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Background: Repair of nonunion critical-sized bone defects is a significant clinical challenge
all over the world. Construction of osteogenic microenvironment that provides osteoconductive
and osteoinductive signals is a leading strategy.

Materials and methods: In the present study, ascorbic acid (AA) and B-glycerophosphate
disodium salt hydrate (B-GP) modified biomimetic gelatin/hydroxyapatite (GH) nanofibrous scaf-
folds were developed by electrospinning. Then the scaffolds were crosslinked by N-hydroxysulfo-
succinimide sodium salt (NHS) and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC). The morphology of the non-crosslinked and crosslinked scaffolds was evaluated by scanning
electron microscope (SEM). Fourier transform infrared spectroscopy (FT-IR) was used to assess
the interacting model between the small molecules and GH scaffold. Then MTT, Alamar Blue, and
CCKS assays were used to investigate the biocompatibility of the various crosslinked scaffolds.
Subsequently, the osteogenic genes expression of bone marrow stromal cells (BMSCs) cultured
on the scaffolds were detected by quantitative reverse transcription polymerase chain reaction
(qQRT-PCR). Finally, the crosslinked scaffolds were implanted in a rat calvarial defect model to
assess the osteogenic effects in vivo.

Results: SEM results showed that the various scaffolds presented extracellular matrix (ECM)-like
fibrous porous structure. (FT-IR) spectrum indicated that AA and -GP were covalently bonded
with GH scaffolds. The MTT, Alamar Blue, and CCKS8 assays demonstrated that all the scaffolds
can support BMSCs’ growth well. The qRT-PCR results showed that the expression level of Alp
and Runx2 in BMSCs on GH/A/B scaffold was about 3.5- and 1.5-fold, respectively, compared
with that of GH group on day 7. The results also showed that AA- and B-GP-modified GH scaf-
folds can significantly induce the higher levels of osteogenic gene expression in a temporal specific
manner. Importantly, AA and B-GP synergistically promoted osteoblast differentiation in vitro
and dramatically induced bone regeneration in vivo. Impressively, AA and B-GP dual modified
GH nanofibrous scaffold could serve as a template for guiding bone regeneration and the bone
defects were almost repaired completely (94.28%25.00%) at 6 weeks. Besides, single AA or
B-GP-modified GH nanofibrous scaffolds could repair 62.95%19.39% and 66.56%+18.45% bone
defects, respectively, at 12 weeks in vivo. In addition, AA and B-GP exhibit an anti-inflammatory
effect in vivo.

Conclusion: Our data highlighted that, AA, B-GP, and GH nanofibers created a fine osteocon-
ductive and osteoinductive microenvironments for bone regeneration. We demonstrated that AA
and B-GP dual modified GH nanofiber is a versatile bone tissue engineering scaffold.
Keywords: microenvironment, bone tissue engineering, -glycerophosphate disodium salt
hydrate, ascorbic acid, gelatin, hydroxyapatite nanofibers
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Introduction
Repair of nonunion critical-sized bone defects is a clinically
significant challenge all over the world, because the gap
between the broken ends of bone is too large leading to poor
osteoconductive and osteoinductive microenvironments. Thus,
itis critical to develop a method to rebuild such microenviron-
ment for bone regeneration.' Recently, bone tissue engineering
provides a good solution for repairing large bone defects by
interdisciplinary approaches.”? However, the effect of osteo-
genesis still needs to be improved. One critical strategy is to
construct a biomimetic microenvironment, which provides
osteoconductive and osteoinductive signals.** The physi-
ological microenvironment is a very complicated network,
composing of extracellular proteins, proteoglycans, soluble
biochemical molecules, etc., which can be described as a col-
lective body of biological and chemical factors surrounding
and affecting cells.® The microenvironment is tissue specific
and even cell-type specific. Thus, the creation of a pro-osteo-
genic microenvironment is critical for bone regeneration.
Extracellular matrix (ECM) is one of the primary compo-
nents of bone microenvironment. Besides, ECM can provide
structural support that spatially and temporally regulates cell
behavior. The ECM has multiple effects beyond providing
structural support, such as ECM proteins can bind integrins
on the cell surface and transduce environmental signals
into cells.’ Bone tissue engineering scaffolds are typically
designed based on native bone ECM structure and composi-
tion. A variety of scaffolds have been designed as bone ECMs
substitutes, eg, hydrogels,® phase separation nanofibrous
scaffolds,” 3D printing scaffolds,® and electrospun nano-
fibrous scaffolds.” Among them, electrospun nanofibrous
scaffolds have gained great attention due to their natural
ECM-like architecture, easy to fabricate, and low cost.!
Many natural and synthetic macromolecules have already
been made into nanofibers through electrospun method.!°
Compared with synthetic polymers, natural polymeric elec-
trospun nanofibrous scaffolds are much more similar with
natural ECM in terms of structure and composition. Bone
has a hierarchical structure composed of a mineral phase
(hydroxyapatite [HA]) and an organic phase (90% type 1
collagen)." Thus, collagen (or gelatin [Gel]) and HA are
ideal candidates for mimicking bone ECM and the nanofi-
brous scaffolds based on them would provide an osteogenic
microenvironment. Studies have indicated that electrospun
Gel/HA (GH) nanofibers can promote ALP activity and
osteocalcin expression in osteoblasts in vitro.'*"* Besides,
Gel or HA is also widely used to enhance the biocompat-
ibility of synthetic polymers based electrospun nanofibers,

such as poly(lactic-co-glycolic acid) (PLGA)," poly(lactic
acid) (PLA)," and poly-caprolactone (PCL),'® in our group
and other research groups. Thus, electrospun GH nanofibers
are excellent candidates for rebuilding osteogenic ECM
microenvironment in vivo.

Growth factor is another important component in bone
tissue engineering for creating osteogenic microenvironment
such as BMP2.!""” However, high costs, structural integrity
requirements, and unwanted immunogenic responses reduce
their potential clinical applications."” New strategies apply-
ing inexpensive small molecules such as simvastatin,?*?!
vitamin D,?? bisphosphonate,? ascorbic acid (AA), and
B-glycerophosphate disodium salt hydrate (3-GP)* can obviate
these problems. Among them, AA and -GP are widely used to
induce osteoblast differentiation in vitro. Studies have proved
that AA acts as a cofactor in the posttranslational modification
of collagen and increases collagen production.” In terms of
B-GP, it can provide sufficient inorganic phosphate under the
activity of ALP.* Inorganic phosphate is an important element
in the mineralization of bone. Multiple genes associated with
osteoblast differentiation are regulated by phosphate.?’ More-
over, B-GP displays synergistic actions with AA to stimulate
collagen accumulation and ALP activity in differentiated
osteoblast-like cells.?**® Thus, AA and B-GP are excellent
candidates in creating an osteogenic microenvironment.

In view of the thought upward, the combination of ECM-
like GH nanofiber, AA and B-GP should create a strong
osteogenic microenvironment for bone regeneration. Herein,
we created novel AA- and B-GP-modified GH electrospun
nanofibrous scaffolds and examined osteogenic activity
in vitro and in vivo. We found that our newly developed
scaffolds could notably induce new bone formation notably
by providing versatile osteoconductive and osteoinductive
microenvironments for osteoblasts’ differentiation. Our
findings provide a new strategy to manage large-sized bone
defects in future clinical application.

Materials and methods

Materials

AA, B-glycerophosphate disodium salt hydrate (B-GP),
NH, EDC, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),
nano-HA powder (HA, diameter less than 200 nm), and Gel
(type A) were purchased from Sigma Aldrich Co. (St Louis,
MO, USA).

Preparation and characterization of the
scaffolds

GH, GH/AA (GH/A), GH/B-GP (GH/B), and GH/AA/B-GP
(GH/A/B) nanofibrous scaffolds were fabricated via
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electrospinning as described in our previous studies.'**!
Briefly, (1) GH electrospun solution was prepared by dis-
solving 0.1 g of HA in 3 mL of HFIP under magnetic stirring
for 24 hours; meanwhile, 0.9 g of Gel was added to 7 mL of
HFIP under magnetic stirring for 24 hours to get a uniform
solution; then, the two solutions were mixed together and
stirred for over 48 hours to get GH electrostatic spinning solu-
tion; (2) GH/B, GH/A, and GH/A/B electrostatic spinning
solutions were prepared based on the above solution. GH/B
solution was prepared by adding 432 mg of B-GP into the
prepared GH solution, whereas GH/A solution was prepared
by adding 40 mg of AA into the prepared GH solution. For
preparing GH/A/B solution, 432 mg of B-GP and 40 mg of
AA were simultaneously added into the prepared GH solu-
tion. The mixtures were stirred for another 12 hours. Then,
the solutions were electrospun at 15 kV of high voltage to
obtain nanofibrous scaffolds.

Cross-linking of collagen- and Gel-based scaffolds with
EDC and NHS has been reported by many literatures.?** In
our current study, we created a modified method to main-
tain the topological structure. First, cross-linking agent was
made by dissolving 0.115 g of NHS and 0.119 g of EDC
in 100 mL of 95% acetone. Then, this solution was cooled
down to —20°C. The four kinds of electrospun scaffolds were
immersed in the cross-linking agent at —20°C for 12 h, fol-
lowed by another 0.5 hour at room temperature. After that,
the cross-linked scaffolds were rehydrated by a serious of
gradient concentration of acetone solution (90, 70, 50, 30,
and 10%, respectively) and pure water per 5 minutes at 4°C.
Finally, the scaffolds were lyophilized and kept at room
temperature. Scanning electron microscopy (SEM; FESEM
6700F; JEOL, Tokyo, Japan) was performed to examine the
surface morphology of the scaffolds. To verify the chemical
composition and the intermolecular interaction among vari-
ous components of the various scaffolds, Fourier-transform
infrared spectroscopy (FT-IR) (Bruker Optics Inc, Billerica,
MA, USA) was performed over a range of 500—4,000/cm.
All spectra were recorded by transmittance mode.

Cell culture

Animal use in this study was approved by Jilin University
Animal Care and Use Committee. The animal experiments
were carried out in accordance with requirements of the
m Experimental Animal Ethics and Welfare guidelines
(Permit Number: 201611). Rat bone marrow stromal cells
(BMSCs) were isolated from femurs of 4-week-old rats.
Briefly, bone marrow cells were flushed out using a 20 mL
syringe and plated in a 25 mL cell culture flask (NEST,
Wauxi, China). The cells were cultured in low-glucose DMEM

(L-DMEM; Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% FBS, 100 mg/mL of streptomycin
(Thermo Fisher Scientific), and 100 U/mL of penicillin
(Thermo Fisher Scientific) at 37°C in a 5% CO, incubator.
The medium was changed after 4 days of isolation of cells,
and then the culture medium was changed every 3 days. The
third passage of BMSCs was prepared for subsequent tests.

Cell viability and proliferation assay

Cell viability and proliferation was tested by the MTT
(AMRESCO, USA) assay. To place the scaffolds (GH, GH/A,
GH/B, and GH/A/B) into the wells of 96-well plate, scaffolds
were cut into circular shape with a diameter of 6.3 mm. The
scaffolds were sterilized using ultraviolet light for 1 hour for
each side. Then, the scaffolds were placed into the wells of
96-well plate and secured with a stainless-steel ring. BMSCs
were seeded onto the scaffolds at a density of 1x10* cells/cm?.
MTT assay was performed on 1, 3, and 5 days after culture.
Briefly, 20 uL of MTT solution was added to each well and,
then, incubated at 37°C for 4 hours. After that, the super-
natant was discarded and the precipitated formazan crystal
was dissolved by dimethyl sulfoxide (DMSO). The formazan
solution was pipetted into a new 96-well plate, because of the
opacity of the scaffolds. Finally, the absorbance was detected
by a microplate reader (RT-6000; Lei Du Life Science and
Technology Co, Shenzhen, China) at 490 nm wavelength.
Furthermore, Alamar Blue (AB) assay was used to quantita-
tively measure the proliferation of BMSCs. Briefly, BMSCs
were cultured on scaffolds as described earlier and 150 uL
of culture medium was added to each well. Subsequently,
5 uL of AB solution (Solarbio, Beijing, China) was added
to the well and then the cells were incubated for another
7 hours at 37°C in the incubator. After that, 100 UL of the
cell culture supernatant of each well was transferred to a new
96-well plate. Fluorescence measurements were carried out
at an excitation wavelength of 53025 nm and an emission
wavelength of 590135 nm. Scaffolds without cells were
performed as blank control.

To further evaluate the effects of various scaffolds on
BMSCs’ viability, cell counting kit 8 (CCKS8) and AB assays
were used. In brief, sterile 20 mg of various scaffolds were
immersed in 2 mL of culture medium without FBS followed
by a 5-day incubating period at 37°C. Then, the medium as
well as a serious of dilutions (2, 5, and 10 times diluted) were
used to culture cells after adding 10% FBS. The medium
incubated in 37°C without scaffold was used as control for
culturing cells after adding 10% FBS. In the experiments,
the BMSCs were seeded into 96-well plates at a density
of 0.5x10* cells/well. Then, 100 uL of various elutions
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were added into each well and the cells were incubated at
37°C for 24 hours before investigation. Before performing
CCKS8 assay, the medium was replaced by fresh L-DMEM
first and then 10 UL of CCKS solution was added to each
well followed by a 3-hour incubation at 37°C. Finally, the
absorbance was detected by a microplate reader (RT-6000;
Lei Du Life Science and Technology Co, Shenzhen, China)
at 450 nm wavelength. For AB assay, the medium was also
replaced by fresh L-DMEM first and, then, 5 uL of AB solu-
tion (Solarbio) was added to each well followed by a 7-hour
incubation at 37°C. Subsequently, 100 pL of the cell culture
supernatant of each well was transferred to a new 96-well
plate for fluorescence measurements, which were carried out
at an excitation wavelength of 53025 nm and an emission
wavelength of 590135 nm. Scaffolds without cells were
performed as blank control.

Quantitative reverse transcription PCR
(qQRT-PCR)

Circular scaffolds with a diameter of 10.2 mm were placed
in 24-well plates and secured with a matched stainless-
steel ring. BMSCs were seeded at a density of 1x10° cells/
well. The medium was changed every 3 days. Total mRNA
was extracted on 7 and 14 days after culture using a
Qiagen RNeasy mini purification kit (Qiagen NV, Venlo,
the Netherlands). Full-length cDNA was reverse transcribed
using an iScript™ cDNA synthesis kit (Takara Bio, Dalian,
China). The expressions of osteoblastic marker genes Runx2,
Alp, type 1 collagen (Coll), and Sp7 were examined by
gRT-PCR (MxPro Mx3005P; Agilent Technologies, Santa
Clara, CA, USA) using SYBR-Green premix Ex Taq kit
(Takara Bio). Housekeeping gene B-actin was used as the
internal control. The primers used for this analysis are listed
in detail in Table 1. Primers were synthesized commercially
(Takara Bio).

Table | The primer sequences used for qRT-PCR

Genes Forward sequence/reverse sequence

5-GGAGATTACTGCCCTGGCTCCTA-3'/
5-GACTCATCGTACTCCTGCTTGCTG-3’
Coll 5-GACATGTTCAGCTTTGTGGACCTC-3"/
5-AGGGACCCTTAGGCCATTGTGTA-3’

Pactin

Runx2 5-CATGGCCGGGAATGATGAG-3/
5-TGTGAAGACCGTTATGGTCAAAGTG-3’

Alp 5-CATCGCCTATCAGCTAATGCACA-3"/
5-ATGAGGTCCAGGCCATCCAG-3’

Sp7 5-AAGTTATGATGACGGGTCAGGTACA-3'/

5-GAAATCTACGAGCAAGGTCTCCAC-3’

Abbreviation: qRT-PCR, quantitative reverse transcription PCR.

In vivo animal study

Rat calvarial defect model creation and scaffolds
implantation

Animal use in this study was approved by Jilin University
Animal Care and Use Committee. The animal experiments
were carried out in accordance with requirements of the
Experimental Animal Ethics and Welfare guidelines (Permit
Number: 201611). Thirty 6-week-old male Wistar rats (body
weight ~200 g) were used. The animals were randomly
divided into five groups (control, GH, GH/A, GH/B, and
GH/A/B, for each group, n=6). Prior to operation, the animals
were anesthetized using isoflurane and lidocaine. The scalp
along the sagittal suture was shaved, and the skin was steril-
ized with iodine. A 15 mm long incision along the sagittal
suture was made, and then, the calvarial bone was exposed by
blunt dissection. A 5 mm diameter defect was created using
a trephine bur (3i Implant Innovation, Palm Beach Gardens,
FL, USA) on left parietal bone. The circular scaffolds of
6 mm diameter were sterilized with UV light for 1 hour for
each side and implanted into the bone defects for each group
(GH, GH/A, GH/B, and GH/A/B). For the control group,
the animals were treated the same but without implantation.
The periosteum and the overlying skin were then stitched up
using 3—0 nylon suture. Six or 12 weeks postsurgery, the rats
were anesthetized and perfused through heart by using 4%
paraformaldehyde. The whole calvaria was harvested and
further fixed with 4% paraformaldehyde at room temperature
for 2 days for the following evaluations.

Radiographic analysis

To assess the new bone formation in the bone defect area,
micro-computed tomography (micro-CT) (micro-CT 50;
Scanco Medical AG, Bassersdorf, Switzerland) was applied
under the fixed conditions (24 kV, 2 mA, 90 seconds). Area
of new bone formation and percentage were measured using
the Image Processing and Analysis in Java (ImageJ-1.51r;
NIH, USA) software.

Histological analysis

After micro-CT scanning, the samples were decalcified
in 10% EDTA for 2 months, during which time the 10%
EDTA solution was changed every week. The samples were
embedded in paraffin and sectioned at a thickness of 5 um
for H&E staining. The H&E staining slides were observed
under an optical microscope, and the images were captured
under the Olympus microscope BX51 and DP73 CCD
Olympus Imaging System (Olympus Corporation, Tokyo,
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Japan). Histological evaluation was performed by two inde-
pendent examiners.

Statistical analysis

Quantitative values were expressed as mean £ SD. Sta-
tistical differences were evaluated by one-way ANOVA.
Differences were considered statistically significant at
P<0.05, <0.01, <0.001, or <0.0001 level. The in vitro
experiments were repeated three times with triplicates for
each experiment.

Results

Characterization of nanofibrous scaffold

GH, GH/A, GH/B, and GH/A/B nanofibrous scaffolds
were fabricated via electrospinning. Non-cross-linked and
cross-linked nanofibrous scaffolds were examined by SEM.
Figure 1 shows that all nanofibrous scaffolds presented
randomly oriented morphology. There were some scattered
and aggregated nano-HA particles on the surface of the fibers
(Figure 1, indicated by black arrows). The diameters of the
fibers ranged from nanometers to micrometers. Besides,
its dimension span was increased as the addition of AA
and B-GP. A considerable amount of small-diameter fibers
emerged in GH/A, GH/B, and GH/A/B nanofibrous scaf-
folds. Additionally, the fiber of GH/B scaffold had some
swelling. When cross-linked by NHS/EDC, the morpholo-
gies of the scaffolds were maintained well. All the scaffolds
had good porosity retention, especially the GH and GH/A
scaffolds. However, there was a certain degree of swelling
in the GH/B and GH/A/B nanofibers. This is certainly due
to the incorporation of B-GP, because only the GH/B and

GH/A/B groups were found with certain degree of swelling.
This might due to that -GP has two hydroxyl groups in each
molecule, which has strong affinity with water. Besides, the
content of B-GP was relatively high in the scaffolds. Thus, it
is easy to absorb water when it is prepared. The retention of
porous structure would be favorable for the exchange of gas,
mineral, nutrients, and metabolic wastes, more importantly
for the migration and infiltration of cells.

Chemical characterization of scaffolds as well as pure
AA, B-GP, Gel, and HA was conducted using the FT-IR
analysis (Figure 2). Each pure substrate showed its charac-
teristic peaks as shown in Figure 2. When these substrates
are mixed together, many of the absorption bands were
over-lapped. However, the shape, location, and intensity
of the peak changed greatly. The spectra of GH scaffold
(Figure 2) showed typical amide peaks (amide I peak at
1,568/cm, amide II peak at 1,542/cm, and amide III peak
at 1,240/cm).*! Moreover, the GH scaffold showed typical
spectral features in the range of 1,150 and 1,000/cm, which
were related to the P—O and P=0 vibrations of HA.*

There were blue shifts of amide peaks in GH scaffold
compared with pure Gel, especially for amide I absorption
peak (Figure 2 and Table 2), which were probably the results
of ionic interactions between the positively charged amino
groups of the Gel and the negatively charged phosphate
groups of the HA. After cross-linking, the GH scaffold
showed the shift of amide peaks to lower wavenumbers
(GH-C group), especially for amide II band. These factors
are mainly due to the reaction of carboxyl groups of amino

acids originated from aspartic acid in Gel (Figure 2 and
Table 2).%

Figure | Surface morphology of nanofibrous scaffolds by SEM.

Notes: GH (A and E), GH/A (B and F), GH/B (C and G), GH/A/B (D and H). Non-cross-linked (A-D) and cross-linked (E-H). Black arrow: scattered and aggregated

nano-HA particles.

Abbreviations: GH, gelatin/HA; HA, hydroxyapatite; SEM, scanning electron microscopy.
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Figure 2 FT-IR spectra in KBr pellets of various scaffolds.

Notes: (A) Dried pure AA, B-GP, Gel, and HA, (B) various scaffolds, and (C) spectra of various scaffolds in the region of 1,800-900/cm. GH-C, GH/A-C, GH/B-C, and

GH/A/B-C are indicated as cross-linked GH, GH/A, GH/B, and GH/A/B scaffolds.

Abbreviations: AA, ascorbic acid; FT-IR, Fourier-transform infrared spectroscopy; Gel, gelatin; GH, Gel/HA; HA, hydroxyapatite.

The O—H and N—H bands in the range of 3,650-3,100/cm
in the FT-IR spectrum became broader in the GH/A-C
group than in the GH-C group. This implied that more -OH
and —NH groups were exhibited in the GH/A-C group.
There were red shifts of amide absorption peaks in GH/A
scaffold compared with GH scaffold, particularly in amide I
absorption peak (shifting from 1,658 to 1,650/cm, Figure 2
and Table 2). These results indicated that AA interacts with
the C=0, C-N, and N-H groups in Gel and results in
the rearrangement of the carbonyl hydrogen and amino

hydrogen-bonding network. However, the amide absorption
peaks shifted to a higher wavenumber when cross-linked
with NHS/EDC (GH/A group compared with GH/A-C
group). Nevertheless, the wavenumber of amide I absorption
peak in GH/A-C group was still lower than the GH group.
Moreover, the spectrum showed that only the amide II peak
shifted to higher wavenumber with reduced intensity ratio
of A (amide I)/A (amide II) in the GH/A-C group than in
the GH-C group. Furthermore, the typical absorption peaks
of O(2)-H (1,283/cm) and O(3)-H (1,184/cm)* bending
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Table 2 Wavelength shifts of amide |, amide Il, amide I, and
P=0O/P-0O in various scaffolds

Amide |l | Amide Il Amide 1l P=0O/P-O
(l/em) (Hem) (Hem) (lem)
Gel 1,654 1,541 1,238
GH 1,658 1,542 1,240 1,059
GH/A 1,650 1,541 1,238 1,059
GH/B 1,668 1,548 1,242 1,088
1,063
GH/A/B-C 1,656 1,545 1,236 1,088
1,063
GH-C 1,656 1,537 1,240 1,061
GH/A-C 1,656 1,546 1,240 1,059
GH/B-C 1,653 1,541 1,240 1,059
GH/A/B-C 1,664 1,548 1,240 1,061
1,655

Abbreviation: GH, gelatin/hydroxyapatite.

mode of AA appeared in the GH/A and GH/A/B groups,
while the two peaks disappeared after cross-linking. These
results indicated that there was chemical reaction between
—0O(2)H and —O(3)H within AA and aliphatic amines within
Gel, which generated more N—H bonds.*

Besides, the spectrum showed that GH/B-C group had a
wider absorption band of ~OH and —NH stretches compared
with the GH-C group. This was mainly due to the large
amount of —OH groups in B-GP. In addition, the absorp-
tion band of P—O and P=0 vibrations became broader and
shifted to higher wavenumber after adding -GP. However,
absorption band shifted back when cross-linked with EDC/
NHS (Figure 2 and Table 2). Moreover, the absorption peak
intensity of P-O and P=0 vibrations were much higher in
B-GP containing group after cross-linking. The spectrum
also showed that a peak at 974/cm was present in the
GH/B and GH/A/B groups, which was related to the P-OH
group, while disappeared after cross-linking.*? These results
implied that P-OH group of B-GP could react with amino
groups of Gel that generated P-N bond under the catalysis
of NHS/EDC.*

The effect of scaffolds on the

proliferation of BMSCs

Metabolic activity of BMSCs cultured with the scaffolds was
evaluated by the MTT assay on 1, 3, and 5 days postcultur-
ing (Figure 3). All the scaffolds could support the growth of
BMSCs well. There were no significant differences of cell
proliferation activity among all the scaffolds. However, cell
proliferation on GH scaffold was slightly higher compared
with the GH/B group, which indicated that 3-GP exhibited an

inhibitory effect on cell proliferation. Besides, cell metabolic
activity on the GH/A group was a little higher than the GH
group; thus, AA can stimulate cell proliferation.

The AB assay has been widely used for the cytotoxicity
assay and has high sensitivity. The viabilities of the BMSCs
grown on various scaffolds were evaluated using the AB
assay during a 5-day period of culturing. Figure 3B displays
the AB fluorescence measured on days 1, 3, and 5. The results
showed that cell viability, detected by AB assay, had similar
tendency with the MTT assay. The cells grown on GH/A
and GH/A/B exhibit relatively higher fluorescence intensity
than GH and GH/B groups on day 1. Subsequently, the cell
viability on the GH and GH/A groups was significantly
higher than the GH/B group. With the elongation of time,
the cells grown well on all scaffolds. On day 5, the viability
of cells grown on GH/A group was significantly higher than
the GH/A/B group.

The effects of scaffold elution on BMSCs viability were
evaluated by CCK8 and AB assays (Figure 3C and D). The
results showed that all the gradient concentration of elu-
tion had positive effects on BMSCs’ viability. Moreover,
the higher concentration of elution was associated with the
higher cell activity. There were no significant differences
of cell viability among all the scaffolds. Besides, the cell
viability on GH/A, GH/B, and GH/A/B groups were rela-
tively higher than GH group in both CCK8 and AB assays.
These results demonstrated that various scaffolds had good
biocompatibility.

The effect of the scaffolds on osteogenic
differentiation of BMSCs

Quantitative PCR was used to quantify the expressions of
osteoblastic marker genes (Figure 4). The column chart
revealed that the incorporation of AA and B-GP into GH
scaffold could increase the expression of Runx2, while only
increments in the GH/A and GH/A/B groups had statisti-
cally significant on day 7 (Figure 4A). Its expression in the
GH/A/B group was about 1.5 folds compared to that in the
GH group. Furthermore, GH/A/B group induced significantly
higher Runx2 expression when compared with the GH/B
group. The expression of Runx2 could not be detected on
day 14 (Figure 4A, indicated as “ND”).

As shown in Figure 4B, Sp7 expression was significantly
elevated in the GH/A, GH/B, and GH/A/B groups compared
to the GH group on day 7. In addition, the expression of Sp7
in the GH/A and GH/A/B groups was also significantly higher
than in the GH/B group. Sp7 expression was dramatically
upregulated with the doping of AA into scaffolds on day 7.
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Figure 3 Biocompatibility of various scaffolds.

Notes: Cell viability and proliferation of BMSCs on scaffolds are evaluated through MTT (A) and Alamar Blue (B) assays. Effects of scaffolds elution on cell viability and
proliferation are assessed by CCK8 assay (C) and Alamar Blue assay (D). Statistically significant differences are marked with an asterisk (*P<<0.05).
Abbreviations: BMSCs, bone marrow stromal cells; CCK8, cell counting kit 8; GH, gelatin/hydroxyapatite.

Thus, AA revealed more intense effects on Sp7 expression
than B-GP. However, the expression patterns of Sp7 were
markedly changed from day 7 to day 14. Its expression
decreased in the GH/A, GH/B, and GH/A/B group compared
to the GH group on day 14, especially for the GH/B group.
The expression of Sp7 in GH/B group was significantly lower
than the other groups.

In Figure 4C, incorporation of AA or B-GP alone into
the GH scaffold (GH/A or GH/B) could also significantly
increase Alp expression when compared with the GH group.
Furthermore, adding both AA and B-GP into GH scaffold
(GH/A/B) showed synergistically elevating A/p expression
on day 7. The expression level of 4/p in the GH/A/B group
was about 3.5-fold that of the GH group on day 7. Whereas,
the expression of Alp decreased in the GH/A and GH/B
groups compared to the GH group on day 14. Moreover,

the GH/B group showed a more severe declination of Alp
expression. However, AA and B-GP showed synergistically
effects on the expression of Alp in the GH/A/B group, which
maintains a relative higher gene expression on day 14. Results
showed that expression profile of Co// exhibited similar trend
as Alp (Figure 4D).

The effects of the scaffolds on bone

formation in vivo

Osteogenesis of scaffolds was evaluated in a critically sized
defects model on rat parietal bone. Micro-CT data clearly
showed that there was almost no new bone formation in the
control group at 6 weeks postsurgery (Figure 5A). In the
GH group, only a very limited amount of new bone was
observed at the edge of the bone defect region at 6 weeks
postsurgery (Figure 5B). The GH/A or GH/B group showed
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GH, GH/A, GH/B, and GH/A/B: cells cultured on the corresponding scaffolds.

Abbreviations: BMSCs, bone marrow stromal cells; GH, gelatin/hydroxyapatite; ND, not detected.

increased new bone formation compared with the GH group
(Figure 5C, D, and K)). Moreover, the defect was dramatically
repaired in the GH/A/B group as early as 6 weeks postsurgery
(Figure SE and K). Quantified analysis also demonstrated
that the percentage of area of new bone formation in the
GH/A/B group (94.28%%5.00%) was significantly much
more than control (6.65%12.30%), GH (9.89%%5.96%),
GH/A (33.89%214.07%), and GH/B (33.04%13.17%) groups
(Figure 5K). At 12 weeks postsurgery, the repairing of bone
defects was further advanced with the increase in time after
implantation. In the control group, regenerated new bone
was found at the margin of the defect area at 12 weeks
(19.87%+£16.88%) (Figure 5F and K). The percentage of area

of new bone formation in the GH (46.06%15.25%), GH/A
(62.95%19.39%), GH/B (66.56%+18.45%), and GH/A/B
(95.64%:16.16%) groups were significantly higher compared
with the control group (19.87%+16.88%) (Figure SF-K).
The GH/A/B scaffold displayed remarkable osteogenic
activity, which almost repaired the bone defect at 12 weeks
postimplantation.

Further histological analyses confirmed the markedly
new bone formation at 6 weeks in the GH/A/B group. It is
worth noting that the ends of GH/A/B scaffold were embed-
ded in the newly formed bone (Figure 6E, red arrows). The
new bone was deposited along the surface of GH/A/B scaf-
fold (Figure 6J). The newly formed bone had an immature
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marked with an asterisk (*P<<0.05, ***P<<0.001, and ****P<0.0001).

Abbreviations: Con, control; GH, gelatin/hydroxyapatite; micro-CT, micro-computed tomography.

or woven appearance and exhibited embedded osteocytes
(Figure 60). In the control and GH groups, mass fibrous
connective tissue grew into the central area of bone defect.
Besides, we could find some adipose tissue within the fibrous
connective tissue in the GH group. While in the GH/A and
GH/B groups, there was a certain amount of new bone depo-
sition in the central areas of the defects. The newly formed
bone also had an immature or woven appearance and exhib-
ited embedded osteocytes (Figure 6M and N). Besides, there
were some inflammatory cells infiltrating in GH scaffold
(Figures 6L and 7L, as indicated by blue arrows). In contrast,
there were no inflammatory cells in the GH/A, GH/B, and
GH/A/B groups (Figures 6 and 7).

At 12 weeks, histology analyses also revealed that the
new bone formation was further increased. The regenerated

bone became more mature at 12 weeks (Figure 7). The
newly formed bone showed lamellar structure, which was
much closer to the native bone (Figure 7M-0). On the
contrary, fibrous connective tissue still filled in the central
area of defects in the control and GH groups. These results
demonstrated that GH/A/B scaffold can provide an excellent
microenvironment for osteoblast proliferation and differen-
tiation, which gives rise to rapid new bone formation.

Discussion

Repairing the large bone defects remains a global clinical
challenge because of seriously losing osteogenic microenvi-
ronment between the broken ends. Microenvironment-based
bone tissue engineering strategy provides a good solution
for this problem. Herein, we created a unique -GP- and
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Figure 6 H&E staining of bone defect area at 6 weeks postsurgery.

Notes: (A, F, and K) Con group; (B, G, and L) GH implantation group; (C, H, and M) GH/A implantation group; (D, I, and N) GH/B implantation group; and (E, }, and O)
GH/A/B implantation group. S: scaffold remnants; red arrows indicate the ends of GH/A/B scaffolds, which were embedded in the newly formed bone; black arrows: bone
deposition line. Yellow arrows: osteocytes embedded in bone matrix. Blue arrows: inflammatory cells. Green rectangular box together with green arrow point to its enlarged
image. (A—E) The same scale bar of 500 um, (F-J) the same scale bar of 100 um, and (K—O) the same scale bar of 25 um.

Abbreviations: Con, control; GH, gelatin/hydroxyapatite.

AA-modified biomimetic GH nanofibrous scaffold, which  molecules in combination with biomimetic scaffolds created
will provide a good osteoinductive and osteoconductive by electrospinning techniques provide a well strategy for the
microenvironment to promote osteogenic differentiationand  treatment of large bone defects.

serve as a template to guide osteoblastic lineage cell migra- Newly AA, B-GP, or both modified GH scaffolds were
tion and repairing bone defects. Our data indicate that small ~ successfully fabricated by electrospinning method. All the

GH/B

Figure 7 H&E staining of bone defect area at 12 weeks postsurgery.

Notes: (A, F, and K) Con group; (B, G, and L) GH implantation group; (C, H, and M) GH/A implantation group; (D, I, and N) GH/B implantation group; and (E, }, and O)
GH/A/B implantation group. S: scaffold remnants; red arrows: the ends of GH/A/B scaffolds were embedded in the newly formed bone; yellow arrows: osteocytes embedded
in the bone matrix; blue arrows: inflammatory cells. Each green rectangular box together with green arrow points to its enlarged image. (A—E) The same scale bar of 500 pm,
(F-J) the same scale bar of 100 um, and (K—O) the same scale bar of 25 pm.

Abbreviations: Con, control; GH, gelatin/hydroxyapatite.
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scaffolds presented fibrous network structure, and the diam-
eter of the fibers was ranging from nanoscale to microscale.
The aggregation of nano-HA on the surface of the fibers
might be due to the high viscosity of various blend solutions
that contained some aggregated particles. Besides, the applied
high-voltage electric field can also drive particles aggre-
gating during electrospinning. However, these aggregated
particles may promote osteoblast adhesion, differentiation,
and mineral deposition at the mineralization phase of new
secreted bone matrix. AA- and B-GP-modified GH nanofibers
had larger diameter span than GH fibers maybe due to the
increased charge density of the electrospun solution, which
could enhance the self-repulsion and the stretching force,
while electrospinning. Similar results had been reported by
Meng et al*’, who reported that when the Gel was incorpo-
rated in PLGA, the diameter distribution became broader,
with the increasing of Gel concentration.

It is known that gelatin based nanofibers have poor water
resistance and thus will be dissolved in body fluid. Our results
showed that the low cross-linking temperature (—20°C) and
slow gradient hydration process can better maintain the mor-
phology and structure (Figure 1E-H). This may be due to
the low temperature that can make the cross-linking rate at a
low level, which can reduce fibers’ contraction and swelling
of. In contrast, slow gradient hydration process might also
reduce the contraction of fibers. We could find that the add-
ing B-GP caused some swelling of fibers in the GH/B and
GH/A/B group. This was due to the high content and strong
hydrophilicity of B-GP in scaffolds. The retention of fibrous
and porous structure would be favorable for cell growth and
nutrients and metabolic waste exchange. The FT-IR results
indicated that AA and B-GP were covalently bonded with
amino acid in Gel. This should significantly improve the
duration time and drug effects.

Cell behaviors on the scaffolds are essential for its
potential clinical application. Our data indicated that all
the scaffolds support BMSCs growth well (Figure 3). Cell
proliferation on the scaffolds will reflect the quality of
cytocompatible microenvironment of scaffolds. Our results
confirmed that GH/A scaffolds can promote BMSCs pro-
liferation slightly, thus improving the cytocompatibility
of GH scaffolds. Sufficient cell number is also critical for
tissue regeneration that hints the importance of AA in the
scaffolds. The AB assay also indicated that the incorpora-
tion of AA into scaffolds increased positive effects on cell
viability. However, the addition of B-GP into GH scaffolds
negatively regulated cell viability, which was seeded on
scaffolds. In contrast, the elution of GH/B scaffold had

positive effects on cell proliferation based on CCK8 and AB
assays. These results implied that the scaffold morphology
might significantly affect the cell growth. The SEM images
showed that obvious swelling occurred in the GH/B and
GH/A/B scaffolds after cross-linking and the diameter of
fibers increased significantly, which may not conducive to
cell adhesion and proliferation. Studies had shown that cell
proliferation on scaffolds could be promoted by regulating the
surface topography,*® such as HA and ion-doped HA could
be used to modify scaffolds’ architecture and properties,
including surface crystallinity, roughness, surface charge,
and scaffold rigidity, to promote the osteogenic differentia-
tion of stem cells and bone formation.*

Significantly, the created osteogenic microenviron-
ment within scaffolds is critical for generating best repair-
ing effects. AA is required as a cofactor for enzymes that
hydroxylate proline and lysine in procollagen,*® which is
critical for forming a proper helical structure of collagen
chains. AA enhances the synthesis of collagen matrix at
different stages, including gene transcription and protein
translation, translation, hydroxylation, and secretion.* Our
results confirmed that AA can enhance Coll expression
at RNA level. Apart from collagen matrix synthesis, AA
can promote osteoblast differentiation by the activation of
osteogenic gene expression, such as Runx2, Alp, and Sp7.4>4
Therefore, the use of AA in constructing the osteoinductive
microenvironment would be an advantage in the treatment of
bone-related diseases. Moreover, AA possesses a protective
role as an antioxidant and nutritional supplement with no
toxic effect.* Our results also demonstrated that AA could
significantly increase Runx2, Sp7, and Alp expression on day
7 postculturing (Figure 4). However, the promoting effects
vanished on day 14. This suggests that AA plays a critical
role in the initiation of osteoblast differentiation by activating
these osteogenic gene expressions.

A number of studies have suggested that inorganic phos-
phate is required in the events preceding mineralization.*
However, contrasting results have brought some debate as
to the significance of elevated phosphate in osteoblast dif-
ferentiation. Studies have reported that phosphate suppressed
the expressions of several differentiation markers, ie ALP,
osteocalcin, and bone sialoprotein.* Furthermore, Okamoto
et al*’ indicated that phosphate suppresses osteoblastic dif-
ferentiation partially through enhancing ROS production in
MC3T3-El cells. Besides, Beck et al*’ reported that phos-
phate suppresses the expressions of several matrix proteins
including collagen-1a.1, 102, and decorin but enhanced the
expression of another matrix protein, osteopontin. In our

submit your manuscript

7178

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Bone regeneration based on constructing local osteogenic microenvironment

study, the results indicated that B-GP could promote A4lp,
Sp7, and Coll expressions at 7 days postculturing but
significantly suppressed these gene expressions at 14 days
postculturing. This implied that the effects of 3-GP on osteo-
blast differentiation is dependent on the stage of osteoblast
differentiation, which could be the reason why researchers
got contrasting results. The rat primary BMSCs used here
are progenitors of skeletal tissue components such as bone,
the hematopoiesis-supporting stroma, and adipocytes,** while
MC3T3-El cells are preosteoblast. Thus, we can observe
positive regulatory effects of B-GP on osteogenic gene
expression in BMSCs, because BMSCs are more primitive
than MC3T3-El cells. Moreover, the results demonstrated
that AA could synergistically act with B-GP to stimulate 4lp
and Coll expressions. Thus, the incorporation of AA and
B-GP could induce osteogenic gene expression at a relative
high level, which provided a more suitable environment for
osteogenic differentiation.

More importantly, the osteogenic effects in vivo is the key
issue to evaluate the quality of tissue engineering scaffolds.
Unfortunately, most of the currently designed bone tissue
engineering scaffolds have limited osteogenic effects in vivo
or not evaluated, which restricted the clinical transformation
and application. In our current study, AA- and B-GP-modified
biomimetic GH nanofibrous scaffolds can support BMSCs’
growth and promote osteoblast differentiation and dramati-
cally repair bone defect. It is exciting to find that the defect is
almost totally repaired in the GH/A/B group within 6 weeks.
Dual incorporation of AA and B-GP had burst the function of
GH scaffolds. In vitro studies also indicated that dual incor-
poration of AA and B-GP could significantly stimulate 4/p
and Coll expressions. The crucial role of AA in the synthesis
and posttranslational modification of collagen, as well as
multiple functions of B-GP, can promote osteoblast differ-
entiation and bone regeneration. AA and B-GP also showed
synergistic effects on bone formation in vivo. Significantly,
the results showed that the ends of GH/A/B scaffolds were
embedded in the newly formed bone (red arrows show in
Figure 7) and the newly formed bone that was deposited
along with the surface of GH/A/B scaffold. This suggests
that GH/A/B scaffold will serve as template for guiding
bone formation. The GH/A/B scaffold creates a versatile
microenvironment for osteoblast migration and differentia-
tion. At 12 weeks, new bone formation was significantly
improved in the GH, GH/A, and GH/B groups (Figure 7).
GH/A and GH/B scaffolds also exibit considerable new bone
formation. Among various implantation groups, the new bone
became much more mature and bone deposition line became

almost invisible at 12 weeks. The structure of newly formed
lamellar bone was more similar to the native bone especially
for the GH/A/B group. This may due to the remodeling of
new bone after mineralization. Moreover, we could find some
inflammatory cells infiltrated in the GH scaffold group. This
may due to the aggregated HA nanoparticles that had been
released from GH scaffold when degraded.* Fortunately, the
incorporation of AA and 3-GP can either suppress inflamma-
tion and immune responses, thus providing a more suitable
environment for osteoblast proliferation and differentiation
in vivo. However, the underlying mechanisms still need to be
clarified. Collectively, our study demonstrates that GH/A/B
scaffold provides a very convenient microenvironment for
osteoblast proliferation and differentiation, which gives rise
to new bone formation in vivo rapidly.

Conclusion

In the present study, AA and B-GP dual modified scaffold can
repair 5S-mm-critical sized cranial bone defects almost entirely
within 6 weeks, thus serving as a template for guiding bone
formation. Moreover, they can suppress inflammation and
immune responses, consequentially providing a more suitable
environment for osteoblast proliferation and differentiation.
Our work highlights the importance of developing GH scaf-
folds for bone tissue engineering applications and, in par-
ticular, for the repair of nonunion critically sized defects.
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