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Introduction

T
he treatment of diseased tissues and organs is an
ongoing healthcare problem that could be solved
with artificial tissues.1,2 Functional tissue con-

structs could also decrease the time and the cost spent on
the drug discovery process, which could have a direct
effect on discovering cures for various diseases.1,2 Tissue
engineering holds great promise for developing methods to
create tissue models with the structural organization of native
tissues, which could be useful for regenerative medicine and
pharmaceutical research.

Native tissues contain different cell types, with each cell
type having its own unique three-dimensional (3-D) extracel-
lular matrix (ECM) environment, and mechanical properties.
To recreate such complexity in engineered tissues various
approaches have been used. In one such approach, cells are
seeded on a degradable scaffold on which they reorganize
into engineered tissues. Alternatively, cells are used to create
modular tissue units with microscale polymers or without
any scaffolds.3 These modular tissues can later be
assembled,4 stacked,5,6 or rolled7 to form large-scale tissue
constructs by mimicking the native architecture.

To generate tissue modules, photolithographic4 and soft
lithographic methods8 have been used to encapsulate cells
within microgels with different shapes and geometries. These
cell-encapsulated microgels can be further assembled into
defined geometries.3 Rigid9,10 or soft microfabricated tem-
plates11,12 can also be used to form scaffold-free tissue mod-
ules made from clusters of cells. Furthermore, tissue mono-
layers can be generated on 2-D substrates, which can be fur-
ther stacked or rolled to fabricate macroscale tissues.5–7

Each of these techniques have their own limitations. For
example, photolithography is only applicable to photocrosslink-
able materials,13 whereas most soft lithographic methods rely on
static microstructures, that limit the range of microgel shapes
that can be fabricated.13 Also, the pattern geometries and surface
properties of static microstructures cannot be changed. These
static features may be limited in creating biomimetic microtis-
sues and the retrieval of tissues from these platforms in a con-
trolled manner. Furthermore, 2-D templates with nonswitchable
surfaces require the use of enzymes or physical forces to detach
monolayer of tissues, which is not desirable.14,15

Dynamic microstructures with controllable features and
switchable surface properties are emerging as useful tools for
creating biomimetic and retrievable modular tissues. Poly(N-
isopropylacrylamide) (PNIPAAm) is a well-known stimuli-
responsive polymer, which responds to temperature by
changing its hydrophilicity and swelling.16–18 Properties of
PNIPAAm make it favorable to fabricate dynamic platforms
to overcome the static features of previous technologies. This
review will highlight the current developments in PNI-
PAAm-based thermoresponsive platforms for tissue engineer-
ing and regenerative medicine.

Characteristics of PNIPAAm and its
derivatives

Stimuli-responsive polymers show great potential in sev-
eral fields, including tissue engineering and drug delivery,
due to their controllable hydrogel properties, such as swel-

ling/deswelling and surface energy. PNIPAAm is one of such
polymers with a lower critical solution temperature (LCST)
of �32�C.16,17 It shrinks and becomes hydrophobic at tem-
peratures above its LCST, and turns into swollen and hydro-
philic state below its LCST (Figure 1).16 The entropic gain
of the system produces this responsive behavior by segregat-
ing water molecules from isopropyl chains at temperatures
above the phase temperature (LCST) (Figure 1).16 The
entropic gain of the system in aqueous environment is higher
than the enthalpic gain of the bonds between water mole-
cules and PNIPAAm chains at this phase transition.16

The LCST of PNIPAAm can be tailored by incorporating
hydrophilic or hydrophobic comonomers into the polymer
structure.16 For example, phase temperature can be adjusted
to around physiological temperature (37�C) to tailor its use
for biological applications.16 To alter the LCST of PNI-
PAAm, hydrophilic comonomers, such as Acrylamide
(AAm), N-methyl-N-vinylacetamide (MVA), N-vinylaceta-
mide (NVA), and N-vinyl-2-pyrrolidinone (VPL), have been
crosslinked with N-isopropylacrylamide (NIPAAm) via
free-radical polymerization.19 At lower concentrations of
these comonomers, LCST point has been adjusted to
between 32 and 37�C.19 Incorporation of slight amounts of
ionic comonomers in PNIPAAm hydrogels can raise the
LCST.20,21 Copolymers of PNIPAAm with two distinct
LCSTs can be fabricated by using oligomers, such as car-
boxy-terminated oligo NIPAAm, oligo(N-vinylcaprolactam)
(VCL) and a random co-oligomer of NIPAAm and AAm.22

These modifications on PNIPAAm hydrogels can be useful
for controlled release applications in drug delivery and tis-
sue engineering.
PNIPAAm-based hydrogels can be used for temperature-

controlled drug delivery, in two ways. In the first approach,
drugs can be released from the hydrogel structure as a result
of PNIPAAm shrinking at temperatures above LCST.23 In
the second approach, drugs can be dissociated from swollen
polymer network by decreasing the temperature below
LCST.23 Incorporation of hydrophilic comonomers within
PNIPAAm structure could speed up the deswelling kinetics
of the hydrogels.24 Acrylic acid (AAc) or methacrylic acid
(MAAc) can be crosslinked with NIPAAm to generate
hydrogels with rapid thermoresponsiveness.24 Faster release
kinetics can also be achieved by synthesizing a comb-type
PNIPAAm hydrogel network, which has been demonstrated

Figure 1. Schematic of the thermoresponsive behavior of
PNIPAAm hydrogel.

It swells and becomes hydrophilic at temperatures
below LCST. Raising the temperature above LCST
results in PNIPAAm shrinking and increased hydro-
phobicity.16 Reproduced by permission of The Royal

Society of Chemistry.
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to have faster deswelling kinetics than linear type PNIPAAm
hydrogel networks.25,26

Additional functionalities, such as pH responsiveness and
partial degradability, can be given to PNIPAAm hydrogels by
incorporating comonomers and proteins into the polymer net-
work. For example, temperature and pH responsive hydrogels
were generated by copolymerizing NIPAAm with AAc.27

Crosslinked and random copolymers of NIPAAm and MAAc
also showcase the temperature and pH responsiveness.28,29

Graft copolymers of these configurations demonstrate higher
temperature- and pH-dependent swelling kinetics than random
copolymers.18,27 Furthermore, biodegradable materials, such as
zein protein30 and alginate,31 were incorporated within PNI-
PAAm networks while maintaining thermoresponsiveness. In
addition, gelatin was used to generate interpenetrating networks
with PNIPAAm without chemical crosslinking.32

Due to its switchable hydrophilicity and tunable hydrogel
properties, PNIPAAm is highly favorable for use in cell culture
platforms.18,33 Hydrophobic surfaces, such as polystyrene cul-
ture dishes and elastomeric templates, are attractive for protein
adhesion and subsequent cell attachment.18 However, detach-
ment of cells and tissues from these templates requires either
enzymatic reaction or physical scraping, both of which can
damage cells and cell-ECM interactions.14,15 Cell culture plat-
forms have been increasingly functionalized with PNIPAAm to
first induce cell attachment at temperatures above LCST, and
then trigger controlled cell detachment from the surface by
decreasing the temperature below LCST. Micro- and nanofabri-
cation techniques have also been used to create PNIPAAm-
based platforms for tissue engineering applications.

Two-dimensional thermoresponsive platforms

Cell-sheet engineering has been a growing approach to
generate functional tissues for biomedical applications. In
this approach cell are initially induced to form a monolayer
upon adhesion to hydrophobic surfaces, such as polystyrene
culture dishes and elastomeric substrates. The resulting
monolayers, also called cell sheets, can be removed from the
substrates to generate functional tissues.

Thermoresponsive surfaces are useful for controlling the
cell attachment and detachment to produce intact cell sheets.
A pioneering study on thermoresponsive surfaces was pub-
lished in 1990 which demonstrated the use of PNIPAAm
grafted culture substrates for temperature-dependent detach-
ment of cell sheets.34 Cells adhered to these substrates at
37�C since PNIPAAm was hydrophobic at these tempera-
tures (Figure 2A).35 Enzymatic recovery damages cell-cell
junction proteins and cell-ECM interactions, preventing re-
trieval of monolayer tissues (Figure 2B).35 To maintain intact
structure, detachment of tissues was induced at ambient tem-
peratures as the substrate becomes hydrophilic, inhibiting
cell adhesion (Figure 2C).35 Cell sheets generated using this
process have been used for various tissue engineering appli-
cations, including cardiac,6,35 hepatic,36 skin,37 kidney,38 and
corneal.39 Here we review some of these studies.

PNIPAAm coating on cell-culture substrates

Various methods have been used to create PNIPAAm
coated substrates.14,15,17,40 Some of these surfaces were suc-

cessfully used to generate cell sheets. However, some PNI-
PAAm coated surfaces were not suitable for the formation of
tissue monolayers as they inhibit cell attachment at tempera-
tures above LCST.41,42

The most common method to coat cell culture substrates
with PNIPAAm are by the use of electron-beam (e-beam)
irradiation.6,35–39,41 Controlled cell adhesion and further tis-
sue retrieval were reported for limited grafting densities of
1.4–2 lg/cm2 and for limited PNIPAAm thicknesses ranging
from 15 to 20 nm.36,37,41 Increasing PNIPAAm thickness
above 30 nm did not allow cell attachment on these surfaces
for grafting densities of 2.9–3 lg/cm2.41,42

Plasma polymerization was also employed to induce cova-
lent bonding of NIPAAm on cell-culture substrates.14,43

Plasma coating of PNIPAAm showed similar properties of
crosslinked polymers as it maintained its NIPAAm structure
and phase transition behavior.44 Cell attachment and detach-
ment process showed similar trend for different plasma-
coated PNIPAAm surfaces with different PNIPAAm thick-
nesses.14,43 Cell adhesion and detachment for plasma-coated
PNIPAAm substrates was shown to be independent from
PNIPAAm thickness.17

Ultraviolet (UV) irradiation has also been used to coat
cell culture substrates with a copolymer of PNIPAAm.45

Cell attachment and detachment process for these substrates
were independent from copolymer thickness for grafting
densities in the range of 2.4–6.9 lg/cm2.45 Photopolymeri-
zation was also used to to form micropatterns of thermores-
ponsive polymer on substrates.46,47 Cells were selectively
attached on the thermoresponsive micropatterns, and disas-
sociated from these regions at 10�C.46,47 These micro-
patterned thermoresponsive surfaces could be useful for
coculture of different cell types with controlled spatial
distribution.17

Figure 2. Controlled cell adhesion and detachment of cell
sheets from 2-D thermoresponsive platforms.

(A) Cells adhere on hydrophobic thermoresponsive

surface at physiological temperature and attach to
each other through cell-cell junctions. (B) Digestive
enzymes destroy cell-cell and cell-ECM interactions,
inhibiting the recovery of cell monolayer. (C) Cell
monolayers are detached without disturbing cell-
cell and cell-ECM interactions by using hydrophilic-
ity of thermoresponsive surface at temperatures
below LCST.35 Adapted from Ref. 35, Copyright
(2003), with permission from Elsevier.
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Cell adhesion on thermoresponsive
substrates and controlled detachment of
tissues

Even though many thermoresponsive cell culture surfaces
have been generated using different methods, only some of
these are suitable for cell adhesion,6,35–39,41 in contrast many
others have failed to be cell adhesive even above their
LCST.41,42 For example, cells did not adhere to PNIPAAm
coated surfaces with a thickness over 30 nm,41,42 methylene-
bis(acrylamide) (MBAAm) crosslinked PNIPAAm hydro-
gels,41,42 and noncrosslinked PNIPAAm hydrogels.34 Adsorp-
tion of serum proteins, such as fibronectin, on the substrates
can promote further cell attachment,17 however, fibronectin
was not able to adsorb significantly on e-beam polymerized
PNIPAAm with the highest density or on crosslinked PNI-
PAAm polymers.41,42

Static water contact angle measurements of polymer based
surfaces were used to explain cell adhesion properties. As
expected, the contact angle suitable for cell attachment was
found to be �70�.48 Cell repellent behavior of MBAAm
crosslinked PNIPAAm hydrogels was correlated with low
static water contact angles of these hydrogels.41 Although
similar low contact angles were reported for surfaces with
plasma polymerized PNIPAAm,44,49 these surfaces were suit-
able for cell attachment and detachment.44 These findings
suggest that in addition to surface wettability there are other
factors, such as grafting density and polymer thickness that
influence cell adhesion for different PNIPAAm polymeriza-
tion methods. For example, increasing the thickness of e-
beam polymerized PNIPAAm did not change the contact
angles of the substrates, although cell attachment on these
surfaces decreased significantly compared to low thick-
nesses.17 This shows that cell adhesion depends on the PNI-
PAAm thickness for surfaces coated with e-beam irradiation.
Furthermore, for e-beam deposited PNIPAAm surfaces,
although high grafting densities (2.9 lg/cm2) demonstrated
similar contact values with low grafting densities (1.4 lg/
cm2 and 1.6 lg/cm2), cell attachment significantly decreased
for high grafting densities,41 suggesting cell adhesion also
depends on the grafting density of the PNIPAAm.

Swelling ratio and molecular mobility of the polymer films

can also affect the cell adhesion behavior of the surfaces.17,50

Crosslinking PNIPAAm on a surface affects its chain mobil-

ity and swelling properties.17,50 Decreasing the grafting

thickness decreases the swelling ratio of e-beam grafted PNI-

PAAm films.17,41 PNIPAAm chains are less independent at

the interface of the substrate due to the high hydrophobic

interactions, resulting in a dehydrated and aggregated layer

at the inner most layer of the film.50 Above this aggregated

layer, there is somewhat hydrated and hydrophobic layer,

supporting cell adhesion and detachment. It was reported that

the thickness of this cell adhesive layer can be between 15

nm and 20 nm.50 At the outermost layer of e-beam grafted

PNIPAAm films, chains have more mobility and are dehy-

drated, which were reported as nonsupportive for cell adhe-

sion.50 Cells cannot adhere to PNIPAAm chains for e-beam

grafted surfaces with a film thickness of above 30 nm.41,42

Thus, cell adhesion on PNIPAAm coated surfaces depends

on various factors, including chain mobility, grafting density,

swelling ratio, and wettability.17

Adhered cells spread and proliferate on thermoresponsive
surfaces at physiological temperatures.50 Adhesion and further
cell morphology on the substrate require metabolic activities,
such as ATP synthesis.50,51 High cell confluence leads to the
formation of monolayers of tissues on the substrates. Mechan-
ical or enzymatic removal of these tissues can destroy cell-
cell interactions and, subsequently, the intact structure of the
tissue. Cell sheets can be dissociated from the surface by
decreasing the temperature below LCST, facilitating the
hydration of the PNIPAAm layer.50 Different cell types
require different retrieval temperatures, such as 10�C for he-
patocytes and 20�C for endothelial cells.50,52 Detachment pro-
cess can be suppressed by treating cells with an ATP synthesis
inhibitor or with a tyrosine kinase inhibitor, suggesting that
cell retrieval process depends on cell metabolic activities.50,51

Temperature controlled cell detachment method maintains
the intact structure of the tissue with its natural ECM. The
content of the ECM depends on the cultured cell types as
different cell types produce different ECM proteins.17,50

Also, previously deposited proteins on the substrate, such as
fibronectin, can be detached with cell sheets from the ther-
moresponsive surface at low temperatures.53 Recovered tis-
sues leave a small amount of ECM proteins on the surface
after the retrieval process.14,43 This may be due to weak
interactions between cells and remaining ECM proteins on
the surface.14 As the amount of remaining protein is small,
the resulting monolayer tissues retain their intact structure.

Patterned coculture platforms

Control of the spatial distribution of different cell types in
close proximity can be used to replicate native tissues in
vitro. Patterned cocultures of different cell types can generate
functional tissue constructs. Merging patterning techniques
with thermoresponsive substrates can provide not only tissue
retrieval but also controlled coculture platforms. To develop
a platform to generate cell sheets with multiple cell types,
masked e-beam irradiation was used to create circular PNI-
PAAm domains on polystyrene dishes.54,55 The first cell type
was attached on cell culture dishes at 37�C. As the tempera-
ture was decreased to 20�C, cells on PNIPAAm domains
were detached due to the hydration of PNIPAAm, but cells
on polystyrene parts remained attached. PNIPAAm domains
were then used to culture another cell type. This patterning
technique controlled spatial arrangements of two different
cell types in a coculture platform.54,55

In another approach, cell-culture substrates with dual ther-
moresponsiveness were fabricated with e-beam irradiation to
culture different cell types in a spatial arrangement.50,56 The
LCST can be reduced by copolymerization of n-butyl-methac-
rylate (BMA), a hydrophobic monomer, on PNIPAAm grafted
surfaces with e-beam polymerization.57 Micropatterns of
BMA were grafted on PNIPAAm coated culture dishes, pro-
ducing a dual thermoresponsive substrate.56 Hepatocytes and
endothelial cells were cultured on micropatterned dual ther-
moresponsive substrates to fabricate cocultured cell sheets.56

Cell-sheet technology

Thermoresponsive platforms have been successfully
employed to generate intact monolayers of tissues. Cell
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sheets can be easily recovered with their natural ECM from
the substrates by exploiting the hydration property of PNI-
PAAm at temperatures below LCST.50 As this method does
not require the use of enzymes, tissues preserve their struc-
tural integrity. This gives additional mechanical strength to
cell sheets, enabling further manipulation of tissues.6,36–38 As
a cell sheet is transferred to another substrate or a physiolog-
ical environment, the ECM proteins induce its attachment to
the new environment.53

Cell sheets can be implanted in vivo and attach to the new
tissue through ECM proteins, eliminating the use of
sutures.58 Cell sheets also do not require any scaffolding ma-
terial, which may minimize inflammation and immune rejec-
tion in vivo.17 Larger tissue constructs can be fabricated by
stacking cell sheets.59 For example, seeding endothelial cells
between two layers of cell sheets leads to the formation of
vessels, resulting in prevascularized tissues (Figure 3).59

Cell-sheet technology has been used to fabricate different
types of tissues, such as myocardial and hepatic.

Cardiac cell sheets

Attaining tight cell-cell connections is important for engi-
neering cardiac tissues with functional features in vitro.50

Thermoresponsive platforms have been used to fabricate
cardiac cell sheets with an electrical functionality. In this
approach, cardiomyocytes were cultured on thermoresponsive
surfaces, producing an intact cardiac cell sheet with tight
cell-cell junctions.6,35 These junctions are critical for electri-
cal communication between cardiomyocytes, facilitating the
contraction and beating of the monolayer tissues.50 Three-
dimensional cardiac tissues were also fabricated by stacking
cardiac cell sheets.6,35,60 The gap junctions between stacked
cardiac cell sheets produced an electrical communication
between layered monolayer tissues.50

To assess the functionality of the cell-sheet cardiac tissue,
stacked monolayers of cocultured cardiac cells with endothe-
lial cells were implanted into nude rats.6,35 It was observed
that the implanted tissues formed a vascular connection with
the host tissue,61 facilitating the connection with the native
microenvironment.6,35,61 Cell-sheet technology also enables

the recovery of intact cardiac cell sheets with their own
ECM and high cell-cell interactions.50 Vascular network and
cardiac functionalities result from these tight cell-cell interac-
tions and secreted proteins within the stacked cardiac tis-
sues.6,35,50 Controlling the cell-cell interactions within the
cardiac cell sheets can lead to functional vascularized cardiac
tissues,50 which could be useful for in vitro studies and to
treat impaired hearts.
Cardiac cell sheets were also used to fabricate cell-based

components of microdevices. For example, cardiac cell-
sheet–based micropumps were integrated on a chip for flow
control applications.62 A microspherical heart-like pump was
also fabricated from monolayer cardiac tissues with contract-
ile properties.63 These cell-sheet–based applications could
lead to self-actuated microdevices. Furthermore, myocardial
tubes were fabricated by rolling cardiac cell sheets around a
thoracic aorta of an adult rat, which were then implanted
into nude rats for a circulatory assist.7 Implanted tubes
exhibited integration with the native tissue within 4 weeks
after the procedure.7 Given these results, engineering cardiac
cell sheets shows promise for regenerative therapies and in
vitro studies.

Hepatic cell sheets

Hepatic tissue engineering attempts to create liver-like tis-
sue constructs for use either in regenerative therapies or in
vitro studies, such as drug toxicity screening. Some of the
previous approaches encapsulated hepatocytes within ECM
proteins64 or biodegradable scaffolds65 to fabricate implant-
able liver tissues. As an alternative approach, scaffold-free
liver tissues were also generated by culturing hepatocytes on
thermoresponsive culture dishes to form monolayers of he-
patic tissues, which were then recovered with a temperature
change.5 Hepatic cell sheets that were implanted into the
subcutaneous spaces of mice maintained their functionality
for more than 200 days.5 In other experiments, hepatic cell
sheets were also layered to form thick hepatic tissues.5

Heterotypic cell-cell interactions play an important role to
produce hepatic tissues with improved functionalities.56 To
meet this demand, dual thermoresponsive surfaces were

Figure 3. Formation of vascularized tissues by cell-sheet stacking.

(A) Schematic of vascularized tissue fabrication by culturing endothelial cells between two layers of cell sheets. (B) En-
dothelial cells formed a vascular network between two monolayer tissues within 3 days. Green color shows antihuman

CD31 staining for endothelial cells within the vascular network. Blue color represents cell nuclei stained with Hoechst
33342.59 Adapted from Ref. 59, Copyright (2009), with permission from Elsevier.
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fabricated for coculture of hepatocytes and endothelial
cells.56 Copolymerization of BMA with PNIPAAm was used
to reduce the LCST.57 Micropatterns of BMA were grafted
on PNIPAAm coated substrate, resulting in a dual thermores-
ponsive surface.56 Hepatocytes attached on hydrophobic
BMA grafted domains on the surface at 27�C (Figure 4A).66

Endothelial cells were placed on hydrophobic PNIPAAm
coated regions at 37�C, producing cocultured hepatic cell
sheets (Figure 4B).66 Intact hepatic cell sheets were success-
fully recovered from the substrates at 20�C (Figure 4C,D).66

Coculture of hepatocytes with endothelial cells demonstrated
improved functionalities, such as albumin synthesis and am-
monium metabolism.56,66 Furthermore, endothelial cell sheets
were placed on top of hepatic cell sheets to generate layered
cocultured hepatic tissues.36 These studies show that ther-
moresponsive cell-culture surfaces were successfully
employed to produce monocultured or cocultured hepatic tis-
sue sheets for transplantation and in vitro use.

Three-Dimensional thermoresponsive
platforms

Thermoresponsive templates have also been used to directly
generate 3-D tissue structures which can mimic native tissues.
Previously, polymers were microengineered to create rigid or
soft 3-D platforms to fabricate microdevices, in which micro-
tissues can be generated with different shapes, such as stripe9

and spherical.10 These platforms can also be integrated within
microfluidic devices for high-throughput analysis. For exam-
ple, hydrogels, such as poly(ethylene glycol) (PEG)12 and chi-
tosan,11 were microengineered to fabricate 3-D templates to
generate microtissues for potential use in regenerative thera-

pies and in vitro studies. All of these microstructures have a
static nature, meaning that their surface properties and pattern
areas cannot be changed after fabrication. We have used the
switchable hydrophilicity and swelling/deswelling properties
of PNIPAAm to fabricate dynamic microstructures. These
microstructures were used to control the orientations and the
alignment of cells to form geometrically controlled microtis-
sues. Switchable surface properties of these microstructures
allowed for controlled attachment and further detachment of
cells from patterned areas. Temperature-dependent patterned
areas were also used to recover microtissues or encapsulate
cells into multicompartment microgels.

PNIPAAm coated microstructures

Structural organization of cells is a critical issue in the for-
mation of functional tissues. Micropatterned substrates can
be used to control the alignment and elongation of cells to
induce cytoskeletal organization of the cells which can lead
to physiologically active modular tissues. These microstruc-
tures can be fabricated from various materials, such as poly
(dimethylsiloxane) (PDMS) and polystyrene. However, these
surfaces demonstrate constant hydrophobicity, preventing con-
trolled detachment of tissues from the substrates. To overcome
this problem, microtextured surfaces were coated with PNI-
PAAm, generating a temperature-dependent switchable sur-
face.67–69 Microtextured polystyrene templates were coated
with a thin film of PNIPAAm by employing e-beam irradia-
tion.67 Smooth muscle cells were seeded on PNIPAAm coated
microtextured substrates and nonpatterned polystyrene surfa-
ces. Cell orientations on patterned substrates were significantly
higher compared to nontextured surfaces.67 Hydration of the

Figure 4. Schematic of fabrication of cocultured hepatic cells sheets by exploiting the dual thermoresponsiveness of pat-
terned surfaces.

(A) Hepatocytes were seeded and adhered on hydrophobic domains of the surface at 27�C. P(IPAAm-BMA) represents
co-grafting of NIPAAm and BMA. PIPAAm indicates poly(N-isopropylacrylamide) coated regions. (B) Cocultured cell
sheets were produced by seeding endothelial cells as the second cell type at 37�C. (C, D) Cocultured hepatic tissues
were recovered from dual thermoresponsive surface at 20�C when whole surface became hydrophilic.66 Adapted from
Ref. 66, Copyright (2006), with permission from Elsevier.
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PNIPAAm film at 20�C allowed for the retrieval of tissues
with an intact structure.67 These functional microtextured tem-
plates enabled not only the cytoskeletal organization of cells
but also the controlled detachment of tissues.

Controlled capillary formation is important to fabricate
vascularized microtissues, which can overcome oxygen and
diffusion limitations.68 Micropatterned surfaces have been
shown to trigger capillary formation.70 PNIPAAm coated
microtextured substrates were also employed to induce capil-
lary network formation.68 Microgroove patterns of poly(ur-
ethane acrylate) were generated with soft lithographic meth-
ods by using photoresist patterned silicon wafers as molding
templates.68 PNIPAAm was covalently grafted on these pat-
terns by using e-beam polymerization. The ridges demon-
strated rounded shapes and the aggregation of PNIPAAm
coating has been observed in the grooves.68 As the thick
PNIPAAm graft in the grooves prevents cell adhesion, endo-

thelial cells moved through to top of the ridges and formed
capillary networks within 3 weeks. Tubular endothelial net-
works were easily recovered from the groove substrates after
reducing the temperature to 20�C.68

Previous coating methods employed liquid phase polymer-
ization, which may not easily coat all the surfaces of a micro-
fabricated platform. Nonconformal coatings can change the
shapes of the device patterns, which can affect the structural
organization of tissues. Recently, initiated chemical vapor dep-
osition was used to generate conformal PNIPAAm films on
PDMS microgrooves (Figure 5A).69 Cells have been selec-
tively immobilized into grooves and elongated toward the
groove direction (Figure 5B).69 These thermoresponsive
microgrooves allowed the recovery of striped tissues at ambi-
ent temperature. The template could also enable the formation
of different modular tissues, such as cardiac and skeletal mus-
cle, and be merged with microfluidic applications.

Figure 5. Three-Dimensional thermoresponsive platforms.

(A) PDMS microgrooves were coated with a thin and conformal PNIPAAm film by employing initiated chemical vapor
deposition. Monomer, initiator, and crosslinker were sent in a vapor phase into the reactor, and initiated free-radical
polymerization on the surface.69 (B) Cells were cultured within conformally coated thermoresponsive microgrooves,
resulting in stripe tissues with elongated cells after 3 days of culture. Red color represents phalloidin staining to show
F-actins in the cells.69 (A) and (B) were adapted with permission from Ref. 69, copyright (2011) American Chemical So-
ciety. (C) Responsive micromolds were used to fabricate hydrogel biocomposites, encapsulating two different cell types
in a spatial arrangement.13 Adapted with permission from Ref. 13, Copyright (2011) American Chemical Society.
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Hydrogel–based platforms

Soft lithographic and photolithographic methods can be
employed to fabricate hydrogel–based structures with a wide
variety of shapes. For example, photocrosslinkable materials
were used to generate microwell structures, which were then
used to form size-controlled embryonic bodies12 and micro-
tissues.11 Microwells can be fabricated with a glass bottom
or with a polymer bottom.71 Glass bottomed microwells
facilitate the stable formation of microtissues within the mi-
crowells, enabling high-throughput manipulation. However, it
is challenging to recover these tissues from the microwells
because of the adhesive bottom.71 Soft lithographically fabri-
cated PNIPAAm-based microwells were used to overcome
this problem.72 These microwells demonstrated shape
changes with varying temperature. The dynamic behavior of
PNIPAAm-based microwells creates a physical force on
microtissues, inducing their recovery from the microwells for
further experimentations.

Photolithographic methods were employed to create cell-
encapsulating multicompartment hydrogels,4 but these meth-
ods only work for photocrosslinkable polymers. Micromolds
were also used to fabricate microgels.8 However, most of the
micromolds have static structures, inhibiting the sequential
patterning of hydrogels. Recently, thermoresponsive micro-
molds were generated from PNIPAAm and employed to create
multicompartment microgels.13 These dynamic micromolds
enabled the spatial immobilization of two different cell types
within a multicompartment microgel (Figure 5C).13 This
method can ease the fabrication of 3-D modular tissues, mim-
icking the native tissue complexity. In another approach, PNI-
PAAm gel molds were fabricated by polymerizing PNIPAAm
in other solid molds.73 Cells were then placed on these gels
molds to form 3-D tissues with different geometries. Tissue
constructs were recovered from PNIPAAm gel molds by
inducing the volume change of the gel molds at ambient tem-
perature.73 As such these cell-based tissue constructs could
potentially be useful for tissue engineering applications.

Conclusion and future outlook

Thermoresponsive platforms overcome static properties of
previous cell-culture surfaces and microstructures by provid-
ing the ability to form geometrically controlled and retrieva-
ble biomimetic tissue constructs in a temperature-dependent
manner without the use of digestive enzymes. Two-dimen-
sional thermoresponsive templates are useful to obtain intact
monolayers of tissues with high cell-cell interactions and
facilitate their further use for different regenerative therapies
by creating thick tissues or prevascularized tissue constructs
with stacking methods. Three-dimensional thermoresponsive
platforms give the opportunity to control tissue geometries in
a 3-D manner by mimicking the native tissue architecture,
and enable their further retrieval. It is still challenging to
obtain shapes of native tissues and organs, and to preserve
their functionalities in the long term. Dynamic microstruc-
tures could be further engineered to control spatial orienta-
tion of various cell types within microgels to create more
complex tissues by replicating the native tissue architectures.
Another current problem in tissue engineering is the lack of
suitable cell source to fabricate complex tissues. Stem cell

research could resolve this problem by producing different
cell types from either embryonic stem cells or adult stem
cells with reprogramming techniques. Dynamic behavior of
3-D thermoresponsive platforms could also be employed to
control the differentiation of embryonic stem cells. Merging
stem cell research with dynamic microstructures could pro-
vide an opportunity to fabricate patient specific complex tis-
sues, or tissue models for drug discovery.
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