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Implantable electronics can be used to continuously monitor and modulate
electrophysiological signals. However, the mechanical mismatch between
conventional rigid electronic components and soft biological tissue can
lead to tissue damage and inflammation, whereas the elastomers typically
used to create soft electronics can also have low biocompatibility. Here

we report an elastomeric organic field-effect transistor that is made from
ablend of semiconducting nanofibres and a biocompatible elastomer.

The composite film, which is specifically based on poly[(dithiophene)-
alt-(2,5-bis(2-octyldodecyl)-3,6-bis(thienyl)-diketopyrrolopyrrole)] and
bromoisobutyl-isoprene rubber, exhibits high mechanical stretchability
and biocompatibility with a similar Young’s modulus to human tissues and
stable electrical performance under 50% strain. In addition, the integration
of abiocompatible dual-layer silver and gold metallization results in robust,
stretchable and biofluid-corrosion-resistant electrodes. Our biocompatible

and stretchable transistors exhibit stable operation inlogic circuits
(including inverters, NOR gates and NAND gates) under physiological
conditions. In vitro assessments with human dermal fibroblasts and
macrophages show no adverse effects on cell viability, proliferation or
migration. We also examine the long-termintegration potential of the
transistors via in vivo implantation studies in mice, which show no major
inflammatory response or tissue damage.

Implantable bioelectronic devices can enable the continuous in situ
monitoring and modulation of electrophysiological signals'™*. Tradi-
tional biomedical implants, such as pacemakers, neurostimulators
and insulin pumps, typically rely on rigid and inorganic materials like
silicon-based semiconductors, metals and oxides**. Thoughthese have
proveneffective, theirrigidity creates alarge mechanical mismatch with
soft biological tissues, which canresultin complications such as micro-
injury, inflammation, fibrosis and necrosis over time”®, Toaddress these

limitations, soft, lightweight and stretchable bioelectronic devices
have been explored that could be seamlessly integrated with human
tissues. These devices typically consist of two primary components:
biointerface electrodes for signal acquisition and bioelectronic circuits
for signal processing”* ™. Despite advances in hydrogel-based elec-
trodes, creating stretchable transistors for bioelectronic circuits that
can offer high biocompatibility and stability in physiological environ-
ments remains a challenge' ™.
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Stretchable organic electrochemical transistors (SOECTs) were ini-
tially proposed for skin-like electronic circuits due to their low Young’s
modulus and compatibility with biological ionic media'®. However,
SOECTs have several drawbacks for electronic circuit applications,
including high OFF currents and crosstalk due to theirion-based opera-
tion, which complicates the selection of individual devicesinanarray of
transistors” ", Furthermore, the high charging currents at the channel-
electrolyteinterface of SOECTs pose risks of undesired neural activation
in vivo®. Stretchable organic field-effect transistors (SOFETs) are a
promising alternative to sOECTs for high-frequency signal processing?.
These devices leverage well-established field-effect transistor technolo-
gies and maintain mechanical flexibility and electrical performance,
making themsuitable for integration into bioelectronic circuits**?*°,

Despite their potential, most SOFETs have been fabricated using
industrial-grade elastomers, such as styrene-ethylene-butylene-
styrene (SEBS), poly(styrene-butadiene-styrene), polyurethane and
polydimethylsiloxane (PDMS), which are not certified for biocompat-
ibility or may induce chronic foreign body reactions'’. Medical-grade
elastomers, particularly bromo isobutyl-isoprene rubber (BIIR), have
been designed for biomedical applications and meet stringent biocom-
patibility standards set by health authorities, such as ISO 10993 and
the European Pharmacopoeia® . BIIR exhibits excellent mechanical
properties, including shock absorption, low permeability, aging resist-
ance and high physical strength, alongside high chemical resistance
and low reactivity with microorganisms**~*. These properties make it
desirable for blending with semiconductorsto create stable, biocom-
patible and stretchable transistors.

In this Article, we report the fabrication of skin-like implantable
SsOFETs using a vulcanized blend film of BIIR and poly[(dithiophene)-
alt-(2,5-bis(2-octyldodecyl)-3,6-bis(thienyl)-diketopyrrolopyrrole)]
(DPPT-TT) as the elastomer matrix and semiconductor, respectively.
The resulting transistors exhibit stable electrical performance under
mechanical strain, maintaining functionality even at 50% elongation.
Furthermore, we integrate the dual-layer metallization of silver (Ag)
and gold (Au) to create stretchable and biocompatible electrodes,
ensuring robust performance in biofluid environments**. We perform
in vitro and in vivo evaluations to confirm the biocompatibility and
stability of our devices, which show no adverse effects on cell viability,
proliferation or migration, as well as no major inflammatory response
or tissue damage.

Material design and vulcanization ofimplantable
semiconductors
Figure 1a presents the schematic of a biocompatible and stretchable
semiconductor film comprising a semiconducting nanofibre network
embedded within an elastomer matrix. The design uses a molecu-
lar blend of donor-acceptor-based semiconducting polymer with
medical-grade rubber. We used DPPT-TT as the polymer semiconduc-
tor and BIIR as the biocompatible elastomer matrix. The blend film
was chemically crosslinked through vulcanization, awell-established
method to enhance the mechanical property of medical rubbers using
additives such as sulfur (crosslinker), dipentamethylenethiuram tet-
rasulfide (DPTT; accelerator) and stearic acid (initiator; Fig. 1b). The
phase separation that forms the semiconducting nanofibre network
results from the surface energy disparity between DPPT-TT and BIIR,
enabling the formation of a highly interconnected DPPT-TT nanofibre
network withinthe elastic BIIR matrix, thereby imparting stretchability
to the blend film (Supplementary Fig.1and Supplementary Note 1)*%.
To determine the optimal blend ratio for electricaland mechanical
properties, we evaluated the vulcanized semiconductor films across
various weightratios of DPPT-TT and BIIR (1:9t0 9:1). The results showed
stable field-effect mobility across the blend ratios, indicating that the
semiconducting percolation path is preserved up to a 0.7 weight frac-
tion of BIIR (Fig. 1c and Supplementary Fig. 2). This ratio produced a
highly elastic semiconducting film that sustained up to 100% strain

without mechanical damage, as confirmed by optical microscopy (OM)
images of the 3:7 blend film (Supplementary Fig. 3). Conversely, the
blend films with lower BIIR content (9:1to 5:5) exhibited cracks at 25%
strain, emphasizing the necessity of higher BIIR content for intrinsic
stretchability. Therefore, the 3:7 blend ratio was optimized for the
field-effect mobility, crack-onset strain and integrity of the semicon-
ducting nanofibre network (Supplementary Figs. 4 and 5). The opti-
mized composition ratio of the blend film achieved abalance between
highelasticity and stable electrical performance, sustaining up to 100%
strain without cracking and maintaining high field-effect mobility and
its Derjaguin-Muller-Toporov (DMT) modulus, ranging from approxi-
mately 1077 Pato 1038 Pa, aligns well with the mechanical properties of
skin tissue, making it desirable for subcutaneous electronics’.

To verify the vulcanization of BIIRin the blend film, we performed
Fourier transform infrared spectroscopy analysis (Fig. 1d and Supple-
mentary Fig. 6). The vulcanization processinvolves three key reaction
stages: initiation for radical formation, propagation for crosslinking
BIIR with sulfur and termination for end of the reaction (Supplemen-
tary Note 2). The reduction in the C-Br (667 cm™) peaks in the Fourier
transforminfrared spectra post-vulcanization confirmed the successful
initiation (Fig. 1d). The reduction in the C=C peak (1,538 cm™) in neat
BIIR post-vulcanization indicates successful propagation®. The blend
film has difficulty decoupling the C=C peak of BIIR because DPPT-TT
has a similar C=C peak, whereas the C=C peak was reduced in the neat
BIIR film. The unchanged C=C peak of the blend film after vulcanization
indicates that the conjugated bond structure of DPPT-TT was preserved.
Theincreased modulus observedinthe DMT modulus mapping further
confirmed vulcanization, enhancing the elasticity of the blend film
and preserving its pristine nanomorphology (Fig. 1e). Additionally,
the unchanged UV-visible absorption spectra before and after vul-
canization indicate that the vulcanization process selectively crosslinks
BIIR chains without disrupting the conjugated molecular structure of
DPPT-TT (Fig.1f and Supplementary Figs.7 and 8). Transistors fabricated
with vulcanized blend films exhibited higher field-effect mobility and
ON/OFF ratio, suggesting that vulcanization also serves as a thermal
annealing process, optimizing the morphology of the semiconducting
polymer film and crosslinking the BIIR elastomer (Fig. 1g). We also per-
formed X-ray photoelectron spectroscopy (XPS) depth profiling of the
vulcanized blend film, which revealed a uniform distribution of Satoms
from DPPT-TT nanofibres throughout the semiconductor film, facilitat-
ing effective chargeinjection andtransportinbothvertical and horizon-
taldirections (Fig.1h). The dichroicratio of the vulcanized blend filmas a
functionof applied strain (0%-50%) showed alinear increase, indicating
the alignment of semiconducting nanofibres along the strain direc-
tion without mechanical cracking (Fig. 1i and Supplementary Fig. 9).
Furthermore, atomic force microscopy (AFM) and conductive AFM
(C-AFM) images showed a highly interconnected DPPT-TT nanofibre
networkaligned with the strain direction, providing a strain-insensitive
conductive path (Fig.1j,k). Thismorphology was reflected in the stable
electrical performance of the organic field-effect transistors, with
negligible changes in mobility under strains from 0% to100% on arigid
substrate (Fig. 11and Supplementary Figs. 10 and 11). Additionally, the
mobility of the blend film remained consistent after 1,000 stretching
cycles at 100% strain, demonstrating excellent mechanical durability
(Fig. Im and Supplementary Fig. 12). These results confirm that the
vulcanized blend film is highly stretchable, with the nanostructure of
DPPT-TT well preserved under mechanical deformation.

Skin-like implantable active-matrix transistor

To develop skin-like and biocompatible implantable transistors, we
used dual-layer metallization using Ag and Au to create highly con-
ductive, stretchable and biocompatible electrodes®*°*2, Ag was
selected for its excellent electrical contact properties, whereas Au
provided robust protectionagainst biofluid-induced corrosion, thereby
enhancingthe durability of the electrodes (Fig. 2a and Supplementary
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Fig.1|Material design and vulcanization ofimplantable semiconductor.
a,b, Schematic of the blend film (a) and vulcanization for implantable
semiconductors (b). Chemical structures showing the semiconducting polymer
(DPPT-TT), medical rubber (BIIR) and crosslinker (sulfur). ¢, Changes in mobility
asafunction of DPPT-TT:BIIR weight ratios (mean + s.d.; n=3).d, Fourier
transforminfrared spectra of the pristine and crosslinked blend films. e, DMT
modulus mappingimages of pristine (left) and crosslinked blend (right) films.
f,Normalized UV-visible absorbance spectra (left) and mobility (right) of the

Strain (%) Stretching cycle
pristine and crosslinked blend films (mean * s.d.; n = 3). g, Transfer (left) and
output (right) characteristics of the optimized blending weight ratio (3:7). D, drain;
G, gate. h, XPS depth profiling of the blend film. i, Dichroic ratio of the blend film
ranging from 0% to 50% uniaxial strain (mean + s.d.; n = 3).j,k, AFM phase image

(§) and C-AFM image (k) of the blend film with 0% and 50% strain. I, Mobilities of
the blend film ranging from 0% to 50% uniaxially stretched and released states
(mean +s.d.; n=3).Rel.indicates strain-released state. m, Mobilities of the blend
film under multiple stretching cycles with100% uniaxial strain.

Fig.13).XPS depth profiling confirmed an intermixing region of carbon
(C) and Ag atoms, which enhances both stretchability and adhesion
(Fig. 2b). Initial resistance measurements demonstrated that the Ag-
Au dual-layered electrode maintained low resistance after soaking
in artificial sweat for 72 h, indicating their high corrosion resistance.

Transistors fabricated with the dual-layered electrodes exhibited elec-
trical performance comparable with those having Ag or Au electrodes,
with the added benefit of enhanced durability in biofluid environments
(Fig. 2c). The dual-layered electrode was stretchable up to 50% and
maintained a resistance of 10>Q after soaking in artificial sweat for
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Fig. 2| Skin-like implantable active-matrix transistor. a, OM images (top)
ofthe Ag, Auand Ag/Au electrodes on the blend film after soaking in PBS (72 h)
and resistance change in the Ag/Au electrode on the blend film (bottom). b, XPS
depth profiling of the Ag/Au electrode and blend film. ¢, Transfer characteristics
of the transistors with various source/drain electrodes. S, source. d, Resistance
of Ag, Auand Ag/Au electrodes ranging from 0% to 50% uniaxially stretched and
released states before and after soaking in artificial sweat during 72 h. e, Transfer
characteristics of a skin-like implantable transistor with different drain voltages.
f, Mobilities and ON/OFF currents of skin-like implantable transistors range
from 0% to 50% uniaxially stretched and released states. g, Skin-like implantable
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transistor’s mobility and ON/OFF currents under multiple stretching cycles with
50% uniaxial strain. h, Drain currents changed after soaking in deionized water,
saline and PBS for 72 h. i, Photographs of a skin-like implantable active-matrix
transistor array (left) attached to the skinand placed on areplica of ahuman
brain (right) withits cross-sectional structure. j, Distribution of ON current (left)
and ON/OFF ratio (right) of 25 devices in the skin-like implantable active-matrix
transistor array. k, ON currents (top) and mobilities (bottom) of the skin-like
implantable active-matrix transistor array under different uniaxial strains
(mean+s.d.;n=3).

72 h, demonstratingits viability for highly conductive, stretchable and
biocompatible electrodesin skin-like implantable transistors (Fig. 2d
and Supplementary Figs.14-16).

Figure 2e shows the typical transfer characteristics of a skin-like
implantable transistor at various drain voltages, demonstrating its
capability to operate under low-voltage conditions essential for safe
in vivo applications (Supplementary Fig. 17). The transistors main-
tained stable electrical performance and mechanical durability,
retaining their initial field-effect mobility and ON/OFF ratios up to 50%
strain, evenafter10,000 stretching cycles (Fig. 2f,g and Supplementary
Figs. 18-21). The robustness to biofluids was validated by negligible
changes in the drain current after 72 h of soaking in various artificial
sweat solutions (Fig. 2h and Supplementary Fig. 22), highlighting the
effectiveness of Ag-Au dual-layer metallization in creating resilient
andreliable electrodes for stretchable transistors.

Tovalidate the practical applicability of our devicesin circuits, we
fabricated a 5 x 5 active-matrix array of skin-like implantable transis-
tors that enable seamless contact with curvilinear skin surfaces and a

wrinkled brainreplica (Fig. 2i). The array demonstrated uniform drain
current, field-effect mobility and ON/OFF ratio across all the devices,
confirmingits high yield and suitability for bioelectronic applications
(Fig. 2j and Supplementary Fig. 23). The field-effect mobility of the
active-matrix array showed consistent performance, with minimal
variation in ON current and mobility under different uniaxial strains
(Fig. 2k and Supplementary Fig. 24).

Invitro biocompatibility tests for skin-like
implantable transistors
In vitro biocompatibility tests were conducted using human dermal
fibroblasts (hDFs) and macrophages (M) to evaluate the safety and
effectiveness of the materials used in theimplantable semiconductor
and transistor. The tests assessed the impact of each material (BIIR,
SEBS, blend filmand fully assembled transistor) on cell viability, migra-
tion and gene expression.

Aschematic ofthein vitro experimentis showninFig. 3a. To assess
the effects on cell viability and function, each material was indirectly
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Fig. 3 |Invitro biocompatibility tests of various materials composing
implantable semiconductors with an antibacterial test. a, Schematic of the
invitro tests. b, Representative fluorescence images of live (green) and dead
(red with white arrow) assay. Scale bar, 250 pm. ¢, Cell viability of each group
confirmed with CCK-8 assay (n = 6 biological replicates, two-sided one-way
analysis of variance (ANOVA) with post hoc Tukey’s correction for multiple
comparisons). d, Representative wound closure assay images of control (Ctrl)
andblend film groups. Scale bar, 200 um. e, Quantification of the wounded
areaineach group after cell migration (n = 6 biological replicates, two-sided
one-way ANOVA with post hoc Tukey’s correction for multiple comparisons).
f, Proliferation, apoptosis and migration-related gene expression of hDFs in
eachgroup (n=5biological replicates, two-sided two-way ANOVA with post hoc

Tukey’s correction for multiple comparisons). g, Relative gene expression of
macrophage in each group (n =5 for Cd86, Cd80 and Cxcl10; n = 6 for Nos2 and
Statl biological replicates, two-sided two-way ANOVA with post hoc Tukey’s
correction for multiple comparisons). h,i, Antibacterial test of each group using
E.coli(h) and S. aureus (i; n = 5 biological replicates, two-sided one-way ANOVA
with post hoc Tukey’s correction for multiple comparisons). j, Representative
images of green fluorescence from E. coli and S. aureus with various materials.
Scale bar, 10 pm. For the positive control, glass coverslips were coated with

0.1% gelatin to promote bacterial attachment and biofilm formation. Each
biological replicate was performed in a separate well, seeded with independently
prepared mammalian cells or inoculated with independently cultured bacterial
suspensions. Data are presented as mean +s.d.; NS, not significant.

co-cultured with hDFs or macrophages using a transwell system. Live/
dead assays and Cell CountingKit-8 (CCK-8) assays were used to assess
the cell viability. Fluorescence microscopy results from the live/dead
assay showed green signals for live cells and red signals (with white
arrows) for dead cells. Minimal red signals were observed across all
material groups, confirming high cell viability (Fig. 3b). CCK-8 assay

results further supported these findings, showing no notable differ-
encesin cell viability among the groups (Fig. 3¢). These results indicate
that all materials used in the implantable transistor exhibit excellent
biocompatibility.

The effect of each material on cell migration was investigated
using anin vitrowound closure assay with hDFs. Similar wound closure
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rates across all groups indicated that the materials did not impair the
migration properties of hDFs (Fig. 3d,e and Supplementary Fig. 25).
Gene expression analysis using quantitative real-time polymerase chain
reaction (QRT-PCR) revealed no major differences in the expression of
proliferation-related protein encoded genes (PCNA and MKI67) and
apoptosis-related protein encoded genes (BAX and BCL-2) among the
groups, except for asubstantial increase in the CXCR4 gene expression
intheblend filmgroup. Thisincrease suggests the enhanced migration
of hDFs in the presence of the blend film, which could contribute to
the formation of a fibrous capsule (Fig. 3f). However, to evaluate the
potential of each material to promote myofibroblast differentiation
and enhance extracellular matrix synthesis, we examined the expres-
sionlevels of genesencoding TGFf31, COL1A1, COL2A1,COL3A1and FNI,
and found no important increase in the blend film group compared
with control conditions (Supplementary Fig. 26).

Theinflammatory potential was assessed by profiling gene expres-
sioninmacrophages (RAW264.7 cells). After co-culturing macrophages
with each material, the expression levels of specific markers associated
with pro-inflammatory (M1) macrophages were measured. The BIIR
induced the lowest expression level of Cd86-encoding gene, whereas
other groups showed comparable expression levels (Fig. 3g). Both
blend filmandBIIR groups exhibited balanced profiles of genes encod-
ing Cd80, Stat1 and Nos2 compared with the control. By contrast, the
SEBS group exhibited the highest levels of gene expression, suggesting
ahigher propensity for inducing inflammation.

The antibacterial properties of the materials were evaluated using
genetically modified strains of Escherichia coli and Staphylococcus
aureus expressing the green fluorescent protein. The positive control
group (gelatin-coated glass coverslip) showed notably higher bacte-
rial growth, whereas the BIIR, SEBS, blend film and transistor groups
exhibited no notable differencesinbacterial numbers, indicating effec-
tive antibacterial properties (Fig. 3h,i). Representative fluorescence
images confirmed lower bacterial viability on the blend film than bare
PDMS (Fig. 3j). These resultsindicate an enhanced antibacterial effect
ofthe fabricated DPPT-TT:BIIR, suggesting its potential applicationin
medical devices.

Indirect co-culture in vitro tests demonstrated that the DPPT-
TT:BIIR blend film and the fully assembled transistor exhibited high
biocompatibility, supporting cell viability, proliferation and migration
withoutinducinginflammatory responses. Nevertheless, it is essential
to recognize that cellular responses in implanted environments can
vary greatly depending on the mechanical and electrical properties
of the substrates***, We characterized these substrate properties
through surface energy, DMT modulus and C-AFM measurements,
confirming the differences among the tested materials. (Supplemen-
tary Table 1 and Supplementary Fig. 27). Despite these differences,
indirect culture methods inherently possess limitations in capturing
subtle biological responses directly influenced by substrate stiffness,
electrical conductivity and surface chemistry. To overcome these
limitations, we conducted additional direct cell culture experiments
in which exogenous electrical stimulation was applied to hDFs cul-
tured directly on the blend film substrates. Under these conditions,
large voltage- and duration-dependent changes were observed in
cell viability and gene expression associated with fibrotic responses
(Supplementary Fig. 28). This findingimplies the importance of direct
cell culture models as complementary methods capable of capturing
nuanced biological interactions.

Invivo biocompatibility tests for skin-like
implantable transistors

Toevaluate thein vivobiocompatibility of the blend film,a comprehen-
sive set of tests was conducted using asubcutaneousimplant modelin
aBALB/Cmouse (Fig.4a). These tests aimed to assess theinflammatory
response, tissue integration and overall compatibility of the materials
over a prolonged period. Hierarchical clustering heat-map analysis

revealed no major differences between the sham andimplanted groups
(Fig. 4b). Principal component analysis was performed on genetic data
from each group, involving 19 genes listed in Table 1. Five principal
components were identified, with PC1 accounting for 46.54% (eigen-
value, 8.843) and PC2 accounting for 35.06% (eigenvalue, 6.660) of the
variance. /[10 and Nos2 (positive direction) and //6 (negative direction)
influenced PC1, whereas /l1f3 (positive direction) and Krt14 (negative
direction) influenced PC2 (Fig. 4c). The distribution of principal compo-
nentscores for theshamand implanted groups revealed no substantial
differences, indicating compatibility of the materials with biological
tissues and their suitability for long-term implantation (Fig. 4d).
Macrophage phenotyping confirmed the absence of major inflam-
matory responses. Western blot analysis demonstrated similar expres-
sion levels of M1 and M2 macrophage markers between the sham and
implanted groups, indicating thatno severe inflammation occurred—an
essential factor for maintaining tissue homeostasis (Fig. 4e and Supple-
mentary Fig.29). This suggests that the materials integrate well with the
host tissue, without causing adverse reactions. Immunohistochemistry
for the M1and M2 macrophage markers further supported these find-
ings. Sections stained for iVOS (M1 marker), CD163 (M2 marker) and
CD68 (M@ marker) showed no notable differences between the sham
andimplanted groups, confirming that the blend filmimplantation did
not provoke an inflammatory response (Fig. 4f). Next, we performed
invivo subcutaneous implantation for 30 days to observe fibrous cap-
sules in the implanted site. To compare the extent of fibrous capsule
formation on the blend film, we used PDMS and SEBS as comparison
groups, as these materials are widely used for the encapsulation of
implantable bioelectronics due to their high biocompatibility* .
Before the in vivo experiment, we carried out migration experiments
byindirect co-culturing with PDMS, SEBS and the blend film. In terms
of in vitro migration, no differences were observed among PDMS,
SEBS and the blend film (Supplementary Fig. 30). This result indicates
that substances released from PDMS, SEBS and the blend film did not
influence the cellular behaviour, accounting for the similar migration
patterns observed. Following the 30-day-period in vivo experiment,
all groups implanted with PDMS, SEBS and blend films exhibited the
formation of fibrous capsules around the implantation site (Fig. 4g
(top), blue dashed line) within the superficial fascia layer, as observed
in the haematoxylin and eosin (H&E) staining. To assess the thick-
ness of the fibrous capsules around the implantation site, Masson’s
trichrome (MT) staining was performed. Although fibrous capsules
formed around the implants in all three groups, the thickness of the
fibrous capsules was observed to be lower in the SEBS and blend film
groups compared with the PDMS group (Fig. 4g (middle), MT staining).
A quantitative comparison of the thickness of the fibrous capsule also
revealed that SEBS and blend films had a lower thickness compared
with PDMS (Supplementary Fig. 31). Furthermore, the formation of
fibrous capsules is known to be primarily driven by myofibroblasts®.
Immunofluorescence staining for a-SMA, amarker of myofibroblasts,
also showed that the formation of myofibroblasts around the implan-
tation site was lower in SEBS and blend films compared with PDMS
(Fig.4g,bottom). On comprehensive analysis, we found that although
theinvitro migration assays revealed similar cell migration behaviour
across the PDMS, SEBS and blend film groups, actual fibrous capsule
formation was the highest in PDMSimplantsin vivo. This discrepancy
canbe primarily attributed to the influence of mechanical properties,
particularly the elastic modulus and stiffness, which greatly affect the
fibrotic responses in vivo*. PDMS possesses a higher elastic modulus
than SEBS, resulting in greater mechanical mismatch with the sur-
rounding tissues, thereby facilitating myofibroblast activation and
increased fibrous capsule thickness. However, indirect co-culture
migration assays inherently focus on the cytotoxicity of the released
soluble factors rather than capturing subtle mechanical influences.
Consequently, these in vitro assays may not fully reflect the mechani-
cal cues critical to fibrous capsule formation that are observedinvivo.
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Fig. 4 |Invivo biocompatibility test of asemiconductor (blend) film.

a, Schematics of the in vivo test experiment. Scale bar, 5 mm. b, Hierarchical
clustering heat map of the gene expressions in the sham and blend film groups.
¢, Distribution of the measured gene expression levels in the sham and blend
film groups. d, Principal component analysis score based on the gene expression
measurement in each group. e, Comparison of macrophage phenotype

markers between the sham and blend film groups with a western blot analysis
(n=4biological replicates, defined as individual mice treated independently;
two-sided one-way ANOVA with Sidak’s test for multiple comparisons;

mean +s.d.). f, Immunohistochemistry of iNOS (green, left panel), CD163 (green,

right panel) and CD68 (red) for pro- and anti-inflammatory macrophage staining.
The lower side of the image is the implanted site. g, Comparison of fibrous
capsule formation by H&E (top row), MT (middle row) and a-SMA (bottom

row) staining. Top: H&E staining of the skin retrieved from the implanted site

of each group. The black dashed line indicates the implanted site. Middle: MT
staining result of the red dashed box in the H&E staining image (bidirectional
arrows indicate the thickness of the fibrous capsule). Bottom: a-SMA
immunofluorescence staining image of each group. dWAT, dermal white adipose
tissue; PC, panniculus carnosus. Mouse icons in a created with BioRender.com.

Overall, the reduced fibrous capsule thickness observed around the
blend filmimplantsindicatesimproved mechanical compatibility with
native tissues, potentially enhancing the long-termdevice functionality
by minimizing fibrosis-related insulation issues.

Skin-like implantable circuits for bioelectronics
To demonstrate the practical applicability of skin-like transistors for
implantable bioelectronics, we fabricated various logic circuits, includ-
ing inverters, NOR gates and NAND gates (Supplementary Fig. 32).
These circuits serve as fundamental components for constructing
complexbioelectronic systems capable of advanced signal processing
within the human body.

Figure 5a provides a schematic of the subcutaneous implanta-
tion of logic circuits fabricated with skin-like implantable transistors.
These circuits were designed to maintain stable electrical performance

under mechanical strain and physiological conditions. Pseudo-
complementary-metal-oxide-semiconductor-based inverter, NOR
and NAND devices are presented in Fig. 5b,f,h, respectively. The cor-
responding circuit diagrams and logic tables for each device are pro-
vided in Fig. 5¢,g,i. To validate the functionality of our logic circuits
in vivo, we implanted the devices into BALB/C mice and monitored
their performance over 3 days. The inverter showed stable voltage
transfer characteristics with apparent switching behaviour under 50%
strain (Fig. 5d). The gain of the inverters remained consistent even after
implantation and mechanical stretching, highlighting their robustness
and stability under biological conditions (Fig. 5e). This stable perfor-
manceis crucial for reliable signal processing inbioelectronic applica-
tions. The NOR and NAND gates maintained their logical output states
under the same conditions, demonstrating robust performance despite
mechanical deformation (Fig. 5j,k and Supplementary Figs. 33-36).
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Table 1| Sequences of the qRT-PCR primer

Primers Sequences

Human F: 5-GTCGGAGTCAACGGATTTGG-3'
GAPDH R: 5-GGGTGGAATCATTGGAACAT-3
Hurnan F: 5-CAACATCGCCCTGTGGATGA-3'
ez R: 5-GGGCCAAACTGAGCAGAGTC-3
Human F: 5-GCAACTTCAACTGGGGCCGGG-3'
BAX R: 5-GATCCAGCCCAACAGCCGCTC-3'
Human F: 5 .TAC ACC GAG GAA ATG GGC TCA-3'
CXCR4 R: 5-AGA TGA TGG AGT AGA TGG TGG G-3'
Hurnan F: 5-AGG GCT GAA GAT AAT GCT GAT ACC-3'
PCNA R: 5-CTC CTG TTC TGG GAT TCC AAG TTG-3'
Human F: 5 -TGACCCTGATGAGAAAGCTCAA-3'
MKi67 R: 5-CCCTGAGCAACACTGTCTTTT-3'
Human F: 5-CCCAGCATCTGCAAAGCTC-3'
TGFB1 R: 5-GTCAATGTACAGCTGCCGCA-3'
Hurnan F: 5-TGAAAGACCAGCAGAGGCATAAG-3!
(0 R: 5-CTCATCTCCAACGGCATAATGG-3'
Human F: 5 - TGCGATGACGTGATCTGTGA-3'
COLI1AT R: 5 TTGGTCGGTGGGTGACTCTG-3"
Hurnan F: 5-CCAGTTGGGAGTAATGCAAGGA-3'
CoL2A1 R: 5-ACACCAGGTTCACCAGGTTCA-3'
Human F: 5-TGGAGGATGGTTGCACGAAA-3'
COL3A1 R: 5-ACAGCCTTGCGTGTTCGATA-3'
Mouse F: 5-AGTTTCTCTTTTTCAGGTTGTGAA-3'
Cdso R: 5-ACATGATGGGGAAAGCCAGG-3'
Mouse F: 5-CTTACGGAAGCACCCACGAT-3'
Cdss R: 5-CGGCAGATATGCAGTCCCAT-3"
Mouse F: 5'- CTGGGAGCGCTCTAGTGAAG-3'
Nos2 R: 5 CTCTCCACTGCCCCAGTTTT-3"
Mouse F: 5'- ATGACGGGCCAGTGAGAATG-3'
Cxell0 R: 5- TCAACACGTGGGCAGGATAG-3'
Mouse F: 5-GATCGCTTGCCCAACTCTTG-3"
Sy R: 5-ACTGTGACATCCTTGGGCTG-3'
Mouse F: 5-GACAAAGCCAGAGTCCTTCAGA-3'
16 R: 5-TGTGACTCCAGCTTATCTCTTGG-3'
Mouse F: 5-CCTGTGAGTTTGTTTGGTCTACA 3"
vt R: 5-GAACCACAGCTGGAACAGTC-3'
Mouse F: 5-CCGACCTGGAGATGCAGATT-3'
Krt14 R: 5-GCCACCTCCTCGTGGTTC-3'
Mouse F: 5-TCATTAGCAGGTGTGCGGTT-3"
Coldal R: 5-GTTAGGGCACTGCGGAATCT-3'
Mouse F: 5-TCCTCTCTCTTGGTCTGGTCT-3
5100a4 R: 5-GTCACCCTCTTTGCCTGAGT-3'
Mouse F: 5-AGGGCTACCATGCCAACTTC-3"
Tgfb1 R: 5-CCACGTAGTAGACGATGGGC-3'
Mouse F: 5-AAACCAAGAAGGCGCGTGAT-3'
Cox17 R: 5-AAGTAGGCCACCACGTCAT-3'
Mouse F: 5-CCATTCCTGAGTTCTGCAAAGG-3'
Tnf R:

5'-AGGTAGGAAGGCCTGAGATCTTATC-3'

Primers Sequences

Mouse F: 5-AGCACGTCTGGTTTGGAGAG-3'
Coltat R: 5'-GACATTAGGCGCAGGAAGGT-3'
Mouse F: 5-AGTGGAGCAGGTGAAGAGTG-3'
1o R: 5-TGGAGTCCAGCAGACTCAATAC-3'
Mouse F: 5-GCGAGCGGCTGAGTTTTATG-3'
Col3at R: 5-GCAGCTCAGAGTAGCACCAT-3'
Mouse F: 5'-AAACACAGACTGACCCTTCCC -3'
Mrei R: 5'-GTTAGTGTACCGCACCCTCC-3'
Mouse F: 5 TGAAGGTGACAGGATGCCC -3'
Cdss R: 5'-CTTGGGGAGGTGACTGGAAG-3'
Mouse F: 5-TGCTGTCACTAACGCTCCTG-3'
Cd163 R: 5'-TCATTCATGCTCCAGCCGTT-3'
Mouse F: 5-TGCTGTCACTAACGCTCCTG-3'
s R: 5 TCATTCATGCTCCAGCCGTT-3"

The capability of these logic gates to function reliably under strain is
critical for the development of flexible and dependable bioelectronic
circuits. These results are comparable with state-of-the-art perfor-
mance metrics of implantable transistors reported over the past five
years (Supplementary Table 2).

The NAND and NOR gates retained stable electrical characteristics,
including consistent output voltages, throughout the implantation
period (Fig. 5k). Thelong-term stability ina physiological environment
highlights the suitability of our devices for real-world bioelectronic
applications. In vivo biocompatibility was assessed by analysing the
inflammatory markers and histological features. Quantitative data
and representative western blot images for M1 and M2 macrophage
markers, as well as inflammation-related markers, are presented in
Fig. 51 and Supplementary Fig. 37. All markers, except CD163, exhib-
ited similar expression levels to those observed in the sham group,
indicating that the implantation of the logic device did not induce
severe inflammation. Additionally, short-term (3 days) implantation
resulted in no detectable immune cell infiltration at the implanta-
tion site in either group (Fig. 5m). These findings demonstrate that
our semiconductor-based elastomeric circuits are highly suitable for
implantable electronics, exhibiting robust functionality and stability
in biological environments. The sustained electrical performance
observed after implantation underscores their potential for diverse
biomedical applications, including real-time physiological signal
monitoring, advanced neural interfacing and closed-loop therapeu-
tic interventions. Moreover, their inherently soft, stretchable and
skin-like mechanical properties facilitate seamless integration with
dynamic biological tissues, minimizing mechanical-mismatch-induced
stress and reducing the risk of chronic inflammation or fibrosis-related
complications. Thus, our skin-like transistor technology represents a
highly promising, versatile and clinically relevant platform that could
accelerate the development of next-generation biomedical devices.

Conclusion

We havereported the development of SOFETs using a vulcanized blend
film of asemiconducting polymer nanofibre and abiocompatible elas-
tomer. The transistors exhibit high mechanical flexibility and can main-
tain stable electrical performance under up to 50% strain. Dual-layer
metallization of Ag and Au for the electrodes ensures excellent electri-
cal contact and resistance to biofluid-induced corrosion. Our in vitro
biocompatibility assessments with hDFs and macrophages confirmed
that the DPPT-TT blend does not negatively impact the cell viability,
proliferation and migration or cause inflammation, as well as exhibits
antibacterial properties. Aninvivo study using asubcutaneousimplant
modelin BALB/C mice demonstrated no majorinflammatory response
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binary logic device at 0% strain and 50% strain before and after implanting into
the mouse. 1, Comparison of macrophage phenotype markers between the sham
and logic-device-implanted groups using western blot analysis (n = 4 biological
replicates, defined as anindividual mouse treated independently; two-sided one-
way ANOVA with Sidak’s test for multiple comparisons; mean + s.d.). m, Histology
of the skin site with logic device implantation. Scale bar, 200 pm. Mouse icons in
acreated with BioRender.com.

or severe fibrous capsule formation, confirming the suitability for
long-termimplantation. Furthermore, we fabricated skin-like implant-
able transistors and logic circuits, including active-matrix arrays,
inverters, and NOR and NAND gates, and showed that they maintain

functionality under mechanical stress and physiological conditions.
This work addresses the critical challenges of mechanical mismatch
and biocompatibility for implantable devices. These biocompatible
sOFETs are suitable for several bioelectronic applications, offering a
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promising platform for medical devices that can seamlessly integrate
with biological tissues. Future research will focus on optimizing the
device performance and exploring applications in medical diagnostics
and therapeutic interventions.

Methods

Materials

Au (99.99%, 3-mm granules) and Ag (99.99%, 3-5-mm granules) were
purchased from SYSCIENCE. DPPT-TT was purchased from Derthon.
BIIR (M,, = 684,730 g mol™; Supplementary Fig. 38) was provided by
Samsung Medical Rubber. SEBS H1062 and SEBS H1052 were pro-
vided by Asahi Kasei. H1062 (S/EB weight ratio, 18/82) and H1052 (S/
EB weight ratio, 20/80) were used as the elastic substrate and die-
lectric layer, respectively. Anhydrous toluene (99.8%), anhydrous
chlorobenzene (99.8%), anhydrous chloroform (99.8%), sulfur, DPTT,
trichloro(octadecyl)silane and stearic acid were purchased from
Sigma-Aldrich. PDMS (SYLGARD 184) and the curing agent were pur-
chased from Dow Corning. PDMS was cured at a ratio of 11:1 (base/
curing agent, w/w) at 55 °C overnight for the stamp. Silicon wafer (SiO,/
Si, <100>,1-30 Q, 300-nm SiO,) was purchased from iTASCO. All the
chemicals were used as received without further purification.

Device fabrication

Organic thin-film transistor on arigid substrate. The solution for the
semiconductor was prepared by dissolving 0.8 wt% of DPPT-TT, BIIR
and crosslinker at various blending ratios in anhydrous chloroben-
zene at 120 °C for 4 h. BIIR, sulfur, DPTT and stearic acid were added
in a ratio of 100:1:1:5 and used as the elastic matrix of the semicon-
ducting films. The solutions for the semiconductor were spun on an
trichloro(octadecyl)silane-treated SiO,/Si wafer at 800 rpm for 1 min
after filtration with a PTFE-D (0.2 pm) filter. The semiconducting film
was annealed at 150 °C for 1 h. All processes were performed under
a N, atmosphere in a glovebox (H,0 < 0.01 ppm and O, < 0.01 ppm).
The dielectric solution was prepared by dissolving 60 mg ml™ of SEBS
H1052 in toluene at 60 °C for 4 h. The dielectric solution was spun at
1,000 rpmfor1minonanindium tinoxide (sheet resistance, 20 Q sq™)
glass substrate. The semiconducting film was transferred from an
trichloro(octadecyl)silane-treated wafer onto an SEBS/indiumtinoxide
glass substrate using PDMS stamps. The Ag source/drain electrodes
were evaporated at 0.2 nm s using a thermal evaporator. The channel
length and width were 1,000 um and 150 pm, respectively.

Fully stretchable transistors. The elastic substrates for the fully
stretchable transistor were prepared by casting SEBS H1062
(100 mg ml™in toluene) onto glass slides. After drying overnight, the
Au (30 nm)/Ag gate electrode (30 nm) was evaporated onto an SEBS
substrateat 0.2 nm s under a high vacuum (below 5.0 x 107 torr). The
SEBS H1052 dielectric and semiconducting film (3:7 ratio of DPPT-TT
to BIIR) were continuously transferred onto the gate electrode. Au/
Ag source/drain electrodes (30 nm each) were evaporated onto the
semiconducting films at a speed of 0.05 nm s™. The channel length
and widthwere 1,000 pm and 150 pum, respectively.

Fabrication of active-matrix transistor array. All procedures for
the fabrication of the active-matrix transistor array were identical to
those for the fabrication of fully stretchable transistors, except for the
dielectric film, which was designed using a different concentration
(75 mg ml™ in toluene, spin coated at 1,000 rpm for 1 min) to obtain
a thicker dielectric film (1.9 pm). The channel length and width were
2,000 um and 150 pum, respectively.

Fabrication of logic gate devices including inverter, NAND and
NOR. The SEBS substrate, semiconducting thin film and dielectric
layer were prepared using the same process as that used for the fully
stretchable active-matrix transistor array. The bottom Au (30 nm)/Ag

electrodes (30 nm) were evaporated onto the SEBS H1062 substrates
designed for eachlogic gate. The semiconducting films and dielectric
layers were sequentially transferred onto the Ag electrode. Finally,
thetop Au (30 nm)/Agelectrodes (30 nm) were thermally evaporated
using a designed pattern.

Stretchable and biocompatible encapsulation layer. The encap-
sulation films were prepared by casting the BIIR solution (120 mg ml™
in chlorobenzene) on a Teflon mould, which was dried for 2 days and
annealed at150 °Cfor 30 min. The encapsulation films were applied to
bothsides (top and bottom) of the stretchable device.

Characterization. The devices were stabilized by aging them overnight
inan autodry desiccator (24% humidity, 27 °C). The electrical charac-
teristics of the devices were measured using a probe station connected
toaKeithley 4200 device under atmospheric conditions, and avacuum
probe station with a Peltier device was connected to a Keithley 2636B
deviceto control the temperature (Supplementary Note 3). The dielec-
tric capacitance was measured using a probe station connected to an
LCR meter (Keysight 4274A). UV-visible-near-infrared spectroscopy
was performed usingJasco V-770. The surface structure was observed
using AFM (Bruker MultiMode 8-HR) under ambient conditions. OM
images were acquired usingaLeica2DM4 M device. The film thickness
was measured using an ellipsometer (WONWOO STRC-2000). To obtain
the stretched OM and AFMimages, the semiconductor was transferred
using the PDMS stamp method.

Cell culture

hDFswere purchased from Lonza. The hDFs were culturedin Dulbecco’s
modified Eagle’s medium (Gibco BRL) supplemented with 10% (v/v)
foetal bovine serum (Gibco BRL) and 1% (v/v) penicillin-streptomycin
(Gibco BRL). The cells were incubated at 37 °C with 5% CO, saturation.
The cell culture medium was changed every 2 days. Cells within eight
passages were used for the experiments. RAW264.7 cells were cultured
inDulbecco’s modified Eagle’s medium (Gibco BRL) supplemented with
10% (v/v) foetal bovine serum and 1% (v/v) penicillin-streptomycin.

Indirect co-culture with materials

hDFs or RAW264.7 cells were seeded in 6-well or 24-well cell culture
plates (Corning) for all the experimental groups (control, BIIR, SEBS,
blend film and logic device). One day after seeding, indirect co-culture
with each material (225 mm? for 6-well plates and 16 mm? for 24-well
plates) on a glass substrate was performed using 6-well and 24-well
transwell inserts (8.0-um pore size, Corning).

Fluorescein diacetate/ethidium bromide staining assay. Fluo-
rescein diacetate (FDA; Sigma-Aldrich) and ethidium bromide (EB;
Sigma-Aldrich) were used for FDA/EB staining. FDA (green) stains
the cytoplasm of viable cells, whereas EB (red) stains the nuclei of
non-viable cells. The staining solution was freshly prepared by combin-
ing 10 ml of FDA stock solution (1.5 mg ml™ of FDA in dimethyl sulfox-
ide), 5 ml of EB stock solution (1 mg ml™ of EB in phosphate-buffered
saline (PBS)) and 3 ml of PBS. hDFs were thenincubatedin the staining
solution for 3 min at 37 °C. After staining, the samples were washed
twice with PBS and examined under a fluorescence microscope (DFC
3000G, Leica).

Cell viability. Cell proliferation was analysed using the CCK-8
(Sigma-Aldrich) assay. The hDFs were seeded in 24-well plates (2 x 10*
cells per well),and CCK-8 was used to measure the cell proliferation for
1day after co-culturing witheach material using atranswell system. The
cellswere washed in PBS, and the mediumwas replaced witha culture
medium containing a CCK-8 solution (10%, v/v). After 2 h of incubation
at37 °C, the absorbance of each well was measured at 450 nm (Infinite
F50, TECAN).
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In vitro wound closure. The hDFs were grown in confluence in six-well
plates®°and then replenished with Dulbecco’s modified Eagle’s medium
(Gibco BRL). Thereafter, the cells were co-cultured sequentially using
BIIR, SEBS, DPPT:TT:BIIR and logic devices for 1 day. A straight scratch
was made on the hDF layer using a P1000 pipette tip. After incuba-
tion for 24 h, the gap width of the scratch following repopulation was
measured and compared with the initial gap size at 0 h. The size of
the denuded area was determined at each time point from the digital
images using Adobe Photoshop CC.

qRT-PCR. The gene expression levels of human and mouse genes
were quantified by performing qRT-PCR. Human-specific gene prim-
ers were utilized for the in vitro hDF analysis. Mouse gene primers
were used for RAW264.7 cells and in vivo skin tissue analysis. The
total ribonucleic acid was extracted from the samples using 1 ml of
TRIzol reagent (Life Technologies) and 200 pl of chloroform. The
lysed samples were centrifuged at 12,000g for 10 min at 4 °C. The
ribonucleicacid pellet was then washed with 75% (v/v) ethanolin water
and dried. Subsequently, the samples were dissolved in RNase-free
water. For qRT-PCR, the SsoAdvanced Universal SYBR Green Supermix
kit (Bio-Rad) and CFX Connect real-time polymerase chain reaction
detection system (Bio-Rad) were used. Table 1 lists the primers used
for qRT-PCR.

Antibacterial test. The antibacterial test was conducted using two rep-
resentative bacterial strains commonly associated with infections on
medical devices: E. coliand S. aureus. In this study, we used the geneti-
callymodified E. coli C2925 and S. aureus NCTC 8325-4 strains to express
thegreen fluorescent protein. Both bacterial stains were culturedina
tryptic soy broth medium with ampicillin (100 pg ml™) and chloram-
phenicol (10 pg ml™) at 37 °C for 24 h, until an OD600 of 108 CFU ml™
was reached in fresh media. Each strain was applied to a film sample
(n=6) preparedina24-well plate ata concentration of 5 x 10’ CFU ml™
per well. For the positive control, gelatin (0.1% w/w)-coated glass cov-
erslips promoting bacterial adhesion and growth served as positive
controls along with bare PDMS blocks. In the experimental groups,
thetest films were placed in each well of a 24-well plate. After incubat-
ing at 37 °C for 24 h, non-adhered bacteria were removed by washing
three times with PBS, and the bacterial colonies were fixed with a 4%
paraformaldehyde solution for 10 min, followed by two washes with
PBS. The bacteria were imaged using confocal microscopy (LSM800,
Carl ZEISS) at x40 magnification at the BT Research Facility Center,
Chung-Ang University. The z-stacked images were processed using
the maximum projection method, and the fluorescence intensity was
measured using ImageJ (NIH) to quantify the relative number of bac-
teriaadhered to each sample.

Exogenous direct current stimulation effect on hDF. hDFs were cul-
tured directly on the blend film substrates deposited on Au electrodes
and controlled exogenous electrical stimulation was applied. The
surfaces were treated with oxygen plasma to enhance hydrophilicity,
thereby promoting better cell adhesion. After seeding 2.5 x 10* hDFs
onto the blend films, we systematically investigated cell viability fol-
lowing d.c. electrical stimulation at varying voltages (0 mV,100 mV,
200 mV, 300 mV and 500 mV) applied for 1 h (short term) and 24 h
(long term). Cell viability was assessed by CCK-8 and gene expression
of hDFs was assessed by qRT-PCR.

In vivo subcutaneous blend film and logic device implantation.
Six-week-old female BALB/C mice (20-25-gbody weight, Orient) were
anaesthetized using 200 pl of xylazine (20 mg kg™) and ketamine
(100 mg kg™ diluted in a normal saline solution. Hair was removed
from theright side of the back using acombination of animal electric
clippers and Nair (less than 1 min). The implanted site was marked
with a 10 x 10 mm? stamp on the lateral flank of each mouse. The

epidermis, dermis and stratum corneum were surgically excised at
the top and right sides. The skin was opened by flipping. For the blend
film, SEBS, PDMS and logic device groups, each material was carefully
implanted into the open area. An identical surgical procedure was
performed for the sham group without implantation. After 3 days
and 30 days, the subcutaneously implanted mice were killed for
invivo analysis. All animals were bred and maintained under specific
pathogen-free conditions at the Laboratory Animals of Sungkyunk-
wan University and treated in accordance withinstitutional guidelines
that were approved by the Institutional Animal Care and Use Com-
mittee of Sungkyunkwan University (SKKUIACUC2022-04-40-1and
SKKUIACUC2024-08-52-1).

Western blotting. The retrieved tissues were sectioned and lysed
in RIPA buffer (Rockland Immunochemicals). After centrifugation
at 10,000g for 10 min, the supernatant was prepared as a protein
extract. Protein concentrations were determined using abicinchoninic
acid assay (Pierce Biotechnology). Equal amounts of protein from
each sample were mixed with the sample buffer and subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis using
a10% (v/v) resolving gel. The separated proteins were transferred
to immune-blot polyvinylidene fluoride membranes (Bio-Rad). The
membranes were blocked with 5% (w/v) skim milk in Tris-buffered
saline (50 mM of Tris—HCI (pH 7.5) and 150 mM of NacCl, 2.5 mM of
KCl), andincubated for1hat25 °C. Then, the membranes were probed
overnight at4 °C with antibodies against glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; Abcam, ab9485), CD163 (Abcam, ab182422),
CD206 (Abcam, ab64693), STAT1 (Cell Signaling Technology, C§9172),
STAT6 (Cell Signaling Technology, CS9362) and TGF-f3 (Cell Signaling
Technology, CS3711). Thereafter, the membranes were incubated in
horseradish-peroxidase-conjugated secondary antibodies (R&D Sys-
tems, HAF008 for GAPDH, HAFO017 for CD163, CD206, STAT1, STAT6
and TGF-B) for 1 h at 25 °C, followed by the addition of an enhanced
chemiluminescence reagent (TransLab). The blots were developed
in a dark room, and luminescence was recorded using an X-ray blue
film (AgfaHealthCare).

Histology. Skin tissue specimens retrieved 3 days and 30 days post-
implantation were fixed with a 4% paraformaldehyde solution and
embedded using an optimum cutting temperature compound (SciGen
Scientific). Thereafter, 10-um sections obtained from the specimens
were stained with H&E or MT stain to assess the fibrous capsule
formation.

Immunohistochemistry. For immunohistochemical staining, the
samples embedded in the optimum cutting temperature com-
pound were cut into 10-um-thick sections at —22 °C. To stain the
pro-inflammatory macrophages, the sections were immunofluo-
rescence stained with antibodies against INOS (Abcam, ab178945)
and CD68 (Abcam, ab955). To stain the anti-inflammatory mac-
rophages, the sections were immunofluorescence stained with
antibodies against CD163 (Abcam, ab182422) and CD68 (Abcam,
ab955). For observing the myofibroblast in a fibrous capsule,
o-SMA (Abcam, ab5694) was used for immunofluorescence
staining. INOS, CD163 and a-SMA signals were visualized using
fluorescein-isothiocyanate-conjugated secondary antibodies (Jack-
sonImmunoResearch Laboratories). The CD68 signal was visualized
using rhodamine (tetramethylrhodamine isothiocyanate)-AffiniPure
goat anti-mouse IgG (Jackson ImmunoResearch Laboratories). The
sections were counterstained with DAPI and examined via fluores-
cence microscopy (DFC3000 G, Leica).

Data availability
The data that support the findings of this study are available from the
corresponding authors onrequest.
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