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Methacrylated hyaluronic acid (HA) hydrogels provide a backbone
polymer with which mesenchymal stem cells (MSCs) can interact
through several cell surface receptors that are expressed by MSCs,
including CD44 and CD168. Previous studies showed that this
3D hydrogel environment supports the chondrogenesis of MSCs,
and here we demonstrate through functional blockade that these
specific cell–material interactions play a role in this process. Beyond
matrix interactions, cadherin molecules, a family of transmembrane
glycoproteins, play a critical role in tissue development during
embryogenesis, and N-cadherin is a key factor in mediating cell–
cell interactions during mesenchymal condensation and chondro-
genesis. In this study, we functionalized HA hydrogels with N-
cadherin mimetic peptides and evaluated their role in regulating
chondrogenesis and cartilage matrix deposition by encapsulated
MSCs. Our results show that conjugation of cadherin peptides
onto HA hydrogels promotes both early chondrogenesis of MSCs
and cartilage-specific matrix production with culture, compared
with unmodified controls or those with inclusion of a scrambled
peptide domain. This enhanced chondrogenesis was abolished via
treatment with N-cadherin–specific antibodies, confirming the
contribution of these N-cadherin peptides to chondrogenesis. Sub-
cutaneous implantation of MSC-seeded constructs also showed
superior neocartilage formation in implants functionalized with
N-cadherin mimetic peptides compared with controls. This study
demonstrates the inherent biologic activity of HA-based hydro-
gels, as well as the promise of biofunctionalizing HA hydrogels
to emulate the complexity of the natural cell microenvironment
during embryogenesis, particularly in stem cell-based cartilage re-
generation.

Mesenchymal stem cells (MSCs) have emerged as a clinically
relevant cell source for regenerative medicine due to their

potential to differentiate into several mesenchymal lineages in-
cluding cartilage, bone, and fat (1, 2). The multipotent differ-
entiation of MSCs is tightly regulated by both soluble and
physical cues present in the pericellular microenvironment, including
cell–cell and cell–matrix interactions, cues that can be engineered
into a variety of natural and synthetic biomaterial scaffolds (3). These
materials may be either permissive to chondrogenesis (inert mate-
rials including agarose and PEG) or inductive to chondrogenesis by
mimicking components of the natural pericellularmicroenvironment
(4, 5). For example, photopolymerizable hydrogels composed of
methacrylated (Me) hyaluronic acid (HA) may provide biological
cues such as CD44 and CD168 interactions based on the role of HA
in cellular signaling (6–8) (Fig. 1). Coincident with the onset of
condensation and the first appearance of cartilage in the embryo
is the appearance of specific binding sites for HA on bud limb
mesenchymal cells (9). Large HA molecules are involved in the
aggregation of these cells during condensation via multivalent
cross-bridging (10), and HA has already been shown to enhance
chondrogenesis in hydrogels compared with inert hydrogels (11).
Biomaterials are evolving to increase their complexity for

a variety of applications, yet the field is still limited in many

aspects of cellular signaling. As one example, many hydrogels
inherently limit the direct cell–cell interactions that are essential
for early mesenchymal condensation events, including rapid
proliferation of cells within the developing limb bud. The tem-
poral expression patterns of matrix molecules (e.g., fibronectin
fragments) and those that mediate cell–cell adhesion (e.g., N-
cadherin) regulate this process. Many studies have attempted to
improve the biological functionality of biomaterial scaffolds by
tethering ECM molecules, growth factors, or other bioactive
groups (5, 12–15). A recent study showed that modification of
PEG hydrogels with fusion proteins that support cellular com-
munication promotes the viability and functionality of encapsu-
lated pancreatic cells (16). However, little attention has been
focused on mimicking early cell–cell interactions in hydrogels for
stem cell-based cartilage regeneration.
N-cadherin is widely considered to be the key factor in

directing cell–cell interactions during mesenchymal condensa-
tion, a process mediated by surface contacts that results in ag-
gregation of progenitor cells (17–20). Studies have shown that
the expression of the deletion mutant form of N-cadherin, which
lacks either the extracellular homotypic interaction domains or
the intracellular β-catenin binding site, results in decreased cel-
lular condensation and impaired chondrogenesis (21, 22). These
findings suggest that both extracellular homotypic interaction
and intracellular interaction with the catenin complex are es-
sential for proper N-cadherin signaling (23). The evolutionarily
conserved His-Ala-Val (HAV) motif in the first extracellular
domain (ECD1) of N-cadherin is critical to the homotypic pro-
tein interaction that mediates cell–cell adhesion (24). This se-
quence is present at the interface of the ECD1 adhesion dimer
crystal, where side chains from this sequence account for 14%
of the adhesion interface (25). Optimized synthetic peptides
containing the HAV domain have been shown to possess N-
cadherin–like binding activity (26).
With this in mind, the design of a hydrogel that incorporates

cues of both matrix and cell–cell interactions may enhance the
chondrogenesis of MSCs. The incorporation of these develop-
mentally relevant cues is possible in HA hydrogels, where pro-
vision for receptor interactions and inclusion of peptides that
mimic the extracellular domain of N-cadherin can be engineered
into the synthetic microenvironment. Here, these interactions
are investigated and blocked to understand their role in human
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MSC (hMSC) chondrogenesis and in neocartilage production,
including both in vitro and in vivo studies.

Results
HA macromers were modified with methacrylates (29%) to en-
able cross-linking via radical polymerization of methacrylates to
form MeHA hydrogels (1.5%, wt/vol) (Fig. 1). Unmodified por-
tions of the macromers provided a base to investigate the con-
tribution of cellular signaling of hMSCs via CD44 and CD168
surface receptors to chondrogenesis. To investigate the effect of
cell–cell signaling on chondrogenesis, methacrylates were used
to covalently bind cadherin mimetic (Cadherin) or scrambled
(Scrambled) peptides through addition reaction. For in vitro
studies, hMSCs were encapsulated in MeHA hydrogels and cul-
tured in differentiation media, containing TGF-β3 added directly
to the media for in vitro studies or TGF-β3 delivery with micro-
spheres for in vivo studies (Fig. S1). Immunostaining of the
hMSCs cultured on tissue culture plastic revealed the expression
of CD44, CD168, and N-cadherin surface receptors by the ma-
jority of the starting hMSC population used in this study (CD44,
∼99%; CD168,∼95%; andN-cadherin,∼99%; Fig. 1 and Fig. S2).
Although expression decreased to almost half of the initial levels
for calcium binding receptors CD168 and N-cadherin during the
cell detachment process, the expression was back to initial levels
with 4 h of culture (Fig. S2).

Interactions Between hMSCs and HA via CD44 and CD168 Enhance
Chondrogenesis and Neocartilage Formation. In differentiation
media, but not in the growth media, hMSCs underwent chon-
drogenesis in MeHA hydrogels (Fig. 2 and Fig. S3). However,
treatment of hMSCs before encapsulation with an antibody to
CD168 (CD168ab) significantly reduced the expression of chon-
drogenic markers including type II collagen (COL2), aggrecan

(AGG), and sex determining region Y-box 9 (Sox 9) through day
28 of the culture compared with the untreated control (Fig. 2A and
Fig. S4). Treatment with CD44 antibody (CD44ab) significantly
lowered the expression of AGG. Both antibody-treated construct
groups developed lower glycosaminoglycan (GAG), collagen
content, and equilibrium modulus compared with the control
constructs after 28 d of culture (Fig. 2 B and C). Immunohisto-
chemical staining also showed more intense and distributed
chondroitin sulfate (CS) and COL2 staining in the control con-
structs compared with the antibody treatment groups such that the
mean staining intensity (CS and COL2, respectively) was signifi-
cantly higher for control (∼78 and 52) compared with CD44ab
(∼56 and 37) and CD168ab (∼36 and 25) (Fig. 2D and E). Finally,
no differences in cell survival for encapsulated hMSCs were ob-
served when cells were treated with CD44 or CD168, compared
with untreated cells (Fig. S5). Little staining was observed for
COL1 for all groups (Fig S6).

Cadherin Mimetic Peptides Enhance Early Chondrogenesis. MeHA
macromers were functionalized with Cadherin or Scrambled
peptides (10 mol% of the methacrylates), and a control group

Fig. 1. Hydrogel design to harness cell–matrix and cell–cell interactions.
hMSCs were photoencapsulated within hydrogels that present epitopes for
interaction with CD44 and CD168 receptors, as well as N-cadherin. Macro-
mers were designed from hyaluronic acid (to bind to receptors), modified
with methacrylates for photo cross-linking, and modified with peptides that
either mediate N-cadherin binding or act as scrambled sequence controls.
Fluorescent images of hMSCs immunostained for CD44, CD168, or N-cadherin
(green) surface receptors and nuclei (blue). (Scale bars, 100 μm.)

Fig. 2. hMSC interactions with CD44 and CD168 influence chondrogenesis.
(A) Mean fold change in gene expression (normalized to GAPDH and
monolayer cells before encapsulation) of selected chondrogenic markers
(COL2 and AGG) of MSCs cultured in HA hydrogels (1.5% MeHA, wt/vol)
after 1, 3, 7, or 28 d of in vitro culture in differentiation media with no
treatment (control) or after treatment with CD44 (CD44ab) or CD168
(CD168ab) antibodies before encapsulation. (B) GAG and total collagen
content normalized by sample wet weight, and (C) equilibriummodulus (EY).
(D and E) Quantification and images of immunohistochemical staining for CS
and COL2 of MSC-laden HA hydrogel constructs after 28 d of in vitro culture.
*P < 0.05 vs. control group at the same culture time (n = 4); ▪P < 0.1 vs.
control group (n = 5). (Scale bars, 50 μm.)
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with no peptide conjugation was used for comparison. Peptide
binding efficiency was quantified to be 88 ± 11% and 85 ± 6% of
the theoretical amount for Cadherin and Scrambled groups, re-
spectively (Fig S7). The expression of chondrogenic markers
including COL2, AGG, and Sox 9 on days 1 and 3 of the culture
for the Cadherin group were significantly higher than for the
Scrambled and control groups. No significant differences were
observed between the Scrambled and control groups. Specifically,
the expression of COL2, AGG, and Sox 9 in Cadherin hydrogels
increased by 6.2-, 3.3-, and 6.5-fold on day 3, respectively, compared
with the Scrambled group. By day 7, the chondrogenic effect of
N-cadherin peptides had diminished, such that no significant dif-
ferences in chondrogenic gene expression were found among the
groups. Mechanical testing showed that modification of acellular
hydrogels with peptides (at 10% level) resulted in no change in the
baseline Young’s modulus compared with unmodified hydrogels.
To verify that the enhanced chondrogenesis was indeed attrib-

utable to cadherin peptides, hMSCs were treated with a mono-
clonal N-cadherin antibody (+ab) before encapsulation. The
antibody treatment abrogated the chondrogenic effect of N-
cadherin peptides and reduced the expression of chondrogenic
genes to levels similar to those of the control group (Fig. 3 and
Fig. S3). For example, antibody treatment reduced the expression
of COL2 and AGG in the Cadherin group by ∼91% and ∼79%,
respectively, on day 1. In contrast, the antibody treatment had no
significant impact on gene expression in the Scrambled and
control groups. Immunohistochemical staining against β-catenin
revealed expression of β-catenin by cells encapsulated in the
cadherin peptide modified hydrogels (Cadherin) on day 7 of the
culture (Fig. S8). In contrast, very little staining was observed in

the Scrambled and control hydrogels. Furthermore, N-cadherin
antibody treatment significantly reduced β-catenin staining in the
Cadherin modified hydrogels (Fig. S8).

Cadherin Mimetic Peptides Promote in Vitro Neocartilage Formation
over Long-Term Culture. To evaluate the long-term outcome in
neocartilage formation as a result of the enhanced early chon-
drogenesis in the presence of cadherin mimetic peptides, hMSC-
laden constructs were cultured in differentiation media for 28 d
(Fig. S1). Staining revealed that >90% of encapsulated hMSCs
remained viable on day 28 in all groups (Fig. S5). Quantification
of cartilage-specific matrix components showed that Cadherin
hydrogels possessed higher GAG and collagen content com-
pared with Scrambled or control groups (Fig. 4A). GAG and
collagen content for the Cadherin group increased by ∼52% and
∼83%, respectively, compared with the control group after 28 d
of culture. Mechanical testing indicated that Cadherin hydrogel
constructs developed higher mechanical stiffness compared with
the Scrambled or control hydrogels after 28 d of culture (Fig. 4B).
Immunohistochemical staining for CS and COL2 revealed more
intense and distributed staining in the pericellular and extracel-
lular space, suggesting superior cartilage matrix elaboration in the
Cadherin constructs compared with the Scrambled and control
constructs (Fig. 4 C and D), which likely explains the enhanced
mechanical properties. The mean staining intensity (CS and
COL2, respectively) was significantly higher for the Cadherin
group (∼110 and 75) compared with the Scrambled (∼79 and 46)
and control (∼80 and 53) groups. Little staining was observed for
COL1 for all groups (Fig. S6).

Cadherin Mimetic Peptides Enhance in Vivo Neocartilage Formation.
To evaluate the efficacy of the N-cadherin peptide in vivo,
hMSC-laden MeHA hydrogel disks (Cadherin, Scrambled, or
control groups) were implanted in s.c. pockets of nude mice for
28 d (Fig. S1). Alginate microspheres loaded with TGF-β3 were
also encapsulated to provide chondrogenic induction in vivo
(27). As observed in vitro, the implants containing N-cadherin
peptides reached higher GAG and collagen content compared
with those from the Scrambled and control groups (Fig. 5A). For
example, GAG and collagen content in Cadherin hydrogels in-
creased by ∼36% and ∼45%, respectively, compared with the
control group after 28 d of implantation. Immunohistochemical
staining also showed more intense and distributed COL2 and CS
staining in the Cadherin implants compared with the Scrambled
and control implants (Fig. 5 B and C). The mean staining in-
tensity (CS and COL2, respectively) was significantly higher for
the Cadherin group (∼94 and 73) compared with the Scrambled
(∼58 and 46) and control (∼52 and 44) groups. Little staining
was observed for COL1 for all groups (Fig. S6).

Discussion
Recent in vitro studies have demonstrated successful chondro-
genesis of hMSCs photoencapsulated in HA hydrogels formed
through cross-linking of HA modified with methacrylate groups
(27–29). However, it still remains a challenge to recapitulate the
functional properties of the native articular cartilage using only
hMSCs, particularly compared with donor-matched articular
chondrocytes, as shown in a bovine model (30, 31). The selection
and modification of scaffold materials is critical to the improve-
ment of chondrogenesis and cartilage formation by hMSCs. This
work demonstrates that the interactions between hMSCs and HA
via cell receptors CD44 and CD168 significantly influence chon-
drogenesis and neocartilage formation. Furthermore, coupling
N-cadherin mimetic peptides onto HA hydrogels enhances early
chondrogenic differentiation of encapsulated hMSCs, leading to
superior long-term neocartilage formation under both in vitro
and in vivo conditions. In vitro studies also revealed the necessity
of soluble factors present in the media supplemented with TGF-

Fig. 3. HA-based presentation of N-cadherin mimetic peptides enhances
early hMSC chondrogenesis. Mean fold change in gene expression (nor-
malized to GAPDH and monolayer cells before encapsulation) of selected
chondrogenic markers (A) COL2 and (B) AGG of MSCs cultured in HA
hydrogels (1.5% MeHA wt/vol, 10% methacrylate consumption with Cadherin
or Scrambled peptides) after 1, 3, 7, or 28 d of in vitro culture in differentiation
media either untreated (−ab) or with treatment with the N-cadherin antibody
before encapsulation (+ab). *P < 0.05 vs. +ab group of the same scaffold at the
same culture time (n = 4).
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β3 for hMSC chondrogenesis in HA hydrogels. In the absence of
soluble factors, chondrogenic differentiation of hMSCs was di-
minished even in the presence of N-cadherin mimetic peptides,
indicating a synergistic response of hMSCs to cadherin and sol-
uble factors. This finding highlights the importance of function-
alizing hydrogels to emulate complex cell microenvironments

during skeletogenesis to advance stem cell-based cartilage
tissue engineering.
CD44- and CD168-mediated cell interactions with HA are

involved in many physiological processes, including embryonic
development, tissue regeneration, and cell migration and pro-
liferation. Studies have shown that stem-cell interactions with
HA promote expression of chondrogenic markers including
COL2, AGG, and Sox 9 (32, 33). In this study, blocking the
hMSC–HA interactions using antibodies specifically targeting
CD44 or CD168 significantly down-regulated the expression of
major chondrogenic markers, confirming the importance of re-
ceptor-mediated HA interactions in chondrogenesis. Although
binding of HA via CD44 or CD168 is known to trigger various cell
signaling events, such as altered kinase activities (34) and cyto-
skeletal rearrangement (35), the molecular mechanisms under-
lying their roles in chondrogenesis remain largely undefined.
Cadherin plays a critical role in mediating early chondrogenic

events during cartilage formation. It is known that N-cadherin
function is correlated with cytoplasmic-associated proteins in-
cluding β-catenin (36, 37). The observed increase in the ex-
pression of β-catenin in the cadherin peptide-modified hydrogels
demonstrates that peptide functionalization leads to hMSC sig-
naling. Here, the beneficial effects of cadherin mimetic peptides
on the expression of chondrogenic marker genes were most ev-
ident at early time points (days 1 and 3), but this effect had di-
minished to baseline levels by day 7 of culture. A previous study
reported that N-cadherin expression by limb mesenchymal cells
increased dramatically at the initiation of condensation, but that
this effect decreased with cartilage formation and maturation
(38). Therefore, the diminishing effect of the coupled cadherin
peptides was potentially a concomitant consequence of decreasing
N-cadherin density on hMSCs with chondrogenesis. In fact, per-
sistent expression of N-cadherin via viral transfection in limb
mesenchymal cell culture had an inhibitory effect on chondro-
genesis, possibly due to prolonged maintenance of increased cell–
cell adhesiveness, stressing the importance of precise temporal
presentation of N-cadherin (21). Moreover, the encapsulated
hMSCs elaborate and deposit increasing amounts of cartilage
matrix with culture, which could block interactions with the pep-
tide with time. Several previous studies showed that a transient but
optimal exposure of soluble chondrogenic factors resulted in su-
perior subsequent neocartilage formation by hMSCs (31, 39). In
this study, it was demonstrated that a short-term effect of synthetic
cues on cellular interactions during early stages of chondrogenesis
leads to improved cartilage development in the long term.
The HAV motif, the evolutionary conserved sequence in the

ECD1 of N-cadherin considered essential to cadherin activity, is
critical to its homotypic binding (24). Monomeric versions of this
motif generally function as antagonists by competing against
natural binding sites in the N-cadherin ECD1 domain, whereas
dimeric versions are capable of acting as agonists by promoting
dimerization of N-cadherins in cells (40). In this study, because
one end (C-terminal) of the peptide was conjugated to the HA
hydrogel backbone, a monomeric linear peptide sequence con-
taining the HAV motif was capable of mimicking N-cadherin
agonistic activity. Studies have shown that the identity of the
amino acids that flank the HAV motif determines both the ac-
tivity and specificity of the mimetic peptides (26). Furthermore,
the cyclic form of cadherin mimetic peptides exhibits significantly
higher activity than linear peptides (40). Therefore, further op-
timization of the peptide sequence and structure could produce
an even more robust chondrogenic effect than that observed here.
Beyond the peptide used, the dosing and mechanical loading

environment may also need to be optimized. For example, we
observed a robust cellular response with a peptide dosage that
consumed ∼10% of the methacrylate groups, a consumption that
did not lead to differences in initial mechanical properties. It was
reported that moderate (twofold) overexpression of full-length

Fig. 4. N-cadherin biomimetic peptides enhance neocartilage formation by
hMSCs in vitro. (A) GAG and total collagen content normalized by sample
wet weight, (B) equilibrium modulus (EY), and (C and D) immunohisto-
chemical staining results for chondroitin sulfate (CS) and type II collagen
(COL2) of MSC-laden HA hydrogel constructs after 28 d of in vitro culture in
differentiation media. *P < 0.05 vs. Scrambled or control group (n = 4). (Scale
bars, 50 μm.)

Fig. 5. N-cadherin biomimetic peptides enhance neocartilage formation by
hMSCs in vivo. (A) GAG and total collagen content normalized by sample
wet weight and (B and C) immunohistochemical staining results for CS and
COL2 of MSC-laden HA hydrogel constructs 28 d after s.c. implantation in
nudemice. *P < 0.05 vs. Scrambled or control group (n = 4). (Scale bars, 50 μm.)
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N-cadherin in a transfected mesenchymal cell line augmented,
whereas higher (fourfold) overexpression inhibited, chondrogenesis
(41). Therefore, the response to the mimetic peptides seems to be
biphasic, and there could be an optimal dosage, which will need to
be elucidated in future studies. It has recently been shown that
cells can exert traction forces through cadherin cell–cell contacts
(42, 43), so hydrogel mechanics and the loading environment
may need to be considered in the utility of such materials. It has
also been shown that cluster presentation of certain mimetic
peptides, such as those containing an integrin-binding Arg–Gly–Asp
(RGD) domain, significantly increases their binding efficacy (44,
45). Therefore, the local presentation (e.g., clustering and tether
length) may be optimized independent of hydrogel mechanics to
further mimic and present the molecule for cellular interactions.
The biochemical content (GAG and collagen) and mechanical

properties of healthy human articular cartilage generally differ
between locations and with age. For femoral articular cartilage
in adult human knees, the GAG, total collagen content, and
mechanical stiffness was reported to be around 2–4% (by wet
weight), 8–14% (by wet weight), and 400–600 kPa, respectively
(46, 47). Although this study describes a significant advancement
in cartilage tissue engineering with human MSCs and design of
functional hydrogels, the values obtained are still well below those
of the healthy cartilage reported above. There is definitely room
for further enhancing the chondrogenesis of hMSCs to approach
the functional properties of native cartilage tissue.
The findings from this study showed that hMSC interactions

with HA hydrogels via CD44 and CD168 promote chondro-
genesis. Furthermore, tethering of N-cadherin mimetic peptides
further enhanced early expression of chondrogenic markers and
promoted long-term cartilage matrix production under both in
vitro and in vivo conditions. This finding highlights the impor-
tance of material selection and functionalization to guide stem
cell differentiation by providing instructive microenvironmental
biochemical signals. It also demonstrated the promising potential
of biofunctionalizing HA hydrogels to emulate the complexity
of the natural cell microenvironment during embryogenesis to
further stem cell-based cartilage regeneration approaches.

Materials and Methods
Macromer Synthesis and Peptide Conjugation. MeHA was synthesized as pre-
viously reported (48) through the reaction of methacrylic anhydride (94%,
formula weight 154.17; Sigma) with 1% (wt/vol) HA (sodium hyaluronate
powder, molecular weight ∼74 kDa; Lifecore) in deionized water at a pH of
8, purification via dialysis (molecular weight cutoff 6–8 kDa), followed by
lyophilization. Methacrylation of the final macromer was confirmed by 1H
NMR to be ∼29%. Scrambled (Ac-AGVGDHIGC) and N-cadherin mimic (Ac-
HAVDIGGGC) peptides with a cysteine residue at the C-terminal end to
permit Michael-type addition reaction with MeHA were obtained from
GenScript. MeHA macromers and peptides were dissolved in triethanol-
amine-buffered saline (TEOA buffer, 0.2 M TEOA, 0.3 M total osmolarity, pH
8.0) and maintained at 37 °C overnight for peptide coupling. For deter-
mination of peptide binding efficiency refer to SI Materials and Methods.

Sample Preparation and in Vitro Culture. Human MSCs (Lonza) expanded to
passage 3 in growth media consisting of α-MEM with 16.7% (vol/vol) FBS and
1% (vol/vol) penicillin–streptomycin (supplemented with 5 ng/mL fibroblast
growth factor 2) were used in all experiments. For blocking studies, hMSCs
were incubated with anti-CD44 (3/1,000 mouse mAb CD44; Abcam), anti-
CD168 (3/1,000 rabbit mAb Cd168; Epitomics), or anti–GC-4 (50 μg/mL;
Sigma), which binds to the N-terminal half of the extracellular domain of
human N-cadherin (49, 50), in a buffer [2% (vol/vol) FBS in PBS] for 45 min
on ice, washed twice in buffer, and resuspended in growth media. Ex-
pression of surface markers (CD44, CD168, and N-cadherin) was determined
via immunostaining of the hMSCs before cell detachment (SI Materials and
Methods gives details). For hydrogel constructs, hMSCs (20 million/mL) were
photoencapsulated (365 nm, 1.2 mW/cm2, 10 min) in 1.5% (wt/vol) MeHA
[containing 0.05% 2-methyl-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-prop-
anone (I2959; Ciba)] hydrogel disks (Ø5 mm, 2.6-mm thickness) conjugated
with cadherin mimetic (Cadherin group) or scrambled (Scrambled group)
peptides or no peptide controls (control group) (Ø5mm, 2.6-mm thickness;
Fig. 1 and Fig. S1). The constructs were cultured in chondrogenic media
[DMEM, 1% (vol/vol) ITS+ Premix, 50 μg/mL L-proline, 0.1 μM dexamethasone,
0.9 mM sodium pyruvate, 50 μg/mL ascorbate, and antibiotics] supplemented
with 10 ng/mL TGF-β3 and changed three times per week (51).

Subcutaneous Implantation in Nude Mice. TGF-β3–releasing alginate micro-
spheres were fabricated as described previously (27). hMSCs and micro-
spheres were coencapsulated in HA hydrogels (each construct contained
microspheres loaded with 100 ng of TGF-β3, eight constructs for each group)
as described above before being implanted on the following day in four s.c.
pockets for 28 d in male nude mice (NCRNU, age 4 wk; Taconic) (Fig. S1). All
animal procedures were approved and guided by the Institutional Animal
Care and Use Committee at the University of Pennsylvania.

Construct Analysis. For gene expression analysis, samples were homogenized
in TRIzol reagent and RNAwas extracted, quantified, and reverse-transcribed
into cDNA and PCR was performed (primers listed in Table S1). The relative
gene expression was calculated using the ΔΔCT method, where fold differ-
ence was calculated using the expression 2ΔΔCt, normalized to GAPDH and
expression levels of hMSCs at encapsulation. At 28 d, samples were removed
from the culture or from s.c. pockets and processed for bulk mechanics as
described previously (52) and then digested in proteinase-K and assessed for
DNA content with PicoGreen, GAG content with dimethylmethylene blue,
and overall collagen via orthohydroxyproline via dimethylaminobenzalde-
hyde and chloramine T assay. Remaining constructs were fixed in 4% (wt/vol)
formalin, processed with standard paraffin embedding, and immunostained
for chondroitin sulfate and COL1 and COL2. Quantification of mean staining
intensity is given in Fig S9. All data are presented as mean ± SD. Statistica
(Statsoft) was used to perform statistical analyses using two-way ANOVA
with Tukey’s honestly significant difference post hoc test of the means used
to make comparisons between groups (n = 4 samples per group), with cul-
ture duration and experimental group as independent factors.
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