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Abstract

Oxygenating biomaterials can alleviate anoxic stress, stimulate vascularization, and improve
engraftment of cellularized implants. However, the effects of oxygen-generating materials on
tissue formation have remained largely unknown. Here, we investigate the impact of calcium
peroxide (CPO)-based oxygen-generating microparticles (OMPs) on the osteogenic fate of human
mesenchymal stem cells (MSCs) under a severely oxygen deficient microenvironment. To this end,
CPO is microencapsulated in polycaprolactone to generate OMPs with prolonged oxygen release.
Gelatin methacryloyl (GelMA) hydrogels containing osteogenesis-inducing silicate nanoparticles
(SNP), OMPs (OMP), or both SNP and OMP (SNP/OMP) are engineered to comparatively

study their effect on the osteogenic fate of hMSCs. OMPs associate with improved osteogenic
differentiation under both normoxic and anoxic conditions. Bulk RNAseq analyses suggest that
OMP under anoxia regulate osteogenic differentiation pathways more strongly than SNP/OMP

or SNP under either anoxia or normoxia. Subcutaneous implantations reveal a stronger host cell
invasion in SNP, resulting in increased vasculogenesis. Furthermore, time-dependent expression
of different osteogenic factors reveals progressive differentiation of hMSCs in OMP, SNP, and
SNP/OMP hydrogels. Our work demonstrates that endowing hydrogels with OMPs can induce,
improve, and steer the formation of functional engineered living tissues, which holds potential for
numerous biomedical applications, including tissue regeneration and organ replacement therapy.

Graphical Abstract

GelMA/SNP or GelMA/SNP/OMP

Osteogenesis
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The study discusses the effect of incorporating oxygen-generating microparticles in gelatin
methacryloyl hydrogels and the osteogenic differentiation fate of encapsulated human
mesenchymal stem cells.
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Introduction

Bone-related trauma cases in the form of critical fractures are a leading cause of

physical disability and account for a significant economic burden to individuals, families,
societies, and the healthcare system.[1] Current clinical therapies to treat critical fractures
mostly rely on auto- or allografting.[2] Despite their limited harvest yield, autografts

have remained a source of choice for bone grafts due to their low immunogenicity and
excellent osteoinductive properties.[2] While bone allografts have alleviated the clinical
accessibility of bone tissue, donor site morbidity and immune response have limited their
use in a clinical setting.[3] Consequently, a tremendous effort has been made to develop
regenerative biomaterial constructs whereby encapsulated mesenchymal stem cells (MSCs)
are differentiated to osteoblasts.[4] However, controlling the oxygen tension is important for
implant fate as a lower oxygen tension in known to produce articular cartilage and a higher
oxygen tension associates with intramembranous ossification.[5] Specifically, oxygen not
only works as a catalyst for cell metabolism and tissue regeneration, but is also required

for developing new blood vessels and synthesizing collagen and other extracellular matrix
components.[6] Without sufficient oxygen, tissue growth is limited, resulting in tissue death
and eventually poor outcomes for tissue regeneration. Engineered control over the oxygen
tension within implants can thus be considered as a potential approach to improve bone
tissue engineering and regeneration.[7]

It has remained a grand challenge to bio-fabricate clinically sized bone tissue implants due
to the diffusion limitation that causes oxygen and nutrient deficiency-induced cell death in
the implant, which inevitably impairs its clinical efficacy.[8, 9] Before neovascularization
or anastomosis, implant survival and functionality rely on passive diffusion of molecules,
including oxygen, from the host.[10] Larger implants, therefore, unavoidably suffer from
oxygen and nutrient diffusion constraints resulting in anoxia-induced cell death and
implant failure.[11] Although various strategies, such as incorporating angiogenic growth
factors with cells and bioprinting vascular constructs, have been developed to provide
pre-vascularization and enable vascular anastomosis in a shortened period, the initial non-
perfused phase still typically lasts for 1-2 weeks, which is ample time for implant failure.
[12-15]

A recent and innovative strategy to ensure that living implants receive suitable amounts

of oxygen to sustain their metabolic needs prior to being perfused is the use of oxygen-
releasing biomaterials.[9, 10, 16] Compared to hyperbaric oxygen therapy[17, 18] and
oxygen-carrying materials,[9, 19] oxygen-generating materials such as solid peroxides can
offer more sustained and controlled oxygen release.[20-22] One of the most investigated
and preferred solid inorganic peroxides, calcium peroxide (CPO), has proven to be a
material of choice owing to its commercial availability and efficient, long-lasting oxygen
delivery capability, especially when incorporated into a hydrophobic material. [20, 23-25]
The mechanism of O, release of CPO involves hydrolysis-driven hydrogen peroxide (H,05)
formation, followed by direct decomposition of H,0O, into molecular oxygen.[9, 24, 26]
Despite its ability to enable implant survival, empirical studies that have investigated the
role of oxygen-generating materials on the functional behavior of living implants, such as
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osteochondral bone defects and other disease conditions, have gained attention recently. [27,
28]

Here, we report the effect of incorporating oxygen-generating microparticles (OMP)

in gelatin methacryloyl (GelMA) based osteoinductive hydrogels containing silicate
nanoparticles (SNPs) on the osteogenic differentiation fate of encapsulated human MSCs
(hMSC:s) in particular (Schematic 1). To simulate distinct environmental conditions,
engineered tissues were cultured and functionally investigated using distinct oxygen tensions
(e.g., normoxia (5% O,) to emulate optimal condition and anoxia (<0.2% O,) to emulate
severe oxygen depletion. Bulk RNA sequencing was used to dissect osteogenesis from a
gene expression perspective and delineate the interplay between oxygenating materials and
SNP toward hMSC fate determination for osteogenesis. Interestingly, we also observed that
preconditioning of the implant in differentiating media remarkably affects cell differentiation
and fate. Finally, animal studies were performed to study the expression of different genes
responsible for bone formation. This study reveals that oxygen-generating materials can

be used to steer the fate and functional performance of stem cells, in particular, and

the osteogenic differentiation of hMSCs to improve living bone tissue implants. Most
importantly, the platform can provide oxygen to the implant during the crucial prevascular
phase to initiate neovascularization in the first 1-2 weeks and help the implant connect to the
host tissue for transfer of oxygen and other metabolites. Based on the severity of the need,
the preconditioning of the cellularized implant can be engineered to offer desired results.
The freedom to tune oxygen percentage and availability time in and around a bone deficient
area can be leveraged to expedite bone tissue formation.

Materials and Methods

Materials

Gelatin from porcine skin (type-A, 300 bloom; G1890), methacrylic anhydride
(MW=154.16; Catalog No.: 212-084-8), polycaprolactone (PCL; MW=45,000: Catalog No.:
212-084-8), calcium peroxide (CPO; Catalog No.: 78403-22-2), goat serum (Catalog No.:
G9023), calcium chloride (CaCl,; Catalog No.: 10035-04-8), bovine serum albumin (BSA,
Catalog No.: 9048-46-8), and Human VEGF-A ELISA Kit (Catalog No.: RAB0507-1KT)
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received unless
otherwise reported. Amplex red hydrogen peroxide assay kit (Catalog No.: A1222), Live/
Dead assay kit (Catalog No.: L3224), and Human SSP1 (Osteopontin) ELISA Kit (Catalog
No.: EHSPP1) were purchased from Invitrogen (USA). 2°,7’-Dichlorofluorescin Diace
(DCFDA) cellular ROS detection assay kit (Catalog No.: ab113851), primary antibodies

for F-actin (Catalog No.: ab205) and DAPI (Catalog No.: ab228549) were purchased from
Abcam and used as per the manufacturer’s protocol. Recombinant human fibroblast growth
factor basics (bFGF) was purchased from R&D Systems (Catalog No.: 4114-TC). Human
HIF-1a ELISA Kit was purchased from RayBiotech (Catalog No.: ELH-HIF1a). PECAM1
(CD31; Catalog No.: P2B1) and monoclonal antibodies for macrophages (CD86; Catalog
No.: MR Mab#46, CD206; Catalog No.: MR Mab#15) were purchased from Developmental
Studies Hybridoma Bank (DSHB) and used as per the protocol.
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Fabrication of oxygen-generating and osteoinductive GelMA hydrogels

Preparation of GelMA—High-degree methacrylation of gelatin methacryloyl (GelMA)
was prepared as previously reported.[24] Briefly, 10% (w/v) of porcine Gelatin type A
(Sigma-Aldrich) was dissolved in warm phosphate buffered saline (PBS) after constantly
stirring (240rpm) at 50 °C until complete dissolution. To obtain a high methacryloyl
substitution degree (~80%) of GelMA, 8% (v/v) methacrylic anhydride (Sigma-Aldrich) was
slowly added dropwise while constantly stirring the solution mixture at 50°C for two hours.
An equal volume of pre-heated (50 °C) PBS was added to the solution at the end of the
duration. Subsequently, the solution mixture was dialyzed using 12-14 kDa cutoff dialysis
membranes (Thermo Fisher) in de-ionized (DI) water at 40°C for at least five days. DI water
was changed two times every day. On the sixth day, one volume of pre-heated (50 °C) DI
water was added to the solution, followed by filtering the solution using a sterile vacuum
Express Plus filtration system (0.22 pm; Millipore) and stored at —80 °C for at least two
days before lyophilizing. After five-day-lyophilization, freeze-dried GelMA was obtained as
a porous white foam.

Fabrication of calcium peroxide-laden polycaprolactone (CPO-PCL; OMP) microparticles
OMPs were prepared using a double emulsion synthesis method of water-in-oil-in-water
(w/olw). 10% (w/v) PCL (MW=45,000, Sigma Aldrich) was dissolved in dichloromethane
(DCM, Sigma Aldrich). Then, 3% (w/v) CPO (Sigma Aldrich) in DI water was added to

the PCL solution. This was followed by emulsification using ultrasonication (QSonica) for
two min at 60% amplitude with a two sec ON and one sec OFF pulse mode (Emulsion 1).
Subsequently, the processed solution was mixed into prepared 1% gelatin solution on ice
and ultrasonicated at 60% amplitude for an extra four min without a pulse (Emulsion 2).
After ultrasonication, the solution was stirred in a hood overnight to evaporate DCM at room
temperature. The particles were collected through centrifugation of the solution (Eppendorf
5702, Germany) at 5,000 rpm for 20 min. The microparticles pellet was rinsed with
methanol and ethanol twice to remove adhesive residual additives. Finally, microparticle
pellets were washed with DI water three times, after which the microparticle pellets were
frozen with liquid nitrogen and dried by freezedryer for 4-5 days. For the control group (0%
CPO-PCL), microparticles were prepared by the above-mentioned protocol without adding
CPO.

Fabrication of nanocomposite-GelMA hydrogels

For nanocomposite-GelMA hydrogels, different concentrations of OMPs or SNPs (w/v)
were added to a 2% GelMA-PBS solution. Before adding to the pre-gel solution, OMPs
and SNPs were sterilized under UV exposure of 2-5 mins inside a biosafety cabinet. The
mixture solution was bath sonicated for two min at room temperature. Subsequently, 7.5%
(w/v) GelMA was obtained by supplementing the remaining weight of GelMA, and 0.25%
(w/v) photoinitiator (Irgacure) was added to all the solutions for photocrosslinking. 50 pl
of respective solution was added between two 1-mm-thickness glass slides and covered by
a coverslip. To obtain cylindrical crosslinked hydrogels, the GelMA pre-polymer solutions
with respective materials were exposed to UV light for 25 seconds at 800 mW/cm2, placed
at 8 cm from the UV source (OmniCure S2000, Excelitas USA).
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Structural, mechanical, and degradation characterization of nanocomposite hydrogels

Scanning electron microscopy (SEM) imaging—To analyze the crosslinked porous
structure of nanocomposite-GelMA hydrogels, SEM (Supra55; Zeiss) was used. The as-
fabricated samples were flash-frozen in liquid nitrogen, followed by lyophilization for at
least two days. The lyophilized hydrogel samples were broken to expose their cross-sections.
The samples were then sputter coated with gold using a sputter coater (Cressington 106
Auto Sputter Coater). Samples were imaged under accelerating voltages of 3—10kV.

Mechanical testing—To measure compressive strength under changed strain values and
to determine Young’s modulus of the crosslinked nanocomposite-hydrogels, OMP, SNP, and
SNP/OMP hydrogels of different concentrations of SNP, OMP, and SNP/OMP, respectively,
were loaded onto an Instron 5944 mechanical tester. The hydrogels were applied with a
compressive strain at 0.5 mm/min strain rate up to 50% deformation at room temperature.
Young’s moduli were calculated from the linear region of the curve ranging between 10 to
15% strain of the stress-strain curve. Each measurement was carried out for five samples in
each group.

Oxygen release kinetics—400 pL of OMP, SNP, and SNP/OMP nanocomposite-
hydrogels were individually placed inside a cryovial with 600 pL of anoxic PBS. For a
two-point calibration of the Opto-F1 Uni-Amp optic oxygen sensor (Unisense), one sample
of PBS was bubbled with air, and another sample (anoxic) was obtained by bubbling
nitrogen gas for 10 minutes inside an anoxic glove box. Microparticles were put in anoxic
PBS before a calibrated measurement. Dissolved oxygen was recorded using the Unisense
senor. Measurements were performed daily for 14 days.

Quantification of hydrogen peroxide (H,05) release kinetics—H,0, generation
was detected using the Amplex red hydrogen peroxide assay kit (Invitrogen, Thermo Fisher)
according to the manufacturer’s protocol. Each hydrogel sample was placed individually

in a tube containing 1 mL PBS and the lip of the tube was tightly sealed by parafilm

to prevent evaporation at room temperature. 10 pL of supernatant from each sample was
collected daily, and the sample was replenished with an equal volume of PBS. After diluting
the supernatant with PBS, the H202 assay was performed in a total volume of 100 pL

per microplate well and eventually evaluated using a 96-well-plate reader (SpectraMax i3;
Molecular Devices).

In vitro degradation behavior of nanocomposite GelMA hydrogels—The
assessment of crosslinked hydrogels for their degradation profiles was performed based on
our previous study[29] to mimic the accelerated enzymatic degradation of these biomaterials
in vivo. First, OMP, SNP, and SNP/OMP nanocomposite hydrogel samples with different
concentrations of OMP and SNP were prepared as discs of 8mm width and 1 mm thickness.
Next, each hydrogel was put in the 1.5 ml tube with 1ml PBS solution for three hours

before enzymatic degradation experiments. Collagenase type 1l solution at a concentration
of 3.278 mg/mL was freshly prepared, and resultant solutions with different hydrogels and
collagenase concentrations were incubated. This concentration for collagenase type Il was
chosen based on our previous studies on the in vitro biodegradation of GelMA hydrogels.
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[24, 25] Samples were removed from the enzyme-containing solutions at Oh, 6h, 12h, 24h,
and 36h, washed with PBS, weighed, lyophilized, and weighed again after lyophilization.

hMSC culture and encapsulation in nanocomposite hydrogels—hMSCs were
obtained from Lonza Bioscience (Catalog#: PT-2501) and seeded in low glucose-DMEM
growth medium containing 10% fetal bovine serum, 1% penicillin streptomycin (P/S;
Thermo Fisher Scientific) and 10 ng/mL recombinant human fibroblast growth factor basics
(bFGF; R&D, Systems). Cells were grown to 80% confluency (approximately five days). A
medium change was performed 24 hours before harvest. The medium was aspirated from
the vessel on the day of harvest, followed by a gentle washing with 1x DPBS (Corning).
Cells were harvested by gently distributing 0.025% trypsin and 0.01% EDTA in DPBS. To
harvest, the harvest solution was gently distributed throughout the vessels for one minute
before being incubated at 37°C until the cells dislodged. The solution was collected after

an equivalent volume of growth media was used to liberate cells from the growing surface.
Cells were pooled, and cell concentration and viability checked with trypan blue followed
by centrifugation at 600 x g for 5-10 minutes. Concentrated cell suspension was then
resuspended in new medium. Cells at a required number and between passages 4-6 were
cultured in the same way and used for all experiments. To prepare cell-laden nanocomposite
hydrogels, trypsinized hMSCs were suspended in a 7.5% (w/v) GelMA prepolymer solution
containing different concentrations (w/v %) of SNP and OMP with a cell density of 3x108
cells/mL. Pre-polymer hydrogel solutions were then photocrosslinked to form hydrogels
using UV exposure as described in earlier. Non-crosslinked pre-polymer components were
removed by washing the fabricated cell-laden hydrogels in normal media and cultured in
normal growth medium under normoxic (21% O, 5% CO», and 74% N,) and hypoxic (1%
05, 5% CO», and 94% N,) conditions before following experiments.

In vitro 3D osteogenic differentiation of hMSCs in nanocomposite hydrogels—
The osteogenic differentiation of encapsulated hMSCs was induced in the osteoinductive
medium, which was prepared by supplementing high glucose-DMEM media with 50
pg/mL-ascorbic acid (Wako), 10 mM B-glycerophosphate (EMD Millipore), and 100 nM
dexamethasone (MP biomedicals). Unless otherwise reported, the normal growth medium
was replaced after seven days with the osteoinductive medium in differentiation groups. Cell
culture media of both the control group and differentiation group were changed every third
day during the experimental period.

In vitro cytocompatibility studies with nanocomposite-GelMA hydrogels—
The cells were studied for cytocompatibility and other characterizations under different
environmental conditions. Severe hypoxic conditions were maintained using a commercial
BioSpherix Hypoxia System (Biospherix Ltd. USA). Cell viability was determined by
staining hMSCs within the hydrogel using a Live/Dead assay kit (Invitrogen, USA)
according to the manufacturer’s instructions. Cells encapsulated in hydrogels were stained
with calcein AM (0.5 uL/mL) and ethidium homodimer-1 (EthD-1, 2 uL/mL) in PBS.

The cells were incubated at 37 °C for 45 min, followed by PBS washing three times to
remove the remaining staining solutions thoroughly. Subsequently, samples were observed
and imaged under an inverted fluorescence microscope (Olympus, Japan). Fiji Image J
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software was used to count the number of living (green fluorescence) and dead cells (red
fluorescence). Cell viability was calculated as a ratio of live cells to dead cells. Cell viability
(%) = (living cell numbers /total cell numbers) x 100. To assess cell spreading in hydrogels,
Fiji Image J was used to count the number of elongated cells. Cell elongation (%) =
(elongated cell numbers /total cell numbers) x 100.

Alkaline phosphatase (ALP) activity—The ALP activity was measured using a
colorimetric assay (Alkaline Phosphatase Assay Kit, ab83369) following the standard
procedure, which quantifies the conversion of p-nitrophenol phosphate (pNPP) to colored
p-Nitrophenol (pNP) when dephosphorylated by ALP. Cultured hydrogels were washed with
PBS at each endpoint and lysed with ALP assay buffer after homogenization. Cell lysate
and 5 mM pNPP solution were added to a 96-well plate and protected from light. After

one hour of incubation at 25°C, the absorbance at 405 nm was measured on a microplate
reader (SpectraMax i3, Molecular Devices). A standard curve was made by adding ALP
enzyme solution to pNPP standards solution (0—20 nM), and ALP activity (umol/min/mL)
in each sample was calculated from the standard curve. To obtain comparable ALP activity
(umol/min/ug of DNA), quantitation of double-stranded DNA (dsDNA) in samples was
determined using a PicoGreen dsDNA Quantification Kit (P7589, Invitrogen, Molecular
Probes, USA). Cell lysate and PicoGreen assay reagent were added to a 96-well plate and
incubated in the dark for five min at RT. The fluorescence of samples was measured using a
microplate reader (SpectraMax i3, Molecular Devices) at excitation ~480 nm and emission
at ~520 nm. DNA concentration (ug/mL) of the sample was calculated from generated DNA
standard curve using a DNA standard. ALP was reported as normalized to the total DNA
content of the cells.

Alizarin Red S staining—Cells encapsulated in hydrogels were first fixed with 4%
Paraformaldehyde (PFA) in PBS solution for 20 min at room temperature (RT, 24 °C)

and then washed with DI water three times to remove all traces of PFA and salt residues.
The fixed cells were then covered with 2% (wt/v) Alizarin Red S solution (ARS, Sigma
Aldrich, Germany) in DI water at an adjusted pH range of 4.1-4.3. After staining for two
min at RT, cells were washed with DI water and then imaged using an inverted optical
microscope (Olympus, Japan). To quantify calcium deposition, the stained constructs were
incubated overnight in 10% acetic acid (Sigma Aldrich, Germany). The collected solution
was centrifuged at 20,000 g for 15 minutes, and the supernatant was transferred to other
tubes and neutralized with the same volume of 10% NH4OH (Sigma Aldrich, Germany).
100 pL of each sample in a 96-well plate was analyzed at 405 nm using a microplate reader
(SpectraMax i3, Molecular Devices).

Immunostaining—ATfter culturing for 21 days, cells encapsulated in nanocomposite OMP,
SNP, and SNP/OMP hydrogels were first washed with PBS and fixed in 4% PFA for 20

min at RT. The hydrogels were then treated with 0.1% Triton X in PBS for one hour to
permeabilize the cells at RT. 10% goat serum was used as a blocking solution for one hour
at RT. The hydrogels were then incubated with the following primary antibodies: mouse
monoclonal anti-human osteocalcin (1: 200) or mouse monoclonal anti-human osteopontin
(1: 200), in 10% goat serum overnight at 4 °C. Next day, the constructs were treated with
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secondary antibody: Alexa Fluor 594 goat anti-mouse (1: 500) or Alexa Fluor 488 goat
anti-mouse (1: 500), for one hour at RT. The constructs were then counterstained with
diamidino-2-phenyindole dilactate (DAPI) for five min to stain nuclei. Between each step,
hydrogels were washed three times with PBS for 10 min each. Finally, immunofluorescence
microscopy of the obtained samples was conducted using a confocal microscope (Zeiss,
LSM880, Germany).

Real-time quantitative PCR—Real-time quantitative PCR (qPCR) was used to
assess the levels of OPN and OCN mRNA following the incubation of cell-laden
nanocomposite OMP, SNP, and SNP/OMP hydrogels with growth or osteoinductive
medium for 21 days. The following primer sequences were synthesized by

Integrated DNA Technologies (USA) and used for gPCR, including OPN (F: 5’-
CTCAGGCCAGTTGCAGCC-3’ and R:5’- CAAAAGCAAATCACTG CAATTCTC-3’),
OCN (F: 5’- TCACACTCCTCGCCCTATTG-3’ and R: 5’- TCGCTGCCCT
CCTGCTTG-3") and GADPH (F: 5’- AAGGTGAAGGTCGGAGTCAAC-3" and R: 5’-
GGG GTCATTGATGGCAACAATA-3’). The relative mRNA level of target genes and
control GAPDH was calculated using the 2-AAC(t) method. The ratio of target genes to
GADPH was normalized with that from pristine GeIMA hydrogel cultured in a normal
growth medium.

RNA-Seg—mRNA was isolated from hMSCs in nanocomposite OMP, SNP, and SNP/OMP
hydrogels cultured under anoxia or normoxia conditions on days 0, 14, and 28 using

TRIzol (Invitrogen) following the manufacturer’s protocol. Samples that qualified QC on

a bioanalyzer (with an RNA Integrity Number (RIN) score of > 8) were subjected to

mMRNA enrichment using oligo (dT) beads. rRNA was depleted using Illumina Ribo-zero

kit followed by fragmentation and cDNA synthesis using random hexamers. After second
strand synthesis using custom second-strand synthesis Illumina kit sequencing adapters were
ligated. Finally, the library was size selected, and PCR enriched. Pooled library was loaded
to IHlumina sequencer to its effective 4 nM concentration.

QC was done on 150 bp FASTQ paired end reads generated per sample. Adapter sequences
and reads below the Phred score of Q30 were trimmed. For all the samples, more than

95% of reads qualify the Q30 threshold, indicating very high-quality data. Finally, all
FASTQ files were analyzed for any bias via MultiQC. All samples showed consistent

50% GC content and passed QC. Using splicing aware STAR aligner (STAR_2.5.0a),

reads were aligned to human genome build hg19 with parameters “--runMode alignReads
--0utSAMtype BAM SortedByCoordinate --outSAMattributes Standard --outSAMunmapped
Within --quantMode GeneCounts”. We were able to map more than 90% of reads per
sample. Alignment quality control was performed using qualimap (QualiMap v.2.2.1),

and all alignments passed QC. Gene counts table generated from STAR was used to
generate a linear model in DESeq?2 as “design = ~Condition + Treatment + Time

+ Condition: Treatment + Condition:Time + Treatment:Time”. To generate differentially
regulated genes, the contrast level was set either between normoxia and anoxia within the
same day or across different time points. To identify the gene signature of OMP, SNP, and
SNP/OMP, the levels were contrasted per time point within normoxia or anoxia by setting
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only GelMA as a reference sample. To explore the underlying gene regulatory modules
for each contrast, an unbiased gene set enrichment analysis (GSEA) was performed using
KEGG and REACTOME pathway genes. A cutoff of adjusted p-value < 0.05 and absolute
normalized enrichment score > 2 was used to prioritize the signaling pathways in each
condition. RNAseq data are available on public repository (BioProject ID PRINA953747)
and can be accessed here: http://www.ncbi.nlm.nih.gov/bioproject/953747

In vivo study

Biodegradation and biocompatibility of composite hydrogels in vivo—The
biodegradation and biocompatibility of the nanocomposite OMP, SNP, and SNP/OMP
hydrogels were evaluated subcutaneously in rats. All animal procedures were approved

by the Institutional Animal Use and Care Committee of Harvard Medical School (Protocol
number: 2017N000114). 8-week-old Sprague Dawley rats were acclimatized in the vivarium
of Brigham and Women’s Hospital for a week prior to surgery. 3mm x 8mm cylindrical
nanocomposite hydrogel samples with different concentrations of OMP and SNP were
prepared and cultured in a medium overnight before surgery. A subcutaneous space

was accessed through a dorsal incision on the backs after the rats were anesthetized

with isoflurane. Subsequently, four hydrogel samples per rat were introduced into the
subcutaneous pockets on the bilateral sides of the cut. Carprofen (5 mg/kg BW/day s.c.)

was postoperatively administered for three days to alleviate post-surgery pain of the animals.
One week and three weeks post-surgery, the implanted hydrogels and surrounding tissue of
each group were harvested for further immunological response study. The harvested samples
were fixed in 4% paraformaldehyde and stained with Hematoxylin and Eosin (H&E), CD31
antibody, CD86 antibody, and CD206 antibody after paraffin embedding.

Bone deposition of hMSCs laden nanocomposite hydrogels in vivo—Nude

rats (RNU) were used to study the biodegradation and bone deposition of hMSCs-laden
nanocomposite hydrogels by subcutaneous implantation. All animals were used after
approval for all procedures from Harvard Medical School’s Institutional Animal Use

and Care Committee (Protocol number: 2017N000114). Before surgery, nude rats (8-week-
old) were acclimatized for a week in the vivarium of Brigham and Women’s Hospital.
Firstly, h(MSC-encapsulated nanocomposite hydrogel samples with 3mm thickness and

8mm diameter were prepared and cultured in a normal growth medium or osteoinductive
differentiation medium at different times. Subsequently, they were subcutaneously implanted
on the backs of nude rats (RNU) as described in 4.10.1. 4 samples were embedded in one rat
and 3 samples were tested for each group. To alleviate post-surgery pain of rats, carprofen
(5 mg/kg BW/day s.c.) was postoperatively administered for three days. Four weeks after
the surgery, the implanted hMSC-laden hydrogels and surrounding tissue of each group
were harvested and fixed in 4% paraformaldehyde for further immumohistochemical and
immunofluorescence analysis, such as HE staining, collagen I, HIF-1a, Aggrecan, and
CD31 expression study.

Statistical analyses

For significance, all experiments were repeated in triplicate. The obtained data are expressed
as means + SD. The significance was studied using a two-tailed t-test (Student’s unpaired
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t-test) for two-group comparisons, and for multiple groups, one-way analysis of variance
(ANOVA) with Dunnett’s posttest was used. To evaluate the differences between groups
involving change over time, we performed ANOVA test with repeated measures.

Results and Discussion

Fabrication and characterization of oxygenating and osteoinductive hydrogels

To evaluate the effect of oxygen on osteoinductive hydrogels, three different nanocomposite
hydrogels were fabricated with GelMA hydrogels containing OMP, SNP, or both OMP

and SNP. OMPs were synthesized using a double-emulsion method previously described in
our protocol.[24, 25] The synthesized OMPs showed a size distribution of 4.2 + 1.7 um
(Figure 1A and Supplementary Figure S1A). To generate a homogenous particle dispersion
in the high concentration of GelMA pre-polymer solution (Supplementary Figure S1B),
OMPs were sonicated in 2% GelMA pre-polymer solution for 2 mins. In previous studies,
GelMA, which contains ~40% hydrophobic amino acids, was used as a bio-surfactant to
disperse hydrophobic nanoparticles, such as carbon nanotube and graphene.[30, 31] Using a
similar approach, the amphiphilic GelMA chains were coated on the surface of hydrophobic
OMPs via the hydrophobic amino acids, while hydrophilic amino acids on GelMA chains
interacted with the adjacent water phase. This allowed for OMPs to be homogeneously
dispersed in the high concentration of GeIMA hydrogels with minimal aggregation at
different concentrations. SNP nanoclay (nanodiscs) of 25 + 10 nm diameter and 1-5 nm
thickness were incorporated in the OMP-laden GelMA hydrogels to endow the hydrogels
with osteoinductive properties, as previously reported.[32-34]

The addition of SNP and OMP (PCL), which are stiffer materials (~MPa range)[35, 36] than
GelMA hydrogels (~few tens kPa),[37, 38] might increase the stiffness of the nanocomposite
hydrogels as compared to pristine GeMA hydrogel. Enhanced mechanical properties have
been shown to improve nucleation of cell-secreted calcium and overall enhance osteogenic
differentiation of hMSCs in vitro.[39-42] Also, calcium peroxide (CPO) in the OMP affects
crosslinking of OMP because of free radical formation from CPO hydrolysis and less

UV absorption due to opacity from OMPs compared to the transparent hydrogel as in
pristine GelMA.[24, 25] To compensate for these differences, the UV exposure times were
fine-tuned in order to endow all hydrogels with comparable mechanical properties. This
normalization minimized the effect of mechanical stiffness of hydrogels, thus allowing a
more unbiased focus on the functional impact of OMP and SNP on hMSC differentiation.
Analysis of the mechanical test results confirmed that hydrogels were characterized by
compressive moduli of 45-55 kPa (Figure 1B). The compressive stress at breakpoints for
all the groups was observed to be between 75-95 kPa corresponding to 40-55% strain
(Supplementary Figure S1C, D). It is noteworthy that the bulk properties of hydrogels may
not reveal the perspective of mechanical forces at a cellular level; as such, we performed
nanoindentation studies on hydrogels with SNPs (Supplementary Figure S1E). SNPs at
0.1% considerably increased the Young’s modulus of the hydrogels compared to 0.05%

and 0.025%, where there was no significant increase. Morphology of the OMP, SNP, and
SNP/OMP nanocomposite hydrogels was characterized by SEM. Of note, the microporous
structures of three hydrogels taken by a SEM do not reflect the in-situ pore structure,
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but rather the collapsed pore structure following freeze-drying. Nevertheless, this form of
SEM analysis offers a good prediction of the pore size variation [24, 25, 43] All hydrogels
maintained microporous structures similar to that of pristine GeIMA hydrogels (Figure
1C), and OMPs were well embedded in the GeMA matrix. As shown in Figure 1D, the
average pore size was mildly increased when incorporating OMPs into the hydrogel. This
observation could potentially be explained by the release of oxygen during photo-initiated
crosslinking. Indeed, the observed mild differences in pore sizes were positively correlated
with the degradation rate of the various hydrogels (Figure 1E).

An interesting and surprising oxygen release behavior was observed in SNP/OMP
hydrogels, which showed <0.2 M oxygen release after four days of incubation (Figure

1F). SNPs have been shown to play a role in the sequestration of gases and have been used
to produce oxygen-enriched microenvironments due to their adsorption properties.[44-47]
Based on our observation, it could be anticipated that some of the oxygen released by OMPs
is therefore sequestered by the SNPs. Since nanoporous silica has been shown to degrade
>80% in 4 weeks under in vitro conditions,[48] we believe the sequestered oxygen will
again become available following SNP degradation, thus effectively altering the oxygen
release profile. In contrast, OMP was characterized by prolonged oxygen release following
an anticipated curve with ~0.31 uM for 14 days, which was similar to our previous studies.
[24, 25] H,0, was released as an intermediate in the hydrolysis of CPO during oxygen
generation (Supplementary Equation 1,2).[22, 24, 25] Unrestrained hydrolysis of CPO is
associated with the generation of H,O, levels that are known to be detrimental to cell
survival.[49, 50] Encapsulating CPO within biocompatible and hydrophobic PCL limited
the hydrolytic rate of CPO, which resulted in cytocompatible levels of H,O, by keeping

the concentration under a few dozen micromoles, which is sufficiently low so as not to
cause oxidative DNA lesions of cells.[51] The released amounts of H,O, levels declined
progressively over a period of two weeks. Compared to pristine GeIMA hydrogels, the H,0,
released levels were below 30 uM even for the highest OMP concentrations used (Figure
1G).

Viability of hMSCs in oxygen-generating and osteoinductive hydrogels

The effect of OMPs and SNPs on the viability and proliferation of encapsulated hMSCs

in OMP, SNP, and SNP/OMP was investigated in the growth medium for two weeks under
normoxia and anoxia (Figure 2). To this end, the formulation of OMPs for generating
enough oxygen and the concentration of SNPs for improving osteogenesis were studied, and
the apparent optimal formulation was selected. Various concentrations of OMPs (e.g., CPO
in PCL microparticles) ranging from 0-3% were investigated under normoxic conditions on
cell survival (Figure 2, Supplementary Figure S2). GelMA hydrogels encapsulating OMPs
up to 0.5% maintained high cell viability, which was in agreement with our recent study that
also showed that 0.25% OMPs consisting of 3% CPO released sufficient molecular oxygen
in two weeks to support the physiological demand.[25]

Beyond OMP concentration, osteoinductive SNPs can potentially also exert cytotoxicity due
to their degradation into toxic silanol groups, which can initiate intracellular oxidative stress
or lead to DNA damage (genotoxicity).[48] To find an optimal concentration of SNP for
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high cell viability and osteogenesis, we prepared hMSC-laden SNP hydrogels with various
concertation of SNPs under normoxic and anoxic conditions (Supplementary Figure S3).
At 0.05% SNP under normoxia, the SNP hydrogels demonstrated either similar or higher
viability than those at 0.025% and 0.1% concentrations of SNP, respectively (Figure 2A, C,
Supplementary Figure S3A). At these concentrations of SNP, cells in SNP showed a decline
in their viability from around 90% to below 80% on days 1 and 4, respectively. However,
on day 10, the cells showed considerable recovery, with more than 90% of cells viable

and proliferating (Supplementary Figure S3B). In contrast, SNP under anoxic condition
revealed a constant cell death rate for all concentrations of SNP as the study progressed
with cell viability going below 50% on day 10 (Figure 2B, D, Supplementary Figure S3).

It is pertinent to mention that OMP presence could not completely rescue the cell death

due to oxidative stress or genotoxicity induced by SNPs under different conditions.[48]
Consequently, for all the future experiments in this paper, SNP and OMP concentrations

for OMP, SNP, and SNP/OMP were used at 0.05%, and 0.1-0.25%, respectively. Notably,
anoxic cultures associated with a decrease in cell survival as compared to hormoxic cultures,
owing to anoxia-induced cell death, whereby cellular viability was rescued in OMP and
SNP/OMP due to OMP-driven alleviation of anoxia.

We next studied the effect of OMPs in hMSC-laden SNP hydrogels on cell viability under
two different oxygen concentrations. Interestingly, under normoxic condition, OMP and
SNP/OMP with 0.25% OMPs decreased the viability of the hMSCs by about 10% on

day 1 compared with other groups (Figure 2 A,C). This might be due to the hydrolysis

of the CPO nanocrystals decorated on the outer surface of the OMPs, causing a burst
release of a high concentration of H,0, (~25 uM) during the first 24 hours.[24 25; The
viability from the 0.25% OMP-containing groups increased in the following days and
matched that of the pristine GelMA control group. Surprisingly, when cultured in an anoxic
environment, the SNP group was characterized by a considerable amount of cell death as
compared to the pristine GelMA control group. This indicated that SNPs could possess a
previously unidentified cytotoxic nature when used under anoxic conditions. In contrast, two
OMP-laden groups maintained their viability ~90% up to 10 days under anoxic condition,
thus suggesting that the presence of OMPs negated the cytotoxic effects of both anoxia

and SNPs (Figure 2C,D). Furthermore, the results are supported by the cell proliferation
measurements, as depicted by the percentage of elongated cells present (Figure 2E).

Osteogenic differentiation in oxygenating and osteoinductive hydrogels

We next studied the effect of SNP/OMP hydrogels on the osteogenic differentiation of
hMSC, as determined by the normalized activity of alkaline phosphatase (ALP) as a marker
of early osteogenic differentiation under normoxic and anoxic conditions for up to 21 days.
ALP expression progressively increased in all samples when cells were cultured under
normoxic conditions (Figure 3A). In contrast, anoxia negatively influenced ALP activity
(Figure 3B). SNPs in the SNP group inhibited ALP expression, which was most likely
caused by the reduction in cellular viability (Supplementary Figure S4A). Importantly,
supplementing SNPs with OMPs not only rescued the inhibition of ALP expression but
consistently resulted in the highest ALP expression. This observation was corroborated

by OPN and OCN immunohistochemical staining (Supplementary Figure S4B-D), which
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revealed that the addition of OMP to pristine hydrogel or SNP constructs substantially
increases their expression (Figure 3C-F). Similarly, gene expression analysis (qQRT-PCR)
confirmed that expression of OCNand OPN was highest in SNP/OMP constructs, especially
when composed of 0.05% SNPs and 0.1% OMP (Figure 3G).

We then studied the matrix mineralization of the engineered hydrogels by visualizing the
deposited calcium after four weeks of anoxic or normoxic culture. It is interesting to

note that all calcium deposition levels were similar, except for the SNP group (Figure
3H,1). While SNP showed an increased calcium deposition under normoxia, when cells
were cultured under an anoxic condition, the SNP constructs did not show such a trend
(Supplementary Figure S4E,F). Together, these studies complement the role of OMPs in
SNP/OMP, initiating the differentiation of hMSCs toward osteoblast formation as depicted
by calcium mineralization. Surprisingly, OMP constructs increased hydrogel calcifications
efficiently under normoxic and anoxic conditions, suggesting a potential pro-osteogenic
effect of OMPs. It is pertinent to mention that although extrinsic supplementation of Ca2*
has shown to affect MSC differentiation into osteoblasts,[52—-54] the concentrations of
CPO used in this study release 10-20 times Ca2" to affect their commitment. As such,

the stimulation toward osteoblast differentiation is driven by oxygen, and not calcium
hydroxide.

Mechanical analysis complemented the observed improvements in osteogenesis in terms of
compressive strength, with the SNP/OMP nanocomposite hydrogels showing the highest
moduli under both normoxic and anoxic culture (Figure 3J,K). Specifically, after seven days
in proliferation medium or 28 days cultured in a normoxic or anoxic microenvironment,

the only condition that consistently was characterized by a significantly higher compressive
modulus as compared to pristine GelMA hydrogel were SNP/OMP constructs containing
0.05% SNP and 0.25% OMP. This could be due to a combinatorial effect from OMPs

and SNPs when present in the highest tested concentrations. Individually, both SNPs and
OMPs have been shown to increase the mechanical strength of hydrogels.[24, 55] When
exposing the engineered hydrogels to seven days of proliferation medium followed by 28
days of osteogenic differentiation medium, OMP as well as SNP/OMP constructs were
characterized by an increase in the mechanical strength. This corroborates with a detected
increase in extracellular matrix deposition, jointly indicating that OMPs stimulate osteogenic
differentiation and rescue the SNP function under anoxic conditions.[56]

Role of oxygenation in orchestrating osteogenic differentiation fate of hLMSCs
encapsulated living hydrogels

While the incorporation of nanocomposite materials such as silicates and oxalates can
enhance osteogenic differentiation through their mechanical and mineralization properties,
[4, 42, 57] oxygen gradients can also potentially guide stem cell fate toward osteogenesis.
[58-60] To dissect whether there is a combinatorial effect on the osteogenic fate of hMSCs
in our systems, we performed a bulk mRNA sequence analysis of hMSCs encapsulated

in OMP, SNP, or SNP/OMP constructs. Specifically, genes and gene profiles responsible
for osteogenesis of hMSC encapsulated in GelMA hydrogels containing OMP (0.25%)
and/or SNP (0.05%) cultured under normoxia or anoxia in an osteogenic differentiation
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medium for up to 28 days were studied. A global analysis showed gene expression

under anoxia, represented as red dots in Fig. 4, was enhanced overall, as compared to in
normoxic conditions, represented in turquoise (Figure 4A). This iis in line with published
literature.[61] While initially both conditions did not show much difference in the gene
expression profiles as depicted from PCL1, a prolonged exposure in osteogenic differentiation
media for two and four weeks shows very distinct variation in the expression profiles in

both conditions. Looking closely at the influence from different hydrogels, particularly on
osteogenic initiation, the groups result in a mixed response in gene expression profiles under
normoxia (Supplementary Figure S5A); however, SNP/OMP under anoxia results in a higher
change in the expression profiles after 28 days compared to other groups (Supplementary
Figure S5B). Among the remaining groups under anoxia, OMP results in an increased
expression towards osteogenesis at 14 and 28 days. GeIMA and SNP do not show much
difference in PC1 compared to PC2. Overall, anoxia positively impacted hMSCs fitness

and transcriptome, potentially improving inherent properties over time for the important
molecular pathways that may be important in osteogenesis.

It has been shown that oxygen partial pressure and hypoxic culture conditions influence
signaling pathways, amongst others, via HIFLA and HIF2A, which can regulate cellular
differentiation, metabolism, and apoptosis.[62—-64] As expected, anoxia enhanced the
overall HIF1A expression in samples with OMP compared to SNP and SNP/OMP,
indicating that the difference in oxygen tension was sensed in all conditions (Figure 4B).
Furthermore, no major differences in HIF1A expression were observed between the OMP,
SNP, and SNP/OMP conditions indicating similar and stable behavior for this gene at

the transcriptional level between conditions with comparable oxygen tensions. We then
analyzed these gene sets with the Molecular Signatures Database (MsigDB) using the
DESeqz2 tool and revealed that pathways involving cytokine production, vasculogenesis,
microtubule-based movement, and osteoblast differentiation were differentially expressed.
Most importantly, and in line with our previous observations, both OMP and SNP/OMP
were positively correlated with the gene sets relating to osteoblast differentiation when
comparing anoxia and normoxia (Figure 4D). This corroborated the positive effect of OMPs
on osteogenic differentiation of hMSCs under anoxic conditions. Detailed analysis of the
most relevant differentially regulated genes was performed for pristine, SNP, OMP, and
SNP/OMP constructs cultured under normoxia (Figure 4E) and anoxia (Figure 4F) for 14
days. Expression levels of genes relevant for osteogenesis (Supplementary Information)
were revealed to be distinct between hydrogel compositions.

Notably, OMPs showed an upregulation of BMP6, ATF4, CTNNB1, HES1, and DDX21
in anoxia. BMP6 has been shown to activate ALP activity via Smadl and Smad5.[65]
Similarly, HES1 activates RUNX2 via pRB interaction for osteogenesis.[66] CTNNB1 has
been shown to promote proliferation and osteoblastogenesis of hMSCs via Wnt/p-catenin
pathway. Interestingly, SNP constructs stimulated hMSCs to transcribe COL10A, which is
a known marker for the hypertrophic differentiation phase of chondrogenesis. Regardless,
the upregulation of these genes in the OMP constructs, especially under anoxic conditions,
indicated the promotion of osteogenesis by the self-oxygenating hydrogels. This suggested
that modulation of local oxygen tension using self-oxygenating hydrogels has the potential
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to orchestrate the differentiation of hMSCs toward osteogenesis and engineer living tissues
for bone defects and injuries in regenerative medicine.

Biocompatibility, biodegradation, and neovascularization of oxygenating hydrogels

To empirically validate the in vivo biocompatibility and long-term immune response, 150
mm?3 (8 mm wide and 3 mm thick) acellular pristine GelMA (Group 1), OMP (0.25%
OMP; Group 2), SNP (0.05% SNP; Group 3), and SNP/OMP (0.05% SNP + 0.25%

OMP; Group 4) hydrogels were subcutaneously implanted on the backs of Sprague-Dawley
rats (Figure 5A). The hydrogels were explanted after 1 and 3 weeks, representing short-
and long-term immune responses, and analyzed for biodegradation, host cell infiltration,
and neovascularization. To examine biodegradation and host—graft interaction, midsagittal
slices of the explants were histologically and immunologically evaluated. Staining with
hematoxylin and eosin (H&E) (Figure 5B), CD31 for neovascularization, and CD86/206
for host immune cell infiltration verified slower degradation, lesser neovascularization, and
showed less presence of cells in the core of pristine GelMA constructs, even after three
weeks of implantation (Figure 5A, B).

H&E staining revealed that biodegradation and hydrogel resorption was more prominent
three weeks post-implantation in all the experimental groups as compared to one-week post-
implantation. Interestingly, OMP constructs were associated with significantly more rapid
biodegradation than all other samples, including SNP/OMP. Possibly this could be explained
by the observation that OMPs were more porous than other formulations. Increased porosity
allows for altered degradation profiles, more expedient diffusion of (catabolic) enzymes,
and more rapid infiltration of host cells. Similar to previously published results, native
GelMA hydrogels and those containing only PCL particles (no CPO) were characterized

by a significantly slower degradation rate than the corresponding composite hydrogels

with OMPs.[24] This resulted in increased cell proliferation, CD31+ expression, and
vascularization than the other control groups. Regardless, this indicated that OMPs not only
guide cell fate, but also the implant’s fate by controlling the construct’s degradation rate.
These results corroborate to the in vitro degradation of OMP and SNP/OMP hydrogels, as
reported in Figure 1E, which are fast-paced as compared to the pristine GeIMA hydrogels.
The encapsulated cells deposit matrix that affects the mechanical properties of these
hydrogels as shown in Figure 3J,K. The degradation rate also inversely correlated with

the ingrowth of CD31+ cells (Figure 5C) as well as vessel diameter (Figure 5D). OMPs
thus can contribute to implant vascularization, possibly by controlling the degradation

rate. Surprisingly, although OMP possessed larger vessels, the SNP/OMP condition was
characterized by the highest number of vessels, albeit typically smaller vessels (Figure

5E). This could possibly be explained by the observation that the SNPs in the SNP
construct also mildly stimulated the number of (small) vessels. The SNP constructs were
also associated with a considerable increase in CD86+ cells, indicating a host immune
response via macrophage infiltration, which was mitigated by the incorporation of OMPs as
observed in the SNP/OMP constructs (Figure 5F). No significant differences were observed
for CD206+ cells for any of the construct formulations (Figure 5G). Taken together, these
results suggest that OMPs can act in a pro-angiogenic manner that does not elicit an elevated
immune response upon implantation.
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Role of pre-differentiation duration in vitro on the osteochondral fate of SNP/OMP
hydrogels in vivo

We next set out to study the effect on osteogenesis and tissue formation in vivo using
hMSC-laden hydrogels. In addition, the effect of in vitro preculture was studied to gain
further understanding and the potential relevance of in vitro pretreatment on implant fate.
Importantly, we studied the effect of OMPs (Supplementary Figure S6) versus the effect
of pretreatment duration (Supplementary Figure S7) on the osteogenesis of MSCs in
vivo. Based on our results, osteogenic hydrogels containing 0.05% SNP with or without
0.25% OMP were studied. Moreover, all groups were cultured for one week in the
proliferation medium, followed either by 0, 1, or 2 weeks of exposure to the osteogenic
differentiation medium. The temporal investigation on implanting scaffolds composed of
gradually differentiating hMSCs indicated osteoinduction was not needed for improved
osteogenic differentiation (Supplementary Information).

Conclusion

In conclusion, we report that endowing biomaterials with self-oxygenating properties can
promote the osteogenic fate of encapsulated hMSCs. We investigated hydrogel scaffolds
reinforced with OMPs for their oxygen releasing capabilities and their influence on

driving osteogenesis in vitro and in vivo under different environmental conditions. A
comparison of effects of OMPs with and without an osteoinductive mineral, SNP, was

made for studying mechanical resilience of the scaffolds, cell survival, and expression

of several bone development markers under normoxic and anoxic conditions. In vitro,
OMPs alone showed higher levels of cell survival and proliferation, but SNP addition
resulted in higher ALP activity. Bulk RNA studies revealed that OMPs induced a more
osteogenic gene transcript fingerprint than SNPs or SNPs and OMPs combined. In vivo,
self-oxygenation of biomaterials demonstrated a greater host cell invasion that correlated
with enhanced vasculogenesis. Additional studies are needed to fully unravel the exact roles
of these biomaterials in different osteogenic differentiation pathways. Regardless, the results
from this study reflect on the role of oxygenating biomaterials toward osteogenesis for
regenerative medicine applications required under oxygen-deprived circumstances such as
bone and muscle tissue scaffolds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Material characterization of oxygenating and osteoinductive nanocomposite hydrogels.
(A) SEM image of the synthesized OMPs. (B) Compressive modulus (n=3) and (C)

SEM images of nanocomposite GelMA hydrogels reinforced with OMP, SNP, and both
OMP/SNP particles. An SEM image of OMP microparticle in GelMA hydrogel is also
shown. Pore size quantification of the engineered nanocomposite hydrogels from C. (n=3;
*p<0.05). Enzymatic degradation of nanocomposite hydrogels is affected by the integration
of OMP, SNP, and their combination (n=3). (F) Oxygen and (G) H,0, release kinetics of
nanocomposite hydrogels reinforced with various concentration of OMP, 0.05% SNP, and

their combination (n=3; *p<0.05).
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Figure 2: Viability of hMSCs encapsulated in OMP, SNP, and SNP/OMP nanocomposite GeIMA
hydrogels.

(A, B) Live/Dead images of hMSCs encapsulated in GelMA nanocomposite hydrogels

with different concentrations of SNPs and OMPs under (A) normoxic and (B) anoxic
conditions for ten days. (C, D) Quantitative analysis of viability for h(MSCs in (A) and

(B), respectively. (n=3; *p<0.05). (E) Proliferation studies of hMSCs in 0.05% SNP-laden
GelMA nanocomposite hydrogels with different concentration of OMPs (0, 0.1, and 0.25%)
under normoxic and anoxic. The scale bar represents 100 pm. (n=3; ****p<0.0001).
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Figure 3: Osteogenic differentiation of hMSCs encapsulated in oxygen-generating and/or
osteoinductive hydrogels with different concentration of SNPs and OMPs under normoxia and
anoxia.

(A,B) ALP activity normalized to the total amount of DNA of encapsulated hMSCs in
pristine, OMP, SNP, or SNP/OMP constructs under (A) normoxia and (B) anoxia. (n=3;
****n<0.0001, ***p<0.001, **p<0.01, *p<0.05). (C,D) Fluorescence microphotographs
and (E,F) associated semi-quantitative image analysis of hMSC-laden hydrogels
immunohistochemically stained for OPN and OCN after being cultured in osteogenic
differentiation media under normoxic or anoxic conditions. (G) QRT-PCR analysis for
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three relative mMRNA expression levels of late osteogenic markers OPN and OCN from
hMSCs encapsulated in pristine, OMP, SNP, and SNP/OMP hydrogels after being cultured
under normoxic or anoxic conditions in osteogenic differentiation media for three weeks.
(n=3; ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05). (H) Microphotographs and (I)
semi-quantitative image analysis of Alizarin red stained hMSC-laden hydrogels after being
cultured in osteogenic differentiation media under normoxic or anoxic conditions for 28
days. (n=3; ***p<0.001, **p<0.01). The compressive modulus of hMSC-laden in pristine
OMP, SNP, and SNP/OMP hydrogels for either 7 or 35 days using distinct temporal
exposure to proliferation and osteogenic differentiation media under (J) normoxic or (K)
anoxic conditions. Scale bar (C) = 25 ym, (H) = 100 pm. (n=3; ****p<0.0001, **p<0.01,
*p<0.05).
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Figure 4: Bulk mRNA analysis of nanocomposite hydrogels containing OMP at different
concentrations without and with SNP cultured under either normoxia or anoxia.

(A) Global gene expression analyses show an overall enhanced expression under anoxic
conditions as compared to normoxia. (B) Comparative signaling score analyses of HIF1A
under normoxia, and (C) anoxia. (D) Pathway analysis of the biological processes that
were significantly higher in either anoxia (blue) or normoxia (red) after 14 days of culture.
Heatmap analysis of osteogenesis-related genes under (E) normoxic or zanoxic conditions
after 14 days of culture. (n=3).
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Figure 5: Biodegradation and biocompatibility of SNP/OMP hydrogels after subcutaneous
implantation.

(A) Schematic representation and photograph depicting the procedure of subcutaneous
implantation. (B) Microphotographs of histological sections stained with H&E staining 1-
and 3 weeks post-implantation or immunohistochemically stained for neovascularization
(CD31) or immune response (CD86 and CD206) of different hydrogels without cells 1- or
3-weeks post implantation. Groups: (1) GelMA, (2) SNPs with 0.05% SNP, (3) OMPs with
0.25% OMP, and (4), SNP/OMPs with 0.05% SNP+0.25%0MP. Semi-quantitative image
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analyses of (C) biodegradation of hydrogels (n=3; ****p<0.0001), (D) vessel diameter
(n=3; ****p<0.0001), (E) number of vessels per field of view (n=3; ***p<0.001, **p<0.01,
*p<0.05), (F) percentage of CD86+ cells, and (G) percentage of CD206+ cells three weeks
post-implantation. (n=3; ***p<0.001, *p<0.05).
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Schematic 1: Depiction of the effect of OMP, SNP, and SNP/OMP on the differentiation fate of
hMSCs toward osteogenesis under normoxia and anoxia, respectively.
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