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Abstract

In this study, we developed a new system enabling rapid delivery of a multi-layered cell sheet by
combining layer-by-layer (LBL) coating of a cell membrane and surface engineered thermally
expandable hydrogel. Human dermal fibroblasts were LBL-coated with fibronectin (FN) and gelatin
to form a multi-layered cell sheet in a single seeding step via spontaneous 3D cell—cell interactions. FN
was covalently immobilized onto the surface of a Tetronic’—based hydrogel at two different
concentrations (1 and 5 jig ml~") for stable adhesion of the multi-layered cell sheet, followed by
polydopamine coating. In both conditions, a multi-layered cell sheet was stably formed. Then, the cell
sheet on the hydrogel modified with 1 g ml~" FN rapidly detached (>90% efficiency) in response to
the expansion of the hydrogel when temperature changed from 37 °C to 4 °C, while the other group
had areduced detachment due to excessive cell-hydrogel interaction. The multi-layered cell sheet was
evident in cell-extracellular matrix and cell—cell junction formation, and bFGF was continuously
secreted over 7 days of in vitro culture. The multi-layered transplanted to the mouse subcutaneous
tissue also exhibited evidence of vascular ingrowth, which collectively suggest that the delivery system
maintaining cellular functions is applicable for regenerative medicine.

1. Introduction

Cell sheet engineering using a substrate grafted with
poly(N-isopropylacrylamide) (NIPAAm) brushes has
received a great deal of attention in regenerative
medicine due to its ability to harvest and deliver cell
monolayers for tissue regeneration without the need
for implantation of foreign materials [1-3]. Upon
transplantation, cell-cell and cell-extracellular matrix
(ECM) interactions within the cell sheet are effectively
maintained for improved functional recovery of many
types of damaged tissues including cornea, heart, liver,
and esophagus [4-7]. Moreover, this technique has
been modified to assemble three-dimensional (3D)
multi-layered constructs to mimic the complex

structure of natural tissues. For example, multi-
layered vascularized connective and myocardiac tis-
sues have been developed from human aortic endothe-
lial cells (HAEC), cardiomyocytes, and induced
pluripotent stem cells [8, 9]. Multi-layered cell sheets
have been mostly accomplished via layer-by-layer
(LBL) stacking of an individual cell sheet using forceps
or a gelatin gel plunger [10-13]. However, these
processes lead to folding or shrinking of the cell sheet
due to its mechanical weakness, and often require a
relatively long and labor-intensive process of multi-
layered cell sheet formation, which limits its use in
practical applications.

Alternatively, spontaneous formation of a multi-
layered cell sheet by LBL coating of cell adhesive
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molecules on a cell membrane has been reported by
our colleagues. Fibronectin (FN), gelatin (G), heparin,
and other synthetic polymers have been repeatedly
coated onto cell surfaces via electrostatic interactions
to form a nano-scaled thin layer, enabling fabrication
of a 3D multi-layered cell sheet [14, 15]. This in situ
multi-layered cell sheet formation technique has been
mostly utilized as an in vitro 3D tissue model for biolo-
gical assays or drug screening. For example, 3D engi-
neered tissue composed of human dermal fibroblasts
and human umbilical vein endothelial cells was
achieved to mimic the vascularization process [16]. An
engineered 3D artery model was also prepared by
assembling human aortic smooth muscle cells and
HAEC mediated by LBL coating for simulation of
nitric oxide (NO) diffusion in the artery wall [17].
However, direct transplantation of a multi-layered cell
sheet from a surface has rarely been studied due to lack
of an appropriate surface with the ability to support
stable 3D tissue formation, which can then be readily
harvested and delivered in a physiological environ-
ment. A surface modified with disulfide-cross-linked
poly(v-glutamic acid) (y-PGA-SS) allowed for trans-
plantation of a multi-layered cell sheet following enzy-
matic degradation; however, the relatively long
processing time (>1h) emphasized the need for an
alternative delivery system [18].

We have developed a cell sheet delivery platform
based on thermally expandable hydrogels synthesized
from thermosensitive Tetronic” polymers, subse-
quently functionalized on the surface of hydrogels to
allow controlled cell adhesion [19, 20]. In our previous
studies, we demonstrated that the balance between cell
attachment and thermal expansion is critical for suc-
cessful formation of a cell sheet and its detachment for
applications; either too weak or too strong binding of
cells on the surface of the hydrogel resulted in imma-
ture cell adhesion or limited cell sheet separation,
respectively [20, 21]. Stable formation of a multi-
layered cell sheet on the hydrogel might be more chal-
lenging since it would generate a strong contractile
force, which can result in poor adhesion of multiple
layers on the hydrogel [22]. Thus, the surface of the
hydrogel should be modified with cell binding mole-
cules that are sufficiently strong to support the stable
formation of a multiple-layered cell sheet while allow-
ing rapid detachment in response to a temperature
change.

Given these considerations, we modified a hydro-
gel surface with various concentrations of fibronectin
mediated by a bio-inspired polydopamine (PD) coat-
ing process. It has been reported that secondary liga-
tion of proteins is readily formed on PD either by
protein adsorption or covalent reaction [23-25]. The
objectives of the current study were to investigate the
effect of fibronectin concentration (1-5 ugml~") for
hydrogel modification on the stable formation of a
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multi-layered cell sheet of fibroblasts prepared by LBL
coating and its detachment with temperature change
in order to assess the effect of cell seeding density on
the number of layers of harvested cell sheets and to
analyze the effect of a transplanted multi-layered cell
sheet made from fibroblasts on in vivo engraftment
and pro-angiogenic potential.

2. Experimental

2.1. Materials

Tetronic” 1307 (M W 18000) was obtained from BASF
(Ludwigshafen, Germany). p-Nitrophenylchloroformate
(PNC), tyramine, horseradish peroxidase (HRP), hydro-
gen peroxide (H,0,), dopamine hydrochloride, hema-
toxylin, gelatin, anti-mouse and anti-rabbit IgG biotin
conjugates, Transwell” membranes, and other unspeci-
fied chemicals were purchased from Sigma Aldrich (St.
Louis, MO, USA). Goat anti-mouse Alexa Fluor 546-
conjugated IgG (A11003) was purchased from Invitrogen
(Carlsbad, CA, USA). Tris-HCl was purchased from
Shelton Scientific, Inc. (Peosta, IA, USA). Human dermal
fibroblasts (HDFBs), high-glucose Dulbecco’s modified
Eagle’s medium (HG-DMEM), trypsin/EDTA, and
penicillin-streptomycin were obtained from Gibco BRL
(Carlsbad, CA, USA). Fetal bovine serum (FBS) was
purchased from Wisent (St. Bruno, QC, Canada).
Human plasma fibronectin (FN) and mouse anti-
fibronectin were obtained from BD Biosciences (Frank-
lin Parks, NJ, USA). The human basic fibroblast growth
factor (bFGF) ELISA kit was purchased from Peprotech
(Rocky Hill, NJ, USA). The water-soluble tetrazolium salt
(WST) assay kit (EZ-Cytox) was obtained from DoGen
(Seoul, Korea). The Quant-iT~ PicoGreen” dsDNA assay
kit, rhodamine-phalloidin, Vybrantm DiD (red) cell-
labeling solution, and live/dead” viability/cytotoxicity
kit were purchased from Life Technologies Corp. (Grand
Island, NY, USA). FITC-conjugated streptavidin was
purchased from eBioscience (San Diego, CA, USA).
Mounting medium containing 4’,6-diamidino-2-pheny-
lindole (DAPI) was obtained from Vectashield” (Burlin-
game, CA, USA). Rabbit anti-collagen IV (Col IV),
mouse anti-smooth muscle alpha actin (SMA), and
mouse anti-CD31 antibodies were purchased from
Abcam (Cambridge, MA, USA). Mouse anti-connexin
43 (Cx43) was obtained from Cell Signaling Technology
Inc. (Danvers, MA, USA). Eosin was purchased from
BBC Biochemical (Mt. Vernon, WA, USA).

2.2. Multi-layered cell sheet formation via LBL
coating of ECM molecules

HDEFBs were cultured in growth medium (10% FBS,
1% PS in HG-DMEM). Cell culture was conducted
under standard conditions (95% humidity, 5% CO,,
37 °C) on tissue culture plates (TCPs). The medium
was changed every 2 days. Cells were detached from
TCPs using 0.05% of trypsin/EDTA for passage and
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other experiments. Detached cells were coated with
FN and gelatin (G) (FN/G LBL coating) as previously
described [16]. Briefly, cells were suspended in
40 pig ml~" of FN solution in 10 mM Tris-HCI buffer
(pH 7.0) and rotated for 1 min at 30 rpm. For FN
coating, the cell suspension was centrifuged for 1 min
at 2000 rpm. The cell pellet was then suspended in
10 mM Tris-HCl buffer (pH 7.0), rotated for 1 min at
30 rpm, and centrifuged for 1 min at 2000 rpm (wash-
ing step). The cell pellet was then suspended in
40 pgml~" of G solution in 10 mM Tris-HCI buffer
(pH 7.0) and rotated for 1 min at 30 rpm. For G
coating, the cell suspension was centrifuged for 1 min
at 2000 rpm. After repeating these steps 3 times, the
cells were suspended in pre-warmed media. LBL-
coated HDFBs were then cultured on Transwell®
membranes (Sigma Aldrich), fixed with 4% parafor-
maldehyde for 2 h, and embedded in paraffin blocks.
After sectioning, the samples were stained with
hematoxylin and eosin (H&E) and observed under an
optical microscope (Nikon 2000, Japan). To determine
the thickness and structure of the multi-layered cell
sheet, we examined four samples per group and
measured the thickness at three different points (left,
center, right) in each sample.

2.3. Surface modification and characterization of the
hydrogels

Hydrogels were prepared using a previously described
method [26]. In brief, hydroxyl groups at the ends of
the 4 arms of Tetronic” were converted to p-nitrophe-
nylchloroformate (PNC) groups. The Tetronic”-PNC
was then reacted with tyramine to form Tetronic’-
tyramine (Tet-TA). A 12% Tet-TA solution dissolved
in DW was separately mixed with 0.1 wt% H,O, and
0.0025mgml~' HRP, and the two solutions were
mixed at a 1:1 volume ratio. Hydrogels after the
crosslinking were then prepared in circular shape
(diameter = 8 mm, thickness = 0.5 mm).

For PD coating, the hydrogels were immersed in
2mgml ™" of dopamine solution in 10 mM Tris-HCI
buffer (pH 8.5) for 30 min at 37 °C. Then, the hydro-
gels were moved to 1 ml of 10 mM Tris-HCI buffer
(pH 7) and incubated at 37 °C for 12 h. For FN adsorp-
tion, the hydrogels were immersed in FN solution
(20 ugml™" for x-ray photoelectron spectroscopy
(XPS) analysis, 1 and 5 ugml ™" for the translocation
test) in 10 mM Tris-HCl buffer (pH 7.0) for 2h at
37 °C. Samples were divided into different preparation
process groups of only PD coating (PD), immersion in
FN solution (FN), and FN coating after PD coating
(PD+EFN). The surfaces of the hydrogels were
observed with a phase contrast microscope (magnifi-
cation = 100x). Changes in the chemical bonds of
the hydrogel surface based on PD and FN reactions
were analyzed with XPS (Theta Probe Base System,
Thermo Fisher Scientific, Waltham, MA, USA).
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2.4. Translocation of the multi-layered cell sheet
through the thermally expandable hydrogel

We fabricated the multi-layered cell sheet by seeding
cells at different concentrations of 500, 1000, and
1500 K (K = x 102 cells cm 2) and cultured the cells
on the surface modified hydrogel for 24 h. The multi-
layered cell sheet was observed by a phase contrast
microscope (magnification = 100x). For the in vitro
target substrate, glass coverslips were coated with FN
(20 ugml™', 2h). For translocation, the cultured
multi-layered cell sheet was then placed onto the target
by inverting the hydrogel. The hydrogel was expanded
by reducing the temperature to 4 °C for 10 min, and
the multi-layered cell sheet was applied to the target by
removing the expanded hydrogel. To assess the
translocation efficiency, the translocated multi-
layered cell sheets were lysed with RIPA lysis buffer
(0.1% SDS, 150 mM Tris, 1% sodium deoxycholate,
1% Triton X-100, 150 mM NaCl, pH 7.2) and
incubated with the PicoGreen dsDNA Assay Kit. We
then divided the average of the calibrated values on
targets with the values on the hydrogels to calculate the
translocation efficiency. To estimate cell viability, we
used the live/dead viability/cytotoxicity kit. Live/dead
assay result was visualized by confocal microscope
(CKX41, Olympus). 3D reconstruction was processed
by Z-stacking of 30 images obtained by taking 3 um
distances. We incubated cells with the live/dead assay
solution (ethidium homodimer (0.02%) and calcein-
AM (0.01%) diluted in PBS) for 10 min at 37 °C, and
the stained cells were observed with a fluorescent
microscope (TE 2000, Nikon, Japan).

To observe the thickness and ECM and cell junc-
tion proteins, we prepared a PTFE membrane and
coated it with PD (2 mg ml ™" in 10 mM Tris-HCI buf-
fer, pH 8.5, 37°C, 1h) and FN (20 ugml ™', 37 °C,
2 h). After translocation on the PTFE membrane, the
multi-layered cell sheets were embedded in paraffin,
then the samples were sectioned at a thickness of
5 pm. H&E staining was conducted for thickness mea-
surements using a previously described process. The
sectioned multi-layered cell sheets were stained for
Col IV, FN and Cx43. The samples were incubated
with blocking solution (5% FBS) and then with pri-
mary antibodies for 1h (1:100 dilution in 5% FBS),
followed by staining with an anti-IgG biotin-con-
jugated secondary antibody (1:100 dilution in 5% FBS)
and FITC-conjugated streptavidin (1:100 dilution in
5% FBS). The stained multi-layered cell sheets were
counterstained with DAPI, mounted, and observed
with a fluorescent microscope.

The secretion of bFGF from the multi-layered cell
sheet formed by the 1000 K cell concentration and
translocated to the FN-coated TCP was quantified by
ELISA. We blocked migration of the cells by laying the
PDMS in a ring-shape (outer diameter = 15 mm,
inner diameter = 8 mm). The multi-layered cell sheet
was cultured for 7 days. We collected the culture med-
ium each day, and the culture medium was used as an
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ELISA sample (n = 4). We performed the ELISA
based on the provided protocol.

2.5. Transplantation of the multi-layered cell sheet
to a subcutaneous mouse model

Seven-week-old female Balb/C mice were maintained
based on the instructions and guidelines of the
Institutional Animal Care and Use Committee
(IACUC) of Hanyang University (HY-IACUC-15-
0005). To anesthetize the mice, approximately
100-150 ul of anesthesia solution (0.9:0.1:4 Zoletil,
Rompun, and Saline, respectively) was injected in the
peritoneal cavity of each mouse. The dorsal area of the
mouse was shaved and wiped with 70% EtOH for
sterilization. A straight line incision of 3 cm was made
on the dorsum of the mouse, and the skin was opened
and held for translocation of the multi-layered cell
sheet. The hydrogel carrying the multi-layered cell
sheet was held under the subcutaneous area and
treated with pre-chilled normal saline (4 °C) for
15 min. As the hydrogel expanded, the multi-layered
cell sheet of 1500 K was transferred to the subcuta-
neous tissue. To examine the engraftment of the
multi-layer cell sheet in vivo, we transferred a pre-
labeled multi-layer cell sheet. HDFBs were incubated
in culture medium containing diluted Vybrant”™ DiD
(red) cell-labeling solution in a 1:100 ratio for 1 h. The
cells were sequentially trypsinzed and processed for
in vivo transplantation of 1500 K multi-layer. We
observed mouse with the labeled samples for 7 days
using the Image Station (4000 MM, Eastman Kodak
Company, Rochester, NY, USA). The tissue area
transferred with the multi-layer was retrieved after
14 days and fixed in 10% formalin solution. The fixed
tissues were then processed and embedded in a
paraffin mold. The paraffin-embedded tissue was
sectioned into 5 pm thick tissue sections using a rotary
microtome. For histological analysis, the sections were
stained with H&E as described previously. We per-
formed immunofluorescence staining for the angio-
genic markers SMA and CD31 using the previously
described process.

2.6. Statistical analysis

All quantitative results are indicated as the mean =+
standard deviation. The statistical significance was
assessed via Student’s t-test and analysis of variance
ANOVA, with post comparison via Tukey’s HSD
test(p < 0.05).

3. Results and discussion

The overall scheme of (1) LBL coating mediated multi-
layered cell sheet formation on a thermally expandable
hydrogel and (2) its ready-to-go translocation in
response to temperature change is illustrated in
figure 1. We hypothesized that the multi-layered cell
sheet would generate a strong contractile force and the
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controlled presence of FN on the surface would
provide an appropriate platform to harvest a multi-
layered cell sheet upon temperature change.

3.1. Multi-layered cell sheet formation of HDFBs by

LBL coating

The LBL coating on the surface of HDFBs was
visualized using fluorescently labeled gelatin-FITC
and FN-rhodamine (figure 2(a)). On the merged image
of green and red fluorescent signals and phase contrast
image, the green and red signals overlapped and were
located on cells. The effect of the LBL coating on
viability and proliferation was then assessed. Trypan
blue staining showed that the HDFBs with LBL coating
exhibited a viability of 90.4 + 1.8% (figure 2(b)). The
proliferation rate of HDFBs without modification was
1.8 £ 0.0 and 2.7 + 0.0 at 2 and 3 days of culture,
respectively, which was significantly increased to
2.0 £ 0.0 and 3.2 £ 0.0 for the HDFBs with LBL
coating (figure 2(c)). LBL coating generally refers to a
thin film coating technique using materials with
opposite charges [27]. However, FN and G both have a
negative charge at pH 7.0 [28]. Because of this, FN/G
LBL coating on the cell surface is achieved by FN-
binding domain interaction [15]. In previous studies,
LBL coating of FN and G on L929 mouse fibroblasts
showed overlapping signals with fluorescent dyes
conjugated to the molecules, and the cells showed
proliferation activity over 72 h of culture and main-
tained a viability over 80% [16, 29, 30]. Considering
the previous results, LBL coating on HDFBs was also
successfully conducted without adverse effects.

The effect of the LBL coating on a multi-layered
cell sheet was then investigated by seeding different
concentrations of cells after LBL coating. The group
without LBL coating showed a monolayer structure at
a seeding density of 500 K, however, failed to form a
stable multi-layered cell sheet as the seeding density
increased to 1500 K. In contrast, a tightly organized
multi-layered cell sheet without a fractured structure
was successfully formed from the groups with LBL
coating, as shown in figure 3(a). The multi-layered cell
sheet presented increasing thickness as a function of
seeding density; the thickness was 35.6 £ 6.7,
59.7 £+ 7.0, and 78.8 £ 9.2 um at a seeding density of
500 K, 1000 K, and 1500 K cells cm 2 (figure 3(b)),
respectively. A previous study demonstrated that cells
with LBL coating have a strongly integrated structure
since the coated molecules provide a 3D binding-
domain to asQ; integrin receptor of the cell mem-
brane as similar to the native ECM structure [16]. The
necessity of FN/G layers on 3D tissue formation have
been proved from conventional cell cultures without
the modification, which produced only monolayer
despite of high cell number and long-term culture.
Insufficient cell—cell interactions probably due to the
absence of an ECM layer without LBL coating might
result in a more scattered and heterogeneous cell
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Figure 1. Schematic illustration of (1) LBL coating on cells and (2) construction of the multi-layered cell sheet on the thermally
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expandable hydrogel and its harvest by temperature change. We hypothesized that a weak cell-hydrogel interaction cannot support
multi-layered cell sheet formation due to cellular contractility, whereas a strong cell-hydrogel interaction supports multi-layered cell
sheet formation but is not appropriate for harvest. Control of the optimal cell-substrate interaction for both formation and harvest
was attempted by surface modification of the thermally expandable hydrogel.

arrangement (left panel of figure 3(a)). The control of
thickness of the multi-layered cell sheets depended on
seeding density, which was also similar to a previous
study using 1929 mouse fibroblast cells [16]. As the
number of 1929 cells increased from 0.1 to 2.0 x 105,
similar to our seeding densities of 100 and 2000 K, the
thickness of the multi-layered cell sheet increased up
to approximately 35 um. Collectively, these results
suggest that LBL coating is essential for in situ forma-
tion of a multi-layered cell sheet.

3.2. Surface modification of the hydrogels and cell
adhesion

Surface chemical composition on the hydrogel was
then analyzed via XPS (figures 4(a) and (b)). Hydrogels
without modification (pristine), immersed in FN
solution (FN), with PD coating (PD), and with FN
coating following PD coating (PD+FN) were pre-
pared. At 398 eV related to N1s, the PD group had an
increased intensity compared to the FN group. The
pristine hydrogel and FN groups were not significantly
different, implying that FN cannot be solely adsorbed
on hydrogel surface (data not shown). In contrast, an
increased N1s peak in the PD group was similar to that
in a previous study that coated PD on a Tet-hydrogel
[31]. In addition, only the PD+FN group showed a

slightly intensified peak at 164 eV related to S2p. In
high-resolution analysis of carbon, intensified C-N
and C-S peaks appeared only for the PD-+EN group. It
should be noted that C-N peak appeared to be
decreased after coating of FN on a PD-coated hydro-
gel. These findings are similar to the previous report of
an increase in nitrogen peak after PD coating, which
lead to subsequent reduction after biomolecule coat-
ing. An alteration in the nitrogen signal may be due to
making of PD-coated surface with biomolecules con-
taining relatively lower percentage of nitrogen [32].
Collectively, our results suggest that successful FN
coating on the Tet-hydrogel was only possible when
mediated by the PD-coated layer. Cell interactivity
of the hydrogel surfaces with different conditions
was investigated by seeding LBL-coated HDFBs
(figure 4(c)). When the cells were seeded at a density of
2 x 10* cells cm ™, the pristine and FN groups could
not support cell adhesion; however, both the PD and
PD+FN groups showed stable adhesion of cells on
their surfaces. Comparing the PD and PD+FN groups,
the PD+FN group had enhanced cell adhesion. At a
higher seeding density of 1 x 10° cells cm™?, only the
PD+FEN group supported formation of a multi-
layered cell sheet. Although the PD-coated surface also
induced cell adhesion at a low seeding density, the
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Figure 2. Effect of LBL coating on viability and proliferation of the cells. (a) Images after LBL coating of HDFBs with fluorescently-
conjugated gelatin-FITC (FITC-G) and fibronectin-rhodamine (thodamine-FN) (scale bar = 30 yum). (b) Cell viability with or
indicates statistical significance compared to the group w/o LBL coating (p < 0.05). (c) Proliferation rate of
and ‘S’ indicate statistical significance compared to the values at 1 and 2 days of culture, respectively
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surface could not support formation of a multi-layered
cell sheet, probably due to the increased contractile
force[22].

Fabrication of a cell adhesive hydrogel has been
achieved via both bulk and surface modification [33].
For bulk modification, cell adhesive molecules have
been directly conjugated to polymer chains during the
crosslinking process [34, 35]. However, inefficient pre-
sentation of the cell adhesive signal from the hydrogels
and change in the mechanical properties have been
regarded as technical problems [21]. Surface modifica-
tion of hydrogels has been accomplished via plasma
treatment, hydrolysis, and gamma ray irradiation [36].
Conjugation of cell adhesive molecules such as gelatin,
FN, and RGD peptide have sequentially been conducted
on functionalized hydrogels [37, 38]. However, these
modification methods relied on the chemistries of the
polymer composition and biomolecules, which limit
their universal utility to various target surfaces. In con-
trast, PD coating has been employed for cell adhesive
surface modification regardless of hydrogel surface
chemistry. A cell-laden alginate microbead was coated
with PD [39]. We also previously reported PD coating
on a Tetronic"-based hydrogel, which was used for con-
trolled cell adhesion depending on reaction parameters
such as concentration of dopamine, pH, and reaction

time [20, 21]. Furthermore, the PD-coated surface
allows chemical immobilization of serum proteins. Our
results suggest that surface immobilization of FN on the
PD-coated hydrogel and thereby, increasing cell-hydro-
gel binding contributed stable formation of the multi-
layered cell sheet.

3.3. Translocation of the multi-layered cell sheet
through thermally expandable hydrogels

We then investigated the effect of FN coating concen-
tration (1 and 5 ug ml™) on detachment of the multi-
layered cell sheet. Both groups supported stable
formation of the multi-layered cell sheet after seeding
the LBL coated cells at a density of 1000 K. We then
translocated the cell sheet from the hydrogel to glass
surface by expanding the hydrogel with a change in
temperature from 37°C to 4°C. As a result, the
translocation of the multi-layered cell sheet toward the
target was only observed from the group prepared with
1 ug ml ™" of EN while the group with 5 ug ml™"' of FN
only exhibited scattered cells on the target surface. The
delivered multi-layered cell sheet presented with an
opaque white color, as indicated by the dashed circle,
and had similar size and circular shape to the original
hydrogel (approximate diameter = 6 mm) as shown
in figure 5. We measured the amount of DNA before
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Figure 3. Analysis of the cross section and thickness estimation of multi-layered cell sheets. (a) H&E-stained multi-layered cell sheets
w/o0 or w/LBL coating (scale bar = 100 pm). (b) The thickness of the multi-layered cell sheet depending on seeding density. “” and ‘§’
indicate statistical significance compared to the values of the 500 and 1000 K concentration groups, respectively (p < 0.05).
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and after the translocation process for calculation of
translocation efficiency; the 1 ugml~' FN concentra-
tion group had a high translocation efficiency of
95.8 & 0.2%, whereas the translocation efficiency was
5.2 & 0.5% for the 5 ug ml~' FN concentration group.

Although the PD+FN-coated surface showed
stable formation of the multi-layered cell sheet via
enhanced cell-substrate binding, delivery of the tissue
from the substrate was another challenge. The high
translocation efficiency of the 1 ugml~' FN-treated
group and poor delivery of the 5 g ml~' FN-treated
group suggest that a moderate level of cell-hydrogel
interaction is essential for the delivery. A translocation
system using a PD-coated thermally expandable
hydrogel previously demonstrated that excessive
adhesion reduces the efficiency by impeding cell
detachment [40]. For example, a translocation effi-
ciency over 90% was achieved with an HDFB cell sheet
and Tet-hydrogel with 30 min of PD coating, but
120 min of coating the hydrogel with PD presented
limited translocation efficiency and viability due to
impeded cell detachment [21]. In addition, the

concentration of FN seems to be critical to control the
adhesion strength of cells attached on the surface of
biomaterials. The adhesion force of mouse fibroblasts
(L929) measured by AFM also demonstrated that a
higher concentration (25 ug ml ") of FN for the trea-
ted surface induces stronger cell adhesion than using a
5ugml~" FN solution for the treated surface [41].
Collectively, modulation of cell-hydrogel binding
mediated by the amount of FN was essential for stable
formation of the multi-layered cell sheet by over-
coming the contractility of cells and aiding delivery by
allowing detachment of the multi-layered cell sheet in
response to thermal expansion of the hydrogel.

3.4. Characterization of the translocated multi-
layered cell sheets

The effect of seeding density on the structure of the
translocated multi-layered cell sheets was then investi-
gated. Live/dead assay images revealed that both of
1000 and 1500 K groups present favorable viability
with dominant live signals (green) rarely observable
dead signals (red) (figures 6(a) and supplementary data
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Figure 4. Surface chemical properties of the hydrogel. (a) XPS wide scan spectra of FN-, PD-, and PD+FN-coated hydrogels. (b) High-
resolution analysis of hydrogels prepared using three conditions. (c) Cell adhesion onto hydrogel surfaces prepared from the three
different processes, which was performed with different seeding densities of 2 x 10*and 1 x 10° cells cm ™~ (scale bar = 200 im).
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1 is available online at stacks.iop.org/BF/10/025001/
mmedia). As shown in figure 6(b), the thickness was
31.4 £ 4.9, 65.0 + 10.1, and 150.8 £ 16.9 um in the
500K, 1000K, and 1500 K concentration groups,
respectively, with highly organized structures. Interest-
ing finding was that the multi-layered cell sheet of the
1500 K group showed increased thickness after the
translocation process, which may be due to enhanced
cellular contractility. It was reported that a 3D collagen
matrix containing pancreatic stellate cells showed an
increasing contraction ratio (up to 80%) as the cell
number increased from 250 to 750 K, with contractility
proportional to the cell number [22]. The expression of
ECM molecules and a cell junction protein was then
assessed through immunofluorescence staining (1000

and 1500 K multi-layered cell sheet) (figures 6(c) and
supplementary data 2(a)). Signals for collagen type IV
(Col1V) and FN were distributed over the cross-section
and overlapped with cell nuclei regardless of the seeding
density. The cell junction protein connexin 43 (Cx43)
was also well-distributed throughout the samples. The
ECM not only provides physical support for structural
maintenance, but also biochemical and biomechanical
cues that are essential for cellular activities [42]. Cell
junctions are also important for direct cell-cell and
cell-ECM interactions by allowing anchoring and
communication [43]. Our results demonstrated effi-
cient retention of the microcellular environment after
translocation of the multi-layered cell sheet. We also
measured the secretion of bFGF from the translocated
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Figure 5. Translocation of the multi-layered cell sheet and efficiency of translocation. (a) Phase contrast images of cells on the hydrogel
(before translocation) and on the glass substrate (after translocation) (scale bar = 200 pm). Optical images of translocated 1000 K
multi-layered cell sheet (scale bar = 5 mm). (b) The DNA content of multi-layered cell sheets formed on the hydrogels treated with
different concentrations of FN. “” and ‘§’ indicate statistical significance compared to the values of the FN-coated groups with
concentrations of 0and 1 ug ml ™', respectively (p < 0.05). (c) Translocation efficiency depending on treated FN concentration. ¢
indicates statistical significance compared to the value of the FN-coated group with a concentration of 1 ig ml™" (p < 0.05).

*>

1000 K group, demonstrating 0.08 £ 0.02, 0.10 +
0.01, and 0.16 + 0.02 ng of bFGF secretion at 1, 3, and
7 days in culture, respectively. 1500 K group exhibited
increase on bFGF secretion over 0.4ng at day 7
(supplementary data 2(b)). bFGF is one of key mod-
ulators for stimulation of proliferation and angiogen-
esis, and is involved in the differentiation of stem cells
[44]. Collectively, these results indicate that the multi-
layered cell sheet was successfully translocated from the
developed thermally expandable hydrogel and proved
its functionality as an engineered tissue.

Although several methods have been developed
for the formation and delivery of a multi-layered cell
sheet, there have been some drawbacks that limit their
practical application. For example, substrates grafted

with thermosensitive polymers such as NIPAAm and
PEDOT require a complex process for harvesting a single
layer and additional tools of cell sheet manipulators for
stacking [11, 45]. A previously developed enzymatic
degradable substrate with hydrophilic surface properties
in response to cysteine, which cleaves disulfide bonds
and exposes carboxyl groups, also demanded a long har-
vesting time of 1h even though the multi-layered cell
sheet formed using FN/G-coated cells was accomplished
with a single seeding step [18]. However, our current
method for in situ multi-layered cell sheet formation on
the developed thermally expandable hydrogel only
required 10 min for the complete delivery process and
did not show any undesired changes to the structure
such as shrinkage or reduced cellular functions.
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3.5. Translocation and engraftment of the multi-

layered cell sheet to a subcutaneous mouse model

We then assessed the feasibility of direct translocation of
multi-layered cell sheet from the hydrogel to an in vivo
target and investigated interactions of the transplanted
cells with host tissue. As shown in figure 7(a), the
retention of fluorescent signal over 7 days at the
transplanted location confirmed the successful trans-
plantation of multi-layered cell sheet on the subcuta-
neous tissue. After 14 days of transplantation, tissue
samples were collected and cross-sectioned to observe
the multi-layered cell sheet (figure 7(b)). Highly dense
cell signals indicated by the black dashed line were
observed in the region of the tissue sample with
translocation, which did not exist in the control group

(normal tissue). More importantly, in a high magnifica-
tion image, vessel-like structures were observed within
the area of dense cell signals. Immunohistochemistry
confirmed that the expression of the vascular markers
SMA and cluster of differentiation 31 (CD31) was
observed within the area estimated as the delivered
multi-layered cell sheet, but these markers were not
expressed in the controls (figures 7(c), (d)). The develop-
ment of vessel ingrowth may have been affected by bFGF
secreted by the multi-layered cell sheet, which was
observed in vitro experiment. SMA and CD31, which
were expressed inside the translocated cell sheet, are
respectively markers of arterioles and capillaries [46]. A
multi-layered cell sheet composed of HDFBs and
HAECs previously exhibited CD31 signals inside the
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Figure 7. In vivo translocation of the multi-layer cell sheet (prepared from 1500 K cells) on subcutaneous tissue. (a) In vivo imaging of
the transplanted multi-layered cell sheet (scale bar = 5 mm). (b) Cross-sections of H&E staining of tissue samples from control and
multi-layered cell sheet translocated groups after 14 days of transplantation. Black arrows pointing toward the dashed area indicate the
transplanted multi-layered cell sheet in the subcutaneous region (scale bar in the 100 x image = 200 pm, scale bar in the enlarged
image = 50 pm). Immunohistochemical analysis of (c) SMA and (d) CD31 expression in control and multi-layered cell sheet
transplanted groups after 14 days of transplantation. White arrows indicate expressed signals of each marker (scale bar = 50 pm).

sheet after delivery to the subcutaneous region. A dual
layer of HDFBs also secreted angiogenic factors such as
hepatocyte growth factor, placenta growth factor, and
matrix metalloproteinase-9 (MMP-9) [47]. Our in vivo
results of high retention ability and vessel ingrowth
demonstrated that the translocated multi-layered cell
sheet interacted with the host tissue.

Multi-layered cell sheets have been used for hin-
dlimb ischemia disease or myocardial infarction mod-
els and presented therapeutic effects through
interactions with host tissue [48, 49]. They were also
developed as a 3D contractile skeletal muscle tissue
model or vascularized 3D tissue [50, 51]. Delivery of
higher cell numbers via a multi-layered cell sheet into
damaged tissue will be more effective for therapeutic
applications compared to the use of a monolayer cell
sheet. The multi-layered structure can increase para-
crine molecule secretion and stable retention due to

increased levels of ECM proteins as previously descri-
bed [52-55]. Our results suggest that the developed
hydrogel substrate can deliver a multi-layered cell
sheet onto in vitro and in vivo targets in a rapid process
time within 10 min, which hold great promise in a
variety of applications. Nevertheless, quantification of
immobilized FN on the PD-coated surface and mea-
surement of cell-substrate binding force and con-
tractile force of the multi-layered cell sheet based on
cell number are additionally required for complete
understanding of the developed system.

4. Conclusion
In this study, we modified a thermally expandable

hydrogel surface using catecholamine chemistry to
develop a multi-layered cell sheet harvest system. FN/G
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LBL coating was first investigated by observing signals of
fluorescent dye-conjugated FN and G that overlapped
with the locations of cells. The spontaneous multi-
layered cell sheet was achieved only after LBL coating,
and the thickness as a function of cell seeding density was
assessed by H&E staining of the cross section. Immobili-
zation of FN via PD coating was confirmed through XPS
analysis by observation of peaks related to sulfur that
were not present in other groups. Stabile formation of
the multi-layered cell sheet was only enabled on the FN-
adsorbed surface, implying an increased cell-hydrogel
interaction through ligand-receptor binding. Moderate
introduction of FN at a concentration of 1 ugml ™" on
the PD-coated surface demonstrated a high delivery
efficiency over 90%, whereas an FN concentration of
5 ug ml~" showed limited translocation due to excessive
binding between the modified surface and multi-layered
cell sheet. Multi-layered cell sheets with controlled
thickness from 31.4 + 4.9 to 150.8 £ 16.9 um were
translocated through a simple and rapid process and
exhibited maintained functions such as expression of
ECM and junction proteins and bFGF secretion. Delivery
of the multi-layered cell sheet to the mouse subcutaneous
region showed high retention ability over 14 days of
culture and induced vessel ingrowth as demonstrated by
IHC to reveal expression of CD31 and SMA in the
engrafted multi-layered cell sheets. Collectively, these
results suggest that the developed system for delivering a
multi-layered cell sheet with a simple process is a
promising tool for various applications in regenerative
medicine.
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