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ABSTRACT
Purpose This studywas aimed to develop a hydrogel-nanofiber
as an advanced carrier for adipose derived humanmesenchymal
stem cells (AD-MSCs) and evaluate its potential for immuno-
modulatory therapies applicable to surface coating of drug elut-
ing stent (DES) against coronary artery diseases (CAD).
Methods Amixture of dispersing-nanofibers (dNFs) and poly
(ethylene glycol)-diacrylate (PEGDA) were blended with sodi-
um alginate to achieve robust mechanical strength. The effects
of stem cell niche on cell viability and proliferation rates were
evaluated using LDH assay and alamar blue assay, respective-
ly. The amount of Nile-red microparticles (NR-MPs)
remained in the hydrogel scaffolds was examined as an index
for the physical strength of hydrogels. To evaluate the immu-
nomodulatory activity of AD-MSCs as well as their influence
by ROS, the level of L-Kynurenine was determined as trypto-
phan replacement compounds in parallel with IDO secreted
from AD-MSCs using a colorimetric assay of L-amino acid.
Results Both SA-cys-PEG and SA-cys-dNF-PEG upon being
coated on stents using electrophoretic deposition technique
displayed superior mechanical properties against the perfused
flow. d-NFs had a significant impact on the stability of
SA-cys-dNF-PEG, as evidenced by the substantial
amount of NR-MPs remained in them. An enhanced subcel-
lular level of ROS by spheroidal cluster yielded the high

concentrations of L-Kynurenine (1.67±0.6 μM without
H2O2, 5.2±1.14 μM with 50 μM of H2O2 and 8.8±
0.51 μM with 100 μM of H2O2), supporting the IDO-
mediated tryptophan replacement process.
Conclusion The “mud-and-straw” hydrogels are robust in
mechanical property and can serve as an ideal niche for AD-
MSCs with immunomodulatory effects.

KEY WORDS biomimicking hydrogel-nanofiber . coating of
drug eluting stent . immunomodulatory effects . mesenchymal
stem cells

ABBREVIATIONS
d-NFs Dispersing-nanofibers
EPD Electrophoretic deposition
IDO Indoleamine 2,3-dioxygenase
NR-MPs Nile-red microparticles
ROS Reactive oxygen species
SA-cys Hydrogel scaffolds made of Cysteine-

conjugated sodium alginate
SA-cys-dNF Hydrogel scaffolds made of SA-cys

blended with dNFs
SA-cys-dNF-PEG Hydrogel scaffolds made of SA-cys cross-

linked with dNFs and PEG-DA
SA-cys-PEG Hydrogel scaffolds made of SA-cys cross-

linked with PEG-DA

INTRODUCTION

Coronary artery disease (CAD) is most commonly caused by
atherosclerotic occlusion and generally results in myocardial
infarction and angina (1). Despite advances in drug-eluting
stent (DES) for angioplasty, DES has had limited ability to
prevent restenosis and contributes to late-stage thrombosis
(2). Subsequently, this complication necessitates by-pass or
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further intervention. According to the recent reports, re-
stenosis is mainly caused by the degradation of plaque that is
accelerated by the secretion of inflammatory cytokines from
mast cells (MCs) and the high level of reactive oxygen species
(ROS) (3–5).

Regulation of the immune response has been widely ex-
plored for the development of advanced cardiovascular stents,
yet progress thus far made in producing novel vascular stents
to modulate the immunoresponse has not been significant. It
was recently reported that MCs present in atheroma have
played a critical role in the apoptosis process of human vascu-
lar endothelial cells (hECs). In our previous study, Nitric
Oxide (NO) in a combination with the ROS scavenger,
Edaravone, down-regulated the secretion of inflammatory cy-
tokines (5), resulting in the enhancement of viability of hECs
undergoing MC-mediated external stress.

Among various stem cells, mesenchymal stem cells (MSCs)
are unique in that they have immunosuppressive and immu-
nomodulatory activities, producing suppression of the prolif-
eration rates of both innate and adaptive immune cells (6,7).
MSCs activate regulatory T-cells (Tregs) through the mecha-
nisms involved with direct cell-cell interaction and induction
of various soluble factors, such as prostagladin E2,
indoleamine 2,3-dioxygenase (IDO) and interleukin-6 (IL-6)
(8–12). In addition, cytokines secreted by MSCs promoted
in vitro and in vivo arteriogenesis (13) and subsequently affected
therapeutic efficacy of MSCs (11). The availability and versa-
tility of MSCs make them a novel immunological therapeutic
tactic to prevent atherosclerotic occlusion (14–16).

The terms ‘bio-similar’, ‘bio-mimetic’ and ‘bio-inspired’
were introduced to delineate an alternative and efficient de-
sign of a cell-delivery carrier (17). It was previously proposed
that sodium alginate would form a 3D cell-gel hydrogel on
indium-tin-oxide (ITO)-glass via electrical-stimulation process
(18). Moreover, the hydrogel composited with filamented-
polylactic acid (PLA) nanofibers prepared from aminolysis-
assisted fragmentation could be biologically active and stimu-
late cell-signaling pathways (19). Nanocomposite hydrogels
inspired by the ordered “brick andmortar” arrangement were
also fabricated using inorganic and organic layer modification
(17). The resulting materials generally display unique combi-
nations of strength and toughness, but have proven difficulty
in synthetically mimicking the biological systems (20).
Moreover, the feasibility of those formulations as a cell-
delivery carrier has not been practically investigated.

The aim of this study was to develop and evaluate the
biomimicking “mud-and-straw bird nest” as an advanced
cell-delivery carrier for MSCs. A bio-inspired hydrogel-nano-
fiber for adipose derived humanmesenchymal stem cells (AD-
MSCs) was explored as an immunomodulatory carrier to be
applicable to the surface coating of DES. A mixture of
dispersing-nanofibers (dNFs) and poly (ethylene glycol)-
diacrylate (PEGDA) was blended with sodium alginate which

yields robust mechanical strength against the continuous per-
fused fluid and dynamic environment of the myocardium.
The effects of stem cell niche made of a mixture of dNF and
PEGDA on cell viability and proliferation rates were evaluat-
ed using LDH assay and alamar blue assay, respectively. The
amount of Nile-red microparticles (NR-MPs) remained in the
hydrogel scaffolds after being placed in a pseudo-perfusion
chamber for 7 days was examined as an index for the physical
strength of hydrogels. To evaluate the immunomodulatory
activity of AD-MSCs as well as their influence by ROS, the
level of L-Kynurenine was determined as tryptophan replace-
ment compounds with Indoleamine 2,3-Dioxygenase
(IDO) secreted from AD-MSCs using a colorimetric assay
of L-amino acid.

METHODS AND MATERIALS

Materials

Poly (L-lactic acid) (PLA) was purchased from Polysceinces
Inc. (Warrington, PA). Poly lactic-co-glycolic acid (PLGA)
was purchased from Lakeshore Biomaterials (Birmingham,
AL). Sodium alginate (SA), 5,5′-Dithiobis(2-nitrobenzoic acid)
(DTNB), dichloromethane (DCM), Fluorescent sodium
salt (FS), ethylenediaminetetraacetic acid (EDTA), 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
cysteine hydrochloride monohydrate, Nile-red (NR),
hexamethylenediamine (HDA), 2-isopropanol (IPA), 2-hy-
droxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
2959), trichloroacetic acid, 4-dimethylaminobenzaldehyde, L-
kynurenine, poly (ethylene glycol) diacrylate (PEGDA, Mn=
575) and ninhydrin were purchased from Sigma-Aldrich (St.
Louis, MO). 1,1,1,3,3,3 Hexafluoro-2-propanol (HFIP) was
purchased from CovaChem (CovaChem, LLC., IL). Tumor
necrosis factor-α (TNF-α) was purchased from R&D system
(Minneapolis, MN).

Adipose-derived human mesenchymal stem cells (AD-
MSCs) (PCS-500-011), mesenchymal stem cell basal medium
(PCS-500-030),MSCs growth kit (PCS-500-040), vascular cell
basal medium (PCS-100-030) and endothelial growth kit–
VEGF (PCS-100-041) were purchased from ATCC
(Manassas, VA). All other reagents and solvents were of ana-
lytical grade.

Preparation of Various Hydrogel Scaffolds

Synthesis of Thiolated-Alginate (SA-cys)

Sodium alginate cysteine conjugates (SA-cys) were prepared
by EDC technique (21). Briefly, 2% (w/v) of SA was dissolved
overnight in distilled and deionized (DI) water. 200 mMEDC
solution was added to the polymer solution and then
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incubated for 1 h. After the incubation, 1% (w/v) of cysteine
solution was added to the mixture, which was allowed for the
reaction to proceed at room temperature overnight. To isolate
SA-cys, the aqueous solution was dialyzed against 1 mM HCl
for 2 days and subsequently 1% NaCl for 2 days. All prepa-
rations were conducted in the dark condition to minimize
disulfide bond formation. Dialyzed samples were freeze-
dried and kept at −20°C until further use.

Preparation of NR-Microparticles

NR-Microparticles (NR-MPs) were formulated using O/W
emulsification (22). For the oil phase, 6% (w/v) of PLGA
was dissolved in DCM, whereas, for the water phase, 1%
(w/v) of PVA was dissolved in DI water with continuous stir-
ring until it reached a homogenous steady phase. The oil
phase was transferred into the water phase (the O/W solution)
and mixed using a homogenizer (Ultra-Turrax, IKA). The
emulsion was continuously stirred to fully evaporate the or-
ganic solvent. NR-Microparticles were collected from super-
natant after ultracentrifugation (x 8,000 rpm for 30 min). The
pellets containing microparticles were lyophilized and kept at
−20°C until further usage.

Preparation of Dispersing Chitosan-g-Nanofibers (d-NFs)

PLA nanofibers were formulated through electrospinning
technique (23). Dispersing-nanofibers (d-NFs) were prepared
using a previously reported method after minor modification
(19). Briefly, segmented-PLA nanofibers (1 cm2) were incubat-
ed in IPA containing 8% (w/w) of HDA for 2 h. Aminolyzed-
nanofiber meshes were gently washed with EtOH twice and
then incubated in ethanol at 4°C for 24 h. After incubation,
sliced nanofiber meshes were acquired using probe sonication
(UltraSonic Probe 100, Fisher Scientific, Waltham, MA)
(15 W for 30 s and pause for 5 s). d-NFs were collected from
supernatant after ultracentrifugation (x 20,000 rpm for
30 min).

Segmented nanofibers were functionalized with chitosan
using the two-step procedure (24). First, aminolyzed-dNFs
were mixed with 2.5% (w/v) of glutaldehyde solution for
3 h. After the completion of mixing, the dNFs were filtered
(0.22 μm) and incubated with 1% (w/v) chitosan solution at
4°C for 24 h. Chitosan-grafted dNFs acquired by ultracentri-
fugation (x 20,000 rpm for 30 min) were gently washed with
DI water. The samples were lyophilized and kept at −20°C
until further use.

Preparation of SA-cys Hydrogel Solution

The culture media was added with a mixture of 1% (w/v) of
SA-cys, 0.4% (w/v) of d-NFs and 0.05% (w/v) of
photoinitiator (Irgacure 2959, Sigma, St. Louis, MO) and

steadily stirred until it reached a homogenous steady phase.
The mixture was loaded with PEGDA (10% (v/v)) and la-
beled as SA-cys-dNF-PEG. For other solutions, SA-cys-PEG
was prepared without d-NFs, whereas SA-cys was prepared in
the absence of both d-NFs and PEGDA.

Characterization of Hydrogel Scaffolds

Swelling Ratio

The swelling ratios of the formulations were determined by
measuring the water uptake content. The hydrogel-coated
stents were immersed in 1 ml of PBS. The weights of the
swelled hydrogel before and after being fully dried were de-
termined. The swelling ratios at specific time intervals (5, 10,
15, 30, 45 and 60 min) were calculated using the following
equations.

The Swelling Ratio %ð Þ ¼ Sw–Sdð Þ=Sd½ � � 100

where Sw is the weight of polymers with the absorbed water,
and Sd is the weight of polymers free of residual moisture

Determination of Amine Groups (−NH2) in hydrogel scaffolds

The derivatization process with ninhydrin, a chemical used to
detect ammonia or primary and secondary amines, was used
to determine the amount of -NH2 groups grafted on the sur-
face of d-NFs (25). Briefly, cardiovascular stent coated with
hydrogel scaffolds were immersed in 1 M nynhydrin solution
(40 μl) whose containers were placed into the water bath at
80°C and allowed for the reaction between ninhydrin and
amine groups. After 15 min incubation, IPA (1 ml) was added
to the solution for stabilization of the product. The concentra-
tions in the solution were determined by measuring spectro-
photometric absorbance at 540 nm (Spetronic 20D, Thermo
Scientific, Waltham, MA). A calibration curve was produced
with the standard samples of chitosan.

Determination of Thiol Groups (−SH) in hydrogel scaffolds

The thiol contents in hydrogel scaffolds upon being reacted
with PEGDA via Michael-type addition was determined
based on the color changes developed from the Ellman re-
agent detection process (21). Briefly, the solution of Ellman’s
reagent was prepared by dissolving 0.4% (w/v) of DTNB in
0.1 M sodium phosphate buffer (pH=8.0) containing 1 mM
EDTA. Hydrogel-coated stents were immersed in 1 ml of
sodium phosphate buffer containing 5 μl of Ellman’s reagent,
and incubated at room temperature for 15 min. Thiol con-
tents were spectrophotometrically determined by measuring
the optical absorbance at 441 nm. A calibration curve was
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produced with a standard sample of cysteine hydrochloride
monohydrate. For comparison purpose, both amine and thiol
group in the samples produced via simple dip-coating method
(i.e., used as the control groups) were also analyzed using the
same procedure as described above.

In vitro Stability of Hydrogel Scaffolds against Shear
Stress

A microfluidic perfusion chamber was designed for the stabil-
ity test of hydrogel scaffolds under various conditions of vari-
ables and perfused flow rates (Mini-pump variable flow, Fisher
Scientific, Waltham, MA). Cardiovascular stents coated with
tested hydrogel scaffolds containing NR-microparticles were
placed in the middle of tygon tubes, which were filled with test
media (PBS with 2% of fetal-bovine serum (FBS)). The flow
rate of the test media was intermittently increased up to
1 ml/s. The test media was replaced with the fresh media at
specific time intervals and the amount of NR-MPs in the sam-
ples were quantified (5 min, 30 min, 1 h, 3 h, 6 h and 10 h for
short-term analysis and 1, 2, 3, 5, and 7 days for long-term
analysis).

To determine the amount of NR-MPs, the solutions con-
taining NR-microparticles were spiked with acetone and son-
icated to degrade the microparticles. The solution was
vacuum-dried to evaporate acetone and then the NR concen-
tration was determined using the multimode detector at exci-
tation λ of 540 nm and emission λ of 640 nm (DTX 880,
Beckman Coulter, Indianapolis, IN).

The shear stress imposed on cardiovascular stent was cal-
culated by implementing such parameters as inner radius of
tube (a=0.75×10−3 m), viscosity (μ=0.00098 Pa-s) and flow
rate (Q=1 ml/s) to Poiseuille’s law (26). For the stability test of
the hydrogel scaffolds against the flow rate, the microfluidic
chamber was placed under fluorescent microscopy (Leica
DMI 3000D, Buffalo Grove, IL) with the intensities of FS
(Fluorescent sodium salt) (excitation: 460 nm, emission:
520 nm). The percentage loss of NR-MPs were determined
at specific time intervals (initial, 5 min, 30 min and 1 h) and
used as an index of physical stability against the perfused flow
in the vessel.

Stent Coating with AD-MSCs using Electrophoretic
Deposition (EPD) Technique

When AD-MSCs were confluent, the cells were trypsinized,
collected and centrifuged. The pellet was then mixed with the
stock solutions (i.e. SA-cys, SA-cys-PEG, and SA-cys-dNF-
PEG). The final concentration of AD-MSCs in the solution
was adjusted to 2×106 cells/ml. The surface of cardiovascular
stent was coated with the hydrogel using EPD technique un-
der the applied voltage (1.5 V/cm2) and a distance (0.5 cm)
between anode and cathode for 30 s. The cell/hydrogel

scaffolds coated on the stents were photopolymerized
for 5 min under UV light with the intensity of
230 μW/cm2 (Handheld UV lamp, Cole-Parmer,
VernonHills, IL). After polymerization, the stents were placed
in the vascular basal media containing VEGF (5 ng/ml) and
incubated under the standard culture conditions (37°C and
5% CO2).

For visual assessment of stability of stents coated with hy-
drogel scaffolds containing AD-MSCs, 0.1% (w/v) of fluores-
cein sodium salts (FS) was added in AD-MSCs, and the images
of the fluorescent signals were examined using a microscope
(Leica DMI 3000D, Buffalo Grove, IL).

Cell Culture Studies on Hydrogel Scaffolds

Viability of AD-MSCs loaded in Hydrogel Scaffolds

To evaluate the potential cytotoxicity of hydrogels loaded with
AD-MSCs, homogeneous membrane integrity was analyzed
by assessing LDH released into the media as a marker of dead
cells.

Briefly, AD-MSCs (1×104 cells/well) were seeded on 96-
well plate and then incubated overnight to allow the cells to
attach to the bottom of the plate. For the cytotoxicity assess-
ment of individual components of test formulations, such as
SA-cys and d-NFs, the media was replaced with the fresh
media having various concentrations of test formulations
(SA-cys: 0, 0.25, 0.5, 1, and 2 mg/ml; d-NFs: 0, 0.2, 0.4,
0.6, and 0.8 mg/ml). The plate was incubated for 48 h and
the media from each study was subjected to the LDH analysis
(Promega, Madison, WI). For the positive control, the cells
were lysed with 1% of Triton X-100 and the expression of
LDH was measured using the same procedure as described
above.

The potential cytotoxicity of hydrogels on AD-MSCs was
evaluated using the live/dead staining kit (Calcein-AM for live
cell staining and Ethidium homodimer for dead cell staining)
(Abcam, Cambridge UK), and fluorescent images were re-
corded in a randomized and blind manner using a microscope
(Leica DMI 3000D, Buffalo Grove, IL).

Assessment of the Proliferation Rate of AD-MSCs

The proliferation rates of AD-MSCs encapsulated in hydrogel
scaffolds were quantified using Alamar Blue reagent (Life
technologies, Grand Island, NY). Briefly, the cardiovascular
stents coated with hydrogel scaffolds containing AD-MSCs
(SA-cys, SA-cys-PEG and SA-cys-dNF-PEG) were incubated
in 24-well plate with 9% of the Alamar Blue solution (2 ml).
The plate was further incubated for 4 h to allow for viable cells
to react with the reagent. Medium (20 μl) from the wells was
transferred into 96-well plate to which 80 μl each of PBS was
additionally added.

3216 Oh, Melchert and Lee



The proliferation rates were determined at specific time
intervals (1,4,7,11) based on the fluorescent intensity of the
solution (100 μl) measured using the multimode detector (ex-
citation: 540 nm and emission: 590 nm). The relative fluores-
cent intensities were calculated with respect to those recorded
at day 1.

Assessment of Immunomodulatory Activity of MSC

AD-MSCs have been highly effective in ameliorating implant
rejection (27,28) and their immunomodulatory activity was
known to be mediated by indolemaine 2,3-dioxygenase
(IDO) (28). L-kynurenine is a tryptophan metabolite and
known to contribute to the maintenance of a relative immune
activity in MSC (29). It was also found that IDO and associ-
ated tryptophan/kynurenine transporter exchange mecha-
nism were upregulated by such inflammatory inducers as cy-
tokines, TNF-α and PGE2 (30,31). To evaluate immunomod-
ulatory activity of MSC, the level of L-kynurenine in AD-
MSCs was determined as a depleting substance in parallel
with IDO using a colorimetric assay of L-amino acid (32).

In brief, AD-MSCs seeded on 96-well plate (2×104

cells/well) were incubated with hydrogen peroxide (0, 50 and
100 μM) along with TNF-α (10 ng/ml) for 12 h. After incu-
bation, the collected media were mixed with 30% of trichlo-
roacetic acid at a ratio of 3:1 and incubated for 30 min at
50°C. They were centrifuged at 13,000 rpm for 3 min. The
supernatants (100 μl) were diluted with 100 μl of Ehrlich re-
agent (2% (w/v) of 4-dimethylaminobenzaldehyde in glacial
acetic acid) in a 96-well plate. The fluorescence absorbance
was determined using a multimode detector at 490 nm
and converted to the amount of IDO. A series of stan-
dard samples of L-Kynurenine were used to generate a cal-
ibration curve.

Effects of the ROS Level on Immunomodulatory Activity of MSC

The effects of ROS as an inflammatory inducer of the ex-
change process between IDO and associated tryptophan/
kynurenine transporter on immune activity of MSC were also
evaluated. The intracellular ROS level was analyzed using
ROS sensitive dye (2′,7′–dichlorofluorescin diacetate, DCFD
A) as previously reported (23). Briefly, after the cell matrix
being disrupted by trypsinization, floated AD-MSCs were
stained with 20 μM of DCFDA solution for 30 min at 37°C.
Stained cells were washed with PBS twice and then superna-
tant was collected by centrifugation. The cells were suspended
in the warm media for encapsulation. EPD technique was
used for surface coating of stent with either SA-cys-PEG or
SA-cys-dNF-PEG, and the hydrogel scaffold constructs were
carefully detached from the metal surface using a surgical
blade. The separated pieces of hydrogel were mounted on
glass slides and five locations of each sample were visualized

using fluorescent microscopy (Leica DMI 3000D, Buffalo
Grove, IL) (excitation: 495 nm and emission: 529 nm). The
fluorescent intensities of stained cells were analyzed using
ImageJ (NIH, Bethesda, MD).

Statistical Analysis

Data were presented as a mean±standard deviation (SD).
One-way ANOVA was used to compare the means of inde-
pendent samples. F-ratio was determined using SPSS software
(SPSS, Chicago, IL) and Tukey’s HSDwas used for a post-hoc
analysis. P values of less than 0.05 were considered as statisti-
cally significant. All experiments were conducted in triplicate
unless otherwise specified.

RESULTS AND DISCUSSION

Preparation of Hydrogel Scaffolds

The hydrogel (mud)–nanofiber (straw) structure inspired by
“mud-and-straw birds nest” was developed as an advanced
cell-delivering carrier for AD-MSCs. PEGDA was used as a
potent UV-assisted cross-linker between thiolated alginate
and chitosan-functionalized dispersing nanofibers (d-NFs)
(Figs. 1 and 2). The custom-built chamber was designed
(Fig. 3) for EPD technique by which the stent surface was
coated with the robust hydrogels (33). Upon being functional-
ized with cysteine in alginate chain (i.e., cysteine-conjugated
sodium alginate), SA-cys yielded both an EPD interaction site
and a thiol functional group that together constitute a robust
mud-and-straw structure. As shown in Fig. 4, the cell-
delivering capabilities of SA-cys produced a smooth surface
layer coated on the surface of the stainless steel metal
stent. In addition, the weights of polymer layers depos-
ited on the stents through EPD technique were measured
(SA-cys: 1.5±0.1 mg/stent, SA-cys-dNF: 1.4±0.3 mg/stent,
SA-cys-PEG: 1.6±0.3 mg/stent and SA-cys-dNF-PEG:
1.56±0.25 mg/stent). The hydrogel scaffolds containing
PEG showed an increase in the weights of polymer layer,
but was not statistically significant, as compared to the scaf-
folds fabricated with either SA-cys or SA-cys-dNF.

Characterization of the Biomimetic Architecture
of Hydrogel Scaffolds

The porous three-dimensional architecture of hydrogel scaf-
folds were examined using scanning electron microscopy
(ESEM, XL 30, Hillsboro, OR). The micropore size of hydro-
gel scaffolds made of a mixture of PEG and d-NFs became
smaller than those of SA-cys or SA-cys-PEG. PEG blending
generally have a high impact on the morphological properties
including a micropore size, whereas d-NFs not only affected
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the morphological properties but also produced a smooth sur-
face layer with tight junctions as represented by white arrows
in Fig. 5.

EPD technique enhanced the quantity of red fluorescent
signal reflecting NR-MPs present in the scaffolds (Fig. 6a) as
compared to those produced by the dip-coating (DC) method,
indicating that EPD technique could provide the strong elec-
trical conductivity by which the hydrogel was loaded with the
substantial amount of NR-MPs.

Distribution of AD-MSCs in Hydrogel Scaffolds
and Encapsulation Efficacy

To elucidate the mechanism behind enhanced coating effica-
cy, surface potential (zeta-potential) variation during the fab-
rication process was determined using a standard dynamic

light scattering instrument (DLS, Malvern, UK). Because the
bilayer membranes possessed negative potential on the surface
(34), the changes in zeta-potential of chitosan-grafted d-NFs
containing fluorescent dye loaded-MPs (NR-MPs) (Fig. 6b)
were monitored as a fraction of incubation time. The positive
potential of d-NFs containing NR-MPs significantly decreased
within 5 s, fluctuated for 1 min, and then reached a plateau
(2.13±0.12), indicating that d-NFs would form the clusters
with MSCs through the charge-charge interaction.

The effects of d-NFs on distribution of AD-MSCs in hy-
drogel scaffolds produced by EPD technique was examined by
the fluorescence microscopy image with stained fluorescent
dyes (Live/Dead Assay) (Fig. 6c). As only live cells can lyse
the AM-ester and allow calcein to freely permeate into the
cell, the green fluorescence signal is indicative of live cells.
Two hydrogel formulations, SA-cys-PEG and SA-cys-dNF-

Fig. 1 (i) Graphical representation
of the synthesis process of SA-cys.
Green represents SA backbone. (ii)
SA-cys has both a EPD available site
and a crosslinkning site after cysteine
conjugation. (iii) SA-cys deposition
via EPD technique on the metalic
surface with UV-assisted
crosslinking. Red and blue boxes
indicate EPD binding and
crosslinking sites.

Fig. 2 Preparation of chitosan-grafted PLA nanofibers using the aminolysis-assisted fragmentation process.
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PEG prepared by EPD technique, showed mostly green sig-
nals with the low level of red signals, indicating that they don’t
exert any adverse cytotoxicity.

The distribution profiles of AD-MSCs in hydrogel scaffolds
were significantly influenced by the presence of d-NFs. For
SA-cys-PEG, individual green signal was detected (Fig. 6c),
whereas the signal produced high density clouds for the scaf-
folds made of d-NFs (SA-cys-dNF-PEG), indicating that AD-
MSCs were substantially integrated with d-NFs. The results of
this study support that SA-cys-dNF-PEG can serve as a proper
stem-cell niche, overcoming the intrinsic limitations with
hydrogels made of only alginate whose encapsulated cells
are independently proliferating and growing without having
to go through any cell-cell interactions.

Characterization of the Chemical Linkage in Hydrogel
Scaffolds

The raman spectra were collected on inverted Raman confo-
cal microscope (inVia Raman microscope, Renishaw; 20×
objective (Leica DMI 3000D, IL) and a 785 nm (1.58 eV)).

As shown in Fig. 7a, both SA and SA-cys had peaks
representing a glycosidic ring breathing mode (1088–
1098 cm−1). The raman spectroscopy displayed unique peaks
present in SA-cys (S-S stretching deformation near 457–
510 cm−1, −C-S- stretching near 727 cm−1, −C=O
stretching, N-H bend and C-N stretch near 1612–
1637 cm−1, S-H stretching near 2550–2590 cm−1) (35). The
SEM andmicroscopic fluorescent analyses successfully offered
the demographic images of how chemical bonds (i.e. primary
amine (−NH2) from chitosan and thiol (−SH) from cysteine)
interacted with di-acrylate bonds of PEGDA.

To investigate whether or not cysteine-functionalized SA
made an additional bond with PEGDA, ninhydrin and
ellman’s assays were performed. The hydrogel scaffolds pro-
duced by DC had none or minimal –NH2 density (Fig. 7b),
whereas the hydrogel scaffolds produced by EPD technique
had a greater amount of –NH2 density (SA-cys-dNF: 78.7±
5.2 and SA-cys-dNF-PEG: 47.2±4.0 μg/ml/stent),
confirming d-NFs were deposited in the hydrogel scaffolds
by EPD technique to a greater extent than those by DC
method.

An addition of PEGDA reduced –NH2 density in SA-cys-
dNF-PEG as compared to SA-cys-dNF (p<0.001) mainly due
to specific interactions of the acrylate group from PEGDA
with primary amine in d-NFs, which formed a secondary
amine. Because ninhydrin assay measures the amount of sec-
ondary amine, the quantity of primary amine in d-NFs (47.2±
4.0 μg/ml/stent, p<0.01) reflects the Michael-type addition
between primary amine and acrylate groups, which is in a
close agreement with the previous report (36).

The concentration of -SH in various hydrogels was deter-
mined using Ellman’s assay. As expected, SA-cys had a greater
thiol content than SA (SA: 0.046±0.072 and SA-cys: 2.02±
0.07 μg/ml/stent) (Fig. 7c), indicating that the amount of thiol
group was significantly reduced when the hydrogel scaffolds
containing PEGDA were exposed to UV (SA-cys-PEG: 1.9±
0.2 and SA-cys-PEG with UV: 0.4±0.03 μg/ml/stent,
p<0.001). For SA-cys-dNF-PEG, it had a similar reduction

Fig. 3 1. Preparation of hydrogel stock solution for EPD technique. 2. Hydrogel deposition on cardiovascular stent using EPD technique performed in the
custom-made chamber. 3. UV-assisted crosslinking process for the hydrogel construct.

Fig. 4 Hydrogel-coated cardiovascular stent. (i) SEM image for the middle
part of the stent; (ii) SEM image for the end part of the stent; and (iii) SEM
images for metal strut with high magnification.
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rate to those without UV (SA-cys-dNF-PEG: 1.85±0.17 and
SA-cys-dNF-PEG with UV: 0.46±0.08 μg/ml/stent,
p<0.001), indicating that thiol group reacted with the acrylate
group of PEGDA via UV-assisted crosslinking process (i.e.

Michael type addition). Given the interaction between thiol
and acrylate groups, the reduced thiol contents in the hydro-
gel scaffolds upon exposure to UV could be responsible for
their robust nature and compact architecture structure.

Fig. 5 Morphological characteristics of various hydrogels, such as SA-cys, SA-cys-PEG and SA-cys-dNF-PEG.

Fig. 6 (a) Fluorescent images of NR-MPs distribution in hydrogels with two different coating methods (dip-coating (DC) and eletrophoretic deposition (EPD)
technique). (b) The size, PDI and zeta-potential of NR-MPs, d-NFs and a mixture of NR-MPs and d-NFs. The changes in zeta-potential of the mixture were
recorded during the incubation period (n=3). (c) Fluorescent images of AD-MSCs (stained with Live/Dead dyes) encapsulated in hydrogels. The images in the
right side are magnified images of white box from the images in the left side. The viable cells were visualized in green, whereas dead cells were visualized in read.
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Evaluation of Swelling Ratio of Various Formulations

The changes in the swelling ratio induced by the com-
ponents of hydrogel scaffolds were determined by mea-
suring the water uptake content. As shown in Fig. 8, the
swelling ratios for SA-cys and SA-cys-dNF after the in-
cubation for 60 min were significantly greater than
those for SA-cys-PEG and SA-cys-dNF-PEG (131.2±
9.1% for SA-cys, 97.9±10.1% for SA-cys-dNF, 46.1±
12.5% for SA-cys-PEG and 35.2±10.9% for SA-cys-
dNF-PEG). SA-cys-dNF-PEG prepared using the EPD
technique offered the improved mechanical property due to

the enhanced swelling ratio as compared to hydrogel scaffolds
of SA-cys and SA-cys-dNF.

Mechanical Characteristics of Hydrogel Scaffolds

Because the perfused fluid in the vessel created a continuous
wall stresses, the mechanical properties against the perfused
fluid should be characterized. The custom designed
microfluidic simulator under the given settings (i.e. inner ra-
dius of tube (a=0.75×10−3 m), viscosity (μ=0.00098 Pa-s)
and flow rate (Q=1 ml/s)) can imitate the physiological dy-
namic conditions (37°C) including wall stresses (30 dyn/cm2)
(i.e., physiological wall stresses of 2–16 dyn/cm2). The system
could offer an enormous potential to be applicable to in vitro

assessment of physicodynamic properties of the biomedical
devices including cardiovascular stents.

A microfluidic simulator system (Fig. 9a), which is connect-
ed to the steady flow chamber and temperature controller,
was designed for the assessment of the mechanical strength
of the hydrogel-coated stents. The inner surface of tygon tubes
was subjected to exposure to the maximum pressure value of
30 dyn/cm2 (26), which can provide the tested stents with
sufficient pseudo-physiological wall stresses of approximately
2–16 dyn/cm2 (37).

The residence time of NR-MPs encapsulated in the hydro-
gel scaffolds was evaluated to determine whether or not they

Fig. 7 Raman spectroscopy before and after UV-assisted crosslinking in hydrogels. (a) Raman spectroscopy (b) Determination of primary amine groups (−NH2)
grafted on the surface of d-NFs using Ninhydrin derivatization. (c) Determination of thiol (−SH) content in metallic stent with or without UV-assisted polymer-
ization. ** in (b) and (c) indicates statistical significance (p<0.01, n=3).

Fig. 8 in vitro swelling ratio of hydrogel scaffolds (n=3).
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are protected from the perfused flow for an extended period of
time. Most hydrogels in SA-cys-only were washed out by per-
fused flow within 3 h, whereas those in SA-cys-dNF lasted for
6 h. As compared to other hydrogels, SA-cys-PEG and SA-
cys-dNF-PEG were highly stable (Fig. 9b) and it took a longer
period of time for them to be fully washed out by perfused flow
(Fig. 9c). SA-cys-PEG was fully disintegrated by perfused flow
after incubation for 5 days in a pseudo-microfluidic simulator,
whereas only 50% of initial loading amount of SA-cys-dNF-
PEG was disintegrated for 7 days. It can be concluded that d-
NFs plays a critical role in maintaining mechanical stability of
the hydrogel scaffolds under the long-term incubation process
and that d-NFs had a mild impact on the mechanical property
of SA-cys-dNF.Whereas polymer layers for both SA-cys-PEG
and SA-cys-dNF-PEG seemed to be predominantly
crosslinked by homopolymerization of PEG-diacrylate
(PEGDA). The addition of PEGDA in hydrogel scaffolds dur-
ing the EPD process has improved the mechanical property
against the perfusive fluid through expediting the polymeriza-
tion process within the time of a short surgical procedure or
before the material to be encapsulated disperses.

The mechanical strength of the hydrogel-coated stents
against the perfused fluid was evaluated using a pseudo-
microfluidic simulator system with the initial moisture main-
tained throughout the study. The systemwas placed under the
microscope for the assessment of the fluorescent images at
different time intervals (i.e. initial, 5 min and 30 min). SA-

cys-only group showed a rapid disintegration of coated hydro-
gel within 5 min, whereas SA-cys-dNF showed a moderate
disruption for up to 30 min (Fig. 10). Both SA-cys-PEG and

Fig. 9 in vitro stability of hydrogel scaffolds against shear stress by continuous flow. (a) Description of custom built microfluidic perfusion device with temperature
controller. (b) and (c) Percentage of loss of NR-MPs against shear stress in short-term incubation (b) and in long-term incubation (C’) (n=3).

Fig. 10 Fluorescent images of hydrogel scaffolds.White arrows indicated the
direction of continuous flow. White dash lines represented metal surfaces.
Scale bar indicated 1 mm.
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SA-cys-dNF-PEG showed an enhanced the mechanical prop-
erty during a 30-min incubation period, confirming the inte-
gral role of PEGDA in maintaining the stability of the coated
hydrogel. These results were in a close agreement with the
previous reports that the acrylate groups formed chemical
bonds with amine and thiol groups present in both d-NFs
and alginate via Michael-type addition (36). These chemical
bonds seem to provide the hydrogel with the robust structure
and high stability against the perfused flow.

It is well known that calcium aggravated atherosclerosis, as
the elevated level of intracellular calcium triggered endoplas-
mic reticulum stress (38). Moreover, stem cell niche that has
the high concentration of calcium induced osteogenic differ-
entiation of MSCs (39,40), suggesting that metallic surfaces
contaminated with calcium may not achieve endothelializa-
tion, unless calcium is thoroughly removed. The nanocompos-
ites (d-NFs with SA-cys) developed in this study did not have
any divalent cationic ions (i.e. Ca++), and thus can serve as an
ideal platform for the enhancement of immunomodulatory
efficacy of MSCs.

Assessment of Cytotoxicity of Hydrogel Scaffolds

To examine the biocompatibility of the hydrogel scaffolds,
LDH assay was performed on AD-MSCs upon exposure to

tested hydrogels of various conditions for 48 h. For the positive
control, the cells were lysed with 1% of Triton X-100 and the
levels of LDH leakage from lysed cells were determined.
No cytotoxicity of AD-MSCs was observed after 48 h
exposure to SA-cys at the concentrations of 0–2 mg/ml
or d-NFs at the concentrations of 0–0.8 mg/ml (Fig. 11a).
In addition, there were no significant differences in cytotoxic-
ity between the groups with or without UV crosslinking
(Fig. 11b).

To further determine whether or not the EPD tech-
nique used for the hydrogel coating process could ex-
ert any cytotoxicities, AD-MSCs stained with fluores-
cent live/dead dyes (green for live cells and red for
dead cells) were assessed using LDH assay. AD-MSCs
exposed to the hydrogel coated stents via EPD tech-
nique displayed distinctive green signals, indicating
that EPD technique exerts no significant cytotoxicity
(Fig. 11c).

It was shown that AD-MSCs were densely packed
with d-NFs in the hydrogel scaffolds. However, strong
spherical green signals were displayed from the cells
encapsulated within SA-cys-PEG, indicating that they
can offer a suitable cell niche to AD-MSCs (Fig. 11c).
It was previously reported that an engineered stem cell
niche provided by biomaterials not only enhanced the

Fig. 11 Cell viability of AD-MSCs. (a) Percentage viability of AD-MSCs in presence of SA-cys and d-NFs (n=3). (b) Percentage of viability of AD-MSCs encapsulated
in hydrogels (n=3). (c) Florescent images for Live/Dead assay in the presence and absence of UV-assisted polymerization. Bottom figures indicate florescent images of
hydrogel scaffold (SA-cys-dNF-PEG) with high magnification of white boxes presented in middle of figures. All scale bars with size were shown in figures.
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proliferation rate but also regulated the stem cell line-
age (19,41,42).

As the formulations developed in this manuscript are
in tended for card iovascu lar app l i ca t ions , the i r
hemocompatibil ity also needs to be addressed. A
hemocompatibility of hydrogel scaffolds fabricated with sodi-
um alginate, which are physicodynamically similar to the
products in this manuscript, was previously reported to be
biocompatible and hemocompatible (43–45). The present
study supported that the bio-mimetic hydrogels produced by
a facile and reproducible fabrication process can be used as a
biocompatible platform for recovery of cell mediated
endothelialization.

The Proliferation Rates of AD-MSCs in Hydrogel
Scaffolds

To evaluate the effects of d-NFs on the proliferation rate of
AD-MSCs, the fluorescent intensity of the hydrogels contain-
ing AD-MSCs were examined upon being treated with
alamar blue reagent (Fig. 12). The fluorescent intensities of
the hydrogel scaffolds (SA-cys-dNF-PEG) were significantly
greater than those of SA-cys and SA-cys-PEG (F=15.724
and p<0.001 for day 7, and F=6.289 and p=0.016 for day
11), confirming that d-NFs but not PEG enhanced the prolif-
eration rate of AD-MSCs and promoted its stability against
the perfused flow. It was previously reported that a spheroid
formation of MSCs induced by fragmented nanofibers com-
posites created proper stem cell niche which showed an in-
crease in proliferation rate during the incubation for 2 weeks
(19) and was closely correlated with the outcomes from this
study.

Effects of ROS on Immunomodulatory Activity
of AD-MSCs

To evaluate the immunomodulatory activity of AD-MSCs in
the presence or absence of external ROS, the level of L-
kynurenine, a tryptophan metabolite, in AD-MSCs was deter-
mined as a replacement compound with Indoleamine 2,3-
Dioxygenase (IDO). AD-MSCs seeded on tissue-culture plate
(TCP) were treated with varying concentrations of ROS (pro-
vided by hydrogen peroxide) (Fig. 13a). As the ROS level

Fig. 12 Proliferation rates of AD-MSCs in TCP, SA-cys, SA-cys-PEG and SA-
cys-dNF-PEG. * and ** demonstrate statistical significances of SA-cys-dNF-
PEG in comparisons with SA-cys and SA-cys-PEG (* and ** indicate p<0.05
and p<0.01, n=3, respectively).

Fig. 13 Immunoregulatory function of AD-MSCs. (a) The concentration of L-kynurenine on TCP with ROS treatment. (b) Fluorescent images of
ROS at subcellular level using ROS sensitive dye (2′,7′ –dichlorofluorescin diacetate, DCFDA). Scale bars indicate 200 μm. (c) Measurements of
subcellular ROS level determined by green fluorescent signals using ImageJ. ** indicates significant differences between negative, SA-cys-PEG and
SA-cys-dNF-PEG (p<0.01, n=3).
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increased, the concentration of L-kynurenine increased with a
greater rate than those treated with only TNF-α (1.67±0.6 μM
without H2O2, 5.2±1.14 μM with 50 μM of H2O2 and 8.8±
0.51 μM with 100 μM of H2O2). The results of this study
supported that an enhanced subcellular level of ROS by sphe-
roidal cluster yielded IDO-mediated tryptophan replacement.

The generation of ROS were assessed based on the fluo-
rescent intensity reflected from the ROS sensitive dye (2′,7′ –
dichlorofluorescin diacetate, DCFDA) (Fig. 13b). A bright
green signal was distinctively observed from SA-cys-dNF-
PEG, whereas there was a weaker signal from suspension
and SA-cys-PEG. In addition, a strong signal was observed
from the spheroidal formation of SA-cys-dNF-PEG. The fluo-
rescent intensities of the hydrogel scaffolds encapsulated with
AD-MSCs were greater than those of suspended SA-cys-PEG
(without AD-MSCs) (34.1±5.8 for suspension, 68.1±17.6 for
SA-cys-PEG and 111.7±14.8 for SA-cys-dNF-PEG)
(Fig. 13c), indicating that AD-MSCs produced intercellular
ROS, even though the produced amount is too low to exert
any significant cytotoxic effects.

There has been an increase in awareness of developing an
advanced cardiovascular stent to achieve high biocompatibil-
ity and therapeutic efficacy without causing any late stage side
effects, such as thrombosis and re-stenosis. However, conven-
tional vascular stents including drug-eluting stent (DES) failed
to achieve the sufficient endothelialization progress at the sur-
face contact sites. Moreover, no attempt to add any immuno-
regulatory components to vascular stent has been made. In
light of the recent development of stem cell engineering for
regenerative medicine, cell therapy utilizing an immunoregu-
latory function of AD-MSCs against coronary artery disease
(CAD) could be an ideal strategy for rapid-endothelialization
and stabilization of the immune-responses against the external
stimuli (i.e. angioplasty).

Various cell delivery carriers, such as nanofiber sheets, poly-
meric particles and hydrogels, have been investigated (46–48).
Hydrogels are one of the ideal candidates for tissue engineer-
ing because their physicochemical characteristics are similar to
those of the extracellular matrix (49). The electrophoretical
deposition (EPD) technique opened a novel way to coat the
metallic surface of cardiovascular stents with the hydrogel scaf-
folds (18,50,51).Moreover, the robust hydrogel could endure a
continuous blood perfusion at the atherosclerotic lesion. The
engineered hydrogels (i.e. hydrogels composited with nanofi-
bers) had strong mechanical property and long-term biocom-
patibility, and thus can serve as an optimal stem cell niche for
enhancement of immunoregulatory efficacy.

CONCLUSION

The biomimicking “mud-and-straw bird nest” was developed
as a bio-inspired hydrogel-nanofiber carrier for adipose

derived human mesenchymal stem cells (AD-MSCs) and eval-
uated for its potential as the surface coating substrate of drug
eluting stent (DES). There were significant effects of the d-NFs
and cysteine conjugation on the hydrogel made of sodium
alginate. The hydrogels deposited on cardiovascular stent
are robust in mechanical property and displayed a huge po-
tential to be applicable to the perfused fluid in the vessel.
Moreover, the “mud-and-straw” hydrogel could serve as an
ideal niche for attachment and proliferation of AD-MSCs
with immune-modulatory properties. The novel stents em-
bedded with biomimicking hydrogels containing AD-MSCs
could serve as a promising platform for the efficient treatment
strategy against CAD.
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