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Introduction

Cell sheet technology enables a sheet of interconnected cells to be 
obtained and further layered to form tissue-like and organ-like 
structures. The rapid progression of the technology has emerged 
as a novel approach for cell based therapy. The most profound 
advantage of cell sheet technology is that it could achieve high 
cell density as well as retain cell-cell junctions and deposited 
extracellular matrix (ECM). In a series of studies, Okano’s group 
has proven the superiority of cell sheet transplantation compared 
with cell injection for cardiac repair.1-5 Using thermo-responsive 
culture dishes, confluent cardiac cell sheets were harvested with-
out any enzymatic treatment. The stacked cardiac cell sheets 
developed sheet-to-sheet communication via cell-cell junc-
tions and could pulsate synchronously.2 After cardiac cell sheet 
transplantation, increased cell survival rate compared with cell 
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Cell sheet engineering has been progressing rapidly during 
the past few years and has emerged as a novel approach for 
cell based therapy. Cell sheet harvest technology enables 
fabrication of viable, transplantable cell sheets for various 
tissue engineering applications. Currently, the majority of 
cell sheet studies use thermo-responsive systems for cell 
sheet detachment. However, other responsive systems began 
showing their potentials for cell sheet harvest. This review 
provides an overview of current techniques in creating cell 
sheets using different types of responsive systems including 
thermo-responsive, electro-responsive, photo-responsive, 
pH-responsive and magnetic systems. Their mechanism, 
approach, as well as applications for cell detachment have been 
introduced. Further development of these responsive systems 
will allow efficient cell sheet harvesting and patterning of cells 
to reconstruct complex tissue for broad clinical applications.
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injection was observed and cardiac function was significantly 
improved. Importantly, successful engraftment of cell sheets to 
the host tissue was demonstrated.3 In addition to cardiac applica-
tions, cell sheet technology has been used to treat many other 
diseases and have generated promising results. For patients with 
bilateral total limbal stem-cell deficiency, autologous epithelial 
cells were harvested from oral mucosa and grew into cell sheets 
for transplantation onto the ocular surface. The presence of 
ECM in the cell sheet provided sufficient adhesion to stabilize 
it to the host eye without sutures. Visual acuity was dramati-
cally improved 2–8 weeks after the epithelial cell sheet trans-
plantation.6 Layered fibroblast cell sheets have been proven to be 
a novel lung air leak sealant.7 The feasibility of using cell sheet 
technology to treat bone fractures, Periodontitis, esophageal can-
cer, diabetes and liver disease have all been explored. The results, 
both experimental and clinical, have demonstrated the efficacy 
of cell sheet technology as an effective approach for regenerative 
medicine.

Cell sheet harvest technology enables fabrication of viable, 
transplantable cell sheets for various tissue engineering applica-
tions. Currently, the majority of cell sheet studies use thermo-
responsive systems for cell sheet detachment. However, other 
responsive systems began showing their potentials for cell sheet 
harvest. This review provides an overview of the current tech-
niques in creating cell sheets using different types of responsive 
systems. Their mechanism, approach and applications for cell 
detachment have been included.

Thermo-Responsive Systems

The use of thermo-responsive systems has created a novel way 
to harvest cell sheets and greatly accelerated the progress of cell 
sheet engineering. The most studied thermo-responsive system 
is a poly(N-isopropylacrylamide) (pNIPAAm) modified surface. 
pNIPAAm is a well characterized thermo-responsive polymer 
that undergoes a sharp coil-globule transition at its lower criti-
cal solution temperature (LCST) of 32°C in aqueous solution, 
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molecules.17 The plasma glow discharge power is slowly reduced 
to form an adhesion promoting layer on the substrate and to 
deposit a functional coating at the outer surface.18 The advan-
tage of plasma polymerization is that it is a one step, solvent 
free vapor phase coating technique. A major concern over the 
use of this technique is the loss of chemical functional groups 
and material functionality in the coating due to possible mono-
mer fragmentation. High power and high temperature condi-
tions during the plasma polymerization process yields the most 
stable films. However, high temperature also reduces the chemi-
cal functionality of the grafted monomer.19 Pan et al.16 were the 
first group to overcome the fragmentation problem by finding 
an optimal balance between power and temperature conditions 
during the polymerization of NIPAAm monomer. Contrary to 
EB polymerized pNIPAAm, the thickness of pNIPAAm film 
fabricated by plasma polymerization does not have an impact 
on cell attachment. Cell studies showed no difference between 
different batches of plasma polymerized films when the batches 
varied in thickness from one another.20,21 Thus, cell adhesion and 
proliferation are independent of plasma deposited film thickness. 
Grafting of pNIPAAm through plasma polymerization has been 
used to detach bovine artery carotid endothelial cells and retinal 
cells.20-23

An alternative approach to graft pNIPAAm is through UV 
(UV) irradiation. Plasma-induced UV or heat polymerization 
of NIPAAm monomers has been successfully immobilized on 
polydimethylsiloxane (PDMS) surfaces and applied to smooth 
muscle cell (SMC) sheet detachment.24 The PDMS surface is 
activated by Argon plasma to generate peroxides on the surface. 
These peroxides will decompose by UV light or heat to initiate 
the polymerization of NIPAAm solution. UV polymerization can 
also be used to graft pNIPAAm to TCPS surfaces as well. One 
such method involves the entrapment of copolymers NIPAAm 
and 4-(N-cinnamoylcarbamide)methylstyrene (CCMS) onto a 
poly(ethylene terephthalate) (PET) surface. The surface is irradi-
ated with UV light to cross-link the copolymer through dimer-
ization of the cinnamoyl groups.25 Similar to plasma polymerized 
pNIPAAm, the thickness of the film does not affect cell attach-
ment and proliferation.

Solvent casting methods have also been employed to create 
bulk pNIPAAm films. These films are not grafted to a substrate. 
Instead, the pNIPAAm films are conjugated with collagen and 
deposited on a solid support such as TCPS or glass. Here, cells 

changing from a hydrophilic state to a hydrophobic state.8 
Therefore, a surface retaining insoluble pNIPAAm is hydro-
phobic, allowing cells to attach, when the temperature is higher 
than 32°C. The surface becomes hydrophilic to release cells 
once the temperature falls below 32°C. The critical temperature 
of pNIPAAm can be further altered by copolymerization using 
hydrophilic or hydrophobic monomers for broad biomedical 
applications.9

Different methods have been developed to fabricate pNIPAAm 
modified thermo-responsive surfaces for cell sheet engineering 
(Table 1). Electron beam (EB) polymerization is the most widely 
used method to graft N-isopropylacrylamide (NIPAAm) onto 
tissue culture polystyrene (TCPS) for cell sheet engineering.10 
Briefly, TCPS dishes are uniformly coated by NIPAAm monomer 
solution (in 2-propanol) and irradiated with 0.3 MGy EB. The 
non-grafted NIPAAm monomers are rinsed off with deionized 
(DI) water after irradiation and the resulting pNIPAAm-modi-
fied dishes are used to culture cells. Okano’s group, the pioneers 
of cell sheet engineering, has extensively studied the surface prop-
erties of the pNIPAAm-modified dishes fabricated by EB polym-
erization and reported that cell adhesion is greatly affected by the 
thickness of the grafted NIPAAm layer. A thin layer, ~15.5 ± 7.2 
nm, with a low density of pNIPAAm allows for cell attachment 
at 37°C and detachment from the surface at 20°C.11 However, 
a thick layer, 29.3 ± 8.4 nm, with a high density of pNIPAAm 
was found to have no cell adhesion at 37°C although both graft 
thicknesses show a change in wettability between temperatures 
above and below LCST. According to their studies, an effective 
thickness of a grafted pNIPAAm layer should be between 15 nm 
and 20 nm to obtain optimal cell attachment and detachment 
in response to temperature changes. This electron beam polym-
erization of NIPAAm has been used in cell sheet technology for 
many different cell types including keratinocytes, corneal and 
oral mucosal epithelia cells, myocardial cells, hepatocytes, and 
skeletal myoblasts.11-15

Another tested method to graft pNIPAAm is through vapor 
phase plasma polymerization. A plasma glow discharge of 
NIPAAm monomer vapor was used to deposit pNIPAAm onto 
solid surfaces such as silicon, glass, and TCPS.16 The deposition 
process includes an 80 W methane plasma deposition followed 
by NIPAAm plasma deposition with stepwise decreasing pow-
ers from 80 to 1 W for 30 min. The pNIPAAm-grafted sur-
faces are then rinsed with DI water to remove non-cross-linked 

Table 1. Comparison of different types of pNIPAAm modified thermoresponsive surfaces for cell sheet engineering

Fabrication method Underlying substrate Detached cell type Detachment time Refs.

Electron beam  
polymerization

Tissue culture polystyrene (TCPS)
Keratinocytes, corneal and oral mucosal epithelia cells, 

myocardial cells, hepatocytes, skeletal myoblasts
1 h at 20°C 11–15

Plasma polymerization Silica wafer, glass, TCPS Bovine artery carotid endothelial cells, retinal cells 2 h at 20°C 16, 20–23

UV irradiation
Polydimethylsiloxane, poly  

(ethylene terephthalate)
Smooth muscle cells, retinal pigment epithelial cells 30 min 24, 25

Solvent cast
Not grafted; solid support  

underneath:

TCPS, glass
3T3 fibroblasts, HUVEC 20 min at 4°C 27

Spin-coated w/APTES Si wafer, glass Fibroblasts, MSCs 2 min at 20°C 31
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Electro-Responsive Systems

Electro-responsive systems, which enable cell attachment and 
release upon an electrical trigger, represent a second common 
platform for cell sheet engineering. One example of an elec-
tro-responsive system was developed by the Mrksich group.32 
Electroactive self-assembled monolayers (SAMs) on gold were 
utilized in their approach to immobilize ligands. The electro-
active molecules tethered to the monolayer can be oxidized by 
applying electrical potential to the gold film releasing the immo-
bilized ligands. By selecting the peptide ligand that mediates cell 
attachment, the system can be electrically switched to permit 
cell adhesion or detachment. In particular, the peptide Cys-Gly-
Arg-Gly-Asp-Ser (CGRGDS) containing RGD as a cell adhesive 
ligand was tethered to monolayers of alkanethiolates via elec-
troactive O-silyl hydroquinone. Fibroblast cells were cultured 
on the RGD-presenting monolayers. When an electrical poten-
tial of 550 mV was applied to the monolayers for 5 min, the 
O-silyl hydroquinone oxidized to benzoquinone and the silyl 
ether was hydrolyzed, releasing the RGD containing peptide 
from the monolayer with the attached cells. This approach has 
been used to control cell adhesion, pattern cells and activate cell 
migration.32,33

attach due to the collagen in the film and detach 
because of the dissolution of pNIPAAm under 
cooling conditions.26 Solvent casting methods have 
also been used to deposit thick pNIPAAm films 
which are coated with adhesion molecules such as 
collagen, fibronectin or laminin. The addition of 
the overlaying adhesion coating does not affect the 
detachment rates of cells, as evidenced by culture 
and detachment of 3T3 fibroblasts and human 
umbilical vein endothelial cells (HUVEC).27,28

More recently, spin-coating techniques have 
been developed to deposit pNIPAAm thin films 
on substrates without the need for expensive 
equipment such as EB or plasma polymerization 
equipment. Reed et al.29 diluted pNIPAAm in 
hydrochloric acid (HCl) and mixed it with tetra-
ethyl orthosilicate (TEOS). They deposited this 
solution on glass coverslips and spun the substrate 
at 2,000 rpm for 60 sec to yield a thin pNIPAAm 
film on glass coverslips. Cells grew to confluence 
on the surfaces but detached in clumps instead of 
as whole cell sheets. Another disadvantage to the 
system is the dissolution of pNIPAAm, leading to 
possible cytotoxic effects on the cells. A study by 
Nash et al.30 spin-coated pNIPAAm/ethanol mix-
tures onto thin films on Thermanox disks. The 
resulting films exhibited a rapid cell sheet detach-
ment for various cell types, ranging from detach-
ment times of 5–10 min, and in some cases ~60 
min when 4°C media was placed over the film. 
However, the authors could not provide a convinc-
ing explanation for the mechanism of their system 
since many others reported that bulk films with 
similar properties were incapable of attaching and growing cells 
due to the inability of pNIPAAm to provide anchor points for 
cell attachment. The study, nevertheless, indicated the poten-
tial of spin-coating pNIPAAm films for cell attachment/growth 
and rapid cell sheet detachment without the use of expensive 
equipment.

Our laboratory has developed a novel approach to graft 
pNIPAAm films onto silica based surfaces.31 Utilizing a spin-
coating technique, thermo-responsive films were deposited 
on glass slides using pNIPAAm blended with 3-aminoprop-
yltriethoxysilane (APTES). APTES was used to enhance the 
retention of pNIPAAm on the surface while providing the 
anchor points needed for cell attachment and proliferation. 
Additionally, changing the concentration of the adhesion pro-
moting agent allowed for tunable detachment rates. When the 
surface was cooled, the pNIPAAm chains extended, pushing the 
cells away from the APTES anchor points, thereby releasing the 
cells. By changing the ratio of pNIPAAm to APTES, the detach-
ment times of the cell sheets ranged from 2.5 min to 40 min  
(Fig. 1). The spin coating technique used in our research pro-
vides a straightforward and economical approach for creating cell 
sheets in comparison to the traditional techniques used to create 
other thermo-responsive surfaces.

Figure 1. (A–C) Cell detachment from 90:10 pNIPAAm/APTES films cured at 160°C. Time 
indicated is after cold medium induction. Scale bar denotes 200 μm. (D) Cell sheet 
detachment time can be tuned using films containing different pNIPAAm/APTES ratios. 
The cell detachment time shows a rough linear relationship vs. pNIPAAm/APTES ratios. 
90:10 pNIPAAm to APTES ratio substrates had cell detachment times of ~2 min. With 
decreased pNIPAAm to APTES ratio, the cell detachment time increases to ~40 min with 
the 40:60 ratio.
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strategy of developing photo-responsive surfaces is to use light 
to change the wettability of a surface. Metal oxides, mainly Zinc 
oxide (ZnO) and Titanium dioxide (TiO

2
), are the most stud-

ied for this application since their wettability can be switched 
between hydrophilicity and hydrophobicity by light illumina-
tion. In a recent published article, a light-induced cell detach-
ment approach has been investigated using TiO

2
 due to its 

biocompatibility and wettability variation when illuminated at 
a cell safe wavelength of 365 nm.38 Mouse calvaria-derived, pre-
osteoblastic MC3T3-E1 cells were seeded on TiO

2
 nanodot films 

that were coated on a quartz substrate. The data demonstrated 
detachment of cell sheets after 20 min of UV365 illumination. 
The exact mechanism of cell detachment is still under investiga-
tion; however, it is probably caused by the release of adsorbed 
adhesive protein when the surface becomes more hydrophilic 
under illumination.

Photo-responsive molecules have been explored to control 
adhesion and detachment of cells. Spiropyran is a photosensitive 
molecule that isomerizes when exposed to UV light from a hydro-
phobic spiro conformation to the polar hydrophilic zwitterionic 
merocyanine conformation.39 Higuchi et al.39 have used this con-
cept to graft spiropyran to poly(methyl methacyrlate) (PMMA) 
and use the developed copolymer to realize UV-regulated detach-
ment of fibrinogen, platelets, and mesenchymal stem cells.

Photo-responsive surfaces can also be fabricated by incorpo-
rating spiropyran into the side chains of pNIPAAm. Because 
irradiating spiropyran with UV light enhances cell adhesion, 
incorporating spiropyran into pNIPAAM can prevent cell 
detachment when the surface is cooled. The advantage to this 
system is the ability to spatially control detachment of cells for 
patterning. Edahiro et al.40 used this concept by attaching cells 
at 37°C to a pNIPAAm-spiropyran surface. They UV irradiated 
a region and then cooled and washed the entire surface. Cells 
remained adhered to the UV irradiated region while cells in the 
other region detached. By irradiating the unattached portion 
with visible light (400–440 nm), the spiropyran isomerizes back 
into the nonionic structure and the cells can be detached by cool-
ing the surface. The researchers demonstrated the ability to spa-
tially control cell attachment through the use of a photomask. 
This system can be used to control the location of a particular cell 
type in a co-culture and harvest the cell sheet with the intended 
arrangement.

Another photosensitive molecule being explored is azoben-
zene which isomerizes by UV light from trans to cis form. The 
isomerization is fully reversible and extremely fast. RGD peptides 
were coupled with azobenzene derivatives and coated on PMMA 
disks.41 The azobenzene is responsible for controlling the spac-
ing between RGD peptides and PMMA disks leading to either 
attachment or detachment of cells. Cell adhesion was achieved 
when the azobenzene derivative was in its trans form, while cells 
detached when azobenzene isomerized into its cis form after irra-
diating with 366 nm light. The light irradiation caused the azo-
benzene to shorten, moving RGD peptides closer to the surface, 
resulting in cell detachment. Although cell sheet detachment was 
not shown, the photo-responsiveness of azobenzene can be uti-
lized to control cell adhesion.

Fukuda et al.34 have exploited a similar electro-responsive sys-
tem for efficient cell sheet detachment. The RGD-containing oli-
gopeptide CCRRGDWLC was designed to form a gold-thiolate 
bond on a gold-coated substrate. Fibroblasts were cultured on 
the substrate for 7 d and grown into a confluent cell sheet. The 
viable cell sheet was detached within 10 min after application of  
−1.0 V electrical potential to the surface. The cell sheet detach-
ment was caused by the peptide desorption from the gold sub-
strate by electrical stimulus.

Another example of an electro-responsive system for control-
ling release of a cell sheet is polyelectrolyte-modified surfaces. 
Polyelectrolytes adsorb to oppositely charged surfaces due to elec-
trostatic interaction and desorbs from the conducting substrates 
upon electrochemical polarization. Based on this mechanism, an 
electro-responsive system was developed for harvesting cell sheets. 
The Voros group had shown that a poly(l-lysine) (PLL) grafted 
poly(ethylene glycol) (PEG) monolayer on metal oxide can be 
desorbed by electrochemical polarization of the substrate.35 By 
exploiting this concept, they were able to desorb a PLL-g-PEG/
PEG-RGD monolayer from indium tin oxide (ITO) by apply-
ing a short positive potential.36 More specifically, the adsorbed 
PLL-g-PEG/PEG-RGD monolayer allows cells to attach to the 
metal oxide substrate. When the monolayer desorbs, the cells 
lose their attachment points and detach. The thickness of the 
polyelectrolyte layer has been shown to impact cell adhesiveness. 
Multiple layers lead to thicker, softer films with weaker adhe-
sive properties. This can be overcome by increasing the pH at 
which polyelectrolyte films are assembled, leading to stiffer films 
and better adhesive properties. Several different cell types have 
been grown to confluence and detached as cell sheets from these 
surfaces including hepatocytes, fibroblasts, endothelial cells, and 
HeLa cells.

In order to create more complex cell sheets with multiple cell 
types, Voros et al.37 used an electrochemically responsive plat-
form for micro-patterning and release of cell sheets. Biointerfacial 
properties of the micro-patterned regions can be switched elec-
trochemically by controlling the dissolution and adsorption of 
polyelectrolyte coatings. Micro-patterns were created by insulat-
ing SU-8 on transparent ITO in the desired formations through 
photolithography methods. A layer of a polyelectrolyte was 
placed over the platform while the polyelectrolyte was shielded 
from the electrochemical treatment by a photoresist stencil. Cells 
grown on the ITO detached upon electrochemical dissolution 
of the polyelectrolyte substrate. Cells grown on the neighbor-
ing weakly adhesive substrate detached through the contractile 
forces generated by the cells detaching from the ITO domains. 
This approach allows high precision in cell patterning for cell 
sheet formation. A drawback of using polyelectrolyte-modified 
surfaces to detach cell sheets is that electrochemical dissolution of 
polyelectrolyte coatings could cause local pH change, which may 
be harmful to sensitive cells.

Photo-Responsive Systems

Light is an ideal stimulus for responsive surfaces because it can 
be controlled with high spatial and temporal resolution. One 
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has an extracellular pH of 6.5–7.2, which is lower than the nor-
mal pH of 7.4. Thus acid triggered pH-responsive systems can 
be used to specifically deliver anti-cancer drugs. The remarkable 
change in pH along the gastrointestinal tract (from acid in stom-
ach to basic in the intestine) has also served as potent stimuli for 
pH-responsive systems of oral drug delivery. Ionisable polymers 
containing either acidic or basic pendant groups in their structure 
that can accept or release protons in response to pH changes in 
the surrounding environment are candidates for pH-responsive 
systems. Examples of common polymers used in pH-responsive 
systems are: polyacrylamide (PAAm), poly(acrylic acid) (PAA), 
poly(methacrylic acid) (PMAA), poly(2-diethylaminoethyl 
methacrylate) (PDEAEMA) and poly(N,N-dimethylaminoeth-
ylmetha crylate) (PDMAEMA).9,45

Only a few studies, however, have been performed using pH-
responsive systems for cell-based applications due to the limited 
range of pH (6.8~7.4) for normal cell functions. A recent publi-
cation by Ehrbar et al.46 has shown the feasibility of controlling 
cell sheet detachment by either local or global pH lowering. The 
pH responsive substrates were formed by alternate layering of cat-
ionic poly(allylamine hydrochloride) (PAH) layers and anionic 
poly(styrene sulfonate) (PSS) layers on a conductive ITO sur-
face. Placenta derived mesenchymal stem cells (PD-MSCs) easily 
adhered and proliferated to confluence on polyelectrolyte sur-
faces. Because this system is similar to an electro-responsive sys-
tem, an electrical trigger with a current density of 30 uA/cm2 was 
found to detach the cells with their ECM intact within 10–20 
min. The Ehrbar group hypothesized that one of the mechanisms 
driving cell sheet detachment was the drop in local pH at the 
cell-substrate interface. Thus, instead of using an electrical trig-
ger to detach cell sheets, they tried inducing the cells to detach 
by decreasing the bulk pH through change of culture media pH. 
A range of pH 5.0 to 7.4 resulted in no change in cell adhesion, 
while a pH of 4.0 resulted in complete cell sheet detachment 
within 2–3 min. After conducting viability assays and mesoder-
mal plasticity experiments, the detached PD-MSCs retained their 
viability and differential potential after exposure to acidic media. 
Thus, the pH responsive substrate used in this study provided 
another method to release cell sheets from a surface, although 
caution must be taken for cells sensitive to pH change.

Chen et al.47 use chitosan, a natural polymer, to attach/detach 
cells with a change in pH. The primary amine of the glucosamine 
residue on chitosan makes the polymer a pH responsive cation.48 
When the cells are cultured on the chitosan in a medium with a 
pH of 7.2, the fibronectin excreted from the cells is adsorbed on 
the chitosan substrate. The adsorption allows the cells to attach 
to the chitosan surface. Chitosan has an isoelectric point at pH 
7.4.49 At a pH of 7.2, the chitosan surface becomes positively 
charged, allowing for the adsorption of the negatively charged 
fibronectin. When the pH of the medium is raised to 7.65, the 
chitosan surface deprotonates and exhibits a positive charge. The 
fibronectin desorbs from the surface resulting in the detachment 
of cells. Although Chen et al.47 did not demonstrate the detach-
ment of an intact cell sheet, they have shown promise for creating 
cell sheet modules using pH responsive chitosan at physiological 
conditions.

RGD peptides have also been used with a photocleavable 
linker to provide a photo-responsive surface for cell adhesion 
and release. Wirkner et al.42 used a photolabile 4,5-dialkoxy 
1-(2-nitrophenyl)-ethyl group to attach to the free amine groups 
of a surface. A tetraethyleneglycol (TEG) spacer was included 
in the structure enabling the photolabile group to also bind to 
RGD peptides. The RGD peptides provide a surface for cells to 
attach, while the photolabile group links the RGD to the sub-
strate. Upon light exposure, the chromophore was photocleaved, 
removing the linker along with the RGD and the bound cells 
from the substrate. Using this method, about 85% of adhered 
HUVEC were detached from the surface, while the remaining 
cells displayed a rounded morphology. The inability of some cells 
to attach can be attributed to the incomplete cleavage of the pho-
tolinker. Although all the cells did not release, this technology 
has the ability to be applied to any substrate as long as the linker 
is properly designed.

A vastly different approach to releasing cells from surfaces 
using light was taken by the Mohwald group.43 Fibroblasts were 
cultured on gold nanoparticle based surfaces. Gold nanoparti-
cles have strong photoabsorpotion in the green spectral range. 
They irradiated the surface with a green laser (532 nm), causing 
a photochemical mechanism to produce reactive oxygen species 
(ROS). The ROS caused damage to cell membranes at the cell-
surface interface, releasing the cells from the substrate. The cells 
did not immediately detach from the surface, but rather take up 
to 24 h to fully detach. One advantage to the system is that the 
surface is able to recover, allowing the reattachment of cells in the 
irradiated areas within 72 h. This property can be used to spa-
tially pattern cells, and create co-culture cell sheets by controlling 
the areas the green laser is irradiated and seeding different cell 
types once the surface has recovered to allow reattachment.

Another photo-responsive material explored for cell attach-
ment and detachment is a methacrylate with a photocleavable 
unit, 4-[4-(1-methacryloyloxyethyl)-2-methoxy-5-nitrophenoxy]
butyric acid (PL).44 These PL groups were placed in the side 
chains of poly(2-methacryloyloxyethyl phosphorylcholine-co-n-
butyl methacrylate) (PMB). PMB is a bioinert material prevent-
ing the adhesion of cells to its surface. The PL groups provide 
adhesion points for cell attachment. Under irradiation with 365 
nm UV light, the 2-nitrobenzyl group is cleaved off, causing 
loss of the adhesion points on PL groups. Cells were seeded on 
the PMB-PL surface and allowed to attach for 4 h. The surface 
was irradiated with UV light for 60 sec, resulting in detachment 
of 50% of adhered cells. Cells seeded on previously irradiated 
regions showed no attachment to the surface, indicating the loss 
of the adhesion points on the PL groups. The photo-respon-
sive surface used here shows the ability to rapidly detach cells 
although PL group density needs to be optimized to allow for 
complete detachment.

pH-Responsive Systems

pH-responsive systems have been extensively studied as drug 
delivery carriers because of the varying pH in the human body 
that can be used to direct response. For example, tumor tissue 
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Current commercially available responsive surfaces for cell sheet 
detachment are very expensive especially in consideration for the 
number of cell sheets required to layer them into 3D tissue con-
structs. In addition, most of the approaches involve non-easily 
accessible facilities and complicated procedures, which will hin-
der tissue culture laboratories in custom designing their own 
surfaces for specific downstream applications. Therefore, one of 
the major challenges to overcome in the future is developing sim-
ple and economical methods for responsive surface fabrication, 
which will greatly encourage researchers to exploit cell sheet engi-
neering. Another challenge is to accelerate the cell sheet detach-
ment time. It takes upwards of 40 min for a single cell sheet to 
detach using the most popular commercial available thermo-
responsive surface (UpCell®).56 The exposure to prolonged cool-
ing will affect cell function and dramatically increase the time 
needed for cell sheet stacking. There are several aforementioned 
technologies discussed in this review article that strive to address 
improving cell detachment times. But, these technologies are yet 
to be fully adapted in the field. With further improvement in 
techniques and incorporation with other microfabrication meth-
ods (e.g., micropatterning), cell sheet engineering will bring tis-
sue engineering constructs one step closer to clinical applications.

Conclusions

Cell sheet engineering based on a thermo-responsive surface has 
been proposed by Okano as a promising strategy for fabrication 
of viable tissue equivalents. It has sparked great interests in the 
field of tissue engineering and regenerative medicine during the 
past two decades. However, it usually takes more than 30 min 
for a confluent cell sheet to detach from pNIPAAm modified 
thermo-responsive surfaces, which hinders future clinical appli-
cations when multiple layers of cell sheets are needed. This review 
summarizes recent advances in improving pNIPAAm modified 
thermo-responsive surfaces toward rapid cell-sheet recovery. In 
addition, other stimuli-responsive systems with potential use for 
cell sheet harvest are also introduced here. Further development 
of these responsive systems will allow efficient cell sheet harvest-
ing and patterning of cells to reconstruct complex tissue for broad 
clinical applications.
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Magnetic Systems

The use of magnetic force to aid in attachment and release of 
cells have been studied through ferrous based nanoparticle label-
ing of cells. Magnetite (Fe

3
O

4
) nanoparticles were mixed with 

N-(a-trimethylammonioacetyl)-didodecyl-D-glutamate chloride 
(TMAG) to create magnetite cationic liposomes (MCLs). The 
electrostatic interaction between positively charged MCL and 
negatively charged cell membrane resulted in a high adsorption 
rate of magnetite nanoparticles in target cells.50 Cells labeled 
with magnetite nanoparticles are easily influenced by an external 
magnetic field, resulting in an accumulation of cells toward the 
source magnet. Ito et al.51 exploited this property to attach and 
release keratinocytes using magnetic force. Magnetite labeled 
keratinocytes were cultured on ultra low attachment plates that 
had a covalently bound hydrophilic and neutral hydrogel on its 
surface. Upon placement of a neodymium magnet under the 
plate, cells evenly spread on the surface, while no cell spreading 
was observed in the absence of a magnet. In order to detach the 
cell sheet, the magnet was removed from underneath the plate 
and a polyvinylidene fluoride (PVDF) membrane was placed on 
the surface of the magnet. The magnet was moved on top of the 
cells and the magnetic force resulted in the keratinocyte sheet 
sticking to the PVDF membrane on the magnet surface. With 
the use of the magnet, the cells could be transferred to a new loca-
tion, and the PVDF membrane could subsequently be removed 
from the magnet to detach the cells from the magnet. No cell 
toxicity has been reported by the use of the magnetite nanopar-
ticle technology and has been applied to create and transfer cell 
sheets of many different cell types including keratinocytes, car-
diomyocytes, hepatocytes, endothelial cells, mesenchymal stem 
cells, and retinal pigment epithelial cells.51-55 Although the system 
is effective in releasing and transferring cells, the detached sheets 
are not cell monolayers, but aggregates of the detached cells 
clumped together forming several layer thick sheets.

Key Challenges and Future Directions

Responsive systems triggered by different stimuli have been devel-
oped to enable the detachment of confluent cell sheets, which is 
one of the most critical steps in cell tissue engineering. While 
mounting evidence has demonstrated the potential of these 
systems, more cell studies are needed for further optimization. 
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