International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

RETRACTED ARTICLE: Nano-Silicate-Reinforced
and SDF-lo-Loaded Gelatin-Methacryloyl
Hydrogel for Bone Tissue Engineering

Zhe Shi,®"* Yichuan Xu,'*
. 2

Ruzha Mulatibieke,
Qiang Zhong, ' Xin Pan,’

| . . |
Yuhang Chen, Qiang Lian,

. . .

Xin Luo,3 Zhanjun Shi,
Qingan Zhu®'
'Department of Orthopedics, Nanfang Hospital,
Southern Medical University, Guangzhou, People’s
Republic of China; 2Department of Plastic Surgery,
The Third Affiliated Hospital of Sun Yet-Sen
University, Guangzhou, People’s Republic of China;
3Rehabilitation Medical School, Guangzhou

International Economics College, Guangzhou,
People’s Republic of China

*These authors contributed equally to this work

Video abstract

Point your SmartPhone at the code above. If you have a QR
code reader the video abstract will appear. Or use:
https://youtu.be/FhyefSKUa34

Correspondence: Zhanjun Shi; Qingan
Zhu

Tel +86 2062787924; +86 20622787195
Email nfgk@sohu.com;
qinganzhu@gmail.com

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

bone defects using minimally invasi us been attracting researchers’

attention. However, from a clini ost fabrication methods employed for the
fabricated an injectable ost
Materials and Method
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) igration, osteogenic-related biomarker expression, and matrix miner-
he GelMA-SN-SDF-10 hydrogel filled critical-sized calvaria defects in rats and

excellent bone regeneration ability, as assessed using micro-CT scanning and

omorphometric staining.

usion: The GelMA-SN-SDF-1a hydrogel provides a simple and convenient strategy

for the fabrication of injectable osteogenic graft materials.
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Introduction

Surgical reconstruction of bone defects resulting from trauma, tumors, or infection
(osteomyelitis) has been a significant challenge for orthopedic surgeons.! The annual
medical expenditure for bone defect treatment in the US is estimated to be $5 billion, of
which a significant part is attributed to bone grafts with defective fracture healing.”
Conventionally, bone autografts have been considered the gold standard for treating
bone defects in terms of osteoconduction and osteoinduction.'** However, the avail-
ability of autografts is limited, and the accompanying morbidity at the donor site
continues to be a concern.’ Bone ceramic materials and metallic bone substitutes
have extensively been investigated and used. These materials include hydroxyapatite
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(HAP), tricalcium phosphate (TCP), titanium alloy, and tan-
talum alloy.”® However, the integration of synthetic substi-
tutes with host bone remains insufficiently effective, causing
concerns about graft loosening over the long term.'”
A strategy for using scaffolds seeded with cells or bioactive
components to promote bone regeneration is promising, and
it may be able to promote complete bone healing.'' Recently,
researchers have shown interest in designing osteogenic
hydrogels to stimulate bone regeneration. Such hydrogels
include collagen-based hydrogels,' bioconjugated hydro-
gels grafted with bioactive groups,'® nanocomposite hydro-
gels incorporating bioactive nanoparticles,'* and injectable
hydrogel delivery osteogenic components."> Injectable
osteogenic hydrogels have been attracting considerable
attention because of their ability to fill irregular bone defects
using a minimally invasive procedure.'®'” However, from
a clinical perspective, the fabrication of an injectable hydro-
gel platform involving simple and rapid production posses-
sing long-term osteogenic ability remains highly desirable.
Gelatin methacryloyl (GelMA) hydrogels have widely
been employed in tissue engineering because of their biolo-
gical compatibility and tunable physical properties.'® To
introduce osteogenic properties into hydrogels, varig
BMP,"’

peptides,*® and bioactive nanoparticles,”' have been adde

bioactive components, such as osteoge

bgenic GeIMA-SN  hydrogel
(uncrosslinked) S§@abe fabricated. After being injected into
a defective area, the M@chanical properties of the GeIMA-SN
hydrogel can be further modified via UV crosslinking in situ.-
'® The compression modulus and degradation rate can be
adjusted. For MSCs growing on a hydrogel, the optimal
compression modulus of the hydrogel for osteogenic differ-
entiation is ~25 KPa.? Ideally, the degradation speed of the
hydrogel should coincide with the regeneration rate of new
tissue, and the hydrogel should support the long-term release
of embedded bioactive components.

To guarantee efficient bone healing, it is essential to
deliver or recruit sufficient stem cells to the bone defect
area.””?® There have been numerous attempts to use scaf-
folds to transfer stem cells to a local area.”” ! However,
these strategies remain limited by restricted cell sources,
low cell viability, and controversial therapeutic effects. An
alternative strategy of stimulating local stem cell homing
by delivering cell recruiting growth factors to the defective
area and realizing their osteogenic potential may be more
valuable.*** Damaged tissues in critical organs, such as

the heart and liver, have been regeg by stem cell

ing and migration.’*’

GelMA-SN to fa

aracteristics.”>*'"** Reportedly, SN can
active growth factors for >30 days.*’
efficacy of SN did not change the protein
re, and the released proteins were able to maintain
ctivity to MSCs at
herefore, a relatively long-term and controlled release

low concentrations.*?

ttern of SDF-1a could be expected from the injectable
GelMA-SN-SDF-1a hydrogel. In the present research, an
GelMA-SN-SDF-1a
(uncrosslinked) was fabricated by mixing GelMA pre-

injectable  osteogenic hydrogel
polymer, SN, and SDF-1a. UV radiation was applied to
further modify its mechanical properties for optimal osteo-
genesis and controlled degradation. In vitro physical char-
acterization and release, tests were conducted to
investigate the injectability, compression modulus, swel-
ling ratio, and degradation rates of the SN-loaded hydro-
gel. The release pattern of SDF-la was analyzed and
modified to achieve a long-term release profile. The via-
bility, spreading, proliferation, and migration behavior of
MSCs cultured using the GelMA-based hydrogel were
assayed in vitro. The osteogenic capability of the inject-
able GelMA-SN-SDF-la hydrogel was systematically
validated in vitro and in vivo. In summary, we designed
an injectable GeIMA-SN-SDF-1a hydrogel with a simple
and rapid production process. This gel released SDF-1a in
a controlled pattern, stimulated MSC migration and accu-

mulation, and promoted bone healing and regeneration.
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Materials and Methods

Materials

Gelatin (Gel strength 300, Type A), methacrylic anhy-
dride (94%), bovine serum albumin (98%), Irgacure
2959 (98%), and Alizarin Red S were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Laponite XLG
was purchased from BYK Additives & Instruments
(Wesel, Germany). Recombinant Rat CXCLI12/SDF-1a
(carrier-free) was purchased from Biolegend (San
Diego, CA, USA). Live/Dead Viability/Cytotoxicity
Kits, B-glycerol phosphate 173 (99%), L-ascorbic acid
(99%), Alexa Fluor 594—phalloidin, 4',6-diamidino-
2-phenylindole (DAPI), o minimum essential medium
(a-MEM), trypsin—ethylenediaminetetraacetic acid (tryp-
sin—EDTA), L-glutamine, and penicillin/streptomycin
were provided by Thermo Fisher Scientific (Waltham,
MA, USA). Anti-ALP antibody (sc-271,431) was pur-
chased from Santa Cruz Biotechnology (Dallas, TX,
USA). Anti-OCN antibody (MABD123), anti-OPN anti-
body (AB1870), and anti-RUNX2 antibody (05-1478)
were provided by Millipore (Burlington, MA, USA).

Fabrication of Injectable SDF-|a-Loa
Laponite-GelMA Hydrogel

the above soluti

vigorous stirrigg.

water (pH ~7-7.4, 40°C) for
MA. The filtered solution was
il to 50 mL falcon tubes, placed in —80°C
dphilized for 1 week to receive the final

then transfe
overnight, and
product presented as a white foam.

To fabricate the injectable SDF-la-loaded laponite-
GelMA hydrogel, GelMA foam was first completely
dissolved in DI water. Thereafter, laponite (2% w/v) and
SDF-1a (100 ng/mL) were added into the GeIMA solution.
Irgacure 2959 (0.5% w/v) was added into the pre-polymer as
a photoinitiator, which permitted the pre-polymer to cross-
link under UV radiation (6.9 mW/cm2, 360480 nm).

Characterization of SDF-1a-Loaded
Laponite-GelMA Hydrogel

The hydrogel’s injectability, internal structure and poros-
ity, compression modulus, and swelling and degradation
ability were analyzed.

Viscosity and Injectability Analysis
Rheology and stress recovery tests were performed using an
ElastoSens™ Bio? (Rheolution Instruments, Montreal, QC,

Canada), according to a previously described protocol.*

The shear stresses for hydrogel 4 (uncrosslinked),
and 2%), were
S—1 at room
injectability
to obtain the

23-, 25-, and 27-G needle at room
the injection force was analyzed

%) was injected from a 1-mL syringe with
sof 17,19, 21, 23, 25, and 27 G (Figure 1D).
ments were obtained at a flow rate of 2 mL/h.
law model fit data were generated using the rhe-
ometer (Rheolution Instruments, Montreal, QC, Canada) at
room temperature. The power law equation and above data
were used to determine the power law index (n), consistency
index (k), and the correlation coefficient (Corr. Coeff)
values. Further, 1% and 2% GelMA-SN hydrogels were
tested. Based on a previous study,*® the following power
law equation was used:

0 =kYn (c = Shear stress; k = Consistency; Y = Shear
rate; n = Power law index).

Observation Using Scanning Electron Microscopy
(SEM)

To observe the internal microstructure of the shear-
thinning hydrogel and analyze the microstructural changes
after the loading of laponite, lyophilized hydrogel samples
were scanned using field emission SEM (Zeiss Ultra 55).

Mechanical Analysis

To conduct mechanical analysis, cylindrical hydrogel sam-
ples (8 mm in width, 2 mm in height) were fabricated by
transferring 100 pL of the pre-polymer solution into
a customized polydimethylsiloxane (PDMS) mold. The
hydrogel samples were then transferred to an Instron 5542
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elMA-SN-SDF-la hydrogel. (A) Fabrication of GelMA-SN-SDF-|a hydrogel; (B and C) Viscosity and storage modulus
N concentrations; (D and E) GelMA-SN-SDF-1la hydrogel (uncrosslinked) injectability demonstrated using a syringe with

a eIMA-SN- SDF-la before and after UV crosslinking; (H) Compression modulus of GelMA, GelMA-SN, GelMA-SDF-la, and
e and after UV crosslinking; (I and J) Degradation rate of GelMA, GelMA-SN, GelMA-SDF-la, and GelMA-SN-SDF-la before and after UV
gd release profile of SDF-la of GelMA-SDF-lo and GelMA-SN- SDF-lo. Significant differences among the GelMA pre-polymer groups are
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crosslinking; (K) Accul
indicated as *P < 0.05.

mechanical tester and compressed at a speed of 1 mm/min for
30 s. Young’s modulus was acquired by calculating the first
0-10% linear region of the stress—strain curve.

weighed to record the initial mass. After being immersed in
PBS at 37°C, the hydrogel samples were extracted at pre-set
time points, and the lyophilized mass was weighed. The
degradation profile was then calculated.

Degradation and Swelling Analysis For the swelling test, a similar cylindrical hydrogel

For the degradation assay, cylindrical hydrogel samples were
prepared as above. Hydrogel samples were lyophilized and

sample was used, and it was incubated in PBS for 1 h to
reach equilibrium. The mass of the swollen hydrogel was
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weighed as M(s). Subsequently, the hydrogel was lyophi-
lized, and its weight was recorded as M(l). The swelling
ratio was determined based on the following equation:

Swelling ratio = [M(s) — M(1)][/M(1)

SDF-1a Release Analysis

For the release assay, SDF-la-loaded cylindrical hydrogel
samples were incubated in 1 mL PBS and placed on a shaker
platform at 37°C at 60 rpm. At the pre-set time points, 500
pL of PBS was retrieved and replaced with 500 pL of fresh
PBS. The concentration of released SDF-1o was assayed
using rat SDF-1a ELISA kits (Bluegene, Shanghai, China).
The accumulated concentration was calculated.

Cell Viability, Spreading, Proliferation, and

Migration Assays
Cell Viability

Rat bone marrow MSCs (Shanghai cell bank, Chinese
Academy of Sciences) were cultured in aMEM medium
(10% fetal bovine serum and 1% penicillin/streptomycin)
at 37°C with 5% CO,. MSCs were seeded on cylindrical
hydrogel samples (8 mm in diameter, 2 mm in height) in
12-well plates with 3 x 104 cells per well. The pfisial
cellular toxicity of the released SDF-1a and laponite

particles was evaluated using cell counting ki

UK), and the q
was conducted

surfaces were W@ed with 4% paraformaldehyde and stained
with Alexa Fluor 594-phalloidin and DAPI. The staining
results were assessed using an inverted fluorescence
microscope.

Cell Proliferation and Migration

The cell migration and chemotaxis behavior were evalu-
ated using transwell cell migration assays. Specifically, 50
pL of the MSC suspension (1 x 104 cells/mL) was trans-
ferred to the upper chamber, and 400 pL of pure culture

medium was placed into the separate lower chamber.
Thereafter, hydrogel samples were transferred into the
lower chamber. Chemotactic regents (SDF-1a) released
from the hydrogel samples were expected to stimulate
cells migrated from the upper chamber to the lower cham-
ber via the porous chamber polyester membrane (pore
size, 3 um). After a 3-h culture, the cells that had migrated
via the membrane were fixed with 4% paraformaldehyde
solution for 10 min and stained with crystal violet solution
(0.1%) for 10 min. After gently rinsing with PBS, the cells
goed and counted

in randomly selected fields wea

Microscopes
halyzed using
on (5 mL, 1 x
Petri dish. As

wound healing percentage was quantified
as the percentage of the gap closure area.

®ogenic Biomarker Expression
Analysis

The expression of osteogenesis-related genes, including
alkaline phosphatase (ALP), runt-related transcription fac-
tor 2 (RUNX2), osteocalcin (OCN), and osteoprotegerin
(OPN), was evaluated using quantitative reverse transcrip-
tion—polymerase chain reaction (QRT-PCR). The primers
used in the present study are listed in Table 1. Cylindrical
hydrogel samples (8 mm in diameter, 2 mm in height)
were placed in 12-well plates with 3 x 104 cells/well in
osteoconductive media (10 mM beta-glycerol phosphate
and 50 pg/mL ascorbic acid). Cells were collected on days
3,7, 10, and 14 and lysed using Trizol (Invitrogen). RT—
PCR was conducted using a Bio-Rad MyiQ2 thermocycler
with the SYBRR Green Supermix (Bio-Rad).

To evaluate osteogenesis-related protein expression
levels, ALP, OCN, OPN, and RUNX2 antibodies were
used to label the target proteins. On days 7 and 14, cells
growing on the hydrogel samples were fixed in 4% paraf-
ormaldehyde and permeabilized using 1% Triton X-100
solution. After blocking non-specific antigens with 4%
normal goat serum, the cells were incubated with primary
antibodies at 4°C overnight, followed by immersion in
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Table | Primers Used for qRT-PCR

Gene Forward Primer Sequence Reverse Primer Sequence

ALP CAGCGGGTAGGAAGCAGTTT CCCCTGCACCTCATCCCTGA
RUNX2 CCATAACGGTCTTCACAAATCCT TCTGTCTGTGCCTTCTTGGTTC
OCN GGTGCAGACCTAGCAGACACCA AGGTAGCGCCGGAGTCTATTCA
OPN TTCCAAGTAAGTCCAACGAAAG GTGACCAGTTCATCAGATTCAT

secondary antibodies at 37°C for 2 h. Cellular nuclei and
actin were labeled with DAPI and Alexa Fluor 594—phal-
loidin. The stained images were recorded using a Brunel
SP99F microscope, and the quantification of protein
expression level was performed using ImageJ software.

Matrix Mineralization Analysis
The level of matrix mineralization was analyzed using
alizarin red staining. Cylindrical hydrogel samples (8 mm
in diameter, 2 mm in height) were placed in 12-well plates
at an initial density of 3 x 104 cells/mL in osteoconductive
media (10 mM beta-glycerol phosphate and 50 pg/mL
ascorbic acid) and cultured for 21 days. The cells were
then incubated with alizarin red (40 mM, PH = 4.2) at
room temperature for 10 min. The alizarin-stained mi
alized calcium nodules in five randomly chosen lig
microscope fields were counted. To further quantj i

urgical procedures were con-
ducted accordin®@@ a protocol described previously.*®
Rats were anesthet®ed with 3% pentobarbital sodium
(30 mg/kg) via an intraperitoneal injection. The surgical
site was shaved using electric clippers and disinfected with
iodoaniline. A 1.5-cm longitudinal incision was made, and
the covering periosteum was retracted to expose the cal-
varium. Subsequently, an 8-mm trephine was used to cre-
ate a critical-sized defect. Then, the hydrogel was injected
into the defect area and crosslinked in situ. The periosteum
and skin were sutured and disinfected. SD rats were

procured and kept in the Laboratory Animal Center of
Nanfang Hospital of Southern Medical University. All

animal experiments Ww
Chinese National Guj
laboratory anima

-20,181) for
the Technical

verdosing with pentobarbital sodium injection 6
r surgery. Thereafter, the calvarias were har-
ested. All samples were scanned using CT (I-CT 80
anner, Scanco Medical, Bassersdorf, Switzerland) at
00 mS, 70 kV, and 114 mA to determine bone volume
over total volume (BV/TV) and bone mineral density
(BMD) values. The histomorphometric characteristics of
the regenerated bone were analyzed using H&E staining
and Goldner-Masson trichrome staining. For quantifica-
tion, the Regions of Interest (ROI) Manager feature of
ImagelJ was used to select specific areas in the immunoas-
saying picture.*” After drawing the ROI, the Analyze—Set
Measurements step was used to select the parameters. The
unhealed width defect area was measured and recorded as
U(a). As the original defect width was 8§ mm, the healing
width was calculated as 8—U(a). The bone healing percen-
tage was calculated using the following equation:

Bone healing percentage = [8 — U(a)]/8 x 100%

Statistical Analysis

Experimental results were compared using one-way
ANOVAs followed by Bonferroni’s post hoc analysis
(GraphPad Prism 6.0 software). A P value of <0.05 indi-
cated statistical significance.

submit your manuscript

9342

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Shi et al

Results

Material Characterization

The fabrication process of the GeIMA-SN-SDF-10 hydrogel
(uncrosslinked) is shown in Figure 1A. The SN and SDF-1a
were loaded into the GeIMA hydrogel pre-polymer to con-
struct an injectable hydrogel system, which could be further
crosslinked in situ for enhanced mechanical properties. After
the addition of SN (1 and 2 wt%), the pre-polymer (uncros-
slinked) exhibited significantly increased viscosity (~10-300
poise) under certain shear rates, demonstrating apparent
shear-thinning properties (Figure 1B).

Further, the incorporation of SN enhanced the uncros-
slinked pre-polymer’s shear recovery ability (Figure 1C).
Pure GelMA (uncross-linked) solution had extremely lim-
ited shear recovery ability owing to its low viscosity.
Under low strain (1%), the GelMA (uncrosslinked) pre-
polymer exhibited a low storage modulus (G”) of ~5 Pa.
The introduction of 1% SN increased the storage modulus
to ~90 Pa, whereas that of 2% SN produced a storage
modulus of ~350 Pa. After being subjected to high strain
(100%), the uncrosslinked pre-polymer loaded with SN
recovered ~70-80% of the initial storage modulus. The
injection force of 2% GelMA-SN was increased fro,
to ~5 to 8.5 N when the needle size was reduced fr
G to 23 G to 27 G, respectively (Figure 1E).
injectability of the GeIMA-SN hydroge
strated by using a 1-mL syringe wg
needles at room temperature (Fi

(Figure 1H), an8he degradation rate was reduced from 3
to 21 days after crosslinking (Figure 11 and J). However, the
addition of SN and SDF-1a did not significantly change the
parameters of the GeIMA-based hydrogels before or after
UV crosslinking.

In the SDF-la release assay, the GeIMA-SN-SDF-1a
hydrogel exhibited a controlled released pattern, in which
the released SDF-la could be detected at day 21. By

contrast, the GelIMA-SDF-1a exhibited a burst release

profile where >90% of the loaded SDF-1a was released
within the first 3 days (Figure 1K).

Cell Viability, Spreading, and Proliferation
Cell viability of MSCs cultured on the surface of hydrogel
samples was analyzed. As shown in Figure 2A, the cell

viability on different hydrogel sample groups was not sig-
nificantly different at 0.5 or 1 h. Consistent with the CCK-8
assay results, the Live/Dead staining showed no viability
differences (Figure 2B and C). The viabilities of the cultured

was observed when exposed to SDF-1lo-
Is (Figure 3A and C). In the scratch test,

.34% and 36.9 + 1.30% at 6 h and 58.2 + 1.23%
.8 £ 1.49% at 12 hours, 70.8 £ 1.26% and 74.6+
1.32% at 24 hours, respectively (Figure 3B and D).

Matrix Mineralization

Alizarin red staining was used to investigate the matrix
mineralization level of MSCs cultured in different hydrogel
samples (Figure 4A). Typically, the mineralized matrix pro-
duction of the cells was enhanced when they were cultured
with SN-loaded GeIMA hydrogel. The absorbance values at
405 nm indicated mineralization level were 0.48 + 0.05 and
0.68 = 0.05 on day 14 and 0.51 = 0.06 and 0.71 + 0.06
on day 21 for cells grown on GelMA-SN and GelMA- SN-
SDF-1o hydrogels, respectively (Figure 4B and C). The
corresponding absorbance values were 0.14 + 0.02 and
0.24 £ 0.02 for cells grown on GelMA hydrogel without
SN and 0.17 + 0.02 and 0.27 £+ 0.02 for cells grown on
GelMA-SDF-1a hydrogel without SN (Figure 4B and C).

Osteogenesis-Related Biomarker

Expression

The expression levels of osteogenesis-related genes at pre-
set time points are presented in Figure SA-D. Compared
with the pure GeIMA hydrogel (the control) group, ALP,
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Figure 2 MSC viability, proliferation, and spreading assays. (A) Viability analyzed with CCK-8 kits at 0.5 and | h; (B and C) Viability and proliferation evaluated by Live/Dead
staining on days | and 3; (B) Stained live cells and dead cells on days | and 3; (D and E) MSC spreading behavior on hydrogel samples was assessed and quantified by
phalloidin and DAPI staining. Significant differences among the GelMA prepolymer groups are indicated as *P < 0.05.

RUNX2, OCN, and OPN expressions in the remaining three
hydrogel groups were promoted to different extents. On day
14, the GeIMA-SN-SDF-1a hydrogels promoted the high-
est expression of the four genes by ~17.5-, ~10.5-, ~18.9-,
and ~10.5-fold (Figure 5A-D). By contrast, the GeIMA-SN

hydrogels stimulated an increase in the expression of the
four genes by ~6.23-, ~6.93-, ~8.93-, and ~3.93-fold
(Figure 5A-D). The GelMA-SDF-la
upregulated the four genes by ~2.93-, ~1.93-, ~4.23-, and
~1.23-fold (Figure SA-D).

hydrogels
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Figure 3 Migration abillty analysis of MSCs. (A and C) Representative images and quantification of migrated cells exposed to GelMA, GelMA-SN, GelMA-SDF-1a, and
GelMA-SN-SDF-1a; (B and D) Wound closure observation and quantification when cells were cultured with GelMA, GelMA-SN, GelMA-SDF-10, and GelMA-SN-SDF-| a.

*P < 0.05.

Labeled osteogenesis-related proteins ALP, RUNX2,
OCN, and OPN were identified using immunofluorescence
microscopy (Figure 5E). Consistent with the PCR results,
the quantification results of the immunofluorescence
assays found that the GeIMA-SN-SDF-la hydrogel

promoted the highest levels of expression of osteogenesis-
related proteins compared with the GelMA hydrogel.
~25.5-, ~10.5-, ~35.9-, ~25.5-fold
increases in the four proteins were detected at day 14 in
the GeIMA-SN-SDF-1a hydrogel group (Figure SF-I). In

Specifically, and
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Figure 4 Matrix mineralization analysis. (A) Repr

In vivo Bone FMRaling and Regeneration

The bone healing and regeneration ability of the GelMA-
SN-SDF-1a hydrogel was confirmed in vivo using a rat
calvaria defect model. As shown by the CT scan results
(Figure 6A—D), compared with the other three groups, rats
implanted with GelMA-SN-SDF-la hydrogel exhibited
the fastest bone healing and produced more regenerated
bone. Further, GeIMA-SDF- 1a and GeIMA-SN hydrogels
promoted bone regeneration to a certain extent. The two

GelMA-SDF-1a GelMA-SN-SDF-1a

B GelMA
3 GelMA-SN

3 GelMA-SDF-1a
= GelMA-SN-SDF-1a

parameters BV/TV and BMD were used for further quan-
tification. BV/TV was ~77.5%, ~22.9%, ~26.2%, and
~10.4% for rats treated with GelMA-SN-SDF-1a hydro-
gel, GeIMA- SDF-1a hydrogel, GeIMA-SN hydrogel, and
GelMA hydrogel, respectively (Figure 6E). The BMD
presented a similar data trend: ~514%, ~146%, ~163%,
and ~62.4% (Figure 6F).

The histomorphometric characteristics of the defect
areas were analyzed using H&E staining and Goldner-
Masson trichrome staining to measure healing percentage
(percentage of the damaged area that was healed) and
osteoid formation. The H&E staining images and quanti-
fication results are presented in Figure 7A and C. GeIMA-
SN-SDF-1a hydrogel stimulated bone defect healing with
a healing percentage of ~65.5%, which was considerably
higher than the other three hydrogel samples (~18.9%,
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staining results indicating ALP, OCN, OPN, and RUNX2 protein expression. *P < 0.05.

~23.2%, and ~5.3% for GelMA- SDF-la hyd

Goldner-Masson trichrome staining
sure mineralized bone and osteoid

8DF-1a and GelMA-SN hydro-
ad 10 times that of the other two groups.

gels was 16

Discussion

Treating bone defects is expensive due to the significant
expense incurred by the use of bone grafts for defective
bone healing caused by pathologies such as injuries and
tumors.' Autografts that are primarily harvested from the
patient’s iliac crest are considered as the gold standard in
reconstructive surgery. However, the autograft strategies

are severely limited by the material availability and donor

o o

= N W »
N O o

o O o

OCN protein expressicnI ALP protein expression M

an
.05 vs GelMA-SN, and *P < 0.05 vs GelMA-SDF-la; (E)
ed nuclei (blue); (F-1) Quantification of immunofluorescence

norbidity. Currently, bone ceramic materials and
metallic bone substitutes (HAP, TCP, titanium alloy, and
tantalum alloy) are widely used in the clinical settings
owing to their good biocompatibility and excellent
mechanical strength. These properties are highly favorable
when treating load-bearing bone defects.”® However, these
hard bone substitutes typically lack bone regenerative
potential, and there is a big difference in elastic modulus
between the grafts and the natural bone. Consequently, the
desired integration of substitute—bone interface is barely
achieved. Additionally, undesired bone resorption caused
by stress shielding is typically detected.’® The insufficient
bone integration and accompanied bone resorption con-
tinue to concern surgeons when using these bone grafts.
Therefore, using bone tissue engineering strategies to fab-
ricate scaffolds for bone regeneration has been attracting
researchers’ attention. Ideal biofunctional scaffolds are
expected to provide the desired characteristics—biocom-
patibility, bioactivity, osteoinductivity, biodegradability,
and mechanical integrity.’® Because autograft sources are
limited and there exist concerns regarding bone integration
with synthetic grafts in the long term, the use of bone

tissue engineering strategies to stimulate bone regeneration
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defects
procedures.’>”'” However,

irregular  bone

demonstrated the
eneration in animal
sources, low or controversial therapeutic
effects.’®>” We W@mstructed a cell-free SDF-1a- loaded
injectable osteogeni® hydrogel simply by mixing SDF-
la, SN, and GelIMA pre-polymer.

According to a previous study,’® the degree of GelMA
hydrogel methacrylation was ~53.8% when 1.25% w/v
MA was added during the synthetic process.

Consistent with previous studies,'"-*%>°

the composited
polymer-embodied SN provided the polymer with excel-
lent injectability. The injectability of the GeIMA-SN-SDF

-la (uncrosslinked) hydrogel is primarily attributed to the

Em GelVA =3 GelMA-SDF-1a

3 GelMA-SN E= GelMA-SN-SDF-1a

E

100+

80+ -
2\’6: 60+
5 40 ; * . * X

alvaria defects treated with GelMA, GelMA-SN, GelMA-
hich is also the area analyzed by micro-CT; (E and F)

e bone healing ¢
skull defe

car-thinning property of SN.'”°* SN is a nano disk-
haped plate (25 nm in diameter, 0.92 nm in height)
aracterized by a positively charged surface and nega-
tively charged edge.®’ In dry powder form, the electro-
static interactions typically result in SN crystal stacks.
However, when dissolved in water the exfoliation process
promotes crystal stacks separated into individual SN
crystals.®” The negatively charged edge may directly inter-
act with the positively charged surface and form self-
assembled gels.”> The viscosity of the gels is strongly
thixotropic, and the gels can rapidly reform after removing
the applied stress (Figure 1C and D). Therefore, the cur-
rent method of using SN to fabricate injectable hydrogels
offers considerable advantages compared with conven-
tional chemical engineering approaches.

GelMA hydrogel containing nanosilicates exhibited the
ability to promote osteogenesis without loading any
growth factors.”> However, the above osteogenic activities
were only successfully promoted with the existence of
sufficient MSCs in the culture medium. From a clinical
perspective, MSC accumulation cannot be guaranteed
when the bone defect is caused by severe trauma, infec-
tion, and bone tumor, considering that the local bone
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bone healing interface frol

®, as demonstrated in Figure 3.
arowth factor-free approach (GelMA-SN)
sufficient MSC accumulation and effi-
cient bone healing when used for complicated bone
defects. To efficiently direct MSC migration to the bone
defect area, an excellent cell chemotactic agent (SDF-1a)
was loaded into the GeIMA hydrogel.

After the SN-mixed hydrogel was injected in situ, the
hydrogel was UV crosslinked to enhance its mechanical
properties. After 30 s of UV radiation, a considerably more
highly crosslinked internal network was formed, according

staining of decalcified bone. Black-dotted lines indicate the edges of bone healing; (B) Goldner-Masson
icate osteoid formation, and white arrows indicate mineralized bone formation; (C) Bone defect healing percentage

nd GelMA-SN-SDF-la hydrogel; (D and E) Quantification of mineralized bone and osteoid formation in the
with the differ€nt GelMA-based hydrogels. *P < 0.05.

to the SEM results. As a result, the swelling ratio was
significantly decreased—a phenomenon that may be ben-
eficial for controlling the perfusion speed of loaded bioac-
tive components. The compression modulus showed
a 5-fold increase, from ~5 to ~25 KPa, which is considered
an optimal stiffness for MSC differentiation.®>®® The
degradation speed was also reduced, facilitating
a sustained release of the loaded SDF-la. The GelMA-
SN-SDF-1a hydrogel showed a controlled release profile
as long as 21 days. By contrast, a burst release was
produced by the GelMA-SDF-la hydrogel. SN affects
drug release by creating physical barriers in the polymer
and can directly bind with the drugs.‘“’67 The long-term
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controlled release could be owing to SN binding because it
has been suggested that various ions and molecules can be
adsorbed to the surface of dispersed SN crystals in a -
solution.*! The underlying mechanism could be explained
by van der Waals forces, hydrogen bonding, classical ion
exchange, cation/water bridging, protonation, or ligand
exchange at the crystal edges.*' The long duration of
SDF-1a signaling is expected to benefit the bone defect

healing process,**®®

which requires weeks to months. The
osteoconductive medium used in this study for mimicking
the local in vivo hematoma microenvironment at the frac-
ture site typically develops a microenvironment by direct-
ing inflammatory cells to release cytokines and upregulate
angiogenic and osteogenic factors.®’

According to the results of the CCK-8 and Live/Dead
staining assays, cells cultured on the four hydrogels showed
excellent viability and proliferation behavior. No significant
differences were detected between groups. GelMA is primar-
ily composed of gelatin, which has widely been used in the
clinical settings owing to its excellent biocompatibility.”
The added SN and SDF-1a are typically considered biocom-
patible at the relatively low dosages used in the present study:.
However, the spread of cultured cells on the different hydro-
gels was significantly different. A high number of wid
spread cells were observed when they were cultured on S
loaded GelMA hydrogel. This spread may arise b

SDF-1a-containing hy
tion, consistent g

invasion. It 15§@idered that the underlying mechanism
binding of SDF-la to the CXCR4

¥ membrane of MSCs,”” thereby initi-

involved the spc¥
receptor on the plas
ating the signaling pathways responsible for cell migration
and stem cell homing. When applied in vivo, the SDF-1a-
loaded hydrogel would chemoattract MSCs to the defect
area, leading to efficient stem cell homing and bone
regeneration.

The osteogenic ability of hydrogel is critical for effi-
cient bone healing and bone regeneration. The osteogenic
effects of the four hydrogels were analyzed using PCR and

immunofluorescence staining. GelMA-SN-SDF-1a hydro-
gel produced a significant upregulation of osteogenesis-
related genes and proteins, including ALP, RUNX2, OCN,
and OPN. GelMA hydrogel loaded with SN and SDF-1a
stimulated the highest expression of osteogenesis-related
biomarkers, except for the OPN protein expression (Figure
5). OPN is considered the biomarker expressed in the late
stage of osteogenesis. Therefore, a longer cell culture time
may be required to prove that GeIMA-SN-SDF-1a hydro-
gel is the best to stimulate OPN protein expression

(Figure S2).
GelMA-SN and GelMA-SDE

f mineralization in ECMs. Calcium
cultured with different hydrogel samples
ated using alizarin red staining. The two SN-
aded hydrogels induced further calcium deposition and
resented a pattern of gradual increase in calcium miner-
ization. Presumably, the enhanced mineralization was
due to large amounts of Si-OH on the surface of SN,
inducing calcium ion distribution, followed by calcium
calcium

nucleation and

41,76,77

phosphate ultimately

deposition, rather than the unspecific absorption of
Alizarin Red S regents (Figure S3).

The osteogenic ability of the GelMA-SN-SDF-la
hydrogel was further evaluated using a critical rat calvaria
defect model (round defect with a diameter of 8 mm). The
GelMA-SN-SDF- 1a hydrogel was injected into the defect
via a syringe with a 17-G needle at room temperature.
Hydrogel filled the defect and became a solid gel within 30
s after UV crosslinking. After 6 weeks of healing, the skull
samples were retrieved and scanned using micro-CT.
Compared with the other three hydrogels, GelMA-SN-
SDF-1la accelerated bone regeneration in the defect area.
When filled with GelMA-SN-SDF-1a, new bone regener-
ated from the edge as well as regrew in the center of the
defect, indicating that a new ossification center was
induced. The explanation could be that calcium phosphate
nucleation was induced by SN and accumulated MSCs
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were attracted by released SDF-1a. It has been suggested
that a secondary ossification center can stimulate bone
healing and remodeling and completely restore a normal
bone structure considerably faster.”® The BV/TV and BMD
results supported this hypothesis. When treated with
GelMA-SN-SDF-1a, the newly generated bone showed
a significantly higher BV/TV and BMD than the remaining
two hydrogels, indicating greater thickness and density of
the new bone.

The regenerated bone was analyzed using H&E stain-
ing and Goldner-Masson trichrome staining to determine
the histomorphometric characteristics. Consistent with the
CT results, GeIMA-SN-SDF-1a stimulated bone healing
with a defect healing percentage of approximately 65%.
This is quite faster than the percentage observed using the
other three hydrogel samples, as determined by H&E
staining. The Goldner-Masson trichrome staining results
revealed that the GeIMA-SN-SDF-1a hydrogel promoted
the highest level of mineralized bone and osteoid forma-
tion (Figure 7B). On the one hand, the marked mineralized
bone indicated that the GelMA- SN-SDF-la hydrogel
already induced considerably more mature bone forma-
tion. On the other hand, the labeled osteoid implied that

and SDF-la were
to render the hydrogel osteogenic and

introduced into
guide MSC homing. The injectable hydrogel demonstrated
its excellent injectability, biocompatibility, osteogenic
capacity, and bone generation ability in vitro and in vivo.
The loaded SDF-la presented a controlled long-term
release pattern. This study will contribute to further studies
for developing injectable hydrogels used for treating bone
defects. Further, the hydrogel matrix possesses the poten-
tial to encapsulate growth factor to induce new blood

vessels and nerve tissue formation, which would be bene-
ficial for advanced tissue and organ regeneration.
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