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Abstract: Tissue engineering and regenerative medicine has gradually evolved as a promising ther-
apeutic strategy to the modern healthcare of the aging and diseased population. In this study, we
developed a novel nano-fibrous scaffold and verified its application in the critical bone defect re-
generation. The metformin-incorporated nano-gelatin/hydroxyapatite fibers (NGF) was produced
by electrospinning, cross-linked, and then characterized by XRD and FTIR. Cytotoxicity, cells adhe-
sion, cell differentiation, and quantitative osteogenic gene and protein expression were analyzed by
bone marrow stem cells from rat. Rat forearm critical bone defect model was performed for the in
vivo study. The nano-gelatin/hydroxyapatite fibers (NGF) were characterized by their porous struc-
tures with proper interconnectivity without significant cytotoxic effects; the adhesion of bone mar-
row stem cells on the nano-gelatin/hydroxyapatite fibers (NGF) could be enhanced. The osteogenic
gene and protein expression were upregulated. Post implantation, the new regenerated bone in
bone defect was well demonstrated in the NGF samples. We demonstrated that the metformin-in-
corporated nano-gelatin-hydroxyapatite fibers greatly improved healing potential on the critical
sized bone defect. Although metformin-incorporated nano-gelatin/hydroxyapatite fibers had ad-
vantageous effectiveness during bone regeneration, further validation is required before it can be
applied to clinical applications.

Keywords: critical sized bone defect; bone tissue regeneration; nano-gelatin/ hydroxyapatite fiber
(NGF); metformin.

1. Introduction

Bone is the structure that supports the rest of the body, acts as levers for muscles to
allow for locomotion and movement, protects internal organs and structures; recent study
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have shown that bone provides hematopoiesis of human body, maintains acid-base
balance and homeostasis of mineral, also acts as a place for storing growth factors and
cytokines [1].

Like all tissues, the extracellular matrix is produced and secreted by different cells of the
bone tissue to provide biophysical and biochemical support to nearby cells [2]. Within the
bone matrix, the most abundant protein is type I collagen [2, 3]; while at different stages of
bone formation, trace amounts of calcium-phosphate binding proteins, such as alkaline
phosphatase, osteopontin, osteocalcin, and bone sialoprotein can be found to help regulate
the hydroxyapatite crystal formation and mineral deposition in an ordered fashion [4]. The
mechanical rigidity and load-bearing strength of bones is mainly come by minerals within
the bones, while the organic matrix provides the elasticity and flexibility of the bone [5].
Both components are vital for the overall function and health of the bones.

Tissue engineering and regenerative medicine has gradually evolved as a promising
therapeutic strategy to the modern healthcare of the aging and diseased population.
Biomaterials are developed in the aim of healing, repairing or regenerating damaged
tissues and organs [6]. Recent studies have demonstrated that extracellular matrix
scaffolds create microenvironment favorable for tissue regeneration. They are able to act
as a pattern for different tissues’ repair and promote tissue-specific remodeling [2]; various
studies have demonstrated electrospinning as the promising method for manufacturing
scaffold for use in bone tissue engineering [7, 8]. Different materials have been tested as
materials for scaffolds, such as chitosan/collagen [9], polycaprolactone [10], carboxymethyl
chitosan [11], and gelatin [12]. Among these, gelatin is considered to have good cell
adhesion, proliferation and promoting bone formation [7].

Collagen, the main extracellular matrix protein of bone tissues, contains the tripep-
tide Arg-Gly-Asp (tripeptide RGD) motif to facilitate cell attachment [2, 3]. Ais a protein
derived from hydrolysis of collagen and mimicked natural extracellular matrix, scientists
frequently use gelatin as the scaffold in the modern tissue engineering [13]. Nevertheless,
the application of gelatin is limited by the enzymatic degradation in vivo and lack of me-
chanical strength. In general, collagen-based biomaterials require the introduction of ad-
ditional support and/or cross-linkage to achieve adequate performance in vivo. As me-
chanical strength is mandatory for the bone tissue engineering, hydroxyapatite is a good
ingredient to provide additional strength for scaffolds [14, 15]. Regarding cross-linkers,
chemicals such as glutaraldehyde, formaldehyde, and diphenyl-phosphoryl azide
(DPPA) are most commonly utilized. In this study, a novel cross-linked gelatin/ hydroxy-
apatite nano-fibers (NGF) was developed by electrospinning to form scaffold, and its ap-
plication in the regeneration of bone defect with critical size was verified.

2. Results

2.1. Morphology of Nano-Gelatin/ Hydroxyapatite fibers (NGF)

The morphology of nano-gelatin/hydroxyapatite fibers (NGF) were characterized by using
SEM, and the surface morphology and fiber diameter were analyzed (Figure 1B). The gel-
atin nanofibers showed smooth surface with a diameter of 100 + 10 nm and porous struc-
tures with proper interconnectivity were seen.
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Figure 1. The preparation and morphology of metformin-incorporated gelatin/ hydroxyapatite
nanofibrous Scaffold. 1A. The preparation of metformin-incorporated gelatin/ hydroxyapatite nan-
ofibrous Scaffold. 1B. Microscopic images of nano-gelatin/ hydroxyapatite fibers (NGF). (a) magni-
fication: x5k; (b) magnification: x110k. The fiber diameter and surface morphology of the gelatin
nanofibers were characterized and analyzed by SEM. The gelatin nanofibers showed smooth sur-
face with a diameter of 100 + 10 nm and porous structures with proper interconnectivity were seen.

2.2. Characterization of Nano-Gelatin/ Hydroxyapatite fibers (NGF)

Over 20 range from 10° to 70°, the pattern of XRD was collected with an incremental step
size of 0.04°, which indicated the crystal phase of NGF as showed in figure 2A. The XRD
pattern of nano-gelatin/ hydroxyapatite fibers (NGF) scaffolds exhibited sharp diffraction
peaks similar to that of the hydroxyapatite. The peaks of both natural bone and NGF match
well, suggesting that NGF’s similarity to the bone tissue (Figure 2A). The FTIR pattern
showed the functional group of NGF in figure 2B, the peak of amide, phosphate, hydrox-
ide, and the carbonate group also matched the natural bone, suggesting that the character-
istic of NGF was quite similar to the natural bone (Figure 2B).
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Figure 2. Characterization of nano-gelatin/ hydroxyapatite fibers by XRD and FTIR. 2A. Over a 20
range from 10° to 70°, the pattern of XRD was collected with an incremental step size of 0.04°, and
that indicated crystal phase of gelatin/ hydroxyapatite nano-fibers (NGF). The XRD pattern of
nano-gelatin/ hydroxyapatite fibers (NGF) scaffolds exhibited sharp diffraction peaks which was
similar to the hydroxyapatite. Both peaks of natural bone and NGF match well, suggesting that
NGEF is similar to the bone tissue. 2B. The FTIR pattern showed the functional group of NGF, the
peak of amide, phosphate, hydroxide, and the carbonate group, also match to the natural bone,
suggesting that NGF was similar to the natural bone.

2.3. Cytotoxicity and Cells Adhesion of Nano-Gelatin/ Hydroxyapatite fibers (NGF)

Cytotoxicity and cells adhesion behavior on the nano-gelatin/ hydroxyapatite fibrous scaf-
folds (NGF) were examined (Figure 3). The cytotoxicity of NGF was assessed by WST-1
assay and live/death test. As shown at figure 3, NGF did not possess any significant cyto-
toxic effects on cells within 1 and 3 days (Figure 3A). When assessed by the live/death
staining assay, both the cells of control and NGF groups showed good cell viability at the
day 3 in cytotoxicity and cell adhesion study of gelatin/ hydroxyapatite nanofibrous scaf-
fold (Figure 3B). After phalloidin staining of the F-actin, the cytoskeleton organization and
cellular morphology on the constructs were analyzed. When comparing to the Petri dish
as control and NGF (Figure 3C), NGF could enhance the formation of F-actin for cells ad-
hesion and which appeared as diffuse actin staining inside the cells.
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Figure 3. Cytotoxicity and cell adhesion study of gelatin/ hydroxyapatite nanofibrous scaffold. 3A.
The cytotoxicity of NGF was assessed by the WST-1 assay. Control group was 100% cell viability,
negative control was aluminum oxide, and positive control was zinc diethyldithiocarbamate. The
cells have been seeded on the NGF and maintained in culture for three days. As shown, no signifi-
cant cytotoxic effects on cells at either 1 or 3 days of culture. 3B. Cytotoxicity of the NGF was as-
sessed by the live/death staining assay. The cells of both the control and NGF groups showed good
cell viability at the day 3, indicating there were no significant cytotoxic effects on cells. 3C. Cell
adhesion on the gelatin/ hydroxyapatite nanofibrous scaffold. After phalloidin staining of the F-
actin, the cytoskeleton organization and cellular morphology and of the cells on the constructs
were analyzed. When comparing to the cells grown in Petri dish as control (a) and on NGF (b),
enhanced expression of F-actin was remarked inside the cells in contact with NGF suggesting a
better cell adhesion.

2.4. Osteogenesis-related Gene Expression

A cascade of changes in intracellular genes or proteins expression [including alkaline phos-
phatase (ALP), runt-related transcription factor-2 (RUNX-2), osterix (SP7), osteocalcin
(BGLAP), osteonectin (SPARC) and collagen type I (COL1A1)] regulated the osteogenic
differentiation BMSCs. The interactions between cells and extracellular matrixes could be
revealed by transcript levels of these osteogenesis-related genes and proteins. When
BMSCs cultured with NGF for four weeks, qRT-PCR assays were carried out to analyze
osteo-specific gene expression. As expected, the osteogenic specific genes, including ALP,
Runx2, SP7, BGLAP, SPARC, and Col1A1 were upregulated when normalized to the con-
trol group (Figure 4A).

2.5. Expression of Osteogenic-Specific Proteins
The expression of osteogenic-specific proteins, including alkaline phosphatase (ALP), os-
teonectin (ON), osteocalcin (OC), and type I collagen (COL1A1), were analyzed with
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ELISA Kkits. At four weeks, the osteogenic specific proteins were all upregulated when
comparing to that of the control group. As shown, the ALP expression upregulated in ear-
lier stage, OC and ON expression in medium increased to a later stage, and COL1A1 ex-
pression al so in later stage (Figure 4B). Similar results were also demonstrated in the im-
munofluorescence staining of osteogenic differentiation (Figure 4C).
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Figure 4. Gene/ protein expression and immunofluorescence staining of osteogenic markers. 4A.
Gene expression of osteogenic markers. The osteoblast specific genes of MSCs, including alkaline
phosphatase (ALP), runt-related transcription factor-2 (RUNX-2), osterix (SP7), osteocalcin
(BGLAP), osteonectin (SPARC), and type I collagen (COL1A1) were upregulated when normalized
to the control group. 4B. Expression of osteogenic proteins. ELISA kits were used to analyze osteo-
genic-specific protein expression from BMSCs cultured on NGF. Protein markers of osteogenesis of
BMSCs, including ALP, ON, OC, and collagen type I were all upregulated when comparing to that
of the control group. (a) alkaline phosphatase; (b) osteocalcin; (c) osteonectin; (d) collagen type Iin
7,14, 21, and 28 days. As shown, the ALP over expression in early stage, OC and ON over expres-
sion in medium to later stage, and COL1A1 expression in later stage. 4C. Inmunofluorescence
staining of alkaline phosphatase (ALP), osteocalcin (OC), osteonectin (ON), and collagen type I
after 28 days.

2.6. In Vivo Post-Implantation New Bone Formation

New bone formation in control, Sinbone, and NGF samples were observed by micro-CT
scan examination at 12 weeks post-implantation. As shown, bone defect at the osteotomy
site of was still quite evident in the control and there was a substantial amount of implant
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granules remained in the defect site when the defects were treated with Sinbone samples;
while, well-developed bone regeneration was found in the NGF sample (Figure 5A). At 1
month post operation, the NGF group showed the most prominent regeneration and
which continued to improve over the three month period. A well-developed new bone
formation was found in the NGF samples, the bone volume density at the defect site was
significantly higher than that of control and SinBone treated samples (Figure 5B).
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Figure 5. Post-implantation new bone formation: Micro computed tomography. 5A. Micro-Com-
puted Tomography comparison of control, Sinbone and NGF at 1 month, 2 months, and 3 months
postoperative day respectively. At 12 weeks post-implantation, new bone formation in the control,
Sinbone, and NGF samples were observed by micro-CT scan examination. Bone defect at the oste-
otomy site of was still quite evident in the control. A substantial amount of ganules remained in the
defect site when the defects were treated with Sinbone samples. While, a well-developed new bone
formation was found in the NGF samples. Comparatively, the NGF group showed the most promi-
nent regeneration even at 1 months post operation, and continued to improve over the three month
period. 5B. Micro-CT scan. At 12 weeks post-implantation, new bone formation in the control, Sin-
bone, and NGF samples were observed by micro-computed tomography examination. A well-de-
veloped new bone regeneration was found in the NGF sample, the bone volume density at the de-
fect site was significantly higher than that of control and SinBone treated samples.

In the control samples, the defect site still filled with invading fibrous connective tissue
with little new bone formation even at 12 weeks post-implantation. In those bone defects
treated with Sinbone granules, bone regeneration was shown only within the pores of hy-
droxyapatite particles and that a substantial amount of Sinbone granules still remained
within the defect site. While, a well-developed new bone regeneration was found in the
NGF sample (Figure 6; H&E stain). The Goldner's trichrome staining showed minimal new
bone formation in the control samples, whereas immature new bone formation with soft
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tissue invasion observed in the Sinbone-treated samples; while well-developed new bone
and hyaline cartilage (endochondral bone formation) was found in the NGF samples (Fig-
ure 6; Goldner's trichrome stain).

Histomorphological analysis (H&E stain and Goldner Trichrome stain)
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Figure 6. Post-implantation new bone formation: Histomorphological analysis.

Hematoxylin & eosin (H&E) staining. At 12 weeks post-implantation, new bone formation in the
control, Sinbone, and NGF samples were observed by H&E staining. New bone growth was not
evident in the control sample, with the defect site filled with invading fibrous tissue. The defects
treated with Sinbone granules showed new bone growth only within the pores of hydroxyapatite
particles with a substantial amount of implant still remained in the defect site. While, a well-devel-
oped new bone regeneration was found in the NGF sample.

Goldner's Trichrome staining. At 12 weeks post-implantation, new bone formation in the control,
Sinbone, and NGF samples were observed by Goldner's trichrome staining. Goldner's trichrome
staining shows a minimal new bone formation in control samples, whereas immature bone formation
with fibrous tissue invasion were observed in Sinbone samples. A well-developed new bone and
hyaline cartilage (endochondral bone formation) was found in the NGF samples.
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3. Discussion

A successful bone graft substitute should be non-toxic, non-antigenic, biocompatible,
bioactive, biodegradable, and microporous to provide angiogenesis and new bone
ingrowth; it should also be easily operable [16]. Autografts, allografts, xenografts,
ceramics, polymers and even metals are the commonly used bone graft substitutes to
promote bone reunion [16, 17]. With similar structure as the native extra cellular matrix
(ECM), some biodegradable natural polymers (such as collagen, gelatin, fibrin,
hyaluronic acid, etc.) they have been widely applied in the design of scaffolds for tissue
engineering [16, 18, 19]. In this study, we used a novel developed electrospinning nano-
gelatin/hydroxyapatite fibrous (NGF) scaffolds to verify its application in bone
regeneration.

BMSCs are easy to isolate and readily expandable in vitro and are one of the major
stem cells sources in bone tissue engineering. In this study, the synthesized nano-gelatin/
hydroxyapatite fibrous scaffold possessed smooth surface and porous interconnectivity,
which showed good cell viability and could enhance the cells adhesion. Relative to the
control group, the osteoblast specific genes, including ALP, Runx2, SP7, BGLAP, SPARC,
and Col1A1 were all upregulated. The expression of Runx2 gene showed 3.2-fold to 3.4-
fold upregulation. Runx2, a master regulator of bone development, is essential for the
expression of a number of bone-specific genes and plays an important role in regulating
bone development and osteoblastic function [20]. Moreover, Runx2 expression can up-
regulate the bone matrix genes (BGLAP, Collal, etc.) expression as well as regulate the
differentiation of BMSCs into osteoblasts [21]. On the process of osteogenic differentia-
tion, BGLAP is the most specific gene expression for regulation of osteoblast differentia-
tion and mineralization [22]. In this study, when BMSCs were cultivated on the NGF, the
expression of Collal significantly increased on day 7 and 14; BGLAP gene expression
showed the higher increase (6.9-fold) when BMSCs were cultured on NGF for 14 days.

Type I collagen (Col1A1) is the most abundant protein of the extracellular bone ma-
trix and has an important role in influencing bone cells behavior [23]. The osteogenic
differentiation of BMSCs in vitro can be divided into three different stages [24]. In the
first stage (days one to four), active cellular proliferation is seen. Followed by the second
stage of early cell differentiation (from days 5 to 14), which is characterized by the alka-
line phosphatase (ALP) gene transcription and protein expression [25]. After its initial
peak, the ALP’s level declines and the type I collagen expression is also found at this
stage [26]. At the third stage (from days 14 to 28), high osteocalcin and osteopontin ex-
pression is followed by calcium and phosphate deposition [24, 27]. ALP is the most com-
monly used early marker of osteoblast differentiation. In this study, ALP protein experi-
enced over expression in early stage, OC and ON protein during medium to later stage,
and COL protein primarily in the later stage.

With its superior biocompatibility, hydroxyapatite (HA) is widely applied in the
field of bone tissue repair. As the processing parameters often differ among different
research groups, the properties of the end material are usually dependently changed. For
such circumstance, two types of porous HA ceramics prepared by two different research
teams, may be identical in their chemical composition, but totally differ in their osteo-
inductive potential as they are fully different in their grain size, surface roughness and
macroporosity [28, 29]. Until now, we are still unable to describe how an optimal osteo-
inductive material should be designed and produced. A recent study showed that HA
nanoparticles (n-HA)-releasing scaffold can promote bone regeneration. This finding
provides a rationale for using n-HA in the repair of segmental bone defects [30] and
possible potential in bone tissue engineering. In this study, BMSCs could be
differentiated to osteoblast lineage which was consider to be the nano-size effect of NGF.

The radial bone defect model of rat has previously been reported to be highly
suitable for study of new bone regenerative materials, since it does not require any
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fixation that can influences the overall healing process [16]. In this study, the 5-mm length
segmental defect was created in the mid-portion of the bone to prevent spontaneous
healing and to set up a nonunion model with critical size bone defect [31]. Based on the
previous in vitro reports, gelatin composites have been suggested for promoting bone
repairs, and it can be suggested as a suitable material for scaffold fabrication in this study
[32]. However, good in vitro cell viability and differentiation cannot guarantee the good
in vivo role of gelatin [16]. In this study, the bone healing potential of NGF, Sinbone and
their sham-operated control group in the critical bone defect model of rat were further
evaluated. Our in vivo findings are in agreement with previously mentioned in vitro
results. For the empty defect control group, the fibrous connective tissue was the main
constituent within the defects during the whole healing process; while the defect treated
with Sinbone alone was associated with minor healing potential superior to that of the
control group. Here, we showed that NFG has excellent potential for in vivo bone
regeneration and that its potential in promoting bone healing was superior to Sinbone
and also superior to the previously reported for the in vivo role of gelatin [16].

It is a complicated issue when studying the healing process of critical size defects on
weight bearing bones. In a previous study on the healing of critical sized bone defects,
Oryan et al. (2016) concluded that chitosan—gelatin scaffold was inferior to the gelatin
scaffold alone [16]. In this study, we experimentally created an ulnar bone defect in rat
which was filled the NGF scaffold. The difference between our results and those of Oryan
et al. may be due to the difference in protocol for preparation of gelatin scaffold, there
was higher concentration of gelatin scaffold in our study when compared with those of
Oryan et al. (10% vs. 4.29 wt%) [16]. This improvement might also be attributed to the
higher bioactivity properties of the nano-sized electro-spun gelatin fibers used in our
study. The present experiment showed that nano-gelatin fibers might have a positive
effect in bone regeneration [33].

The specific surface area and their associated adsorption capacity of a material will
be strongly increased as the particle size decreased. When compared to the commonly
used moisture-sorbent silica gel, the amount of water adsorbed in these nano-sized HA
particles was surprisingly high [34]. Towards biofabrication-based tissue repair, the
nanometer dimensions inspired their biological potential; when compared to metallic
implants coated with conventional or micron-sized HA, nanoparticles can promote
osteoblast attachment and enhance other cell functions. In vitro and in vivo studies have
shown that metallic implants coated with nano-hydroxyapatite (HA) promotes healing
potential and reduces the time for complete osseointegration [35]. Osteo-conductivity of
a biomaterial is the ability to guide new bone formation and establishes the bone
continuity; on the other hand, osteo-inductivity is the ability to regenerate a new bony
matrix by progenitor cells and synthesis of new bone matrix [16]. As the biocompatible
biomaterials downgraded to much smaller nano-size scale, nano-hydroxyapatite and
gelatin nanofiber might manifested osteoinductive by the adsorption of water and
subsequent growth factors and cytokines in the surrounding tissue.

As ablood derivative, fibrin-platelet glue (FPG) can progressively release myriad of
growth factors and proteins to the local environment from its biocompatible 3-
dimensional fibrin scaffold to accelerate postoperative bone healing. In a study of the
critical bone defect of rats, Gholipour et al. concluded that the FPG improved the
effectiveness of gelatin [33]. In our study of the experimental critical bone defect, the FPG
was replaced by metformin-incorporated NGF; and even more important, all our major
components (gelatin and hydroxyapatite) are nano-sized in scale.

As a second-generation biguanide used oral antidiabetic drug, metformin (MF) has
been demonstrated to stimulate osteoblasts and reduce alveolar bone loss. Metformin
was also found to increase bone density in diabetic animals and be protective to the bone
loss [36]. The skeleton may also have an endocrine role. As an energy metabolism sensor,
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the AMP-activated protein kinase (AMPK) can regulate BMSC differentiation, stimulate
osteogenesis and inhibit adipogenesis through the AMPK-Gfil-OPN axis [37]. The
AMPXK also plays an important role on osteoblasts in glucose metabolism and in main-
taining trabecular bone volume, cortical thickness, and then the bone strength [38]. Our
study suggests that metformin may promote osteogenic differentiation and beneficial for
bone formation [39]; therefore, metformin might be beneficial for the healing of critical-
sized bone defect by acting on mature osteocytes. Recently, our study in large animal
model using LanYu-100 minipig model (Affidavit of Approval of Animal Use Protocol,
IACUC of Pigmodel Animal Technology Co., Ltd.: Approval No. PIG-108026) also
demonstrated promising results with good bony incorporation of metformin-incorpo-
rated nano-gelatin/ hydroxyapatite fibrous scaffold (Figure Supplementary). Although
the animal models may closely represent the situation of the human clinical situation, the
anatomic and physiologic variations do exist between human beings and each animal
model and this still need to be considered when the results of our study will be translated
into clinical medicine.

4. Materials and Methods

4.1. Electrospinning

The homogeneous solution of 10 gm gelatin (Type A, porcine, Sigma-Aldrich, USA)/ 10
gm hydroxyapatite (< 200nm in particle size, Sigma-Aldrich, USA) and 0.828 gm of met-
formin (Metformin HCI, M.W. 165.62, Sigma-Aldrich, USA) in 100 mL dd-H20 was pre-
pared (at 50°C) by magnetically stirred for 30 minutes (Figure 1A). The homogeneous
solution was filled in 10 mL syringe with the temperature inside the syringe controlled
at 45-70°C by a heater (AREX-6, VELP Scientifica, USA) within the syringe holder. The
connected needle (inner diameter 1.5 mm) applied 20 kV potential to droplets of the in-
jected solution which was generated by a high-voltage power supply (SC-PMES50, Cosmi
Global Co., Ltd., Taiwan). The aluminum foil-covered collector was set at a 5-cm distance
from the capillary tip. The electro-spun fiber mats were collected and left for at least 3-h
to ensure complete removal of the solvent. The fibers were cross-linked using 1% glutar-
aldehyde (Sigma-Aldrich, USA) solution for 24-h, rinsed by dipping in ethanol (20 times)
for drying and then stored for different treatment conditions.

4.2. Characterization of Composite Fabrics

The scaffolds were fixed with 2.5% glutaraldehyde solution for 2-h, dehydrated with se-
ries of ethanol from 50% to 100%, then the fixed scaffolds were inserted onto aluminum,
sputter with gold coating and then the morphological features of fabricated scaffolds
were analyzed by using a scanning electron microscope (S4500; Hitachi, Tokyo, Japan).
For structure analysis of the synthesized hydroxyapatite, the prepared scaffolds were
mounted on a sample holder of x-ray powder diffractometer (XRD; Rigaku Corporation,
The Woodlands, TX, USA) under Cu Kal (A= 0.15406nm) radiation with Ni filter at 30 kV
potential and 15 mA current. At a speed 2°/min, the specimen was scanned in a range
from 3° to 50°. By using Jade 6.0 software (Materials Data Inc., Livermore, CA, USA), the
obtained patterns were analyzed with model automated to the international center for
diffraction (ICDD) database.

The dipole moment of molecule is changed under infrared excitation and different types
of vibration at specific frequencies can be produced by different molecules. The fourier-
transform infrared spectroscopy (FTIR) can use this characteristic to analyze the different
functional groups of organic compounds. The composite fabrics analyzed in this study
were ground and mixed thoroughly with potassium bromide, and then analyzed by us-
ing FTIR with the IR spectra analyzed set at a range of 450 to 4000cm'.

4.3. Harvest and Isolation of the Bone Marrow Stem Cells
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All animal experiments and surgical procedures were approved and carried out in com-
pliance with the National Taiwan University, College of Medicine, Institutional Animal
Care and Use Committee (IACUC) (no. 20180364).

Bone marrow stem cell (BMSC) was obtained from rats’ femur as previously described
[40]. Briefly, animals were anestheszed with intraperitoneal injection of a mixture of 1:2
concentration of Zoletil (Virbac AH, Inc., Fort Worth, TX, USA) and Rompum (Bayer,
Taipei, Taiwan) (1 mL/kg), then sacrificed by rapid neck dislocation. The femur and tibiae
bones were harvested and stripped all soft tissue. Under sterile condition, the bone mar-
row canals of femur and tibiae were flushed with Dulbecco's modified essential medium
(DMEM, Life Technologies Inc., Gibco/Brl Division, Grand Island, New York, USA) to
collect the bone marrow cells. The obtained cells were seeded in a 25 cm? tissue culture
flask and then incubated in DMEM supplemented with penicillin (100 Ul/ml, Sigma-Al-
drich, USA), streptomycin (100 pug/ml, Sigma-Aldrich, USA) and 10% fetal bovine serum
(FBS, Biological Industries, Israel) (at 37°C, 5% COz). At 24-h after seeding, the medium
was repaced and the non-adherent cells were removed; then the culture medium was
changed twice a week until the cells reached confluence (around 10-15 days).

4.4. Assessment of Cells Viability and Adhesion

Scaffold samples were tested with dot blotter apparatus for the effect on cellular viability
on a 96-well plate. Briefly, strips of the electro-spun scaffolds were placed on the holes at
the bottom of the dot blotter over a piece of parafilm (Parafilm M® All-Purpose Labora-
tory Film/ Bemis, Bio Life Haus, Malaysia) in the desired locations. Then, the blotter was
sealed to hold electro-spun scaffolds in place. For the sterilization, the scaffolds were
rinsed with 70% ethanol (5 min), washed with PBS (3 times) and irradiated with UV (254
nm; for 30 min). In this study, the BMSC cells were treated with the medium extracts of
the negative control (aluminum oxide, Al2Os; Sigma-Aldrich, USA), positive control (zinc
diethyldithiocarbamate, ZDEC; Sigma-Aldrich, USA), and the metformin-incorporated
nano-gelatin/hydroxyapatite fibers (NGF), respectively, at the concentration of 0.2 g/mL
(at 37°C, 24 hours).

The cells (BMSC: 5 x 103 cells/well) were then seeded and allowed to grow for 3 days,
WST-1 assay was used to analyze cell viability and proliferation.

Briefly, 100 uL of the selected medium was added to each well along with 10 puL of WST-
1 reagent (Sigma-Aldrich, USA), incubated at 37°C for 1-h. For background control, 100
uL of medium plus 10 uL of WST-1 reagent was placed in a sterile 96-well plate. The
medium with the WST-1 reagent was removed from each well and placed in the 96-well
plate, then absorbance at 450 nm with a reference filter at 600 nm was read with a spec-
trophotometric plate reader (Thermo Fisher Automated ELISA Reader Multiskan™ FC
Microplate Photometer, Thermo Fisher Scientific Inc., USA) to determine the amount of
Formazan formation. The cell viability of control group (non-treated) was defined as
100%.

For cells adhesion, the BMSCs (1 x 105 cells/mL) seeded scaffolds 24-well culture plate
was incubated 4-h (at 37°C with 5% CO2) and cultured for one month. At the end of 1-
month culture, the media was removed, the scaffold was treated with 4% buffered para-
formaldehyde for 30 min, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, USA),
and then incubated with Invitrogen Alexa Fluor® 488 Phalloidin (Invitrogen/Thermo
Fisher Scientific Inc., USA) for 30 min to stain the cytoskeleton protein. After washing
with PBS, the nuclei were stained with 406-diamidino-2-phenylindole (DAPI, Invitro-
gen/Thermo Fisher Scientific Inc.,, USA) for 1 min and then observed with Nikon
ECLIPSE Ti-s fluorescence microscope (Nikon, Japan).

4.5. Osteogenic Gene Expression Analysis

For cell differentiation and gene expression, the osteogenic medium used was DMEM
supplemented with penicillin (100 UI/ml, Sigma-Aldrich, USA), streptomycin (100 ug/ml,
Sigma-Aldrich, USA), 10% fetal bovine serum (FBS, Biological Industries, Israel), 50 nM
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dexamethasone (Sigma-Aldrich, USA), 0.2 mM ascorbic acid (Sigma-Aldrich, USA), and
10 mM B-glycerophosphate (Sigma-Aldrich, USA). Quantitative real time polymerase
chain reaction (QRT-PCR) assays were used to investigate the level of gene expression of
alkaline phosphatase (ALP), runt-related transcription factor-2 (RUNX-2), osterix (SP7),
osteocalcin (BGLAP), osteonectin (SPARC) and type I collagen (COL1A1). By using an
RNA purification kit (ServicebioTechnology, Wuhan, China), total RNA was extracted,
purity and concentration of the extracted RNAs were identified by Nanodrop 2000
(Thermo Fisher Scientific Inc., USA), then the diluted RNA was utilized for reverse
transcription to generate cDNA. Finally, the obtained cDNA together with gPCR Mix
(Tools Co., Taichung, Taiwan), primers (Tools Co., Taichung, Taiwan) and ddH20 were
put into qRT-PCR system (CFX Connect Real-Time PCR Detection System, BioRad, USA).
The expression levels of different samples were normalized by GAPDH. Table 1 listed
the PCR primers for quantitative real time polymerase chain reaction (QRT-PCR) used in
this study. Transcription levels were normalized to GAPDH.

Table 1
The PCR primers for quantitative real time polymerase chain reaction (qRT-PCR).
Gene Primer seqence
ALP Forward: 5- GAGAAGCCGGGACACAGTTC -¥
Reverse: 5'- CCTCCTCAACTGGGATGATGC-3
RUNX2 Forward: 5- TAGGCGCATTTCAGGTGCTT-3’
Reverse: 5- GGTGTGGTAGTGAGTGGTGG-3
SP7 Forward: 5-TAGGACTGTAGGACCGGAGC-3’
Reverse: 5'- CATAGTGAACTTCCTCCTGGGG-3
BGLAP Forward: 5-CTCACACTCCTCGCCCTATTG-3
Reverse: 5'- GCTTGGACACAAAGGCTGCAC-3’
SPARC Forward: 5- ATTGACGGGTACCTCTCCCA-3
Reverse: 5-GAAAAAGCGGGTGGTGCAAT-3’
COL1al Forward: 5- AGAGGTCGCCCTGGAGC-3
Reverse: 5- CAGGAACACCCTGTTCACCA-3’
GAPDH Forward: 5-AATGGGCAGCCGTTAGGAAA-3

Rreverse 5'-GCCCAATACGACCAAATCAGAG-3

alkaline phosphatase: ALP, runt-related transcription factor-2: RUNX-2, osterix: SP7,
osteocalcin: BGLAP, osteonectin: SPARC, collagen type I: COL1al, glyceraldehyde-3-
phosphate dehydrogenase: GAPDH.

4.6. Quantitation of Osteogenic Protein

ELISA kits, including type I collagen (COL), alkaline phosphatase (ALP), osteonectin
(ON) and osteocalcin (OC) (Abcam, UK), were used for osteogenic protein analysis. Cells
were co-cultured with scaffolds for four weeks. At every week, 100 pL suspension or
standard (Tools Co., Taichung, Taiwan) was drawn to each well, incubated for 1-h at
37°C and aspirated; then 100 uL prepared Detection Reagent A was added, followed by
1-h incubation at 37°C. After that, wells were aspirated and washed 3 times. 100uL of
prepared Detection Reagent B was added and incubated for 1-h at 37°C. Wells were as-
pirated and washed 5 times, then a 90uL TMB (3,3’,5,5"-Tetramethylbenzidine or TMB)
Substrate was added and incubated for 1-h at 37°C. Finally, a 50pL Stop Solution was
added and samples were read at 450nm immediately.

4.7. In Vivo Animal Study

A total of 27 rats were anesthetized with a 1:2 concentration of Zoletil (Virbac AH, Inc.,
Fort Worth, TX, USA) and Rompum (Bayer, Taipei, Taiwan) (1 mL/kg) via intraperitoneal
injection. Bilateral forelimbs of each animal were aseptically prepared. Skin incision was
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made to expose the ulnar bone, a 5-mm segmental bone defects were created in the mid-
portion of the ulnar shaft by 5-mm wide bone cutter (Rongeur) as the critical-sized bone
defect. All bone debris in the defect site were washed out and clean away. The radius
and ulna of rats are fused together by interosseous membrane, adequate stability can be
achieved by leaving the radius intact without any fixation. Total number of 54 ulnar bone
defects were created in all 27 rats. The 5-mm ulnar bone defects were then filled with
either the metformin-incorporated nano-gelatin, hydroxyapatite fibrils (NGF) (NGF
group), porous hydroxyapatite granules ("'PURZER" SINBONE BONE REPLACEMENT,
PURZER, Taipei, Taiwan: Sinbone group) or left alone without any filling material as a
control; nine rats were used per group.

4.8. Clinical Examination

The post-surgical physical activities, surgical wound conditions (such as edema, hyper-
emia at the defect area, pain on palpation), and the appetite status of rats were observed.
At 4, 8, and 12 post-surgical weeks, the rats were anesthetized with a 1:2 concentration
of Zoletil (Virbac AH, Inc., Fort Worth, TX, USA) and Rompum (Bayer, Taipei, Taiwan)
(1 mL/kg) via intraperitoneal injection; then sacrificed by intracardiac injection of 150
mg/kg potassium chloride (Taiwan Biotec Co., Ltd., Taoyuan, Taiwan). The animals were
then quantitatively evaluated by using a high-resolution micro-computed tomography
(n-CT) (Skyscan1076, Kontich, Belgium). A region of interest (ROI: 5 x 2 x 2 mm) around
each defect was accurately defined and positioned for quantitative analysis. Then, 3D
analysis of bone regeneration and quantification of bone defect density from the recon-
structed ROI images was performed by CTAnSkyscan software.

4.9. Histological Analysis

After p-CT scanning, the specimens were fixed and decalcified by 20% EDTA (adjusted
to 7.4 with NaOH; Sigma-Aldrich, USA) in a refrigerator at 4°C with intermittent shaking
to make sure the decalcifying solution was flowing around the bone. The EDTA solution
was changed twice or three times a week till the bone was soft and pliable (usually 2
weeks). The specimens were rinsed with distilled H20O for 3 times, embedded in paraffin,
sectioned at a thickness of 5-um and mounted on glass slide, then stained with hematox-
ylin and eosin (H&E) or Goldner's Trichrome staining, and then examined under a light
microscope (IX71; Olympus, Tokyo, Japan). The newly formed bone tissue was visual-
ized by using MetaMorph Microscopy Automation and Image Analysis Software (Mo-
lecular Devices, LLC. San Jose, CA, USA).

4.10. Statistical Analysis

All data were expressed as mean * standard deviation (SD). Statistical analysis was per-
formed by using one-way ANOVA and the post hoc comparisons used was Bonferroni
test. Statistically significance was defined at p-value less than 0.05. All analyses were
performed by using SPSS version 16.0 software (SPSS Inc., Chicago, USA).

5. Conclusions

In summary, we demonstrated that the metformin-incorporated nano-gelatin-hy-
droxyapatite scaffold improved healing potential of pure gelatin or HA scaffold. Alt-
hough metformin-incorporated nano-gelatin-hydroxyapatite scaffolds had advantageous
effectiveness during critical-sized bone defect regeneration, further validation is required
before it can be applied to clinical applications.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
title, Table S1: title, Video S1.: title.

Materials and methods

Surgical procedure
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We used 2 skeletally mature female LamYu-100 mini pigs (aged 10-14 months, weight 40-50 kg).
Those were initially assigned into two groups based on the amount of metformin-incorporated
nano-gelatin/ hydroxyapatite fibrous scaffold placed per side (cage insertion after C5 vertebral
body resection; proximal end with, distal end without scaffold). This research protocol was
approved by the Institutional Animal Care and Use Committee (Affidavit of Approval of Animal
Use Protocol, IACUC of Pigmodel Animal Technology Co., Ltd.: Approval No. PIG-108026).
Under general anesthesia with an intramuscular injection of ketamine and xylazine, a single-level
total en bloc spondylectomy of C5 vertebral body was performed. The end plate cartilage of
adjacent level were removed and the spinal fusion between C4 and C6 were performed after
insertion of custom-made porous Titanium cage. We made an anterior lateral oblique skin incision
in the neck region, followed by subperiosteal dissection of neck. We removed the disc material of
C4-5 and C5-6 interspace and then total en bloc spondylectomy of the C5 vertebral body using
rongeurs and an electric-driven burr (Stryker, Kalamazoo, MI, USA). Then, the graft materials were
prepared as described later and implanted in proximal end of the custom-made implant and
fixation was performed using 2 screws (3.5 mm diameter, 25-35 mm long). AThe fascial incision
was closed with 2-0 absorbable sutures, and the skin was reapproximated with 2-0 nylon sutures.
The animals were given intravenous antibiotics (cefazolin) during surgery and continued for 3
days. The mini pigs were allowed to move about their cages without any external immobilization.
All animals were euthanized at 3 months after surgery by intravenous injection of an anesthetic
and KCL.

Assessment of spinal fusion

Three months after surgery, all animals were euthanized and the cervical vertebrae were carefully
harvested. Spinal fusion was assessed by five different methods: manual palpation, plain

radiography, three-dimensional (3D) computed tomography (CT).

Results

A. Plain radiograph taken 3 months after total en bloc spondylectomy of C-5 vertebral body and
cage implantation.

Four different levels chosen for comparison were selected: (a) proximal end of implanted cage; (b)
1 cm distal to level-a; (c) 1 cm proximal to level-d; (d) distal end of implanted cage.

B. CT scan of C spine taken 3 months after surgery.

C. Enlarged film of B showed good bony growth at the proximal end (level a: with NGF) of C5 cage
in contrast to the poor bone incorporation of distal end (level-d: without NGF).

D. Section of different part of ROI showed good bony regeneration and incorporation of new bone
with upper end of C5 cage (D-a); while poor bony growth and incorporation with C5 cage at the
lower end (D-d).
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Fig. Supplementary Preliminary results of LanYu-100 minipig model.

A. Plain radiograph taken 3 months after total en bloc spondylectomy of C-5 vertebral body and
cage implantation. Four different levels chosen for comparison were selected: (a) proximal end of
implanted cage; (b) 1 cm distal to level-a; (c) 1 cm proximal to level-d; (d) distal end of implanted
cage. B. CT scan of C spine taken 3 months after surgery. C. Enlarged film of B showed good bony
growth at the proximal end (level a: with NGF) of C5 cage in contrast to the poor bone
incorporation of distal end (level-d: without NGF). D. Section of different part of ROI showed good
bony regeneration and incorporation of new bone with upper end of C5 cage (D-a); while poor

bony growth and incorporation with C5 cage at the lower end (D-d).
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