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Abstract Transglutaminase-mediated cross-linking
has been employed to optimize the mechanical proper-
ties and stability of tissue scaffolds. We have charac-
terized tissue transglutaminase (TG2)-mediated cross-
linking as a useful tool to deliver biologically-active
TGF to mesenchymal stem cells (MSCs) and direct their
differentiation towards a chondrogenic lineage. TGF-[33
is irreversibly cross-linked by TG2 to collagen type II-
coated poly(L-lactic acid) nanofibrous scaffolds and
activates Smad phosphorylation and Smad-dependent
expression of a luciferase reporter. Human bone mar-
row-derived MSCs cultured on these scaffolds deposit
cartilaginous matrix after 14 days of culture at 50 %
efficiency compared to chondrogenesis in the presence
of soluble TGF-B3. These findings are significant
because they suggest a novel approach for the program-
ming of MSCs in a spatially controlled manner by
immobilizing biologically active TGF-B3 via cross-
linking to a collagen-coated polymeric scaffold.

C. Niger - K. E. Beazley - M. Nurminskaya (D<)
Department of Biochemistry and Molecular Biology,
University of Maryland, Baltimore, MD, USA
e-mail: mnurminskaya@som.umaryland.edu

C. Niger
e-mail: corinneniger @hotmail.com

K. E. Beazley
e-mail: kbeazley @som.umaryland.edu

Keywords Cartilage bioengineering -
Chondrogenesis - Mesenchymal stem cells -
Nanofibres - Poly(rL-lactic acid) - TGF-p3 -
Tissue scaffolds - Transglutaminase 2

Introduction

Transglutaminases (TGases) function by catalyzing
the formation of covalent N-g-(y-glutamyl) lysine
amide bonds between individual protein strands to
form a permanent network of polypeptides. In mam-
mals, the family of TGases is composed of eight
catalytically-active enzymes expressed in various
patterns in virtually all organs and tissues (Nurmins-
kaya and Belkin 2012; Lorand and Graham 2003).The
ubiquitous presence of cross-links in the body as
mediated by TGase suggests that biomaterials cross-
linked by TGases would have improved biocompat-
ibility as well as enhanced stability (Collighan and
Griffin 2009). Multiple studies have shown that the
cross-linking of biomaterials by tissue transgluta-
minase (also known as transglutaminase 2 or TG2)
enhances cell attachment, spreading, and differentia-
tion at the biomaterial interface. Several mechanisms
have been suggested to underlie these effects includ-
ing: alterations in the elasticity of cross-linked matri-
ces (Chau et al. 2005); crosslinking of cell surface-
associated fibronectin that may affect its binding to
integrins (Akimov et al. 2000; Chau et al. 2005) and
thus alter matrix—cell interactions and downstream
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signaling; and regulation of intracellular signaling by
TG2 auto-cross-linking to protein-coated scaffolds
(Shanmugasundaram et al. 2012a) due to the ability of
TG2 to interact with various cell surface receptors
(Nurminskaya and Belkin 2012).

In articular cartilage, TG2 contributes to the
resistance of tissue to high stress and to control cell
differentiation (Demignot et al. 1995; Rosenthal et al.
1997; Summey et al. 2002; Johnson et al. 2001). In
addition, TG2-mediated cross-linking of a number of
cartilage components including fibronectin, collagen
II, osteonectin, and osteopontin (Jones and Messer-
smith 2007) is believed to improve matrix stability. In
cartilage tissue engineering, TG2 has been explored
for several applications. TG2 cross-linking of collagen
matrices promoted chondrogenic differentiation in
human bone marrow-derived mesenchymal stem cells
(hBMSC) (Shanmugasundaram et al. 2012a) and
helped to sustain the phenotype of intervertebral disc
fibrochondrocytes incorporated into a mixture of
elastin-like peptides (McHale et al. 2005). TG2 has
been also used as biological glue in the repair of
articular cartilage, improving the adhesive strength
between two pieces of cartilage by as much as 40 %—
superior to a commercial tissue sealant (Jurgensen
et al. 1997). In addition, TG2 cross-linking of biolog-
ically active molecules has been used as an effective
approach to functionalize biomaterials. For example,
fibrin matrix modified by cross-linking the active
fragment of human parathyroid hormone (PTH(1-34))
supported improved bone formation in vivo (Arrighi
et al. 2009).

Cartilage bioengineering with stem cells (including
hBMSCs) commonly depends on the presence of TGF
growth factors to induce chondrogenic differentiation
and promote deposition of cartilaginous matrix
(reviewed by Freyria and Mallein-Gerin 2012). The
main drawback of TGFs is their cost when used
continuously as a culture medium supplement for
weeks to stimulate chondrogenesis in vitro. We
proposed that TGF-f can be cross-linked to a matrix,
providing high local morphogen concentrations and
sustained presence to direct cell differentiation. Here,
we employed TG2 to functionalize a collagen matrix
with cross-linked TGF-f3 protein and tested the ability
of the modified scaffold to stimulate chondrogenic
differentiation of hBMSCs. We show that TGF-f3
cross-linked to collagen-coated poly(L-lactic acid)
(PLLA) scaffolds by TG2 retains biological activity
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and induces chondrogenesis in hBMSCs. This proof-
of-principle study identifies a new application for TG2
in tissue engineering to fabricate pre-cast functional-
ized scaffolds that can drive local differentiation of
MSCs in vivo.

Materials and methods
PLLA scaffold preparation

Biodegradable nanofibrous scaffolds were prepared by
electrospinning of PLLA (Sigma-Aldrich)ina 10-12 %
(w/v) hexafluoroisopropanol (HFIP) (Sigma-Aldrich,
MO) as described in our previous study (Shanmugas-
undaram et al. 2012a). In brief, electrospinning was
performed at room temperature and at 3 ml/h at 20 kV.
The average nanofibrous scaffolds were approx. 150 pm
in thickness. Prior to use, PLLA scaffolds were cut into
disks of 6 mm diameter for 96-well plates and 11 mm
diameter for 24-well plates. Scaffolds were washed
in 70 % (v/v) ethanol, then in PBS, and coated overnight
with 0.1 mg/cm? collagen type I or collagen type II
(Chondrex, Inc., WA) according to the published proto-
col (Shanmugasundaram et al. 2012a). To cross-link
TGF-3 to collagen-coated PLLA nanofibers, 0.01 U/ml
purified liver TG2 enzyme (Sigma-Aldrich, MO) was
incubated with scaffolds and 10 ng/ml TGF-B3 (ProS-
pec, NJ) for 8 h. Cross-linked scaffolds were rinsed in
PBS to remove non-bound TGF-f3 and TG2 before use
for cell cultures.

hBMSC expansion and culture

Three independent samples of hBMSCs were purchased
from Lonza Walkersville Inc., MD. Cells were expanded
in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10 % (v/v) fetal bovine serum and 1 %
antibiotic/antimycotic (Invitrogen, CA) at 37 °C, 5 %
CO,. Cells were used at passages 2 and 3.

Cell attachment assay and cell spreading analysis

hBMSC:s attached on collagen-coated PLLA scaffolds
were detected using the calcein AM cell viability kit
according to the manufacturer’s instructions (Trevi-
gen, MD) at 2 and 18 h after seeding. For quantitative
assessment, cells were counted with a hemacytometer
under a fluorescence microscope. At least four fields
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per scaffold were analyzed and at least three scaffolds
per condition were used. To analyze cell spreading,
FITC-conjugated anti-actin antibody (AC-40, 1:250,
Abcam) was used on fixed cells permeabilized with
0.01 % Triton X-100. Nuclei were counterstained with
diamidino-2-phenylindole.

hBMSC differentiation

For hBMSC chondrogenesis, cells were seeded at
1.75 x 10°/em? (2.5 x 10* cells per well in a 96-well
format), and maintained in chondrogenic medium
[DMEM-high glucose supplemented with 10~" M
dexamethasone, 0.1 mM ascorbic acid, 1 % ITS
premix (BD Biosciences, NJ), | mM sodium pyruvate,
0.35 mM L-proline, 4 mM L-glutamine and 1 % pen-
icillin/streptomycin. Purified TGF-B3 (ProSpec, NJ)
was either added to the chondrogenic medium at
10 ng/ml or cross-linked to the scaffolds by TG2 as
described above. Medium was changed twice a week.
Quantitative analysis of the deposited sulfated gly-
cosaminoglycan (sGAG) was performed with Blyscan
kit following a 3 h papain extraction at 65 °C. Cell
number was estimated with Crystal Violet stain.

Luciferase assay

TGFp-dependent luciferase reporter (encoding lucif-
erase under a Smad-dependent promoter) and control
“promoterless” A10 VSMC lines were established by
stable transduction with Cignal Reporter lentiviruses
(Invitrogen) (Beazley et al. 2012). hBMSCs were
infected with lentivirus encoding Smad-dependent
luciferase (Invitrogen) and plated on PLLA scaffolds
for 48 h. Cell lysates were prepared using Promega
reagents (cell lysis buffer) and frozen at —20 °C.
Luciferase activity was measured in lysates using
Luciferase Assay System (Promega) and normalized
to total LDH activity in the lysate, determined using
the LDH cytotoxicity kit (BioVision, CA).

Results and discussion

Collagen coating of PLLA scaffolds promotes cell
adhesion and chondrogenesis

To optimize the experimental model, we examined
adhesion and chondrogenic differentiation of hHBMSCs

seeded on PLLA scaffolds coated with either collagen
type I or collagen type II. Both collagens enhanced cell
adhesion and spreading on nanofibrous scaffolds
within 2 h (Fig. 1a) but collagen type II was slightly
more efficient after a longer incubation (up to 18 h)
(Fig. 1b). Similarly, TGF-B3 induced chondrogenesis
was more efficient in hBMSCs cultured on the collagen
type II-coated PLLA scaffolds for 14 days, as esti-
mated by the deposition of Alcian Blue-positive sGAG
matrix per cell (Fig. 1c). Therefore, this type of
scaffold was chosen for further experiments.

TG2 cross-linked TGF-3 retains its biological
activity

TG2-mediated cross-linking of proteins can alter their
activities (Cooper et al. 1997). Therefore, we sought to
examine whether TGF-B3 retains its biological activ-
ity after cross-linking to collagen type II-coated PLLA
nanofibers. The hBMSCs infected with Smad-depen-
dent luciferase reporter virus (Smad-hBMSCs) were
divided into 4 groups: (1) cells grown on collagen II-
coated PLLA (coll II-PLLA) scaffolds, (2) cells grown
on coll II-PLLA scaffolds that were pre-incubated
with TG2 alone, (3) cells grown of coll II-PLLA
scaffolds pre-incubated with TGF-B3 alone, and (4)
cells grown on coated coll II-PLLA scaffolds pre-
incubated with TG2 and TGF-3. Smad-dependent
luciferase expression was analyzed in all groups 48 h
after seeding on the scaffolds. In groups 1-3, no
significant induction of luciferase was observed
(Fig. 2a, black bars). In contrast, in Smad-hBMSCs
grown on coll II-PLLA scaffolds with TGF-3 cross-
linked by TG2, an approx. fourfold (p < 0.05) induc-
tion of Smad-dependent luciferase expression was
detected (Fig. 2a, dark gray bar). Control Smad-
hBMSCs grown on coll II-PLLA scaffolds in the
continuous presence of soluble 10 ng/ml TGF-f3
expressed only 50 % more luciferase (Fig. 2a, light
gray bar) suggesting a specific effect of cross-linked
TGF-3.

Activation of Smad-dependent signaling in hBMSCs
grown on the TGF-B3-modified scaffolds was further
confirmed by the analysis of Smad phosphorylation (Shi
and Massague 2003). In this study, we compared the
dose-dependent effects of TGF-f3, either cross-linked
to the scaffold or supplemented to the medium, on Smad
phosphorylation. Soluble TGF-B3 efficiently induced
Smad phosphorylation at 10 ng/ml and this effect was
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Fig. 1 Optimization of the experimental model of chondro-
genesis in BMSC on nanofibrous PLLA scaffolds by collagen
coating. a Visualization of cell morphology by immunostaining
for actin cytoskeleton in hBMSCs cultured on non-coated PLLA
scaffolds (Ctrl) or scaffolds coated with collagen type I (Coll I)
or type II (Coll II). b, ¢ Quantitation of cell attachment and
spreading of hBMSCs on PLLA scaffolds either non-coated
(Ctrl) or coated with collagen type I (C-I) or collagen type II (C-
ID). b Cell attachment is shown as fold increased in the number
of attached cells compared to control PLLA scaffolds. Collagen
coating enhances attachment (3 independent experiments,
**p < 0.01). ¢ Deposition of cartilaginous glycosaminoglycan
(GAG) rich matrix by hBMSCs is enhanced on the collagen type
II-coated PLLA scaffolds compared to collagen type I-coating
as compared to GAG deposition on control untreated PLLA
scaffolds

only slightly enhanced at higher doses of TGF-B3
(Fig. 2b). In contrast, Smad phosphorylation in
hBMSCs seeded on coll II-PLLA scaffolds pre-incu-
bated with the TG2/TGF-B3 mixture increased in a
dose-dependent manner (Fig. 2b), suggesting that either
only a fraction of TGF-3 molecules were attached to
the collagen-coated scaffold or that partial reduction in
the activity of TGF-B3 results from its cross-linking. In
summary, these experiments established that biologi-
cally active TGF-B3 can be cross-linked by TG2 to
collagen-coated PLLA scaffolds and suggested that the
TGF-collagen scaffolds may stimulate chondrogenic
differentiation in hBMSCs.
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Fig. 2 TGF-B3 cross-linked to collagen-coated PLLA nanofi-
bers retains its biological activity: a expression of the Smad-
dependent luciferase reporter in hBMSCs cultured for 48 h on
scaffolds pre-treated for 8 h with TG2 (0.01 U/ml) alone, TGF-
B3 (10 ng/ml) alone, or both in combination to allow for TGF-f33
cross-linking to the scaffolds. Cell exposed to soluble TGF-33
(10 ng/ml) were used as a positive control. Two independent
experiments with three repeats in each were performed (*p < 0.05).
b Levels of phospho-Smad2/3 were analyzed in equal numbers of
hBMSCs seeded on the PLLA scaffolds in the absence of TGF-
B3, or in the presence of TG2 cross-linked TGF-3 or soluble
TGF-B3 (10 ng/ml). The bar graph presents quantitative analysis
of a similar Western blot study for levels of phosphorylated
Smad2/3 proteins in hBMSCs cultured for 48 h on PLLA
scaffolds cross-linked with TG2 (0.01U/ml) and the indicated
amounts of TGF-f3. Cells exposed to soluble TGF-33 at the same
concentrations served as positive controls

Irreversible cross-linking of TGF-3 to collagen IT
scaffolds by TG2

In the next experiment, we addressed whether TG2-
mediated cross-linking of TGF-$3 to coll II-PLLA
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scaffolds is reversible and whether the growth factor is
released from the scaffold with time. Coll II-PLLA
scaffolds were first incubated with TG2 and 5, 10 or
20 ng TGF-B3/ml and then incubated in serum-free
medium for 1, 3 or 7 days. Medium conditioned by
these scaffolds was tested on TGFf-dependent lucif-
erase reporter cells for its ability to induce luciferase
expression indicative of the presence of soluble TGF-
3. Cells exposed to medium containing 10 ng soluble
TGF-B3/ml were used as a positive control in this
analysis to estimate the possible levels of luciferase
induction. As shown in Fig. 2c, none of the media
conditioned by TG2/TGF-B3-modified scaffolds
induced luciferase expression indicating that TGF-33
is irreversibly cross-linked to scaffolds, and is not
released into the medium, allowing for the precise
local delivery of this morphogen on modified scaffolds
in vivo.

TGF-B3 requirement is limited to early stages
of in vitro chondrogenesis

It is intuitive to assume that cells seeded on the TGF-[33-
modified scaffolds would be exposed to the active
growth factor for a limited time since chondrogenic
differentiation associates with induction of proteases
that may remove scaffold proteins by proteolysis.
Therefore, we examined whether a short-term exposure
to TGF-B3 is sufficient to stimulate chondrogenic
differentiation in hBMSCs cultured on the coll II-PLLA
scaffolds. In these studies, cells were exposed to
chondrogenic medium supplemented with TGF-3 for
3 or 7 days only and then the medium was replaced with
10 % FBS without TGF-$33. In control cultures, cells
were continuously exposed to the TGF-B3-containing
chondrogenic medium for 14 days (Fig. 3a). Even a
3-day treatment with TGF-[33 was sufficient to induce a
28 % (£4 %, p < 0.02) increase in cartilaginous GAG
deposition, while a 7-days exposure induced an addi-
tional 43 % (£15 %, p <0.01) increase in GAG
deposition as compared to untreated control cultures.
Interestingly, the presence of TGF-B3 in the culture
medium for an additional week, from day 7 to day 14,
had only a slight and statistically insignificant effect on
GAG production as compared to the 7 day treatment
(p > 0.05), suggesting that TGF-B3 acts to commit
hBMSCs to chondrogenic lineage and supports early
stages of differentiation but is less involved in matura-
tion of the committed chondrocytes. This result assures

the feasibility of inducing chondrogenesis in hBMSCs
by cross-linked TGF-B3 even if this activity diminishes
with time.

TGF-B3 cross-linked to scaffold by TG2 promotes
chondrogenic differentiation in hBMSCs

Lastly, we analyzed GAG deposition by hBMSCs
induced to undergo chondrogenic differentiation on
coll ITI-PLLA scaffolds in the presence of either cross-
linked or soluble TGF-B3. A significant 25 % increase
in GAG deposition was induced by cross-linked TGF-
B3 (p < 0.05) and this constituted about one-third of
the GAG production induced by the common protocol
with continuous presence of soluble TGF-B3
(Fig. 3b). Therefore, our study demonstrates for the
first time that TGF-B3 irreversibly cross-linked by
TG2 to coll II-PLLA scaffolds retains its biological
activity and is capable of inducing chondrogenic
differentiation of hBMSCs. These findings are signif-
icant because they provide a novel approach for local
programming of MSCs for chondrogenic differentia-
tion. Recent identification of endogenous mesenchy-
mal cells and progenitors in the articular cartilage
(Alsalameh et al. 2004; Williams et al. 2010) combined
with the described new approach for local stimulation
of their differentiation by immobilized TGFB may
define a new strategy for the induction of chondro-
genic differentiation in vivo in a desired location such
as damaged articular cartilage, thus avoiding common
in vitro manipulations with cells pre-implantation.
In addition, immobilization of biologically active
TGFp by TG2-mediated cross-linking may be useful
in efficient design of dual MSC-derived tissue
implants, such as osteochondral constructs.
Previously, we have shown that TG2 crosslinks
collagen type XI absorbed on PLLA scaffolds and
auto-crosslinks itself. These modifications stimulate
cell adhesion in hBMSCs and promote the deposition
of cartilaginous matrix (Shanmugasundaram et al.
2012b). Further, TG2 attenuates later stage chondro-
genic differentiation in hBMSCs (Shanmugasundaram
et al. 2012b) and mesenchymal limb bud progenitors
(Nurminsky et al. 2011) delaying their transition into
the pre-hypertrophic stage. In contrast, continuous
exposure of committed articular chondrocytes to TG2
has been shown to stimulate abnormal maturation
towards hypertrophy in these cells (Johnson et al.
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Fig. 3 Regulation of chondrogenic differentiation in hBMSCs
by TGF-B3: a deposition of GAG-rich matrix by hBMSCs is
stimulated by soluble TGF-$33 (10 ng/ml) supplemented to cells
for only 3 or 7 days following cell seeding. Cells exposed to
soluble TGF-B3 for 14 days served as positive control. Three
independent experiments with three repeats were performed.
(*p < 0.05, **p < 0.01). b GAG deposition was analyzed in
hBMSCs cultured on collagen type II-coated PLLA nanofiber
scaffolds for 14 days. Prior to cell seeding, scaffolds were
incubated overnight with TG2 (0.01 U/ml), TGF-B3 (10 ng/ml)
or a mixture of the two to allow TGF-B3 cross-linking to the
scaffolds. Cell-seeded scaffolds exposed to fresh aliquots of
soluble TGF-B3 for 14 days served as a positive control.
Experiments were repeated in triplicate. *p < 0.05

2003). Stage-specific expression of various cell sur-
face receptors during chondrogenic differentiation
may underlie this twofold effect of TG2. As discussed
above, it is intuitive to assume that proteases secreted
by differentiating hBMSCs will rapidly remove from
the modified scaffold both TGF-B3 and TG2 (assum-
ing its auto-crosslinking to collagen type II), and
therefore the putative effect of TG2 will be limited to
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enhancement of the initial stages of TGF-B3-induced
chondrogenesis including cell adhesion.

A new finding of this study is that TG2 cross-links
active TGF-B3 to collagen-coated scaffolds in an
amount sufficient to support chondrogenic differenti-
ation in hBMSCs. Our results demonstrating that
soluble TGF-3 was more efficient than the immobi-
lized form in inducing GAG production suggest that
cross-linking of the TGF-B3 molecules to collagen-
coated scaffolds may be limited by the restricted
number of glutamine sites for TG2-mediated cross-
linking in collagen type II similar to the previously
described collagens type III, V, XI and XVI (Bowness
et al. 1989; Kleman et al. 1995; Akagi et al. 2002).
Mixing different collagens with each other or with
non-collagenous matrix proteins, such as fibronectin,
may allow for a more efficient incorporation of TGF-
B3 to generate a more potent pro-chondrogenic
scaffold. Studies are underway to optimize the amount
of cross-linked TGF-33 to achieve maximal efficiency
of chondrogenesis in hBMSCs.

Conclusions

To date, TG2 has been utilized in tissue bioengineering
mostly to increase the mechanical stability of various
bioengineered scaffolds (Orban et al. 2004; Chau et al.
2005; Garcia et al. 2009; Spurlin et al. 2009; Ciardelli
et al. 2010). Here, we demonstrate that TG2-mediated
cross-linking is a useful tool to deliver in a spatially
controlled manner biologically active TGFf capable of
directing the differentiation of hBMSCs towards a
chondrogenic lineage. In contrast to the PTH peptide
that required functionalization with a transglutamin-
ase substrate sequence (Arrighi et al. 2009), TGF-$3
by itself is a substrate for TG2 and can be directly
cross-linked to collagen type II matrix. Therefore, the
TGF-p3-enriched collagen-coated PLLA scaffolds
described here may be directly implanted into damaged
cartilage to instruct neocartilage formation by mesen-
chymal cells. Further, it is expected that TG2-mediated
cross-linking of other growth factors to similar scaf-
folds may find applications in various fields of tissue
engineering.
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