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Abstract

Nanocomposite biomaterials are extensively investigated for cell and tissue engineering applications due
their unique physical, chemical and biological characteristics. Here, we investigated the mechanical,
rheological, and degradation properties of photocrosslinkable and elastomeric nanocomposite hydrogels
from nanohydroxyapatite (nHAp) and gelatin methacryloyl (GeIMA). The addition of nHAp resulted in
a significant increase in mechanical stiffness and physiological stability. Cells readily adhere and
proliferate on the nanocomposite surfaces. Cyclic stretching of cells on the elastomeric nanocomposites
revealed that nHAp elicited a stronger alignment response in the direction of strain. /n vitro studies
highlight enhanced bioactivity of nanocomposites as determined by alkaline phosphate (ALP) activity.
Overall, the elastomeric and photocrosslinkable nanocomposite hydrogels can be used for minimally

invasive therapy for bone regeneration.
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INTRODUCTION:

Over the past decade, regenerative medicine has witnessed tremendous advances owing to an
increase in clinical demand for bioactive materials to repair and regenerate damaged bone tissue." >
Though bone injuries and defects may seem relatively simple to treat with conventional methods,
treatment of complex fractures or pathological conditions in the elderly is a challenge. Current treatment
involves replacement of damaged tissue with bone grafts, usually involving metallic pins, rods or plates
that act as support systems. These surgical methods are far from ideal as they may require extended
healing time and potentially multiple surgeries.” Recent bone tissue engineering approaches focus on
mimicking the structure and chemical composition of tissues by providing an appropriate extracellular
matrix (ECM) environment to activate cellular functions.*”’

In that regard, bioresorbable nanocomposites have shown strong promise as an artificial ECM. A
range -of inorganic nanoparticles have been investigated for bone tissue engineering applications
including hydroxyapatite, B-tricalcium phosphate, bioactive glasses, B-wollastonite, A-W (Apatite-
Wollastonite) glass ceramic, graphene, and nanosilicates.*'® However, these nanomaterials have some
disadvantages including their brittle nature, poor processing ability, and lack of control over degradation
and dissolution kinetics. To overcome these disadvantages, these inorganic nanoparticles are combined
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with polymeric networks to obtain polymeric nanocomposites. Within the polymeric chains, these

nanoparticles interact physically or covalently to form a crosslinked network with multiple
functionalities.'*'®

Among these nanomaterials, nanohydroxyapatite (nHAp) has been combined with various
hydrophobic polymers to fabricate nanocomposite scaffolds. Mineralized tissues such as bone are
composed of inorganic mineral (nHAp ~ 69 wt%) and an organic component containing predominantly
collagen.® '” Thus, nHAp has been extensively investigated for a range of biomedical applications

18-22

including bone tissue engineering, dental fillers, and drug delivery. By combining nHAp with a

polymeric network, bioactive nanocomposites with well-defined cell matrix interactions can be
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designed.”™

For example, Becker et al. showed that combining nHAp with biodegradable
poly(propylene fumarate)-co-poly(caprolactone) (PPF-co-PCL) enhances osteoblast adhesion and
production of mineralized ECM.” In another study, porous scaffolds were fabricated from poly(L-
lactide) (PLLA) grafted nHAp that enhance bone regeneration in critical size defects.”® Similarly, a
multi-component scaffold composed of chitosan, poly(lactic acid) and nHAp displays improved
mechanical resilience.”” Human bone marrow stem cells (1MSC) seeded on nHAp- bacterial cellulose
nanocomposites revealed augmented expression of osteo-related proteins such as osteopontin,
osteocalcin, and bone sialoprotein.*®

The elastomeric properties of nanocomposite hydrogels allow cyclic strain to be applied to the
attached cells, which may provide an osteogenic cue. Large magnitude tensile strain (~0.1 strain)
stimulate in vivo bone formation.”’ Cyclic tensile strain of mesenchymal stem cells (MSC), osteoblasts,
and periosteal cells in 2-D culture at these magnitudes also enhance cell proliferation and upregulate
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bone marker genes. More recent work has shown that human MSCs cultured in 3-D collagen

hydrogels also respond to cyclic strain in a pro-osteogenic manner.”> Cell morphological changes in
response to cyclic strain depend on hydrogel stiffness®® *°; our study is the first to test this concept with
hydrogels stiffened using nanoparticles.

Recently, a few approaches have focused on engineering bioactive hydrogels by combining
nHAp with hydrophilic polymers such as poly(ethylene glycol) (PEG)*, polyacrylamide (PAAm)”/,
poly(vinyl alcohol) (PVA)*, alginate®®, carrageenan®, gelatin®’ and collagen'’. This variety of
polymers has expanded the use of nHAp in nanocomposite hydrogels, allowing for tailored
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functionality. However, most of these nanocomposite scaffolds are designed for use as scaffolds and

very few studies focus on engineering nanocomposite hydrogels that can be easily injected. Injectable
hydrogels are emerging as an effective tool for delivery of a range of moieties including stem cells, gene
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delivery vectors, and drugs for various clinical treatments. These injectable networks can be shaped

or casted into various sizes and shapes useful for minimally invasive therapies to facilitate bone repair,
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remodeling, and regeneration. Additionally, the effect of addition of nHAp on osteogenic differentiation
of cells has not been investigated.

Here, we engineer a photocrosslinkable and elastomeric nanocomposite hydrogel from nHAp
and denatured collagen (gelatin). The addition of nHAp to hydrogel networks increased the mechanical
stiffness and physiological stability due to strong nanoparticle-polymer interactions. The
photocrosslinkable process also avoids the use of toxic crosslinkers, allowing injection of the
nanocomposite to the defect site using a minimally invasive approach. Moreover, facile encapsulation of
cells within the hydrogel network resulted in high cell viability and functionality. The elastomeric
characteristics of nanocomposite hydrogels render it useful for understanding cellular behavior under
dynamic mechanical loading. Moreover, the presence of nHAp within the hydrogel networks supported
the ostegenic differentiation of seeded preosteoblasts. The proposed nanoengineered system can be used
to deliver cells to support regeneration of the damaged bone tissue at non-load bearing site. It is

expected that bioactive hydrogel carriers will enhance cell survival and retention at the injury site.

MATERIALS AND METHODS

Gelatin Methacryloyl (GelMA) Synthesis: Gelatin (type A), hydroxyapatite nanopowder (nHAp) and
methacrylic anhydride (MA) were obtained from Sigma-Aldrich, USA. Methacrylation of gelatin was
performed using previously reported method to obtain gelatin methacryloyl (GelMA) with 80%
methacrylation degree.47 Nanocomposite prepolymer solutions were prepared by combining nHAp (0,
0.5, 1 and 2.5 wt%), GeIMA (5 wt%) and photoinitiator (0.5 wt% IRGACURE® 2959 obtained from
Ciba Specialty Chemical, USA). Chemically crosslinked hydrogels were obtained by subjecting the
prepolymer solutions to UV (320-500nm) using a high intensity UV lamp (Omnicure S200, Lumen
Dynamics, Canada) for 90 seconds at an intensity of 1.44 W/cm?. The nanocomposites were soaked in

PBS for six hours to remove uncrosslinked GeIMA and nHAp.
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Structural characterization of nanocomposite hydrogels: Crystalline structure of nHAp was
investigated using x-ray diffraction (XRD) using Bruker D8 Advance Diffractometer using Cu K=
1.54A. The crystalline size, tuwy of nHAp was determined using the Debye-Scherrer equation.
Morphological features of the nHAp were investigated using JEOL 2100 transmission electron
microscopy (TEM) on carbon-coated copper grid. Zeta potentials of GeIMA, nHAp, and GelMA-nHAp
prepolymers were determined using Zetasizer Nano Z (Malvern Instruments, UK). Attenuated Total
Reflectance (ATR) of lyophilized nanocomposite hydrogels was investigated by FTIR spectrometer
(Vector 22, Bruker Optics). The surface morphology and energy dispersive spectra (EDS) of hydrogels
were determined using FEI Quanta 600 scanning electron microscopy (SEM) at 10kV. ImageJ (NIH)
software was used to analyze the pore diameters and wall thickness.

Physical characterization of nanocomposite hydrogels: The mechanical properties of the
nanocomposites were investigated with uniaxial and cyclic compression tests (I mm/min strain rate)
using the MTESTQuattro (ADMET, USA). A MCR Rheometer (Anton Paar, USA) was used to evaluate
the viscoelastic behavior of nanocomposite. The viscoelastic property of nanocomposite hydrogels was
determined using stress sweep at 10 rad/sec from 0.1-10 Pa stress. Gelation kinetics of prepolymer
solutions were determined via UV rheology; the light source was turned on at 30 sec and kept on until
storage modulus (G') plateaus were observed (approximately 180 sec). The degradation characteristic of
the nanocomposite hydrogel was determined through enzymatic degradation by incubating them in a
freshly prepared collagenase (Worthington Biochemicals, USA) solution at a concentration of 2.5
units/mL in PBS at 37°C. Hydrogel weight loss was examined until their complete degradation, and the
percent mass remaining was calculated.

In vitro cell studies: Cell culture was performed using NIH MC3T3 E1-4 mouse preosteoblasts (ATCC,
USA) in aMEM growth media, which was supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin  (100U/100pg/mL). All cell culture reagents were obtained from Life

Technologies, USA. To investigate cell behavior in the presence of nHAp, preosteoblasts were seeded
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into a 96-well plate (8000 cells/well) and after 6 hours, media was replaced with media containing 0, 50,
100 and 250 pg/mL of nHAp. After 0, 1, and 2 days, cell viability was determined using Calcein AM
and Ethidium homodimer (Santa Cruz Biotechnology Inc., USA). The cells were incubated with Calcein
AM and Ethidium homodimer reagents for 30 minutes at 37°C and then fixed with glutaraldehyde (2%)
for 10-15 minutes before staining with DAPI (300 nM). Epifluorescence microscope (TE2000-S, Nikon,
USA) was used to image the cells. To investigate cell behavior on nanocomposite hydrogels, cylindrical
samples (15mm diameter and 400um thickness) were placed in 24 well plates and sterilized using UV
light for 12 hours. After sterilization, preosteoblasts were seeded onto the hydrogels (20,000 cells/well)
and after 3 and 7 days samples were fixed with 2% glutaraldehyde (90 minutes) for SEM imaging. The
cell-seeded. scaffolds were subjected to serial dehydration with a stepwise increase in ethanol
concentration (20, 50, 70, 80, 90 and 100%). Critical point drying of the samples was facilitated by
adding 200uLL of Hexamethyldisilaxane (HMDS) and the samples were kept in the fume hood overnight
for drying before using for SEM imaging.

Cyclic Stretching Experiment: Silicone rubber stretch chambers embedded with two small sponges to
anchor the ends of the hydrogel (4 cm?, STREX, Japan) were sterilized with 70% ethanol followed by
UV radiation: The stretch chambers were initially surface-coated with collagen (0.25 mg/cm?) by
incubating 400 pL of 2.5 mg/mL rat-tail collagen type-I (Corning) and PBS and allowing the solution to
evaporate. GeIMA or GeIMA-nHAp polymer solution was then added to the chambers and subjected to
UV radiation to form 1.25 mm-thick crosslinked 3-D gels. Preosteoblasts were seeded at a cell density
of 2.5 x 10% cells/cm” on the gel surface and allowed to spread overnight. Media was replaced with fresh
media just prior to cyclic uniaxial stretching (0.08 strain, 1 Hz) using two linear motors (Zaber, Canada)
in a humidified 5% CO,/95% air incubator as previously described.’* ** In parallel, similar steps were
taken with static controls. After 6 hours of cyclic stretching, static control and stretched cells were
immediately rinsed with PBS, fixed with 4% formaldehyde, and permeabilized with 0.5% Triton X-100.

Cells were then stained with Alexa Fluor 488 phalloidin (Life Technologies) and propidium iodine (PI,
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Life Technologies) to detect actin stress fibers and the nuclei, respectively. Images were captured on an
upright microscope (Nikon FN1) using a laser scanning confocal head attachment (Nikon C1) and a 60X
water-dipping objective. Images were analyzed using a custom algorithm in MATLAB (the MathWorks,
Natick, MA) to quantify the angular distribution of stress fibers (SF) for each cell imaged as previously
described:*> To quantify cell alignment, cell outlines obtained by image thresholding were fit with
ellipses to quantify orientation angles 0 using NIH ImageJ software that were summarized with the order
parameter S = <cos 20>, where 0 is the angle of the major axis relative to the major axis of the stretch
chamber. Values of -1 or 1 indicate cells are uniformly oriented perpendicular or parallel to the direction
of stretch, while a value of 0 indicates there is no preferred orientation.

In vitro Differentiation: Preosteoblast metabolic activity was determined using AlamarBlue assay
(Thermo Scientific, USA) according to the manufacturer’s protocol. Nanocomposite hydrogels (6mm
diameter, 400 pum thickness) in a 96-well plate were seeded with 10,000 cells/well in normal and
osteoconductive media (50 pM ascorbic acid and 10 mM B-glycerophosphate supplemented in normal
media). The alkaline phosphatase (ALP) staining was performed on Days 3, and 7 using nitro-blue
tetrazolium/indolyl phosphate (NBIT/BCIP) (Thermo Scientific, USA). Cells were incubated with
0.25ml of NBIT/BCIP for 30 minutes then imaged using a stereomicroscope (Amscope, USA) after
extensive washing. For quantitative analysis, ALP was extracted from cells and subjected to mild
shaking at 4°C for 1 hour followed by centrifugation at 2500x for 10 minutes. Cell lysates were collected
in 96 - well plate and equal volume of p-nitrophenylphosphate (PNPP) (Sigma-Aldrich, USA) substrate
was added and incubated at 37°C for 1 hour to allow cleavage of the chromogenic substrate. Absorbance

was recorded at an OD of 405nm.

Statistical Analysis: The experimental data were presented as mean and standard deviations (n=5 or 6).

GraphPad Prism 5 was used to perform statistical analysis using non-parametric tests and one-way
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analysis of variance (ANOVA). Tukey’s post-hoc analysis was used for pairwise comparisons and the

statistical significance was defined as *p <0.05, **p <0.01, ***p <0.005.

RESULTS AND DISCUSSION
Synthesis of Nanohydroxyapatite-Gelatin Nanocomposites:

The size, morphology, and crystalline structure of nHAp were investigated through TEM and
XRD analysis. TEM analysis of nanoparticles revealed circular morphology of the nanoparticles with an
average diameter of 54+13 nm (Figure 1a). XRD pattern of nHAp was consistent with the phases listed
by International Centre for Diffraction Data (ICDD) database. The XRD pattern indicates presence of
(002), (211), (300), (202), (130), (002), (222) and (213) characteristic plane (Figure 1b). The XRD
pattern of nHAp was consistent with the phases listed by International Centre for Diffraction Data
(ICDD) database and match with JCPDS card (09-0432). The crystalline size of the nanoparticles as
calculated from the Debye-Scherrer formula was found to be 16+3 nm. This indicates the crystalline
nature of the nHAp particles. The effect of nHAp on cells was investigated by evaluating the cell
viability and cell shape (Figure 1c¢). No significant change in cell viability or cell shape was observed in
presence of nHAp (250 pg/mL), indicating high cytocompatibility of nanoparticles.

The nanocomposite hydrogels were obtained by combining nHAp with GelMA prepolymer
solution and subjecting it to UV radiation to obtain fully crosslinked network (Figure 2a). The presence
of nHAp in the GelMA hydrogel after crosslinking was determined using FTIR (Figure 2b). Gelatin
shows characteristic peaks of N-H stretching at 3276 cm™, C-H stretching at 2977 and 2880 cm™', amide
I, 1l and IIL bands at 1625, 1533 and 1246 cm, respectively and C-H deformation band at 1390 cm’™.
After methacrylation of gelatin, the amide peak shifted from 1625 cm™ to 1631 cm™, indicating the
formation of amide linkage. C-O-C stretching from methacrylic group appeared at 1029 cm™. nHAp
spectra showed peaks at 1091, 1041 and 962 cm™ corresponding to PO4” (v3) vibrational band and three

peaks at 627, 600 and 566 cm’ corresponding to PO,> (v4) vibrational band. PO, (v1) band was
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observed. in the region of 473 and 439 cm™. A hydroxyl band was observed at 627 cm™. COs* (v3)
vibrational bands were centered at 1655, 1461 and 1413 cm™. The spectra of nanocomposite confirm the
presence of nHAp and GelMA.

To understand the physical interactions between nHAp and GelMA, the electrophoretic mobility
(zeta potential) was determined. The zeta potentials of nHAp and GelMA prepolymer solutions were
observed to be -8.4+0.7 mV and -15+0.7 mV, respectively. The addition of 0.5, 1 and 2.5% nHAp to
prepolymer solution resulted in zeta potential of -14.2+0.5 mV, -14.1£0.1 mV to -13.1+0.2 mV
respectively (Figure 2c¢). As the zeta potential data is dominated by GelMA, this data indicates that
surface of nHAp is covered by GeIMA. No significant aggregation of nanoparticles was observed and
the prepolymer solution seemed stable. This is attributed to strong physical interactions between nHAp
and GelMA, due to high surface to volume ratio of nHAp compared to relatively large micron-sized
particles. The gelation kinetics of nanocomposite system was determined using UV rheology. The pre-
polymer solutions were subjected to UV radiations and the storage (G’) and loss (G”) moduli were
determined to monitor the crosslinking process (Figure 2d). The results indicate that crosslinking starts
in GelMA upon UV exposure and storage modulus reaches plateau within 60 seconds of UV exposure.
For GeIMA + 2.5% nHAp, a delay in the crosslinking process was observed. This might be attributed to
the ability of nHAp to adsorb UV. The storage modulus of the nanocomposite hydrogel was

significantly higher compared to the GeIMA hydrogels.

Structural and Mechanical Characterization of Photocrosslinked Nanocomposite Hydrogels

The effect of nHAp addition on structure and pore size of the GelMA hydrogels were
investigated using SEM. The porous network of hydrogels enables nutrient diffusion and facilitates cell
proliferation. In the GelMA hydrogels, a highly interconnected porous network was observed
corresponding to previously reported results.* With the addition of nHAp, the pore size increased

without significantly affecting the interconnectivity of the porous network (Figure 3a). A two-fold
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increase in pore size was due to addition of 2.5% nHAp in the nanocomposite hydrogel compared to the
GelMA hydrogel. Additionally, no aggregation of nHAp was observed indicating the uniform
distribution of nHAp within the hydrogel network. This increase in pore size due to the addition of
nHAp corresponds to the previously published studies.*® Interestingly, an increase in pore wall thickness
was also observed with an increase in nHAp concentration (Figure 3b). It might be possible that
addition of nHAp reduces the crosslinking density of GeIMA as nHAp can hinder the kinetic chain
growth and result in larger pores with thicker walls. Earlier reports also support this hypothesis.*
Moreover, due to its crystalline nature, nHAp can also absorb UV radiation that can also interfere with
the polymerization process. The energy dispersive spectra (EDS) of crosslinked network indicate the
presence of nHAp in the nanocomposite network as shown by the presence of Calcium (Ca) and
Phosphorus (P) peaks. The increase in nHAp concentration results in an increase in the intensity of Ca
and P peaks.

The addition of nHAp was expected to increase the network’s mechanical stiffness due to
physical reinforcement. Cyclic compression was performed to evaluate the mechanical properties of the
nanocomposite scaffolds. The addition of nHAp significantly increased the modulus and ultimate stress.
A two-fold increase in modulus and a four-fold increase in ultimate stress were observed with the
addition of 2.5% nHAp to GeIMA (Figure 4a). The energy dissipated or the area under the stress-strain
curve was calculated for each scaffold. A four-fold increase in the energy dissipated was also observed
with the addition of 2.5% nHAp; 2.60 + 0.61 kJ/m® and 10.85 + 2.09 kJ/m’ respectively. With the
increase in stiffness and strength of the scaffold with addition of nHAp, it is expected that there be an
increase in the energy lost when the scaffold is compressed to 90% strain. Previous studies also have
shown the inclusion of nanoparticles to increase mechanical properties of hydrogel network. 36, 48
Although the addition of nHAp to GelMA significantly enhances the mechanical stiffness of hydrogel

network, the nanocomposite is not strong enough to be used in load-bearing region. We expect that this

injectable nanocomposite system will be used for non-load bearing regions or in conjunction with stress-
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shielding devices such as bone plates or external fixations. The primary function of the injectable
nanocomposite will be to delivery cells or therapeutics and provide osteoconductive microenvironment
to support bone regeneration.

The degradation rates of the nanocomposite hydrogels were observed using collagenase solution
(2.5 units/mL) at 37°C. Since GeIMA contains denatured collagen, it fully degraded in collagenase in
12-16 hours (Figure 4b), which was comparable to previous results.*® The collagenase solution was able
to penetrate the hydrogel networks because of their interconnected porous structures. The stability of the
hydrogel networks was increased by the addition of nHAp, which allowed for a decrease in the

degradation rate.

Nanocomposite Hydrogels Support Cell Adhesion, Spreading and Differentiation

In order to be considered for biomedical applications, a scaffold must support cell adhesion and
promote cell proliferation. Since gelatin is denatured collagen, it contains RGD sequences that allow for
integrin mediated cell adhesion. In addition, nHAp are chemically and structurally similar to the mineral
phase of native bone, and can enhance the bone-bonding ability of the hydrogel scaffolds. To investigate
cell adhesion and spreading, preosteoblast cells were seeded on the nanocomposite scaffolds. After 3
and 7 days, SEM images of the cell-seeded scaffold were taken to analyze cell adhesion and spreading.
Results showed that cells attach and spread on the nanocomposite surface (Figure 5a). The metabolic
activity of seeded cells was monitored in normal and osteoconductive media. No significant difference
in metabolic activity was observed between GelMA and nanocomposite scaffolds (Figure Sb). A slight
increase in- metabolic activity of cells was observed on the nanocomposite with higher nHAp

concentration on Day 7 and 14 in normal media conditions.

Cyclic Stretch-Induced Cell Alignment on Nanocomposite Hydrogels
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As an assessment of the effect of addition of nHAp on cell responsiveness to cyclic tensile strain
(0.08 strain, 1Hz), we quantified stretch-induced alignment of non-confluent preosteoblasts cultured on
GelMA and GelMA-2.5% nHAp hydrogels (Figure 6a). Circular histograms of stress fiber orientation
distributions clearly indicate stress fiber alignment parallel to the direction of strain as compared to a
lack of alignment in static controls (Figure 6b). While alignment was apparent on both GelMA and
GelMA-2.5% nHAp hydrogels, the extent of stress fiber alignment was noticeably greater in the
hydrogels containing nHAp. The extent of cell alignment, as quantified by the order parameter, was
negligible for both GeIMA (0.17 £ 0.13) and GelMA-2.5% nHAp (0.20 £ 0.11) static control groups
(Figure 6¢). Cyclic stretching increased the order parameters for GeIMA (0.52 + 0.10) and GelMA-
2.5% nHAp.(0.67 + 0.07), but this was statistically significant only for the nHAp-containing gels. As
compared to 3D collagen hydrogels where cells and collagen fibrils are often co-aligned parallel with
the direction of strain!, the GeIMA hydrogels used here have no fibrils and thus alignment did not occur
as a result of contact guidance along aligned fibrils. These results are consistent with our previous report
stretching cells on collagen hydrogels.** ** Previous reports have demonstrated that cells align in the
direction of lowest strain on silicone rubber and polyacrylamide substrates with an elastic modulus of
50kPa; while no alignment is observed when stretching the cells on substrates softer than 11kPa.>* >
While we also observed greater alignment on the stiffer GelMA-2.5% nHAp hydrogel (5kPa vs. 2 kPa
for GeIMA), the direction of alignment was in the direction of greatest strain and occurred at an elastic

modulus below 11kPa. Future experiments will focus on the effects of nHAp on stretch-induced cell

functions, including proliferation and osteogenic response.

Enhanced Osteogenic Response of Preosteoblasts Seeded on Nanocomposites
By controlling biochemical and physical cues in the engineered ECM, it is possible to regulate or
enhance outcomes that facilitate tissue regeneration. The addition of nHAp to GelMA increases the

mechanical properties but also provides calcium reservoir to modulate the metabolic response of
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preosteoblast. The effects of nHAp on early osteogenic responses of seeded preosteoblast were
monitored by qualitative and quantitative assessment of the presence and activity of ALP. As an early
marker for osteogenesis, ALP production was monitored on days 3 and 7. Qualitative assessment
showed a significant increase in the presence of ALP in the 2.5% nHAp composite scaffold in
comparison to the control GelMA scaffold in both the normal and osteoconductive media (Figure 7).
Specifically, the number of ALP stained cells (purple stain) increased with the addition of nHAp.
Additionally, an increase in ALP stained cells was observed on day 7 compared to day 3. Further
quantitative analysis supported this by showing a significant increase in ALP activity on the 2.5% nHAp

scaffold.

CONCLUSIONS

Overall, we synthesized photocrosslinkable and elastomeric nanocomposite hydrogels from
nanohydroxyapatite (nHAp) and gelatin methacrylate (GeIMA). We investigated the effect of nHAp
addition on mechanical, rheological, and degradation properties. The results indicate significant increase
in mechanical stiffness and physiological stability due to the addition of nHAp. In vitro cell studies
indicate that the nanocomposite system supports cell adhesion, and proliferation. The nanocomposites
loaded with nHAp show enhanced interaction with cells under dynamic loading conditions. Furthermore,
the addition of nHAp significantly enhances the bioactivity of nanocomposite as determined by alkaline
phosphate (ALP) activity. The photocrosslinking ability of nanocomposites renders its utility for

minimally invasive therapies.
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Fig. 1: Structural and in vitro characterization of nHAp. (a) TEM image indicate spherical size of nHAp. (b)
XRD data indicates highly crystalline nature of nHAp. (c) In vitro evaluation indicates no significant effect of
nHAp on cell viability of proliferation.
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Fig. 2: Synthesis of nanocomposite hydrogels from nHAp and GelMA. (a) nHAp combined with prepolymer
solution containing GelMA was subjected to UV to obtain covalently crosslinked hydrogel network. (b) FTIR
spectra indicate presence of nHAp within hydrogel network. (c) No significant change in zeta potential was
observed due to addition of nHAp indicating limited interactions between nanoparticle and polymer. (d) UV
rheology indicates formation of covalently crosslinked network upon UV exposure as observed by the
saturation of strorage modulus (G’). The presence of nHAp delays the onset of crosslinking process due to
ability of nHAp to observe UV light. (*p<0.05, One-way ANOVA followed by Tukey post-hoc multi-
comparison testing).
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Fig. 3: The effect of nHAp in nanocomposite network. (a) All the hydrogels exhibit porous and
interconnected networks. The addition of nHAp results in formation of a hydrogel network with larger pore
size. EDS spectra indicate presence of Ca and P in the nanocomposite network. (b) The effect of nHAp
addition on pore size and pore wall thickness in the polymer network was quantified using ImageJ.
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Fig. 4: The effect of nHAp on the mechanical stiffness and physiological stability of nanocomposite
hydrogels. (a) The stress-strain curve indicates increase in modulus, ultimate stress and energy dissipated
due to addition of nHAp. (b) The degradation rate of nanocomposite hydrogel decreases with the addition of
nHAp.
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Fig. 5: Cell adhesion, spreading and proliferation on nanocomposite hydrogels. (a) Cells readily adhere and
spread on all the nanocomposite samples. (b) The addition of nHAp does not significantly affect cell
proliferation.
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Fig. 6: Cyclic stretching inducing cell and stress fiber (SF) alignment on elastomeric nanocomposite
hydrogels. (a) Preosteoblasts are seeded on the hydrogel surface and subjected to cyclic stretching (0.08
strain, 1 Hz, 6 h). (b) Representative images are shown of non-confluent preosteoblasts subjected to static
conditions or cyclic stretching when cultured on GelMA and GelMa-2.5%nHAp hydrogels with corresponding
SF angular distributions. (c) Order parameters summarizing cell orientation (N=30-50, **p<0.01, One-way
ANOVA followed by Tukey post-hoc multi-comparison testing).
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Fig. 7: The effect of nHAp on ALP staining and activity. (a) The addition of nHAp to GelMA significantly
enhances ALP staining on Day 3 and Day 7 in normal (NM) and osteoconductive (OM) media. (b) A similar
trend is observed in the ALP activity on day 3 and 7 in both normal and osteogenic conditions. (*p<0.05,
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***p<0.001, One-way ANOVA followed by Tukey post-hoc multi-comparison testing).
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Table of Content: We report synthesis and characterization of photocrosslinkable nanocomposite hydrogels
from nanohydroxyapatite (nHAp) and gelatin methacryloyl (GelMA). The addition of nHAp to GelMA
increases mechanical stiffness, supports cell proliferation and enhances osteogenic response of seeded
preosteoblast.
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