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Abstract

It is anticipated that flexible wearable/implantable devices for biomedical applications will be 

established for the development of medical diagnostics and therapeutics. However, these 

devices need to be compatible with the physical and mechanical properties of the living body. 

In this minireview, we introduce free-standing polymer ultra-thin films (referred to as 

“polymer nanosheets”), for which a variety of polymers can be selected as building blocks 

(e.g., biodegradable polymers, conductive polymers, and elastomers), as a platform for 

flexible biomedical devices that are mechanically compatible with the living body, and then 

we demonstrate the use of “printed nanofilms” by combining nanosheets and printing 

technologies with a variety of inks represented by drugs, conductive nanomaterials, chemical 

dyes, bio-mimetic polymers, and cells. Owing to the low flexural rigidity (< 10-2 nN m) of the 

polymer nanosheets, which is within the range of living brain slices (per unit width), the 

flexible printed nanofilms realize bio-integrated structure and display various functions with 

unique inks that continually monitor or direct biological activities, such as performing surface 

electromyography, measuring epidermal strain, imaging tissue temperature, organizing cells, 

and treating lesions in wounds and tumors.
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1. Introduction

To advance diagnostics and therapeutics using bio-interfacing medical devices, it is critically 

important to resolve the mechanical mismatch between electronic medical devices and the 

living human body. Despite the rapid development of flexible and stretchable skin-contact 

devices for bio-monitoring1 such as electromyography (EMG)/electrocardiography (ECG) 

sensors2,3,4,5,6,7 and epidermal strain gauges2,3,8,9,10,11, those devices face several drawbacks 

related to the lack of adhesiveness to the skin due to limitations to the thickness and softness 

of electronic parts. This results in the need for intermediate adhesives, which constrain the 

skin and interfere with the natural movements of the body. In addition, demands for wireless 

communication technology have grown, not only for wearable but also for implantable 

devices, to avoid the burden of payload with batteries and connective lead wires on the 

wearers/patients, including animals and humans. In this regard, implantable devices have 

become miniaturized and battery-free, resulting in a reduction in the mechanical 

incompatibility with the living body12,13,14. However, those devices have been fixed or 

implanted by surgical suture or with the aid of medical glue to attach them to structurally 

uneven or wet living tissue surfaces even in relatively stable positions in the body, such as to 

the skull or spinal cord, which results in local strong tension to the tissue and causes 

inflammation of the tissue or undesirable adhesion of the tissues surrounding the device. 

Therefore, it is critically important to focus on the mechanical properties of the platform of 

wearable/implantable devices as well as those of biological tissues including skin, muscle and 

tumor tissues for the design and construction of mechanically bio-conformable devices.

In this minireview, with the aim of facilitating the development of tailor-made 

biomedical devices that mechanically conform to the living body, including biological tissues 

and organs, we focus on free-standing polymer ultra-thin films (referred to as “polymer 

nanosheets”15) with a thickness of less than 1 μm as a platform for ultra-flexible devices. 
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Then, taking advantage of several printing technologies, as exemplified by gravure printing16, 

inkjet printing17,18, microcontact printing19,20, and chemical modification21,22, we describe the 

development of “printed nanofilms” by combining nanosheets and a variety of unique inks 

represented by conductive nanomaterials16,17,18,23, chemical dyes24, bio-mimetic adhesives22, 

drugs25,26,27, and cells19,20,28,29 (Fig. 1). The printed nanofilms can provide a range of functions 

and biomedical applications on/in the living body: integrating electronic devices18,22, 

chemicals24,26, and cells29 on/in the living body; monitoring biological information (e.g., 

surface electromyograms16, brain neuronal signals30, tissue temperature24 and extracellular 

pH31); and clinically treating inflammatory sites like wounds26 and tumors22. In the text 

below, we review the principle of the polymer nanosheets including their mechanical and 

adhesive properties, followed by the definition, fabrication, and applications of printed 

nanofilms constructed based on ultra-conformable polymer nanosheets and several printing 

technologies.

 

Fig. 1 Schematic illustration of printed nanofilms conforming to the living body. 

Integration of printing technologies using various inks to ultra-conformable polymer 

nanosheets for the development of printed nanofilms as wearable/implantable sheet 

devices in biomedical applications. Images are partially reproduced from ref. 15, 19, 22, 28, 

and 29.
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2. Ultra-flexible and ultra-conformable polymer nanosheets

As shown in Fig. 2A, most of the materials constituting electrical devices have a higher 

Young’s modulus (> 100 kPa)32 than biological tissues such as heart (20–500 kPa33) and brain 

(0.1–16 kPa34,35). There have been several studies demonstrating that the encapsulation of 

miniaturized devices in soft materials, as exemplified by polydimethylsiloxane (PDMS) or 

Ecoflex®, reconciled the mechanical mismatch between hard electronic elements and soft 

biological tissues and minimized the mechanical interference with animal/human 

behavior13,14,36. In addition, the mechanical conformability of a film material is known to be 

correlated to its flexural rigidity37, D, defined by the following equation:

𝐷 =
𝐸𝑡3

12(1 ― 𝜈2)

where E, t, and ν represent Young’s modulus, thickness, and Poisson’s ratio of the film, 

respectively38. As the flexural rigidity D is proportional to the cube of the thickness t, 

reducing the thickness is the most effective approach to decreasing flexural rigidity (Fig. 2B). 

While there is a limit to the thickness of electrical components, materials for a platform that 

seals the entire device can be thinner and softer. Therefore, the development of ultrathin films 

with low flexural rigidity is critically important to solve the mechanical mismatch between 

electrical devices and the living body and to provide more conformable adhesion to the 

surfaces of biological tissues.
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Fig. 2 Ultra-flexible and ultra-conformable polymer nanosheets. (A) Young’s moduli of 

biological tissues and materials32. (B) Theoretical relationship between thickness and flexural 

rigidity of poly(L-lactic acid) (PLLA) and PDMS, where the Young’s moduli E and Poisson’s 

ratios ν of the polymers are set as follows: EPLLA: 7 GPa, νPLLA: 0.3339,40, EPDMS: 1.8 MPa41, 

and νPDMS: 0.542. The range of each line crossing the light blue area represents the range of 

polymer nanosheets’ values (thickness: < 1 μm, flexural rigidity: < 10-2 nN m). (C) Schematic 

illustration of a free-standing polymer nanosheet. (D) Adhesiveness of polysaccharide 

nanosheets evaluated by a micro-scratch test. Inset: image of a polysaccharide nanosheet 

adhered to the skin. The data are partially reproduced from ref. 25. (E) Tissue adhesiveness of 
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PDMS nanosheets evaluated by a tack separation test. Inset: Image of a PDMS nanosheet 

adhered to chicken muscle during a tack separation test. The data are partially reproduced 

from ref. 22.

Free-standing polymer nanosheets with flexural rigidity of less than 10-2 nN m 

(Fig. 2C), which is the same range as that of living brain slice tissue per unit width (10-4-10-1 

nN m)34, generate unique physical properties, including flexibility, van der Waals force-based 

physical adhesion, and surface conformability15. We demonstrated the fabrication of 

free-standing polymer nanosheets by a laboratory-scale process like spin-coating and 

layer-by-layer techniques, as well as an industrially applicable roll-to-roll process based on 

gravure printing on several solid substrates, e.g. silicon wafer, glass, and plastic. There are 

two major strategies for obtaining free-standing polymer nanosheets from those temporary 

substrates: “sacrificial” and “supporting” layer methods43. The nanosheet can be made of a 

variety of polymers, including commonly used plastics like polystyrene (PS) and polymethyl 

methacrylate (PMMA)24; biodegradable polyesters like polysaccharides44, polylactic acid 

(PLA)39, and poly(lactic-co-glycolic acid) (PLGA)19; and elastomers like polystyrene–

polybutadiene–polystyrene (SBS) triblock copolymer45 and PDMS22.

The mechanical properties of “plastic” nanosheets made of PS45 and PLLA39 were 

evaluated by an air bulge test46 to obtain their elastic moduli or strain-induced buckling 

instability for mechanical measurements (SIEBIMM)40,47 to obtain their Young’s moduli 

because these nanosheets are too thin and fragile to be applied to the standard set-up of a 

tensile test. In contrast, “elastomer” nanosheets made of SBS45 and PDMS22 were evaluated 

by the tensile test to obtain their Young’s moduli. As shown in Table 1, the mechanical 

properties of the polymer nanosheets are strongly dependent on the glass transition 

temperature (Tg) of the polymer; the variation of Tg determines the elastic/Young’s moduli of 

the prepared nanosheets in the range from MPa to GPa. With their ultrathin thickness (< 1 
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μm), the nanosheets show flexural rigidity of < 10-2 nN m. Interestingly, as the flexural 

rigidity is also proportional to the elastic/Young’s moduli, elastomer nanosheets with a 

thickness of several hundreds of nanometers have a range of flexural rigidity (10−6 to 10−4 nN 

m) similar to that of plastic nanosheets with a thickness of several tens of nanometers. This 

indicates that elastomers having a ~1000-fold lower Young’s modulus (1~10 MPa) than 

plastics (> 1 GPa) can exhibit the unique properties of polymer nanosheets (D < 10-2 nN m) 

even if their thickness is 10-fold larger than that of plastic nanosheets, which is in accordance 

to the equation of flexural rigidity. 

Table 1 Mechanical properties of polymer nanosheets. For PS and PLLA nanosheets, the 

flexural rigidity was calculated using their elastic modulus obtained by an air bulge test and, 

for SBS and PDMS nanosheets, using their Young’s modulus obtained by a tensile test. The 

data are partially reproduced from ref. 22, 39, and 45.

As the surface of the living biological tissues is not flat but rough, the 

conformability, i.e., the surface followability of thin-film materials, that can be obtained by 

reducing their flexural rigidity37, should be improved to increase the contact area between 

tissue and film. With the low flexural rigidity (< 10-2 nN m), the polymer nanosheets allows 

for ultra-conformable glue-free adhesion to various surfaces via van der Waals interaction. 

The adhesive properties of polymer nanosheets were investigated using a micro-scratch test 
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by which the critical loading force required to scratch a nanosheet off a substrate was 

measured48. As shown in Fig. 2D, it was found that the adhesive strength of polysaccharide 

nanosheets to an SiO2 substrate dramatically increased as the thickness decreased below 200 

nm25. This characteristic of the nanosheets allows for physical adhesion onto various 

substrates, including human skin, without the use of adhesives or surface functionalization. 

Moreover, we evaluated the tissue-adhesive properties of elastomer nanosheets by a tack 

separation test22. As shown in Fig. 2E, dependence of the adhesion energy on the thickness 

was clearly observed in PDMS nanosheets. The adhesion energy of the 560-nm-thick PDMS 

nanosheet to the chicken muscle was five times higher than that of the 800-μm-thick PDMS 

bulk film. Interestingly, the PDMS nanosheets showed the drastic increase of the adhesive 

strength at thicknesses below 1 μm, while polysaccharide nanosheets exhibited this 

phenomenon below a few hundred nanometers. This result is derived from the lower Young’s 

modulus of the PDMS than that of polysaccharides. The micro-scratch test and tack 

separation test for the evaluation of the adhesive properties of the plastic and elastomeric 

nanosheets clearly shows that the adhesion strength of the polymer nanosheets dramatically 

increases when their flexural rigidity is less than 10-2 nN m, i.e., the thickness of plastic and 

elastomeric nanosheets is less than hundreds of nm and a few μm, respectively. Therefore, the 

adhesive property of polymer nanosheets is strongly attributed to their thickness, and at the 

same time, the flexural rigidity which provides conformable adhesion to the target surface 

with a large contact area49.

3. Printed nanofilms for biomedical applications

3.1. Printed nanofilms: integration of printing technologies to polymer nanosheets

The progress of printing technologies has enabled “three-dimensional (3D) bioprinting”, of 

which concept is the integration of cells into the conventional 3D printing technologies 

including inkjet, micro-extrusion, and laser-assisted printing techniques, that greatly 
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contributed to the 3D fabrication of complex tissue structures for biomedical applications in 

the field of tissue engineering and regenerative medicine50,51. More recently emerged “4D 

bioprinting” is a technique to print external stimuli-responsive biomaterials to construct 

dynamic 3D biological tissues that are capable of shape transformation52,53. In addition, the 

rapid progress of printed electronics, i.e., technologies for printing conductive inks, has 

provided a wide range of all-printed biodevices including bioelectrodes for EMG recording54 

as well as electrochemical sensors for glucose55 and DNA56. As described in the previous 

sections, polymer nanosheets, made of a variety of polymers, have unique and adaptable 

physical properties that would be compatible with those of the living body as a platform of 

flexible biomedical devices. Therefore, with combined technologies of printed electronics and 

3D/4D bioprinting, various functions can be integrated on/in the structure of the polymer 

nanosheets and thus we may further augment their potential applicability. 

In this section, “printing technologies” represent surface coating/modification 

techniques including gravure-printing (including industrial-scale roll-to-roll process)16, 

polymer brush coating21, and mussel-inspired polydopamine coating57,22 as well as patterning 

techniques including drop-on-demand inkjet printing18,17, phase separation-based 

patterning28,29, and micro-contact printing19. In contrast, “printing/loading inks” cover a wide 

range of materials including drugs, chemical dyes, conductive polymers, blend polymers, 

nanoparticles and cells. With this concept, we developed “printed nanofilms” with unique 

functions embodied on living tissues and organs by combining polymer nanosheets and 

printing technologies using a variety of inks. Herein, we review some examples of 

applications of printed nanofilms as mechanically compatible biomedical materials/devices 

for the living body. Table 2 summarizes the classification and description of printed 

nanofilms in terms of application.
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Table 2 Classification and description of printed nanofilms in terms of application. 

3.2. Gravure-printed conductive nanosheets for ultra-conformable bioelectrodes

The introduction of electrical conductivity into the polymer nanosheets would enable the 

development of ultra-conformable skin-contact electronics with higher flexibility and 

adhesion, while also being less noticeable to the user, than conventional wearable devices. 

Moreover, the extension of the processing technologies of flexible thin-film devices to 

scalable industrial fabrication is essential for real-world applications. Towards this aim, we 

focused on one of the most widely used conductive polymers, 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)23,16. Conductive 

nanosheets were fabricated by a roll-to-roll gravure-printing of PEDOT:PSS aqueous 

dispersion on a mechanically supporting nanosheet made of PLA or SBS. As a demonstration 

of skin-contact applications, the PEDOT:PSS/PLA conductive nanosheets were tested as 

skin-contact bioelectrodes for the measurement of surface EMG (sEMG) for monitoring 

bioelectrical signals (Fig. 3A)16. The results showed that these unperceivable nanosheet 

electrodes successfully recorded the stepwise increase of sEMG signal depending on the 
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increment of the pressure applied by a subject’s hand grasping a pressure gauge. Notably, the 

conductive nanosheets showed as high a signal-to-noise ratio (SNR = 36.9 dB) as clinically 

approved standard pre-gelled Ag/AgCl electrodes (SNR = 35.7 dB)16. This demonstration 

opens up the possibility of using this approach not only in healthcare applications but also in 

other practical or medical fields, such as prosthetics, wearable robotics, and sports science. 

Moreover, direct patterning of PEDOT:PSS on polymer nanosheets using other printing 

technologies like inkjet printing58,59,60,61,62,63, screen printing64,65,66, and spray coating67,68,69 

should provide ultra-conformable multi-electrodes for more precise motion analysis of 

humans.

3.3. Inkjet-printed nanosheet electronics for skin-contact devices

The convenient fabrication of electrical circuits on film substrates is important for the 

development and expansion of smart printed flexible electronics70. In the rapid progress of 

printing technologies on flexible sheet-type substrates, there have been emerged ultra-thin 

film or tattoo based conformable printed electronic devices such as capacitors71,72, 

transistors73,74,75 and photovoltaics76,77. For the development of printed nanofilms that can 

detect or monitor the bioelectrical information such as EMG, ECG and neuronal signals, the 

direct printing of conductive inks is an essential technology. While gravure-printing enables 

the scalable fabrication of homogeneous conductive polymer nanosheets, the patterning of 

conductive materials on polymer nanosheets is also required for the development of printed 

nanofilms with more complex circuits. Hence, we focus on the drop-on-demand inkjet 

printing of conductive inks, as exemplified by conductive polymers, metal nanoparticles and 

carbon nanomaterials, on the polymer nanosheet. 

As one demonstration of the inkjet-printed nanofilms, we developed an ultrathin 

epidermal strain sensor constructed with PEDOT:PSS conductive patterns on an SBS 

nanosheet.17 The ultrathin structure and glue-free conformable adhesion of the SBS nanosheet 
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(around 320 nm thick) minimized the obstruction of the skin’s natural deformations. With the 

ultrathin epidermal strain sensor, we successfully measured the skin strain (~2%) on a 

forearm caused by the extension of the wrist joint (Fig. 3B). The printed nanofilm-based 

ultra-conformable epidermal strain sensor should thus be a powerful tool for precise detection 

of the motion of the living body, as well as in soft robots. 

In addition, we also demonstrated direct inkjet printing of Ag nanoparticles 

(AgNP) on the SBS nanosheet without dewetting and/or agglomerates by coating an 

ink-absorbing layer (acrylic-copolymer) on the top of the nanosheet to increase its surface 

wettability as well as water-absorption. Taking advantage of the van der Waals force-based 

physical adhesion of the SBS nanosheet, we achieved the soldering-free fixation of small 

electronic elements. As a demonstration, chip LEDs were sandwiched between two layers of 

elastomeric SBS nanosheets (each layer: ~380 nm thick), on one of which AgNP-based 

conductive lines (~720 nm thick) were inkjet-printed18. With this soldering-free process, 

electronic elements were physically and electrically fixed on the conductive lines, resulting in 

the operation of the nanosheet electronics on the human skin (Fig. 3C). The technique of 

coating of the ink-absorbing layer on the surface of the polymer nanosheets will be useful for 

manufacturing a variety of printed circuits regardless of the component of polymer 

nanosheets.

3.4. Chemical dye-loaded nanosheet sensors for mapping biological activity

The loading of environmentally-responsive chemical dyes including indicators of 

temperature, pH, and specific ions into the polymer nanosheets produces ultra-thin chemical 

sensors that enable the monitoring of the biological conditions in organs, tissues, and cells. In 

particular, to locate sites of thermogenesis in the living biological tissues, global mapping of 

temperature is a more effective method than spot thermometry. Hence, we developed 

thermosensitive luminescent dye-embedded polymer nanosheets. With the “nanosheet 
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thermometer”, we demonstrated mapping and visualization of temperature shift of the living 

tissue derived from muscular activity in an insect (Fig. 3D)24. A key technology of the 

constructed sensor is “ratiometric” thermometry, which can eliminate the undesired shift in 

luminescence intensity due to the focal drift or z-axis displacement of the insect by 

calculating the ratio of the intensities of two different dyes; thermosensitive (Eu-tris 

(dinaphthoylmethane)-bis-trioctylphosphine oxide: EuDT) and insensitive (Rhodamine 800) 

dyes. To avoid the possible risk of interaction between the two dyes, we loaded each dye in 

different nanosheet and those two nanosheets were stacked together with the physically 

adhesive property of the nanosheets. The high transparency of the nanosheets did not interfere 

with the obtained fluorescent values of both dyes and provided an accurate ratiometric 

measurement of the temperature distributions. The printed nanofilm-based 

microthermography is a promising technology to microscopically explore the heat 

production/transfer in living cells, tissues and organs with higher spatial resolution than 

conventional thermometric technologies as typified by infrared thermography. Moreover, the 

integration of conventional fully-printable electrochemical sensors for other factors such as 

pH, ions and glucose78 into the nanosheet should enable the creation of ultra-conformable 

multi-sensing devices for detecting biological information from the living body.

3.5. Phase separation-based porous nanosheets as cellular scaffolds for tissue 

engineering

Cellular scaffold materials for tissue engineering should have biocompatibility, 

biodegradability and a porous structure for loading cells. Taking advantage of the phase 

separation of blended polymers, one of the simple patterning techniques to obtain the porous 

structure, we developed a porous nanosheet as a flexible, permeable and biodegradable 

cellular scaffold. By gravure-printing a polymer blend solution of poly(D,L-lactic acid) 

(PDLLA)/PS, phase separation occurred in the nanosheet as a result of the immiscibility of 
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the blended polymers. Immersing the nanosheet in cyclohexane allowed for the selective 

dissolution of island regions of PS, followed by the generation of a PDLLA nanosheet with a 

microporous structure (thickness: ~150 nm, mean pore size: ~4 μm, flexural rigidity: < 10-2 

nN m according to Fig. 2B). We demonstrated that the biodegradable PDLLA porous 

nanosheet played a key role for engineering hierarchical organization of the constituent cells 

by contributing to the interconnection between adjacent cell layers via the porous nanosheet 

with secreted extracellular proteins. Moreover, a rolled construct of the porous nanosheet 

provided a spontaneous formation of the anisotropic alignment of muscle cells, replicating 

circular muscle in the intestinal wall or the tunica media in an arterial wall (Fig. 3E)28. 

As another application of cell-laden porous nanosheets, we developed an 

engineered scaffold for a local, homogeneous and rapid transplantation of proliferating stem 

cells as a promising early-phase treatment method for deep burn injuries and intractable 

ulcers. The porous nanosheets (around 150 nm thick) with a porous structure (mean pore 

diameter: 4 µm) allowed the proliferation of adipose-tissue derived stem cells (ASCs) and 

provided sufficient nutrient inflow between cellular layers. With a trilayered ASCs-laden 

porous nanosheet, we achieved the in situ homogeneous transplantation of ASCs onto a dorsal 

skin defect model in diabetic mice and contributed to wound healing (Fig. 3F)29. The porous 

nanosheets are expected to contribute to a better understanding of integrated cellular systems, 

and ultimately toward the development of a cell therapy for wound healing or regenerative 

medicine. 

As a technology to generate micro-patterns of cells, we also demonstrated inkjet 

and microcontact printing of cell-adhesive proteins such as fibronectin on the polymer 

nanosheet to align C2C12 skeletal myoblasts, which enhanced the cellular elongation and 

differentiation20,79. As a future prospect, the integration of bioprinting technologies including 

3D cell printing80,81 to the porous nanosheets should provide more customized, tailor-made 
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tissue-engineered printed nanofilms by simple and instant manufacturing way. 

3.6. Mussel-inspired polydopamine modified tissue-adhesive nanosheets for 

implantable devices

The development of implantable medical devices has made a tremendous contribution to the 

field of biomedical engineering82. These devices can monitor the physiological condition of 

the living body by interfacing with its interior surface83,84 as well as intervening in functional 

body systems through the delivery of drugs85,86 or physical energy like electricity87,88 and 

light13,14,36,89 to the target lesion. The standard choice for the fixation of implantable devices is 

surgical suturing; however, it is unsuitable for tissues near major nerves and blood vessels, as 

well as for fragile organs such as the brain, liver, and pancreas, that are mechanically fragile, 

actively deform, or move. Therefore, the development of ultra-conformable tissue-adhesive 

devices, which stick to living tissue surfaces like a sticker, is highly anticipated. Towards this 

goal, we focused on a mussel-foot-protein-inspired bio-adhesive polymer polydopamine 

(PDA) coating57. The surface of PDMS nanosheets were modified with PDA to develop 

tissue-adhesive PDA-PDMS nanosheets that allowed suture-free and long-term stable fixation 

of small implantable devices on wet internal living tissues22. The 650-nm-thick PDA-PDMS 

nanosheets with an elastic modulus of 14.9 ± 0.60 MPa and a flexural rigidity of ~4.5 × 10-4 

nN m showed 25-fold-stronger adhesion (50.7 μJ/cm2) to chicken muscle than a 0.8-mm-thick 

PDMS sheet with a flexural rigidity of > 105 nN m (2.2 μJ/cm2) and successfully achieved the 

stable fixation of a small IC tag on the abdominal wall of rats for a month. 

Taking advantage of the PDA-PDMS nanosheet, we developed a tissue-adhesive 

wirelessly powered optoelectronic device for fully implantable, metronomic (low-dose and 

long-term) photodynamic therapy (mPDT)90 by embedding a near-field-communication 

(NFC)-based red or green LED chip (Fig. 3G, left). When subcutaneously implanted in the 

cancer model mice with intradermally transplanted tumors (Fig. 3G, middle), the device 
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consecutively irradiated the tumor for 10 days, leading to significant antitumor effects (Fig. 

3G, right). This mPDT device emits light at approximately 1,000-fold-lower intensity than 

conventional phototherapy approaches, and thus does not involve the risk of overheating 

healthy tissues. This implantable and wirelessly powered mPDT system may offer a new path 

to the application of PDT, especially for deep cancers that are difficult to treat with standard 

methods. In the future, by the introduction of emerging printing technologies into the 

tissue-adhesive nanosheets, the whole structure of implantable/wearable devices can be a thin 

film type. For example, the light emitting part of the mPDT devices can be replaced by an 

organic electroluminescence device91,37 that provides broader light irradiation and more 

conformably fits the surface of target tissues to treat widely diffused lesions. Moreover, 

antenna coils for wireless communication92 or organic photovoltaics for self-powering the 

device76 can be directly printed on the nanosheets by several printing techniques including 

inkjet printing, screen printing and transfer printing, to generate fully printed nanofilm 

electronics. 
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Fig. 3 Applications of printed nanofilms. (A) Image of conductive nanosheets and 

conventional pre-gelled electrodes adhered on the forearm of a subject (left) and the obtained 

sEMG signals (right) through them when the subject was grasping an analog pressure gauge 

at different levels of pressure. Reproduced from ref. 16. (B) Image of the measurement of the 

small skin strain using the nanosheet strain sensor attached to the forearm (left). The 

resistance of the sensor was measured when the wrist joint was extended and compared to that 

when not extended to calculate the skin strain. Microscopic images of the nanosheet strain 

sensor attached to a PDMS-based artificial skin model in the original (right, top) and stretched 

states (right, bottom). Scale bars represent 500 μm. Reproduced from ref. 17. (C) Image of 
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nanosheet electronics attached to the skin (top). An LED on an Ag-based circuit-printed SBS 

nanosheet is lit up on the skin. Microscopic image of the Ag line inkjet-printed on the SBS 

nanosheet adhered to skin (bottom). Reproduced from ref. 18. (D) Peak luminescence 

intensity of EuDT-laden nanosheet against different temperatures (left). The peak intensity 

was normalized by the value at 37°C. Image of Dicronorrhina derbyana beetle. The black 

dashed circle shows the location of a major flight muscle of the beetle (second from the left). 

Image of the nanosheet thermometer attached to the dorsal flight muscle of D. derbyana. The 

white dashed line shows the attached region of the nanosheet (second to the right). 

Temperature mapping of the dorsal flight muscle of D. derbyana during preflight preparation 

using stacked nanosheets (right). Reproduced from ref. 24. (E) Schematic illustration of a 

C2C12 cellular construct on a porous PDLLA nanosheet, rolled around a hydrogel-based 

tubular template (left). A live/dead fluorescent image of the rolled cellular construct with 

aligned myoblasts supported by the porous nanosheet (right). Inset: a magnified image (scale 

bar: 200 μm). Reproduced from ref. 28. (F) Image of the transference of a trilayered 

cell-laden porous nanosheet using nylon mesh to an incisional wound on a mouse (left). 

Fluorescent image of the trilayered cell-laden porous nanosheet attached on the incisional 

wound of the mouse (right). Reproduced from ref. 29. (G) Construction of the tissue-adhesive 

and wirelessly powered optoelectronic device composed of an NFC-based LED chip 

sandwiched between PDA–PDMS and pristine PDMS nanosheets (left). Images of red 

(middle, top) and green (middle, bottom) lighting emitted from wirelessly powered LED chips 

implanted subcutaneously in mice. The variation of the normalized tumor volume of the 

control [PS(+)broken] and two PDT groups [PS(+)red and PS(+)green] of mice. “PS(+)” 

means that the mice were injected with a photosensitizer (photofrin). “Broken” means that the 

implanted device had a disconnected circuit and hence did not emit any light. The tumor 

volumes measured on days 0, 3, 7, and 10 were divided by the initial volume for each tumor. 
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n = 10 for each group on each day. Reproduced from ref. 22.

4. Conclusions and outlook

We reviewed the seminal investigations of polymer nanosheets, namely, free-standing 

ultra-thin polymeric films, based on a variety of polymers and the development of printed 

nanofilms interfacing with the living body. The mechanical and adhesive properties of the 

polymer nanosheets, that are derived from their ultra-thin structure (< 1 μm) as well as their 

low flexural rigidity (< 10-2 nN m), not only provide conformal and stable physical adhesion 

to living tissue surfaces without suture or any adhesive agents but also solve the mechanical 

mismatch between relatively stiff materials and soft biological tissues. This unique property 

implies that the polymer nanosheets are promising as a mechanically compatible platform of 

wearable/implantable devices interfacing with the living body. Several examples of 

applications of printed nanofilms demonstrated that a variety of “inks” can be printed on 

polymer nanosheets and provide an unlimited range of applications. In the future, it is 

interesting and valuable to generate novel printed nanofilms with a range of functions by 

printing wide variety of inks or devices on polymer nanosheets, for example, chemical 

indicators, e.g. pH-, potential-, and gas-sensitive dyes; for environmental mapping, organic 

electronics including transistors, electroluminescent diodes, photovoltaics, and radical 

polymer batteries; for flexible electronics, microfluidics for health monitoring devices, 

antennas for wireless communication, and polymers, proteins and cells for tissue engineering . 

We believe that printed nanofilms will contribute to the progress of wearable/implantable 

devices in the regard of future medicine and healthcare as mechanically compatible 

nano-biointerfaces.
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