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Abstract

Developing tissue-engineered constructs for clinical use must satisfy the fundamental biologic
parameters of biocompatibility, cell adhesiveness, and biodegradability. Physical entrapment of
bioactive agents into synthetic polymers, as three-dimensional scaffolds, holds great promise for cell
culture applications. Here, in an attempt to elucidate the effects of physical interlocking of natural
and synthetic gel networks on cell responses within three-dimensional microenvironments, gelatin
(of different concentrations) was physically incorporated into macroporous polyethylene glycol
(PEG) hydrogels to fabricate PEG-GELI (10:1, PEG:gelatin) and PEG-GEL5 (10:5, PEG:gelatin).
The effect of the physically entrapped gelatin on primary chondrocytes was investigated in
relation to cell distribution, morphology and viability, proliferation, gene expression, and
extracellular matrix accumulation in vitro. Our findings have shown successful incorporation of
two different concentrations of gelatin into polyethylene glycol macroporous hydrogels through
physical mixing. These physical blends not only enhanced chondrocyte adhesion and proliferation
but also boosted gene expression of collagen Il and aggrecan after 14days in culture. Although
results demonstrated that gelatin levels dropped sharply in PEG-GEL| and PEG-GELS in the first
7 days, however evidently, after days 14 and 21 gelatin levels in both groups remained substantially
unchanged and in turn enhanced glycosaminoglycan formation in vitro. Thus, the modification of
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polyethylene-glycol-based scaffolds with physically entrapped gelatin may be sufficient for dictating
three-dimensional microenvironments for chondrocyte cultures.

Keywords
Cell adhesion, gelatin, physical entrapment, macroporous hydrogels, chondrocyte culture

Introduction

Biomaterials have been extensively used as scaffolds in regenerative medicine, enhancing the
delivery of cells and molecules,! while guiding de novo tissue organization®3 and stem-cell-
lineage differentiation.* Biomaterials possess properties that have a significant effect on cell
behavior, such as pore structure,’’ topography,® and chemical motifs.® For decades, bioengi-
neers tested numerous synthetic materials for cell culture applications that primarily lacked
bioactivity and led to cell toxicity in vitro. To overcome this problem, synthetic materials were
decorated with natural polymers or bioactive molecules to optimize microenvironments for cell
functions in vitro.!0!!

Both chemical and physical modifications of synthetic polymers have been extensively
explored, using gelatin (a by-product of collagen hydrolysis) as an illustrative example. Chemical
modifications or cross-links are permanent bonds formed by covalent interactions, whereas
physical cross-links are due to non-covalent interactions such as hydrogen bonding, hydropho-
bic interactions, and ionic bonds. As the physical cross-links are not permanent in nature, these
cross-links are sufficient to hold the networks of fibers together for cell encapsulation under cell
culture conditions. For instance, interpenetrating networks of gelatin methacrylamide (GelMA)
and polyethylene glycol (PEG) have shown great potential for supporting internal endothelial
cell encapsulation.!> On the contrary, gelatin chemically cross-linked to PEG and poly
e-caprolactone (PCL) hydrogels, through glutaraldehyde or genipin cross-linking agents has
shown some promising results.'?!3 Additionally, an enzyme-catalyzed gelatin cross-linking
method was also developed for cell encapsulation.!*!> These types of chemical cross-linking
procedures have brought disadvantageous effects on cellular functions and subsequent mechani-
cal properties of scaffolds in vitro.!o:17

Physical entrapment is one of the methods for introducing biomolecules onto materials with
well-defined properties that do not rely on chemical processing. Gelatin is produced by partial
hydrolysis of collagen and is one of the most widely used biomolecule due to its relatively low
antigenicity and excellent bioactivity.!%!3 Gelatin is usually incorporated through glutaraldehyde
or genipin cross-linking.!>!13 However, this cross-linking process is often harmful and leads to cell
toxicity.!” Physical entrapment is an effective way of treating inert materials. Biomolecules such as
collagen, fibronectin, laminin, and peptides have been physically incorporated into polymeric
matrices to promote cell adhesion.'8 In another illustrative study, non-chemically modified gelatin
into degradable synthetic polyvinyl alcohol/tyramine (PVA-Tyr) hydrogels enhanced cell adhesion
and proliferation under cell culture conditions.!®-20

Herein, we employed PEG as a platform to investigate the physical incorporation of gelatin
into macroporous hydrogels, which were subjected to three-dimensional (3D) chondrocyte cul-
ture in vitro. Engineered microenvironments have the ability to control cellular functions, via
the use of biochemical and physical cues.?! Therefore, systematically, by selecting two different
gradients of gelatin, the following PEG-gelatin hydrogels were prepared: PEG-GEL1 (10:1
w/w, PEG:gelatin) and PEG-GELS (10:5 w/w, PEG:gelatin), respectively. Next, the effect of
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physically entrapped gelatin (within the scaffold) on chondrocyte behavior, particularly cell
adhesion and viability, proliferation, gene expression, and extracellular matrix (ECM) deposi-
tion in vitro, was assessed. Research findings from this study also provide insights into design-
ing physical blends as 3D scaffolds that are stable and reliable for cell culture applications in
vitro.

Materials and methods

Synthesis of poly (ethylene glycol) diacrylate oligomer

Poly (ethylene glycol) diacrylate (PEGDA) oligomer was synthesized according to a previously
reported method.?? Dry PEG powder (5 g, 4kDa; Sigma, USA) was suspended in 80 mL of anhy-
drous dichloromethane (DCM; Beijing Tongguang Fine Chemicals, People’s Republic of China).
A solution containing 1.06 mL of triethylamine (99.7%; Acros Organic, USA) and 1.26 mL of acry-
loyl chloride triethylamine was added to the reaction mixture drop wise and left overnight in lig-
uid-nitrogen-maintained atmospheric temperatures. At room temperature, after washing with 2 M
K,CO; solution, the mixture was precipitated in cold diethyl ether and freeze dried at —58°C for
48h to obtain lyophilized PEGDA powder.

Preparation of physically entrapped gelatin-PEG scaffolds

The precursor mixture was prepared by dissolving PEGDA (10% w/v) in saturated NaCl solution
and was further mixed with NaCl crystals (450 mg mL™!, with a diameter ranging between 80 and
150 pm) at room temperature. Ammonium persulphate (APS, 0.2 w/v, 25 uL; Ameresco, People’s
Republic of China) and N,N,N’,N'-tetramethylethylenediamine (TEMED, 0.5 w/v, 25 uL; Sigma,
People’s Republic of China) were added to cross-link the precursor mixture to fabricate macropo-
rous hydrogels. Hydrogels were immersed in deionized water (DIW) for 48 h before replacing
DIW eight times to remove the unreacted precursor and NaCl. The resultant hydrogels were frozen
and lyophilized before further use. For physical entrapment of gelatin into PEG hydrogels, gelatin
powder (G9382; Sigma, People’s Republic of China) and PEGDA were dissolved into saturated
NaCl solution. During the preparation of gelatin-PEG mix, the mixture was incubated in the water
bath at 60°C for 2h in order to dissolve gelatin and form a homogeneous mixture. PEG macropo-
rous hydrogels containing the following molar ratios of gelatin were prepared: PEG-GEL1 (10:1
w/w, PEG:gelatin) and PEG-GELS (10:5 w/w, PEG:gelatin), respectively. Arg-Glu-Asp (RED)
peptides were modified to PEG scaffolds to prepare PEG-RED scaffolds which served as the con-
trol group.

Scanning electron microscopy and swelling ratio

The macroporous structure of the hydrogels was investigated using scanning electron microscopy
(SEM, Quanta 200 FEG; FEI, USA) at an accelerating voltage of 5kV. Samples were mounted on
a metal stub and sputter-coated with gold palladium for 80s at 18 mA.

The swelling ratio was measured using the method described by Nair et al.?? After the weight of
the freeze-dried hydrogels was measured, the samples were immersed in phosphate-buffered saline
(PBS) at 37°C for 2h. Excess water was then removed using a filter paper, and the weights of the
swollen macroporous hydrogels were recorded, where n=3. The swelling ratio % (SR) was calcu-
lated using the following formula: SR =[(Ws—Wd)/Wd] x 100%, where Wd and Ws are the weight
of the dried and swollen hydrogels, respectively.
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Weight loss analysis, ninhydrin staining, and quantification of gelatin in PEG
scaffolds

Degradation studies were performed using the method previously described.?* Lyophilized
macroporous samples (4 x2.5x 1 mm?) were immersed in PBS (2mL) at pH7.4 (mass to volume
ratio>10) and incubated at 37°C. The solution was changed every 3 days. Analysis was carried out
at Days 0, 7, 14, and 21 in vitro. The following formula was used to calculate the percentage of
weight loss (% WL) of the hydrogels: Percentage of weight loss (% WL)=[(Wi—Wf)/Wi] x 100%,
where Wi and WT are the initial weight of the dried hydrogels and the weight of the hydrogels after
incubation in PBS, respectively.

Gelatin integration within the PEG scaffolds was evaluated by ninhydrin staining.?S In brief,
ninhydrin/ethanol solution (1M, 20 uL) was added drop wise onto the hydrogels, before transfer-
ring samples into a tube, which was incubated at 80°C for 10 min in the water bath. Subsequently,
hydrogels were removed and photographed with a Sony digital camera (DSC-H200). The shape
and size of the samples were measured using a caliper ruler.

Furthermore, the amount of gelatin remained within the 3D hydrogels was quantified using
Pierce™ BCA Protein Assay Kit (Thermo Scientific, China) according to the manufacturer’s
instructions. At each time interval, PEG-GEL hydrogels were bisected into small pieces and incu-
bated in PBS at 56°C in order to release the entrapped gelatin. Next, sample supernatant (2 uL) was
mixed in PBS (18 uL) and incubated with 200 uL. BCA working solution (BCA solution A:BCA
solution B=50:1, v/v) at 37°C for 30 min. The absorbance densities were obtained at 570 nm. The
amount of gelatin was determined using a standard curve of known gelatin content. The assay was
performed in triplicates, where n=3. Percentage of gelatin (%)=[Wg/Ws] *x 100%, where Wg and
Ws represent the weight of the gelatin remained in the hydrogel and the weight of the entire hydro-
gel, respectively.

Chondrocyte culture and cell distribution

Chondrocytes were isolated from the knee joints of pigs (Yorkshire, 10—12 months). Articular
cartilage was excised and digested in 0.15% collagenase II (Sigma, People’s Republic of China)
for 12 h with intermittent rotation. The harvested chondrocytes were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, 12800017; Gibco-Invitrogen, People’s Republic of China) con-
taining 10% fetal bovine serum, 100 ugmL™! streptomycin, and 100 ugmL™! penicillin. When a
sub-confluent cell layer was observed in cell culture flasks, cells were trypsinized using 0.05%
trypsin-0.53 mM ethylenediaminetetraacetic acid tetrasodium salt (EDTA.4Na) (Gibco-
Invitrogen) The cell pellet was re-suspended in fresh culture medium to adjust the required cell
concentration before cell seeding. Prior to 3D cell culture, hydrogels (4*2.5x1mm?) were
immersed in 75% ethanol for 4h and washed with PBS before cell seeding. A 1 mL of medium
with suspended chondrocytes (3 x 103 cells per well) at passage 2 was added. The culture medium
was changed every 3 days to aid cell growth. Chondrocyte distribution was observed under the
optical microscope at 0, 4, and 24 h.

Fluorescence labeling of encapsulated chondrocytes in PEG-gelatin scaffolds

Chondrocytes adhered to the scaffolds (4 x 2.5 x 1 mm?) at Day 3 were incubated in 5(6)-carboxy-
fluorescein diacetate N-succinimidyl ester (CFDA-SE) (21888; Sigma, People’s Republic of
China) solution (5 uM, 100 uL) for 20 min. Samples were rinsed with PBS and then immersed in
isothiocyanate rhodamine B (R1755-RBITC; Sigma, People’s Republic of China) solution at a
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concentration of 0.1 mg mL™! for 24 h at 4°C in order to stain physically entrapped gelatin within
the PEG hydrogels.?¢ After 24 h, samples were washed with PBS three times to remove excess
RBITC. Samples were observed under the confocal laser scanning microscopy (CLSM-LSM510;
Zeiss, Germany). The RBITC-labeled hydrogels were viewed at an emission wavelength of 580 nm
and an excitation wavelength of 543 nm. Whereas, CFDA-SE-labeled chondrocytes were viewed
at an emission wavelength was 530 nm and the excitation wavelength was 490 nm, respectively.

F-actin and integrin B1 staining, and western blot

Chondrocytes were seeded into hydrogels (4 x2.5x 1 mm?3) and cultured for 3 days. For F-actin
staining, samples were fixed with 4% paraformaldehyde, and chondrocytes were permeabilized in
0.1% Triton X-100, stained with rhodamine phalloidin (PHDR1, cytoskeleton) for 30 min, fol-
lowed by nuclear counter staining with 4,6-diamidino-2-phenylindole (DAPI; Sigma, USA) for
2 h. The stained samples were observed under the CLSM (LSM510; Zeiss), and Image] software
was used to measure the area of cell aggregates, aspect ratio, and subsequent roundness.

After 3 days in culture, the constructs (4 x 2.5 x 1 mm?3) were fixed in paraformaldehyde solution
(4% v/v, pH7.4), dehydrated, and embedded in paraffin. The samples were sectioned at a thickness
of 5pum for further staining. For immunocytochemistry staining of integrin 1, the sections were
permeabilized in 0.5% Triton X-100 for 15 min and blocked with 5% bovine serum albumin (BSA)
for 30 min before washing twice with PBS. Next, samples were incubated with rabbit anti-integrin
B1 polyclonal antibody (1:100 sc-8978; Santa Cruz Biotechnology, Inc., Germany) for 1h. To
remove the non-bound primary antibody, samples were washed three times with PBS. Subsequently,
secondary antibody (1:500 donkey anti-rabbit IgG-Alexa Fluor®-488, bs-0295d-af488; Bioss,
People’s Republic of China) was added for 1h in the dark. To remove the non-bound secondary
antibody, samples were washed five times with PBS. Samples were mounted on the glass slides
with DAPI, and images were captured using a confocal microscope.

Chondrocytes were seeded into macroporous hydrogels (4%2.5%1mm?) and cultured for
3 days. Chondrocytes after 3 days in culture were lysed in RIPA lysis buffer (R0020; Solarbio) with
fresh protease inhibitor of 0.1% phenylmethanesulfonyl fluoride (PMSF; Solarbio, People’s
Republic of China). Total cell lysate was boiled after mixing with 4% sodium dodecyl sulfonate
(SDS) loading buffer (P1015; Solarbio, People’s Republic of China). Western blotting was per-
formed according to the manufacturers’ protocol. Rabbit anti-integrin 1 polyclonal antibodies
(dilution 1:100, sc-8978; Santa Cruz Biotechnology, Europe) were combined with horseradish
peroxidase (HRP) linked antibody rabbit IgG (7074, Cell Signaling). The complex of the antigen
and the antibody was illuminated by chemiluminescence and detected by ChemiDoc X-ray spec-
trometer (XRS )+Molecular Imager (Bio-Rad, USA) and then quantified by Quantity One image
software (Bio-Rad).

Cell viability and proliferation

Chondrocytes were seeded into macroporous hydrogels (4 x2.5 % 1 mm?). MTT assay 3-(4,5-dime-
thyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (M2128; Sigma, People’s Republic of
China) was used to test cell viability. After culturing for 1, 4, and 7 days, cells were mixed with
200 uL of MTT solution and incubated for 3 h. Then, dimethyl sulfoxide (DMSO) was added and
the absorbance was detected at 570 nm in a microplate reader (n=4, Synergy; BioTek, USA). After
7 and 14 days in culture, cell viability was observed via fluorescein diacetate (FDA, F7378; Sigma,
People’s Republic of China) and propidium iodide (PI, P4170; Sigma, People’s Republic of China)
staining. The FDA (100 uL, 2 ug mL™") solution was added on top of each sample. Samples were
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then incubated for 15min in an incubator at 37°C. The staining solution was removed, and the
samples were washed with PBS three times. Next, PI (100puL, 5ug mL™") was added. Samples
were then washed with PBS three times for 5min. The hydrogels were viewed under the confocal
microscope at an excitation wavelength of 488 nm (green) and 535nm (red). Cell numbers were
assessed with Hoechst 33258 dye (H6024; Sigma, People’s Republic of China). After 14 days in
culture, chondrocytes in each well were lysed with 100 puL sterile distilled water, and the dissolved
solution was transferred into 96-well plates. H33258 solution (100 uL, 0.1 pg mL™!) was added to
each well, and readings were recorded in triplicates (where n=3) using a microplate reader
(CEMINI XS, Molecular Devices). The fluorescence was recorded at an excitation wavelength of
360 nm and emission wavelength of 465 nm, respectively.

DMMB assay for glycosaminoglycan quantification

Chondrocytes at passage 2 were seeded into macroporous hydrogels (4 X 2.5 % 1 mm?) and cultured
for 7 and 14 days, before the constructs were digested with proteinase K (50 pg mL™!) at 56°C
overnight and examined with 1,9-dimethylmethylene blue (DMMB, 341088; Sigma, People’s
Republic of China). The solution was vortexed for 30 min and then centrifuged at 10,000 x g for
10 min. The centrifugal deposits were dissolved in a decomplexation solution, and absorbance was
recorded at 630nm. The standard curve of sulfated glycosaminoglycan (sGAG) content was
recorded with chondroitin sulfate (27042-10G-F; Sigma, People’s Republic of China). The assay
was performed in triplicates, where n=3.

Quantitative gene expression by RT-PCR

The chondrocytes at passage 2 were seeded into macroporous hydrogels (4 x2.5 x 1 mm?). At Day 14,
cells were lysed in 1 mL Trizol (15596-026; Invitrogen, People’s Republic of China) for Smin, and the
extraction process of the RNA was carried out according to the manufacturer’s instructions. The cDNA
was synthesized by following the instructions of the iScript™ cDNA synthesis kit (Bio-Rad) after detect-
ing the RNA concentration with the Nano-Drop (NanoDrop Technologies, USA). The Power SYBR
Green PCR Master Mix (Applied Biosystem, USA) was used in this PCR system, and the experiment
was conducted on the Applied Biosystem 7500 Real-Time PCR System (Applied Biosystem) at 95°C
for 15min, followed by 40 cycles of 15-s denaturation at 94°C, 30-s annealing at 55°C, and 30-s elonga-
tion at 72°C. The target genes were normalized by the reference gene glyceraldehydes-3-phosphate
dehydrogenase (GAPDH). The primers used in this experiment are listed in Table 1.

Statistical analysis

Analysis was performed using SPSS V17.0 (one-way analysis of variance (ANOVA), Least-
significant difference (LSD), p<0.05). The data are expressed as mean=+standard deviation with
significant p values, *p<0.05; **p<0.01; ***p<0.001.

Results

Characterization of macroporous PEG-gelatin scaffolds

In this study, hydrogels consisted of conventional interconnected pores with average pore diame-
ters ranging between 80 and 200 um (Figure 1(a) and (b)). Gelatin incorporation had no significant
effect on the microporous morphologies. In addition, inhomogeneous integration of gelatin into 3D
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Table I. Primer sequences for chondrogenic marker genes.

Target primer Sequence forward and reverse (from 5’ to 3')
GAPDH ATGGTGAAGGTCGGAGTGAA;
AATGAAGGGGTCATTGATGG
Aggrecan CATCACCGAGGGTGAAGCG;
CCAGGGGCAAATGTAAAGG
Collagen | CAGAACGGCCTCAGGTACCA;
CAGATCACGTCATCGCACAAC
Collagen Il TGAGAGGTCTTCCTGGCAAA;
GAAGTCCCTGGAAGCCAGAT
Collagen X TGCTGCTGCTATTGTCCTTG;
TGAAGAACTGTGCCTTGGTG
Sox-9 ATCAGTACCCGCACCTGCAG;
CTTGTAATCCGGGTGGTCCTT

gel constructs was observed (Figure 1(c)). Gelatin integration had no significant effect on the
swelling properties of the hydrogels, and the value recorded was 12 (Figure 1(d)).

Scaffold degradation

Relatively uniform pore morphology was observed in all hydrogels before degradation (Figure 2(a)).
After 21 days of degradation, no significant morphological changes were observed microscopically,
and PEG-GEL1 and PEG-GELS revealed similar structural properties (Figure 2(a)). The weight loss
of each sample was also recorded (Figure 2(b)). In comparison with PEG-RED, a visible weight loss
was observed in PEG-GEL1 and PEG-GELS groups after 21 days of immersion in PBS. Statistically,
the weight loss of PEG-GELS5 was evidently higher than PEG-GELL in vitro.

Quantification of gelatin in PEG scaffolds

Gelatin concentrations in macroporous PEG hydrogels before and after degradation were exam-
ined (Figure 3). Photographs revealed uniform distribution of gelatin within the polymeric net-
works of PEG-GELI1 (in pink) and PEG-GELS5 (in purple) before degradation (Figure 3(b,c)).
However, a drastic color change from purple to light pink was observed in PEG-GELS after 21 days
in vitro, indicating a significant reduction in gelatin composition (Figure 3(c,f)).

Again, the amount of gelatin in macroporous PEG hydrogels was further quantified by Pierce
BCA Protein assay (Figure 3(g)). Sharp drops in gelatin levels were observed between Days 0 and
7, from 7.9%=+1.6% to 3.11%+0.37% and 15.26%=+1.6% to 13.42%+0.42% in PEG-GEL1 and
PEG-GELS hydrogels. Interestingly, between Days 7 and 21, gelatin compositions remained sub-
stantially unchanged in both groups, PEG-GEL1 (~3% gelatin) and PEG-GELS (~13% gelatin). As
shown, statistically, gelatin compositions in PEG-GEL1 and PEG-GELS groups varied signifi-
cantly at Day 7 (p<0.01), Day 14 (p<0.001), and Day 21 (p<0.001).

Distribution and morphology of chondrocytes in 3D

To investigate the potential role of PEG-gelatin hydrogels as bioactive scaffolds, chondrocytes
were seeded and cultured in vitro. Upon seeding, cells instantly formed loose clusters after 4h
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Figure |. Characterization of 3D macroporous scaffolds. SEM micrographs of (a) PEG-GELI, (b)
PEG-GELS revealing porous morphologies with pore diameters ranging between 80 to 200 um. Scale
bar=300pm. (c) Homogeneous distribution of gelatin inside PEG-GELS5 scaffolds. Scale bar =200 pm. (d)
Swelling ratio of PEG-GELI, PEG-GELS5, and PEG-RED as the control group. Data expressed as mean+SD,
where n=3.

(Figure 4(a)). After 24 h, the loose clusters integrated together to form cell aggregates with average
diameters of 50 um. At Day 3, chondrocytes that had adhered to the PEG-gelatinous networks, flat-
tened out to form elongated morphologies, in comparison with the control group (Figure 4(b)). In
addition, the distribution of cell aggregates within the PEG-gelatin scaffolds was also confirmed in
Figure 4(c) with chondrocytes (in green) that formed large cell aggregates around gelatinous net-
works (in red) inside PEG-GELS scaffolds (in gray) in culture.

Actin cytoskeleton arrangement in 3D

The arrangement of actin filaments was analyzed at the level of cell attachment to the adhesion
surface after Day 3 in culture, using phalloidin-stained F-actin with DAPI (Figure 5(a)). Confocal
micrographs revealed robust actin fibers (in red) with varying fiber arrangements across the three
experimental groups. The nuclei of cells were stained blue with DAPI. Cells aggregates inside PEG
scaffolds displayed rounded morphologies. Notably in PEG-GELI, cell aggregates in some areas
remained rounded with actin fibers firmly surrounding the cells, whereas in some areas, relatively
elongated fiber morphologies were observed, suggesting a collaborative effort by cells to retain the
natural phenotype of chondrocytes. However, cells cultured in PEG-GELS5 groups developed bun-
dles of stress fibers with elongated and multilateral fiber arrangements. Although the shape of cell
aggregates varied in the three experimental groups, however, it was difficult to predict the morphol-
ogy of individual cells. Additionally, representative Z-stack projections of confocal micrographs
(where n=35) were selected to investigate the area of cell aggregates, aspect ratio, and subsequent
aggregate roundness. The average values of each category were graphed, respectively (Figure 5(b)—
(d)). The area of cell aggregates demonstrated a 22-fold and a 41-fold (p<0.05) increase in PEG-
GEL1 and PEG-GELS groups, in comparison with PEG-RED (Figure 5(b)). Similarly, the aspect
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Figure 2. Degradation of macroporous PEG-gelatin scaffolds after 21 days in vitro. (a) SEM micrographs
taken at Day 0 and Day 21 of PEG-RED, PEG-GELI, and PEG-GELS5 scaffolds with average pore diameters
of 150 pm. The arrows show the interconnected pore structure within the scaffolds at Day 0. Scale

bars =200 um. (b) Percentage weight loss after immersion in PBS at Days 7, 14, and 21 in vitro. Data
expressed as mean £SD, where n=3, ¥p<0.05, *p<0.01, **¥p<0.001.

ratio of cell aggregates was higher in PEG-GEL1 (p<0.001) and PEG-GELS5 (p<0.001), in com-
parison with the control group (Figure 5(c)). The roundness of cell aggregates was significantly
lower in both PEG-GEL1 (p<0.001) and PEG-GELS5 (p<0.001), in comparison with PEG-RED
(Figure 5(d)). Statistically, no significant difference in the area of cell aggregates, aspect ratio, and
aggregate roundness was found between the groups PEG-GEL1 and PEG-GELS, respectively.

Integrin B1 analysis

Next, to assess the involvement of integrin $1 in mediating cell adhesion and cytoskeleton forma-
tion in 3D constructs, integrin B1 staining and western blotting experiments were conducted after
Day 3 in culture (Figure 6). Visually, micrographs displayed increased levels of integrin B1 (in
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Figure 3. Gelatin remained within scaffolds. Ninhydrin staining of (a, d) PEG-RED, (b, e) PEG-GELI, and
(c, f) PEG-GELS5 at Days 0 and 21. PEG-GELI (in pink) and PEG-GELS5 (in purple) were positively stained
due to presence of gelatin. Scale bars=2mm. (g) Percentage of gelatin (%) remained in macroporous
scaffolds after degradation at Days 7, 14, and 21 in vitro. Dry mass of the composite scaffold represents
100% in this calculation. Data expressed as mean +SD, where n=3, *p<0.01; **p<0.001.

green) in PEG-GELS, in comparison with both PEG-RED and PEG-GEL1 (Figure 6(a-i)). Unlike
PEG-GEL1 and PEG-GELS, PEG-RED revealed extremely low levels of integrin 1 staining, as
expected. Additionally, these findings were further confirmed by western blot analysis, as results
indicated that the expression of integrin 1 was significantly higher in PEG-GELS, in comparison
to PEG-GEL1 (Figure 6())).

Cell proliferation and ECM accumulation in vitro

Interestingly, larger cell aggregates were found in PEG-GEL1 and PEG-GELS groups at Days 7
and 14, indicating that cells were actively proliferating within the aggregates (Figure 7(a)). Cell
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Figure 4. Distribution of chondrocytes within 3D macroporous scaffolds. (a) Cell aggregation in PEG-
GEL| and PEG-GELS5 hydrogels observed at 0, 4, and 24 h after initial cell seeding density of 3 X 10° cells/

sample. The arrows show cell aggregates within the scaffolds after 24 h. Scale bars =50 pm. (b) SEM
micrographs taken at Day 3, with cell aggregates present inside the macroporous scaffolds with varying

morphologies. Scale bars =200 um (c) Cell distribution inside PEG-GELS5 at Day 3 showing cells (in green),

gelatinous networks (in red), and PEG-GELS5 gel-matrix (in gray). Scale bars= 100 pm.

viability was performed using MTT assay. Gelatin incorporation did not affect cell viability at Day
1 and Day 4; however, improved cell viability at Day 7 was observed in PEG-GEL1 and PEG-
GELS hydrogels (Figure 7(b)). A 2-fold (p<0.001) and a 1.7-fold (p<0.01) increase in viable cell
numbers in PEG-GEL1 and PEG-GELS groups were recorded, in comparison with the control
group (Figure 7(c)). A 1.13-fold (p<0.01) and 1.08-fold (p<0.05) increase in glycosaminoglycan
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Figure 5. F-actin staining using rhodamine phalloidin with DAPI of chondrocytes embedded in
macroporous scaffolds after 3 days in culture. (a) F-actin fibers (in red) surrounding chondrocytes

within the enlarged cell aggregates in PEG-RED, PEG-GEL I, and PEG-GELS. With increase in gelatin
composition, F-actin fiber arrangement altered, from a spherical organization following the contour of
chondrocytes (as shown in PEG-RED) to a much more multilateral arrangement (as shown in PEG-GEL5).
Scale bar =300 um. Nuclei of the cells were stained blue with DAPI. Scale bar =20 pm. Morphology of

the cell aggregates was quantified in terms of (b) area (c) aspect ratio, and (d) roundness. Confocal
z-stack projections of Alexa Fluor® 546 phalloidin-stained cells were assessed. Error bar represents mean
values + SD, where n=5, ¥p<0.05; **p<0.001.

(GAGQG) production was found inside PEG-GEL1 and PEG-GELS, in comparison with the control
group (Figure 7(d)).

Quadlitative real-time PCR

Gene expression of collagen I and II, aggrecan, and Sox-9 were assayed after 14 days in culture by
Real-time Polymerase Chain Reaction (RT-PCR). In comparison with PEG-RED, PEG-gelatin
scaffolds revealed elevated gene expression of collagen I (p<0.001), collagen II (p<0.05), aggre-
can (p<0.05), and sox-9 (p<0.01) in PEG-GEL5 (Figure 8). Overall, a significant 4.8-fold
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Figure 6. Integrin 1 staining of chondrocytes embedded in macroporous scaffolds at Day 3. (a-i) Integrin
B1 staining (in green) in PEG-GEL| and PEG-GELS in comparison with PEG-RED. Nuclei of the cells were
stained blue with DAPI. Scale bars=50pm. (j) Western blot analysis of integrin 31 expression, with -actin
as the reference.

(p<0.001) increase in collagen I and a 2.4-fold (p<0.05) increase in collagen II gene expression
were recorded in PEG-GELS groups, in comparison with PEG-GELI (Figure 8(a)). However, no
difference in gene expression of aggrecan and sox-9 was found between PEG-GEL1 and PEG-
GELS (Figure 8(b)). From these findings, it was evidently clear that chondrocytes in 3D culture
deposited collagen II and I simultaneously. Therefore, the ratio of collagen II to collagen I was
evaluated via gene expression patterns shown in Figure 8(a). In PEG-GEL1, a significant 12.2-fold
higher level of expression of collagen II to collagen I was observed. By contrast, a significant 8.6-
fold higher level of expression of collagen II to I was recorded in PEG-GELS5 groups. The experi-
ments were repeated in triplicates to ensure results were accurate and reproducible (where n=3).

Discussion

In this study, two different gradients of gelatin were physically entrapped into macroporous PEG
hydrogels to investigate the effect on chondrocyte behavior in vitro. Chondrocytes encapsulated
within PEG-GEL1 and PEG-GELS5 groups exhibited improvement in cell adhesion and formed
large cell aggregates within 24 h. The concentration of gelatin incorporated into physical blends
significantly affected the morphology of chondrocytes, cell proliferation, GAG production, and
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Figure 7. Cell proliferation, cell viability, and GAG accumulation. (a) Cell viability assessed by FDA
staining at Days 7 and 14 in culture. PEG-GEL| and PEG-GELS5 revealed a large number of viable cells

(in green) present inside the gel-matrices. Scale bars=150pum. (b) MTT assay. Cell viability of PEG-GELI
and PEG-GELS5 groups compared with PEG-RED group. (c) Quantification of cell number via DNA assay.
Cells actively proliferated inside PEG-GEL| and PEG-GELS in comparison with PEG-RED. (d) Total GAG
content in all three experimental groups. Elevated levels of GAG content in PEG-GEL| and PEG-GELS5
were recorded. Data expressed as mean +SD, where n=3, *p<0.05; **p<0.01; ***p<0.001.
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Figure 8. Gene expression levels of collagen | and Il, aggrecan, and sox-9 measured at Day 14 in culture.
(a) Elevated gene expression levels of collagen | and collagen Il and the ratio of collagen Il and | (collagen
Il/collagen 1) in PEG-GEL| and PEG-GELS in comparison with PEG-RED. (b) Elevated gene expression
levels of aggrecan and sox-9 in PEG-GEL| and PEG-GELS5 in comparison with PEG-RED. Data expressed as
mean +SD, where n=3, ¥p<0.05, *p<0.01, **p<0.001.

gene expression. As gelatin is a by-product of collagen hydrolysis, it retains cell-binding domains
such as arginine-glycine-aspartic acid (RGD) and matrix metalloproteinase (MMP) sensitive deg-
radation sites that are critical in successful cell adhesion and encapsulation.!# Therefore, physical
blends of PEG-GEL1 and PEG-GELS facilitated cell adhesion and enabled the clustering of focal
adhesions and the constriction of actin fibers, which in turn strengthened the adhesive forces.?” It
was hypothesized that the organization of actin cytoskeleton in an elongated fashion may be a
consequence of chondrocyte de-differentiation.8 Under culture conditions, chondrocytes have lit-
tle proliferative capacity and therefore de-differentiate into fibroblast-like cells to allow cells to
re-enter the cell cycle.?30 This transition is further mediated by integrin 1. It is well known that
elevated expression levels of integrin B1 exhibit an increase in cell proliferation. However, block-
ing integrin B1 inhibits cell proliferation.?! Chondrocytes that had adhered to both PEG-GEL1 and
PEG-GELS groups shown by strong integrin 31 staining, led to enhanced cell proliferation.
Various gelatin-based scaffolds have been explored for 3D cell encapsulation. Electrospun PCL
scaffolds immobilized with 30% gelatin have shown to promote nerve tissue engineering.’? In
another study, nanofibrous scaffolds containing 50% gelatin enhanced cell proliferation and dif-
ferentiation of myoblasts in vitro.3> Moreover, PCL scaffolds containing gelatin levels as high as
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70% were most suitable for chondrocyte culture.!3 Although the above-mentioned studies were
carried out using chemically cross-linked gelatin, however, body of literature clearly suggests that
gelatin composition and type of biomaterial can synergistically manipulate cell function.!>!¢ For
example, photopolymerized styrenated gelatin hydrogel used for chondrocyte encapsulation main-
tained viability for up to 21 days in vitro, however, cells did not proliferate within the gel matrix.!434
By contrast, this study demonstrated that macroporous hydrogels containing physically entrapped
gelatin (as low as 3%) could not only improve cell viability, but also promoted cell proliferation
and GAG biosynthesis for up to 14 days in vitro. The changes in cytoskeleton organization had a
predominant effect on GAG synthesis.?®33-36 Enhanced gene expression levels of collagen II and
aggrecan in both gelatin-modified hydrogels indicate that scaffolds may be capable of facilitating
cartilage-like ECM formation. However, further investigation is required to look into cell matrix
deposition under long-term culture conditions to validate this design strategy for cartilage engi-
neering applications.

Conclusion

Hitherto, we have shown that minimal entrapment of gelatin can substantially enhance the bioac-
tivity of macroporous PEG hydrogels. Using a cost-effective approach, hydrogel networks of PEG
were able to retain gelatin without the use of any cross-linking agent. Resultant scaffolds supported
cell viability, proliferation, and GAG synthesis up to 14 days in culture. Elevated gene expressions
of cartilage-specific markers such as aggrecan and collagen II indicate the potential application of
PEG-gelatin scaffolds for cartilage repair.
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