TISSUE ENGINEERING: Part A
Volume 25, Numbers 3 and 4, 2019
© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tea.2018.0083 Tissue Engineering

& Regenerative Medicine
International Society

ORIGINAL ARTICLE

Sequential Zonal Chondrogenic Differentiation
of Mesenchymal Stem Cells in Cartilage Matrices

Seyedsina Moeinzadeh, PhD," Mehri Monavarian, MD,' Safaa Kader, MS,'? and Esmaiel Jabbari, PhD'

Engineering approaches that mimic the process of fetal development have the potential to regenerate the zonal
organization of articular cartilage. The objective of this study was to investigate the effect of sequential addition of
zone-specific growth factors such as bone morphogenetic protein (BMP)-7, insulin-like growth factor (IGF)-1, and
Indian hedgehog (IHH) to transforming growth factor (TGF)-B1-supplemented chondrogenic medium on zonal
differentiation of human mesenchymal stem cells (hMSCs) encapsulated in an articular cartilage-derived matrix.
First, fetal or adult bovine articular cartilage was decellularized, digested, and methacrylate functionalized to
produce an injectable macromer (CarMa, f-CarMa for fetal, a-CarMa for adult) for encapsulation of hMSCs. Next,
the optimum matrix source and initial cell density for chondrogenic differentiation of hMSCs to the superficial and
calcified zone phenotypes were determined by encapsulation of the cells in CarMa hydrogel and incubated in
chondrogenic medium/TGF-B1 supplemented with BMP-7 and IHH, respectively. Then, the encapsulated hMSCs
were preexposed to BMP-7-supplemented chondrogenic medium/TGF-B1 and the effect of sequential addition of
IGF-1 and IHH to the medium on the expression of zone-specific markers was investigated. According to the
results, f-CarMa and high cell density enhanced differentiation of the encapsulated hMSCs to the superficial zone
phenotype, whereas a-CarMa and low cell density enhanced differentiation to the calcified zone. The addition of
IGF-1 to the chondrogenic medium/TGF-B1 stimulated differentiation of the encapsulated hMSCs, preexposed to
BMP-7, to the middle zone phenotype. The addition of ITHH to the chondrogenic medium/TGF-f1 stimulated
maturation of the encapsulated hMSCs, preexposed to BMP-7 and IGF-1, to the calcified zone phenotype. The
results are potentially useful for engineering injectable, cellular hydrogels for regeneration of full-thickness
articular cartilage.

Keywords: fetal articular cartilage, zonal regeneration, mesenchymal stem cells, chondrogenic differentiation,
zone-specific growth factors, cell density

Impact Statement

The higher regenerative capacity of fetal articular cartilage compared with the adult is rooted in differences in cell density
and matrix composition. We hypothesized that the zonal organization of articular cartilage can be engineered by encap-
sulation of mesenchymal stem cells in a single superficial zone-like matrix followed by sequential addition of zone-specific
growth factors within the matrix, similar to the process of fetal cartilage development. The results demonstrate that the zonal
organization of articular cartilage can potentially be regenerated using an injectable, monolayer cell-laden hydrogel with
sequential release of growth factors.

Introduction matic osteoarthritis, the rapidly applied load focally disrupts
the articular cartilage beginning with cell death at the focal

THE POSTNATAL ARTICULAR cartilage because of its point and inadequate synthesis of proteoglycans that accel-
avascularity and low biosynthetic activity lacks the erates damage to the tissue.> The superficial zone of artic-
ability for complete self-repair after injury."? In posttrau- ular cartilage is most vulnerable to cell death after injury.*

'"Biomimetic Materials and Tissue Engineering Laboratory, Department of Chemical Engineering, University of South Carolina, Co-
lumbia, South Carolina.
Department of Chemistry and Biochemistry, University of South Carolina, Columbia, South Carolina.
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Conventional techniques for treating full-thickness cartilage
defects create fibrocartilage at the site of injury, which be-
cause of the lack of zonal organization deteriorates over
time.” Osteochondral autograft transfer suffers from an
additional surgical intervention.” Autologous chondrocyte
implantation reduces fibrocartilage formation but it fails to
restore the zonal organization of articular cartilage and in
some cases leads to peripheral hypertrophy and calcifica-
tion.* Engineering strategies that can restore the zonal or-
ganization have the potential to regenerate full-thickness
articular cartilage defects and avoid the need for total joint
replacement.®

The fetal development of articular cartilage starts with
condensation of mesenchymal stem cells (MSCs) in the early
limb bud to form a mesenchyme characterized by high cell
density.” After condensation, a superficial zone-like tissue is
formed by the expression of transforming growth factor-f3
(TGF-PB), a master regulator of chondrogenesis.” The ex-
pression pattern of TGF-1 and bone morphogenetic protein-
7 (BMP-7) plays a critical role during fetal development of the
superficial zone by activation of chondrogenic genes through
Whnt/B-catenin pathway through Smad 2/3/4 and transcription
factors TCF/Lef1.% Recently, it was shown that all chon-
drocytes in mouse articular cartilage originate from the su-
perficial zone.” The prechondrogenic cells in the superficial
zone-like tissue begin to form the zonal structure of articular
cartilage through the spatiotemporal gradients in matrix
composition, cell density, and growth factors. Insulin-like
growth factor-1 (IGF-1) is specifically expressed by the dif-
ferentiating chondrocytes to form the middle zone of articular
cartilage.'” Indian hedgehog (IHH) signaling accelerates
hypertrophy in chondrocytes to form the calcified zone of
articular cartilage through a pathway inde]pendent of para-
thyroid hormone-related protein (PTHP).!

The higher regenerative capacity of fetal articular carti-
lage compared with the adult is rooted in differences in cell
density, matrix composition, and structure.'? For example,
collagen type II (Col II) accounts for 77% and 86% of the
total collagen in fetal and adult articular cartilage, respec-
tively.® Approximately 10% of the total collagen in fetal
articular cartilage is Col IX as opposed to 1% in adult car-
tilage."* Similarly, 10% of the total collagen in fetal carti-
lage is Col XI as opposed to <3% in adult cartilage."® The
cell density in human fetal articular cartilage ranges from
350 to 150 million cells/mL depending on distance from the
articular surface,'* whereas the average cell density in the
adult cartilage is 30 million cells/mL."

We recently demonstrated using a developmentally in-
spired approach that zone-specific chondrogenic differ-
entiation of human MSCs (hMSCs) depended on physical
properties of the matrix and zone-specific growth factors. 15.16
In that study, the addition of BMP-7 to the chondrogenic
medium/TGF-B1 stimulated differentiation of hMSCs to the
superficial-zone phenotype, whereas the addition of IGF-1
stimulated differentiation to the middle zone phenotype. We
hypothesized that the articular cartilage zones can be en-
gineered by encapsulation of hMSCs in a single superficial
zone-like matrix followed by sequential addition of zone-
specific growth factors within the matrix, similar to the pro-
cess of fetal development of articular cartilage. The objective
of this study was to encapsulate hMSCs in a matrix derived
from articular cartilage and to investigate the effect of se-
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quential addition of BMP-7, IGF-1, and IHH growth factors to
the chondrogenic medium/TGF-B1 on differentiation and
maturation of the encapsulated cells to the superficial, middle,
and calcified zone phenotypes, respectively. To achieve the
objective, the matrix source and cell density were optimized
for hMSCs encapsulated in the superficial zone matrix. Fetal
and adult bovine articular cartilages were decellularized, di-
gested, and methacrylate functionalized to produce an in-
jectable in situ cross-linkable macromer for the encapsulation
of hMSCs. Hereafter, the macromer is referred to as CarMa
with f-CarMa and a-CarMa for the macromer derived from
fetal and adult articular cartilage, respectively. Next, hMSCs
were encapsulated in CarMa hydrogel and the effect of matrix
source and initial cell density on differentiation of hMSCs to
the prechondrogenic superficial zone phenotype was inves-
tigated in chondrogenic medium/TGF-B1 supplemented with
BMP-7. Then, hMSCs were encapsulated in CarMa hydrogel
and the effect of matrix source and initial cell density on
differentiation of hMSCs to the hypertrophic calcified zone
phenotype was investigated in chondrogenic medium/TGF-
B1 supplemented with IHH. Next, htMSCs were encapsulated
in a hydrogel matrix optimized for the superficial zone phe-
notype and the effect of sequential addition of growth factors
(BMP-7 only, BMP-7 followed by IGF-1, BMP-7 followed by
IGF-1 and ITHH) on the expression of zone-specific markers
was investigated with incubation time in chondrogenic
medium/TGF-1. The results indicate that the combination of
different matrices, cell densities, and growth factors is re-
quired for optimum chondrogenic differentiation of hMSCs to
zone-specific phenotypes of articular cartilage.

Materials and Methods
Reagents

The full-thickness adult and fetal articular cartilage har-
vested from the bovine femoral condyles were purchased
from Animal Technologies (Tyler, TX). The photoinitiator
2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-
propanone (Irgacure-2959) was received from CIBA (Tarry-
town, NY). Paraformaldehyde, formalin, paraffin, penicillin G,
insulin, papain, dithiothreitol, ethylenediaminetetraacetic acid
(EDTA), streptomycin, pepsin, and methacrylic anhydride
were purchased from Sigma-Aldrich (St. Louis, MO). Spectro/
Por dialysis tube (molecular weight cutoff 3.5 kDa) was pur-
chased from Spectrum Laboratories (Rancho Dominquez,
CA). Paper filter with 710 pm average pore size was purchased
from VWR (Randor, PA). Dichloromethane (DCM) solvent
was purified by distillation over calcium hydride. All other
solvents were reagent grade and used as received.

hMSCs harvested and cultured from healthy human bone
marrow with high expression of CD105, CD166, CD29, and
CD44 and low expression of CDI14, CD34, and CD45
markers were received from Lonza (Allendale, NJ). TGF-f1
and IGF-1 were purchased from Lonza. BMP-7 and bovine
serum albumin (BSA) were received from Novus (Littleton,
CO) and Jackson ImmunoResearch (West Grove, PA), re-
spectively. IHH protein was purchased from Mybiosource
(San Diego, CA). Iodoacetic acid was purchased from Fisher
Scientific (Rockford, IL). Dulbecco’s modified eagle medium
(DMEM) cell culture medium, Dulbecco’s phosphate-buffer
saline (PBS), fetal bovine serum (FBS), trypsin-EDTA, and
Quant-it PicoGreen dsDNA reagent kit were received from
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Invitrogen (Carlsbad, CA). The Sircol assay for determination
of total collagen content was purchased from Biocolor
(Carrickfergus, United Kingdom). QuantiChrom alkaline
phosphatase (ALP) assay kit was purchased from Bioassay
Systems (Hayward, CA). 1,9-dimethylmethylene blue
(DMMB) assay kit for quantification of glycosaminoglycan
(GAG) content, hematoxylin and eosin-Y (H&E) for staining
cell nuclei and cytoplasm, and Alcian blue for GAG staining
were purchased from Sigma-Aldrich. Masson’s trichrome for
collagen staining was received from Polysciences (Warring-
ton, PA). PicoGreen assay kit for quantification of double-
stranded DNA content was purchased from Molecular Probes
(Thermo Fisher Scientific, Waltham, MA). All primary and
secondary antibodies, luminol reagent, and Blotto blocking
solution were received from Santa Cruz Biotechnology
(Dallas, TX). All forward and reverse primers were synthe-
sized by Integrated DNA Technologies (Coralville, IA).

Digestion and functionalization of articular cartilage
and hydrogel synthesis

The fetal or adult cartilage tissues were dissected into
small pieces (5 x5x2mm). The pieces were frozen in liquid
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nitrogen and milled. The milled fragments were sieved us-
ing a paper filter with 710 um average pore size. The frag-
ments were decellularized by treatment with 10 mM Tris/1%
triton for 24 h followed by sonication at 55 kHz for 2 h. The
tissue fragments were kept in a nuclease solution consisting
of 1U/mL deoxyribonuclease and 1 U/mL ribonuclease in
PBS for 72h at 37°C to degrade the DNA and RNA as
described.!” Next, the decellularized fetal or adult cartilage
matrices were freeze-dried. The dried matrices were di-
gested with pepsin in a 0.01 M hydrochloric acid solution at
37°C as described'® until a clear suspension was obtained
(Fig. 1a). Next, pH of the digestion medium was raised to
9.0 using 1 M sodium hydroxide to inactivate the pepsin
enzyme. After 1-h incubation, the pH of the digestion so-
lution was lowered to 7.5. Next, methacrylic anhydride was
added dropwise to the solution (2.5 mL/g digested cartilage)
under rigorous stirring to functionalize the digested cartilage
as described (Fig. 1a).19’20After functionalization, the mix-
ture was dialyzed against distilled water for 7 days at 40°C
to remove the unreacted methacrylic anhydride. According
to previous studies, the denaturation of hydrated collagen
commences at 58°C with a peak at 65°C corresponding to
the main structural transition.”! Furthermore, according to
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FIG. 1.

(a) Schematic representation of the fetal-mimetic approach to articular cartilage regeneration. Fetal or adult cartilage

was decellularized, digested, and functionalized to produce an injectable, in situ cross-linkable, fetal (f-) or adult (a-) CarMa
macromer for cell encapsulation. hMSCs were suspended in CarMa hydrogel precursor solution and cross-linked by UV
irradiation. Next, the encapsulated hMSCs were cultured in chondrogenic medium/TGF-$1 supplemented with BMP-7 for
differentiation to the superficial zone phenotype of chondrocytes or IHH for differentiation to the calcified zone phenotype; (b)
hMSCs were encapsulated in f-CarMa hydrogel and cultured in chondrogenic medium/TGF-B1 supplemented with BMP-7 to
generate a superficial zone-like cellular construct. Next, the hMSCs in the superficial zone construct were incubated in
chondrogenic medium/TGF-B1 with sequential addition of IGF-1 and THH to induce differentiation of the encapsulated cells to
the middle and calcified zone phenotypes, respectively. SEM images of the lyophilized f-CarMa (c¢) and a-CarMa (d) hy-
drogels. (e) Effect of macromer concentration in the precursor solution on the elastic modulus of f-CarMa and a-CarMa
hydrogels after UV cross-linking. The scale bars in (¢) an (d) are 10 pm. BMP, bone morphogenetic protein; hMSC, human
mesenchymal stem cell; IHH, Indian hedgehog; IGF, insulin-like growth factor; SEM, scanning electron microscope; TGF,
transforming growth factor; UV, ultraviolet.
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previous reports, the peak temperature corresponding to de-
naturation of collagen is above 50°C regardless of collagen
source.?? Therefore, the temperature of 40°C was chosen to
reduce the dialysis time and minimize further denaturation of
the collagenous component of the digested tissue. The meth-
acrylate digested cartilage macromer solution was lyophilized
to obtain a white foam, hereafter referred to as CarMa mac-
romer and stored at —20°C. The degree of methacrylation of
fetal and adult digested cartilage tissues was quantified using
hydrogen-1 proton nuclear magnetic resonance (‘H-NMR).
Five milligrams of the sample was dissolved in 600 pL. deu-
terium oxide and characterized using a Varian Mercury-300
"H.NMR (Varian, Palo Alto, CA). The chemical shifts for
phenylalanine in the 6.9-7.5 ppm range were used as an in-
ternal standard to normalize the spectra as described else-
where.”>** The chemical shifts for amine groups of lysine
(2.8-2.95ppm) of digested cartilage, before (Car) and after
methacrylation (CarMa), were integrated and the degree of
methacrylation was calculated by the following equation®**:
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penicillin G, and 100 pg/mL streptomycin (basal medium,
BM) at a density of 5000 cells/cm® as we previously de-
scribed.”® The CarMa hydrogel precursor solution was
prepared by dissolving CarMa (100 mg/mL) and Irgacure-
2959 photoinitiator (10 mg/mL) in PBS at 37°C and the
solution was sterilized by filtration. The desired number of
hMSCs (15, 25, 60, 100, and 200 million cells) suspended in
100 uhL. DMEM were mixed with 900 uL of the sterile hy-
drogel precursor solution. The edges of two glass slides
were covered with a layer of biomedical grade adhesive tape
and 50puL of the precursor cell suspension was injected
between the two glass slides and cross-linked by UV irra-
diation for 2min. The disk-shaped samples, with 12 mm
diameter and 450 pm thickness, were placed in standard
50 mm Petri dishes and incubated in BM.'3 After incubation
of the cell-laden hydrogels in BM for 24 h, the medium was
changed to the medium corresponding to the superficial or
calcified zone of articular cartilage (Fig. 1a and Table 1) and
cultured for up to 21 days. The superficial zone medium

Degree of methacrylation = 100 x (1

integrated lysine shift of CarMa
integrated lysine shift of Car

Characterization of CarMa hydrogel

The CarMa macromer was dissolved in PBS and cross-
linked by ultraviolet (UV) polymerization as described previ-
ously.?® In brief, the Irgacure-2959 photoinitiator was dis-
solved in PBS (10 mg/mL) at 50°C by vortexing. The CarMa
hydrogel precursor solution was prepared by mixing the solu-
tion of CarMa macromer in PBS with the photoinitiator solu-
tion. The precursor solution was degassed and transferred to a
polytetrafluoroethylene mold (S5cmXx3cmXx750um). The
mold was covered with a transparent glass plate, fastened with
clips, and the assembly was irradiated with an OmniCure Series
1500 UV illumination system (Excelitas, Waltham, MA) with
a 200 W lamp, 8 mm diameter light guide, light intensity of
7.5mW/cm? with peak wavelength of 365nm for 2 min as
described.?®*" After hydrogel formation, disk-shape samples
were cut from the gel using an 8 mm cork borer and loaded on
the Peltier plate of an AR2000 rheometer (TA Instruments,
New Castle, DE) and subjected to a uniaxial compressive force
at a displacement rate of 7.5 pum/s. The slope of the linear fit to
the stress—strain curve for 5-10% strain was taken as the
compressive modulus of the gel as we previously described.”®

Microstructure of CarMa hydrogels was imaged with a
TESCAN VEGA3 SBU variable pressure scanning electron
microscope (SEM; Kohoutovice, Czech Republic). The
freeze-dried hydrogel samples were immersed in liquid ni-
trogen and cut with a surgical blade to expose a freshly cut
surface. The surface was coated with gold using a Denton
Desk 1II sputter coater (Moorestown, NJ) at 20 mA for 75
and imaged with SEM at an accelerating voltage of 8 keV as
previously described.”®

Cell encapsulation in CarMa hydrogel

hMSCs (passages 3-5) were cultured in a high glucose
DMEM medium supplemented with 10% FBS, 100 U/mL

consisted of BM supplemented with 3 ng/mL TGF-f1 and
100ng/mL. BMP-7, whereas the calcified zone medium
consisted of BM with 30ng/mL TGF-B1 with or without
IHH (Table 1)."> At each time point, the samples were
evaluated by biochemical, messenger RNA (mRNA), and
protein analysis for the expression of zone-specific chon-
drogenic markers.

Biochemical analysis and staining

The cell-encapsulated hydrogel samples were homoge-
nized in lysis buffer (10 mM Tris supplemented with 0.2%
triton in PBS) and sonicated to rupture the cell membrane.
Total collagen content of the homogenized samples was
measured by Sircol assay according to the manufacturer’s
instructions as we previously described.'® ALP activity of
the samples was measured with QuantiChrom ALP assay
according to the manufacturer’s instructions.'® GAG con-
tent of each sample was quantified using the DMMB assay,
which was calibrated with reagent blanks and the standard
whale chondroitin sulfate solutions, as previously de-
scribed.'® The measured collagen content, ALP activity,
and GAG content at each time point were normalized by
dividing by the DNA content of the samples for that time
point as described.'® Double-stranded DNA of the ho-
mogenized samples was measured with PicoGreen DNA
assay according to manufacturer’s instructions.'® For
staining, the 21-day samples were fixed in formalin, em-
bedded in paraffin, and sectioned to a thickness of 10 pm
using a microtome as described.'”* The sections were
stained with H&E for visualization of cell morphology,
Alcian blue for GAG, and Masson’s trichrome for collagen
according the manufacturer’s instructions as described.'®
For live/dead staining, the cell-encapsulated CarMa hy-
drogel samples were incubated with acetomethoxy deriv-
ative of calcein and ethidium homodimer (1 pg/mL; Life
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TABLE 1. MATRIX SOURCE, CELL DENSITY AND GROWTH FACTORS USED FOR CHONDROGENIC DIFFERENTIATION
OF HMSCs TO THE SUPERFICIAL ZONE PHENOTYPE, CALCIFIED ZONE PHENOTYPE, AND FOR SEQUENTIAL
DIFFERENTIATION OF HMSCS TO SUPERFICIAL, MIDDLE, AND CALCIFIED ZONE PHENOTYPES

Matrix Cell density
Sample name source (million cells/mL) Growth factors
Superficial zone
a-25 Adult cartilage 25 TGF-B1 (3 ng/mL), BMP-7 (100 ng/mL)
f-25 Fetal cartilage 25 TGF-B1 (3 ng/mL), BMP-7 (100 ng/mL)
a-60 Adult cartilage 60 TGF-B1 (3 ng/mL), BMP-7 (100 ng/mL)
f-60 Fetal cartilage 60 TGF-B1 (3 ng/mL), BMP-7 (100 ng/mL)
a-100 Adult cartilage 100 TGF-B1 (3 ng/mL), BMP-7 (100 ng/mL)
f-100 Fetal cartilage 100 TGF-B1 (3 ng/mL), BMP-7 (100 ng/mL)
a-200 Adult cartilage 200 TGF-B1 (3 ng/mL), BMP-7 (100 ng/mL)
£-200 Fetal cartilage 200 TGF-B1 (3 ng/mL), BMP-7 (100 ng/mL)
Calcified zone
a-15 Adult cartilage 15 TGF-B1 (30 ng/mL)
f-15 Fetal cartilage 15 TGF-B1 (30 ng/mL)
a-100 Adult cartilage 100 TGF-B1 (30 ng/mL)
f-100 Fetal cartilage 100 TGF-B1 (30 ng/mL)
a-15-IHH Adult cartilage 15 TGF-B1 (30ng/mL), IHH (2.5 pg/mL)
f-15-IHH Fetal cartilage 15 TGF-B1 (30ng/mL), IHH (2.5 pg/mL)
a-100-IHH Adult cartilage 100 TGF-B1 (30 ng/mL), IHH (2.5 pg/mL)
f-100-IHH Fetal cartilage 100 TGF-B1 (30ng/mL), IHH (2.5 pg/mL)
Sequential addition of growth factors
Days 1-14 Days 15-28 Days 29-42
BMP-7 Fetal cartilage 100 TGF-B1 (3ng/mL) TGF-f1 3ng/mL) TGF-B1 (3ng/mL)
BMP-7 (100ng/mL) BMP-7 (100ng/mL) BMP-7 (100 ng/mL)
BMP-7/1GF Fetal cartilage 100 TGF-B1 (3ng/mL) TGF-B1 (30ng/mL) TGF-B1 (30ng/mL)
BMP-7 (100ng/mL) IGF-1 (100ng/mL) IGF-1 (100 ng/mL)
BMP-7/IGF/IHH Fetal cartilage 100 TGF-B1 (3ng/mL) TGF-B1 (30ng/mL) TGF-B1 (30ng/mL)

BMP-7 (100 ng/mL)

IGF-1 (100ng/mL) IHH (2.5 pg/mL)

Technologies, Grand Island, NY) as we previously de-
scribed.'® The stained samples were imaged using an in-
verted fluorescent microscope (Nikon Eclipse Ti-e; Nikon,
Melville, NY). The viability of hMSCs encapsulated in
CarMa hydrogels was quantified by dividing images into
smaller squares and counting the number of live and dead
cells as we previously described.”®

mRNA analysis

Total cellular RNA of the homogenized samples was
isolated using TRIzol and the genomic DNA was removed
using deoxsyribonuclease I (Invitrogen) as we previously
described.”” The concentration of extracted RNA was
measured using a Nanodrop spectrophotometer. Two hun-
dred fifty nanograms of the extracted RNA was converted to
complementary DNA (cDNA) using Promega reverse tran-
scription system (Madison, WI) and the cDNA was ampli-
fied in SYBR green RealMasterMix (Eppendorf, Hamburg,
Germany) using a Bio-Rad CXF96 real-time quantitative
polymerase chain reaction system (Bio-Rad, Hercules, CA)
and the appropriate gene-specific primers as described.'®
Therefore, the same amount of RNA was used for all sam-
ples regardless of cell density in the hydrogels. The primer
sequences'> were designed and selected by Primer3 web-
based software as we previously described.*® The mRNA
expressions were normalized against a housekeeping gene
and fold changes were compared with those in the same
group at day O, based on the AACt method as previously
described.?!

Western blot analysis

The hydrogel samples were lysed in RIPA assay buffer with
EDTA-free protease inhibitor cocktail (cOmplete,™ Mini;
Roche Life Science, Indianapolis, IN) according to the man-
ufacturer’s instructions. The proteins (10 pug per well) in the
cell lysate were separated in a 7.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) electropho-
resis Mini-gel system (Bio-Rad). The pattern of separated
proteins was transferred to a nitrocellulose membrane and the
membranes were blocked in Blotto solution (Santa Cruz Bio-
technology). The membranes were incubated in a mixture of
primary antibodies (1:10,000 dilution) in PBS with 5% dry
milk and 0.1% Tween-20 overnight at 4°C. The primary an-
tibodies (Santa Cruz Biotechnology) included rabbit anti-
human against superficial zone protein (SZP), Sox-9, Col II,
Col X, aggrecan (AGC), and [-actin. After washing, the
membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (1:5000) at ambient condi-
tions for 1h. After washing, the membranes were incubated
with enhanced luminol-based detection reagent (Santa Cruz
Biotechnology), the luminescence was captured using a Che-
miDoc MP system (Bio-Rad), and intensity of the bands was
quantified with the ImageJ software (National Institutes of
Health, Bethesda, MD).

Statistical analysis

All experiments were performed in triplicate and expressed
as mean * standard deviation. Significant differences between
groups were calculated using a two-way ANOVA with
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replication test, followed by a two-tailed Student’s r-test.
Values of p<0.05 were considered statistically significant.

Results

Supplementary Figure Sla and ¢ shows 'H-NMR spectra
of fetal and adult digested cartilage before methacrylation,
respectively, whereas Supplementary Figure S1b and d
shows 'H-NMR spectra of fetal and adult digested cartilage
after methacrylation. The chemical shifts at 5.7 ppm that
appeared after methacrylation (Supplementary Fig. S1b, d),
corresponded to the vinyl protons of methacrylate groups.>>
Based on the analysis of NMR shifts, the calculated degree
of methacrylation of fetal and adult CarMa was 70% and
68%, respectively. Supplementary Figure S2 shows the
western blot bands for Col II and Col X for digested fetal
cartilage before (Car) and after methacrylation (CarMa).
The two major extracellular matrix (ECM) proteins of ar-
ticular cartilage, namely Col II and Col X, were present
before and after methacrylation of the digested samples. In
addition, the relative intensity of Col II band was higher
than that of Col X before and after methacrylation. SEM
images of the lyophilized f-CarMa and a-CarMa hydrogels
(10 wt% in PBS) are given in Figure lc and d, respectively.
The CarMa hydrogels displayed an interconnected porous
microstructure with <1 pm pore wall thickness. The mean
pore size of f-CarMa and a-CarMa hydrogels was 10 and
7 um, respectively. The elastic modulus of f-CarMa hy-
drogel increased from 2.9+ 0.5 kPa to 12.7+0.6, 19.7+2.7,
and 32.6 3.6 kPa with increasing macromer concentration
from 5 wt% to 10 wt%, 15 wt%, and 20 wt%, respectively,
whereas the modulus of a-CarMa hydrogel increased from
3.5+0.8kPa to 13.4+1.2, 22.9+4.1, and 38.2+2.7kPa
(Fig. le). Elastic modulus of the native human fetal carti-
lage ranges from 2 to 46 kPa during development® and the
collagenous matrix accounts for 10wt% of the articular
cartilage.® Therefore, the hydrogels with 10wt% CarMa
macromer and 13kPa elastic modulus (13.4+1.2kPa for
a-CarMa and 12.71+0.6kPa for f-CarMa) were used for
cell encapsulation to simulate the matrix of fetal articular
cartilage.

Supplementary Figure S3a—d shows live (green) and dead
(red) stained images of hMSCs encapsulated in fetal CarMa
matrix at cell densities of 25, 60, 100, and 200 million cells/
mL 1h after cell encapsulation. The fraction of viable
hMSCs encapsulated in the CarMa matrix was >98% for all
cell densities. The effect of CarMa source and cell seeding
density on chondrogenic differentiation of hMSCs to the
superficial zone phenotype was investigated by encapsula-
tion of 25, 60, 100, or 200 million/mL hMSCs in CarMa and
incubation in chondrogenic medium supplemented with
3ng/mL TGF-B1 and 100ng/mL BMP-7 for 21 days.
Figure 2a—d shows mRNA expression of SZP, Col II, Sox-9,
and AGC for hMSCs encapsulated in CarMa hydrogels as a
function of the initial cell density with incubation time. The
SZP expression of hMSCs encapsulated in CarMa hydrogels
(Fig. 2a) increased from days 7 to 21 for all cell densities.
For a given cell density, the SZP expression in f-CarMa
hydrogel was higher than a-CarMa. For example, the SZP
expression in a-CarMa hydrogel with initial densities of 100
and 200 million cells/mL was 43.0+£4.5 and 52.4%6.5, re-
spectively, after 21 days compared with 66.0+4.8 and
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FIG. 2. Effect of CarMa source (fetal vs. adult) and cell
density on mRNA expression of (a) SZP, (b) Col 11, (¢) Sox-
9, and (d) AGC of the encapsulated hMSCs incubated in
chondrogenic medium/TGF-f1 supplemented with BMP-7
for 21 days. Groups included 200 million cells/mL in f-
CarMa (f-200, solid black) and a-CarMa (a-200, dashed
black) hydrogels, 100 million cells/mL in f-CarMa (f-100,
solid dark grey) and a-CarMa (a-100, dashed dark grey), 60
million cells/mL in f-CarMa (f-60, solid medium grey) and
a-CarMa (a-60, dashed medium grey), and 25 million cells/
mL in f-CarMa (f-25, solid light grey) and a-CarMa (a-25,
dashed light grey). An asterisk (¥) indicates a statistically
significant difference (p <0.05) between the test group and
all other groups for a given time point. AGC, aggrecan; Col
II, collagen type II; SZP, superficial zone protein.

80.0+9.8 for f-CarMa. The SZP expression of CarMa hy-
drogels increased with cell density for all time points. For
example, the SZP expression in f-CarMa hydrogel for cell
densities of 25, 60, 100, and 200 million/mL after 21 days in-
creased from 12.4+1.3 to 28.4%+4.3, 66.0+4.8 and 80.0£9.8,
respectively.

The mRNA expression of Col II for hMSCs (Fig. 2b)
encapsulated in CarMa hydrogels increased with incubation
time for all cell densities. As the matrix was changed from
a-CarMa to f-CarMa, the Col II expression for cell densities
of 25, 60, 100, and 200 million/mL increased by 1.62, 1.49,
1.51, and 1.48 folds, respectively. The mRNA expression of
Sox-9 for hMSCs (Fig. 2c) encapsulated in CarMa hydro-
gels increased initially from days 7 to 14 and then decreased
from days 14 to 21. The Sox-9 expression in CarMa hy-
drogels increased significantly with cell density for all time
points. The Sox-9 expression in f-CarMa hydrogel at day 14
was significantly higher than a-CarMa for all cell densities.
As the matrix was changed from a-CarMa to f-CarMa with
cell densities of 25, 60, 100, and 200 million/mL, the Sox-9
expression increased by 1.32, 1.27, 1.92, and 1.67 folds,
respectively. The mRNA expression of AGC for hMSCs in
CarMa hydrogels increased with incubation time (Fig. 2d).
The AGC expression in CarMa hydrogels after 21 days
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increased initially with cell density from 25 to 60 million/
mL and then decreased for 100 and 200 million/mL cell
densities. The difference in AGC expression after 21 days
was significant for cell densities of 60 and 100 million/mL,
whereas the difference was not significant for cell densities
of 25 or 200 million/mL.

Figure 3a—d shows the protein expression of SZP, Col II,
Sox-9, and AGC of hMSCs encapsulated in CarMa hydrogels
with incubation time. The relative SZP protein expressions
increased significantly from days 7 to 21 and for all cell
densities (Fig. 3a). The protein expression of SZP in f-CarMa
hydrogel after 21 days was significantly higher than a-CarMa
for cell densities of 60, 100, and 200 million/mL, but the
difference was not significant for 25 million cells/mL. The
SZP expression in CarMa hydrogels after 21 days increased
with cell density, except for a-CarMa from 25 to 60 million
cells/mL. The protein expression of Col II for hMSCs in
CarMa hydrogels increased with cell density for all time
points, except for 25 million cells/mL (Fig. 3b). The Col II
protein expressions in CarMa hydrogels at day 21 with in-
creasing cell density (Fig. 3b) were consistent with Col II
mRNA expressions in Figure 2b. The Col II protein expres-
sion in f-CarMa hydrogels at day 21 was higher than a-CarMa
for all cell densities, except for 25 million cells/mL. The
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FIG. 3. Effect of CarMa source (fetal vs. adult) and cell
density on protein expression of (a) SZP, (b) Col 11, (¢) Sox-
9, and (d) AGC of the encapsulated hMSCs incubated in
chondrogenic medium/TGF-f1 supplemented with BMP-7
for 21 days. Groups included 200 million cells/mL in f-
CarMa (f-200, solid black) and a-CarMa (a-200, dashed
black) hydrogels, 100 million cells/mL in f-CarMa (f-100,
solid dark grey) and a-CarMa (a-100, dashed dark grey), 60
million cells/mL in f-CarMa (f-60, solid medium grey) and
a-CarMa (a-60, dashed medium grey), and 25 million cells/
mL in f-CarMa (f-25, solid light grey) and a-CarMa (a-25,
dashed light grey). An asterisk (*) indicates a statistically
significant difference (p <0.05) between the test group and
all other groups for a given time point.
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protein expression of Sox-9 for hMSCs in CarMa hydrogels
initially increased from days 7 to 14 and then decreased from
days 14 to 21 for all cell densities (Fig. 3c), consistent with
the mRNA expressions in Figure 2c. The Sox-9 protein ex-
pression at day 14 increased with cell density in CarMa hy-
drogels and the expressions in f-CarMa were higher than a-
CarMa. The protein expression of AGC (Fig. 3d) of hMSCs
in CarMa hydrogels increased with incubation time for all
cell densities except for 25 million/mL cell density. The AGC
protein expression in f-CarMa at day 21 was higher than a-
CarMa for all cell densities. The AGC protein expression in
CarMa hydrogels at day 21 initially increased with cell
density from 25 million/mL to 60 and 100 million/mL and
then decreased slightly from 100 to 200 million cells/mL. The
f-CarMa hydrogel with 100 million cells/mL and a-CarMa
with 25 million cells/mL had the highest and lowest AGC
protein expression, respectively.

Images in Figure 4a compare H&E-stained sections of
hMSCs encapsulated in CarMa hydrogels with cell densities
of 25, 60, 100, and 200 million/mL after 21 days. The cells
had a rounded morphology regardless of cell density and
CarMa source. Images in Figure 4b compare collagen-
stained sections of hMSCs in CarMa hydrogels with cell
densities of 25, 60, 100, and 200 million/mL after 21 days.
The cells in CarMa hydrogels with density of 200 million/
mL showed highest collagen content and the staining in-
tensity of f-CarMa was slightly higher than a-CarMa. Ima-
ges in Figure 4c compare GAG-stained sections (Alcian
blue) of hMSCs in CarMa hydrogels with cell densities of
25, 60, 100, and 200 million/mL after 21 days. The CarMa
hydrogels with intermediate cell densities of 60 and 100
million/mL had higher GAG staining than those with low
(25 million/mL) and high (200 million/mL) cell densities.

The effect of CarMa source and cell density on chon-
drogenic differentiation of hMSCs to the calcified zone
phenotype was investigated by encapsulation of 15 or 100
million/mL. hMSCs in CarMa hydrogels and incubation in
chondrogenic medium supplemented with 30 ng/mL TGF-
B1 with or without 2.5 ug/mL. THH. Figure 5a—c shows
mRNA expression of Col X, ALP, and AGC of hMSCs
encapsulated in CarMa hydrogels with incubation time. The
mRNA expression of Col X increased with incubation time
regardless of matrix source, cell density, or IHH addition.
For example, Col X expression in f-CarMa hydrogels with
100 and 15 million cells/mL and with IHH increased by 1.53
and 1.58 folds, respectively, whereas the expression in-
creased by 1.81 and 1.90 folds in a-CarMa. The Col X ex-
pression for those groups cultured without IHH was not
significantly different. Conversely for the groups with IHH,
the Col X expression in a-CarMa hydrogels was higher than
f-CarMa for all cell densities. Furthermore, the Col X ex-
pression in CarMa hydrogels with IHH and cell density of
15 million/mL. was higher than those hydrogels with 100
million cells/mL. The Col X expression of hMSCs in a-
CarMa hydrogel with cell density of 15 million/mL cell and
supplemented with THH was highest for all time points.

ALP mRNA expression of the encapsulated hMSCs in-
creased significantly with incubation time in CarMa hy-
drogels (Fig. 5b). The ALP expression in the groups
incubated with THH was significantly higher than those
without IHH for all time points (Fig. 5b). The ALP ex-
pression in CarMa hydrogels increased with decreasing cell
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FIG. 5. Effect of CarMa source (fetal vs. adult), cell density, and exposure to IHH on mRNA expression of (a) Col X, (b)
ALP, and (¢) AGC of the encapsulated hMSCs incubated in chondrogenic medium/TGF-B1 with or without IHH for
21 days. Groups included 100 million cells/mL. hMSCs in f-CarMa hydrogel with (f-100-IHH, solid black) or without (f-
100, dashed black) THH in the culture medium, 15 million cells/mL hMSCs in f-CarMa with (f-15-IHH, solid dark grey) or
without (f-15, dashed dark grey) IHH, 100 million cells/mL hMSCs in a-CarMa with (a-100-IHH, solid medium grey) or
without (a-100, dashed medium grey) IHH, 15 million cells/mL hMSCs in a-CarMa with (a-15-IHH, solid light grey) or
without (a-15, dashed light grey) IHH. An asterisk (*) indicates a statistically significant difference (p <0.05) between the
test group and all other groups for a given time point. ALP, alkaline phosphatase.
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density from 100 to 15 million/mL after 21 days of incuba-
tion with or without IHH. Further for a given cell density, the
ALP expression in a-CarMa hydrogels was slightly higher
than f-CarMa. The hMSCs in a-CarMa hydrogel with cell
density of 15 million/mL with IHH had highest ALP mRNA
expression after 21 days. The AGC mRNA expression of the
encapsulated hMSCs in CarMa hydrogels increased with in-
cubation time (Fig. 5¢). For a given cell density and CarMa
source, the AGC expression after 21 days increased with
IHH. The AGC expression in f-CarMa hydrogel after 21-day
incubation increased with cell density with or without IHH.
For a given cell density, the hMSCs encapsulated in f-CarMa
hydrogel and incubated with IHH had higher AGC expression
than those in a-CarMa. The hMSCs in f-CarMa hydrogel with
100 million/mL cell density and incubated with THH had
highest AGC mRNA expression.

Figure 6a—c shows total collagen content, ALP activity,
and GAG content of hMSCs encapsulated in CarMa hydro-
gels and incubated in chondrogenic medium supplemented
with 30 ng/mL TGF-B1 with or without 2.5 ng/mL THH. Total
collagen content in all groups increased significantly with
incubation time. Total collagen content at day 21 increased
significantly with IHH regardless of cell density or CarMa
source. For example, total collagen content in f-CarMa hy-
drogel at day 21 increased by 1.30 and 1.21 folds for cell
densities of 100 and 15 million/mL, respectively, with the
addition of IHH to the medium; that increase was 1.46 and
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1.29 folds in a-CarMa hydrogel. For all cell densities, total
collagen content in f-CarMa hydrogels with IHH was higher
than a-CarMa for all time points. Furthermore, total collagen
content increased significantly with increasing cell density
from 15 to 100 million/mL for all time points regardless of
CarMa source or IHH. The ALP activity of the encapsulated
hMSCs of all groups initially increased from days 7 to 14 and
then slightly decreased from days 14 to 21. For all time
points, the ALP activity increased with IHH irrespective of
CarMa source or cell density. For all cell densities, the peak
ALP activity (day 14) in a-CarMa hydrogel was significantly
higher than f-CarMa irrespective of IHH. The encapsulated
hMSCs had higher peak ALP activity at the lower cell density
of 15 million/mL compared with 100 million/mL, irrespec-
tive of CarMa source or IHH. The GAG content of the en-
capsulated hMSCs for all groups increased with incubation
time (Fig. 6¢). The GAG content for cell density of 100
million/mL after 21 days increased significantly with IHH.
However, the addition of IHH to the medium did not sig-
nificantly affect GAG content at the low cell density of 15
million/mL (after 21 days) regardless of CarMa source. The
GAG content in CarMa hydrogels increased sharply with cell
density from 15 to 100 million/mL irrespective of IHH. The
hMSCs in f-CarMa hydrogel had higher GAG content than
a-CarMa regardless of cell density or IHH.

Figure 6d—e shows the protein expression of Col X and
AGC for hMSCs encapsulated in CarMa hydrogels with
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FIG. 6. Effect of CarMa source (fetal cartilage vs. adult), cell density and IHH on collagen content (a), ALP activity
(b), GAG (c¢), Col X (d), and AGC protein expression (e) of the encapsulated hMSCs incubated in chondrogenic medium.
Groups included 100 million cells/mL. hMSCs in f-CarMa hydrogel with (f-100-IHH, solid black) or without (f-100,
dashed black) THH in the culture medium, 15 million cells/mL hMSCs in f-CarMa with (f-15-IHH, solid dark grey) or
without (f-15, dashed dark grey) IHH, 100 million cells/mL. hMSCs in a-CarMa with (a-100-IHH, solid medium grey) or
without (a-100, dashed medium grey) IHH, and 15 million cells/mL hMSCs in a-CarMa with (a-15-THH, solid light grey)
or without (a-15, dashed light grey) IHH. An asterisk (*) indicates a statistically significant difference ( p <0.05) between

the test group and all other groups for a given time point.



SEQUENTIAL ZONAL REGENERATION OF ARTICULAR CARTILAGE

incubation time. The Col X protein expression of all groups
increased with incubation time (Fig. 6d), consistent with Col
X mRNA expression in Figure 5a. The Col X expression in
CarMa hydrogels increased with IHH for both cell densities
of 15 and 100 million/mL. For all cell densities, hMSCs in
a-CarMa hydrogels had higher Col X protein expression at
day 21 compared with f-CarMa, with or without IHH. The
Col X protein expression of hMSCs in a-CarMa hydrogels
with IHH increased with decreasing cell density from 100 to
15 million/mL after 21 days. The hMSCs in a-CarMa hy-
drogel with cell density of 15 million/mL and with IHH had
highest Col X expression after 21 days. The AGC protein
expression of all groups increased with incubation time
(Fig. 6e), consistent with the AGC mRNA expressions in
Figure 5c. The AGC expression in CarMa hydrogels in-
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creased with THH addition after 21 days. The AGC ex-
pression in CarMa hydrogels after 21 days increased with
cell density from 15 to 100 million/mL regardless of IHH
addition. For all cell densities, the hMSCs in f-CarMa hy-
drogel had higher AGC expression at day 21 compared with
a-CarMa. The hMSCs in f-CarMa hydrogel with cell density
of 100 million/mL and with IHH had highest AGC protein
expression after 21 days.

The effect of sequential addition of zone-specific growth
factors on chondrogenic differentiation of hMSCs to su-
perficial, middle and calcified zone phenotypes was inves-
tigated by encapsulation of 100 million cells/mL in f-CarMa
hydrogel and incubation for 6 weeks. Experimental groups
included hMSCs in f-CarMa hydrogel incubated in BM
supplemented with 3 ng/mL TGF-B1 and 100 ng/mL BMP-7
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FIG. 7. Effect of sequential addition of zone-specific growth factors to the chondrogenic medium/TGF-B1 on SZP (a),
Sox-9 (b), Col II (c), AGC (d), Col X (e), and ALP (f) mRNA expression, collagen content (g), GAG content (h), and ALP
activity (i) of hMSCs encapsulated in f-CarMa hydrogel. Groups included hMSCs in f-CarMa hydrogel incubated in BM
supplemented with 3 ng/mL TGF-B1 for 2 weeks followed by BM with 30 ng/mL TGF-B1 for 4 weeks (Ctrl, light grey),
hMSCs in CarMa hydrogel incubated in chondrogenic medium supplemented with 3 ng/mL TGF-B1 and 100 ng/mL BMP-7
for 6 weeks (BMP-7, black), BM with 3 ng/mL TGF-B1 and 100 ng/mL BMP-7 for 2 weeks followed by BM with 30 ng/mL
TGF-B1 and 100 ng/mL IGF-1 for 4 weeks (BMP-7/IGF, dark grey), BM with 3 ng/mL TGF-B1 and 100 ng/mL BMP-7 for
2 weeks followed by BM with 30 ng/mL TGF-B1 and 100 ng/mL IGF-1 for 2 weeks and BM with 30 ng/mL TGF-$1 and
2.5 pg/mL THH for 2 weeks (BMP-7/IGF/IHH, medium grey). An asterisk (*) indicates a statistically significant difference
(p<0.05) between the test group and all other groups for a given time point. BM, basal medium.
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for 6 weeks (BMP-7 group); BM with 3 ng/mL TGF-B1 and
100 ng/mL BMP-7 for 2 weeks followed by BM with 30 ng/
mL TGF-B1, and 100 ng/mL IGF-1 for 4 weeks (BMP-7/
IGF group); BM with 3ng/mL TGF-Bf1 and 100ng/mL
BMP-7 for 2 weeks followed by BM with 30 ng/mL TGF-B1
and 100 ng/mL IGF-1 for 2 weeks, and BM with 30 ng/mL
TGF-B1 and 2.5 ug/mL IHH for 2 weeks (BMP-7/IGF/IHH
group); and BM with 3 ng/mL TGF-f1 for 2 weeks followed
by BM with 30ng/mL TGF-B1 for 4 weeks (Ctrl group).
Figure 7a—f shows mRNA expression of SZP, Sox-9, Col II,
AGC, Col X, and ALP of hMSCs in f-CarMa hydrogel se-
quentially exposed to zone-specific growth factors over 6
weeks. In general, there was <10% change in dimensions of
the cellular CarMa hydrogels with incubation time. The
corresponding total collagen content, GAG content, and
ALP activity of the hMSCs are given in Figure 7g-I, re-
spectively. The SZP mRNA expression in BMP-7 group was
significantly higher than BMP-7/IGF and BMP-7/IGF/THH
groups at weeks 4 and 6. The foregoing result indicated that
the replacement of BMP-7 with IGF-1 or IHH reduced the
maintenance of the superficial zone phenotype.

The Sox-9 mRNA expression in all groups decreased with
incubation time over 6 weeks (Fig. 7b). The Sox-9 mRNA
expression in BMP-7/IGF group was higher than the BMP-7
and BMP-7/IGF/THH groups at weeks 4 and 6, respectively.
The Col II and AGC mRNA expressions (Fig. 7c, d) as well
as total collagen content (Fig. 7g) and GAG content (Fig. 7h)
in all groups increased over 6 weeks. The Col II and AGC
mRNA expressions, collagen content, and GAG content in
BMP-7/IGF group were higher than BMP-7 and BMP-7/IGF/
IHH groups after 6 weeks, whereas the difference between
the three groups was not significant at 4 weeks. The forgoing
results indicated that IGF-1 stimulated maturation of hMSCs
preexposed to BMP-7 to the middle zone phenotype with 4
weeks of IGF-1 exposure more effective than 2 weeks. The
mRNA expression of hypertrophic markers Col X and ALP
(Fig. 7e—f) and ALP activity (Fig. 7i) of hMSCs preexposed
to BMP-7 and IGF-1 (BMP-7/IGF/IHH group) increased with
IHH exposure, whereas the marker expressions did not
change for BMP-7 group or slightly changed for BMP-7/IGF
group. The foregoing result indicated that THH stimulated
maturation of hMSCs preexposed to BMP-7 or BMP-7/IGF-1
to the calcified zone phenotype.

Discussion

Chondrocytes during fetal development produce more
ECM than in the adult articular cartilage. Chondrocytes
harvested from ovine fetal articular cartilage produced
higher levels of GAG and collagen than the adult chon-
d1rocytes.12 Furthermore, the harvested ovine fetal chon-
drocytes seeded in polyglycolic acid (PGA) scaffolds had
higher Col II expression than the adult chondrocytes.'* In
addition, the Col II produced by the fetal chondrocytes in
PGA scaffolds resembled the Col II in the native articular
cartilage tissue.'? Our results demonstrate that hMSCs en-
capsulated in f-CarMa hydrogel had higher expression of
superficial zone (SZP, Col 1II, and Sox-9) and middle zone
(AGC) markers than a-CarMa (Figs. 2 and 3). Conversely,
the expression of calcified zone markers (Col X and ALP) in
a-CarMa hydrogel was higher than f-CarMa (Figs. 5 and 6).
Therefore, f-CarMa matrix is superior for regenerating the
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superficial zone of articular cartilage, whereas a-CarMa is
superior for regenerating the calcified zone. The difference
in ECM production can be attributed to the compositional
and microstructural differences between the corresponding
fetal and adult articular cartilage tissues. There is a differ-
ence in Col IX and Col XI contents between fetal and adult
articular cartilage.>* Approximately 10% of the total colla-
gen in fetal articular cartilage is Col IX as opposed to 1% in
the adult cartilage; 10% of the total collagen in fetal carti-
lage is Col XI as opposed to <3% in the adult cartilage.'> It
was shown that the GAG content was lower but Col X ex-
pression was higher during cartilaginous matrix develo]g—
ment in Col IX-deficient mice 13 days after fracture.>
Therefore, a higher Col X expression and lower AGC, Col
IL, and Sox9 expression of hMSCs in adult CarMa may be
partially because of a significantly lower Col XI content
compared with fetal CarMa. In addition, microstructural
differences between the fetal and adult CarMa contribute to
the variation in the expression of zone-specific markers. The
collagen fibrils in fetal articular cartilage are thinner and less
organized than the adult cartilage that can be attributed to
the differences in Col IX and Col XI content.>* Furthermore,
permeability of the adult articular cartilage matrix is less
than the fetal cartilage.®® In that regard, permeability of
human fetal articular cartilage decreases by 20% and stiff-
ness increases by 2.3 folds from weeks 20 to 36 of gesta-
tion.®> It was shown previously that when MSCs were
seeded into poly(e-caprolactone) scaffolds, the expression
ratio of Col II over Col I increased with increasing scaffold
permeability.*®

A key factor in the initial stage of chondrogenesis in vitro
and in vivo is the extent of cell—cell interaction.”” The high
cell density in the mesenchyme, formed by the condensation
of MSCs during articular cartilage development, leads to
robust cell—cell interactionf&39 downregulation of Yes-
associated protein, and upregulation of Smad signaling.*’
The cell density in the adult articular cartilage decreases
from 60 million/mL in the superficial zone to 20 and 15
million/mL in the middle and calcified zones, respectively,15
which is almost an order of magnitude lower than the cell
densities in fetal cartilage.'* Therefore, the higher Col II
expression of the encapsulated hMSCs in CarMa hydrogels
at high cell densities (100 million cells/mL) can be attrib-
uted to the higher interaction between the encapsulated
cells, as observed in the fetal cartilage.12 Similarly, the
upregulation of superficial zone markers at high cell den-
sities (SZP and Col II in Figs. 2 and 3), the calcified zone
markers at low densities (Col X and ALP in Figs. 5 and 6),
and the middle zone markers at intermediate densities (AGC
in Figs. 2 and 3) can be attributed to the zonal differences in
cell density. Several studies have shown a direct correlation
between cell density and the expression of superficial and
middle zone markers. The Col II, AGC, and GAG expres-
sion of ovine bone marrow-derived MSCs encapsulated in a
Col I matrix increased with increasing cell density from 0.5
to 50 million/mL.*' The GAG production by hMSCs en-
capsulated in alginate gels and cultured in chondrogenic
medium peaked at 25 million cells/mL as cell density in-
creased from 1.6 to 50 million/mL.** The Col X expression
by chondroprogenitor cells encapsulated in alginate beads
and cultured in chondrogenic medium decreased as the cell
density increased from 4 to 70 million/mL, whereas Col 11
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expression increased.*® Our results show that cell density in
the hydrogel significantly affected differentiation to zone-
specific phenotypes of articular cartilage. The GAG ex-
pression of the encapsulated hMSCs peaked at cell density
of 60 million/mL (Figs. 2 and 3), whereas the expression of
calcified zone markers (Col X and ALP) decreased and total
collagen increased with increasing cell density (Figs. 5 and
6). Although low-to-intermediate cell densities (<60 million
cells/mL) strongly affected zone-specific differentiation of
hMSCs, CarMa source had a noticeable effect at high cell
densities (Figs. 2 and 3). For example, regardless of CarMa
source, the encapsulated hMSCs with cell density of 60
million/mL had higher SZP and Col II expression at day 21
and Sox-9 expression at day 14 compared with 25 million
cells/mL. On the contrary, SZP and Col II expressions at day
21 and Sox-9 expression at day 14 for hMSCs in f-CarMa
hydrogel with 100 million cells/mL. was higher than a-
CarMa with 200 million cells/mL.

The results in Figures 5 and 6 demonstrate that the ex-
pression of calcified zone-specific markers (Col X and ALP)
of hMSCs in CarMa hydrogels increased by supplementing
the medium with IHH. It is known that IHH expression by
prehypertrophic chondrocytes induces hypertrophy in mature
chondrocytes®®** through a PTHrP-independent pathway,
which downregulates Sox-9 expression and activates Wnt/3-
catenin and BMP pathways.'"** In a previous study,
concomitant transfection of hMSCs in pellet culture with IHH
and TGF-B1 increased the expression of hypertrophic mark-
ers ALP and Col X as well as GAG content,*® which was
consistent with our results in Figure 6. In other studies, rabbit
MSCs overexpressing IHH had higher expression of hyper-
trophic markers ALP and Col X compared with the untreated
MSCs after 21-day incubation in chondrogenic medium,*’
and chondrocytes overexpressing IHH, isolated from the
middle zone of articular cartilage, underwent hypertrc;ghy and
differentiated into the calcified zone chondrocytes.””

Several studies suggest that the superficial zone chon-
drocytes have the capacity to differentiate and mature to the
middle and calcified zone chondrocytes.”'? For example,
labeled mouse superficial zone chondrocytes differenti-
ated into mature middle and calcified zone chondrocytes
in vivo.>? Therefore, the middle and calcified zones of ar-
ticular cartilage can potentially be generated from hMSCs
encapsulated in a superficial zone-like matrix with sequen-
tial addition of middle (IGF-1) and calcified (IHH) zone-
specific growth factors. Our results show that hMSCs
encapsulated in CarMa hydrogels and differentiated to the
superficial zone phenotype of articular cartilage can be
further differentiated and matured to the middle and calcium
zone phenotypes by replacement of BMP-7 in the culture
medium with IGF-1 and IHH, respectively (Fig. 7a). Fur-
thermore, the results show that 4 weeks of IGF-1 exposure
to BMP-7 preexposed hMSCs was more effective for mat-
uration of hMSCs to the middle zone phenotype compared
with 2 weeks (Fig. 7b—d, g, h).

Conclusion

The effect of matrix source (f-CarMa vs. a-CarMa), cell
density, and zone-specific growth factors (BMP-7, IGF-1,
IHH) on chondrogenic differentiation of hMSCs encapsulated
in CarMa hydrogels was investigated. Encapsulation of
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hMSCs in f-CarMa at high cell densities and cultivation in
chondrogenic medium supplemented with BMP-7 stimulated
differentiation to the superficial zone phenotype of articular
cartilage, whereas encapsulation in a-CarMa at low cell
densities and the medium supplementation with IHH stimu-
lated differentiation to the calcified zone. Encapsulation of
hMSCs in CarMa (fetal or adult) at intermediate cell densities
and medium supplementation with IGF-1 stimulated differ-
entiation of hMSCs to the middle zone phenotype. Sequential
addition of IGF-1 to the chondrogenic medium stimulated
differentiation of the encapsulated hMSCs, preexposed to
BMP-7, to the middle zone phenotype. Furthermore, se-
quential addition of IHH to the chondrogenic medium stim-
ulated maturation of the encapsulated hMSCs, preexposed to
BMP-7 and IGF-1, to the calcified zone phenotype. The re-
sults are potentially useful for engineering injectable, mono-
layer, cell-laden hydrogels with sequential release of growth
factors for regeneration of full-thickness articular cartilage
defects.
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