was
observed in all the three groups. However, the
ALP activity of BMSCs in the DS group was sig-
nificantly lower than that in the normal control
groups at 7 and 14 days. The impaired osteo-
genic differentiation was partially recovered by
ALA/PLGA. Similar result was revealed by the
quantitative results of AR staining (Figure 3C).

Osteogenic gene expression

The mRNA expression levels of ALP, RUNX2,
BMP2 and COL1 in BMSCs cultured in different

Int J Clin Exp Pathol 2017;10(9):10019-10031
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Figure 4. RT-qPCR results of osteogenesis marker genes (ALP, RUNX2, BMP2,
COL1) after 7 and 14 days of incubation. The results are represented as rela-
tive ratio to the NS group. *P < 0.05, vs. the NS group. #P < 0.05, vs. the DS

group.

groups were examined by quantitative real-time
RT-PCR and are shown in Figure 4. On day 7,
the expression levels of osteogenic genes were
significant lower in the DS group. However, after
PLGA/ALA was added, both the expression lev-
els were significantly higher than those in the
DS groups.

Biocompatibility of the scaffolds

Prior to the in vivo study, the biocompatibility of
the scaffolds was confirmed by incubation with
BMSCs. As shown in Figure 5A, live-dead cell
staining revealed a lot of viable cells (green)
and a few apoptotic cells (red) could be found
on the prime scaffolds in the NS group after 3
days of incubation. The results indicated that
all scaffolds can support the adhesion and pro-
liferation of BDSCs without eliciting side
effects. Incubation of BMSCs with DS signifi-
cantly impaired the cell viability, while the sup-
pression of ROS by ALA improve the cell attach-
ment and viability (Figure 5B).

Construction of the type 2 diabetes model

The plasma glucose levels and insulin toler-
ance test of the STL and vehicle injection
groups were measured every week. A diabetic
model analogous to type 2 diabetes mellitus
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was identified with hypergly-
cemia and insulin resistance
(Figure 6). 4 weeks after STZ
injection, the glucose levels
in the DM indicated hyper-
glycemia when compared to
the control groups at 120
min after glucose injection.
Insulin tolerance test indicat-
ed that following insulin
administration, the glucose
concentrations declined slo-
# wly or stayed constant in the
DM for 30 min following the
glucose injection when com-
pared to the control. Five
rats were excluded from the
experiment (2 rats did not
achieve hyperglycemia, and
3 rats were induced type 1
diabetes mellitus with plas-
ma glucose levels up to 26
mmol/L).

Micro-CT measurement

Micro-CT was used to evaluate the newly re-
generated bone at 8 weeks post operation.
Micro CT images clearly depicted the osteogen-
esis in both control and diabetic group, while
the control group showed generally more bone
formation. Aimost minor regenerated bone tis-
sue was found in the diabetic group, while the
scaffolds loaded with ALA-PLGA significantly
increased new bone formation compared with
diabetic group. (Figure 7A) Quantitative analy-
sis showed that both bone volume around the
3D collagen scaffolds was in the order: control
> diabetes + ALA/PLGA > diabetes (Figure 7B).

Histological examination

The histological images showed similar results;
the ALA/PLGA loaded scaffold significantly pro-
mote new bone formation compared with dia-
betic group. In the control group, bone defects
were almost completely filled with bone, which
confirmed the good bioactivity and biodegrad-
ability of three-dimensional collagen scaffolds.
However, the quantity and quality of bone for-
mation was greatly impaired under diabetic
condition, very little newly regenerated bone
predominantly present at the defect edges and
the majority of the defect space was occupied
with fibrous connective tissues. A large amount

Int J Clin Exp Pathol 2017;10(9):10019-10031
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Figure 6. A: Plasma glucose during intraperitoneal
glucose tolerance test in rats after 4 weeks STZ injec-
tion (DM group) or vehicle injection (control group).
B: Percentage of initial glucose level during insulin
tolerance test in DM and control group 4 weeks after
injection.
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Figure 5. Viability activity of cells grown on the
collagen scaffolds. A: Live/Dead staining of BM-
SCs on scaffolds. Green fluorescent cells are
alive and red fluorescent cells indicate dead cells.
B: BMSCs viability analysis on the scaffolds. *P <
0.05, vs. the NS + COL group. #P < 0.05, vs. the
DS + COL group.

of newly formed bone was observed in the
defect treated with ALA/PLGA loaded scaffold
(Figure 7C).

Discussion

Early events associated with bone healing in
patients with type 2 diabetes mellitus appear
to be delayed, while the underlying biological
mechanisms are not yet well understood. ROS
is an important inflammatory mediator with
local and distant patho-physiological effects
under pathological conditions [3, 24]. In this
study, ALA-PLGA microsphere was chosen to
examine the role of controlled released of anti-
oxidant in osteogenesis for tissue engineering
in type 2 diabetic rat model, and we demon-
strated the feasibility of repairing critical-sized
cranial bone defects with ALA-PLGA micro-
spheres loaded 3D scaffolds made of collagen
in rats with uncontrolled diabetes mellitus.

To a great extent, we had shown that diabetic
condition induced the overproduction of ROS,

Int J Clin Exp Pathol 2017;10(9):10019-10031
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Figure 7. Bone regeneration of calvarial defect implanted with collagen scaffolds. A: Micro-CT scan of calvarial bone
defect at 3 months after surgery. B: Bone volume. *P < 0.05. C: H&E stained tissue sections of bone regeneration in
the defect area of healthy (Control) and diabetic (Diabetes) rats implanted with collagen scaffolds and diabetic rats
implanted with ALA/PLGA loaded collagen scaffolds (Diabetes + ALA/PLGA) at 3 months after surgery.

resulting in reduced cellular proliferation and
impaired cellular function of BMSCs in vitro and
compromised bone formation within the 3D col-
lagen scaffolds in vivo. Furthermore, we also
demonstrated that the scavenging ROS with
ALA-PLGA could significantly attenuated ROS
induced BMSCs dysfunction, with marked in-
crease in proliferation and osteogenesis ability,
such as ALP activity and BMP2, RUNX2 and
COL1 expression. In vivo study also revealed an
improved osteogenesis of ALA-PLGA loaded
collagen scaffolds in diabetes.

Hyperglycemia and the associated increase in

oxidative stress, which subsequently disrupts
the cellular oxidant/antioxidant balance, are
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cited as potential factors leading to a change in
cellular behavior [25, 26]. Hyperglycemia-in-
duced ROS have been proposed to be generat-
ed via several mechanisms including glucose
autoxidation, protein glycation, advanced glyca-
tion end product formation, increased polyol
pathway activity and overproduction by mito-
chondria [27-29]. ROS activated by hyperglyce-
mia could damage BMSCs proteins, lipids,
nucleic acids and other macromolecular sub-
stances that have physiological functions [17,
30], resulting in low metabolic activity and cell
cycle arrest by activating apoptosis [3]. It can
affect the differentiation of BMSCs and even
cause cell death to reduce the effectiveness of
defect repair [31]. In this study, overexpression
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of ROS was revealed in DS group with impaired
BMSC proliferation and differentiation.

Since the over-oxidation and generation of free
radicals are two common factors that result in
the occurrence of inflammation and impaired
tissue repair, antioxidant has attracted consid-
erable attention. In the present study, the 3D
collagen scaffold was functionalized with ALA-
loaded PLGA microspheres, in order to deliver a
localized controlled release of ALA as a primary
defense against free radicals. PLGA micro-
sphere was chosen as the drug carrier because
of its excellent biocompatibility, non-toxic and
controlled degradable rate [32-34]. In the pres-
ent study, the obtained ALA-loaded PLGA micro-
spheres were uniform and spherical with a size
range from 2 ym to 18 pm, with a slowly sus-
tained release of ALA for over 27 days. As
expected, scavenging ROS with antioxidant
remarkably rescue the decreased cell viability
and dysfunction were confirmed with indirect
culture method using a culture insert. In vivo
study also revealed the superior osteogenesis
potential of the controlled released of ALA via a
rat critical-size calvarial defect model.

Besides, the pore size and porosity are impor-
tant indexes during the design of bone tissue
engineering scaffolds, and a desirable scaffold
should provide an appropriate pore space to
facilitate cell infiltration and tissue formation
[35-37]. In our study, 3D collagen scaffolds
were chosen as a model biomaterial and the
pore size of the collagen scaffold was about
100 um with a porosity value about 80%, which
is suitable for osteoblast migration, vascular
ingrowth and nutrition supply. This was also
confirmed by the rat critical-size calvarial de-
fect model implanted with prime collagen
scaffolds.

Conclusion

This study demonstrated that the ALA-PLGA
loaded 3D collagen possesses promising
capacity in healing critical-sized bone defect in
diabetic animals, although its therapeutic effi-
cacy could be considerably compromised by
the pathological condition. The impaired oxi-
dant/antioxidant balance might be one of the
critical biological mechanisms underlying poor
bone formation in uncontrolled diabetes, and
local delivery of antioxidant provides an effec-
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tive and attractive strategy for bone defect
treatment under diabetic condition.
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