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ABSTRACT: Engineered scaffold surface provides stem cells with vital cues that could determine the eventual fate of stem cells.
In this work, biodegradable poly(r-lactide-co-e-caprolactone) (PLCL) scaffold conjugated with Notch agonist-Jagged-1(JAG)
peptide (2.1 kDa) was prepared to initiate myogenic differentiation of human mesenchymal stem cells (hMSCs). The scaffold
surface was activated with oxygen plasma and acrylic acid was engrafted via UV polymerization to form a surface bearing
carboxylic groups. JAG peptide was subsequently immobilized onto the carboxylated scaffold surface. Surface chemistry and
topography were examined using attenuated total reflection Fourier transform infrared, X-ray photoelectron spectroscopy, and
atomic force microscopy. Quantitative real time polymerase chain reaction analysis revealed activation of the Notch pathway;
furthermore, several specific markers associated with myogenic but not osteogenic differentiation were shown to be up-regulated
in hMSCs cultured on the engineered surface. The pro-myocardial effect of surface bound JAG peptide was further affirmed via
immunodetection of the distinct myocardial marker, cardiac troponin T. Collectively, our results suggest that PLCL conjugated
JAG peptide is a viable strategy to enhance the functional potential of scaffolds to be used as a bioengineered cardiac patch in

myocardial infarction repair.
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Bl INTRODUCTION

Heart failure is a major health problem and the leading cause of
morbldlty in both industrialized nations and the developing
world."> An important cause of heart failure is myocardial
infarction. After myocardial infarction, the necrotic tissue is
unable to be reconstituted and initiates a detrimental cascade of
events, including formation of a noncontractile scar, ventricular
wall thinning, and eventually heart failure. Currently, the only
viable therapy for heart failure that addresses the fundamental
problem of cardiomyocytes loss is cardiac transplantation;®
however, this option is restricted by severe scarcity of available
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donor hearts. In addition, the side effects of life-long
immunosuppression and cardiac allograft vasculopathy limit
quality of life and long-term graft function.

The discoveries on the regenerative potential of stem and
progenitor cells have sparked 1nterest 1n stem-cell therapy for
treating and preventing heart failure.”® Human mesenchymal
stem cells (hMSCs), which can easily be isolated from an
increasing number of adult tissues and are relatively privileged
in terms of immune compatibility, make them attractive as a
possible cell source for cardiac repair.”® Studies with
myocardial infarcted models have reported encouraging but
limited success in recovery of infarcted myocardium function
through stem cell transplantation therapy.”® Direct cells
injection into infarcted myocardium has been intensively
investigated for myocardial regeneration. However, studies
show the rates of injected cells retention and cell survival in
recipient myocardium after 1 week of implantation are very
low."”"!" The possible reasons are (a) the available space in
thinned ventricle wall (as a result of pathological remodelhng)
is limited to enable it to engraft large amount of injected cells,"*
(b) the hostile scar microenvironment is compromised due to
chronic shortage of oxygen and nutrients,"® and (c) the dense
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fibrosis in the scar tissue may act as a formidable physical
barrier to inhibit cell homing and proliferation.> Moreover, it
was reported that only a small fraction of the transplanted cells
would differentiate into the myogenic lineage."”'* This could,
in turn, reduce the clinical efficacy of this therapy for
myocardial infarction treatment. Another major consideration
would be the safety aspect. hMSCs lack the ability to form
teratomas but may differentiate into an undesired cell type,'®
which could impair recovery of heart function as well.
Therefore, some degree of myogenic differentiation of
hMSCs prior to transplantation would result in a higher
clinical efficacy for cardiac repair, as well as reduce the risk of
undesired lineages commitment. To overcome the above
limitations, scaffold-based cell delivery was proposed as an
alternative strategy for myocardial infarction treatment recently,
and several reports have demonstrated it could facilitate cell
retention and survival by providing temporal structural
support.'"'*'*'7 However, the real-time differentiation control
of delivery cells is not well documented.

The Notch signaling pathway has been demonstrated to play
a critical role during mammalian cardiac development.'®"
Notch signaling is activated after the interaction of one of the
four Notch receptors (Notch-1—4) with ligands of the Jagged
(Jagged-1-2) or Delta-like (Delta-like-1, 3, and 4) family.
Ligand—receptor interaction mediated activation directs the
conversion of CSL (CBF1, Su(H) and LAG-1) proteins from
repressors to transcriptional activators, and subsequent up-
regulation of downstream targets (e.g, HES gene).’”!
Experimental evidence indicated that Notch signaling can
inhibit osteogenic differentiation of bone marrow mesenchymal
progenitors through HES proteins, which diminished Runx2
transcriptional activity via physical interaction.”> Conversely,
activation of Notch pathway has been shown to trigger pro-
myogenic events. For instance, cardiac progenitor cells
differentiation can be initiated via target gene Nkx2.5 associated
Notch dependent pathway,”® which prompt cardiac marker
gene expression in MSCs cocultured with cardiomyocytes.”*
Notch signaling is known to be exquisitely sensitive to dosage,
developmental timing, and cellular context. The predominant
effect of an exogenous Notch ligand would depend on the
relative concentrations of endogenous and exogenous ligands.
Thus, it would result in different dose—response relationships
in different cells and tissues.”® Notch signaling modulates
transcription in several cell types, but whether it exerts an
inhibitory or inductive role in the myogenic differentiation of
hMSCs cultured alone remains to be elucidated.

In the field of tissue engineering and regenerative medicine,
considerable effort has been devoted toward the design of new
biomaterials with the aim to deliver cell regulatory signals in a
spatial and temporal controlled fashion and serve as powerful
component of artificial cell niche to direct cell fate.**! There
are several reported approaches to deliberate the activation of
Notch signaling events such as coculturing with cells over-
expressing JAG protein;>> culturing in medium containing
soluble JAG protein/peptide;*** culturing on substrate which
surface was immobilized with JAG protein.’*>***73¢ In this
report, we document the first usage of JAG peptides conjugated
onto a polymeric scaffold to trigger the Notch signaling
cascade. Our adopted approach of covalent immobilization of
the JAG peptide offers an advantage over physical entrapment,
since it enhances the stability of the peptides, and ensures that
the effects are localized within the scaffold itself, rather than the
surrounding tissue.>” Moreover, another advantage of using
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peptide over proteins is that the former can be manufactured
with conformational stability and functionalized easily due to
the nonexistence of the tertiary folding and proteinase
contamination. Therefore, we hypothesized that surface
immobilization of Notch agonist—JAG peptide onto the
biodegradable scaffolds could induce myogenic differentiation
of hMSCs through activation of Notch pathway.

We engineered the surface of a biodegradable polymeric
scaffold through immobilization of JAG peptide to activate the
Notch signaling in hMSCs. Strikingly, we observed pro-
myogenic effects of the engineered scaffold as shown by up-
regulation of several myogenic differentiation key markers in
hMSCs in a dose-dependent manner. We assessed the activity
of Notch pathway in hMSCs through analysis of Notch and
Notch pathway downstream gene expression. The induction
toward myogenic differentiation of hMSCs cultured on surface
of engineered scaffolds was assessed by analysis of gene
expression and immunocytochemistry for several myogenic
markers associated with myogenesis.

B EXPERIMENTAL SECTION

Materials. All reagents were used as received except acrylic acid
(AAc), which was used after vacuum distillation.® Poly(L-lactide-co-e-
caprolactone) (PLCL) was purchased from Purac Biomaterials,
Lincolnshire, IL (PURASORB, 701S). 2,2-Diphenyl-1-picrylhydrazyl
(DPPH), 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride (EDC), 2-(N-morpholino) ethanesulfonic acid (MES), and
Toluidine blue O (TBO) were purchased from Sigma-Aldrich. N-
hydroxysulfosuccinimide (sulfo-NHS) was from Research Instruments
(Pierce). Recombinant form of human JAG protein was purchased
from R&D system with a molecular mass 170—180 kDa by SDS-Page
under reducing conditions. Synthetic JAG peptide (2.1 kDa) was
purchased from StemRD. The amino acid sequence of this peptide was
CDDYYYGFGCNKFCRPR, which is part of the DSL region, and
highly conserved in human Jagged-1 protein.>*

PLCL Scaffold Preparation. PLCL scaffolds (thickness = 110.3 +
16.5 um) were prepared by the solvent cast method as previous
report.** The PLCL scaffolds were characterized with a thermogravi-
metric analyzer (TA Instruments) to validate the complete removal of
solvent and thickness gauge (Elcometer) to measure the thickness of
the cast scaffolds.

Peptide Immobilization. Peptide immobilization process was
carried out as previous reports with some modifications.>® In the first
step, surface of PLCL scaffolds were activated through formation of
free radicals. PLCL scaffolds were activated with radio frequency glow-
discharge oxygen plasma (PX250, 100W, 13.6 MHz, March Systems).
The samples were treated for 30 s at an oxygen pressure of 0.2 Torr
and flow rate of 22 sccm. The plasma activated surfaces were then
exposed in air for about 10 min to induce the formation of
hydroperoxide groups on samples surface. In the second step, acrylic
acid was polymerized on the surface under the effects of hydroperoxide
and UV energy to form scaffold bearing carboxylic groups. The
concentration of AAc solution used was varied from 0 to 15% (v/v).
After AAc solution was bubbled by argon gas for 30 min, plasma
activated samples with AAc solution were clipped between two quartz
slides (Pelco International, CA) and then subjected to UV irradiation
by a UV lamp (8W, Vilber Lourmat, France) with a filter of 365 nm
and an intensity of 720 gW/cm?® for 30 min. After polymerization,
samples were taken out, washed extensively with deionized water, and
finally dried in a vacuum desiccator (After this step, the scaffolds
henceforth referred to as P-AAc). Finally, the surface immobilization of
peptides were carried out using a ‘two steps’ EDC and sulfo-NHS
chemistry as our previous report.40 Serials concentrations of JAG
peptide were used in immobilization process. JAG peptides were
immobilized on scaffolds through formation peptide bonds between
carboxylic groups on the surface of scaffolds and amine groups in
peptides (after this step, the scaffolds henceforth referred to as P-JAG).
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The amounts of free radicals on PLCL generated after plasma surface
activation was quantified by a DPPH assay.*' The concentration of
surface accessible carboxylic groups on P-AAc was quantified by a
TBO assay,*® and the amount of JAG peptides on P-JAG surface was
quantified by X-ray photoelectron spectroscopy (XPS) analysis.

Physiochemical Characterization of Scaffold Surface. The
surface chemistry of scaffolds was examined by attenuated total
reflection Fourier transform infrared (ATR-FTIR) and XPS. ATR-
FTIR spectra of PLCL, P-AAc, and P-JAG were measured on a
PerkinElmer Spectrum GX Fourier transform infrared spectrometer
(PerkinElmer Inc., Waltham, MA, U.S.A.). XPS was performed on a
Kratos Axis Ultra instrument using monochromated Al Ka radiation
(1,486.71 V), a S mA emission current, a 15 kV anode potential, and
a charge-compensating electron flood. The base pressure was 1 X 10~
Torr and the working pressure was 7 X 10~° Torr. The take off angle
of the photoelectron analyzer was 90° to identify C, N, and O
elements.

The surface morphology of scaffolds was examined by Atomic Force
Microscopy (AFM) (Dimension 3100 with Nanoscope IIIa controller,
Veeco Instruments Inc.,, CA) in air. AFM images were obtained by
scanning surface in a tapping mode (scan size 1 X 1 um?, scan rate
0.95—1.00 Hz) using a silicon nitride probe (model DNP). The spring
constant was 0.06 N/m. The root-mean-square (RMS) surface
roughness of scaffolds was analyzed using WSXM software.**

Cell Culture. Bone marrow hMSCs were purchased from Lonza
Bioscience (Singapore) and expanded in mesenchymal stem cell
growth medium (MSCGM, Lonza Bioscience). Cells expressed CD
105/+, CD166/+, CD 29/+, CD 44/+, CD 14/—, CD34/—, and
CD45/—. Only early passages of hMSCs (passage 4—6) were used for
experimental studies. For differentiation experiments, low glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) containing L-
glutamine (Sigma Aldrich) supplemented with 10% FBS and 1%
antibiotic/antimycotic solution (PAA Laboratories, Australia) was
used. Scaffolds in 24-well plate were sterilized by immersing in 70%
ethanol for 30 min and then rinsed 2 times with PBS before cell
seeding (seeding density was 1000 cells/cm?). hMSCs were cultured
under five distinct cell culture conditions includes (I) PLCL surface
and culture medium contained SO pg/mL full length JAG protein (P
+JAGsy,); (I1) PLCL surface and culture medium contained 50 yg/mL
JAG peptide (P+JAGs); (III) PLCL surface immobilized with S ug/
mL JAG peptide (P-JAG;); (IV) PLCL surface immobilized with SO
ug/mL JAG peptides (P-JAGy,) and (V) PLCL surface alone (PLCL).
The cells were maintained at 37 °C in a humidified atmosphere of 5%
CO,. Culture medium was changed every 2—3 days.

Quantitative Real Time Polymerase Chain Reaction (qRT-
PCR). The activation of Notch signal and several specific markers
associated with myogenic and osteogenic differentiations were assessed
by qRT-PCR. After 3 and 10 days of cell culture, the RNA of the cell
was isolated with RNeasy mini kit (Qiagen) and synthesized into
cDNA (iScript cDNA Synthesis Kits, Bio-Rad). The real-time PCR
was performed on a CFX96 real time PCR detection system (Bio-Rad)
with KAPA SYBR FAST master mix universal (Kapa Biosystems) as
our previous reports.43’44 Primers specific to the targeted genes were
obtained from primer bank and were listed in Table 1. Results
presented are fold change expression normalized against the
calibrators: GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as
the endogenous housekeeping gene.

Immunofluorescence Staining. The expression of myocardial-
specific markers was also assessed by immunocytochemistry as our
previous reports.**> The primary antibody used was mouse
monoclonal anti-cardiac troponin T (cTnT, 1:400, AB33589,
Abcam). The secondary antibody used was Alexa Fluor 488 goat
anti-mouse IgG (1:500, Molecular probes, Invitrogen). Rat heart tissue
slide were used as a positive control. Negative control (in the absence
of primary antibody) was performed to validate specific binding of the
secondary antibody. F-actin was counterstained with TRITC
conjugated phalliodin (1:500, Chemicon). Samples were then
observed using a Leica TCS SPS confocal laser scanning microscope
(Leica Microsystems, Wetzlar, Germany).
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Table 1. Compiled List of Primers Used in This Study

Genebank

accession
number gene target sequence (5'-3")

NM GAPDH CATGAGAAGTATGACAACAGCCT
002046 AGTCCTTCCACGATACCAAAGT

NM Notch-1 GAGGCGTGGCAGACTATGC
017617 CTTGTACTCCGTCAGCGTGA

NM Hes-1 AAGAAAGATAGCTCGCGGCAT
005524 CCAGCACACTTGGGTCTGT

BC ALPL CTCTCCAAGACGTACAACACC
021289 AATGCCCACAGATTTCCCAGC

NM RUNX2 TCCTATGACCAGTCTTACCCCT
004348 GGCTCTTCTTACTGAGAGTGGAA

NM Osteonectin (ON) AGCACCCCATTGACGGGTA
003118 GGTCACAGGTCTCGAAAAAGC

NM GATA-4 CCCAGACGTTCTCAGTCAGTG
002052 GCTGTTCCAAGAGTCCTGCT

NM NK2 transcription CCAAGGACCCTAGAGCCGAA
004387 lfzz;"sf Sfeé;ﬁ'z's) ATAGGCGGGGTAGGCGTTAT

NM B-Myosin Heavy CACTGATAACGCTTTTGATGTGC
000257 Chain (MHC 7)  TAGGCAGACTTGTCAGCCTCT

NM Cardiac troponin T ~ TCTCCGAAACAGGATCAACGA
000364 (cTnT) GCCCGGTGACTTTAGCCTT

Statistical Analysis. Data are expressed as mean + SD, unless

specified. P values were calculated using one way ANOVA, and a p-
value of less than 0.05 was considered to be statistically significant.

B RESULTS AND DISCUSSION

Surface Modification of PLCL Scaffolds. PLCL is a
common synthetic biodegradable polymer, which has been used
for cardiac vascular tissue engineering and not only showed
elastic properties comparable to native tissue but also promoted
active cellular interaction and degraded in a set time period
without toxicity issues.'”> Importantly, some medical devices
made from it have been approved by Food and Drug
Administration for clinical usage.A"S However, the surface of
PLCL scaffolds have to be modified to match the individual
functionality demanded. In this report, surface of scaffolds was
first activated by plasma treatment, and then AAc was
polymerized onto scaffold surface as poly(acrylic acid)
(pAAc) to confer carboxylic functional groups on the surface
of the scaffold. Subsequently, JAG peptide was immobilized
through formation peptide bonds between carboxylic groups on
the surface of scaffolds and amine groups in peptides. The
series of steps is succinctly illustrated in Figure 1A.

Determination of the Amount of Free Radicals on
Scaffold Surfaces. The copolymerization of AAc onto the
PLCL surface was initiated via generation of free radicals using
oxygen plasma and exposure in air. As shown in FigurelB, the
free radical concentration increased with increasing plasma
irradiation time, went through a maximum value, and then
decreased. The maximum concentration appeared at an
irradiation time of 90 s. There are at least two counteracting
processes, radical formation and recombination, that could
occur during the plasma irradiation. The free radicals generated
on the PLCL surface ranged between 2.1 to 5.5 nmol/cm?,
which was more than 6-fold higher than that (0.3 nmol/cm?)
generated in previous report,”” which may be due to the
different gas glow discharges exposed and substrates employed.
Nevertheless, the excessive irradiation resulted in the scaffold
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Figure 1. Preparation of JAG peptide immobilized PLCL surface. (A) Illustration of the various steps involved to conjugate JAG peptide onto PLCL
scaffold surface. (B) Surface free radical concentration as a function of plasma treatment time. (C) Effect of AAc monomer concentration used for
UV polymerization on the surface concentration of the carboxyl groups on the scaffold surface. (D) Effect of JAG peptide concentration used for
immobilization on the surface concentration of the peptide on the scaffold surface.
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Figure 2. (A) ATR-FTIR spectra of PLCL (continuous line), P-AAc (short dashed line), and P-JAG (long dashed line); (B) XPS wide scanning
spectra of PLCL (continuous line), P-AAc (short dashed line), and P-JAG (long dashed line).

being mechanically fragile and melting of the surface, since
plasma irradiation can attack the backbone of PLCL and
increase scaffold surface temperature. It was measured that the
Young’s Modulus of scaffold irradiated for 2 min at a power of
100 W decreased by about 11% compared to that of the pristine
scaffold (Figure S1, Supporting Information). Therefore, the
plasma pretreatment duration for the scaffolds was fixed at 30 s
in the following experiments.

Determination of the Carboxyl Group Concentration
on Scaffold Surfaces. The yield of AAc grafted on surface of
P-AAc was represented by the surface concentration of the
carboxyl groups and quantified by TBO assay. Figure 1C
showed the influence of monomer concentration used for AAc
polymerization on the concentration of the carboxyl groups on
the P-AAc surface. The concentration of the carboxyl group
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increased with the increase of AAc monomer concentration.
The most significant increase observed was at monomer
concentrations above 3 wt %. Carboxyl group concentration
ranging from 2.8 + 0.5 to 11.7 + 0.6 nmol/cm? could be
obtained by varying the initial concentration of the AAc
monomer solution from 1% to 15%. The carboxyl group
concentration on surface of scaffolds here is lower than those
(258 and 560 nmol/cm?) in previous reports.”*** This result
was expected as the power of UV light used here (8 W) was
much lower than those (1000 and 400 W) in the previous
reports.®*** 6% AAc monomer solution was chosen to fabricate
P-AAc with a carboxyl group density of 10.4 + 1.5 nmol/cm®
for the following peptide conjugation.

Determination of the JAG Peptides Concentration on
Scaffold Surfaces. JAG peptide immobilized on P-JAG

dx.doi.org/10.1021/am4045635 | ACS Appl. Mater. Interfaces 2014, 6, 1652—1661
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Figure 3. AFM morphological images and root-mean-square roughness (RMS) values of (a) PLCL, (b) P-AAc, (c) P-JAGg, and (d) P-JAGs,.

surfaces was quantified by XPS. A standard curve (Figure S2,
Supporting Information) that defines the relationship between
the known concentration of JAG peptide on P-AAc surface and
N element concentration was constructed via XPS analysis of
known concentration of JAG peptide physically adsorbed on P-
AAc surface. Figure 1D showed that the amount of surface JAG
peptides immobilized increased with the increasing of JAG
peptide concentration used for reaction. The surface JAG
peptide concentration from about 102.1 pmol/cm?® to 2.09
nmol/cm?* (0.214 to 4.39 ug/cm?) could be obtained by varying
the concentration of the JAG peptides solution from 0.1 to 50
ug/mL (47.62 nM to 23.81 uM). It was reported that scaffold
surface immobilization by recombinant full length Jagged-1/Fc
protein (0.3 to 18 ug/mL)(1.71 to 102.86 nM) could activate
Notch signaling pathway and, therefore, regulated cell fate
decisions and cellular differentiation mediated through cell-
substrate interactions.””>* However, the maximum surface
concentrations of JAG protein immobilized were less than 1.1
pmol/cm? (0.19 ug/cm?). Higher concentration of peptide on
surface than that of protein was expected as (1) short chain of
peptide can decrease the steric hindrance between surface
carbonyl groups and primary amine groups in JAG peptides and
(2) high concentration of peptide was used in reaction. The
PLCL scaffolds immobilized with JAG peptides solution with
concentrations of 5 and 50 ug/mL were denoted as P-JAG; and
P-JAGq, respectively.

Surface Characterization of Scaffolds. ATR-FTIR Anal-
ysis. The surface chemistry of various scaffolds was qualitatively
characterized by ATR-FTIR. Figure 2A showed the ATR-FTIR
spectra of (a) PLCL, (b) P-AAc, and (c) P-JAG, respectively.
The intense band at 1746 cm™" corresponding to the carbonyl
stretch C=0 of carboxyl functional group of PLCL*" as well as
that of side chain of pAAc were found in all spectrum.*
However, two distinct bands were observed at 1560 and 3419
cm™" in P-JAG spectrum. The band observed at 1560 cm™" is
assigned to the N—H bend of primary amines in JAG peptides,
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and the broad band at 3419 cm™" corresponds to N—H stretch
of primary and secondary amines™ in JAG peptides. Taken
together, the ATR-FTIR spectrum suggested that the Jagged-1
peptides were successfully immobilized onto the surface of
scaffolds.

XPS Analysis. More information supporting the extent of the
surface immobilization was yielded by XPS characterization of
the elements on different scaffold surfaces. The XPS wide scan
spectrum of the pristine PLCL surface was showed in Figure
2B(a). It revealed that carbon and oxygen signals were present
which could be predicted from the chemical structure of PLCL.
The spectrum of P-AAc surface in Figure 2B(b) also showed
the same peaks as pristine PLCL surface corresponding to Cls
and Ols as the same elements in acrylic acid chemical structure.
However, a new peak corresponding to N1s appeared on the
spectrum of P-JAG surface in Figure 2B(c). This could be due
to the amino-group of JAG peptides, which were successfully
immobilized on the scaffold surface.

AFM Analysis. The surface topography of the PLCL, P-AAc,
P-JAG;, and the P-JAG;, was studied by AFM. Figure 3A shows
that the surface topography of the scaffolds changes as a result
of the acrylic acid polymerization and the subsequent JAG
immobilization process.The root-mean-square (RMS) surface
roughness of P-AAc (1.1 nm) was lower than pristine
PLCL(2.3 nm), implying that the pAAc could exist as an
overlayer on the PLCL surface. After immobilization of JAG
peptides, the values of surface roughness increased to 2 nm for
the P-JAG; and to 2.6 nm for the P-JAGs,, which is consistent
with previous reports.”>*’ In addition, Figure 3A shows the
fibrils texture on the surface of PLCL. After polymerization of
acrylic acid onto the surface, the fibrils texture disappeared and
this may be due to the fact that the surface is now fully covered
with pAAc and their chains formed their own domains, which
obscured fibrils on the surface of PLCL scaffold (Figure 3B).
Moreover, the images of P-JAG; and P-JAGs, surfaces show
that the scaffolds were covered with accumulated round dots

dx.doi.org/10.1021/am4045635 | ACS Appl. Mater. Interfaces 2014, 6, 1652—1661
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Figure 4. (A) Flow chat of Notch signaling network. (B and C) Relative gene level expression analyses of Hes-1 and Notch-1 markers in hMSCs
cultured under five conditions (I) P+JAGg,; (II) P+JAGgg; (1) P-JAGg; (IV) P-JAGg; and (V) PLCL on Day 3 and Day 10, respectively. Black and
white bars represent samples retrieved on the 3th and 10th day of culture respectively. Bars represent mean + standard deviation. Relative gene
expression levels (i.e., AACT) were normalized to the control samples indicated by the dashed line. The asterisks indicates statistical significance (p

< 0.05) difference with control group (PLCL, negative JAG control).

texture, which could result from the peptides conjugated
(Figure 3C and D).

Biological Activities of hMSCs Cultured on Scaffolds
Surfaces. Activation of Notch Signaling in hMSCs on P-JAG
Surface. The Notch pathway is a highly conserved signaling
mechanism involved in many processes determining cell fate
during mammalian cardiac development through local cell
interactions. After activation, the Notch intracellular domain is
translocated into the nucleus and activates target genes such as
Notch-1 and Hes-1 as shown in the flowchart in Figure 4. To
examine the efficacy of the immobilized form of JAG peptide in
the activation of the Notch signaling cascade in hMSCs, qRT-
PCR was used to assess expression level of gene targets that are
intimately linked to the activation of Notch signaling cascade
such as Hes-1 and Notch-1 in hMSCs cultured under (I) P
+JAGsop; (I) P+JAGse; (IIT) P-JAGs; (IV) P-JAGsy; and (V)
PLCL. Figure 4B and C showed that the fold of gene
expressions of Hes-1 and Notch-1 in cells cultured under P-
JAG; and P-JAG;, conditions were up-regulated to 1.4 and 3.9
on Day 3 and 2.3 and 2.1 on Day 10, while down-regulated or
maintained as usual under P+JAGs, and P+JAGs, conditions.
Our results suggested that the Notch signaling in cells can only
be activated under the condition that JAG peptide was in its
immobilized form and the response is dose dependent. Such
activation of the Notch signaling pathway may be explained as
follows: (1) only highly concentrated localized ligands at the
interface between cells and scaffolds resulted from ligands
surface immobilization will overcome the threshold to induce
proteolysis and activate the signaling pathway;*”*° (2)
multivalent of immobilized ligands as a result of high localized
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concentration of ligands are able to enhance the formation of
ligand—receptor complex and prevent lateral diffusion of
complex;*” (3) interaction between endogenous and exogenous
ligands. At low doses, the soluble ligand sequester the other
ligands in homotypic form to effectively reduce the amount of
free ligands and serve as an antagonist effect. At high doses,
endogenous ligands have been saturated and produce a pure
agonist effect as all exogenous ligands are free to react with
Notch.>

Modulated Myogenic Differentiation of hMSCs on P-JAG
Surface. To examine the effect of surface immobilization on
lineage commitment of hMSCs, several specific markers
associated with myogenic and osteogenic differentiation were
selected to assess by qRT-PCR and Immunocytochemistry.
GATA-4, Nkx2.5, MYH?7, and ¢TnT were used as the markers
to indicate myogenic differentiations. GATA-4 is a zinc-finger
transcription factor that acts as a critical early regulator of the
cardiac differentiation. In addition, GATA-4 has been also
identified in stem and progenitor cells of the heart in
combination with stemness markers. NK2 transcription factor
related, locus 5 (Nkx2.5) functions in heart formation and
development. Same as GATA-4, Nkx2.5 was viewed as the early
determinant of myocyte formation.”* In Figure SA and B, it was
found that the fold of gene expressions of GATA-4 were.l.5,
3.8 on Day 3 and both increased to 5.5, 82 on Day 10 when
cells were cultured under P-JAG; and P-JAGy, conditions,
respectively. Similarly, the fold change expression level of
Nkx2.5 were 1.4, 4.9 on Day 3 and 3.2, 4.5 on Day 10 for cells
cultured under P-JAG; and P-JAGy, conditions. In stark
contrast, the expressions of myogenic genes in cells cultured
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Figure S. Relative gene level expression analyses of (A, B) myogenic and (C, D) osteogenic markers in hMSCs cultured under five conditions (I) P
+JAGsgp; (I1) P+JAGsg; (III) P-JAGs; (IV) P-JAGsy; and (V) PLCL on Day 3 and Day 10, respectively. Bars represent mean + standard deviation.
Relative gene expression levels (ie. AACT) were normalized to the control samples indicated by the dashed line. The asterisks indicates statistical
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Figure 6. Representative images showing immunostaining of the myogenic marker on hMSCs cultured under PLCL; P-JAGs; and positive control
(PC) (rat heart tissue slide). Cells were stained with a distinctive and mature marker of myogenic differentiations using mouse monoclonal anti-
cardiac troponin T(cTnT)(green). F-actin was counterstained with TRITC conjugated phalliodin (red). Scale bar =100 ym.

under condition P+JAGs,, and P+JAGg, remained at nominal P-myosin heavy chain, and ¢TnT is one of protein subunits in
levels. The MYH?7 gene encodes a protein known as the cardiac Troponin complex located on the thin filament of the
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myocardial contractile apparatus. All of them play critical roles
in the cardiac muscle functionality of the contractile machinery
cooperatively.”> They were viewed as the late stage marker of
myocyte differentiation. In Figure SA and B, it was found that
the fold of expression of MYH7 were 2.4, 6.6 on Day 3 and 4.4,
6.2 on Day 10 when cells were cultured in two peptide
immobilized scaffolds, respectively. Same as MYH?7, the folds of
expression of Nkx2.5 were 1.4, 4.9 on Day 3 and both increased
to 6.4, 10.7 on Day 10 when cells were cultured in two peptide
immobilized scaffolds, respectively. On the contrary, the
expression level of MYH7 and Nkx2.5 of cells cultured under
condition P+JAGgp, and P+JAGs, remained at nominal levels.
Overall, mRNAs levels of these markers associated with
myogenic differentiation were up-regulated for cells cultured
in peptide immobilized scaffolds.

ALPL, RUNX2, and Osteonectin were selected as the
markers indicative of osteogenic differentiation. Alkaline
phosphatase, an ectoenzyme encoded by the ALPL gene, is
believed to be critical for bone matrix mineralization and is the
most widely recognized marker of osteoblast phenotypes.>
RUNX2, a basic helix loop helix transcription factor is also
indicative of osteogenic differentiation from the onset of bone
mineralization.”> The upregulation of osteonectin gene
expression was used as an early marker to indicated hMSCs
toward osteogenic differentiation in previous report.>* The
difference in fold change in the expressions of selected osteo-
specific genes during the osteogenic differentiation were
recorded on Day 3 and Day 10 as shown in Figure 5 C-D.
The fold change expressions of these three markers were not
significantly different compared to the control on Day 3 and
Day 10. In general, osteogenic genes did not show any
significant up-regulation compared to the control during 10-day
cell culture under all cell culture conditions. Taken together,
mRNAs levels of these markers associated with myogenic
differentiation were up-regulated for cells cultured in peptide
immobilized scaffolds, while they remained as nominal levels in
controls. On the contrary, mRNAs levels of markers associated
with osteogenic differentiation remained unchanged. Collec-
tively, our findings suggest that JAG peptides modified surface
seems to be capable of directing stem cell lineage commitment
of hMSCs, particularly toward the myogenic lineage.

To further investigate whether the up-regulation of mRNA
expression of specific gene associated with myogenic differ-
entiation is sufficient to trigger hMSCs commitment toward the
particular cell lineage at the protein level, we performed
immunofluorescent staining to confirm the phenotypes of
hMSCs cultured in peptide immobilized scaffolds in con-
cordance with gene expression result. As shown in Figure 6,
positive ¢InT staining was detected from cells in peptides
immobilized scaffolds after 10 days of cell culture. However,
cTnT staining only showed a diffused cytoplasmic distribution
and lack of cross-striating Z-bands indicating a partially
differentiated phenotype.55 Collectively, these results indicated
that the JAG peptide immobilized scaffolds would activate
Notch signaling pathway and modulate hMSCs myogenic
differentiation but without initiating osteogenic differentiation.

The importance of the Notch pathway on cells proliferation
and differentiation has been extensively investigated; however,
the evidence were contradictory. For example, it was reported
that activated Notch inhibits myogenic activity through
specifically blocking DNA binding by MEF2C in embryonic
mesenchymal cell line 10T1/2.%° However, it was also reported
that Notch signaling facilitates the in vitro differentiation of
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BM-derived cells into SM-like cells during arterial lesion
formation.®” In certain scenarios, Notch maintains an
undifferentiated state of progenitors,”” whereas in others
Notch produces inductive signaling that stimulates progenitors
to specific fate.”® The possible reason is that the Notch
signaling is exquisitely sensitive to dosage, developmental
timing, and cellular context. Our result could be explained
according to previous finding that activation of Notch signaling
could promote myogenic differentiation of cells possibly
through target gene Nkx2.5,>* while suppressing osteogenic
differentiation.”” In the cardiac tissue regenerative medicine
field, considerable interest has been devoted toward the design
of novel cardiac patches with the aim to efficiently deliver cell
into infarcted area to inhibit heart remodelling and promote
cardiomyocytes proliferation. Herein, we report for the first
time the use of JAG peptide immobilized on biodegradable
polymeric cardiac patch, which serves as a powerful artificial
stem cell niche to direct stem cell fate. In addition, besides the
effect on myogenic differentiation induction, it was previously
reported that injection of MSC overexpressing Notch intra-
cellular domain leads to decreased infarct size and improved
cardiac function.®® The effect of this functionalized cardiac
patch in in vivo study and the details of signaling pathway for
the observed phenomenon would be of interest for future
studies.

B CONCLUSIONS

We engineered the surface of a biodegradable polymeric
scaffold through immobilization of JAG peptides. Conse-
quently, Notch signaling was triggered in hMSCs cultured on
the engineered surface. Evidence from gene expression analysis
showed that immobilization of JAG peptide is essential for
activation of Notch signaling pathway in hMSCs. Furthermore,
gene expression and immunocytochemistry analysis revealed
that the scaffolds immobilized with JAG peptides favor the
differentiation of hMSCs into myocyte-like cells. Therefore, this
strategy is not only useful to dissect the molecular events
leading up to pro-myogenic effects of hMSCs, but enhances the
functional potential of scaffolds to be used as a bioengineered
cardiac patch in myocardial infarction repair.
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