1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Appl Bio Mater. Author manuscript; available in PMC 2022 June 21.

-, HHS Public Access
«

Published in final edited form as:
ACS Appl Bio Mater. 2021 June 21; 4(6): 5189-5200. doi:10.1021/acsabm.1c00369.

Sulfonate Hydrogel-siRNA Conjugate Facilitates Osteogenic
Differentiation of Mesenchymal Stem Cells by Controlled Gene
Silencing and Activation of BMP Signaling

Soyon Kim1, Jiabing Fanl, Chung-Sung Leel, Chen Chenl, Min Leel2*
1Division of Advanced Prosthodontics, University of California, Los Angeles, USA

2Department of Bioengineering, University of California, Los Angeles, USA

Abstract

Hydrogels have been widely used in bone tissue engineering due to their tunable characteristics
that allow facile modifications with various biochemical properties to support cell growth and
guide proper cell functions. Herein, we report a design of hydrogel-siRNA conjugate that
facilitates osteogenesis via gene silencing and activation of bone morphogenetic protein (BMP)
signaling. A sulfonate hydrogel is prepared by modifying chitosan with sulfoacetic acid to mimic
a natural sulfated polysaccharide and to provide a hydrogel surface that enables BMP binding.
Then, siRNA targeting noggin, an endogenous extracellular antagonist of BMP signaling, is
covalently conjugated to the sulfonate hydrogel by visible blue light crosslinking. The sulfonate
hydrogel-siRNA conjugate is efficient to bind BMPs and also successfully prolongs the release of
siRNA for sustained noggin suppression, thereby resulting in significantly increased osteogenic
differentiation. Lastly, demineralized bone matrix (DBM) is incorporated into the sulfonate
hydrogel-siRNA conjugate, wherein the DBM incorporation induces noggin expression via a
negative feedback mechanism that regulates BMP signaling in DBM. However, simultaneous
delivery of siRNA downregulates noggin thus facilitating endogenous BMP activity and enhancing
the osteogenic efficacy of DBM. These findings support a promising hydrogel RNA silencing
platform for bone tissue engineering applications.
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Introduction

Insufficient bone repair is a severe medical issue that is often derived from the skeletal
defects or the accompanying complications. Autografting is considered as the gold standard
for treating bone defects, but it cannot be extensively applied because of the limited

supply with a high risk of infection and immune responsel. Recent advances in bone

tissue engineering provide various strategies for bone healing?. Specifically, biomaterial-
based therapies stimulate endogenous bone regeneration with high quality control and low
costs3. Hydrogels are widely used in bone tissue engineering because of their injectability,
easy modifications and delivery potentials of various molecules®. Hydrogels mimicking
bone extracellular matrix (ECM) could provide sites for cell attachment and calcium
nucleation®. Hydrogels that had high binding affinities for osteogenic growth factors

such as bone morphogenetic protein (BMP) were also verified to enhance osteogenesis®.
Functionalization with heparin, a sulfated polysaccharide possessing notable binding affinity
with BMP, could prolong protein delivery from hydrogel surfaces’. The strategy to

adapt sulfate groups in hydrogels also supported BMP sequestering, stabilization, and
osteogenesis® .

Despite high osteoinductivity of BMP, current BMP therapies demand supraphysiological
concentrations due to the intrinsic instability of the protein, leading to adverse effects

such as ectopic bone formation, swollen tissues, or cancer'®. One alternative approach

to augment BMP signaling is to enhance endogenous BMP activity by suppressing the
expression of natural BMP antagonists such as noggin!, gremlin12, or chordinl3. RNA
interference (RNAI) is a powerful technique that can control gene expression, but it is very
challenging to transport the negatively charged RNA molecules into the cells. Previous
studies demonstrated that the delivery of noggin small interfering RNA (siRNA) via
lentiviral or liposomal®® particles downregulated the gene expression and enhanced bone
regeneration. However, gene transfer relying on viral vector can trigger immune, cytopathic
responses, or unknown actions of other genes!® 17, Additionally, both viral and non-viral
vectors have drawbacks such as off-targeting effects or fast clearance, requiring high dose
or repeated injections8: 19, Many studies suggested the techniques to deliver genes without
the carrier materials by functionalizing with cholesterol, methyl, methoxyethyl, or fluoro
groups?%: 21, These efforts successfully improved the cellular uptake and bioactivity of RNA
in comparison to the naked one22: 23,

Therefore, engineering hydrogels with carrier-free-RNA molecules provide great prospects
in developing a hydrogel RNAI system?4. The prevalent difficulties of carrier-based-delivery
such as nonspecific targeting of the cells of interests or rapid diffusion can be modulated

by the localized and controlled delivery of siRNA. The localized gene delivery could

be accomplished by covalently conjugating siRNA to the network of bulk hydrogels2.
Other studies showed that microRNA (miRNA) tethered hyaluronic acid hydrogels via
hydrophobic interaction could deliver miRNA in a sustained manner2®, Similar results were
also found in siRNA tethered hydrogels, and the siRNA release profile could be triggered by
bulk hydrogel erosion?’.
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Furthermore, hydrogel-based therapy for bone repair can further make progress by
incorporating currently available bone graft materials such as demineralized bone matrix
(DBM) in the system. DBM naturally possessed many osteogenic growth factors,
specifically BMPs. However, the bone formation capacity of DBM is less predictable

and the bioactivities of BMPs released from DBM were easily compromised due to rapid
degradation?8. The BMPs present in DBM also induce the expression of BMP antagonists
through a negative feedback mechanism to regulate excessive cellular exposure to BMPs,
which potentially lowers the osteogenic effect of DBM. A recent study demonstrated that the
use of DBM in combination with polymeric carriers could withhold, stabilize, and protect
BMPs, resulting in the enhanced osteoinductivity2°.

In this study, a new hydrogel-siRNA conjugate is developed to enhance osteogenesis by
guiding gene silencing and upregulating BMP signaling. The strategy to design a bioactive
hydrogel was implemented by two-step-functionalization of methacrylate and sulfonate
moieties. A methacrylate group enabled visible blue light-inducible crosslinking of hydrogel
and sulfonate group allowed affinity binding with BMP-2 for longer retention of the

protein and stimulation of the surrounding cells. Then, noggin siRNA was functionalized
with disulfide-containing methacrylate group to be covalently conjugated to hydrogels. The
strategy of localized delivery was achieved by covalent conjugation that effectively enhanced
the initial incorporation and decreased the burst release of siRNA in a three-dimensional
(3D) structure. Moreover, the hydrolysis of disulfide bonds between siRNA and hydrogels
enabled release of siRNA over time. Lastly, DBM was incorporated in our hydrogel-siRNA
conjugate to further induce osteogenic efficacy. The DBM-hydrogel composite was designed
to deliver BMP-containing DBM in a localized manner. Moreover, it simultaneously
downregulated noggin expression to maximize BMP pathway and osteogenesis. This
strategy provided a new hydrogel RNAI platform with enhanced endogenous BMP
signaling.

Experimental

Materials

Glycol chitosan (100 kDa), glycidyl methacrylate, riboflavin, sulfoacetic acid, 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC), A-hydroxysuccinimide (NHS), 1M MES buffer,
dithiothreitol (DTT), pyridyl disulfide ethyl methacrylate (PDSEMA), dithiothreitol (DTT),
hoechst 33342, L-ascorbic acid, S-glycerophosphate, dexamethasone, nitro blue tetrazolium
(NBT), 5-bromo-4-chloro-3-indoxylphosphate (BCIP), p-nitrophenol phosphate, and alizarin
red S were obtained from Sigma-Aldrich (St. Louis, MO). Recombinant human bone
morphogenetic protein-2 (rhBMP-2) was provided from GenScript (Piscataway, NJ). Noggin
SiRNA was customized from Bioneer (Daejeon, Korea). Demineralized Bone Matrix (DBM)
was supplied from MTF Biologics (Edison, NJ). A mouse bone marrow-derived stem cell
line (BMSC), D1 ORL UVA [D1], was obtained from American Type Culture Collection
(ATCC #CRL-12424, Manassas, VA). High glucose dulbecco’s modified eagle’s medium
(DMEM), fetal bovine serum (FBS), antibiotic-antimycotic (AA), trypsin, neutral buffered
formalin (NBF), calcein-AM, ethidium homodimer-1, Alexa Fluor 594 Phalloidin, TRIzol,
cDNA transcription kit, Pierce BCA protein assay kit was purchased from Thermo Fisher
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Scientific (Waltham, MA). Antibodies for western blot experiments were obtained from
Santa Cruz Biotechnology and Millipore Sigma; GAPDH (sc-47724), noggin (sc-25656),
mouse anti-rabbit IgG-HRP (sc-2357), m-1gGK BP-HRP (sc-516102), and p-Smad1/5/8
(AB3848-1). All reagents were utilized as received.

Preparation and Characterization of Hydrogels

Methacrylated glycol chitosan (MC) was synthesized by previously published method0. In
brief, glycol chitosan was reacted with glycidyl methacrylate at 1:1 molar ratio to target
amines at pH 9.0 for 40 h. Then, mixture was dialyzed against distilled water (DW),
lyophilized, and rehydrated as 2% solution. Sulfoacetic acid chitosan (SC) was prepared

by conjugating sulfoacetic acid to MC. Sulfoacetic acid, 2% MC in 0.1 M MES buffer,
NHS, and EDC were reacted with 1:1:2:2 molar ratio to target amines at pH 6.5. Then the
solution was purified in DW, lyophilized and rehydrated as 2% solution. The successful
conjugation of sulfoacetic acid was confirmed by 1H NMR in D50 (Bruker ARX400) and
fourier transform infrared spectrophotometer (FTIR, Jasco 420). Fabrication of hydrogel was
performed by 40 s of visible blue light irradiation (400-500 nm, 300 mW cm~2) with 6

UM riboflavin as a photointiator. The rheological properties of hydrogels were characterized
by Discovery Hybrid Rheometers HR-3 (TA Instruments). The strain-sweep condition was
0.02 to 300% strain at a fixed 1.6 Hz frequency, and the frequency-sweep condition was
0.1 to 100 Hz frequency at -y = 5.0%. The compressive modulus of hydrogels was detected
by 1.6 mm flat-end indentation test using Instron (Intron, Model 5564, Norwood, MA)
with Poisson’s ratio of 0.2530. The overall charge effect of sulfoacetic acid conjugation was
confirmed by zeta potential measurement by Malvern Zetasizer Nano ZS. Then hydrogels
were stained in 1% toluidine blue solution, washed in PBS, and imaged. Toluidine blue

is a basic dye with high affinity for acidic substances such as sulfoacetic acid. BMP-2
binding affinity was measured by the previously published method3. In brief, hydrogels
(50 uL) were incubated in 200 uL of rhBMP-2 solution (1-2000 ng mL=1) for 1 h at room
temperature to allow protein binding and washed in DW. After centrifugation at 4000 rpm,
the supernatant was collected and quantified by BMP-2 ELISA kit (R&D Systems, MN).
Then, BMP-2 was cultured in PBS or 2% hydrogel solution for 168h, and the change of
BMP-2 concentration was measured to determine the effect of sulfoacetic acid conjugation
on the half-life of BMP-2 (initially 100 ng mL=1)2°,

2.3. Methacrylation of RNA Oligonucleotides

Thiol modified RNA oligonucleotides is 5’-
[Cholesterol[GAACAUCCAGACCCUAUCUL[FAM-dT][Thiol]-3’. The RNA
oligonucleotide sequence information was obtained from the previously published noggin
siRNA®, Negative control (non-targeting) RNA oligonucleotide (Ctrl siRNA) sequence was
obtained from Bioneer. Thiol modified RNA oligonucleotides (5 OD) was activated by
incubating in 1.0 N DTT for 15 min and extracted with ethyl acetate for 3 times. The 100
UM of activated oligonucleotides was reacted with 100 pM of PDSEMA at pH 2-3 for

3 h for methacrylation. Then the solution was purified and lyophilized. The quality and
concentration of modified RNA is verified by NanoDrop (Thermo Fisher Scientific). The
260/280 value of unmodified RNA was 1.8 and modified RNA was 1.93. The 260/230 value
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of unmodified RNA was 2.01 and modified RNA was 2.09. The 260/280 value near 2.0 and
260/230 in a range of 2.0-2.2 were considered as pure RNA.

2.4. Preparation of Hydrogel-siRNA Conjugate

Hydrogel solution, siRNA, and riboflavin were mixed and irradiated under visible blue light
for 40 s to fabricate siRNA conjugated hydrogel. The final concentration of hydrogel is

2%, siRNA is 10 uM, and riboflavin is 6 uM. Then, 50 uL of hydrogels were washed in

500 pL of PBS for 10 min to measure the siRNA conjugation efficiency. Then, hydrogels
were transferred to 500 puL of PBS and incubated for 14 days at 37 °C. The releasates was
collected at the predetermined time points for quantification.

2.5. Cellular Uptake of siRNA in 3D Hydrogels

BMSCs obtained from ATCC were prepared by culturing in regular culture media with
DMEM, 10% FBS, and 1% AA at 37 °C under 5% CO5 humidified environment. Then,
BMSCs were encapsulated in 100 uL of siRNA conjugated hydrogels at a concentration
of 2 x 10° cells mL~1 and incubated in Opti-MEM, for 24 h and transferred to regular
culture media. Cell-laden hydrogels were collected at day 1 and 10 for imaging and flow
cytometry analysis. For imaging, hydrogels were fixed in 10% NBF for 15 min, washed,
and stained with Hoechst 33342 and Alexa Fluor 594 phalloidin. Confocal SP8-STED/
FLIM/FCS (Leica) microscope was used for three-channel imaging (blue, red, and green).
For flow cytometry analysis, the collected hydrogels were incubated in 500 pL of 10 mg
mL~1 lysozyme solution in PBS for 16 h to degrade the hydrogel network, and centrifuged
at 1400 rpm to obtain cell pellets. The pellets were resuspended in 400 L of PBS at 1 x 108
cells mL~1 concentration and cellular uptake efficiency was acquired by Digital Analyzers
LSRII (IMED) flow cytometry (BD Biosciences).

2.6. Knockdown and Upregulation Efficiency in 3D Hydrogels

The hydrogels encapsulated with 2 x 10° cells mL~1 of BMSCs were collected at day

1, 5, 10, and 14 to evaluate Noggin knockdown and BMP-2 upregulation efficiency. The
quantitative real-time polymerase chain reaction (QRT-PCR) was used to examine gene
expression. Total RNA was extracted from TRIzol and RNeasy mini kit (Qiagen), and
reverse-transcribed using cDNA transcription kit. Then, gRT-PCR was performed with
SYBR Green in LightCycler 480 PCR (Roche, IN). It was amplified for 45 cycles, and
GAPDH was used for normalization. The primer information is provided in Supplementary
Table 1.

2.7. Osteogenic Effect of sSiRNA Conjugated Hydrogels

50 pL of cell-laden hydrogels were initially incubated in Opti-MEM for 24 h and transferred
to osteogenic media including regular culture media, 10 mM of B-glycerophosphate, 50 g
mL~1 of L-ascorbic acid, and 100 nM of dexamethasone for 14 days. At day 4, hydrogels
were collected for alkaline phosphatase (ALP) staining and activity experiments. For ALP
staining, hydrogels were fixed in 10% NBF for 15 min, and incubated in ALP solution
including 100 mM Tris at pH 8.5, 50 mM MgCl,, 100 mM NaCl, NBT, and BCIP

for 2 h at room temperature. The stained hydrogels were imaged by Olympus SZX16
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Stereomicroscope (Olympus, Japan). ALP activity was measured by using g-nitrophenol
phosphate as a substrate. The collected hydrogels were digested in 0.02% Tween-20 solution
in PBS, incubated with phosphate substrate for 10 min and an absorbance value was read at
405 nm. ALP activity value was normalized by total protein expression quantified by BCA
protein assay. Mineralization was evaluated by staining of the fixed hydrogels in 2% alizarin
red S staining and washing in PBS for 16 h. The stained hydrogels were imaged by Olympus
SZX16 Stereomicroscope. Deposited calcium was quantified by colorimetric detection at
405 nm after acetic acid extraction and ammonium hydroxide neutralization. All values were
normalized by the values from blank hydrogels without cells. Osteogenic gene expression
was studied at two predetermined time points which were day 4 for Runx2and ALP, day 14
for OCN. The primer information can be found in Supplementary Table 1.

2.8. Preparation of DBM-Hydrogel Composites

DBM-hydrogel composite was formed by mixing DBM in SC hydrogels with various
concentrations (0, 2, 4, 7, and 10%). Its incorporation in the hydrogel network was
confirmed by scanning electron microscopy (SEM, Nova NanoSEM 230 microscope, FEI,
OR). The compressive modulus of DBM-hydrogel composite was measured by Instron
indentation method. BMSCs were encapsulated in DBM-hydrogel composites at a density of
2 x 10% cells mL™1, cultured in Opti-MEM for 24 h, and moved to regular culture media

for 14 days at 37 °C. The cell growth was quantified by PicoGreen assay (Thermo Fisher
Scientific) at day 0, 1, 4, 7, and 14. The live and dead cells were shown by calcein-AM and
ethidium homodimer-1 staining and cell viability was quantified by ImageJ (NIH, Bethesda,
MD).

2.9. DBM-Hydrogel Composite Activating BMP Signaling and Osteogenesis

DBM-hydrogel composites were fabricated by visible light crosslinking with the final
concentration of 7% DBM, 2% SC, 10 uM noggin siRNA, and 6 uM riboflavin. BMSCs
were encapsulated with 2 x 108 cells mL™1 in the composites, cultured in Opti-MEM for
24 h and moved to osteogenic media for 14 days at 37 °C. ALP staining and activity tests
were carried out at day 7, and alizarin red S staining and its quantification were performed
at day 21. qRT-PCR was executed for rnoggin, gremlin, chordin, BMP-2, Smad-5, and /d-1
on day 4, Runx2, ALF, and OCN at day 7 and 21. The primer information can be found in
Supplementary Table 1.

2.10. Western Blot

Proteins were collected from BMSCs by RIPA buffer (EMD, Millipore, MA), and the
concentration was assessed by BCA assay after culturing BMSCs on the surface of DBM-
hydrogel composites for 72 hr. Protein samples were separated on 10% SDS-PAGE gel in
Tris/glycine/SDS running buffer (Bio-Rad) under 90 V and 120 V at top and bottom gel
respectively. Then, the proteins were transferred to the immobilization transfer membrane
(Merck Millipore) at 250 V, 260 mA for 2 h. The membrane was blocked by 5% non-fat
milk at 4 °C overnight and washed with 0.1% tween-20 solution in PBS. The membrane was
incubated with primary antibodies against Noggin, pSmad 1/5/8, and GAPDH (Santa Cruz
Biotechnology, 5000:1 dilution) for 2 h, and incubated with secondary antibodies for 1 h at
room temperature. The signal was detected by the Clarity Western ECL substrate (Bio-Rad)
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and the images were obtained by ImageLab (Bio-Rad). The images were further quantified
by ImageJ (NIH, Bethesda, MD).

2.11. Statistical Analysis

Statistical analysis was performed using the Prism software. Statistical significance was
evaluated by one- or two-way analysis of variance with Tukey’s post hoc test, and a value of
p < 0.05 was considered as statistically significant.

3. Results

3.1. Characterization of Hydrogels

Photocrosslinkable methacrylated chitosan (MC) and sulfonated chitosan (SC) hydrogel
solutions were prepared by step-by-step substitution of primary amines in glycidyl chitosan
backbone with glycidyl methacrylate and sulfoacetic acid (Figure 1a). 1H NMR spectra
(Figure 1b) confirmed the successful incorporation of methacrylate group (6 = 5.65 and
6.05 ppm, 32.7%)3% and sulfonate group (& = 1.87 ppm, 9.5%)32. FTIR results (Figure

1c) also verified the substitution by exhibiting C=C stretching at 1650 cm~ and sulfonates
at 1180 cm~1 wavenumber33. The rheological properties of MC and SC hydrogels were
evaluated by monitoring the change of storage (G’) and loss (G™) modulus on strain-and
frequency-sweep screening (Figure 1d). The strain sweep measurements displayed higher G’
than G” for both MC and SC hydrogels, indicating viscoelastic gel-like features. The value
of G” became lower than that of G” at higher strain, indicating destruction of the hydrogels
with liquid-like behavior. The gel-like behavior of MC and SC hydrogels was well retained
over a wide range of angular frequency. The compressive modulus of both hydrogels also
exhibited similar values of 7.83 and 7.08 (Figure 1e). Both MC and SC hydrogels did not
exhibit significant differences in mechanical properties. However, their notable differences
in electrostatic potential was demonstrated by zeta potential and toluidine blue staining. The
zeta potential values were +5.5 mV for MC and —4.3 mV for SC. Therefore, the surface of
SC hydrogel was more acidic than MC, which made it more favorable to the basic dyes such
as toluidine blue (Figure 1f). Then, the binding affinity of rhBMP-2, a basic protein with

an isoelectric point near 8.5, on the hydrogel surface was empirically measured (Figure 1g).
The BMP-2 binding on MC and SC hydrogels were indistinguishable below 50 ng mL™1

of BMP-2 possibly due to nonspecific binding3?, but it gradually changed that SC hydrogel
revealed significantly higher binding affinity above 100 ng mL~1 of BMP-2 in comparison
to MC hydrogel. The higher intermolecular interactions between BMP-2 and SC hydrogel
solutions also extended the half-life of BMP-2 in comparison to MC hydrogel solution,
indicating that SC is efficient to enhance stability of BMP-2 (Figure 1h).

3.2. siRNA Conjugation on Hydrogels

Noggin siRNA functionalized with thiol and cholesterol was modified with a methacrylate
group to be ready to use in a photocrosslinking system (Figure 2a). Two siRNA incorporated
hydrogels, without and with methacrylation, were prepared to evaluate the tethering
efficiency of methacrylated siRNA. Noggin siRNA was incorporated into sulfonated
chitosan hydrogels by simple mixing (Mix) or chemical conjugation (Conjugate) (Figure
2b). The initial incorporation ratio of SiRNA in hydrogel network was 72.7% for the simple
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mix group, while it was 95.3% for the conjugation group, indicating that the methacrylation
of siRNA significantly improved the binding efficiency of siRNA in the photocrosslinkable
hydrogel (Figure 2c). The long-term release of siRNA in the conjugated hydrogel was
prolonged for 14 days in PBS in comparison to the high burst release of siRNA in the simple
mix hydrogel (Figure 2d). siRNA was released out 70% after one day in the simple mix
group, while the conjugated group exhibited only 24%. The siRNA release profile was not
significantly changed in the presence of serum.

3.3. Cellular Uptake of siRNA in 3D Hydrogels

The long-term siRNA uptake in 3D culture system was investigated by confocal microscope
imaging and flow cytometry analysis. FAM-functionalization was used to track siRNA with
green fluorescence. Cholesterol-functionalization of siRNA could make it enter the cell
membrane without additional vector materials2% 23. The successful uptake of SiRNA was
monitored at day 1 in both mix and conjugate groups; however, sSiRNA was not observed

in the mix group at day 10 (Figure 3a). This result was consistent with the sSiRNA release
profile (Figure 2d) that the majority of siRNA did not remain in the simple mix group at
day 10. The quantified result of cellular uptake was analyzed by flow cytometry (Figure
3b). Both of the groups at day 1 showed similar uptake efficiency of 64.0% for the mix

and 65.3% for the conjugate. In spite of the comparable initial cellular uptake, it changed
significantly at day 10 that almost no uptake was found for the mix group, but 26.9% for the
conjugate group. Therefore, the siRNA conjugated hydrogel system successfully supported
the long-term cellular uptake in the 3D system.

3.4. Knockdown and Upregulation Efficiency in 3D Hydrogels

After confirming the long-term cellular uptake, we investigated how long the transfection
was effective in the 3D hydrogel environment by comparing three groups; sulfonated
chitosan hydrogels without noggin siRNA (blank), with simple mixing of noggin siRNA
(mix), with chemical conjugation of noggin siRNA (conjugate). Significant suppression of
noggin was observed by gRT-PCR in both groups at day 1, 68% for the mix group and 72%
for the conjugate group compared with the blank group (Figure 4a). Knockdown efficiency
of the mix group lessened from day 5 and was not significantly different from the blank
group, while the conjugate group was able to maintain effective knockdown efficiency until
day 14. Noggin suppression was also effective to modulate BMP-2 gene expression (Figure
4b). Endogenous BMP activity is expected to remain unhindered by the knockdown of
noggin, resulting in a positive feedback loop on BMP expression levels. Both mix and
conjugate groups exhibited approximately 1.5-fold increment in BMP-2 expression at day
1. However, the mix group was not able to continue upregulating BMP-2 expression after
the first day of siRNA administration, while the conjugate group could effectively upregulate
BMP-2 expression until day 10. These results indicated that the conjugate model had longer
gene suppression ability compared with the mix system.

3.5. Osteogenic Effect of sSiRNA Conjugated Hydrogels

We studied whether higher noggin suppression of siRNA conjugation in 3D sulfonate
hydrogel system could influence the osteogenic gene expression (Figure 5a) and further
osteogenesis. The early osteogenic markers, Runx2and ALP, were both upregulated at day
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4 with sulfonate modification (SC and SCNog) as well as siRNA conjugation (MCNog
and SCNog). The late and more specific osteogenic marker, OCN, was also increased at
day 14 with sulfonate and siRNA functionalization. Previous studies also demonstrated
that sulfonate incorporated composite-hydrogel® could enhance Runx2, ALP, and OCN.
Knockdown of noggin via liposomal delivery® could also increase the expression of these
osteogenic genes by ~1.5-fold. It indicated that both sulfonate and siRNA conjugation
could effectively enhance osteogenic gene expression. ALP and alizarin red S staining
were performed to measure ALP and mineral deposition in hydrogel (Figure 5b). The
stronger staining in ALP and mineral production were observed with the incorporation of
sulfonate and siRNA in hydrogels, demonstrating that the dual functionalization successfully
improved osteogenesis.

3.6. Characterization of DBM-Hydrogel Composites

3.7.

Hydrogel is an effective carrier for DBM to protect the undesired dispersion by body

fluid potentially leading to ectopic bone formation and lowering the localized osteogenic
effect34. SC hydrogels enabled homogenous integration of DBM up to 10% concentration
as confirmed by macroscopic observation (Figure 6a). The size distribution of DBM is
0.212-0.850 mm and the microscale interphase of DBM. Hydrogel network stably covered
DBM particles after the composite formation, which was confirmed in SEM images (Figure
6b). DBM incorporation in hydrogels escalated the compressive modulus at 2 and 7% points
indicating no difference in 2-4% and 7-10% ranges (Figure 6¢). DBM also provided bone
matrix molecules, such as type | collagen and its derivatives, which was beneficial to the
attachment and growth of the cells®. The rate of BMSC proliferation was significantly
higher in the DBM-hydrogel composites in comparison to blank hydrogel groups at day

14 as determined using a DNA content assay (Figure 6d). Combined with the mechanical
properties and cell growth results, 7% DBM-hydrogel composite was selected as an optimal
concentration for further studies, which was also comparable to the commercial DBM-
polymer products3®.

DBM-Hydrogel Composite Activating BMP Signaling and Osteogenesis

The augmented osteogenesis was observed with DBM incorporation (SCCtrl+DBM and
SCNog+DBM) and noggin suppression (SCNog and SCNog+DBM). DBM is a natural
reservoir of BMP-2, the essential osteoinductive growth factor, and noggin is a distinctive
antagonist of BMP-2. The combination of two strategies, DBM incorporation and noggin
knockdown, could potentially activate BMP signaling and enhance osteogenesis. The
mechanism was investigated by analyzing the expression of the related genes (Figure

7a) and proteins (Figure 7b). Hydrogel-siRNA conjugate, SCNog, effectively suppressed
noggin expression regardless of DBM existence. In addition, noggin suppression strategy
did not cause a compensatory effect of other BMP antagonists such as grem/inand
chordin. Similar results were also found in another noggin downregulation strategy using
lipid nanoparticles®’. The expression levels of BMP-2, Smad-5, and /d-1 were higher

in SC hydrogels with DBM incorporation and noggin suppression compared with the
groups incorporating DBM or siRNA alone, suggesting significantly enhanced BMP/Smad
signaling pathway by DBM and noggin knockdown. Consequently, early osteogenic gene
markers such as Runx2and ALPwere upregulated at day 7, while OCN was more
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significantly upregulated during the late stages of osteogenic differentiation at day 21.
Lastly, noggin and pSmad 1/5/8 protein expression was evaluated by western blot and

the results showed enhanced pSmad 1/5/8 and decreased noggin expression in SCNog
hydrogels containing DBM. These findings indicate that the cooperative strategy of DBM
treatment, along with noggin suppression, could effectively trigger BMP signaling pathway.
In addition, strong mineral deposition was confirmed in BMSCs encapsulated in DBM-
hydrogel composites with noggin suppression, and the amount of mineral deposition was
much greater in SC hydrogels (Figure S1).

4. Discussion

Although cell- or growth factor-based approaches could effectively support bone
regeneration, their utilization is limited due to the restricted supply and potential adverse
effects. It is well known to use recombinant human BMP-2 (rhBMP-2) in clinical bone
applications, but the commercial collagen carrier was not suitable for the sustained delivery
due to the high burst release3®. Therefore, high dose administration was required for

the conventional rhBMP-2 treatment and it led to undesired adipogenesis or osteoclastic
activity10. In this work, we have used sulfoacetic acid to modify hydrogel surface to mimic
a natural sulfated polysaccharide in ECM, heparin. Heparin forms a stable interconnected
structure with BMPs3 to act as a catalyst of signaling and controls the activities of BMPs
by regulating noggin diffusion??: 41, In addition, synthetic heparin mimetics incorporating
sulfate or sulfonate groups were widely designed and proven to possess similar bioactivities
with heparin® 42:43_ The ability of sulfated polysaccharides to stabilize BMP-2 activity has
been demonstrated in our recent proof-of-concept study8: 22 by incorporating heparin or
heparin-mimicking polysulfonates into MeGC hydrogels. However, the direct use of heparin
is limited by its heterogeneity and unwanted side effects*4—46. Moreover, synthetic heparin
mimics have been physically combined with hydrogels, which can easily dissociate and
disperse in vivo. In the current study, we have chemically conjugated sulfoacetic acid into
MeGC hydrogels. We have used diverse concentrations of sulfoacetic acid (0.1-2 molar
ratio to MC), and both SC1 and SC2 have shown the significant lowering of rhBMP-2
burst release in comparison to MC and SCO0.5 (Figure S2a). However, both SC1 and SC2
did not exhibit differences, so we have selected SC1 for further experiments. The sulfonate
hydrogel delayed rhBMP-2 release profile for 14 days (Figure S2b). It also effectively
sequestered both exogenous rhBMP-2 and cell-secreted endogenous BMP-2 (Figure S2c).
These results are similar to those reported in our previous studies using hydrogels modified
with heparin or heparin-mimicking polysulfonates. The observed increased BMP-2 binding
and sustained release can be attributed to the negative zeta potential of SC hydrogels (-4.3
mV) similar to our previous heparinized (-3 mV) or polysulfonated hydrogels (-2 to -8
mV). Collectively, BMP-2 binds to the sulfonate hydrogel, which modulates release and
sequestering of BMP-2,

A disulfide-containing methacrylated siRNA enabled covalent conjugation on sulfonate
hydrogel via photocrosslinking as well as the sustained release through the hydrolysis

of disulfide bonds over time. Our new sulfonate hydrogel-siRNA conjugate successfully
transported siRNA into the cells in 3D system for 10 days. We have conducted 2d
transfection experiments by collecting the releasates of siRNA from hydrogels at 3 h and 10

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 11

days (Figure S3). The transfection efficiency results were similar with the 3D system that
the highest was around 65%. Cholesterol-only-mediated gene uptake was not high enough in
comparison to lipofectamine-mediated uptake. However, the siRNA uptake efficiency could
be further enhanced with additional lipophilic modifications like long-chain fatty acids or
bile acids in addition to cholesterol*’.

A visible blue light crosslinkable MC hydrogel platform with riboflavin initiator

was validated for high biocompatibility contributing favorable cell growth39. However,
modification of MC hydrogel could alter its microenvironment, so we have evaluated

the biocompatibility of sulfonate hydrogel-siRNA conjugate, SCNog. The conjugation of
sulfonate group and siRNA to MC hydrogels did not change the cell metabolic activity for
14 days (Figure S4a). It also maintained the viability of the encapsulated cells above 90%
for 14 days (Figure S4b), which demonstrated that the sulfonate hydrogel-siRNA conjugate
still provided a cell-favorable microenvironment.

Moreover, sulfonate hydrogels enhanced the osteogenic differentiation of the encapsulated
mesenchymal stem cells compared with unmodified hydrogels. The increased osteogenesis
is likely due to SC-mediated sequestration of cell-secreted BMP-2 as confirmed by
immunostaining for BMP-2. These results were consistent with our previous findings
observed in the hydrogels modified with heparin or heparin-mimicking polysulfonate®,
indicating the ability of SC to bind BMP-2 similar to heparin. In addition, the potency

of SC hydrogels could be further enhanced by inhibiting expression of BMP antagonists
such as noggin. The current study demonstrated that delivery of noggin siRNA in SC
hydrogels induced significantly higher osteogenesis compared with our previous heparinized
or polysulfonated hydrogels without noggin suppression. This data suggests a promising
sulfate hydrogel-siRNA conjugate to augment BMP pathway and bone regeneration.

DBM is a promising allogenic bone graft widely used in bone surgery*8. DBM contains
many osteoinductive growth factors such as BMP-2, which became more accessible with
the demineralization process*®. BMP-2 is the most abundant osteoinductive growth factor in
DBM, and it is released from DBM over time (Figure S5a). However, the released growth
factors of DBM are easily exposed to the physiologically stressed conditions, resulting in
the loss of bioactivities®®. Our sulfonate hydrogel-siRNA conjugate can be an effective
candidate carrier of DBM by sequestering the released cytokines, suppressing the noggin
expression, and localizing the DBM particles. In response to BMPs, cells express BMP
antagonists such as noggin in an auto-inhibitory manner to reduce the increased level of
endogenous BMP signaling®L. The qualitative morphology of DBM in the composite was
observed by the stained H&E cryosection images (Figure S5b). In addition, the image

of picrosirius staining exhibited abundant collagen in DBM particles. We also observed a
compensatory effect of noggin after the incorporation of DBM, supporting the existence

of BMP released from DBM. Therefore, BMP antagonism is one reason to reduce the
osteogenic efficacy of conventional DBM. Our sulfonate hydrogel-siRNA enabled the
regulation of noggin over time. Taken together, regulation of noggin via sulfonate hydrogel-
siRNA carrier for DBM incorporation is a promising strategy to improve overall osteogenic
efficacy of DBM.
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Building on our prior work, the current study chemically conjugates sulfoacetic acid into
MeGC hydrogels with siRNA delivery and further delineates the molecular mechanisms
involved in enhanced osteogenesis mediated by the hydrogel-DBM composite. Future study
will evaluate the efficiency of the hydrogel composite system to promote bone regeneration
in an animal model. Various BMP antagonists are expressed during the different stages of
bone regeneration process. Although our hydrogel system did not significantly upregulate
chordin or gremlin in BMSCs, noggin blockage could result in compensatory increases in
other BMP antagonists /7 vivo. Our hydrogel-siRNA conjugate platform can easily deliver
multiple siRNAs, which potentially overcome these issues. Moreover, the degradation rate of
bulk hydrogels can be modulated to facilitate infiltration of endogenous cells or to accelerate
SiRNA release. Lastly, our hydrogel could be an appropriate carrier for BMP-2 improve
current rhBMP therapies with a reduced dose required for bone regeneration.

5. Conclusion

We have designed a new sulfonate hydrogel-siRNA conjugate facilitating osteogenic
differentiation. Hydrogel modified with both sulfonate and methacrylate groups enabled

the enhanced binding affinity of BMP and covalent tethering of SiRNA by visible blue

light crosslinking. The covalent conjugation of siRNA prolonged release, cellular uptake,
and gene silencing over time, resulting in the enhanced osteogenesis. The incorporation of
DBM in hydrogel could further improve its osteogenic efficacy by activating BMP signaling.
These results demonstrate that our hydrogel-siRNA conjugate provides a foundation of
promising hydrogel RNAI system and biomaterial-based therapy for tissue engineering.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Characterization of sulfonate hydrogels. a) Reaction scheme of photocrosslinkable sulfonate
hydrogel preparation with two-step functionalization (GC, MC, and SC). b) 1H NMR spectra
of hydrogel solutions. c) FTIR spectra of hydrogel solutions. d) Rheological properties of
MC and SC hydrogels. Monitored storage (G’) and loss (G”) modulus on strain-sweep

(0.02 to 300%, 1.6 Hz) and frequency-sweep (0.1 to 100 Hz, -y = 5.0%) conditions. e)
Compressive modulus of MC and SC hydrogels. Error bars indicate standard deviation (n =
5). f) Zeta potential of MC and SC hydrogels. Hydrogels stained with toluidine blue. Error
bars indicate standard deviation (n = 6). g) Equilibrium binding isotherms of BMP-2 to MC
and SC hydrogels. h) BMP-2 half-life extension in SC hydrogel solution in comparison to
MC and PBS. *p < 0.05, ***p< 0.001, and NS = not significant.
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metharylated disulfide siRNA. b) Fabrication of simply mixed and conjugated hydrogel-
SiRNA by visible-blue-light irradiation. Riboflavin was used as a photoinitiator. Noggin-
targeting siRNA was incorporated into sulfonated chitosan hydrogels by simple mixing
(Mix) or chemical conjugation (Conjugate). c) siRNA incorporation efficiency of the mix
and the conjugate groups. Error bars indicate standard deviation (n = 4). d) Long-term
release profile of sSiRNA from the mix and the conjugate groups for 21 days. *p < 0.05.
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Figure 3.
Cellular uptake of siRNA in hydrogels. a) Representative confocal microscope images of

BMSCs encapsulated in sulfonated chitosan hydrogel conjugated with noggin siRNA. Each
image shown nuclei (blue), cytoskeleton (red), and siRNA (green). b) Flow cytometry
histogram overlaying blank (red) and transfected (blue) cells. BMSCs encapsulated in mixed
and conjugated hydrogel-siRNA for 10 days at 37 °C.
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Figure 4.

Gene knockdown efficiency in 3D hydrogels. a) Noggin and b) BMP-2 expression

of BMSCs encapsulated in hydrogel-siRNA for 14 days. Noggin-targeting siRNA was
incorporated into sulfonated chitosan hydrogels by simple mixing (Mix) or chemical
conjugation (Conjugate). Blank is a sulfonated chitosan hydrogel without noggin siRNA.
The fold value was normalized with the blank group at each time point. Error bars indicate
standard deviation (n = 5). *p < 0.05 and ***p < 0.001.
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Figure5.

Osteogenic effect in hydrogel-siRNA. BMSCs were encapsulated into methacrylated
chitosan (MC) or sulfonated chitosan (SC) hydrogels conjugated with non-targeting SiRNA
or noggin-targeting sSiRNA (MCNog and SCNog). a) Osteogenic gene expression quantified
by gRT-PCR at day 4 for Runx2and ALPand at day 14 for OCN. b) ALP and alizarin

red S (AZR) staining of hydrogel-siRNA. ALP activity was normalized by total protein
expression at day 4 and mineral production was quantified at day 14. Error bars indicate
standard deviation (n = 4). *p< 0.05, **p < 0.01, and ***p < 0.001.
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Figure®6.
Characterization of DBM-hydrogel composites. DBM was incorporated into sulfonated

chitosan hydrogels conjugated with noggin-targeting siRNA. a) The images of composites
with various DBM concentrations (0, 2, 4, 7, and 10%). b) SEM images to display DBM
incorporation (7%) in a hydrogel network. ¢c) Compressive modulus of composite hydrogels
at various DBM concentrations. Error bars indicate standard deviation (n = 3). d) Growth of
BMSCs encapsulated in DBM-hydrogel composites measured by picogreen DNA assay for
14 days. Error bars indicate standard deviation (n = 4). *p < 0.05, ***p < 0.001, and NS =
not significant.
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Figure7.
DBM-hydrogel composite enhancing osteogenesis via BMP signaling activation. a)

Schematic illustration of BMP signaling and osteogenic gene expression induced by
DBM-hydrogel composite. BMSCs were encapsulated into methacrylated chitosan (MC)

or sulfonated chitosan (SC) hydrogels conjugated with non-targeting siRNA or noggin-
targeting SiRNA (MCNog and SCNog). Gene expression was assessed by qRT-PCR; noggin,
gremlin, chordin, BMP-2, Smad-5, and /d-1 at day 4, Runx2, ALP, and OCN at day 7

and day 21. b) Protein expression of GAPDH, noggin, and pSmad 1/5/8 evaluated by
western-blot assay. Noggin and pSmad 1/5/8 expression were normalized by GAPDH. The
quantification results were analyzed by ImageJ. Error bars indicate standard deviation (n =
4). *p<0.05, **p<0.01, ***p<0.001, and NS = not significant.
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