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Abstract

Articular cartilage remains a significant clinical challenge to
repair because of its limited self-healing capacity. Interest has
grown in the delivery of autologous chondrocytes to cartilage
defects, and combining cell-based therapies with scaffolds that
capture aspects of native tissue and allow cell-mediated remod-
eling could improve outcomes. Currently, scaffold-based ther-
apies with encapsulated chondrocytes permit matrix produc-
tion; however, resorption of the scaffold often does not match
the rate of matrix production by chondrocytes, which can limit
functional tissue regeneration. Here, we designed a hybrid bio-
synthetic system consisting of poly(ethylene glycol) (PEG)
endcapped with thiols and crosslinked by norbornene-
functionalized gelatin via a thiol-ene photopolymerization.
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The protein crosslinker was selected to facilitate chondrocyte-
mediated scaffold remodeling and matrix deposition. Gelatin
was functionalized with norbornene to varying degrees (~4—
17 norbornenes/gelatin), and the shear modulus of the resulting
hydrogels was characterized (<0.1-0.5 kPa). Degradation
of the crosslinked PEG-gelatin hydrogels by chondrocyte-
secreted enzymes was confirmed by gel permeation chro-
matography. Finally, chondrocytes encapsulated in these
biosynthetic scaffolds showed significantly increased gly-
cosaminoglycan deposition over just 14 days of culture,
while maintaining high levels of viability and producing a
distributed matrix. These results indicate the potential of a
hybrid PEG-gelatin hydrogel to permit chondrocyte-
mediated remodeling and promote articular cartilage ma-
trix production. Tunable scaffolds that can easily permit
chondrocyte-mediated remodeling may be useful in de-
signing treatment options for cartilage tissue engineering
applications.

Lay Summary

Articular cartilage remains a significant clinical challenge to
repair because of its limited self-healing capacity. In this man-
uscript, a biosynthetic scaffold crosslinked by both gelatin and
poly(ethylene glycol) (PEG) was developed to encapsulate
primary cartilage cells, also known as chondrocytes. This hy-
brid scaffold facilitated cartilage-specific extracellular matrix
(ECM) molecule deposition by permitting cell-mediated, lo-
calized degradation of the construct so that encapsulated
chondrocytes had pericellular space to generate tissue.
Furthermore, the data show that the mechanical properties of
this gel can be easily modified and this system can be formed
in situ at a defect site via a photopolymerizable reaction. The
results of this manuscript indicate the potential of this novel
system in designing treatment options for cartilage tissue re-
generation applications.
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Introduction

Articular cartilage has limited self-healing properties, which can
necessitate clinical interventions to heal tissue defects.
Chondrocytes, the sole, differentiated resident cells found in ma-
ture articular cartilage, are responsible for the generation and
maintenance of tissue extracellular matrix (ECM) [1]. When
combined with encapsulated chondrocytes, biofunctional scaf-
folds can facilitate cartilage ECM production and deposition. A
variety of natural and synthetic materials have been examined as
potential cell carriers and as therapeutic solutions for cartilage
repair [2-5].

A limitation with many of the currently studied chondro-
cyte scaffold carriers is that their resorption rates do not match
the rate of matrix deposition by encapsulated cells as found in
native tissue [6]. Synthetic hydrogel carriers often limit depo-
sition of chondrocyte-secreted matrix molecules to the space
around the cell (i.e., the pericellular space) [7, 8]. To overcome
this issue, hydrogels have been engineered to hydrolytically
degrade at physiological pH, and while bulk degradation can
be readily controlled, numerous material properties are highly
coupled to this degradation. For example, high extents of deg-
radation must occur before an ECM protein, like collagen, can
assemble throughout hydrogel scaffolds, but this often coin-
cides with a precipitous drop in gel mechanics [7, 9].
Alternatively, natural ECM proteins (e.g., collagen and
hyaluronan) can form fibrillar hydrogel networks and provide
numerous biological cues to guide tissue deposition by encap-
sulated cells [10]. These ECM proteins can also be easily
degraded by encapsulated cells, which leads to a cell-mediat-
ed, local degradation mechanism [11]. However, natural
protein-derived scaffolds are often mechanically weak, and it
is difficult to control their reproducibility and degradation,
which can necessitate synthetic modification to these mate-
rials to control their time-varying properties as well as facili-
tate the cell encapsulation process [12—14]. As a result, recent
efforts in the field have included a focus on hybrid synthetic
ECM mimics that have the potential to capture the tunability
of synthetic scaffolds while integrating the properties of a cell-
dictated degradation.

Previous work in our group demonstrated that cartilage
cells encapsulated in poly(ethylene glycol) (PEG) hydrogels
crosslinked by a collagen-derived peptide sequence
(KCGPQG|IWGQCK) generated constructs with increased,
widespread articular cartilage-specific ECM compared to non-
degradable gels [15]. These findings supported the hypothesis
that local, cell-mediated degradation not only promotes carti-
lage tissue deposition but also maintains and in some cases
increases scaffold mechanical integrity, in contrast to the

@ Springer

decrease in bulk modulus typically found in hydrolytically
cleavable scaffolds. However, it was found that enzymes se-
creted by encapsulated chondrocytes alone could not cleave
the collagen-derived peptide linker with appropriate kinetics
to enable a widespread distribution of matrix macromolecules.
In fact, those constructs had the same pericellular matrix de-
position pattern found in nondegradable scaffolds. Although
previously, the Hubbell group engineered the collagen-
derived peptide linker GPQG|IWGQ to be more responsive
to matrix metalloproteinases (MMPs) [16], chondrocytes were
found to remodel synthetic scaffolds more appropriately in the
presence of cartilage progenitor cells, mesenchymal stem cells
(MSCs). Only when encapsulated in coculture with MSCs
could the relatively metabolically inactive chondrocytes [17]
readily degrade the sequence and then generate ECM through-
out the scaffold. Furthermore, others have shown that cell-
secreted MMPs are able to cleave a full-length protein at a
greater rate than a peptide derived from that protein [18].
Collectively, these findings motivated the experiments report-
ed herein, where we investigate whether a hybrid scaffold
composed of PEG and a full-length protein, with a larger
amount of collagenase-cleavable sequences per molecule than
a peptide, would be responsive to chondrocyte-mediated local
degradation and permit widespread matrix deposition.

Hybrid scaffolds that combine full-length proteins with
synthetic linkers have been widely explored in tissue engi-
neering applications. For example, fibrinogen [19-21] and
collagen [22-24] have been chemically modified to allow co-
valent attachment to PEG by controlled reactions and thereby
facilitate encapsulated cell development and proliferation.
Collagen appears to be a good candidate material to use as a
scaffold with chondrocytes since degradation of collagen is a
rate-limiting step in cartilage remodeling [25]. However, col-
lagen is resistant to most proteases and requires special colla-
genases for its enzyme hydrolysis. On the other hand, gelatin,
a natural biomacromolecule derived from denatured collagen,
is less antigenic, more cost-effective [26], and susceptible to
more proteases than collagen [27]. These attributes potentially
make gelatin an easier substrate to cleave by chondrocyte-
secreted enzymes. Chondrocytes are also known to secrete
gelatinases [28, 29], which can specifically cleave gelatin
more efficiently than most proteases. Finally, gelatin has been
successfully employed as a scaffold to promote articular
cartilage-specific matrix production of encapsulated
chondrocytes [30, 31], and hybrid PEG-gelatin networks have
been developed for other tissue engineering applications with
high cell viability under photopolymerization conditions
[32-34].

In this work, we report the development of a gelatin net-
work crosslinked with PEG for use with encapsulated
chondrocytes and observe that the full-length protein is sensi-
tive to local degradation cues and facilitates widespread
cartilage-specific ECM deposition. Specifically, gelatin was
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modified to contain pendant norbornene functionalities and
reacted via a facile thiol-ene photopolymerization with PEG
dithiols. The photoinitiated thiol-ene reaction is fast and high-
ly efficient and permits precise spatial and temporal control of
network formation [35].

Materials and Methods
Functionalization of Gelatin with Norbornene

Gelatin type A 300 bloom (1 wt% (w/v)) with M,, ~75 kDa
[36] (Sigma-Aldrich), which contains around 21 primary
amines per molecules, was dissolved in pH 8.5 sodium bicar-
bonate. 5-Norbornene-2-acetic acid succinimidyl ester
(Sigma-Aldrich) was added to the gelatin solution (21 molar
eq. to gelatin for 1:1 norbornene (NB):gelatin amine stoichio-
metric ratio, 10.5 molar eq. to gelatin for 0.5:1 NB:gelatin
amine ratio, and 5.25 molar eq. to gelatin for 0.25:1
NB:gelatin amine ratio) and reacted with free amines on the
gelatin molecule at 37 °C for 1 h. The functionalized gelatin
was dialyzed against pH 8.5 sodium bicarbonate for 4 h at RT
exchanging buffer every hour, using Slide-A-Lyzer™ G2 di-
alysis cassette MW 10 kDa (Thermo Scientific). After dialy-
sis, solutions were frozen, lyophilized, and stored at —20 °C
until use.

The degree of functionalization of gelatin with norbornene
was quantified as previously described [32]. Briefly, the lysyl
residue modification of gelatin was evaluated via the
trinitrobenzenesulfonicacid assay (TNBSA, Thermo
Scientific), which is a colorimetric assay that involves reacting
the TNBSA reagent with primary amines on proteins for 2 h at
37 °C, stopping the reaction with 10 % SDS and 1 N HCI, and
then reading the absorbance at A=335 nm using a Synergy H1
microplate reader (BioTek). The functionalization efficiency
was calculated using

( B [[amines]after gelatin modification ) % 100 %

amines|before gelatin modification

Characterization of Degradation of the Functionalized
Gelatin

To assess enzymatic cleavage of the norbornene-
functionalized gelatin, 0.2 wt% gelatin solutions with varying
extents of functionalization (1:1, 0.5:1, and 0.25:1 NB:gelatin
amine molar ratios or unmodified gelatin) were dissolved in
0.1 M sodium nitrate (Sigma-Aldrich) and 0.1 M sodium di-
basic phosphate (Sigma-Aldrich), so that the resulting solution
could be assessed using aqueous mobile phase gel permeation
chromatography (GPC) as previously described [37]. The gel-
atin solutions were incubated with either 20 units/mL

(~0.1 mg/mL) type II collagenase (Worthington
Biochemical) or chondrocyte-conditioned media from cells
cultured for 3 days. The enzyme solutions were reacted with
the functionalized gelatin for 1 h at 37 °C. GPC was per-
formed using a Waters HPLC pump and refractive index de-
tector, Polymer Standard Service Suprema columns (3000 and
100 A), and a linear PEG standard. All samples for GPC were
prepared at a concentration of 0.2 wt% and filtered through a
0.4 um filter. A mobile phase of 0.1 M sodium nitrate and
0.1 M sodium dibasic phosphate, injection volume of 25 mL,
and flow rate of 0.5 mL/min were used for all samples.

PEG-Gelatin Network Formation and Mechanical
Measurements

The photoinitiator lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) was synthesized as previously de-
scribed [38]. Gelatin (2 wt% (w/v)) functionalized with vary-
ing amounts of norbornene was prepared in PBS. We used
2 wt% solutions since this is the critical chain overlap concen-
tration above which gelatin can form physical gels at room
temperature [39]. The gelatin macromolecules were
crosslinked by 0.1 wt% (0.3 mM) 3.5 kDa PEG dithiol
(JenKem Technology) via a photoinitiated thiol-ene polymer-
ization with 0.05 wt% (1.7 mM) LAP and light (Jo=~
3.5 mW/cm?, A=365 nm) for 30 s. For all experiments, 40
pL cylindrical gels (O.D. ~5 mm, height ~2 mm) were formed
in the cut end of a 1 mL syringe (BD Medical).

The various gels were placed in cell culture media to swell
overnight and weighed the next day. The volume swelling
ratio Q was calculated by first solving for the mass swelling
ratio ¢, which involved dividing the measured swollen mass
by the theoretical dry mass (data not shown) and assuming
that the density of the polymer was similar to that of its sol-
vent. Parallel plate rheometry was performed on crosslinked
gels that were formed with varied norbornene
functionalization on the gelatin using an Ares 4400 DHR-3
shear theometer (TA instruments) with 10 % strain frequency
sweep and a 10 rad/s strain sweep. The shear modulus (G) of
the constructs was determined when the gels were in the linear
viscoelastic regime for both the frequency and the strain
sweep. The final network crosslinking density p,; was calcu-
lated from rubber elastic theory [40] where p,; =GO"*(RT) ..

Cell Harvest and Expansion

Primary chondrocytes were isolated from articular cartilage of
the femoral-patellar groove of 6-month-old Yorkshire swine
as detailed previously [41]. Cells were grown in a T-75 culture
flask with media as previously described [42] and were used
directly after expansion, PO, for all cell-based experiments.
Briefly, chondrocytes were grown in growth medium (high-
glucose Dulbecco’s modified Eagle’s medium [DMEM]
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supplemented with ITS+ Premix 1 % v/v (BD Biosciences),
50 mg/mL L-ascorbic acid 2-phosphate, 40 pg/mL L-proline,
0.1 pM dexamethasone, 110 pg/mL pyruvate, and 1 % peni-
cillin-streptomycin-fungizone) with the addition of 10 ng/mL
insulin-like growth factor (IGF-1) (Peprotech) to maintain
cells in a dedifferentiated state. ITS was used because it can
promote formation of articular cartilage from chondrocytes
[43]. Cultures were maintained at 5 % CO, and 37 °C.

Chondrocyte Encapsulation and Viability Assessment

Chondrocytes were encapsulated at 40 million cells/mL in 40
pL cylindrical PEG-gelatin gels using gels formed from the
1:1 NB:gelatin amine synthesis conditions (~4.5 mM
norbornene per gelatin chain). This macromolecule formula-
tion degraded readily in response to chondrocyte-secreted en-
zymes. Cell-laden gels were immediately placed in 1-mL
DMEM growth medium in 48-well nontreated tissue culture
plates. Media was changed every 3 days. Atdays 1, 7, and 14,
cell viability and cellularity were assessed using a
LIVE/DEAD® (Life Technologies) membrane integrity assay
and confocal microscopy with Image] (NIH) for assessment
of cell circularity.

Biochemical Analysis of Cell-Hydrogel Constructs

On days 1,7, and 14, gels were removed from culture (n=3),
weighed directly to determine the wet weight, snap frozen in
LN,, and stored at =70 °C prior to biochemical analysis.
Hydrogels were digested in 500 pL. enzyme buffer (125 pg/
mL papain [Worthington Biochemical] and 10 mM cysteine)
and homogenized using 5 mm steel beads in a TissueLyser
(Qiagen). Homogenized samples were digested overnight at
60 °C.

Digested constructs were analyzed for biochemical con-
tent. DNA content, as an indicator of cell number, was mea-
sured using a PicoGreen assay (Life Technologies), and the
results were expressed as the amount of DNA (ug) per chon-
drocyte-laden gel. Sulfated glycosaminoglycan (sGAG)
content was assessed using a dimethylmethylene blue assay
as previously described with results presented in equivalents
of chondroitin sulfate [44]. As a cell-free control, digested
acellular gels were assessed by the colorimetric assays, and
the resulting values were subtracted from their respective cell-
laden sample values. GAG content was expressed as a per-
centage of the wet weight of the respective gels.

Histology and Immunofluorescence Analysis
On day 14, constructs (n=3) were fixed in 10 % formalin for
30 min at RT and then snap frozen and cryosectioned to 20 pm

sections as previously described [45]. At day 14, sections were
stained for Safranin-O and Masson’s trichrome on a Leica
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autostainer XL and imaged in bright field (20x objective) on
a Nikon (TE-2000) inverted microscope.

For immunostaining, on day 14, sections were blocked
with 5 % BSA and then analyzed by anti-type II collagen
(1:50, US Biological) and anti-type I collagen (1:50,
Abcam). Sections were pretreated with appropriate enzymes
for 1 h at 37 °C: hyaluronidase (2080 U) for type II collagen
and Pepsin A (4000 U) with Retrievagen A (BD Biosciences)
treatment for type I collagen to help expose the antigen.
Sections were probed with AlexaFluor 555-conjugated sec-
ondary antibodies (1:200, Life Technologies) and counter-
stained with DAPI to reveal cell nuclei. All samples were
processed at the same time to minimize sample-to-sample var-
iation. Images were collected on a Zeiss LSM710 scanning
confocal microscope with a 20X objective using a z-stack
maximum intensity projection of 4x5 pm slices of the
20 pm section using the same settings and postprocessing
for all the images. The background gain was set to negative
controls on acellular sections that received the same treatment.
Positive controls were performed on porcine hyaline cartilage
for type II collagen and porcine meniscus for type I collagen
(Supplementary Fig. 2a, b).

Statistical Analysis

Data are shown as mean+standard deviation. One-way
ANOVA with a two-tailed Bonferroni’s multiple comparison
posttest was used to assess differences in experimental outputs
at different culture time points, since means of three samples
are being compared simultaneously. «=0.05 was used for all
analysis. Statistical calculations were performed on GraphPad
Prism®. p<0.05 was considered to be statistically significant.

Results
Modifying PEG-Gelatin Network Properties

By varying the extent of norbornene functionalization of gel-
atin, we aimed to tune the crosslinking density of the final
network and therefore the macroscopic properties of the
resulting hydrogel. Figure 1a contains a schematic of gelatin
functionalization with norbornene, along with the esti-
mated amount of norbornenes attached to each gelatin
molecule (based on calculations). Figure 1b depicts the
photopolymerization between 2 wt% NB-functionalized
gelatin with varying amounts of norbornene and
0.1 wt% PEG dithiol along with the concentrations of
norbornene and thiol.

We characterized the efficiency of lysine modification on
gelatin by the 5-norbornene-2-acetic acid succinimidyl ester
reaction using the TNBSA assay, with data shown in Table 1
(n=5). The 1:1 norbornene:gelatin amine condition led to 75+
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Fig. 1 Gelatin functionalization
with norbornene and

a £

Gelatin

photopolymerization with PEG. a
Depiction of the reaction of gelatin
with varying molar amounts of
norbornene succinimidyl ester. The
reaction proceeded for 1 h at 37 °C
and the amount of functionalization
on the product was measured by
TNBSA. The estimated amount of
norbornenes per gelatin molecule is
shown below based on
functionalization efficiency
calculations. b
Photopolymerization scheme
between 2 wt% norbornene-

Gelatin-NB

Average number of norbornenes
per gelatin molecule

~

0.5:1 NB:gelatin
——
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functionalized gelatin with varying
amounts of norbornene (1.1—
4.5mM)and 0.1 wt% 3.5 kDa PEG
dithiol with (0.6 mM) thiol to form
a covalently crosslinked hybrid
scaffold

b
4 5 2
< g

NB [1.1-4.5 mM]

6 % functionalization efficiency, which is similar to that ob-
served with other studies using similar amine-modifying tech-
niques [32, 33]. Lower stoichiometric ratios (0.5:1 and 0.25:1
norbornene/gelatin amine) led to corresponding decreases in
the functionalization efficiency, 36+5 % and 19+5 %, respec-
tively. The unmodified gelatin was measured to have ~21
amine groups per molecule, which was also confirmed by
other studies [32, 36], and suggests that the synthesized gela-
tin macromolecules have on average ~17 (75 %), 8 (36 %),
and 4 (19 %) norbornene pendent groups per molecule for
crosslinking. The swollen shear modulus of the resulting acel-
lular constructs was measured, and the crosslinking density of
the scaffold was calculated. Consistent with the expect-
ed crosslinking reaction, both values increased with in-
creasing amount of norbornene functionalization as
shown in Table 1 (n=5).

1= 3.5 mW/cm?2, A= 365 nm
At- 30s

Hs,][A }/VSH

3.5 kDa PEG dithiol

[LAP] 1.7 mM

SH [0.6 mM] Hybrid Scaffold

Verification of Degradation of Modified Gelatin
by Chondrocyte-Secreted Enzymes

Modification of proteins can alter their structure and change
their susceptibility to enzymatic degradation since altered ly-
sines may affect the way that an enzyme binds to its site to
initiate cleavage. To verify that the modified gelatin could
degrade in the response to chondrocyte-secreted enzymes,
we performed a solution-based assay and tested the degrad-
ability of various modified gelatin macromolecules when ex-
posed to either collagenase or chondrocyte-conditioned me-
dia. We chose chondrocyte-conditioned medium that was col-
lected after 3 days of culture, since we have previously ob-
served that the secreted enzymes can cleave a collagen-
derived peptide sequence during that time frame [15]. After
incubation of the modified gelatin with enzymes, GPC was

Table 1  Material properties of acellular hybrid scaffolds (n=5)

Molar ratio of norbornene Norbornene Calculated amount of Thiol Swollen shear Crosslinking
succinimidyl ester reacted functionalization norbornene on gelatin concentration modulus G density p,z.
with gelatin amines efficiency (%)” chain (mM)P (mM) (kPa) (mM)°
0.25:1 Norbornene:gelatin amines 19+5 ~1.1 0.6 <0.1 <0.18

0.5:1 Norbornene:gelatin amines 3645 ~2.2 0.6 0.2+0.1 0.36+0.04
1:1 Norbornene:gelatin amines 75+6 ~4.5 0.6 0.5+0.1 0.90+0.05

*Norbornene functionalization efficiency was calculated using (1—[amines] 2fier modification

before modification) x 100 %

[amines]

°Norbornene concentration per gelatin molecule was calculated by accounting for the amount of amines on type A gelatin (~21) and the norbornene
functionalization efficiency for each condition assuming that only norbormenes replaced the gelatin amines

¢ Crosslinking density was calculated from the rubber elastic theory: p,; =GQ"> (RT)™
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used to monitor the degradation of both unmodified and
norbornene-substituted gelatin. The unmodified gelatin peak
elutes at 18 min and is clearly distinguished from a large
system peak at 20 min that occurs as a consequence of a small
dissimilarity in composition, and thus a refractive index dif-
ference, between the injected buffer and the mobile phase. A
substitution 0f 0.25:1 or 0.5:1 NB:gelatin amine resulted in no
significant change in retention time compared to the unmod-
ified gelatin, while the 1:1 NB:gelatin amine showed a distin-
guishable yet slightly shifted and significantly smaller peak.
We hypothesize that this may be due to the formation of a
slightly more hydrophobic macromolecule that may be more
susceptible to interaction with the column stationary phase
than the unmodified gelatin. When collagenase was added to
each gelatin sample, the peak at 18 min completely disap-
pears, indicating degradation of gelatin into smaller molecular
weight fragments. A lower MW shoulder appears on the sys-
tem peak, which corresponds to the gelatin degradation prod-
ucts. Finally, chondrocyte-conditioned medium was added to
each gelatin sample to assess degradation in the presence of
cell-secreted enzymes. Similar to treatment with collagenase,
the gelatin peak was shifted to the low-molecular-weight shoul-
der, indicating that the norbornene-functionalized gelatin can be
degraded by chondrocyte-secreted enzymes. Results are summa-
rized in Supplementary Fig. 1, while Fig. 2 shows the effect of
adding collagenase or chondrocyte-secreted enzymes to the most
highly substituted gelatin (i.e., reacted at 1:1 NB:gelatin amines).

Chondrocyte Viability, Cellularity, and Morphology

Gelatin amines that were reacted at a 1:1 molar ratio with
norbornene were used in all subsequent cell encapsulation

-0.5028
2 -0.5030-
@ -0.5032-
(]

[0}
@ -0.5034-
[a'4
S -0.5036-
O
(O]
% -0.5038-
(&)
-0.5040 -, ‘

T T T 1
10 12 14 16 18 20
Retention Time (min)

Fig. 2 GPC chromatogram of gelatin functionalized with norbornene at
1:1 NB:gelatin amine that is either untreated (4) or treated with 20 U/mL
collagenase for 1 h at 37 °C (B) or treated with day 3 chondrocyte-
conditioned media for 1 h at 37 °C (C). The untreated gelatin peak that
is found at 18 min elution disappears after treatment with either collage-
nase or chondrocyte-conditioned media suggesting degradation of gelatin
to smaller by-products by the enzymes
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experiments, since this formulation contained a higher amount
of covalent crosslinks and thus could retain a gel structure for
a longer period of time for the slow-growing chondrocytes.
We chose a chondrocyte seeding density of 40 million cells/
mL, as chondrocytes have been studied at this density for
cartilage tissue engineering experiments using 3D scaffolds
and shown to secrete an elaborate ECM at this concentration
[46—-48]. After chondrocytes were encapsulated, their viabili-
ty, cellularity, and morphology were assessed at days 1, 7, and
14. In Fig. 3a, the chondrocytes retained spherical morpholo-
gy at day 1 and begin to spread as observed on days 7 and 14,
which suggests that the chondrocytes are able to locally re-
model the environment. Image processing reveals that the cir-
cularity of the chondrocytes decreases from day 1 to day 7 and
day 14 as shown in Fig. 3b, further corroborating the results
seen in Fig. 3a.

Additionally, the cells retain high viability (calculated
to be >95 %) at all the time points and appear to pro-
liferate over time, as there are many more cells in the
constructs at day 14 than there are at day 1. This in-
crease in cellularity was quantified by the PicoGreen
analysis that measures DNA content and shows a sig-
nificant increase in cell number between day 1 and day
14 (p=0.01) (Fig. 3c). Collectively, these results suggest
that chondrocytes can thrive, proliferate, and remodel
their environment in this scaffold system.

ECM Production and Deposition in Scaffolds

GAG content was assessed biochemically at days 1, 7,
and 14, and the distribution of secreted matrix molecules
was examined by staining sections with Safranin-O
(GAG) and Masson’s trichrome (collagen). Measured
quantities of the matrix molecules were normalized to
the wet weight of each construct. As Fig. 4a shows, at
day 14, GAGs (red) were extensively distributed through-
out the gel. Staining of an acellular construct revealed low
background staining (Fig. 4b), indicating that staining was
primarily from macromolecules secreted by the resident
chondrocytes. Furthermore, quantitative analysis, as
shown in Fig. 4c, supports the conclusion that the amount
of sGAG deposition increased significantly from day 1 to
day 14 (»p=0.0004). A similar distribution pattern to what
was seen with GAGs is observed with collagen (dark
blue) as seen in Fig. 5a, b. Figure 5e depicts the scaffold
as optically opaque, with a cartilaginous appearance after
14 days of culture, much more than either the acellular
(Fig. 5¢) or day 1 time point (Fig. 5d), further suggesting
widespread ECM distribution in the scaffold [49]. This
versatile PEG-crosslinked gelatin system appears to pro-
vide a scaffold that is readily degraded by chondrocytes
and can support matrix deposition over time.
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Fig. 3 Viability, morphology, and cellularity of 1:1 NB:gelatin amine
hybrid scaffold. a Live (green)/dead (red) stains of encapsulated
chondrocytes. Viability is calculated to be greater than 95 % at all the
time points. /nsets highlight single cells changing in morphology from
rounded to more spread over time. Scale bars represent 50 pm. b Degree
of circularity between 0 (not rounded) and 1(rounded) of the encapsulated
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S

0 T T 1
0 5 10 15

Time (days)

cells. 4 number sign with a line indicates a statistically significant
difference in circularity value between day 1 and day 7 (p=0.02).
Results are presented as mean+SD (n=3). ¢ DNA content (1g of DNA/
gel) as measured by Picogreen assay over 14 days. An asterisk with a line
indicates a statistically significant difference between day 1 and day 14 in
DNA content (p=0.01). Results are presented as mean+SD (n=3)

a Day 14 with chondrocytes b Day 14 without chondrocytes
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Fig. 4 Glycosaminoglycan distribution and production in a 1:1
NB:gelatin amine hybrid scaffold. a Section with encapsulated
chondrocytes at day 14 stained for GAGs with nuclei stained black and
GAGs stained red. b Acellular section stained for GAGs at day 14. Scale
bars represent 100 pum. ¢ Total GAG content expressed as a percentage of
the respective construct wet weight assessed at days 1, 7, and 14. 4 plus

sign with a line indicates a statistically significant difference in GAG
content between day land day 14 (p=0.0004), and two plus signs with
a line indicates a statistically significant difference in GAG content
between day 7 and day 14 (p=0.001). Results are presented as mean+
SD (n=3)
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Fig. 5 Collagen and ECM a
distribution in a 1:1 NB:gelatin
amine hybrid scaffold. a

Section with encapsulated
chondrocytes at day 14 stained for
collagen with nuclei stained violet
and collagen stained blue. b
Acellular section stained for
collagen at day 14. Scale bars
represent 100 um. ¢ Gross image
of a transparent acellular scaffold
at day 1. d Gross image of a
translucent scaffold with
encapsulated chondrocytes at day
1. e Gross image of an opaque
scaffold with encapsulated
chondrocytes at day 14 that has a
cartilaginous appearance

Masson’s Trichrome

Quality of Collagen Generated by Chondrocytes
in the Scaffold

To verify that the collagen generated by the chondrocytes had
an articular cartilage phenotype, we qualitatively assessed the
ratio of type II collagen to type I collagen on gel im-
munostained sections. Images revealed that at day 14,
negligible type I collagen (red) was observed, but robust
type 1II collagen (red) was observed throughout the scaf-
fold as seen in Fig. 6.

Discussion

Engineering a clinically viable scaffold to promote cartilage
regeneration is challenging. By using a novel, tunable hybrid
biological-synthetic system, we have shown quantitatively
and qualitatively, in vitro, that encapsulated chondrocytes

a Type | Collagen

Day 14 with chondrocytes

Fig. 6 Type I collagen versus type II collagen distribution assessed by
immunofluorescence in a 1:1 NB/gelatin amine hybrid construct with
encapsulated chondrocytes at day 14. a Gel section stained for type 1
collagen. b Gel section stained for type II collagen. Sections were stained

@ Springer

Day 14 with chondrocytes

b Day 14 without chondrocytes

generate highly distributed cartilage-specific ECM molecules.
We showed that chondrocyte-secreted enzymes can degrade
norbornene-functionalized gelatin and further demonstrated
that cells are viable when embedded in the hydrogel formula-
tion. The chondrocytes appear to spread throughout the scaf-
fold, suggesting that encapsulated cells are locally remodeling
their environment and facilitate the eventual deposition of
matrix throughout the scaffold. Future investigations with this
scaffold could prove useful in designing a cell carrier system
to promote cartilage regeneration in vivo.

Modulus studies confirmed that these PEG-gelatin scaf-
folds could be tuned to adjust their crosslinking density and
macroscopic properties that depend on this parameter
(Table 1). In general, it can be more difficult to change mate-
rial properties of pure protein-based gels, so covalent
crosslinking can lead to higher mechanical properties [22]. If
the crosslinking density can be adjusted by the user, it can also
alter the amount of tissue deposition [9, 50]. Gel properties,

b Type Il Collagen

for both anti-collagen type I and anti-collagen type II antibodies (red) and
were counterstained with DAPI (blue) for cell nuclei. Scale bars represent
50 um
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degradation, and ECM deposition might be further tuned by
changing the network connectivity using different molecular
weight PEG crosslinkers or multiarm PEG crosslinkers de-
pending on whether a more tightly or loosely crosslinked net-
work is desired.

We confirmed that chondrocyte-secreted enzymes could de-
grade norbornene-functionalized gelatin by visualizing the deg-
radation products with GPC (Fig. 2). GPC data suggest that
norbornene-functionalized gelatin is degraded to smaller molec-
ular weight products in the presence of chondrocyte-conditioned
media. This confirms that norbornene-functionalized gelatin is a
viable platform for the formation of chondrocyte-specific
cellularly degradable hydrogels. We demonstrated these results
in a solution-based assay, but a complementary study has shown
that functionalized and crosslinked gelatin can be degraded by
cell-secreted enzymes as well [51]. Here, we observe this indi-
rectly by changes in the chondrocyte morphology (Fig. 3a); how-
ever, there are alternate ways to design systems that might re-
spond to chondrocyte-secreted enzymes. One idea would be to
include an aggrecanase-based cleavable peptide linker [52]. We
selected the full-length protein gelatin for this study, as we hy-
pothesized that its multiple MMP-cleavable sites would lead to
more facile cleavage by chondrocytes than small peptide se-
quences as suggested by other groups [18]. In fact, the gelatin
molecule contains about six MMP-sensitive sequences per mol-
ecule [27], which appears to be readily cleaved by chondrocyte-
secreted enzymes at the cell density studied.

Viability results revealed that chondrocytes thrive and pro-
liferate in the hybrid network. Cellularity in the gel quantita-
tively increased, which was confirmed by PicoGreen, and the
cells spread over time (Fig. 3). Part of the reason for this
change in cell morphology is likely because the chondrocytes
are binding to adhesion factors present on the protein [26].
Another explanation is that the cells are degrading the network
by a cell-mediated mechanism and spreading [51], which
could facilitate the observed widespread matrix deposition.
Future studies could focus on improving methods to verify
that local degradation is occurring, which could include mon-
itoring the cell-based degradation using microrheological
techniques, such as microparticle tracking [53].

Cartilage-specific matrix produced by chondrocytes was
distributed throughout the entire scaffold as it was in other
cell-mediated degradable scaffolds [15] (Figs. 4a and 5a).
Additionally, the GAG production from this scaffold was
comparable to what was seen in a cellularly degradable carti-
lage tissue engineering scaffold with a similar cell seeding
density [15]; however, this system did not need to tether a
growth factor, such as TGF-f3, to the network in order to elicit
a response from chondrocytes. A possible explanation for the
robust secretory properties might relate to the fact that gelatin
can bind to growth factors released by cells and perhaps pres-
ent them to embedded chondrocytes in a local and sustained
manner [1].

The encapsulated chondrocytes have a lower circularity at
day 14, which can be suggestive of a hypertrophic phenotype
that generate higher amounts of type I collagen and function-
ally inferior cartilage tissue [54]. Interestingly, the collagen
produced by the encapsulated cells maintained a higher qual-
ity articular cartilage phenotype, as indicated by the collagen
typing result with a high type II collagen:type I collagen ratio
(Fig. 6).

In a potential clinical application as a scaffold, this system
could be advantageous since it is easy to tune formation of this
network. Currently, collagen-based materials are used as scaf-
folds in the clinic and have yielded variable success, partly
due to high variations in network formation [55]. The hybrid
system presented in this manuscript can be easily tuned and
permits the widespread elaboration of cartilage-specific ECM
molecules over a short period of time. It would be interesting
to see how matrix production is affected as the length of cul-
ture time is extended, especially in an in vivo environment
where the presence of macrophages could help stimulate
chondrocyte gelatinase secretion [28].

Conclusions

In summary, a novel hydrogel system based on crosslinking a
full-length protein, gelatin, by PEG was designed to increase
control over network formation and permit local chondrocyte-
mediated degradation for cartilage tissue engineering applica-
tions. The hydrogel increases chondrocyte cellularity and fa-
cilitates cartilage ECM production via cell-mediated degrada-
tion in a manner that promotes widespread matrix deposition
in just 14 days. The materials’ approach was to modify gelatin
with norbornene functionalities that were crosslinked with
PEG dithiols via a photoinitiated thiol-ene reaction. Results
confirmed that the final PEG-gelatin gel properties could be
altered by modifying the amount of norbornene
functionalization, while maintaining susceptibility to enzy-
matic degradation. Culture of chondrocyte-laden hydrogel
scaffolds led to ECM molecules distributed throughout the
construct and resembled articular cartilage with respect to
gross appearance of the generated matrix molecules and col-
lagen typing (high type II collagen:type I collagen ratio). This
biosynthetic system may prove useful in clinical applications
as a scaffold to promote cartilage regeneration.
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