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Abstract

Here we report development of in-situ stable injectable hydrogels for delivery of cells and growth
factors based on two precursors, alginate, and collagen/calcium sulfate (CaSQ,). The alg/col
hydrogels were shear-thinning, injectable through commercially available needles and stable right
after injection. Rheological measurements revealed that pre-crosslinked alg/col hydrogels fully
crosslinked at 37°C and that the storage modulus of alg/col hydrogels increased with increasing
the collagen content or the concentration of CaSOy. The viscoelastic characteristics and
injectability of the alg/col hydrogels were not significantly impacted by the storage of precursor
solutions for 28 days. An osteoinductive bone morphogenic protein-2 (BMP-2) loaded into alg/col
hydrogels was released in 14 days. Human mesenchymal stem cells (hnMSCs) encapsulated in
alg/col hydrogels had over 90% viability over 7 days after injection. The DNA content of hMSC-
laden alg/col hydrogels increased by 6-37 folds for 28 days, depending on the initial cell density.
In addition, hMSCs encapsulated in alg/col hydrogels and incubated in osteogenic medium were
osteogenically differentiated and formed a mineralized matrix. Finally, a BMP-2 loaded alg/col
hydrogel was used to heal a critical size calvarial bone defect in rats after 8 weeks of injection.
The alg/col hydrogel holds great promise in tissue engineering and bioprinting applications.
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1. Introduction

Injectable hydrogels have been extensively used as carriers for therapeutic delivery,
including cells and proteins to the defect site in regenerative medicine [1-3]. Due to their
large water content, porous microstructure and permeability to oxygen, nutrients, proteins
and cell waste products, hydrogels provide an ideal three-dimensional (3D)
microenvironment for cell encapsulation [4]. In addition, bioactive molecules can be
incorporated into injectable hydrogels to promote cell adhesion, proliferation and
differentiation of stem cells [5].

In-situ crosslinkable injectable hydrogels that are liquid before injection, are influenced by
the in-vivo microenvironment prior to crosslinking, may leak from the defect site into the
neighboring tissues, and dilute with the body fluid before gelation [6, 7], or need additional
stimuli such as light or heat for crosslinking. Shear-thinning injectable hydrogels, that are
partially or fully crosslinked before injection, flow through syringe and needles under the
applied shear stress and take the shape of the defect cavity. These pre-crosslinked shear-
thinning hydrogels are relatively stable and don’t leak out, get diluted or washed away after
injection [6, 8]. Further, due to a protective effect of hydrogel, cells delivered in pre-
crosslinked shear-thinning hydrogels have higher viability following injection compared to
the cells delivered in solutions [8-10]. Therefore, shear-thinning hydrogels have recently
been used not only as carriers for delivery of cells and therapeutics to the regeneration site,
but also as bioinks for 3D bioprinting of tissues [11-14].

Alginate hydrogels are biocompatible and non-immunogenic hence good candidates for cell
and therapeutics delivery [15]. A typical method for making alginate gel is instantaneous
crosslinking of alginate in the solutions of water-soluble salts of divalent cations (e.g. CaCly)
[16]. The strong local crosslinks and inhomogeneity in the crosslink density of the alginate
hydrogels prepared via this instantaneous gelation method hinder the injectability and
printability of the hydrogel [10, 17]. Alginate hydrogels with improved crosslinking

Materialia (Oxf). Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moeinzadeh et al.

Page 3

distribution and injectability have been made using divalent cation salts of low solubility
including CaSOy, [10, 18, 19]. Although injectable alginate hydrogels are biocompatible,
they lack adhesive ligands that are required for cell survival, growth and proliferation within
a 3D matrix. Modification of alginate molecule with cell adhesive peptides have been used
to impart cell-adhesive ligands to alginate hydrogels [20-22] but short peptides lack the full
function and specificity of native extracellular matrix (ECM) proteins [23, 24].

Collagen is the most abundant protein component of the ECM that contribute to the structure
and function of tissues [25]. Collagen directly interacts with multiple integrin receptors on
the cell surface including a1pl, a2pl, all1pl, and a VB3 integrins, as well as the discoidin
domain receptor tyrosine kinases 1 and 2 (DDR1 and DDR?2) [26, 27]. In addition, collagen
is indirectly sensed by cells through interaction with cell-binding proteins [27]. The cell-
collagen interaction has been shown to play a key role in regulation of cell adhesion,
proliferation and differentiation [28]. For example, the survival and osteogenic
differentiation of hMSCs in collagen type | depend on interactions between collagen and
both a2p1 and a11p1 integrins [29]. Due to the unique properties of collagen, collagen-
based hydrogels closely mimic the native tissue microenvironment and have been widely
used as 3D scaffolds for cell encapsulation in tissue engineering applications [30, 31].
Crosslinked collagen hydrogel is not injectable whereas uncrosslinked collagen hydrogel
precursor solution is an injectable liquid and has been used for delivery of cells in
regenerative medicine [32, 33]. However, as mentioned above, cell delivery in liquid
formulations suffers from potential dilution and leakage to neighboring tissues due to a lack
of stability in the target site. Also, a low viscosity and inferior structural stability of collagen
precursor solution, limits its application as bioink in 3D bioprinting [34]. A number of
strategies such as mixing pre-assembled collagen fibrils with injectable alginate hydrogel, or
exposing the alginate/collagen mixtures to Ca2* solution have been tested to increase the
stability of collagen-based hydrogel following injection and to tune the physicomechanical
characteristics of hydrogel [35-40]. However, these methods need collagen fibrils
preprocessing, uncrosslinked solution postprocessing, and/or using special instrumentation
such as coaxial nozzles or luer-lock syringes. Here we reported a facile method to make
injectable collagen/alginate/CaSO,4 hydrogels. The effect of alginate to collagen weight ratio
and CaSO,4 content on shear-thinning properties, injectability, and storage modulus of the
hydrogels were investigated. In addition, the hydrogels microstructure, distribution of
alginate and collagen within the hydrogel, degradation rate, and release kinetics of a model
protein (BSA) and an osteo-inductive protein (BMP2) from the hydrogels were studied.
Further, the viability, proliferation, and osteogenic differentiation of hMSCs in hydrogels
were evaluated. Finally, the effect of the BMP2-laden alg/col hydrogel on bone repair of a
critical size calvarial bone defect model in rats was evaluated.

2. Materials and Methods

2.1. Materials

Rat tail collagen type | was purchased from Corning Inc. (Corning. NY, USA). Sodium
alginate (alginate, 500GM) was purchased from Pfaltz & Bauer Inc. (Waterbury, CT, USA).
Sodium hydroxide (NaOH), ethanol, 5-(Aminomethyl)Fluorescein Hydrochloride, and Texas
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Red™-X, Succinimidyl Ester were purchased from Thermo Fisher Scientific (Waltham,
MA). Calcium sulfate (CaSQy,), 2-(N-Morpholino)ethanesulfonic acid (MES), N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), N-
Hydroxysulfosuccinimide (NHS), dexamethasone, ascorbic acid, B-sodium
glycerophosphate, and Human BMP2 ELISA kit were received from Sigma-Aldrich (St
Louis, MO). Collagenase, Calcein AM/Ethidium homodimer-1 Live/Dead assay kit, and
Quant-iT PicoGreen DNA assay kit were purchased from Thermo Fisher Scientific
(Waltham, MA). QuantiChrom alkaline phosphatase activity (ALP) kit and Calcium Assay
kit were purchased from BioAssay Systems (Hayward, CA, USA). Human BMP2 protein
was provided by Medtronic (Dublin, Ireland).

2.2. Methods

2.2.1. Hydrogel preparation—A schematic representation of the method used to
prepare alg/col hydrogels is shown in Figure 1. Alginate was dissolved in calcium free
DMEM medium at 1% (w/v) concentration. The solution was filtered using a 0.22 um PES
filter (Millex, Millipore Sigma) and supplemented with sterile 1N NaOH at 4, 8, or 16
pL/mL to prepare alginate precursor solution for alg/col 1/0.25, alg/col 1/0.5 or alg/col 1/1
hydrogels, respectively. The alginate precursor solution was sterilized by filtration using
0.22 pm Millex syringe filters and stored at 4°C. Calcium sulfate (CaSOg4) was sterilized
using electron beam (E-beam) at a 25 kGy dose, following 1ISO 11137- 2:2006 standard as
previously described [41]. DI water was sterilized using a 0.22 um PES filter. 1 mL sterile
DI water was then added to 100 mg sterile CaSO,4 and the suspension was vortexed for 5
minutes. 750, 500, or 0 pL calcium free DMEM medium was added to 250, 500 or 1000 pL
of collagen stock solution (collagen I from rat tail, Corning Inc) at 4°C, for alg/col 1/0.25,
alg/col 1/0.5 or alg/col 1/1 hydrogels, respectively. Then, the collagen solution was
supplemented with 0, 10, 20, or 30 pL of vigorously vortexed CaSO, suspension
(corresponding to 0, 0.5, 1, and 1.5 mg/mL CaSO, concentrations in the hydrogel) and
mixed via pipetting to make collagen precursor solution. The collagen precursor solution
was added to the alginate precursor solution at 1:1 volume ratio and pipetted multiple times.
To make pure alginate hydrogel (alg), alginate was dissolved in calcium free DMEM
medium at 1% (w/v) concentration. 20 pL of vigorously vortexed CaSO,4 suspension (100
mg/mL) was suspended in 1 mL of calcium free DMEM medium. Then alginate solution
and CaSO, suspension were mixed at 1:1 ratio. To make pure collagen hydrogel (col),
collagen stock solution was added to calcium free DMEM medium to make a 2.5 mg/mL
collagen solution (corresponding to collagen concentration in alg/col 1/0.5 gel) and the pH
was adjusted to 7.4 using sterile 1IN NaOH.

2.2.2. Rheological measurements and injectability—The alg/col hydrogels with
different alginate/collagen weight ratios or CaSO4 concentrations, were prepared at 4°C and
loaded on the Peltier plate of an ARES-G2 rheometer (TA Instruments, New Castle, DE). An
8 mm parallel plate stainless steel geometry was used at a gap distance of 200 pm. To test
the shear thinning characteristics, the viscosity of the hydrogels at 4°C was measured when
the shear rate increased from 0.1 to 50 Hz. To test the temperature-responsive evolution of
the storage modulus of the gels, the gels were equilibrated at 4°C for 15 minutes on the
Peltier plate, then the temperature of the Peltier plate was changed from 4°C to 37°C, a
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sinusoidal shear strain with 1% strain and 1 Hz frequency was applied to the sample, and the
storage modulus (G’) of the samples was recorded with time. To evaluate the storability of
hydrogels, the alginate or hydrogel precursor solutions were stored at 4°C for 28 days. At
days 0, 7, 14, and 28, the precursor solutions were mixed to make alg/col 1/1 hydrogel and
the viscosity and G’ were measured as described above. Injectability of the alg/col hydrogels
was also tested via loading the gel into a 1 mm syringe (Norm-Ject syringe, Air-Tite
Products Co., Inc., Virginia Beach, VA) and manual injection of the gel through a 20G
needle (PrecisionGlide, Becton Dickinson, Franklin Lakes, NJ) onto wells of a 6-well plate.
The injected strut was imaged using a Zeiss AxioObserver Z1 microscope.

2.2.3. Scanning electron microscopy (SEM) imaging—The alg/col hydrogels
samples were immersed in liquid nitrogen and freeze-dried. The freeze-dried samples were
dipped in liquid nitrogen and cut using a surgical blade, as described elsewhere [42]. The
hydrogel samples were then coated with gold using a SPI sputter (SPI Supplier Division of
Structure Prob, Inc., West Chester, PA) for 180 seconds and imaged using a Field Emission
Scanning Electron Microscope (Zeiss Sigma, White Plains, NY) at an accelerating voltage
of 5 keV.

2.2.4. Fluorescent imaging—*For alginate fluorescent labeling, 500 mg of alginate was
dissolved in 50 mL MES buffer (100 mM) containing EDC (1 mg/mL) and NHS (1 mg/mL)
and allowed to react for 30 min at room temperature to activate the carboxylic acid groups. 5
mg of 5-(Aminomethyl)Fluorescein dye was dissolved in 100 uL DMSO, mixed with the
activated alginate solution and stirred for 2 hr at room temperature in dark. The solution of
stained alginate (s-alg) was then dialyzed against DI water using a dialysis tube (Spectrum
Laboratories, Rancho Dominquez, CA) with 6—8 kDa molecular weight cutoff for 3 days at
ambient temperature.

To stain collagen, 1 mg of Texas Red™-X, Succinimidyl Ester dye was dissolved in 100 pL
DMSO and then diluted in 5 mL PBS. 100 uL of alg/col hydrogel or pure collagen hydrogel
was injected onto wells of a 24-well plate, incubated at 37°C for 30 minutes, and was
thoroughly washed with PBS five times. Then, the dye solution was added to the hydrogel
samples and incubated at room temperature in dark for 2 hr. The hydrogel samples were then
washed with PBS five times (each time 30 min incubation at room temperature in dark) to
fully remove the unreacted dye. The stained alg/col hydrogels were imaged using a Zeiss
AxioObserver Z1 fluorescent microscope.

2.2.5. Measurement of mass loss—In order to measure the degradation kinetics of
alg/col hydrogels, 2 mL of alg/col 1/0.25, alg/col 1/0.5 or alg/col 1/1 hydrogels was injected
into Teflon molds and incubated at 37°C for 30 minutes. Each sample was then transferred
to a tube with 20 mL PBS supplemented with collagenase (1 pg/mL) and sodium citrate (20
ug /mL) and incubated at 37 °C under mild agitation. The reported concentrations of
collagenase and citrate in synovial fluid and plasma are in the order of 1 pg/mL, and 20

ug /mL, respectively [43, 44]. At each time point, the tubes were centrifuged at 2000%g, the
supernatant was removed, and the samples were lyophilized. The weight of dried samples
was measured and compared with the weight of dried samples at day 0 to determine the
fractional mass loss at each time point.
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2.2.6. Protein release—Bovine serum albumin (BSA, 1% wi/v) or BMP2 (20 pg/mL)
was encapsulated in alg/col 1/0.25, alg/col 1/0.5 and alg/col 1/1 hydrogels. 100 pL of the
BSA loaded or BMP2 loaded hydrogels or hydrogels without encapsulated protein (control
groups) was injected onto wells of a 24-well plate and incubated at 37°C for 30 minutes.
Then, 1 mL PBS was added to each well and the plate was incubated at 37°C for 14 days or
21 days. At each time point, the release medium was removed from the plates and replaced
with fresh PBS. The removed release medium was transferred to siliconized microcentrifuge
tubes and stored in a —80°C freezer. After collecting the release media at all time points, the
total protein content or the BMP2 content was measured with BCA Protein Assay Kit
(Thermo Fisher Scientific), or human BMP2 ELISA kit (Sigma-Aldrich), respectively
according to manufacturer’s instructions. The normalized released BSA at each time point
was calculated by subtracting the protein released from BSA-laden samples from that of the
control samples. The protein release tests were done in triplicate.

2.2.7. hMSCs culture—Human Mesenchymal Stem Cells (hnMSCs) were cultured in
DMEM medium (Life Technologies, USA) supplemented with 10% fetal bovine serum
(FBS, Life Technologies, USA) and 1% Penicillin and Streptomycin (hereafter referred to as
basal medium) at 37°C in a 5% CO, humidified incubator. After reaching 70% confluency,
hMSCs were enzymatically lifted with trypsin-EDTA and used for in-vitro studies. All cells
were passaged < 6 times prior to the in-vitro studies.

2.2.8. Viability and proliferation of hMSCs in alg/col hydrogels—For cell
encapsulation, 0.5, 1 or 5 million hMSCs were suspended in 500 uL collagen precursor
solutions with different alg/col ratios or CaSO,4 content. The collagen precursor solution was
then added to 500 pL of sterile alginate precursor solution and mixed gently via pipetting. 50
pL of the hMSC-laden hydrogel was injected onto wells of a 24-well plate and incubated at
37°C for 30 minutes. The hydrogels were then incubated in 1 mL of basal medium at 37°C
and 5% CO». For cell viability measurement, gels were stained with Calcein AM (2 uM) and
Ethidium homodimer-1(4 uM) to image live and dead hMSCs according to manufacturer’s
instructions and imaged using a Zeiss AxioObserver Z1 fluorescent microscope. The live/
dead images were divided into smaller squares and the number of live and dead cells were
counted manually to calculate the cell viability, as described elsewhere [45]. To quantify the
DNA content of the cell encapsulated hydrogel sample, at each time point, the samples were
transferred into new wells and incubated in 500 uL of DMEM medium supplemented with
collagenase (1 mg/mL) for 1 hour at 37°C. Then, 250 uL of 3% triton solution in PBS was
added to each well and the attached cells were lifted from the surface using a CytoOne cell
scraper (USA Scientific Inc, Ocala, FL). Then the cell suspension was transferred to a
microcentrifuge tube and sonicated to rupture the cell membrane. The lysate was centrifuged
at 2000xg for 15 min at 4°C and the supernatant was collected. The content of double-
stranded DNA in the supernatant was measured using Quant-iT PicoGreen DNA assay
according to manufacturer’s instructions [42].

2.2.9. Osteogenic differentiation of hMSCs in alg/col hydrogels—For
osteogenic differentiation, 50 pL of hMSC-laden alg/col hydrogel with 0.5, 1 or 5 million
cells/mL was injected onto wells of a 24-well plate and incubated in 1 mL of basal medium
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at 37°C and 5% CO,. After 24 hr, the medium was replaced with osteogenic medium (basal
medium supplemented with 100 nM dexamethasone, 50 pg/mL ascorbic acid, 10 mM -
sodium glycerophosphate) or fresh basal medium (control groups) and incubated for 28 days
[46]. To measure ALP activity, at each time point (0, 7, 14, 21, and 28 days), hydrogel
samples were transferred into new wells and incubated in 500 uL of DMEM medium
supplemented with collagenase (1 mg/mL) for 1 hour at 37°C to digest the gels. Then, 250
pL of 3% triton solution in PBS was added to each well and the attached cells were lifted
from the surface using a cell scraper. Then the cell suspension was transferred to a
microcentrifuge tube and sonicated. The lysate was centrifuged at 2000xg for 15 min at 4°C
and the supernatant was collected. The ALP activity in the supernatant was measured using
QuantiChrom ALP assay kit according to the manufacturer’s Instructions, on the plate
reader at 405 nm. To measure the calcium content, hMSC-laden hydrogel samples were first
lysed as described above. Then, 250 uL of 1N HCL solution was added to the lysate and
mixed overnight at 4°C as described [47]. Next, the lysate was centrifuged at 2000xg for 15
min at 4°C and the supernatant was collected. The calcium content in the supernatant was
measured using QuantiChrom Calcium assay kit on the plate reader at 612 nm. The ALP
activity and calcium content at each time point were normalized by dividing by the DNA
content at that time point. To visualize the mineralization, at day 28, the hMSC-laden gels
were washed 3 times with PBS, stained with Alizarin red and imaged using a Zeiss
AxioObserver Z1 microscope [48].

2.2.10. Invivo calvarial bone defect repair—10-week-old male Sprague—-Dawley
(SD) rats (Charles River Laboratories, Wilmington, MA) were used in this study. The animal
surgery protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) at Stanford University and was in accordance with the National Institute of Health
(NIH)’s guidelines [49]. All surgeries were performed under anesthesia, and Buprenorphine
Sustained-Release (SR) was administered to minimize the suffering of animals. The
operation procedure was modified based on the previous publications [50, 51]. Each rat was
anaesthetized with 2-3% isoflurane during operation on a heated platform. After
disinfection, a 15-mm incision was made along the sagittal mid-line to expose the sagittal
suture and coronal suture. The periosteum was carefully incised along the sagittal suture to
expose the calvarial bone. Then a defect with 8-mm in diameter with its center in the middle
of the sagittal suture was created using a trephine drill (Dentium, Suwon, Korea) with
normal saline irrigation during processing. Then 100 pL alg/col 1/0.5 hydrogel with or
without 2ug BMP2 (n = 6 per time point per group) was injected to the calvarial defect site.
The animals with a defect only were regarded as negative controls (Blank control; n = 6 per
time point). The hydrogel was secured by suturing periosteum and skin sequentially. The
rats were sacrificed after 4 or 8 weeks, and samples were harvested for the following micro-
computed tomography (micro-CT) analysis.

2.2.11. Micro-CT analysis—The collected rat calvarial specimens were fixed in 10%
buffered formalin and then preserved in 70% ethyl alcohol for bone scanning using a
Skyscan 1276 micro-CT (Bruker, Kontich, Belgium) as previously described [52, 53]. The
scanning was performed with a custom isotropic resolution of 20 um isometric voxel size
with a voltage of 70 kV and a current of 200 uA, with a rotation step of 0.8° and in 360°
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scan mode. Beam hardening reduction was applied using a 0.5 mm Al filter. The projection
images were reconstructed offline using a cone beam NRecon application (version 1.0.7.0.,
Bruker) with post-alignment and beam hardening corrections for image analysis. Post
processing of the reconstructed images was analyzed using the SkyScan CTAn software
package (version, 1.17, Bruker). Regions of interest (ROIs) were defined as the full
thickness of 8-mm calvarial defect site. All the slices with bone were selected to create a
volume of interest (VOI) to generate the bone volume/ tissue volume fraction (BV/TV)
measured by Ctan with the threshold of bone ranging from 80 to 255 g/cm3. Data were
normalized by the mean value of BV/TV of the intact calvarial bone controls. 3D bone
structure was made from the segmented dataset with CTAn (CT Hounsfield units (HU)
threshold >10000) for visual inspection using the MicroView 3D Image Viewer (\ersion
2.5.0, Parallax Innovations Inc., llderton, Canada).

2.2.12. Histology and immunohistochemistry—Immediately after micro-CT
scanning, the specimens (n = 6 per group) were decalcified in 10 % EDTA solution for 4
weeks and embedded in optimal cutting temperature (OCT; Fisher HealthCare, Waltham,
MA). Thin sections (5 um) were cut by a rotary cryostat (HM525 NX; Thermo Fisher
Scientific, Waltham, MA) from the sagittal suture of each cranial bone in the sagittal plane.
After washing, the slides were stained with hematoxylin and eosin (H & E; Sigma-Aldrich,
St Louis, MA) and Trichrome stain kit (Abcam, Cambridge, MA) for observation under
microscope. The expressions of osteocalcin (OCN) and osteopontin (OPN) in the defect sites
were measured by immunohistochemistry. The slides (n = 6) were incubated with primary
antibodies against OCN (1:100; Santa Cruz, CA) or OPN (1:100; Santa Cruz, CA) and
subsequently with horseradish peroxidase (HRP)-conjugated secondary antibody (1:200;
Santa Cruz, CA). Primary antibody was replaced with blocking solution in the negative
controls. The sections were examined under light microscopy. ImageJ (NIH) was introduced
to analyze the OCN- or OPN-positive area in the defect sites.

2.2.13. Statistical analysis—All experiments were done in triplicate. Statistically
significant differences between groups were tested using a two-way ANOVA with
replication, followed by a two-tailed Students t-test. A p-value smaller than 0.05 (p < 0.05)
was considered statistically significant.

3. Results

The effect of shear rate on the viscosity of alginate (alg, blue line), collagen (col, green line),
alg/col 1/0.25 (brown line), alg/col 1/0.5 (red line), and alg/col 1/1 (purple line) hydrogels is
shown in Figure 2a. At the minimum shear rate (0.13 1/s), the viscosities of alg/col
hydrogels were significantly higher than that of alginate or collagen. The viscosity of alg/col
hydrogels at minimum shear rate increased by 3.4, 5.9 and 7.9 folds when the collagen to
alginate weight ratio increased from 0 to 0.25, 0.5, and 1, respectively. The viscosities of all
hydrogels decreased when the shear rate increased from 0.13 to 48 (1/s). The shear-thinning
characteristics indicated injectability of alg/col hydrogels regardless of the alginate to
collagen ratio [54].
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The effect of alginate to collagen weight ratio on the evolution of storage modulus of the
alg/col hydrogels with time at 37 °C is shown in Figure 2b. The storage modulus of alginate
gel (blue markers) did not significantly change but the storage modulus of collagen (green
markers) increased by 2.1 folds over 900 seconds at 37 °C. The storage modulus of alg/col
1/0.25 (brown markers), alg/col 1/0.5 (red markers), and alg/col 1/1 (purple markers) gels
raised by 1.6, 1.6, and 1.2 folds, respectively after 900 seconds at 37 °C. The storage moduli
of alg/col hydrogels were significantly higher than those of alginate gel or collagen over
900s. The storage modulus of alg/col gels after 900 seconds (Figure 2c¢) increased from 23
Pa to 224 Pa, 985 Pa, and 1560 Pa with increasing the collagen to alginate weight ratio from
010 0.25, 0.5, and 1.

The effect of CaSO4 concentration on the growth of storage modulus of alg/col 1/0.5
hydrogels at 37 °C is shown in Figure 2d. The storage modulus of alg/col 1/0.5 gels
increased by 1.8, 1.6, 1.6 or 1.3 folds over 900 seconds at 37 °C when the CaSO,
concentration was 0, 0.5, 1, or 1.5 (mg/mL), respectively. The storage modulus of alg/col
1/0.5 hydrogel at any time significantly increased with increasing the CaSO,4 concentration.
For instance, after 900 seconds, the storage modulus of alg/col 1/0.5 hydrogel (Figure 2¢e)
increased from 105 to 223, 984, and 1402 with changing the CaSO,4 concentration from 0 to
0.5, 1, and 1.5 (mg/mL).

Figure 2f shows the effect of storage time of precursor solutions on the shear dependent
viscosity of the alg/col 1/0.5 hydrogel. A decreasing trend in the viscosity of hydrogel with
increasing the shear rate was not significantly impacted by the storage of precursor solutions
for 28 days at 4°C. The viscosity of the alg/col 1/0.5 hydrogel that was prepared from
precursor solutions after 28 days of storage (Figure Sla, 28 days) at 0.1, 1, or 10 (1/s) shear
rates was not statistically significant different from that of alg/col 1/0.5 hydrogel made from
fresh precursor solutions (Figure Sla, 0 days). Further, the storage modulus of the alg/col
1/0.5 hydrogel after 900 seconds at 37°C did not significantly change with storing the
precursor solutions for 7, 14, or 28 days (Figure S1b).

In addition to rheological characterization, the injectability of the alg/col hydrogels was also
tested via manual injection of the gels through a 20G needle. Figure 3a shows an alg/col
1/0.5 gel strut injected from a 20G needle. The average strut thickness was 810 pm which
was slightly higher than the nominal inner diameter of a 20G needle (600 um) [55]. The
alginate to collagen weight ratio and the concentration of CaSQO, did not significantly impact
the injectability of the gel or the injected strut thickness (data not shown). A representative
SEM image of alg/col 1/0.5 hydrogel is shown in Figure 3b. The hydrogel samples had a
porous microstructure with average pore size of 15 um.

The distribution of alginate and collagen in alg/col hydrogels was evaluated via fluorescent
imaging. Figure 3c shows a fluorescent image of alg hydrogel (without collagen) that was
prepared with green fluorescent-labeled alginate. The alginate in the absence of collagen
was evenly distributed in the hydrogel indicated by a uniform green color in Figure 3c. A
fluorescent image of col hydrogel (without alginate) stained with red fluorescent dye is
shown in Figure 3d. The collagen in the absence of alginate was evenly dispersed in the
hydrogel. Figure 3e shows a fluorescent image of alg/col 1/0.5 hydrogel that was prepared
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with green fluorescent-labeled alginate and then stained with red fluorescent dye to visualize
collagen. The orange color indicated that both alginate hydrogel and collagen hydrogel
contributed to the network and alginate gelation did not negatively impact the collagen
network formation.

The degradation kinetics of alg/col hydrogels over 21 days at 37 °C in PBS supplemented
with collagenase and sodium citrate is shown in Figure 3f. The remaining mass of alg/col
1/0.25, alg/col 1/0.5, and alg/col 1/1 hydrogels monotonically decreased from 100% at day 0
to 10.5%, 9.0%, and 20.5% at day 21, respectively. The remaining mass of alg/col 1/1 was
significantly higher than that of alg/col 1/0.25 hydrogel after 14 or 21 days. The release
kinetics of BSA from alg/col hydrogels is shown in Figure 3g. Following an initial burst
release in the first day, the BSA release was slower from day 1 to 5 and reached a plateau
after day 5. The amount of released BSA from alg/col hydrogels at 24 hr and 72 hr
significantly decreased with increasing the alginate to collagen ratio. For instance, the
amount of released BSA at 24hr decreased significantly from 66.8% to 59.7% and 50.2%
with changing the alginate to collagen weight ratio from 1/0.25 to 1/0.5, and 1/1. The
amount of released BSA from alg/col hydrogels after 120 hr was over 90%. Also, alginate to
collagen ratio did not significantly influence the amount of released BSA at 120 hr, 240 hr or
336 hr time points. The BMP2 release from alg/col hydrogels had a fast rate in the first 3
days in the range of 63.6% to 74.5% followed by a slower rate from day 3 to 14, accounting
for 93.7% to 95.7% in total (Figure 3h). The amount of released BMP2 from the alg/col
hydrogels did not significantly change after day 14. At day 1 and day 3, the amount of
released BMP2 from alg/col 1/0.25 hydrogel was significantly higher than the amount of
BMP2 released from alg/col 1/0.5 or alg/col 1/1 hydrogels. After day 3, there was not a
significant difference between the amount of BMP2 released from different hydrogels. Also,
the released BMP2 from alg/col 1/0.5 and alg/col 1/1 hydrogels were not significantly
different at any time point.

Figure 4a, 4b, and 4c show images of live (green) and dead (orange) hMSCs encapsulated in
alg/col 1/0.5 hydrogel with 0.5, 1 and 5 million cells/mL densities, respectively 24hr after
encapsulation. The viability of hMSCs encapsulated in alg/col 1/0.5 hydrogel after 24hr was
94%, 92%, and 93% for 0.5, 1 and 5 million cells/mL cell densities. The live/dead images of
hMSCs-laden alg/col 1/0.5 hydrogel with 0.5, 1 and 5 million cells/mL densities, after 0, 7,
and 14 days of incubation are shown in Figure S2. The viability of hMSCs for all cell
densities remained over 90% at day 7 and 14. The effect of alginate to collagen weight ratio
on the viability of hMSCs encapsulated in alg/col hydrogel with 1 million cells/mL density
after 24hr is shown in Figure 4d. The hMSC viability was 94%, 92%, and 95% for alg/col
1/0.25, alg/col 1/0.5, and alg/col 1/1 hydrogels, respectively. The variation in cell viability in
alg/col hydrogels with changing the alginate to collagen ratio was not statistically
significant. Figure 4e shows the effect of CaSO4 concentration in alg/col 1/0.5 hydrogels on
the viability of encapsulated hMSCs. The viability of hMSCs encapsulated in alg/col 1/0.5
hydrogel with 0.5, 1 or 1.5 mg/mL CaSQO4 concentration did not significantly change from
day 1 to 7. Further, a change in the CaSO,4 concentration from 0.5 to 1 or 1.5 mg/mL did not
significantly affect the hMSC viability at day 1, 3 or 7. DNA content of hMSC-laden alg/col
1/0.5 hydrogels with cell densities of 0.5, 1 and 5 million cells/mL cultured in basal medium
over 28 days is shown in Figure 4f. When the density of hMSCs in alg/col hydrogel was 0.5
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million cells/mL (0.5 m, blue line) the DNA content increased by 37.2 folds from day 0 to
28. The DNA content of alg/col hydrogel with 1 million encapsulated hMSCs/mL (1m, red
line) increased by 26.8 folds from day O to day 21 and then did not significantly change from
day 21 to 28. The DNA content of alg/col hydrogel with 5 million hMSCs/mL (5 m, green
line) initially increased by 6.2 folds from day 0 to 14 and then slightly dropped from day 14
to 28.

Images in Figure 5a show Alizarin red stained hMSC-laden alg/col 1/0.5 hydrogels with 0.5,
1 and 5 million cells/mL densities and incubated in basal medium (BM) or osteogenic
medium (OM) for 28 days. A significantly higher mineralization was observed in hMSC-
laden hydrogel groups that were incubated in OM compared to those incubated in BM. ALP
activity of hMSCs encapsulated in alg/col 1/0.5 hydrogels with 0.5, 1, or 5 million cells/mL
density and incubated in BM or OM for 28 days is shown in Figure 5b. The ALP activity of
hMSCs did not significantly change when the cell-laden alg/col hydrogels were incubated in
BM. The ALP activity of hMSCs encapsulated in alg/col hydrogels and incubated in OM
drastically increased from day 0 to 14 and then either dropped (for 1 and 5 million cells/mL
densities) or did not significantly change (for 0.5 million cells/mL density) from day 14 to
28.

Calcium content of alg/col 1/0.5 hydrogels loaded with 0.5, 1, or 5 million hMSCs/mL and
incubated in BM or OM for 28 days is shown in Figure 5¢. The calcium content of hydrogel
samples did not significantly change when the hMSC-laden alg/col hydrogels were
incubated in BM, regardless of cell density. The calcium content of those hMSC-laden
hydrogels that were incubated in OM did not change initially from day 0 to 7, then
significantly increased from day 7 to 28. The calcium content of hMSC-laden hydrogels
with 1 or 5 million cells/mL cell density was significantly higher than that of hMSC-laden
hydrogels with 0.5 million cells/mL after 28 days of incubation in OM.

The efficacy of the BMP2-incorporated alg/col 1/0.5 hydrogel in calvarial bone defect
healing was assessed by micro-CT analysis at 4 weeks or 8 weeks after implantation. From
the 3D reconstructed results, we found only small amount of new bone regenerated from the
cutting edges in the blank control group and in the hydrogel only group at 4 weeks or 8
weeks (Figure 6a). The hydrogel alone showed no significant effect on bone healing
compared with blank controls (Figure 6a and 6b). However, the hydrogel loaded with BMP2
promoted calvarial bone healing significantly, with 135.8% (P < 0.05) or 190.8% (P < 0.001)
increase in bone volume fraction (BV/TV) after 4 weeks or 8 weeks respectively, compared
with the blank control group. In addition, the bone volume fraction of BMP2-laden hydrogel
group was 91.3% (P < 0.05) or 207.8% (P < 0.001) higher after 4 weeks or 8 weeks,
compared with that of the hydrogel only group (Figure 6a and 6b). After 8 weeks of BMP2-
laden hydrogel injection, the calvarial bone defect nearly healed, with a 56.3% (P < 0.05)
increase in BV/TV compared with that after 4 weeks of injection (Figure 6a and 6b).

Histological results (Figure 7 and Figure S3) showed regenerated tissue in the calvarial
defect sites and an integration of newly formed tissue with the existing native tissue at 4 or 8
weeks after implantation (Figure 7). From the results of Trichrome and H & E staining, we
found the defect sites were mainly covered with fibrous tissue and a few small bone islands
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in the blank control group or hydrogel only group (alg/col 1/0.5 hydrogel) at 4 or 8 weeks
after operation (Figure 7 and Figure S3). A large amount of newly formed bone with
seamless integration to the native tissue at the defect sites was found in the BMP2-
incorporated hydrogel (alg/col 1/0.5 hydrogel) group at 4 or 8 weeks after operation (Figure
7 and Figure S3). The newly formed bone in the later time point (8 weeks) was more mature
than that at the early time point (4 weeks). This result was consistent with the data from
micro-CT analysis, which showed a better bone healing effect in the BMP2-incorporated
hydrogel group, especially at the later time point (8 weeks). Osteogenic markers including
osteocalcin (OCN) and osteopontin (OPN) were measured by immunohistochemistry
(Figure 8). As shown by the results, the expression levels of OCN and OPN were relatively
low in the blank control group or hydrogel only group (alg/col 1/0.5 hydrogel) at 4 or 8
weeks after operation (Figure 8A—-8C). However, significantly higher expression levels were
found in the BMP2-laden hydrogel group, with 327.2% (P < 0.001) or 228.6% (P < 0.001)
increase in percentage of OCN positive area, and 407.5% (P < 0.001) or 243.4% (P < 0.001)
increase in percentages of OPN positive area after 4 weeks or 8 weeks, respectively,
compared with the blank control group (Figure 8B and 8C). In addition, when compared
with the hydrogel only group, the BMP2-laden hydrogel group had 285.5% (P < 0.05) or
228.6% (P < 0.001) higher percentage of OCN positive area, and 160.9% (P < 0.001) or
208.5% (P < 0.001) higher percentage of OPN positive area after 4 weeks or 8 weeks
(Figure 8B and 8C).

4. Discussion

Collagen solution is an injectable liquid that crosslinks at 37°C and physiological pH and
loses its injectability following crosslinking [30]. A potential dilution with body fluid,
leakage to neighboring tissues and a chance of being washed away before gelation limit the
use of uncrosslinked collagen solution for cell and/or protein delivery in regenerative
medicine [6]. In addition, a low viscosity and inferior structural stability of collagen
precursor solution, limits its application as bioink in 3D bioprinting [34]. In this work, we
described a facile method to make injectable yet in-situ stable collagen-based hydrogels. The
alg/col hydrogel preparation involved an alginate precursor solution and a collagen/CaSOy4
precursor solution. Two precursor solutions could be stored at 4°C and pipette mixed before
use, as opposed to previously reported methods to make collagen/alginate-based hydrogels
that necessitated using a post-injection crosslinking in CaCl, solution, a collagen pre-
processing step and/or special instruments such as coaxial nozzles and luer-lock syringes
[35-38]. Our results indicated that the viscoelastic characteristics and injectability of the
alg/col hydrogels were not significantly impacted by the storage of precursor solutions for
28 days. Therefore, the precursor solutions could be stored and shipped at 4°C, and mixed
right before use.

The storage modulus and viscosity of alginate hydrogel at 4°C (see Figure 2a and initial
values in Figure 2b and 2d) increased with incorporation of collagen into the hydrogel and
increasing the collagen concentration. Since collagen is not crosslinked at 4°C, the higher
storage modulus and viscosity of alginate hydrogel in the presence of collagen might be due
to an interaction between collagen and alginate and/or collagen and calcium ions as reported
elsewhere [56, 57]. For example, an alginate-based hydrogel was made by crosslinking a
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precursor solution containing alginate and hyaluronic acid using CaCl, [56]. The storage
modulus and glass transition temperature (Tg) of alginate-based hydrogels increased when
collagen was added to the precursor solution due to a potential chemical interaction between
alginate and collagen [56].

According to the results, the storage modulus of crosslinked pure alginate hydrogel did not
alter when the temperature was changed from 4°C to 37 °C, as opposed to pure collagen
hydrogel with a growth in the storage modulus (see Figure 2 and results). Therefore, a time
dependent growth in the storage modulus of the alg/col hydrogels at 37 °C was attributed to
the collagen crosslinking within a precrosslinked alginate matrix. Also, the storage modulus
of fully crosslinked alg/col hydrogels was significantly higher than that of pure alginate
hydrogel (Figure 2c). An increase in the storage modulus of alginate hydrogel with addition
of other ECM-based matrices has been reported elsewhere. For example, it was shown that
the storage modulus of alginate based hydrogels at room temperature increased when the
hydrogel precursor solution was blended with Matrigel [58].

The storage modulus of pure collagen hydrogel (2.5 mg/mL) in this work was 110 Pa that is
the range of collagen hydrogel storage moduli reported elsewhere [59]. The storage modulus
of pure collagen hydrogel is concentration dependent and increases with collagen
concentration (Cgof) With ce 2t at 37°C [59]. Therefore, the storage modulus of pure
collagen hydrogel increases by 4.3 folds, when ¢, doubles. Results of this study showed
when ¢ in alg/col matrices doubled from 1.25 mg/mL (alg/col 1/0.25) to 2.5 mg/mL
(alg/col 1/0.5), the storage modulus of the alg/col hydrogel increased by 4.4 folds. However,
the storage modulus of alg/col hydrogels increased by only 1.6 folds when ¢, doubled from
2.5 mg/mL (alg/col 1/0.5) to 5 mg/mL (alg/col 1/1). A smaller rate of growth in storage
modulus of alg/col 1/1 hydrogel with ¢, compared to that of alg/col 1/0.25, or alg/col 1/0.5
hydrogels (see Figure 2 and results) indicated a more pronounced impact of alginate and
CaSOy4 on collagen crosslinking at high cqo (5 mg/mL). A higher initial viscosity (see
Figure 2a) might hinder the collagen macromolecular motion and crosslinking at high
collagen concentrations [60].

An increase in the storage modulus of alg/col hydrogels with CaSO4 concentration was due
to a raise in the Ca2*-driven crosslinking density of alginate [61]. Also, an interaction
between calcium ions and collagen might contribute to concentration-dependent increase in
storage modulus of alg/col hydrogels with CaSO4 concentration. It was shown that collagen
molecules chelate calcium ions due to an electrostatic interaction between the negatively
charged carboxyl groups on the collagen molecules and positively charged calcium ions and
the elastic modulus of collagen fibrils increases with calcium ion concentration [57].

The viability of cells encapsulated in alg/col hydrogels was comparable with or higher than
cell viability in alginate-based or collagen-based hydrogels reported elsewhere. For instance,
the viability of placenta-derived MSCs in collagen hydrogels was over 90% after 24 hours of
incubation [62]. The viability of MSCs in RGD peptide-modified injectable alginate
hydrogel was around 90% [9]. MSC-loaded core-shell alginate/collagen fibrous hydrogels
were made via injection of the precursor solutions through a concentric nozzle into a bath of
CacCls, [38]. The viability of MSCs in the core-shell alginate/collagen hydrogel was around
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70% after 7 days [38]. Results of this study showed that the viability of hMSCs in injected
alg/col hydrogels was over 90% during 7 days of incubation, irrespective of the alginate/
collagen ratio or CaSO, concentration. It was shown elsewhere that the viability of hMSCs
in collagen-based hydrogels was not significantly affected when the collagen content was
changed from 1mg/mL to 3mg/mL [63]. The results of this work similarly showed the
viability of hMSCs in alg/col hydrogel was not significantly changed with variation of
collagen content (alg/col ratio) (Figure 4d). It is known that a low concentration of calcium
ion (~2mM) is vital for cell survival but exposure of cells encapsulated in alginate-based
hydrogels to a high concentration of calcium ion (>100 mM) has a negative impact on cell
viability [64]. The concentration of calcium ion in the alg/col hydrogels in this work ranged
between 3.7 to 11 mM (0.5 to 1.5 mg/mL CaSQ,) and did not have a significant impact on
the viability of hMSCs (Figure 4e). The results of this study also revealed that the variation
of alg/col hydrogel stiffness in 224—-1560 Pa range (Figure 2) did not have an impact on
viability of encapsulated hMSC viability (Figure 4d and 4e).

A continuous proliferation of MSCs in collagen-based matrices were previously reported.
For example, the number of rat MSCs encapsulated in collagen hydrogel (10° cells/mL
initial cell density) monotonically increased over 21 days with 3 folds growth from day 7 to
21 [38]. In contrast, the number of hMSCs encapsulated in RGD peptide-grafted alginate
hydrogels (2—20x10° cells/mL initial cell density) did not grow in two weeks [65, 66].
Results of this study showed the number of hMSCs in alg/col hydrogels during 28 days of
incubation raised by 6.2 to 37.2 folds depending on the initial cell density (0.5-5x106 cells/
mL). The DNA content of hMSCs in alg/col hydrogels reached a plateau corresponding to
around 30 million cells/mL that could be interpreted as the highest cell density within
alg/col hydrogels.

We further showed that osteo-inductive conditions stimulated osteogenic differentiation of
hMSCs in alg/col hydrogels at all studied cell densities (0.5, 1, 5 million cells/mL).
Osteogenic differentiation of MSCs in alginate or collagen-based matrices under osteo-
inductive conditions has been reported elsewhere. For instance, osteogenic medium induced
osteogenic differentiation of hMSCs in RGD-grafted alginate hydrogels and osteogenic
differentiation was enhanced when the initial cell density in the hydrogel increased from 2 to
15 million cells/mL [65]. Osteogenic differentiation of MSCs in soft collagen-based
hydrogels have been shown in several studies. For instance, osteogenic differentiation of rat
MSC encapsulated in collagen hydrogels with 0.4-1.6 mg/mL collagen content was more
pronounced than osteogenic differentiation rat MSCs cultured on 2D plates [67]. Another
study reported a significantly higher osteogenic differentiation of hMSCs encapsulated in 3D
collagen hydrogels compared to hMSCs seeded on 2D tissue culture plate under osteo-
inductive conditions [68].

Osteo-inductive BMP2 was released from the alg/col hydrogel in 14 days in-vitro, while the
release of BSA took 5 days. A slightly slower release of BMP2 compared with BSA might
be due to a higher isoelectric index (pl) of BMP2 protein (8.5) compared with pl of BSA
(4.7) in physiological pH, hence lower electrostatic repulsion between the negatively
charged alginate and the BMP2 protein [69-71]. When the alg/col hydrogel was used as a
carrier for sustained delivery of 2 g osteo-inductive BMP2 to 8 mm calvarial bone defect in
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rats, it promoted bone healing after 8 weeks of injection. The promoting effect of sustained
BMP2 delivery in treatment of calvarial defect models has been reported in a number of
studies. For instance, delivery of 5 ug BMP2 in injectable poly(phosphazene)-based
hydrogels (sustained delivery) healed a 5 mm calvarial defect in mouse 8 weeks after
injection, whereas treatment of the defect with 10 pg BMP2 in solution (without sustained
release) did not heal the defect [55]. In another study, 2 pg BMP2 delivered in a hydrogel
based on collagen microspheres and alginate healed a 5 mm calvarial defect model in rats
while the hydrogel alone or the hydrogel with a lower BMP2 dose (0.2 pg) did not heal the
defect [72].

The alg/col hydrogel was injectable through commercially available needles and the injected
hydrogel was stable right after injection. The alg/col hydrogel was microporous, and
degradable. In addition, the release kinetics of BMP2 and efficacy of the released BMP2 in
bone healing indicated a potential application for alg/col hydrogels as injectable carriers for
delivery of therapeutics for regeneration of tissues. Another potential application of alg/col
hydrogels could be 3D culture or delivery of stem cells due to a high viability as well as
proliferation and differentiation of encapsulated stem cells within alg/col hydrogels.

5. Conclusion

We developed a facile method to make pre-crosslinked injectable collagen-based hydrogels
for delivery of cells and growth factors in regenerative medicine or bioprinting. The alg/col
hydrogels were injectable, yet stable after injection due to pre-crosslinking. The precursor
solutions of alg/col hydrogels were storable for 28 days at 4°C, and storage did not
significantly impact the viscoelastic characteristics and injectability of the hydrogels. The
viscosity and storage modulus of the alg/col hydrogels were tuned via changing the collagen
content or CaSO, concertation in the hydrogel. The alg/col hydrogel was microporous and
degradable. BSA and BMP2 proteins loaded into alg/col hydrogels were released in 5 days
and 14 days, respectively. When the alg/col hydrogel was used as a carrier for sustained
delivery of BMP2 to a calvarial bone defect in rats, it promoted bone healing after 8 weeks
of injection. hMSCs encapsulated in alg/col hydrogels had over 90% viability and
proliferated along 28 days of incubation. In addition, hMSCs encapsulated in alg/col
hydrogels and incubated in osteogenic medium for 28 days were osteogenically
differentiated and formed a mineralized matrix. The alg/col hydrogel could potentially be
used for delivery of cells or biomolecules in surgeries or as bioink in bioprinting
applications.
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Figure 1.
Schematic diagram for injectable alg/col hydrogel preparation. The alginate precursor

solution was prepared by dissolving alginate in calcium-free DMEM medium and adjusting
the pH using NaOH. Collagen precursor solution was prepared by adding collagen to
calcium-free DMEM medium and then supplementing the collagen solution with CaSO,.
hMSCs were suspended in collagen precursor solution and then two precursor solutions
were pipette mixed.
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Figure 2.
(a) Effect of shear rate on the viscosity of alginate (alg, blue line), collagen (col, green line),

alg/col 1/0.25 (brown line), alg/col 1/0.5 (red line), and alg/col 1/1 (purple line) hydrogels
(b) evolution of storage modulus with time at 37 °C for alginate gel (blue), collagen (green),
alg/col 1/0.25 (brown), alg/col 1/0.5 (red), and alg/col 1/1 (purple) hydrogels with 1 mg/mL
CaSO4 concentration (c) effect of alginate to collagen weight ratio on the storage modulus
of alg/col gels after 900 seconds at 37 °C (d) evolution of storage modulus with time at 37
°C for alg/col 1/0.5 hydrogel with 0 (blue), 0.5 (brown), 1 (red), and 1.5 (green) mg/mL
CaSO4 concentration (e) effect of CaSO,4 concentration on the storage modulus of alg/col
1/0.5 hydrogel after 900 seconds at 37 °C. (f) effect of precursor solutions storage time on
the shear dependent viscosity of the alg/col 1/0.5 hydrogel. The collagen and alginate
precursor solutions were stored at 4°C for 0 days (red), 7 days (blue), 14 days (green), or 28
days (brown) and mixed right before the viscosity measurement. “An asterisk” in 2¢
represents a statistically significant difference between the test group and both alg and col
groups. An asterisk in 2e represents a statistically significant difference between the test
group and the group without CaSOy4. Two asterisks in 2¢c and 2e represents a statistically
significant difference between the test group and all other groups. Error bars in 2c and 2e
correspond to means £1 SD for n = 3.
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(a) alg/col 1/0.5 gel strut injected from a 20G needle (b) A representative SEM image of
alg/col 1/0.5 hydrogel (c) fluorescent image of alg/col alg (without collagen) prepared with
green fluorescent-labeled alginate (d) fluorescent image of col hydrogel (without alginate)
stained with red fluorescent dye (e) fluorescent image of alg/col 1/0.5 hydrogel that was
prepared with green fluorescent-labeled alginate and then stained with red fluorescent dye to
visualize collagen (f) degradation kinetics of alg/col 1/0.25 (green), alg/col 1/0.5 (red), and
alg/col 1/1 (blue) hydrogels in PBS supplemented with collagenase and sodium citrate at
37°C. (g) release kinetics of BSA from alg/col 1/0.25 (green), alg/col 1/0.5 (red), and alg/col
1/1 (blue) hydrogels. (h) release kinetics of BMP2 from alg/col 1/0.25 (green), alg/col 1/0.5
(red), and alg/col 1/1 (blue) hydrogels. Error bars in 3f-3h correspond to means £1 SD for n
= 3. “An asterisk” in 3f, 3g, and 3h represents a statistically significant difference between
the test group and all other groups at that time point.
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million cells/mL (a), 1 million cells/mL (b) and 5 million cells/mL (c) cell densities 24hr
after encapsulation. (d) effect of alginate to collagen weight ratio on the viability of hMSCs
encapsulated in alg/col hydrogel with 1 million cells/mL density 24hr after encapsulation.
(e) effect of CaSO,4 concentration in alg/col 1/0.5 hydrogels on the viability of encapsulated
hMSCs (f) DNA content of hMSC-laden alg/col 1/0.5 hydrogels with cell densities of 0.5, 1
and 5 million cells/mL incubated in basal medium over 28 days. Scale bars in 4a-c are 100

um. Error bars correspond to means 1 SD for n = 3. “An asterisk” in 4f represents a

significantly higher DNA content in the test group compared with all other groups at that

time point.
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(a) Alizarin red stained hMSC-laden alg/col 1/0.5 hydrogels with 0.5, 1 and 5 million
cells/mL densities and incubated in basal medium (BM) or osteogenic medium (OM) for 28
days (b) ALP activity of hMSCs encapsulated in alg/col 1/0.5 hydrogels with 0.5, 1, or 5
million cells/mL density and incubated in BM or OM for 28 days (c) calcium content of
hMSCs-laden alg/col 1/0.5 hydrogels with 0.5, 1, or 5 million cells/mL density and
incubated in BM or OM for 28 days. “An asterisk” represents a statistically significant
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difference between the test group and all other groups at that time point. Error bars
correspond to means £1 SD for n = 3.

Materialia (Oxf). Author manuscript; available in PMC 2022 March 01.

Page 25



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moeinzadeh et al. Page 26

= Blank = Gel » Gel+BMP2

140 | c

120 aaa

100
80
60
40
20

Blank Gel + BMP2 b

BVITV (%)

4 weeks 8 weeks

Figure 6.
(a,b) representative micro-CT reconstructed 3D images and the quantitative result of

regenerated bone in the calvarial defect site. (a) 3D images of new bone formation in
calvarial defect site without hydrogel injection (Blank) or with injection of alg/col 1/0.5
hydrogel alone (Gel) or BMP2-loaded alg/col 1/0.5 hydrogel (Gel + BMP2) after 4 weeks or
8 weeks. (b) Quantitative bone volume fraction (BV/TV) in calvarial defect site. Data are
shown as mean £ SD (n = 6 per time point per group). P < 0.05, 3P < 0.01, 2%pP < 0.001,
vs. Blank group; PP < 0.05, PPP < 0.01, PPPp < 0.001, vs. Gel group; °P < 0.05, vs. Gel +
BMP2 (4 weeks).
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Blank Gel Gel + BMP2

Figure 7.
Trichrome staining images of newly regenerated tissue in calvarial defect sites without

hydrogel injection (Blank) or with injection of alg/col 1/0.5 hydrogel alone (Gel) or BMP2-
loaded alg/col 1/0.5 hydrogel (Gel + BMP2) after 4 weeks or 8 weeks. Porous structure
indicates hydrogel area. NB: new bone.
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results of immunohistochemical staining of osteocalcin (OCN) or osteopontin (OPN) at the
newly regenerated tissue in calvarial defect site. (a) OCN and OPN staining images at the
defect sites without hydrogel injection (Blank) or with injection of alg/col 1/0.5 hydrogel
alone (Gel) or BMP2-loaded alg/col 1/0.5 hydrogel (Gel + BMP2) after 4 weeks or 8 weeks.
(b, ¢) Quantitative percentages of OCN or OPN positive area in calvarial defect site. Data are
shown as mean + SD (n = 6 per time point per group). 2P < 0.05, 3P < 0.01, %4p < 0.001,

vs. Blank group; PP < 0.05, PP < 0.01, PPPP < 0.001, vs. Gel group.
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