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Abstract

While matrix-assisted autologous chondrocyte implantation has emerged as a promising therapy to
treat focal chondral defects, matrices that support regeneration of hyaline cartilage remain
challenging. The goal of this work was to investigate the potential of a matrix metalloproteinase
(MMP)-sensitive poly(ethylene glycol) hydrogel containing the tethered growth factor, TGF-p3,
and compare cartilage regeneration /n vitro and in vivo. The in vitro environment comprised
chemically-defined medium while the /n vivo environment utilized the subcutaneous implant
model in athymic mice. Porcine chondrocytes were isolated and expanded in 2D culture for 10
days prior to encapsulation. The presence of tethered TGF-B3 reduced cell spreading.
Chondrocyte-laden hydrogels were analyzed for total sulfated glycosaminoglycan and collagen
contents, MMP activity, and spatial deposition of aggrecan, decorin, biglycan, and collagens type
Il and I. The total amount of extracellular matrix (ECM) deposited in the hydrogel constructs was
similar /n vitro and in vivo. However, the in vitro environment was not able to support long-term
culture up to 64 days of the engineered cartilage leading to the eventual breakdown of aggrecan.
The Jin vivo environment, on the other hand, led to more elaborate ECM, which correlated with
higher MMP activity, and an overall higher quality of engineered tissue that was rich in aggrecan,
decorin, biglycan and collagen type Il with minimal collagen type I. Overall, the MMP-sensitive
PEG hydrogel containing tethered TGF-p3 is a promising matrix for hyaline cartilage regeneration
in vivo.
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1. Introduction

Cartilage tissue is avascular with a low cellularity and a limited nutrient supply. As a result,
when cartilage is injured it has limited ability for self-regeneration. Matrix-assisted
autologous chondrocyte implantation (MACI) has emerged as a promising therapy to treat
focal chondral defects. MACI is a two-step surgical procedure that takes a biopsy of healthy
cartilage from a non-load bearing region of the joint to isolate autologous cartilage cells (i.e.,
chondrocytes) [1]. After isolation, the cells are expanded in two-dimensional (2D) culture
and during a second procedure re-implanted into the cartilage defect with the support of a
3D matrix [1,2]. A natural matrix comprised of collagen type I/111 was recently FDA-
approved for use with MACI [1]. Results from clinical trials at five years post-treatment with
MACI report improved patient outcomes compared to conventional microfracture [1].
However, magnetic resonance imaging indicated similar levels of structural repair as
microfracture [1]. Moreover, studies have shown that chondrocytes can adopt a fibroblastic
(i.e., spread) morphology in the collagen type | hydrogels [3]. While clinical advancements
of MACI are promising, there remains a need to identify matrices that support hyaline
cartilage regeneration.

Natural matrices including the collagen /111 matrix that is used for MACI provide biological
functionality to embedded cells, such as cell-matrix interactions and cell-mediated
degradability, but have limited tunability. The properties of natural materials can be
enhanced through chemical modification, which has been shown to improve cartilage
deposition [4-7]. However, synthetic matrices offer an even wider range of tunable
properties, including mechanics and degradation, but also the ability to introduce biomimetic
components in a highly controlled manner. The latter includes extracellular matrix (ECM)
analogs for improved biological functionality [8,9], enzyme-sensitive crosslinks that mimic
cell-mediated degradation of natural materials [10-12], and localized or controlled release of
growth factors to guide tissue regeneration [13—16]. Such tuning capabilities has the
potential to enhance the repair process in cartilage injuries towards hyaline cartilage.

Growth factors are critical to the development and repair processes of tissues and for tissue
engineering. Transforming growth factor-p (TGF-B) with its three isoforms is important for
cartilage development [17] and chondrogenesis of mesenchymal stem cells (MSCs) [17-19].
TGF-p administered in the culture medium has been shown to facilitate re-differentiation of
chondrocytes after their expansion in 2D cultures [20], which is known to lead to a
dedifferentiated phenotype that primarily produces collagen type I [21]. However the
positive effect of TGF-p was limited to the first few passages of expanded cells [20]. In /n
vitro 3D cultures, entrapped TGF-p serves to support chondrocytes and promote cartilage-
like matrix deposition [5,22,23], but releasable growth factor strategies can result in initial
bursts of growth factor and can require high doses to maintain sustained release [22,24]. In
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addition, designing scaffolds with releasable growth factors for /n vivo cartilage tissue
engineering has several challenges. Diffusion of growth factors out of a scaffold can have
adverse effects on unintended neighboring cells and tissues [25,26]. Additionally, studies
have shown that if TGF-p is retained after its used to promote cartilage formation /in vivo, it
can have negative consequences in the subchondral bone leading to osteoarthritis [27].
However, if TGF-B3 is localized into a scaffold, it can have positive effects on cartilage
regeneration /n vivo. For example, when TGF-B3 was bound to heparin via non-covalent
interactions in a thermally responsive hydrogel, a greater accumulation of
glycosaminoglycans (sGAGS), a primary cartilage ECM component, was observed [28].

The environment /n7 vivois highly complex and as a result can affect ECM production and
scaffold degradation differentially making comparisons to /n vitro studies more difficult. For
example, a study reported positive synergistic effects of IGF-1 and TGF-B1 on chondrocyte
proliferation, collagen Il expression, and GAG synthesis /n vitro when cultured in
poly(ethylene oxide), alginate scaffolds or non-encapsulated [29-31]. However, when
translated /n vivoin oligo(poly(ethylene glycol) fumarate) the combined growth factors did
not improve repair quality in rabbit osteochondral defects [32]. For scaffolds that degrade by
cell-secreted enzymes, the presence of other cell types in the /in vivo environment may
increase the amount of enzymes and accelerate the degradation process. For example in the
joint capsule, synoviocytes produce many different matrix-metalloproteinases (MMPSs) [33],
a potential target for cell-mediated hydrogel degradation.

The goal of this study was to compare /n vitroand in vivo cartilage regeneration by
chondrocytes encapsulated in an enzyme-sensitive synthetic hydrogel containing
immobilized TGF-B3. A previous study by Sridhar et a/. [16] reported that when TGF-1
was immobilized into a poly(ethylene glycol) (PEG) hydrogel with encapsulated
chondrocytes, production of SGAGs and collagen Il was increased when compared to
hydrogels cultured with soluble TGF-B1 or with no growth factor, indicating that tethering
of the growth factor led to improved regeneration /n vitro. In this study, porcine
chondrocytes were isolated and expanded in 2D culture for 10 days prior to encapsulation in
PEG hydrogels to achieve sufficient cell numbers for the study; a process which is also
required for MACI. Chondrocytes have been shown to retain their phenotype over short
periods in monolayer [34], but exact expansion times would be donor dependent. Hydrogels
were formed using the thiol:norbornene photoclick reaction between multi-arm PEG
norbornene monomers and bis-cysteine MMP-sensitive peptide crosslinks and thiolated-
TGF-B3 . Previous studies have reported that thiolation of and covalently tethering TGF-p
maintained it’s bioactivity [16,35]. Porcine chondrocytes were chosen for their availability
and importance as a large animal model for cartilage tissue engineering due to its similarity
to the human joint in terms of joint size, cartilage thickness, and load-bearing requirements
[36-38]. The morphology of encapsulated chondrocytes in hydrogels cultured with and
without tethered TGF-p3 was first characterized. Then, cell-laden hydrogels containing
tethered TGF-B3 were cultured /in vitroin chemically defined medium or implanted in
subcutaneous pockets of athymic mice. Hydrogel constructs were analyzed for total ECM
content as well as deposition of hyaline cartilage-like matrix by collagen |1, aggrecan, and
the small leucine-rich proteoglycans decorin and biglycan and fibrocartilage-markers by
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collagen I, and for matrix degrading activity through aggrecanase-cleavage of aggrecan and
MMP activity.

2. Materials and Methods

2.1. Materials

PEG-amine (20kDa, 8-arm) was from JenKem USA (Plano, TX). L-ascorbic acid-2
phosphate, L-proline, sodium pyruvate, trypan blue, 5-norbornene-2-carboxylic acid,
dimethyl formamide (DMF), antimycin, dimethylmethylene blue (DMMB), proteinase K,
hyaluronidase, chondroitinase-ABC (C-ABC), and keratanse | were from Sigma-Aldrich (St.
Louis, MO). Phosphate-buffered saline (PBS), penicillin/streptomycin, Dulbecco’s modified
Eagle’s medium (DMEM), HEPES buffer, GlutaGro, and ITS+Premix were from Corning
(Corning, NY). Ham’s F12, fungizone, gentamicin, 100x antibiotic/antimycotic solution,
MEM non-essential amino acids (MEM-NEAA), 0.25% trypsin-EDTA, LIVE/DEAD assay,
Alexfluor 488 goat anti-rabbit, and AlexaFluor 546 goat anti-mouse were from Life
Technologies (Grand Island, NY). Collagenase type Il and papain were from Worthington
(Lakewood, NJ). Traut’s reagent, diethyl ether, and the antibody that recognizes the epitope
NITEGE, which is cleaved by aggrecanase, were from ThermoFisher (Waltham, MA). O-(7-
Azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU) and
N,N-Diisopropylethylamine (DIPEA) were from Chemimpex, Intl. (Wood Dale, IL).
Hoechst 33258 was from Polysciences, Inc. (Warrington, PA). Primary antibodies for
collagen 11, collagen I, aggrecan, decorin, and biglycan and AlexaFluor 488 donkey anti-
goat were from Abcam (Cambridge, MA). Fetal bovine serum (FBS) was from Atlanta
Biologicals (Lawrenceville, GA). Irgacure 2959 (12959) photoinitiator was from BASF
(Tarrytown, NY). Retrievagen A was from BD Biosciences (San Diego, CA). MMP-
sensitive peptide GCVPLS-LYSGCG was from GenScript (Piscataway, NJ). Recombinant
human transforming growth factor-p3 (£. coli derived) (TGF-p3) was from Peprotech
(Rocky Hill, NJ).

2.2. Macromer Synthesis

Macromers of 8-arm PEG-norbornene (PEG-NB) were synthesized by reacting 8-arm PEG-
amine (MW 20 kDa) with 5-norbornene-2-carboxylic acid [39,40]. Norbornene-carboxylic
acid in DMF was reacted at 4 molar excess (per amine-terminated PEG arm) with 3 molar
excess HATU and 6 molar excess DIPEA at room temperature (RT) for 5 minutes to activate
the norbornene. The activated norbornene was added to 8-arm PEG-amine in DMF and
reacted at RT under argon overnight. The 8-arm PEG-NB product was precipitated in ice
cold diethyl ether and filtered through 11 pm filter paper. The filtrate was dialyzed against
diH,0 for 4 d and lyophilized. Norbornene conjugation per PEG arm was determined to be
100% using IH NMR spectroscopy and the ratio of peak areas of the norbornene vinyl
protons to PEG methylene protons. TGF-p3 was thiolated following a protocol adapted from
[16]. Briefly, Traut’s reagent (2-iminothiolane) was reacted with TGF-p3 at a 4:1 molar ratio
in the dark for 1 h at RT. Thiolated-TGF-B3 was pre-reacted with PEG-NB with 0.05 wt%
(9/g9) 12959 under UV light (352 nm, 5 mW/cm?) for 1 min to form PEG-NB-TGF.

Acta Biomater. Author manuscript; available in PMC 2020 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schneider et al. Page 5

2.3. TGF-g3 Tethering in PEG Hydrogel and Characterization

TGF-p3 was thiolated and pre-reacted with 8-arm-10kDa-PEG-NB under UV light at 352
nm (5 mW/cm?2) with 0.05 wt% (g/g) 12959 for 1 min to achieve a final precursor
concentration of 0, 10, 20, 35, and 50 nM TGF-B3 (n=3). A precursor solution (30 pL) of 9
wt% (g/g) PEG-NB-TGF, 3400 MW PEG-dithiol (1:1 thiol:ene ratio), and 0.05 wt% (g/g)
12959 was polymerized into hydrogels in cylindrical mold under UV light at 352 nm (5
mW/cm?) for 8 minutes. Following polymerization, hydrogels were washed in PBS and
exchanged three times for 24 hours.

A modified-ELISA using components of the DuoSet ELISA kit for TGF-3 (R&D
Biosystems) was used to validate the successful thiolation and subsequent tethering of the
growth factor to the PEG network. Hydrogels were transferred to a low-bind 96 well-plate
and incubated in a solution of biotin-labeled human TGF-3 detection antibody solution
(5.15 pg/mL) for 2 h at RT. Hydrogels were incubated for 30 min at RT in a solution
containing streptavidin-horseradish-peroxidase (1:40 dilution). Samples were washed and
then transferred to a clean well-plate and incubated with tetramethylbenzidine/H,0O,
solution, and incubated for 20 min at RT and then quenched. The absorbance of the solution
was measured using a spectrophotometer at 450 nm with a 550 nm baseline.

2.4. Chondrocyte Isolation

Chondrocytes were harvested from porcine articular cartilage from the femoral condyles and
patellar groove of 3—-4 month old Yorkshire (Tufts University, Grafton, MA) pigs obtained
from the Knight Surgery Laboratory at MGH. Cartilage was rinsed in PBS prior to digestion
in 0.1% collagenase type Il in Ham’s F12 Nutrient Mixture supplemented with 1%
antimycin. Cartilage digest was placed on a rocker at 37 °C for 14-18 hours. Digested
cartilage was filtered with a 100 um filter and centrifuged for 10 min at 250g at 4 °C. Cells
were washed and recovered with three centrifugation steps and resuspended in chondrocyte
media (Ham’s F12 with 10% FBS, 1% MEM-NEAA, 1% antibiotic/antimycotic solution
and 0.05 mg/mL L-ascorbic acid). Although the mass of cartilage was not measured in this
study, similar age and size pigs typically yield 14-26 million cells per gram of cartilage.

2.5. Two-dimensional (2D) Expansion of Chondrocytes

Isolated chondrocytes were plated on cell culture flasks at 15000 cells/cm? in T225 flasks
with chondrocyte growth media (DMEM with 10% FBS, 1% penicillin/streptomycin, 0.5
pg/mL fungizone, 4 ug/mL gentamicin, 10 mM HEPES buffer, 0.1 M MEM-NEAA, 0.4 mM
L-proline, 4 mM GlutaGro, 110 mg/L sodium pyruvate, and 50 mg/mL L-ascorbic acid).
Cells were cultured in 2D for 10 days at 37 °C and 5% CO5 in a humid environment.
Medium was changed every 2—3 days. Chondrocytes were detached from the culture flasks
using 0.25% trypsin-EDTA and collected. Cells were recovered via centrifugation at 1200
rpm for 10 min and additional washes/centrifugation with PBS supplemented with 1%
penicillin/streptomycin, 0.5 pg/mL fungizone, and 4 ug/mL gentamicin. Cell viability and
number after expansion was assessed with the trypan blue exclusion assay. Viability was
>95%. Cells at passage 1 were used.
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2.6. Cell-Laden Hydrogel Formation

A precursor solution of 10 wt% (g/g) PEG-NB-TGF or PEG-NB, MMP-sensitive crosslinker
(GCVPLS-LYSGCG, 0.8 SH:ene), and 0.05 wt% (g/g) 12959 in PBS. PEG-NB-TGF was
incorporated to achieve 50 nM TGF-f3 in the precursor solution. The precursor solution was
added to passage 1 chondrocytes at 100 million cells/mL of precursor solution. Cell-laden
hydrogels were formed into 5 mm by 3 mm constructs via polymerization with UV light at
352 nm (5 mW/cm?) for 5 minutes, which has been demonstrated to be compatible with
chondrocytes [41]. Hydrogels were rinsed in PBS with antibiotics (1% penicillin/
streptomycin, 0.5 ug/mL fungizone, 4 ug/mL gentamicin) and placed in 2 mL of chemically
defined chondrocyte medium (DMEM/F12 with 1% ITS Premix+, 1% penicillin/
streptomycin, 0.5 ug/mL fungizone, 4 ug/mL gentamicin, 10 uM HEPES, 50 pg/mL L-
ascorbic acid, and supplemented with an additional 45 ug/mL sodium pyruvate, 0.25 mM L-
proline, and 1.5 mM GlutaGro) overnight to reach equilibrium swelling prior to /n vitroor in
vivo studies.

2.7. In Vitro Culture of Cell-Laden Hydrogel Construct

For the /n vitro morphology study, constructs with tethered TGF-p3 or no TGF-p3 were
cultured in a humid environment at 37 °C and 5% CO, up to 29 days in 2 mL chemically
defined chondrocyte medium (described in 2.6) that was refreshed every 2-3 days.
Constructs were collected at days 1 and 29. In a separate /7 vitro study assessing cartilage
tissue growth, constructs with tethered TGF-3 were cultured under the same conditions.
Constructs were collected as days 1, 15, 43, and 64.

2.8. Cell-Laden Hydrogel Construct Subcutaneous Implantation in Nu/Nu Mice

Constructs with tethered TGF-B3 were thrice rinsed in PBS prior to implantation in athymic
(nu/nu) mice (Charles River). Mice were anesthetized with isofluorane. Two incisions were
made to form dorsal subcutaneous pockets above each limb. A total of four pockets were
prepared each with a single implant (4 implants/mouse). Incisions were closed with staples
that were removed after 10 days. After 15, 43, and 64 days mice were euthanized via CO,
asphyxiation and cervical dislocation. All protocols followed were approved by the CU
Boulder Institutional Animal Care and Use Committee and follow all guidelines from the
NIH.

2.9. Cell Morphology Quantification

Confocal microscopy images of live cells were analyzed for cell circularity, roundness, and
the presence of cell protrusions at day 29 to indicate cell spreading with ImageJ 1.49v. Three
images from each construct (n=2-3) were analyzed for each condition. Particles from binary
live cell images were counted and assessed for circularity to indicate cell morphology.
Circularity is defined as the quantity 47zA/F2, where A is the area of the cell and Pis the
perimeter of the cell. Roundness is defined as the quantity 44/MF), where Mis the major
axis of the cell. Major axis was determined with an ellipsoidal fit for the particle. A
protrusion was defined as an extension from the cell that resulted in the cell no longer
appearing round or oblong and created a leading edge on the cell. The fraction of cells with
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protrusions was calculated based on the number of cells with at least one protrusion relative
to the total number of cells in the image.

2.10. Cell Viability of Cell-Laden Hydrogel Constructs

Hydrogels were collected at selected days and cell viability was assessed for each condition
(n=3-6) using the LIVE/DEAD® assay. Constructs were cut in half and images were
obtained at 100x using confocal laser scanning microscopy (Zeiss LSM 5 Pascal) of the cut
side and top/bottom surfaces. The fraction of viable cells was determined from three images
for each construct (n=3-6) at day 1 and day 64.

2.11. Mechanical Properties of Cell-Laden Hydrogel Constructs

Hydrogels were collected at select days and assessed for compressive modulus (n=3-6)
(MTS Synergie 100, 10N). Constructs were compressed to 15% strain at a strain rate of
10%/minute. The compressive modulus was determined from the slope of the linear region
of the stress-strain curve between 10 and 15% strain.

2.12. Biochemical Content Analysis

Constructs were measured for wet mass and cut in half. One-half of a hydrogel was
measured for wet mass, lyophilized for 2 days, and assessed for dry mass (n=3-6). Samples
were homogenized using a TissueLyser and enzymatically digested in 0.125 mg/mL papain
at 60 °C for 18 h. DNA content was assessed using the Hoechst 33258 assay. Cell number
was determined from the DNA content assuming 7.7 pg DNA per chondrocyte [42]. The
DMMB colorimetric assay was used to determine sulfated glycosaminoglycan (sGAG)
content [43]. Total collagen content was assessed with a hydroxyproline assay assuming
collagen consisted of 10% hydroxyproline [44]. Biochemical content per construct was
determined using the ratio of the wet mass of the digested half construct to the wet mass of
the whole construct.

2.13. Matrix Metalloproteinase (MMP) Activity Analysis

One-half of hydrogels were measured for wet mass. MMP activity was measured with the
Anaspec Generic MMP Assay kit (AS-71158) following manufacturer specified protocol
(n=3-6). Briefly, constructs were homogenized in 0.1% (v/v) Triton X-100 in assay buffer.
Samples were centrifuged at 10,000x g for 15 min at 4 °C. MMP substrate was added to
each sample and fluorescence (490/520 nm) was measured. Total MMP present was
determined using collagenase type 1l as a standard (based on MW 72 kDa).

2.14. Histology and Immunohistochemistry

Half constructs (n=3-6) that were matched to the biochemical content analyses were fixed in
4% paraformaldehyde overnight at 4 °C. Constructs were dehydrated, embedded in paraffin,
and sectioned to 10 pm with a Leica CM1850 cryostat. Sections were stained with Safranin
O/Fast Green to visualize sSGAGs. Images were acquired with a bright-field microscope
(Axiovert 40 C, Zeiss) at 100x magnification. Sections were stained with primary antibodies
against collagen 11 (1:100, ab34712), collagen 1 (1:50, ab34710), aggrecan (1:100, ab3778),
decorin (3.75 pg/mL, ab189364), biglycan (10 ug/mL, ab231297), and aggrecanase cleaved
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NITEGE sequence (1:100, PA1-1746). Sections were prepared for collagen 1 staining with
5 ug/mL Proteinase K for 30 min at 37 °C followed by 2000 U/mL hyaluronidase for 1 hr at
37 °C. Sections were prepared for collagen | staining with 1 mg/mL pepsin A (3200-4500
U/mg) for 1 hr at 37 °C followed by antigen retrieval using Retrievagen A (10 min at 90 °C
and 30 min at RT). Sections were prepared for aggrecan staining first by antigen retrieval
using Retrievagen A followed by 100 mU/mL C-ABC and 34 mU/mL keratinase | for 1 hr at
37 °C and 2000 U/mL hyaluronidase for 1 hr at 37 °C. Sections were prepared for decorin,
biglycan, and NITEGE staining first by antigen retrieval using Retrievagen A followed by
100 mU/mL C-ABC and 34 mU/mL keratinase | for 2 hr at 37 °C and 2000 U/mL
hyaluronidase for 2 hr at 37 °C. Primary antibodies were applied overnight at 4 °C. The
secondary antibodies A488 goat anti-rabbit (1:200), A546 goat anti-mouse (1:200), and
A488 donkey anti-goat (1:200) were applied for 2 hr at RT protected from light. Nuclei were
counterstained with DAPI and sections were mounted with Fluoromount-G. Images were
acquired at 400x magnification with confocal laser scanning microscopy (Zeiss LSM 5
Pascal) using the same settings and post-processing for all images within each antibody
stain. Sections without primary antibody treatment served as negative controls.

2.15. Statistics

Data are represented as mean with standard deviation shown parenthetically in the text or
graphically as error bars. Statistical analysis was performed using the Real Statistics add-in
for Excel. Data were confirmed to exhibit a normal distribution and have homogeneous
variances before performing ANOVAs. Data were analyzed using one-way or two-way
ANOVA where appropriate. If the two-way ANOVA resulted in a significant interaction,
follow-up tests were performed to determine the simple main effects. In that case either one-
way ANOVA or an unparied t-test assuming equal variances was performed. Tukey’s HSD
(a=0.05) was used as the post-hoc analysis to determine pairwise comparisons where
appropriate. The modulus data contained one group that did not satisfy a normal distribution.
The data that were normally distributed were analyzed using one-way ANOVA with time as
a factor and t-test assuming equal variances when comparing environment. For non-
parametric data, Kruskal-Wallis was used to assess time as a factor followed by Nemenyi
test. Mann-Whitney test assuming independent samples was used for non-parametric data
when comparing environment. All p-values less than 0.1 are reported to indicate the level of
significance, but only p<0.05 was considered significant.

3. Results

3.1. Porcine Chondrocyte 2D Expansion and Encapsulation

Freshly isolated porcine chondrocytes were expanded in culture for 10 days (Fig. 1A). After
expansion, cell number increased by ~2.5 times (Fig. 1B). Thiolated TGF-3 was tethered
into the network by first reacting it with the PEG-NB macromer via the thiol:norbornene
click reaction at a high excess of norbornene (i.e., 1 mole of TGF-B3 to 8x10° moles of
norbornene) (Fig. 2A). In a second step, expanded chondrocytes were combined with the
remaining precursor solution containing MMP-sensitive peptide crosslinks and encapsulated
(Fig. 2B). The overall experimental design for comparing /in vitro and in vivo environments
is shown in Fig. 2C.
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3.2. TGF-B3Incorporation and Cellular Effect

Tethering of TGF-B3 to the PEG network was confirmed via a modified ELISA (Fig. 3).
Thiolated TGF-p3 at increasing concentrations from 0-50 nM was reacted with the PEG-NB
followed by hydrogel formation. A significant increase (p<0.001) in absorbance was
measured as a function of thiolated TGF-B3 concentration confirming that TGF-B3 was
tethered. The remaining experiments used 50 nM TGF-B3-SH in the hydrogel preparation.

The morphology of the encapsulated porcine chondrocytes in MMP-sensitive hydrogels
were assessed by confocal microscopy imaging of live cells (Fig. 4A) and quantitative
measures of cell circularity (Fig. 4B), cell roundness (Fig. 4C), and of the fraction of cells
exhibiting protrusions (Fig. 4D) at day 29. At day 1 post-encapsulation, qualitatively the
cells exhibited a largely roundish-like phenotype with no apparent cell processes extending
outward. There was no significant difference in circularity measurements in the two
hydrogels. However, roundness measurements indicated 0.64(0.01) for hydrogels without
TGF-B3, but was higher (p=0.004) at 0.67(0.01) for hydrogels with TGF-B3. These data
indicate that the chondrocytes when encapsulated in the hydrogels adopt a morphology that
is not perfectly circular or round, which is characteristic of chondrocytes in their native
environment. By day 29, there was evidence of cell processes extruding outward from the
cells in the hydrogels without TGF-3, while this phenotype was less pronounced in the
hydrogels with TGF-B3. This observation was quantified where the tethered TGF-3
condition exhibited fewer (p=0.075) cells with protrusions at 17 (1) % when compared to
cells cultured without TGF-B3 at 25 (4) %, but this was not statistically significant.

3.3. Chondrocyte Viability

Chondrocyte viability and total cell numbers were evaluated as a function of time (Fig. 5)
for the /n vitroand in vivo constructs with tethered TGF-B3. Representative confocal
microscopy images for cell viability show that the majority of cells remained viable at day 1
post-encapsulation (Fig. 5A). By day 64, viable cells were present throughout the hydrogel,
but dead cells were visible in both conditions. Viability was quantified from the images and
reported as the fraction of viable cells, which was not statistically different from day 1 to
day 64 nor was different with environment (7.¢e., in vitroversus in vivo) (Fig. 5B).
Additionally, cell number as measured by DNA content per hydrogel construct did not
change significantly with culture time or with environment (7.¢e., in vitroversus in vivo) nor
was there a significant interaction between time and environment (Fig. 5C).

3.4. Proteoglycan Production, Organization, and Degradation

The proteoglycan content within the constructs was assessed quantitatively through sSGAG
content per construct (Fig. 6A) and per cell (Fig. 6B) as a function of time and environment.
SGAG content per construct increased (p<0.001) over time for both the /n vitroand in vivo
environments, but environment was not a significant factor nor was there a significant
interaction. By day 15, all constructs had significantly higher (p<0.02-0.001) sSGAGs
compared to day 1. On a cell basis, SGAG production per cell was affected by time
(0p<0.001), but not by environment and there was no significant interaction. For the in vivo
environment, the sSGAG/cell was significantly higher (p<0.04-0.001) at all time points
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relative to the SGAG/cell at day 1. The mean sGAG/cell was also higher for the /n vitro
environment by day 15 when compared to day 1, but only day 43 was significant.

The spatial distribution of sSGAGs (Fig. 6C) was also evaluated with Safranin O staining. At
day 1, there was faint positive staining for SGAGs in the bulk hydrogel. At day 15, there was
an apparent increase in staining in the pericellular regions for SGAGs. The presence of the
hydrogel can be discerned by the lighter staining of the SGAGs. At days 43 and 64, SGAGs
were present throughout the construct in both environments.

The presence and organization of the small leucine-rich and sulfated proteoglycans, decorin
and biglycan, was assessed qualitatively by immunohistochemistry (Fig. 7). Staining for
decorin (Fig. 7A) and biglycan (Fig. 7B) was observed pericellularly at day 15. By day 64,
decorin was observed in the extracellular regions in both the /in vitroand in vivo
environments. Staining for biglycan at day 64 appeared less elaborate in the extracellular
space for the /n vitro constructs compared to the /n7 vivo constructs.

Distribution of aggrecan, the primary proteoglycan in cartilage, and the presence of
aggrecanase-generated NITEGE epitope in aggrecan was assessed by immunhistochemistry
(Fig. 8). At day 1, there was evidence of intra or pericellular presence of aggrecan (Fig. 8A).
By day 43, aggrecan was limited pericellularly in the /n7 vitro condition, but had extended
into the extracellular regions in the /n vivo environment. By day 64, less aggrecan was
observed in the Jin vitro environment when compared to day 43 and was accompanied by an
appearance of punctate staining in the extracellular regions. The /n vivo environment,
however, maintained the elaborated aggrecan matrix. Degraded aggrecan was confirmed by
positive staining for the NITEGE epitope (Fig. 8B) and was evident in the pericellular region
of the cells at day 1. By day 64, the NITEGE epitope appeared by punctate staining in the
extracellular matrix for the /n vitro condition (Fig. 8B); an observation that mirrors that of
the aggrecan staining. On the contrary, the NITEGE epitope remained limited to the
pericellular region in the /n vivo environment across all time points.

3.5. Collagen Production and Organization

Collagen production by encapsulated porcine chondrocytes was assessed quantitatively
through total collagen content per construct (Fig. 9A) and per cell (Fig. 9B). Collagen
content per construct increased (0=0.01) with time, but was not dependent on the
environment and there was no significant interaction between time and environment.
Collagen content on a cellular basis increased (p<0.001) with time and was affected
(0=0.03) by the environment. At days 43 and 64, the collagen content per cell was
significantly higher (p=0.03 to <0.001) compared to day 1 for the /n vivo environment. The
mean collagen content per cell was higher in the /n vitro environment at days 43 and 64
when compared to day 1, but was not statistically significant. By day 64, the /in vivo
environment had significantly more (p=0.009) collagen per cell than the in vitro
environment. It is noted that due to the small sample volumes and the sensitivity of the
assay, some of the collagen contents in the constructs measured below ~22 ug/construct,
which was at the detection limit of the assay. These samples were removed from the
analysis. However, each construct that was assessed by the biochemical content was also
assessed by immunohistochemistry and collagen presence was confirmed.
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The spatial distribution and quality of the deposited tissue was assessed for collagen type 1l
associated with hyaline cartilage (Fig. 9C) and collagen type | associated with fibrocartilage
(Fig. 9D). At day 1 post-encapsulation, there was positive staining for both collagen types Il
and I intra and/or pericellularly. By day 15, essentially all of the cells appeared to have
formed a pericellular matrix composed of collagen type 11 and to a lesser extent collagen
type | in both environments. The matrix of collagen type 11 was more elaborate in the /n vivo
environment. With time at day 43 and into day 64, elaboration of collagen type 11 matrix
continued to expand into the extracellular regions in both environments, but to a greater
extent in the /n vivo environment. Collagen type | appeared be slightly more expansive by
day 43 in both environments, but nothing to the degree that was observed for collagen type
I1. By day 64, collagen | remained primarily localized to the immediate pericellular regions
in both environments. However, the intensity of collagen type | appeared to decrease in the
in vivo environment by day 64 when compared to earlier time points and to the /in vitro
environment at day 64.

3.6. Cell-Mediated Construct Degradation

Degradation of the hydrogel was assessed over time and as a function of the environment
through water content (Fig. 10A), MMP activity per construct (Fig. 10B), and compressive
modulus (Fig. 10C). The water content of the hydrogel increased (p<0.001) over time, but
was not dependent on environment and there was no significant interaction between time
and environment. Active MMPs were measured using a generic MMP assay kit and
represent snapshots of their amount at each discrete time point. For these data, a significant
interaction (p<0.001) between time and environment was found and therefore, follow-up
tests were performed to evaluate the simple main effects. The highest amount of active
MMPs was measured at day 1. In the /in7 vitro environment, the amount of active MMP was
significantly affected by time (p<0.001) and was lower (p<0.002) at each time point when
compared to day 1. In the /n vivo environment, the amount of active MMP was also affected
by time (p=0.04) where it was lower (p=0.04) at day 15, but then returned to levels that were
similar to day 1. At days 43 and 64, the /n7 vivo environment resulted in significantly higher
(0=0.002) amounts of active MMPs over the /n vitro environment. The compressive modulus
of the constructs, which measures the contribution of the hydrogel and the deposited ECM,
was affected by time for the in vitro (p=0.02) and the /in vivo (p=0.002) environments. The
modulus was initially 46.6(12.0) kPa and did not change significantly through day 15. The
mean modulus was lower at day 43. By day 64, the modulus had dropped by 71% (0=0.02)
and by 56% (p=0.004) for the /n vitro and in vivo environments, respectively.

4. Discussion

Porcine chondrocytes that were expanded in 2D culture and encapsulated in MMP-sensitive
PEG hydrogels with covalently tethered TGF-B3 produced cartilage-like tissue comprised of
SGAGs, aggrecan, decorin, biglycan, and collagen type Il in vitroand in vivo. Interestingly,
the amount of neocartilage matrix produced within each construct was similar between the
in vitro environment using chemically defined medium and the /n vivo environment in
subcutaneous implants in athymic mice. However, the quality of neocartilage tissue was
superior in the /n vivo environment. Overall, this work demonstrates that the /in vivo
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environment provides important cues for the long-term maintenance of the engineered
cartilage tissue.

The addition of tethered TGF-B3 into the MMP-sensitive PEG hydrogel helped to maintain
the chondrocyte morphology as a function of time in the /n vitro environment. In the absence
of TGF-B3, the cells were slightly less round and appeared to have a higher fraction of cells
with protrusions extending into the extracellular space. It is important to point out that the
differences in morphology with and without TGF-B3 were modest. This observation is not
entirely surprising given that the chondrocytes were initially embedded within a hydrogel
matrix that forces the cells to adopt a round morphology. Moreover, the lack of cell adhesion
molecules incorporated into the hydrogel prevents cells from adhering to the hydrogel,
which may limit their ability to spread as they degrade the hydrogel. Instead, the cells must
lay down their own matrix to which they can interact. Nonetheless, these findings suggest
that with tethered TGF-B3, there is a higher propensity for the cells to adopt a more hyaline
cartilage-like phenotype while minimizing the fibrocartilage-like phenotype. Tethering TGF-
B3 to the network may also better mimic the mechanism by which growth factors naturally
bind to the ECM and signal to cells through a localized and immaobilized presentation, which
can increase the potency of growth factor signaling [28,45]. Based on these findings,
hydrogels with tethered TGF-B3 were subsequently investigated for their ability to support
neocartilage formation /n vitroand in vivo.

Hyaline cartilage is comprised largely of SGAGs that are found in several proteoglycans
most notably, aggrecan, but also in the small leucine-rich proteoglycans including decorin
and biglycan. The amount of sGAGs, which encompasses all of the different sulfated
proteoglycans, increased over time and was present throughout the constructs in both the /n
vitroand in vivo environments by day 64. For the smaller proteoglycans, decorin and
biglycan were present throughout the constructs in both environments, with evidence of
decorin extending slightly more into the extraterritorial matrix over biglycan [46]. Decorin
and biglycan are known to interact and facilitate structural organization of collagen fibers
with biglycan interacting with collagen types Il and VI and thus is typically found in the
pericellular space [47], while decorin interacts with collagen types Il and IX and is present
throughout cartilage [48,49]. Interestingly, the spatial distribution of biglycan appeared to be
more localized to the pericellular space in the /n vitro environment when compared to the /n
vivo environment, which could suggest that the pericellular matrix may be more elaborate /in
vivo. Aggrecan, which is the most abundant proteoglycan found in cartilage, was present
throughout the construct in the /n vivo environment. In this environment, the spatial
distribution of all three proteoglycans investigated overlapped and were similar to the
general sSGAG stain. On the contrary, aggrecan was much less pronounced in the /in vitro
environment and appeared as punctate dots throughout the extracellular space. These
findings indicate that in the /n vivo environment a cartilage-like ECM developed that was
rich in aggrecan, decorin and biglycan. However, the /n vitro environment was rich in
SGAGs that included decorin and biglycan, but did not support an aggrecan-rich ECM
matrix, suggesting that degradation of the ECM may have occurred over time /n vitro.

The in vitro environment showed a rich presence of SGAGs throughout the culture, but
which did not correlate to the presence of aggrecan. While the general SGAG stain correlated
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with the presence of decorin and biglycan, these smaller proteoglycans are typically found in
lower guantities on a mass basis in cartilage when compared to aggrecan and the amount of
SGAG modification is also less than which is found on aggrecan (i.e., 1-2 versus 100 sSGAG
chains) [47]. Thus, it seems unlikely that the SGAG staining and the quantification of SGAGs
would be primarily due to the presence of these smaller proteoglycans. The antibody used to
detect aggrecan recognizes the interglobular domain (IGD) of the core protein in aggrecan.
Aggrecan monomers are synthesized intracellularly and secreted with a core protein
containing G1, G2, and G3 globular domains [50]. The IGD resides between the G1 and G2
domains while the GAG chains are attached to the core protein between the G2 and G3
domains. Aggrecan is most commonly cleaved by matrix degrading enzymes, namely
aggrecanase and MMP3, within the IGD region, leading to the release of cleaved aggrecan
products that contain the G2 and G3 domains, but not the G1. The presence of the
aggrecanase-cleaved epitope NITEGE, which resides in the IGD domain, was confirmed and
the staining correlated with the punctate aggrecan staining. We therefore surmise that in the
in vitro environment, the chondrocytes secreted aggrecan, but which was subsequently
degraded by cell-secreted matrix degrading enzymes. The cleaved products containing the
SGAG chains, however, remained within the construct, possibly due to their large size and/or
their interaction with collagen. We have previously reported elaborate aggrecan within the
ECM of chondrocytes encapsulated in degradable hydrogels, but when cultured in the
presence of serum containing medium [51]. These results suggest that long-term in vitro
cultures may require additional seementation that is not sufficient in the chemically defined
medium in order to maintain aggrecan-rich ECM.

In addition to improved aggrecan deposition, the /n vivo environment improved the
elaboration of collagen type Il. Collagen type | was also present, but much less pronounced
than collagen type Il suggesting that the matrix that chondrocytes secreted and deposited
was more similar to hyaline-like cartilage than fibrocartilage. The presence of collagen type
I may be attributed to the lack of mechanical stimulation in both environments. Previously,
we have reported that dynamic compressive loading reduced collagen type | expression by
chondrocytes encapsulated in PEG hydrogels [40]. It is interesting to note that in the /in vitro
environment, collagen type 11 was present throughout the ECM despite the lack of aggrecan.
This observation may be due to the fact that collagen is more difficult to cleave, where for
example in osteoarthritic tissue aggrecan degradation is observed before collagen
degradation [52]. Longer-term culture could lead to the eventual degradation of collagen
type Il in vitro. Collectively, these results with aggrecan demonstrate that the /n vivo
environment despite the lack of loading was able to support cartilage ECM deposition and
growth.

The MMP-sensitive crosslinks were readily degraded /n vitro and /n vivo allowing for the
elaboration of neocartilage matrix. As chondrocytes secrete MMPs, degradation can occur
locally creating space for ECM molecules to deposit and grow, which was evident in both
the /in vitroand in vivo environments. MMPs due to their relatively small size can also easily
diffuse through the hydrogel leading to bulk degradation. The increase in water content and
the decrease in modulus over time strongly supports the idea that bulk degradation is
occurring in addition to localized degradation. /n7 vitro, degradation will be mediated solely
by the encapsulated chondrocytes. On the contrary in the /n vivo environment, degradation
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of the hydrogel by MMPs could be mediated by the surrounding environment. However, it is
reasonable to postulate that the MMPs detected in the hydrogel from the /in7 vivo environment
are more likely from the encapsulated cells rather than MMPs diffusion from the
surrounding /n vivo environment. This is supported by the fact that MMPs /in vivo are tightly
regulated in order to prevent unintended tissue destruction [53]. Moreover, we have shown
that a PEG hydrogel with the same MMP-sensitive crosslinker remained intact when
implanted subcutaneously in an immunocompetent mouse model [54].

Most interesting was the evidence of higher MMP activity detected within the hydrogel in
the /in vivo environment when compared to the /n vitro environment. The higher MMP
activity, on one hand, could result in faster hydrogel degradation leading to its dissolution
before sufficient tissue is deposited. On the other hand, a high MMP activity that is matched
to synthesis rates of ECM molecules could lead to improved tissue growth [55] or tissue
destruction [56]. The /n vivo data point towards the improved tissue growth. On the contrary,
the /n vitro environment appears to have led to elevated aggrecanase activity, which may be
more destructive to cartilage than MMPs [57]. In the /n vivo environment, there was more
collagen detected in the constructs on a per cell basis, which can only occur with hydrogel
degradation. This finding is supported by the immunohistochemistry images where collagen
type Il was clearly more elaborate around each chondrocyte when compared to the /n vitro
environment. We recognize that the overall modulus was an order of magnitude lower than
that of native cartilage. It is possible that not all of the hydrogel had degraded, which could
have contributed to the lower modulus. Long-term cultures and culture in a dynamic
mechanical environment may be important to achieving mechanically competent engineered
cartilage [58]. It is important to note that we measured generic MMPs, which includes a
range of different MMPs, and therefore we cannot explicitly confirm that higher MMP
activity would lead to higher MMP degradation. However, the peptide crosslinker that was
used in the hydrogel is susceptible to multiple different types of MMPs including MMP 1, 2,
and 3, [10] all of which are known to be secreted by chondrocytes [59].

5. Conclusions

This study demonstrates that porcine chondrocytes after a 2D expansion protocol were
capable of producing hyaline-like cartilage tissue when encapsulated in a MMP-sensitive
PEG hydrogel containing tethered TGF-B3. The presence of tethered TGF-B3 helped to
maintain a cellular morphology that was more representative of hyaline-cartilage. The total
amount of ECM deposited in the hydrogel constructs was similar /n vitroin chemically-
defined medium and in a subcutaneous implant model in athymic mice. However, the /n
vitro environment was not able to support long-term culture of the engineered cartilage
leading to the eventual breakdown of aggrecan. The /in vivo environment, on the other hand,
led to a higher quality of engineered tissue that was rich in aggrecan, decorin, biglycan, and
collagen type Il. Overall, the MMP-sensitive PEG hydrogel containing tethered TGF-p3 is a
promising matrix for hyaline cartilage regeneration.
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Fig. 1:

A) Flow diagram showing the cartilage harvest, digestion, and 2D expansion of
chondrocytes. B) The total cells recovered from the isolation and the number of cells
recovered after 2D expansion.
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Fig. 2:

A) lllustration of thiolated TGF-B3 tethering to PEG-NB via a photoclick reaction of
thiol:norbornene. B) Illustration of PEG-NB-TGF crosslinked with an MMP-sensitive
peptide in the presence of porcine chondrocytes with photoinitiator under UV light to form a
3D network. C) Experimental design for the /n vitro and /n vivo environments.
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The absorbance measured from a modified ELISA quantifying the presence of TGF-p3
tethered into the network as a function of thiolated TGF-B3 concentration in the solution
used to prepare the hydrogels. Data represent mean with standard deviation as error bars
(n=3).
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Fig. 4:

A) Representative confocal microscopy images of live cells (green) from days 1 and 29 for
chondrocytes cultured in MMP-sensitive hydrogels without (=) or with (+) 50 nM tethered
TGF-B3. Cell protrusions are noted with red arrowheads. Scale bar is 200 um in low
magnification images and 50 pm in high magnification images. B) Quantification of cell
circularity at day 29. C) Quantification of cell roundness at day 29. B) Quantification of the
fraction of cells with protrusions at day 29. —-TGF-p3 constructs are shown in white. +TGF-
3 constructs are shown in gray. Data represent mean with standard deviation as error bars
(n=2-3).
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Fig. 5:

A) Representative confocal microscopy images of live (green) and dead (red) cells for /n
vitroand /n vivo constructs at days 1 and 64. Scale bar is 200 um. B) The fraction of viable
cells based on live/dead images at day 1 (white bar) and for cells at day 64 (gray) for the /in
vitroand in vivo environments. C) The cell number for in vitro (white) and /n vivo (gray)
constructs. Data represent mean with standard deviation as error bars (n=3-6).
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A) The sGAGs/construct and B) sGAGs/cell for /n vitro (white) and /n vivo (gray)
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constructs. Data represent mean with standard deviation as error bars. ~values shown
vertically above a column indicate the difference from day 1. An * above a column indicates
a statistical difference p<0.001 from day 1. C) Representative brightfield microscopy images
of Safranin O stained sections for /n vitroand /n vivo constructs at days 1, 15, 43, and 64.
SGAGs are stained red. Hematoxylin-stained nuclei are purple. The presence of white spaces
in the images is the results of artifacts that arise during the dehydration and rehydration
processes. Scale bar is 200 um.
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Fig. 7:

Representative confocal microscopy images for (A) decorin (green) and (B) biglycan (green)
for /n vitroand in vivo constructs at days 1, 15, 43, and 64. DAPI-stained nuclei are blue.
Scale bar is 50 um.
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Fig. 8:

Representative confocal microscopy images for (A) aggrecan (red) and (B) the aggrecanase-
cleaved epitope NITEGE (green) for /n vitroand in vivo constructs at days 1, 15, 43, and 64.
DAPI-stained nuclei are blue. Scale bar is 50 pm.
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constructs. Data represent mean with standard deviation as error bars. ~-values shown
vertically above a column indicate the difference from day 1. An * above a column indicates
a statistical difference p<0.001 from day 1. B-C) Representative confocal microscopy
images for (B) collagen Il (green) and (C) collagen | (green) for /n vitroand in vivo
constructs at days 1, 15, 43, and 64. DAPI-stained nuclei are blue. Scale bar is 50 pm.
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A) The water fraction, B) MMP activity/construct, and C) compressive modulus for /n vitro
(white) and /n vivo (gray) constructs. Data represent mean with standard deviation as error
bars. P-values shown vertically above a column indicate the difference from day 1. An *
above a column indicates a statistical difference p<0.001 from day 1.
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