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Development of free-standing polymer nanosheets
for advanced medical and health-care applications

Toshinori Fujie1,2

Artificial replication of the biomembrane systems in living organisms is attractive for the development of advanced functional

materials but remains challenging for materials science because of the intricate function of these systems. To this end,

free-standing polymeric ultrathin films (referred to as ‘polymer nanosheets’) have been developed as a structural analog of

biomembranes, such as cellular membranes and basement membranes in an extracellular matrix, with a thickness of tens to

hundreds of nanometers. In comparison with conventional plastic films, these ultrathin structures generate attractive properties

for biomedical applications, including high flexibility and noncovalent adhesiveness. This report reviews the seminal features and

characteristics of ‘nanosheet technology’, including fabrication methods, mechanical properties and biomedical and health-care

applications (for example, wound dressings, tissue engineering materials and bioelectronic devices). Nanosheet technology is a

promising approach for the development of advanced medical applications and health-care practices in surgery and regenerative

medicine, as well as for connecting the human body to electronic interfaces for future medical applications.
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INTRODUCTION

Biomembranes are one of the most essential and common structures
in our body and have important roles in maintaining homeostasis in
biological systems, such as physical barriers isolating cells from the
surrounding microenvironment, mechanical support for reinforce-
ment of cellular structure, and mass transport including signal
transduction between cells. Several recent efforts have attempted to
replicate biomembrane structures using molecular assembly.1,2 At the
molecular scale, synthetic lipids were invented and used for the
replication of cytoplasmic membranes (that is, phospholipid bilayer),
and their assembled structures (for example, lipid bilayers and
vesicular liposomes) were applied in the fields of biochemistry and
biomedicine.3,4 Beyond the molecular scale, the dynamic properties of
biomembranes, such as flexibility and semipermeability, have also
been the focus of recent studies in materials science.5,6 Such unique
structural properties originate from the ultrathin thickness and large
lateral surface area of biomembranes. Synthetic ultrathin structures
have the potential for use in the development of smart biomaterials
and devices inspired by the functions of cytoplasmic membranes.
Polymeric ultrathin films (referred to as nanosheets and also known

as nanofilms or nanomembranes) are a new class of polymeric
nanomaterials, and their name originated from their ultrathin thick-
ness (tens to hundreds of nanometers) and large surface area (several
square centimeters).7 The distinguishing feature of these films is their
free-standing structure, unencumbered by supporting substrates,
which allows for expression of the dynamic properties of the polymer

chains without restrictions from the substrates. Because of the huge
size aspect ratio between the side length of the surface area and the
thickness (that is, more than 106), unique interfacial and mechanical
properties are obtained, including noncovalent adhesiveness, tunable
flexibility and molecular permeability.8 These properties can also be
controlled by the thickness. Their building blocks are chosen from
various types of polymers including natural and synthetic polymers. In
addition, the surface of the nanosheets can be tailored using drugs,
fluorescent dyes, conductive polymers and even cells by integrating
microfabrication or printing techniques, which broaden the applic-
ability of these nanosheets for various medical fields. This review
summarizes the recent progress in nanosheet technology that has been
made by our group, and addresses fabrication methods based on
molecular assembly, fundamental characteristics related to adhesive
and mechanical properties and applications for biomedical and health-
care fields (Figure 1). In particular, three topics are discussed (that is,
surgical intervention, tissue engineering and health-care devices) that
describe the practical application of nanosheets through the utilization
of their unique properties.

FABRICATION AND FUNDAMENTAL PROPERTIES OF

FREE-STANDING POLYMER NANOSHEETS

Preparation of free-standing polymer nanosheets
The basic methods used to detach ultrathin structures from a solid
substrate (for example, glass substrates, silicon wafers, plastic films)
can be categorized into two approaches as follows: ‘sacrificial’ layer
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method or ‘(water-soluble) supporting’ layer method (Figure 2a).
In both the techniques, the appropriate ultrathin polymeric layer
(constituent of the nanosheet) must be chosen while taking into
account the surface wettability of the underlying layer. In the sacrificial
layer method, the sacrificial layer (for example, cellulose acetate) is
initially formed on the substrate, on which the nanosheet layer is
prepared using conventional film preparation methods, such as
dip-coating,9 spin-coating,10 layer-by-layer,11 Langmuir–Blodgett12

and sol–gel methods.13 Then, the sacrificial layer is dissolved in a
specific solvent that does not dissolve the nanosheets, allowing for the
detachment of the nanosheet from the substrate. In the supporting
layer method, the nanosheet layer is directly prepared on the substrate.
Then, the supporting layer (for example, polyvinyl alcohol (PVA)) is
coated on the nanosheet. Because of the weak interactions between the
nanosheet layer and the substrate, the nanosheet is detached from the

substrate with the supporting layer. Finally, dissolution of the
supporting layer releases the nanosheet with the free-standing
structure. The nanosheets prepared using this method can be
manipulated with the aid of a water-soluble supporting layer, allowing
for the practical application of these nanosheets for ubiquitous transfer
to desirable surfaces including biological tissues and organs.
In our group, biopolymers, such as chitosan (polycation) and

sodium alginate (polyanion), were used to fabricate free-standing
polysaccharide nanosheets for biomedical applications, such as wound
dressings and artificial skins.14,15 Each polysaccharide layer was
assembled on a sacrificial layer (for example, cellulose acetate,
photoresist) using a spin-coating-assisted layer-by-layer method,
which allows the thickness to be controlled by the number of
polysaccharide layer pairs. Then, the polysaccharide nanosheet was
released in acetone by dissolution of the sacrificial layer, and the
free-standing structure maintained the original size and shape of the
substrate. Indeed, an atomic force microscopy scan revealed that the
film thickness was 30.2± 4.3 nm (10.5 layer pairs of polysaccharide)
with a smooth and flat surface that had a root mean square roughness
of 7.1± 2.4 nm. It is important to note that polysaccharide nanosheets
have also been fabricated according to the supporting layer method
using a PVA supporting film, which is beneficial for surgical
application of the nanosheets as wound-dressing materials.8

Biodegradable polylactides, such as poly(lactic acid) (PLA), have
also been used as building blocks for nanosheets. In a similar manner
to that used for the polysaccharide nanosheets, free-standing PLA
nanosheets were fabricated using both the sacrificial layer and the
supporting layer methods. Rather than using the layer-by-layer
method, the nanosheets are prepared in a single-coating process,
where the film thickness is controlled by the concentration of the PLA
solution. Therefore, PLA is appropriate for large-scale manufacturing

Figure 1 Characteristics of polymer nanosheets and their biomedical
applications. Partially reproduced from ref. 25. A full color version of this
figure is available at Polymer Journal online.

Figure 2 (a) Schematic explanation of sacrificial and supporting layer methods for the preparation of free-standing polymer nanosheets (left), a macroscopic
image of a 75-nm-thick polysaccharide nanosheet floating in phosphate-buffered saline (top right), and an scanning electron microscopic cross-sectional
image of the 75-nm-thick polysaccharide nanosheet on an alumina porous membrane (bottom right). (b) Adhesion (inset: scratched surface of the nanosheets
with different thicknesses) and (c) mechanical properties of the polysaccharide nanosheets. Partially reproduced from ref. 26.
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using an industrial printing process (for example, the roll-to-roll
process). In fact, we recently succeeded in preparing a nanosheet
on the meter length scale using the roll-to-roll process, which
dramatically increases the production scale and potential application
of these nanosheets.

Adhesive and mechanical properties of polymer nanosheets
For biomedical application of polymer nanosheets, two of the most
important characteristics are flexibility and physical adhesiveness.
Owing to the huge size aspect ratio, the nanosheets exhibit extremely
high flexibility compared with that of micrometer-thick films. To
evaluate the adhesive properties of nanosheets, the critical loading
force for scratching the nanosheets off the substrates was measured in
terms of the adhesive force using a micro-scratch test.16 We found that
the critical load of the polysaccharide nanosheets on the SiO2

substrates substantially increased as the film thickness decreased below
200 nm (Figure 2b).
The mechanical properties of the polysaccharide nanosheets were

also evaluated using the bulge test. The bulge test is based on the
relationship between the mechanical pressure and shape deflection of
the nanosheets.17,18 For example, three types of polysaccharide
nanosheets with different thicknesses (35, 75 and 114 nm) were
physically adhered to steel plates with a 1-mm-diameter circular hole,
and air pressure was applied to the adhered nanosheet through the
hole. Nonlinear deflection occurred as the air pressure increased.
Interestingly, the elastic modulus of the nanosheet decreased as the
film thickness decreased (Figure 2c). However, the elastic modulus of
the bulk is principally defined by the constituent materials. Therefore,
the mechanical properties of the nanosheet are controlled by the film
thickness in the region of tens to hundreds of nanometers thick.
A similar trend in the mechanical properties was also observed for the
poly(L-lactic acid) nanosheets when tested using the ‘strain-induced
elastic buckling instability for mechanical measurement
(SIEBIMM)’.19 In the SIEBIMM test, the buckling metrology between
the nanosheets and elastic substrates (for example, polydimethylsilox-
ane (PDMS)) is used to measure the Young’s modulus. The Young’s

modulus of the poly(L-lactic acid) nanosheets gradually increased with
increasing film thickness20 and reached the bulk value of the
poly(L-lactic acid) films.21 Overall, the thickness has a substantial
effect on the mechanical properties of the polymer nanosheets and
generates outstanding properties including better flexibility and
physical adhesiveness compared with those of micrometers-thick
polymer films.

POLYMER NANOSHEETS FOR SURGICAL TREATMENT

Ultrathin wound-dressing materials: nano-adhesive plasters
The surgical treatment of tissue injuries has been achieved using
traditional techniques, such as suturing with threads, plication with a
stapler and overlapping using wound-dressing materials. Although
these surgical treatments are reliable for wound repair, several draw-
backs remain, such as the time-consuming nature of the process, the
decrease in organ function and the unwanted side effects derived from
the materials (for example, postsurgical tissue adhesion). In particular,
closing failure in thoracic surgery is sometimes lethal for patients
because pulmonary air leakage substantially reduces the respiratory
function and leads to traumatic complications. Therefore, overlapping
treatment using wound-dressing materials is ideal for the treatment of
air leakage because the process is straightforward and involves simply
patching of the defect region without damaging or reducing the
original volume of the pleural tissue.22,23 For example, fibrin glue
(sheet), which is composed of fibrin-glue-coated collagen fleece, has
been used as a wound dressing.24 However, the use of fibrin materials
sometimes leads to adverse events (for example, tissue adhesion
between the defects and the intact chest wall).
Therefore, we focused on the surgical application of polymer

nanosheets as alternatives to conventional dressing materials, and
these nanosheets are referred to as ‘nano-adhesive plasters’. Ideally, the
nanosheet is conformable to the pleural tissue and physically seals the
defect portion like a plaster.25 In particular, the adhesive properties
of the nanosheet will provide advantages for overlapping therapy to
prevent postsurgical tissue adhesion and reduce the inflammatory
response derived from the source materials.

Figure 3 (a) Visceral pleural defect repair using polysaccharide nanosheets (arrows showing four corners of the nanosheet with a size of 2×2 cm).
(b) Histological images of pleura tissue 7 days after treatment with the polysaccharide nanosheet and a fibrin sheet (hematoxylin–eosin staining,
magnification ×4). (c) Antimicrobial properties of the polysaccharide nanosheets with or without tetracycline (TC) against Escherichia coli and their
applications on perforated murine cecum (size of nanosheet: 2 ×2 cm) and burned murine dorsal skin (size of nanosheet: 2×2 cm, with two pieces; applied
regions shown by dotted lines). Partially reproduced from refs 26, 29 and 30.
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To evaluate the effect of wound dressings using nanosheets,
polysaccharide nanosheets were used for the treatment of visceral
pleural defects.26 The pleural defects (size: 3.2 cm2) of beagle dogs
were covered with a 75-nm-thick polysaccharide nanosheet, and their
efficacy was compared with that of a dressing using conventional fibrin
sheets (TachoComb). With the aid of a PVA supporting film (70 μm
in thickness), the nanosheet was transferred to the defect region,
which physically overlapped the defect after complete dissolution of
the PVA. Three hours after the application, the nanosheet exhibited
good mechanical stability against an applied pressure of approximately
57 cm H2O, which is comparable to the durability of fibrin sheets
(Figure 3a). Moreover, histological images of the defect tissue treated
with the polysaccharide nanosheet exhibited a minute inflammatory
response on day 3 and no tissue adhesion on day 7. However, the
defect tissue treated with the fibrin sheet induced inflammation on day
3 and strong tissue adhesion to the chest wall on day 7 owing to the
fibrin glue (Figure 3b). Therefore, overlapping treatment using
polysaccharide nanosheets exhibited significant advantages by main-
taining the remaining function of the lung as well as reducing
postsurgical tissue adhesion.

Antibacterial therapeutics using drug-loaded nanosheets
In contrast to repairing pleural defects, gastrointestinal surgery of
perforated lesions has the potential risk of bacterial infection or even
severe sepsis.27,28 Spraying antibiotics is a surgical treatment used to
fight this type of infection. However, the spraying method is some-
times insufficient because the perforated lesion is typically wet and
friable. Therefore, we developed nanosheets loaded with antibiotics.
These nanosheets were composed of a tetracycline layer sandwiched by
a polysaccharide nanosheet and a poly(vinyl acetate) nanosheet.29

Owing to the semipermeable property of poly(vinyl acetate) (glass
transition temperature (Tg): 32 °C), tetracycline was sustainably
released from the nanosheet for up to 6 h, and an antimicrobial effect
against Escherichia coli was observed (Figure 3c). The practical
treatment of a gastrointestinal perforation was demonstrated by
patching the antibiotic-loaded nanosheet to a murine cecum puncture
with a lesion size of 0.8 mm2. The overlapping treatment using the
antibiotic-loaded nanosheets exhibited 100% viability in murine after
7 days, and the treatment using the control pristine nanosheets and
sham (no treatment) exhibited half and null, respectively. In addition,
the bacterial number in the peritoneal lavage also decreased signifi-
cantly by approximately 15× 104-fold after treatment using antibiotic-
loaded nanosheets compared with that using the control nanosheets.
These results suggest that there are two distinct barrier effects that can
be attributed to the nanosheet. The first effect involves a physical
barrier caused by the nanosheet structure itself, and the second effect
involves an antimicrobial barrier owing to the localized antibiotics.
This study demonstrated that antibiotics as well as other drugs, such as
silver nanoparticles, anticancer drugs and growth factors, would be
good candidates for biological functionalization of the nanosheet.30,31

Nanosheets are a promising platform for the management of the
controlled release of drugs for advanced surgery.

MICROFABRICATED NANOSHEETS FOR TISSUE

ENGINEERING

Free-standing nanosheets as synthetic scaffolds for cellular
organization
Tissue engineering is expected to be a promising technology for future
medical applications and contribute to regenerative medicine,32

in vitro drug-screening systems33 and bio-hybrid robotics.34 In tissue
engineering, directing cellular organization using artificial scaffolds

is an essential tool for engineering synthetic tissues.35 Many
research studies have paved the way for creating functional scaffolds
using nano- or microfabrication techniques, as exemplified by
porous composites,36 self-organized microwrinkles,37 electrospun
nanofibers,38 bioprinting39 and others.40 In particular, soft lithography
using PDMS stamps broadened the potential applicability of printing
technology for tissue engineering. For example, microcontact printing
allows for precise patterning of cell-adhesive molecules (for example,
collagen, fibronectin, laminin), which direct selective adhesion and
differentiation of localized cells.41 Microgroove molding is also used
for topographically directed cell alignment on microgrooved scaffolds.
Inspiration from natural tissue structures is important for designing

biomaterials with smart surfaces for directing cellular organization
(for example, anisotropic alignment of muscle fibers). Focusing on the
microstructure of natural tissues, basement membranes in an extra-
cellular matrix have an important role in organizing cells into tissues.
The basement membrane is composed of a nanofibrous structure
consisting of structural proteins and polysaccharides (for example,
collagen, laminin, fibronectin, vitronectin, elastin, hyaluronan and
chondroitin sulfate) with a thickness of tens to hundreds of
nanometers.42,43 On the basis of the dimensional features of the
basement membrane, free-standing polymer nanosheets may replicate
the properties of basement membranes for the design of synthetic
scaffolds. Therefore, we envisioned the fabrication of ultrathin
scaffolds that topographically mimic the microstructure of biological
tissues using microfabrication techniques.
As a first attempt, we chose polystyrene, which is a conventional

polymer used for cell culture dishes, as a building block for the
nanosheets and modified the surface with fibronectin using
microcontact printing. The geometrical features of the micropattern
design are critically important for engineering tissue (for example,
skeletal muscles consisting of myofibers).44 Therefore, a 50-μm stripe
of a fibronectin micropattern was stamped on the nanosheet, on
which skeletal myoblasts (C2C12) were cultured. The fibronectin
micropatterns allowed for the anisotropic alignment of C2C12 on the
nanosheet. To detach the nanosheet with aligned C2C12, a sacrificial
layer method was used. Thermoresponsive poly(N-isopropylacryla-
mide) was coated between the glass substrate and the nanosheet.
Because the water solubility of poly(N-isopropylacrylamide) changes at
a lower critical solution temperature (32 °C), the nanosheet is stable
during cell culture conditions at 37 °C (poly(N-isopropylacrylamide):
hydrophobic) and detaches from the substrate at 4 °C
(poly(N-isopropylacrylamide): hydrophilic). After the detachment
process, the micropatterned cells were stable and maintained their
aligned structure on the nanosheet (Figure 4a). Furthermore, owing to
the mechanical reinforcement of the nanosheets, the cellular construct
was easily manipulated with tweezers, allowing for three-dimensional
engineering of muscle architecture by multilayering or rolling up
around specific templates. We demonstrated the preparation of an
artificial tubular structure using cell/nanosheet constructs by rolling
the nanosheet with myoblasts around the template (for example,
silicone tube, 3 mm diameter). The lateral image of the rolled
myoblasts on the nanosheet showed a layered structure, and the
cross-sectional image showed a tightly wrapped structure around
the silicone tube. These tubular structures that consist of muscle cells
are typically found in our blood vessels or intestinal tracts and exhibit
specific biomechanical functions that originate from their structures
(for example, controlled flux of blood or nutrients).45,46

Moreover, using the microgroove molding technique, microgrooved
nanosheets can also be fabricated from biodegradable polymers. The
microgrooved nanosheets with a thickness of 84 nm (bottom part)
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were prepared from poly(lactic-co-glycolic acid) (PLGA) and allowed
for the alignment of cells on the microgrooved surface with a groove
spacing and depth of 50 and 4 μm, respectively (Figure 4b).47,48

Notably, a microgrooved nanosheet was useful for engineering a
densely packed cellular organization compared with that observed for
the micropatterned nanosheet because the cells localized in the
grooves as well as in the trenched portions of the ridges. Therefore,
soft lithography is beneficial for the functionalization of biodegradable
nanosheets, which may be applicable in tissue engineering.

Micropatterned nanosheets for local cell delivery systems
The realization of the potential of regenerative medicine is important
for the effective treatment of intractable diseases. To this end, the
development of bioengineering and biomaterials is expected to be
effective for the delivery or transplantation of autologous and
harvested cells. In addition, stem cell technology, such as the
application of mesenchymal stem cells, embryonic stem cells and
induced pluripotent stem cells, is actively used in the study of
therapeutic resources.

Age-related macular degeneration is the major cause of visual
impairment in the elderly population. The main complication is
rooted in neovascularization of subretinal choroidal blood vessels,
resulting in the degeneration of the retinal pigment epithelial (RPE)
monolayer.49 Therefore, subretinal transplantation of RPE cells is
important for regenerating retinal tissues damaged by age-related
macular degeneration.50 However, the narrow subretinal space is
extremely limited for the localization of transplanted cells. Therefore,
the development of a local cell delivery system is required for the
treatment of age-related macular degeneration. We have focused on
the fabrication of micropatterned nanosheets, which are injectable
through a clinical syringe into the subretinal space with RPE cells
(Figure 4c).51 Micropatterned nanosheets were fabricated using a
combination of spin-coating and microcontact printing. Briefly, a
PLGA solution mixed with magnetic nanoparticles (for visualizing
nanosheets) was spin-coated on a PDMS stamp (columnar convex
portions with diameters ranging from 300 to 1000 μm). Then, the
PDMS was covered with a poly(lactic-co-glycolic acid)/magnetic
nanoparticles layer and stamped on a PVA-pre-coated glass substrate.
The transferred PLGA/magnetic nanoparticles surface was further

Figure 4 (a) Free-standing polystyrene nanosheets (left, with a size of 1×1 cm) with micropatterned C2C12 myoblasts (middle, blue: nucleus, red; F-actin)
that were formed into a tubular structure (right indicated by an arrow). (b) Microgrooved nanosheets consisting of PLGA (poly(lactic-co-glycolic acid)) before
(top left) and after (bottom left) the supporting PVA layer was dissolved that spatially coordinated the alignment of the C2C12 myoblasts (right, green: myosin
heavy chain, blue: nucleus, red; F-actin). (c) Local delivery of RPE cells (green: RPE cells, red: nanosheet) to subretinal space using micropatterned
nanosheets. Partially reproduced from refs 42, 47, 48, 51. PVA, polyvinyl alcohol; RPE, retinal pigment epithelial.
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coated with collagen, on which the RPE cells were seeded.
Finally, dissolution of the PVA layer in phosphate-buffered saline
allowed the release of the free-standing micropatterned nanosheets
with RPE cells.
The thickness and micropatterning size of the nanosheets, which are

important parameters for injection of the cells through clinical
needles, were adjusted by changing the spin-coating speed, polymer
concentration and design of the PDMS stamp, respectively. The
thickness-dependent flexibility allows for the shape of the nanosheet
seeded with cells to change, though the size of the nanosheet exceeds
the inner diameter of the needle. For example, a 170-nm-thick
nanosheet with a diameter of 1000 μm was aspirated and injected
through an intravenous catheter (24 G, 470-μm inner diameter) with
RPE cells on the surface. Despite the mechanical stress during
aspiration and injection, the RPE cells retained a monolayer structure
on the nanosheet without any distortion, and the cell viability was
more than 80%. Furthermore, the micropatterned nanosheet was
injected into the subretinal space of a swine ocular globe, where the
nanosheet was successfully released, spread and fixed to the subretinal
macula. We believe that the application of injectable nanosheets for
regenerative medicine is a promising technology that can improve the
cell transplantation process in a minimally invasive way.

FUNCTIONAL POLYMER NANOSHEETS FOR HEALTH-CARE

MONITORING

Conductive polymer nanosheets for detecting bioelectrical signals
The development of wearable electronics is expected to lighten the
burden of medical examination that is imposed on patients by
automatically measuring bioelectrical signals (for example, electrical
activity of muscles and neural potential) in daily life.52,53 Because of
demands for miniaturization of device systems to be imperceptible to
the patients, much attention has been focused on the engineering of
electrical components using organic materials, such as conductive
polymers.54 In this regard, we have focused on the fabrication
of conductive polymer nanosheets consisting of poly(3,
4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) as
ultrathin conductors as well as ultra-conformable electrodes for
advanced wearable electronics (Figure 5a).55

Conductive polymer nanosheets were designed with two layers (that
is, PEDOT:PSS and PLA), in which the PLA layer served as a

mechanical support for the PEDOT:PSS layer. PLA was coated on a
roll of polypropylene film with a Microgravure coater using a roll-to-
roll process, and PEDOT:PSS was subsequently coated on the PLA
layer as a conductive layer. Owing to the weak physical bonding
between polypropylene and PLA, PLA/PEDOT:PSS nanosheets with a
thickness of 240 nm (each polymer layer: 120 nm) were detached from
the polypropylene film using adhesive tapes in the shape of an open
square frame. Importantly, the presence of butylene glycol as a dopant
in the PEDOT:PSS solution increased the conductivity to approxi-
mately 500 S cm− 1. As a practical application, the free-standing
conductive nanosheet was transferred to a human forearm and
showed conformal contact deep into the wrinkle of the skin. Then,
a surface electromyogram was measured using conductive nanosheets
for recording the electric activity of skeletal muscle. The conductive
nanosheets recorded an surface electromyogram derived from the
gripping force of hands with a signal-to-noise ratio that was similar to
that of commercial skin-adhesive electrodes, such as gel electrodes
(Figure 5b). In addition, the conductive nanosheet was stable on the
skin surface even in the presence of sweat. Therefore, the conductive
nanosheet may be a useful electrode for analyzing bioelectrical signals
during physiological movement, such as sporting activity. On the basis
of the roll-to-roll fabrication of conductive nanosheets, integration of
printing technology with nanosheet technology will advance the
fabrication process of ultrathin wearable electronics by allowing
large-scale and cost-effective fabrication.

CONCLUSIONS AND OUTLOOK

In this review, we summarized the recent advancements in nanosheet
technology related to fabrication processes, physical properties and
practical applications. On the basis of their adhesive and mechanical
properties, free-standing polymer nanosheets exhibit outstanding
properties compared with those of conventional polymer thin films.
In particular, adhesive and flexible properties have led to the
development of nano-adhesive plasters for surgical applications. The
in vivo repair of tissue defects using nanosheets is a minimally invasive
treatment that does not induce a significant inflammatory response or
postsurgical tissue adhesion. Furthermore, the ultrathin structure of
the nanosheets is similar to the dimensional features of basement
membranes, and this structure has been exploited for the development
of tissue engineering scaffolds. The microfabrication techniques can be

Figure 5 (a) Skin-contact electrodes consisting of PEDOT:PSS and PDLLA nanosheets for the measurement of biological signals. (b) Measurement of sEMG
through conductive nanosheets via a gripping force. Partially reproduced from ref. 55. NS, nanosheet; PEDOT:PSS, poly(3,4-ethylenedioxythiophene)/poly
(styrenesulfonate); sEMG, surface electromyogram. A full color version of this figure is available at Polymer Journal online.
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used to tailor the surface functionality of the nanosheet, which directs
cellular organization and allows for the engineering of hierarchical
tissue structures. We also demonstrated the fabrication of conductive
polymer nanosheets for the application of ultra-conformable electro-
des for monitoring bioelectrical signals. These ultrathin electronics will
be useful for integrating electronics into biological tissues, which will
be the next generation of bio-hybrid systems, such as implantable
biodevices, to directly connect electronics/robotics to our living
bodies. We believe that nanosheet technology will contribute to the
development of innovative nano-bio-electronics for future medical
applications.
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