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Cell sheet engineering is an advanced scaffold-free tissue engineering technique applicable to repairing or
regenerating defective tissues and organs. It has proven to be an important breakthrough technology in

regenerative medicine.
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| 1. Introduction

Regenerative medicine aims to replace or regenerate dysfunctional cells, tissues, or organs to restore them to their
original function. This is a promising research field for diseases that have, so far, been incurable. Conventional
regenerative therapies, including cell suspensions, injections, scaffold-embedded cells, and other tissue
engineering methods, are among the advanced approaches in regenerative medicine; however, cell loss from
injection sites 1 and the lack of cell-to-cell and extracellular matrix (ECM) interactions, which significantly
contribute to the properties and function of each organ and tissue, are the main challenges the techniques face 2.
This negatively affects the ability to provide signals to the cell population and promote cell adhesion, survival, and

proliferation, resulting in low repair efficiency after tissue grafting 2.

Cell sheet engineering is an advanced scaffold-free tissue engineering technique applicable to repairing or
regenerating defective tissues and organs, including the heart 24l skin &I, cornea &, cartilage [, esophagus (&,
and brain &, It was first developed and published in 1990 by Yamada et al. 19, To engineer cell sheets, the desired
cells should be grown to confluence on the culture surface coated with a temperature-responsive polymer such as
poly(N-isopropylacrylamide) (PIPAAm), which allows intact cells to be harvested without enzymatic treatment. As a
result, cells are formed as monolayers along with their deposited ECM 1l intact cell surface proteins, and
receptors, which play vital roles in the functional tissue. Furthermore, cell sheets can be transplanted directly into
the target tissue or even used to create three-dimensional (3D) tissue-like structures 12123l This approach exhibits
numerous advantages over conventional regenerative therapies, such as cell injection and tissue reconstruction
with biodegradable scaffolds 4. To date, cell sheet engineering has been utilized for many different applications in

vitro and in vivo, as well as in clinical trials.
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In addition, other new cell-based sheet fabrication techniques have been developed using multidisciplinary

technologies to fabricate thicker, more functional, complex, and homogeneous tissues.

| 2. Techniques for Harvesting Cell Sheets

One of the most important steps in generating scaffold-free tissue is harvesting intact cells from the culture surface.
Platforms should be designed to allow cells to adhere and detach without digesting the ECM, which acts as a glue
between cell layers. Additionally, the platform should preserve all signaling proteins and molecules important for
promoting cellular functions and biological processes. Various systems have been designed to harvest cell sheets
without treatment with proteases such as trypsin. To date, several technologies have been explored to harvest cell
sheets. These include temperature-responsive systems using synthetic polymers and non-temperature-responsive
systems, such as the ion-induced cell-detachment method, electro-responsive systems, photo-responsive systems,
pH-responsive systems, mechanical systems, and magnetic systems. Examples of cell sheet fabrication methods
using different platforms are presented in Table 1.

Table 1. Cell sheet harvesting system and detachment time.

. Detachment
Cell Types Responsive System on TCPS Temperature/Time Refs.
[15]
BAECs PIPAAmM on TCPS 20 °C/~75 min [16]
PIPAAm/microporous membrane 20 °C/~30 min 15
PIPAAM/PEG/microporous 20 °C/~19 min [17]
membrane
A comb-type grafted PIPAAM 20 °C/~25 min [18]
PIPAAM/PHEMA 20 °C/~30 min (L9
PIPAAM/PAAM 20 °C/~30 min [20]
Poly(IAAm-co-CIPAAmM) 20 °C/~35 min (21]
MC/PBS/Col
. (8% MC, PBS o [22]
Dermal fibroblast MW = 77,000-94,000, 10 g/L 20 °C/~10-20 min
PBS)
Human-adipose-tissue-derived ISR
s‘:em e (12% to 16% MC, RT (~30 °C)/~2—3 min (23]
MW = 15,000, 1.5 M PBS)
SR S eI DVB/4VP/lon-induction 37 °Cis possible/~100s 24

endothelial cells
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. Detachment
Cell Types Responsive System on TCPS TemperaturelTime Refs.
Dermal fibroblasts Electrical responsive system 37 °C is possible/~5 min [25] chemical

species, and temperature, among other environmental factors. PIPAAmM is a material of great interest and is widely
used in biomedical fields owing to its unique behavior: reversible solubility in an aqueous solution with a change in
temperature, as first reported by Heskins and Guillet [28]. Polymer chains of PIPAAm hydrate to form an expanded
structure in water at temperatures below its lower critical solution temperature (LCST) of 32 °C. However, these
chains form a compact structure upon dehydration at temperatures higher than the LCST. This transition of the
aqueous PIPAAmM solution is mainly due to conformational changes in the polymer chain arising from hydration

changes in the isopropyl side groups £,

To harvest cell sheets, Okano’s research group pioneered the development of temperature-responsive culture
plates by grafting a PIPAAm layer on a tissue culture polystyrene surface (TCPS) through the electron beam
polymerization method 2928 (Figure 1A). At 37 °C, the culture surface is hydrophobic, and cells are allowed to
attach and proliferate. By decreasing the temperature to 20 °C, the culture surface becomes hydrophilic, and the
cells easily detach from the surface 292220 (Figure 1B). However, detachment of cell sheets from surfaces of
TCPS grafted with PIPAAm is slow (~75 min to detach primary bovine aortic endothelial cells (BAECSs)), occurring
gradually from the periphery of the sheet toward the interior. Thus, a longer time is required to detach an intact cell
sheet completely. In principle, the limiting step in detaching cell sheets is the diffusion of water molecules beneath
the PIPAAm-grafted surface. Therefore, approaches have been considered to accelerate the hydration of
hydrophobic PIPAAm chains. These include the introduction of a highly water-permeable microporous membrane
between the cell sheet and the PIPAAm surface, reducing the detachment time of BAECs to within 30 min 13,
Other approaches to accelerate cell sheet detachment include grafting PIPAAm with poly(ethylene glycol) (PEG)
onto porous cell culture membranes (from which BAECs take 19 min to detach) 22, developing comb-type grafted
PIPAAmM gels on a TCPS (taking 25 min for BAECs to detach) 28 and grafting poly(2-hydroxyethyl methacrylate)
(PHEMA) and PIPAAmM onto TCPS (from which BAECs take 30 min to detach) 19, Furthermore, modification of the
PIPAAmM culture surface for rapid cell sheet harvesting has been demonstrated by grafting an ultrathin double
polymeric nanolayer consisting of PIPAAmM and hydrophilic polyacrylamide (PAAm) (30 min for BAEC detachment)
(201 The latter design has the benefit of modulating the surface properties of specific cells, which could be useful for
harvesting various types of cells. Copolymerization of IAAm with various types of hydrophilic or hydrophobic
monomers (such as methacrylate (BMA) and PEG) is another approach to modify the temperature-responsive
surface to control cell attachment/detachment 2132l and cell patterning 3. Mitsuhiro E. et al. demonstrated that
grafting Poly(IAAm-co-carboxyisopropylacrylamide (CIPAAmM)) on TCPS accelerated detachment of BAECs,
reducing the detachment time to 35 min, compared to a control PIPAAm dish (from which BAECs took 60 min to
detach) 211, To mimic specific tissue functions, it is important to fabricate cell sheets from multiple cell types using a
co-culture system. However, the proliferation and adhesion properties varied among cell types because of the
differences in expression levels and types of adhesion molecules on the cell surface 4. Therefore, the
micropatterned temperature-responsive surface was designed to harvest cell sheets containing multiple cell types.

An example of IAAm copolymer for cell patterning was demonstrated by Tsuda Y. et al. In this system, poly(IPAAm-
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co-BMA) on TCPS dishes was grafted on TCPS dished using the electron beam irradiation method, and cell

attachment/detachment could be modulated by varying the BMA content 32,
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Figure 1. Principles of cell sheet harvesting using PIPAAm grafted surface. PIPAAm was grafted on the TCPS
surface by electron beam polymerization before cells were allowed to grow on the surface. (A) Cells attached and
proliferated on the PIPAAm cultured surface incubated at 37 °C, higher than the LCST of 32 °C. To harvest the cell
sheet, cells were incubated at 32 °C below the LCST. PIPAAm was hydrophilic at this temperature (B).

PIPAAmM-grafted surfaces have shown to be non-toxic and biocompatible when tested in vitro with various types of
cells, including endothelial cells, epithelial cells, smooth muscle cells, and fibroblasts [S6][37], Harvesting of co-
culture cell sheets has been successfully demonstrated using a PIPAAm-grafted system (28139 Numerous studies
have successfully demonstrated the fabrication of cell sheets from various types of cells using a temperature-
responsive PIPAAm-based polymer for preclinical and clinical trials. This system provides a highly reproducible and

stable surface for temperature-responsive cell cultures.

However, grafting a PIPAAm-based polymer onto culture surfaces is complicated and requires special equipment,

which is technically difficult and very costly. TCPS culture surfaces grafted with PIPAAm are already commercially
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available, making the preparation of cell sheets with a few steps, but these culture surfaces are much more

expensive than general cell-culture vessels.

2.2. Temperature-Responsive System Using Methylcellulose (MC)

MC is a water-soluble polysaccharide derived from cellulose by partially substituting hydrophilic hydroxyl groups
with methoxy groups. The phase transition between the MC—water solution and the gels is characterized by the
LCST, which varies depending on the concentration of MC in the aqueous solution 9 and the addition of salts 1],
This property is associated with a change in hydrophilicity at temperatures below the LCST, hydrogen bonding
between water and MC hydroxyl groups, hydrophobicity at temperatures above the LCST, dehydration via the
exposure of methoxy groups, and stronger interactions among them. Additionally, MC is easy to use, inexpensive,

and biocompatible. These features make MC a promising material for cell sheet fabrication and tissue engineering.

In addition, MC-based temperature-responsive surfaces have been designed to overcome the challenges of the
complicated and time-consuming process of electron beam irradiation for PIPAAm grafting. In 2006, Chen et al.
demonstrated a simple and inexpensive method to fabricate a cell sheet using an 8% w/v MC solution mixed with
distinct salts (e.g., Na,SO, and phosphate-buffered saline) on TCPS dishes at room temperature (~20 °C), which
subsequently gelled at 37 °C (MC hydrogel) (Figure 2A). The gel at 37 °C was coated with neutral agueous
collagen at 4 °C for cell attachment. Cells were allowed to grow confluently on the MC/PBS/collagen surface to
form a monolayer. The cell sheets were harvested at 20 °C without proteolytic enzyme treatment (Figure 2B). Cell
sheets (containing human foreskin fibroblasts) were completely removed after 20 and 10 min by shaking 22,
However, the procedure described was complex, did not produce uniform hydrogels, and was consistently unstable
because the MC formulation used was too viscous to be easily manipulated. To address this challenge, the optimal
composition of the MC/PBS/collagen surface was systematically investigated. The production of stable hydrogels
was dependent on the molecular weight (MW) and concentration of MC, as well as the type and concentration of
the added salt. The optimal combination of MC—water—salt was found to be 12-16% of MC (MW = 15,000 g/mol) in
0.15 M PBS (~150 mOsm). Following this procedure, an MC gel was formed at ~32 °C. Detachment of the entire
cell sheet was completed at room temperature (30 °C) for 2—3 min. Furthermore, monolayer and thick multilayer

cell sheets were successfully constructed 23!,
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Figure 2. Principles of cell sheet harvesting using MC/collagen-coated surface. MC mixed with salt solution
(Na,SO,4 or PBS) was poured on the TCPS surface and gelled at 37 °C. Subsequently, neutral collagen at 4 °C
was coated on the MC surface to increase cell attachment efficiency (A). Cells on MC/collagen-coated surface
were grown at 37 °C, which MC was hydrophobic. By decreasing the temperature to 20 °C, MC was transformed

and bonded with water molecules. As a result, cells were detached from the MC surface (B).

Similar to PIPAAm, the MC surface also provides a non-toxicity platform for various cell types, including stem cells
(42 However, a comparative study demonstrated that MC may decrease cell proliferation in cell sheets after culture
for more than 2 weeks, while cells on the PIPAAm surface can continue to proliferate #2. The advantages and

disadvantages of responsive systems are listed in Table 2.

Table 2. The advantages and disadvantages of the different types of platforms for cell sheet engineering.
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Responsive
Systems

PIPAAM- ¢
grafted
surface

MC-coating .
surface

Advantages

It is commercially available.

Cell detachment is highly

effective.

Multilayer cell sheets can be

prepared.

Biocompatibility and feasibility
have been tested in vivo and

clinical trials.

PIPAAmM grafting system is
adaptable to obtain more
complex tissue structures and

functions.

Applications in vivo and clinical

trials have been demonstrated.

Detachment of the co-culture
cell sheet has been

demonstrated.

Patterned grafting onto TCPS

dishes has been demonstrated.

The coating method is simple

and inexpensive.

Cell detachment is highly
effective.

The culture surface is reusable.

The coating method does not

require special equipment.

Disadvantages Refs

The grafting method is complicated and

time-consuming.

Special equipment (such as an electron

beam) is required for grafting.

Highly costly method.

[10][28]
(36][38]
Temperature change may affect the cell [39][42]
cycle and metabolism. [43][44]
Commercial dishes are much more
expensive than general dishes.
Detachment time varied depending on
cell types.
(22][42]

It is not commercially available.

Coated MC may disintegrate and swell.

MC may decrease cell proliferation.

Optimization of coating-solution
composition may be required for each

cell type.

Temperature change may affect the cell

cycle and metabolism.
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Rg?g?:;':e Advantages Disadvantages Refs
» Detachment time varied depending on
cell types.
» Isothermal system.
» Exposure of cells to ion depletion buffer
It is suitable for highly sensitive may affect cell metabolisms and
lon-induced cells. signaling pathways.
cell [24]
detachment « The culture surface is reusable. « Detachment time varied depending on
cell types.
» Inexpensive system.
» Electrochemical dissolution of
polyelectrolyte coatings can cause local
« High precision in cell patterning. pH changes, which may be harmful to
Electro- .
responsive _ sensitive cells. [25][45]
S B » Inexpensive system.
» Properly immobilized ligands need to
be designed for different cell types.
e pH range is limited to 6.8—7.4 for the
normal function of the cell.
Photo- « Inexpensive system. [46]
responsive .
surface « The potential of the system needs to be
evaluated with various cell types.
pH-res;;onsive » Inexpensive system. » Detachment may be incomplete in el
system

some types of cells.

e The potential of the system needs to be

evaluated with various cell types.

o Few studies have been demonstrated.

ant
e Culture cells can cause the pH to

change. lls at the

desired time. This system does not require an electron beam or vapor-phase polymerization equipment or facilities
to graft the cell-culture surface 29, Since a temperature-responsive surface can damage highly sensitive cells, alter

cellular metabolism, and change the cell cycle, gene expression, and function B, an ion-induced cell detachment
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Responsive

i esion can
Systems Advantages Disadvantages Refs

notes cell
adhesion, and vice versa BLB2I3] Therefore, this approach is composed of two platforms to generate a non-
responsive cell sheet, modulate cell-substrate adhesion, and trigger the detachment of cells at the designed time
without cell damage. To control cell-substrate interactions, a copolymer film comprising nonpolar hydrophobic
divinylbenzene (DVB) and polar hydrophilic 4-vinylpyridine (4VP) was generated on a tissue culture surface using
the initiated chemical vapor deposition (iCVD) method 24, The surface of the copolymer film can be adjusted by
controlling the input flow ratio from DVB to 4VP. These surface properties can be used to modulate the adsorption

of ECM proteins, such as fibronectin, on surface-modified culture plates (Figure 3A).

A
_ L
X | D
7
N
DVB 4VP
Hydrophobic /23 Hydrophilic
SIS ED ‘w?,}_;i:“::.
{ Optimized flow ratio & | Cells
i celladhesion !
B

Cation abundance Cation depletion
Cell
culture
media
pDV
polymer

Conformational change of
transmembrane receptors |-, Transmembrane

® Mg e :
for cell-extracellular protein receptors

2
) .. C? ) matrix (ECM) binding
Integrin binding_ e Surface energy
domalky engineered
Cell attachment Cell detachment PPV Polymer

Figure 3. Principles of cell sheet harvesting using engineered pDV film coupled with divalent cation depletion. The
flow ratio of DVB and 4VP was optimized for cell attachment efficiency and copolymerized on a cultured surface
(A). To trigger cell detachment, the cell environment was depleted in bivalent cations (Mg2* and Ca?*) by pouring
DPBS into cell culture dishes or plates. Consequently, transmembrane proteins responsible for cell ECM occurring
were conformationally changed and unbound from the binding domain. As a result, cells were detached from the

culture surface (B).
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The trigger method to release cell sheets from the culture surface involves the conformational change of integrin,
which is a family of cell surface proteins that modulates cell-substrate or cellFECM interactions, upon the depletion
of divalent cations such as Ca?* and Mg2+ (551, Therefore, cell sheets can be harvested under isothermal conditions
at the desired time by adding Dulbecco’s phosphate-buffered saline (DPBS) without Ca2* and Mg2* (Figure 3B).
The detachment of the cell sheet could be accelerated to within 100 s. In this study, there were five types of cells,
including thermosensitive cell types (myoblast cell line (C2C12) and fibroblast cell line (NIH-3T3 cells)) and non-
thermosensitive cell types (mesenchymal stem cells (MSCs)), normal human dermal fibroblasts (NHDFs) and
endothelial cell line (C166)), used to evaluate the efficiency of the developed method. These cells were completely
detached as intact cell sheets. In addition, this non-responsive system has been used to fabricate monolayer and
thick multilayer cell sheets in both in-vitro and in-vivo studies. Moreover, the previous study confirmed that the pDV

surface did not significantly affect cell-cell adhesion and cell viability (241,

2.4. Non-Temperature-Responsive Systems Using Electro-Responsive Surfaces

Another common approach for recovering cell sheets is to utilize an electro-responsive surface. In principle,
electrical stimulation is the signal that triggers cell detachment in this system. The major component of this system
is a self-assembled monolayer (SAM) of alkanethiolates on gold connected to immobilizing peptide ligands
containing Arg-Gly-Asp (RGD), a binding site for cell adhesion. The types of immobilizing ligands can be designed
to adapt to various cells for adhesion. When a negative electrical potential is applied to the gold film, the monomer
is oxidized, resulting in the rapid release of the immobilized ligands 2. The detachment of the cell sheets from
these surfaces was completed by applying —1.0 V, and cells became completely detached within 10 min, faster
than on temperature-responsive surfaces. Electro-responsive systems are adaptable and are comprised of

different cell-culture surfaces, allowing the creation of varying cell sheet sizes with different forms and thicknesses
/56]

Enomoto et al. demonstrated the use of an electro-responsive surface to prepare fibroblast sheets with a thickness
of ~50 pm. The oligopeptide CCRRGDWLC, which contains RGD, was designed for ligand immobilization.
Fibroblasts grew rapidly on the membrane for 14 days, and the thickness of the cell sheet became ~60 um, which
is almost three times thicker than that of cells cultured in conventional cell-culture plates. Subsequently, the
stacking of these cell sheets to up to five layers established multiple thick cell sheets with a total thickness of more
than 200 pm BZ. However, a necrotic core began to develop in these cell sheets. This problem can be overcome
by generating a continuous flow of the culture medium around the stacked sheets to provide better oxygenation

and nutrient provision 71,

Another experiment to create thick tissues was conducted by Kobayashi et al. They combined an electric-
responsive platform with microstereolithography to create a thick three-dimensional tissue with a complicated
shape. The idea behind these types of cell sheets is to apply them to repair the intestinal wall, as they can be made
to fit their anatomical features in a precise manner. The advantage of these 3D cell sheets is their use for the repair

of more complex structures and the regeneration of more complex organs 23],
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2.5. Other Systems

A photo-responsive system requires a fabrication method which uses light as a trigger to control wettability. Light
can illuminate and reversibly change the conformation of photo-responsive materials due to changes in various
properties, including magnetism, fluorescence, and wettability. Among these properties, light has attracted attention
as a cell-adhesion controller. Metal oxides, primarily zinc oxide (ZnO) and titanium dioxide (TiO,), are the most
widely used photo-responsive materials. Hong et al. demonstrated the use of a photo-responsive cell sheet
system. They designed a cell sheet system by coating a TiO, nanodot-coated quartz substrate onto a cell-culture
plate, and pre-osteoblastic cells were seeded until confluency. After UV-light (365 nm) illumination, the cell sheets
were completely detached within 20 min 8. This evidence demonstrates that a photo-responsive system is a

promising method for harvesting cell sheets.

Furthermore, pH-responsive systems have been widely used in drug delivery systems because of the pH variability
in the human body, which can control the release of drugs to the target area. Classic examples of this system
include cancer-drug delivery systems. pH-responsive systems allow anti-cancer drugs to be released at the tumor
site, where the pH is approximately 6.5-7.2, while the pH of the physical condition is 7.4. However, few studies
have used pH-responsive systems for cell sheet fabrication due to the limited range of pH values (6.8—7.4) allowed
for normal cell function. Chen et al. developed a pH-responsive chitosan surface to control cell detachment within a
small pH range. HelLa cells attached to the surface of chitosan at pH 6.99 and 7.20. After the pH was increased to

7.65, almost all cells detached from the surface within 1 h and survived 48l

Various responsive systems have been developed to enable the detachment of confluent cell sheets; however, the
limitations of these systems require further study. These include the evaluation of the potential of these systems
with numerous cell types and their extension for various applications. Some cells that attach firmly to a surface may
have a longer detachment time. In addition, commercially responsive surfaces are already available for cell sheet
detachment; however, they are costly, especially when thick 3D tissue constructs need to be fabricated using a
large number of cell sheets. Another challenge is that most current fabrication technologies remain inaccessible
and complicated. Therefore, the development of simple and economical fabrication methods for responsive

surfaces is necessary and will greatly encourage researchers to exploit cell sheet engineering.
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