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Abstract

Due to the lack of cell-adhesive moieties in traditional synthetic hydrogels, the present work
investigated the use of degradable gelatin microparticles (GMPs) as temporary adherent substrates
for anchorage-dependent mesenchymal stem cells (MSCs). MSCs were seeded onto GMPs of
varying crosslinking densities and sizes to investigate their role on influencing MSC
differentiation and aggregation. The MSC-seeded GMPs were then encapsulated in poly(ethylene
glycol)-based hydrogels and cultured in serum-free, growth factor-free osteochondral medium.
Non-seeded MSCs co-encapsulated with GMPs in the hydrogels were used as a control for
comparison. Over the course of 35 days, MSC-seeded GMPs exhibited more cell-cell contacts,
greater chondrogenic potential, and a down-regulation of osteogenic markers compared to the
controls. Although the factors of GMP crosslinking and size had nominal influence on MSC
differentiation and aggregation, GMPs demonstrate potential as an adherent-substrate for
improving cell delivery from hydrogel scaffold by facilitating cell-cell contacts and improving
MSC differentiation.
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Introduction

Avrticular cartilage has a limited endogenous ability for self-repair, and since current clinical
treatments for damaged or diseased cartilage tissue fall short of holistic repair, tissue
engineering strategies have emerged as an alternative for physiological cartilage
regeneration. In particular, synthetic hydrogels are appealing as scaffolding structures due to
their viscoelastic properties, ability to mimic the high water content of native tissues, and
tunability for greater control over physical properties.28 Various biomaterials have
consequently been developed into hydrogel structures!3 and are attractive candidates as
scaffolds for cell encapsulation and growth.?!
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In the field of cartilage tissue engineering, stem cells and/or chondrocytes have typically
been incorporated in such synthetic hydrogels to guide cell and tissue growth. Specifically,
cell delivery from hydrogels traditionally involves the homogenous suspension of cells
within a liquid precursor solution and subsequent curing to form a cell-laden scaffold.
However, as the field evolves, hydrogels have transitioned from merely delivery vehicles to
dynamic, bioactive intermediaries of neo-tissue formation.2! In particular, synthetic
hydrogels often lack cell-adhesion moieties, and cell-cell contacts mediated by N-cadherin
cell adhesion molecules have increasingly been shown to influence mesenchymal stem cell
(MSC) differentiation and cartilage tissue formation through condensation.>: 26
Condensation, a developmental process during skeletogenesis, is characterized by MSC
aggregation following the establishment of cell-cell contacts, which in turn can improve
chondrogenic differentiation and cartilaginous extracellular matrix production.?: 3 Therefore,
the current study seeks to improve the differentiation potential of MSCs through the use of
enzymatically-degradable gelatin microparticles (GMPs) embedded within a poly(ethylene
glycol) (PEG)-based hydrogel matrix.

Synthesized from denatured collagen, gelatin naturally exhibits cell-adhesion moieties and
has seen numerous applications in cell delivery in a variety of scaffold forms.”: 19 25 Thus,
gelatin will be fabricated into microparticles as a medium for cell seeding and cell-cell
contacts. Specifically, MSCs will first be seeded onto the surface of GMPs, subsequently
followed by the encapsulation of MSC-seeded GMPs (MSC-GMPs) within a hydrogel
scaffold. It is hypothesized that initially seeding GMPs with MSCs can improve their
differentiation potential, and that the GMPs will serve as enzymatically-digestible porogens
as well as a temporary adherent-substrate for the MSCs. Additionally, it is hypothesized that
the degradation of the GMPs will result in open space for MSC aggregation within the
created pores. MSCs are known secretors of a number of matrix metalloproteinases
(MMPs),17 and direct extracellular matrix contact can modulate MMP activity through
specific substrate-protease responses.2? Moreover, the aggregation of MSCs is modulated by
the ratio of cadherin to integrin expression; the lower the availability for substrate adhesion,
the greater the affinity for cell-cell aggregation.! Thus, it may be possible to form MSC
aggregates following degradation of the GMP substrate within the macroporous hydrogel.

To investigate the previously stated hypotheses, this study 1) fabricates GMPs of varying
sizes and degrees of crosslinking, 2) investigates GMP size, GMP crosslinking, and seeding
method on the activity of MSCs encapsulated within PEG-based hydrogels, and 3) cultures
the cell-laden hydrogel composites in a serum-free, growth factor-free medium to elucidate
the sole effect of the aforementioned three variables on MSC chondrogenesis, osteogenesis,
and condensation.

Materials and Methods

Experimental design

The main design criteria set for fabricating GMPs was a fast-degrading, temporary adhesive-
substrate for MSC delivery. Thus, GMPs with a very low crosslinking density that would
still allow for MSC seeding were used. In order to determine which GMPs to use for MSC
seeding, GMPs with different crosslinking densities were degraded in phosphate-buffered
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saline (PBS) with a range of collagenase 1A concentrations (Table 1). From this study, select
GMPs of different crosslinking density and diameter sizes were then co-encapsulated or
seeded with MSCs in hydrogel composites to yield six different experimental groups as
outlined in Table 2. Cell-laden hydrogel composites were then cultured for 35 days in
serum- and growth factor-free osteochondral medium to assess MSC activity, condensation,
and differentiation.

Oligo(poly(ethylene glycol) fumarate) synthesis

Oligo(poly(ethylene glycol) fumarate) (OPF) was synthesized from PEG (Sigma-Aldrich)
with a nominal molecular weight of 3,350 according to methods previously developed in our
laboratory.? Gel permeation chromatography was used to characterize the OPF macromer to
give a number average molecular weight of 7,500 £ 200 Da and a weight average molecular
weight of 36,300 + 600 Da. Purified OPF was stored at —20°C and sterilized with ethylene
oxide for 12 h prior to use following established methods.22

Gelatin microparticle fabrication

GMPs were fabricated using acidic gelatin (Nitta Gelatin) with an isoelectric point of 5.0
using a modified process of established methods.18: 29 Briefly, 30 mL of a 10 wt% gelatin
solution in distilled, deionized water (ddH,0), preheated to 45°C, was added drop-wise to
250 mL olive oil (Sigma-Aldrich) (containing 0.5 wt% Span 80) stirring at 400 RPM at
room temperature. After 10 min, the water-in-oil emulsion was chilled on ice and stirred for
30 more min. Following the emulsion step, 100 mL chilled acetone (4°C) were added and
stirred an additional 60 min. The resulting microparticles were then collected by vacuum
filtration and washed with acetone. The collected GMPs were then placed in a 0.1 wt%
Tween 80 aqueous solution containing different concentrations of glutaraldehyde (1, 2, 3, 4,
and 5 mM) and stirred at 4°C for 15 h. After crosslinking, glycine was added to a
concentration of 25 mM to block residual aldehyde groups of unreacted glutaraldehyde and
allowed to stir for 1 h. Crosslinked microparticles were then vacuum-filtered, washed with
ddH,0 and acetone, dried under low-vacuum overnight, and sieved to different size ranges.
GMPs of 50-100 um and 100-150 um in diameter were sterilized with ethylene oxide for 12
h prior to MSC culture and encapsulation.

Gelatin microparticle degradation

For the degradation study, GMPs of varying crosslinking were placed in PBS with different
concentrations of collagenase 1A (Sigma-Aldrich) to facilitate enzymatic digestion (Table
1). The collagenase concentrations used were based on estimations of MMP-1 expression
from MSCs,8 as well as observed degradation of GMPs when incubated with MSCs. 5 mg of
100-150 pum diameter GMPs were added to the bottom of cell strainers with a 40 um mesh
size. The cell strainers with GMPs were then placed in 6-well plates, with each well
containing 10 mL of collagenase-containing PBS (CC-PBS), and incubated at 37°C for up to
35 days (n=3). The CC-PBS was collected and changed at day 1 and every third day
thereafter. To measure the amount of gelatin in solution, a bicinchoninic acid assay (Micro
BCA Protein Assay Kit, Thermo Scientific) for total protein determination was used with
dissolved, uncrosslinked GMPs prepared as standards. Briefly, 150 uL of standard/sample
were combined with 150 pL of the working reagent in a clear 96-well plate and incubated
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for 1 h at 37°C. The absorbance at 562 nm was then measured with a plate reader
(PowerWave x340 Microplate Reader). The GMPs were considered completely degraded
when the amount of gelatin detected was within the standard error of the lower detection
limit. This was verified via visual observation of the absence of GMPs in the cell strainer.

Rabbit marrow mesenchymal stem cell harvest and culture

Rabbit marrow MSCs were isolated from the tibias of 6-month-old New Zealand white
rabbits as previously described.10 All surgical procedures were approved by the Institutional
Animal Care and Use Committee of Rice University. Briefly, after anesthesia, bone marrow
was collected into 10 mL syringes containing 3,000 units of heparin. The bone marrow was
then plated and cultured in general medium (GM + FBS) containing Low Glucose-
Dulbecco's modified Eagle's medium (LG-DMEM), 10% v/v fetal bovine serum (FBS), 100
units/mL penicillin, and 100 pg/mL streptomycin. GM + FBS was changed every 3 days and
after 2 weeks of culture, the adherent fraction of cells was pooled from 6 rabbits to minimize
inter-animal variability and cryopreserved in freezing medium containing LG-DMEM, 20%
viv FBS, 10% v/v dimethyl sulfoxide, 100 units/mL penicillin, and 100 pg/mL streptomycin.
Prior to use, MSCs were thawed and expanded with GM + FBS up to passage three.

Mesenchymal stem cell seeding on gelatin microparticles

Prior to MSC seeding, 50 mg dry GMPs (50-100 or 100-150 um diameter) were swollen in 2
mL GM without FBS (GM — FBS) for 1 h at 37°C. 6 x 108 MSCs and 50 mg GMPs in
suspension were then split evenly between two 100 mm ultra-low attachment dishes
(Corning) containing 20 mL GM — FBS each. The dish was gently swirled at 120 RPM for 2
min before incubation for 12 h at 37°C. After 12 h culture, aggregates of MSCs and GMPs
were broken up with a 1000 pL positive displacement pipette, swirled at 120 RPM for 2 min,
and incubated for 24 h at 37°C. For GMPs without seeded MSCs, GMPs were swollen in
GM - FBS for 36 h at 37°C in static conditions. After a total of 36 h, the suspension of
GMPs or MSC-seeded GMPs (MSC-GMP) was filtered through a 70 um cell strainer to
remove any non-adherent cells and washed with PBS to remove residual media. The GMPs
or MSC-GMPs were then loaded in a 1 mL syringe shortly before encapsulation.

Hydrogel composite fabrication

Hydrogel composites were fabricated similar to methods previously described.16: 31 To
prepare the OPF precursor solution, 50 mg of OPF and 25 mg of PEG-diacrylate (3,400 Da,
Laysan Bio) were dissolved in 112.5 uL PBS and set at room temperature for 45 min to
eliminate air bubbles. 23 pL each of radical initiators, 0.3 M ammonium persulfate (APS)
and 0.3 M N,N,N’,N’-tetramethylethylenediamine (TEMED), were then mixed into the
polymer solution and vortexed. The concentrations of APS and TEMED used were expected
to have minimal cytotoxic effects and allow for high viability of encapsulated cells in OPF-
based hydrogels following fabrication.19: 31 After 30 seconds, 100 pL PBS or cell
suspension (6 x 108 MSCs) were added followed by the MSC-GMPs or blank GMPs,
respectively. The solution was mixed carefully to create a homogenous distribution of GMPs
and to avoid the formation of bubbles. Lastly, the polymer-GMP solution was injected into
Teflon molds (6 mm diameter x 1 mm thickness) and crosslinked at 37°C for 20 min. Teflon
molds were flipped at 5 min to prevent GMPs from settling.
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Hydrogel composite culture

The resulting hydrogel constructs were transferred to ultra-low attachment 24-well plates
(Corning) with 1 mL serum- and growth factor-free osteochondral medium (OM), which
contained LG-DMEM supplemented with ITS + Premix (6.25 pg/mL insulin, 6.25 pg/mL
transferrin, 6.25 ug/mL selenous acid, 5.35 pg/mL linoleic acid and 1.25 ug/mL bovine
serum albumin) (BD Biosciences), 100 units/mL penicillin, and 100 pg/mL streptomycin, 50
mg/L ascorbic acid, 100mM B-glycerophosphate, 10~/ M dexamethasone, and 1 mM sodium
pyruvate.8 OM was changed every two days and cell-laden composites were cultured up to
35 days.

Confocal fluorescence microscopy

Confocal fluorescence microscopy was used to visualize MSCs encapsulated in the hydrogel
composites at day 0 (D0). To assess cell viability, constructs from DO were rinsed in PBS to
remove media and then incubated in a dye solution containing 4 pM ethidium homodimer-1
and 2 pM calcein acetoxymethyl ester (Invitrogen) for 30 min as reported previously.® MSCs
complexed with the Live/Dead reagent were then imaged using a Zeiss LSM 510.

To assess the morphology of MSCs either seeded on GMPs or encapsulated in the gel phase,
select samples at D7 were stained for nuclei and F-actin. Briefly, samples were fixed in 10%
neutral buffered formalin for 10 min at room temperature, washed with PBS, and stored at
4°C until staining. Hydrogels were immersed in 0.3% Triton X-100 for 10 min, 2x, to
permeabilize cells, then incubated with DAPI (5 pg/mL) and phalloidin (1:20 dilution, Alexa
Fluor 488 Phalloidin, Life Technologies) in 3% BSA diluted in Triton X-100 for 20 min at
room temperature. Samples were then washed in PBS for 10 min and imaged with a Nikos
Al-Rsi.

Biochemical assays

At each time point (D0, D7, D21, and D35), hydrogel composites were collected (n=4),
rinsed in PBS to remove media, cut in half, and stored in —20°C until used for biochemical
analysis. To determine DNA, glycosaminoglycan (GAG), and hydroxyproline (HYP)
content, 4 hydrogel halves were each digested in 500 pL of proteinase K solution (1 mg/mL
proteinase K, 10 pg/mL pepstatin A, and 185 pg/mL iodoacetamide in tris-EDTA solution
(6.055 mg/mL tris(hydroxymethyl aminomethane), 0.372 mg/mL EDTA, pH 7.6 adjusted by
HCI) at 56°C for 16 h. To determine alkaline phosphatase (ALP) activity and calcium
content, 4 hydrogel halves were each thawed in 500 pL of ddH,0O. All samples were then
subjected to homogenization with a syringe and needle, three freeze-thaw cycles, and probe
sonication.

DNA content was quantified using a Quant-iT PicoGreen dsDNA Assay Kit (Molecular
Probes) according to the manufacturer's instructions. Sample supernatant, assay buffer, and
dye solution were combined in a black, opaque 96-well plate, and incubated for 10 min at
room temperature. Fluorescence was measured using excitation and emission wavelengths of
485 nm and 528 nm (FL %800 Fluorescence Microplate Reader), respectively. DNA
concentrations were determined relative to a lambda DNA standard curve.
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GAG content was determined with a dimethylmethylene blue colorimetric assay as
previously described.1? Sample supernatant and color reagent were combined in a clear 96-
well plate and the absorbance at 520 nm was measured (PowerWave x340 Microplate
Reader). GAG concentrations were determined relative to a chondroitin sulfate standard
curve. Synthetic GAG activity was determined by normalizing total GAG content to the
DNA content for each sample.

HYP content, an indicator of total collagen amount, was determined via a colorimetric assay
as previously described.18 An aliquot of sample supernatant was combined with an equal
volume of 4 N NaOH and hydrolyzed by autoclaving for 15 min, 121°C (approximately 50
min total processing time). The solution was neutralized with HCI and acetic acid to pH
5.5-7.0 and divided into duplicate reactions. Chloramine-T and p-
dimethylaminobenzaldehyde solutions were then added sequentially, incubated at 60°C for
30 min, and read at an absorbance of 570 nm with a plate reader. HYP concentrations were
determined relative to a trans-4-hydroxy-L-proline standard curve.

ALP enzymatic activity was determined using alkaline buffer solution and phosphatase
substrate tablets (Sigma-Aldrich). Sample supernatant and reagents were combined and
incubated for 1 h at 37°C. The reaction was stopped by adding 1 N NaOH, and the
absorbance at 405 nm was measured using a plate reader. ALP activity was determined
relative to a p-nitrophenol standard curve. Enzymatic activity was normalized to the DNA
content for each respective hydrogel composite half.

Calcium content was measured using a colorimetric assay by adding acetic acid to an aliquot
of sample supernatant with a final concentration of 0.5 M and incubating at room
temperature overnight to dissolve the calcium. Samples were combined with calcium
arsenazo 11 reagent (Genzyme), and the absorbance at 650 nm was measured using a plate
reader. Calcium concentrations were determined relative to a CaCl, standard curve and
normalized to the DNA content for each respective hydrogel composite half.

Real-time reverse transcription polymerase chain reaction

At D7, D21, and D35, hydrogel samples were collected (n=4), rinsed in PBS to remove
media, and stored in lysis buffer at —20°C until used for real-time reverse transcription
polymerase chain reaction (RT-PCR) analysis as previously described.?2 Additionally, DO
samples were collected from experimental groups containing 4 mM GMPs. Briefly, RNA
was isolated from hydrogel samples using the RNeasy Mini Kit (Qiagen), reverse
transcribed to cDNA using superscript I11 transcriptase (Invitrogen) and Oligo dT primers
(Promega), and subjected to real-time PCR (Applied Biosystems 7300 Real-Time PCR
System) using SYBR Green detection (PerfeCTa SYBR Green FastMix, Rox; Quanta
Biosciences) with custom designed primers (Integrated DNA Technologies). Primer
sequences used are listed in Table 3. All target gene expression were normalized to the
housekeeping gene GAPDH and expressed as the fold change relative to the baseline
expression of the Group 1 control at DO. All gene expression data were calculated using the
278ACt method. 27
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Statistical analysis

Results

A significance level of p<0.05 was used for all statistical analysis through JMP Pro v11.0.0.
All results are presented as means + standard deviation. Biochemical assay data were
analyzed using one-way ANOVA to test variance followed by Tukey's HSD All Pairs test,
whereas RT-PCR data were analyzed using the Kruskal-Wallis test followed by the
Wilcoxon Each Pair test to determine significant differences between groups at each time
point and between time points for each group.

Gelatin microparticle degradation

The main design criterion set for fabricating GMPs was a fast-degrading, temporary
adhesive-substrate for MSC delivery. Thus, GMPs with a very low crosslinking density that
would still allow for MSC seeding were used. Of the five crosslinking-densities tested,
GMPs crosslinked in 1mM glutaraldehyde solution (ImM GMPs) dissolved in 37°C PBS
within 24 h while 2, 3, 4, and 5mM GMPs remained stable. In order to model the
degradation of GMPs due to MMPs secreted from MSCs, 2mM and 3mM GMPs were
initially tested in varying CC-PBS concentrations (Fig 1a,b). However, 2mM and 3mM
GMPs completely degraded when cultured with MSCs during the seeding period (36 h),
whereas 4mM and 5mM GMPs allowed for cell adhesion. As a result, 4mM and 5mM
GMPs were only tested at 0, 100, and 200 ng/mL CC-PBS concentrations for up to 35 days.
Both 4mM and 5mM GMPs held their spherical morphology in PBS without collagenase
during the culture period, and while 4mM GMPs degraded in CC-PBS within 13 and 16
days, 5mM GMPs degraded within 19 and 28 days at the 100 and 200 ng/mL CC-PBS
concentrations, respectively.

Mesenchymal stem cell seeding on gelatin microparticles

After MSCs were seeded onto 4mM and 5mM GMPs, the MSC-GMPs were encapsulated in
OPF hydrogels, and the viability and morphology of the MSCs were qualitatively examined
with confocal fluorescence microscopy. At DO post-fabrication, the cell-laden hydrogel
composites were evaluated with a Live/Dead assay kit, with live cells and dead cells
fluorescing green and red, respectively. As seen in Figure 2, MSCs are viable following
hydrogel encapsulation, whether through direct encapsulation or initial GMP seeding. The
minimal cell death seen in the MSC-GMP groups also points to the MSC seeding procedure
on the GMPs as cell-friendly. In order to visualize cell morphology in the hydrogel
composites, MSCs were stained with DAPI (blue) and phalloidin (red) for cell nuclei and F-
actin, respectively (Fig 3). As shown in Figure 3a, the MSCs exhibit a round morphology,
while in Figures 3b and 3c, MSCs are attached and spread on the surface of GMPs within
the hydrogel scaffold.

Biochemical assays

OPF hydrogels containing MSCs + GMPs (Groups 1 and 2) or MSC-GMPs (Groups 3-6)
were cultured in a serum-free, growth factor-free OM for 35 days and evaluated for
cellularity, synthetic GAG activity, GMP degradation, ALP activity, and mineralization
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potential (Fig 4). Cellularity, as assessed by DNA content, is depicted in Figure 4a for each
group and time point. At DO, Groups 1 and 2 had significantly greater total DNA content
than Groups 3 and 4 (MSC-GMPs, 50-100 um), which had greater DNA content than
Groups 5 and 6 (MSC-GMPs, 100-150 um). All groups displayed a decrease in total DNA
content from DO to D7. However, the DNA amount remained relatively stable over the
course of 35 days following Day 7.

Figure 4b represents the synthetic GAG activity as produced by encapsulated MSCs. Groups
3, 5, and 6 (MSC-GMPs) showed a significantly larger normalized GAG amount at DO
compared to the co-encapsulated MSC + GMPs. Additionally, groups with MSCs seeded on
4 mM GMPs showed the greatest GAG synthetic activity at Day 35: Groups 3 and 5 were
significantly greater than the control groups and Group 3 was significantly greater than the 5
mM GMP groups. No direct differences were seen between larger and smaller sized GMP
groups.

In order to examine the change in collagen content as an estimation of GMP degradation,
total HYP content of the hydrogel constructs was determined over time. As seen in Figure
4c, total HYP amounts dropped overtime with D21 and D35 values significantly lower than
DO and D7 values for all groups. A difference between groups with 4mM and 5mM GMP
groups can be seen at D21 and especially at D35, with 4mM groups having less HYP
content than 5mM groups. However, the GMPs were still present and had a spherical
morphology within the hydrogels after the culture period (as verified by light microscopy),
which can be seen by remaining HYP content in each group at D35.

Since MSCs were cultured in an OM without factors for specific chondrogenic or osteogenic
directed differentiation, ALP enzymatic activity and calcium content were also examined as
markers of osteogenic differentiation. Figure 4d shows a peak in normalized ALP enzymatic
activity at D7 for Groups 1 and 2, while the groups with encapsulated MSC-GMPs
decreased in ALP activity over time from D0O. MSCs co-encapsulated with 5mM GMPs
(Group 2) specifically exhibited the highest normalized ALP activity at D7 among groups.
Interestingly, the MSC-GMPs groups with 4mM GMPs (Groups 3 and 5) had greater initial
ALP activity at DO compared to their 5mM GMP counterparts (Groups 4 and 6). Looking at
normalized calcium content (Fig 4e), no significant differences were observed between
groups, and calcium levels remained relatively low over the course of 35 days. However, a
significant increase in normalized calcium content was seen from DO to D21 for Group 1
and from DO to D35 for Group 2.

Real-time RT-PCR gene expression

In addition to evaluating the synthetic activity of the cell-laden hydrogel composites, real-
time RT-PCR analysis was also performed to assess chondrogenic and/or osteogenic
differentiation potential. In examining markers for chondrogenic differentiation, certain
trends were consistently seen for COLZ, ACAN, and SOX9 gene expression. Of note, all
MSC-GMP groups exhibited greater chondrogenic gene expression at D21 than did the MSC
+ GMP control groups (Fig 5). Differences between MSC-GMP (Groups 3-6) and MSC +
GMP (Groups 1-2) hydrogel composites were also observed at other time points: MSCs
seeded on 5mM GMPs demonstrated higher ACAN and SOX9fold change at D35 compared
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to the MSC + 5mM GMP control (Fig 5b,c). Similarly, Groups 3 and 5 (4mM MSC-GMPs)
had a greater COL2fold change at D35 compared to the MSC + 4mM GMP control (Fig
5a). At D7, MSCs seeded on 5mM GMPs exhibited greater ACAN gene expression than the
MSC + 5mM GMP control (Fig 5b). Significant differences were also seen between 4mM
GMP (Groups 1, 3, and 5) and 5mM GMP (Groups 2, 4, and 6) hydrogel composites. Group
1 had higher COL2, ACAN, and SOX9expression at D21 and D35 compared to Group 2.
Additionally, the larger sized, 5mM MSC-GMP group (Group 6) had higher ACAN and
SOX9gene expression than its 4mM counterpart (Group 5) at D21.

In assessing markers of osteogenic differentiation, COL I gene expression was consistently
down regulated over time for all groups (Fig 6a). Moreover, MSC-GMP groups had
decreased COL 1 fold change compared to the MSC + GMP controls at all time points.
RUNXZ expression also revealed similar down regulation for MSC-GMP groups compared
to MSC + GMP groups at both D21 and D35 (Fig 6b). Interestingly, minimal differences in
osteogenic gene expression were observed between smaller and larger GMP size groups.
Regarding GMP crosslinking, Group 4 had reduced COL1 and RUNXZ2 expression at D21
compared to Group 3.

Lastly, the presence and formation of cell-cell contacts through CDHZ expression was
investigated (Fig 6¢). While there was no significant difference between groups with MSCs
seeded on GMPs and MSCs homogenously encapsulated in the hydrogel at early time
points, D21 and D35 revealed the impact of the GMPs as a cell substrate: MSC-GMP groups
showed greater CDHZfold change compared to Group 1 at D21. At D35, MSC-5mM GMP
groups showed higher N-cadherin expression than the MSC + 5mM GMP control. Similarly,
Group 3 exhibited more CDHZ2 gene expression than Group 1 at D35.

Discussion

The primary objective of this study was to utilize enzymatically-degradable GMPs as a
temporary adherent-substrate for MSCs within a hydrogel matrix. MSCs were seeded onto
GMPs of different sizes and crosslinking densities and assessed for chondrogenesis/
osteogenesis as well as their condensation behavior over 35 days. Specifically, we
investigated 1) whether the GMPs could act as a temporary adherent-substrate for MSCs,
allowing for MSC aggregation following GMP degradation, and 2) if the initial seeding of
MSCs on the GMPs could improve their differentiation potential.

In order to evaluate GMPs as a temporary adherent-substrate, GMPs of varying crosslinking
densities were fabricated and subjected to MSC seeding tests as well as collagenase-
containing medium for GMP degradation modeling. Following GMP synthesis, 2 and 3mM
GMPs were discovered to be unsuitable for MSC seeding and disappeared before the end of
the seeding period. Since 2 and 3mM GMPs did not completely dissolve in the absence of
collagenase within 24 h (Fig 1a,b), these loosely crosslinked GMPs were likely degraded via
enzymes secreted by the MSCs during the seeding period. Consequently, 4 and 5mM GMPs
were chosen as the temporary adherent-substrate for initial MSC seeding. However, this
initial enzymatic activity on the GMPs may not have lasted throughout the culture period
since microparticles still remained within the hydrogel scaffolds at D35. Indeed, while
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MSCs are known secretors of MMPs, tissue inhibitors of metalloproteinases (TIMPS) are
often produced alongside MMPs, and most TIMPs are highly specific for MMPs, binding in
a 1:1 stoichiometric ratio.39 In a study by Lozito and Tuan, despite secretion of MMP-1 and
MMP-2 (a gelatinase) by MSCs cultured in a serum-free, growth factor-free medium, actual
MMP activity was significantly lower due to endogenous production of TIMP-1 and
TIMP-2.15 However, certain chemokines have been found to modulate the expression of
MMPs and TIMPs in MSCs: expression of MMP-2 in a serum-free, growth factor-free
medium was up-regulated with the exogenous addition of transforming growth factor-f1
while TIMP expression was not affected.?* As a result, to fully realize the potential of GMPs
as a temporary adherent-substrate for cell delivery, the inclusion of serum or growth factors
may be necessary.

Due to incomplete GMP degradation, macropores could not form within the hydrogel
scaffold, and the space necessary for MSC aggregation was not achieved. Certainly, other
methods have been developed to induce cell aggregation within a hydrogel: MSCs seeded
within macroprous OPF hydrogels,14 chondrocytes encapsulated within uncrosslinked
GMPs and released into a porous hydrogel bulk upon GMP dissolution,2 and MMPs used to
degrade crosslinked GMPs as hepatocyte cell carriers within an alginate hydrogel.1!
Nevertheless, an objective of the current study entailed the use of GMPs as temporary
adherent-substrates for the anchorage-dependent MSCs, and it is unclear what the effects of
a large dose of MMPs to degrade the GMPs would be on stem cells, as opposed to a
differentiated cell phenotype (e.g., hepatocytes).

Despite the lack of MSC aggregation, biochemical and real-time RT-PCR analysis revealed
that employing GMPs as an adherent-substrate within OPF hydrogels resulted in greater
MSC chondrogenic potential as compared to MSCs co-encapsulated with GMPs. At D35,
synthetic GAG activity and type Il collagen expression was higher for MSC-4mM GMP
groups than the MSC + 4mM GMP control. Furthermore, aggrecan and SOX9fold changes
were larger for the MSC-5mM GMP groups than for the controls at D35. Overall
chondrogenic gene expression was higher at D21 for all MSC-GMP groups compared to
MSC + GMP groups. While expression of these genes did not necessarily increase over
time, the significant differences are corroborated by enhanced N-cadherin expression for
MSC-GMP groups at both D21 and D35. Indeed, cell-cell contacts provide additional
communication that has been demonstrated to improve adipogenic, osteogenic, and/or
chondrogenic differentiation through cadherin signaling,26 and the disruption of such cell-
cell adhesion has been shown to reduce MSC chondrogenic potential.®

While MSC-GMPs exhibited marked chondrogenic differentiation potential, markers of
osteogenesis decreased over time for all groups. Interestingly, type | collagen and RUNXZ2
expression were significantly lower at D35 for MSCs seeded on GMPs compared to MSCs
co-encapsulated with GMPs in hydrogels. However, substrate stiffness and the physical
environment also play a large role in determining cellular response. Osteoblastic markers
such as RUNXZ2 are often only expressed when the matrix stiffness is close to that of native
bone tissue.23 Although mechanical properties of the hydrogel composites were not tested,
the soft adherent substrate presented by the loosely crosslinked GMPs may have precluded
significant osteogenic potential.
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Lastly, the extent of GMP crosslinking and GMP size were also investigated as factors for
influencing MSC activity in the hydrogel composites. While the variable of GMP size had
minimal effects on differentiation and condensation, differences between 4mM and 5mM
GMPs were found. Total HYP amount was consistently greater for 5SmM GMP groups than
4mM GMP groups at D21 and D35, likely due to the increased crosslinking extent of 5mM
GMPs. Additionally, differences between Group 1 and Group 2 were seen: greater
normalized ALP expression was seen at D7 for MSCs co-encapsulated with 5SmM GMPs
compared to 4mM GMPs. This was followed by higher COL2, ACAN, and SOX9gene
expression for Group 1 compared to Group 2 at D21 and D35. Indeed, the microenvironment
plays a large role in stimulating the activity of encapsulated MSCs and the relatively softer
substrate of 4mM GMPs in Group 1 may have improved the chondrogenic potential of co-
encapsulated MSCs. However, a similar trend was not consistently seen in groups with
MSCs seeded on GMPs. 4mM MSC-GMPs groups displayed greater initial ALP activity
compared to 5mM MSC-GMPs groups, yet smaller sized 4mM MSC-GMPs also had greater
synthetic GAG activity at D35 compared to 5SmM MSC-GMPs. In contrast, larger sized
5mM MSC-GMPs had higher ACAN and SOX9 expression than their 4mM counterpart at
D21. Future investigation with a broader range of GMP crosslinking densities would be
necessary to clarify the effect of GMP crosslinking. Additionally, the variables of size and
crosslinking are anticipated to play a larger role in influencing MSC aggregation following
complete degradation of the GMPs. Further studies incorporating serum or growth factors in
the culture medium would be warranted to elucidate the effect of these variables on the
differentiation and condensation potential of seeded MSCs.

Conclusion

In summary, MSCs were seeded onto GMPs of varying crosslinking densities and sizes and
subsequently encapsulated in OPF hydrogels. MSCs co-encapsulated with the GMPs were
included as controls, and the cell-laden hydrogel composites were cultured in a serum-free,
growth factor-free OM for 35 days. Results indicate that the encapsulated GMPs did not
completely degrade during the culture period, and crosslinking density and GMP size were
not found to influence MSC differentiation potential. Nonetheless, MSCs seeded on GMPs
exhibited greater N-cadherin expression than their MSC and GMP co-encapsulated
counterparts. Additionally, MSCs seeded on GMPs showed greater chondrogenic
differentiation potential, while osteogenic markers were found to down-regulate over time.
Overall, these results demonstrate the potential of GMPs as an adherent-substrate within
hydrogel scaffolds for facilitating cell-cell contacts and enhancing MSC differentiation.
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Figure 1.
Degradation profile of GMPs crosslinked with a 2mM (A), 3mM (B), 4mM (C), and 5mM

(D) glutaraldehyde solution. Cumulative degradation of GMPs was measured up to 35 days
in collagenase-containing PBS. 2_0, 2_20, 2_100, and 2_200 designate 2 mM GMPs
incubated with PBS containing 0, 20, 100, or 200 ng/mL collagenase 1A, respectively.
Similar shorthand designations apply for 3mM, 4mM, and 5mM GMPs. The day of
complete degradation is stated and is indicated by a slight plateau in the cumulative GMP
degradation graph. GMPs that did not degrade within the culture period are denoted with an
ND. Error bars correspond to standard deviation for n=3 samples.
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Figure 2.
Confocal fluorescence microscopy images of MSCs, complexed with live/dead reagents,

encapsulated in hydrogel composites at day 0. Green fluorescence designates live cells,
whereas red fluorescence indicates dead cells. Round cells can be seen in Groups 1 and 2 (A
and B) while flattened cells can be seen in Group 3-6 (C-F). (Scale bar: 200 pm)
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Figure 3.
Confocal fluorescence microscopy images of MSCs, stained with DAPI and phalloidin,

encapsulated in hydrogel composites at day 7. Blue fluorescence designates nuclei, whereas
green fluorescence indicates F-actin staining of MSCs. Round MSCs encapsulated in the gel
phase can be seen in a representative sample from Group 2 (A), while elongated MSCs can
be seen in a representative sample from Group 4 (B). A z-axial projection stack of 30 images
(10 um apart) set against differential interference contrast images shows the spread
morphology of MSCs seeded on the GMPs (C). (Scale bar: 100 pm)
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Figure 4.

(A) DNA content, (B) GAG content normalized to DNA content, (C) HYP content, (D) ALP
activity normalized to DNA content, and (E) calcium content normalized to DNA content for
each experimental group at various time points. At each time point, groups connected with
different letters are significantly different (p < 0.05). Within each group, time points
connected by lines and noted with (*) are significantly different. The x-axis labels are
denoted by Gel or GMP, representing MSCs co-encapsulated with GMPs vs seeded on
GMPs; 4 or 5, representing the crosslinking extent of GMPs at either 4mM vs 5mM; and S
or L, representing smaller 50-100um GMPs vs larger 100-150um GMPs. Error bars
correspond to standard deviation for n=4 samples.
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Figureb.
(A) Type Il Collagen expression, (B) Aggrecan expression, and (C) Sox9 expression for

each experimental group at various time points. At each time point, groups connected with
different letters are significantly different (p < 0.05). Within each group, time points
connected by lines and noted with (*) are significantly different. The x-axis labels are
denoted by Gel or GMP, representing MSCs co-encapsulated with GMPs vs seeded on
GMPs; 4 or 5, representing the crosslinking extent of GMPs at either 4mM vs 5mM; and S
or L, representing smaller 50-100um GMPs vs larger 100-150um GMPs. Error bars
correspond to standard deviation for n=4 samples.
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Figure6.
(A) Type | Collagen, (B) Runx2, and (C) N-Cadherin expression for each experimental

group at various time points. At each time point, groups connected with different letters are
significantly different (p < 0.05). Within each group, time points connected by lines and
noted with (*) are significantly different. The x-axis labels are denoted by Gel or GMP,
representing MSCs co-encapsulated with GMPs vs seeded on GMPs; 4 or 5, representing the
crosslinking extent of GMPs at either 4mM vs 5mM; and S or L, representing smaller
50-100um GMPs vs larger 100-150um GMPs. Error bars correspond to standard deviation
for n=4 samples.
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Table 1

Gelatin microparticles (GMPs) of varying crosslinking and collagenase-containing phosphate-buffered saline
(CC-PBS) concentrations used to model GMP degradation.

*
GMP Crosslinking 2mM, 3 mM, 4 mM, 5 mM

AN
CC-PBS Concentration (ng/ml) 0,20, 100,200

*
GMPs were crosslinked in a solution of glutaraldehyde at the concentrations indicated above at 4°C for 15 h

N
20 ng/mL CC-PBS concentration was only tested for 2 mM and 3 mM GMPs

Ann Biomed Eng. Author manuscript; available in PMC 2017 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Luetal.

Experimental groups tested for the encapsulation of MSCs and GMPs in a hydrogel composite.

Table 2

Experimental Group Mode of MSC Encapsulation GMP  Sizeof Dry GMP
1 Gel Phase 4 mM 50 — 100 pm
2 Gel Phase 5mM 50 — 100 ym
3 GMP-Seeded 4mM 50 - 100 ym
4 GMP-Seeded 5mM 50 - 100 pm
5 GMP-Seeded 4 mM 100 - 150 pm
6 GMP-Seeded 5mM 100 — 150 pm
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