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Adhesive nonfibrotic bioelectronic interfaces on diverse

peripheral nerves for long-term
functional neuromodulation
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Jingjing Wu'*, Xuanhe Zhao'**

Bioelectronic devices implanted on peripheral nerves offer potential for the treatment and rehabilitation of clinical
diseases. However, the foreign body reaction and the subsequent fibrous capsule formation at the device—peripheral
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nerve interface severely limit their efficacy and longevity in vivo. Here, we describe a robust bioadhesive strategy
that can establish nonfibrotic bioelectronic interfaces on diverse peripheral nerves—occipital, vagus, deep peroneal,
sciatic, tibial, and common peroneal nerves—for up to 12 weeks. Our approach inhibits the infiltration of immune
cellsinto the interface, thereby preventing the formation of fibrous capsules in the inflammatory microenvironment.
We demonstrate that our adhesive bioelectronic device with nonfibrotic interfaces maintains long-term blood pres-
sure regulation in a spontaneously hypertensive rat model over 4 weeks. Furthermore, we confirm minimal accumu-
lation of macrophages, smooth muscle actin, and collagen at nonfibrotic bioelectronic interfaces after 12 weeks of
device implantation with nerve stimulation, supporting long-lasting neuromodulation without fibrosis.

INTRODUCTION

Bioelectronic devices applied to the peripheral nervous system repre-
sent a promising avenue in translational medicine (I-3). Peripheral
nerve pathways, comprising the autonomic, somatic, and enteric
nervous systems, are intimately connected to the central nervous sys-
tem and extend throughout the body (4, 5). Bioelectronic modula-
tion of diverse peripheral nerves has demonstrated its clinical efficacy
in treating a spectrum of conditions, including chronic migraine
(6, 7), stroke (8, 9), epilepsy (10, 11), depression (12), gait disorder
(13, 14), overactive bladder (15, 16), and hypertension (17) (Fig. 1A).
These clinical treatments through peripheral nerve stimulation often
serve as the only alternative to chemical-based therapies for drug-
resistant patients, and the technology continues to evolve (1, 3).

A key challenge for the long-term reliability and integration of
bioelectronic interfaces with peripheral nerves lies in the foreign
body reaction (FBR). FBR remains the primary cause of bioelectron-
ic device failure in vivo (18-20). Innate immune cells initially infil-
trate the interface, triggering an inflammatory response that leads to
the formation of a densely cellularized FBR, including macrophages
and multinucleated giant cells (21, 22). Over time, fibroblast activa-
tion results in a collagen-rich fibrous capsule deposition at the inter-
face between the implanted bioelectronic device and the peripheral
nerve (Fig. 1B). Chronic FBR results in thickening of these fibrous
capsules, thereby considerably deteriorating the electrical perfor-
mance at the interface during recording and stimulation and ulti-
mately compromising the longevity of bioelectronic devices (22-25).
To address the challenges introduced by FBR, several material design
strategies have emerged, including ultrasoft (26-28), hydrophilic
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(29-31), lubricious (32, 33), drug-eluting (34), zwitterionic (35-37),
biomolecule-conjugated (38, 39), and mechanically actuating (40-
42) properties. Despite these efforts to mitigate fibrosis, none of these
previous attempts successfully managed to fully prevent it, as the oc-
currence of FBR is largely material agnostic (42, 43).

Here, we propose that robust adhesion at the interface between the
bioelectronic device and the peripheral nerve can fully prevent the for-
mation of fibrous capsules. A bioadhesive hydrogel enables conformal
contact of the bioelectronic interfaces via covalent bonds with the sur-
face of peripheral nerves. This adhesion inhibits immune cell infiltra-
tion into the interface and the subsequent fibrous capsule formation
(Fig. 1C). Consequently, adhesion facilitates electrical stimulation or
recording of peripheral nerves while also preventing mechanically
driven FBR (43, 44) induced by micromotion at the interface. In this
study, we developed an adhesive nonfibrotic bioelectronics (ANB) to
achieve reliable long-term implantation on diverse nerves without fi-
brous capsule formation at the interface. The ANB can envelop and
adhere to peripheral nerves of different sizes at various sites in vivo.
For example, the ANB can be applied to the small-sized deep peroneal
nerve (DPN), and its interface with the thick sciatic nerve exhibited
robust and intimate contact (Fig. 1D). In addition, the nonfibrotic
property of the ANB interface on various peripheral nerves was
validated through histological and immunofluorescence studies over
12 weeks. Upon mechanical and electrical evaluations, the ANB
achieved highly soft, flexible, stretchable, adhesive, and conductive
material properties, essential for long-term stable communication
with peripheral nerves in physiological environments. Furthermore,
the ANB effectively regulated blood pressure (BP) in a spontaneously
hypertensive rat model through long-term stable stimulation of DPN
over 4 weeks, demonstrating its potential for clinical translation.

RESULTS

Design and implementation of the ANB

The ANB was designed for an adhesion-based implantation on vari-
ous peripheral nerves using biocompatible materials, including a
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Fig. 1. Design and mechanism of the adhesive nonfibrotic bioelectronics as a strategy for nonfibrotic interfaces. (A) Schematic illustration of the clinical applica-
tions of bioelectronic devices in treating diseases. (B) Schematic depicting the limitations imposed by fibrous capsule formation on nerves. Active foreign body reaction
(FBR) results in thick fibrosis and impedes electric transfer, leading to the failure of bioelectronic devices. (C) Mechanism of the adhesive nonfibrotic bioelectronics (ANB)
to establish nonfibrotic interfaces using the bioadhesive hydrogel, enabling intact electrical stimulation. (D) Images of the ANB with nonfibrotic interfaces. The ANB was
implanted in a robust and intimate manner in the deep peroneal nerve (DPN) separated from a superficial peroneal nerve (SPN) in a common peroneal nerve (CPN). The
bioadhesive hydrogel of the ANB formed conformal contact with the sciatic nerve (SN) and prevented fibrous capsule formation. (E) Schematic illustrations for the fabrica-
tion and implantation of the ANB: (1) Patterning the insulating layer and the conductive hydrogel by three-dimensional (3D) printing. (2) Integrating the nonfibrotic ad-
hesive hydrogel on the bioelectronic device and fully drying. (3) Wrapping the ANB around DPN and pressing for 5 s at the interface to generate amide and hydrogen
bonds. (F) Resultant interfacial toughness of the ANB in contact with biological tissue. Each experiment was repeated independently (n = 3). Statistical significance and P

values are determined by two-sided unpaired t test [NS (not significant)].

polyurethane(PU)insulatinglayer,apoly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) conductive hydrogel, and a
poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAA)-based bioadhesive
hydrogel (Fig. 1E) (45, 46). Because of the small size of rat peripheral
nerves (300 to 1200 pm in diameter), a multimaterial three-
dimensional (3D) printing technique was used to precisely pattern the
insulating layer and conductive hydrogel, which enabled fast, conve-
nient, and precise fabrication of the bioelectronic device with a resolu-
tion of 100 pm (fig. S1) in 10 minutes (fig. S2).

A bioadhesive hydrogel film was prepared separately following a
previously established protocol (fig. S3) (46, 47). The bioadhesive
hydrogel film was prestretched to match its swelling ratio and at-
tached to the 3D printed bioelectronic device right after cross-
linking, after which the assembly was dried. Upon contact with
peripheral nerves, the dry bioadhesive layer absorbed interfacial
moisture to allow the formation of hydrogen (physical cross-linking)
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and amide bonds (covalent cross-linking) (fig. S4). Although rehy-
dration may transiently alter local pH or ionic balance, these effects
quickly equilibrate and did not produce detectable irritation or fi-
brosis in our in vivo studies. This adhesion mechanism, based on
N-hydroxysuccinimide (NHS)-amine covalent coupling, was di-
rectly validated in our prior studies using amine-functionalized
fluorescent probes (46) and was further confirmed with a fluores-
cently coupled primary amine (fig. S5). The resultant adhesion
with ex vivo tissue exhibited high interfacial toughness of more than
200 J m~* (Fig. 1E fig. S6, and movie S1). Beyond tough adhesion,
the ANB also maintained stability without substantial device swell-
ing after an accelerated aging period of 12 weeks under physiological
conditions (95% relative humidity; fig. S7). Last, its biocompatibility
was confirmed through cytotoxicity assays (fig. S8), which showed
no detectable decrease in the in vitro viability of mouse embryonic
fibroblasts exposed to ANB-conditioned medium for 24 hours.
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The ANB showed favorable mechanical properties for long-term
implantation, including a low Young’s modulus (~0.75 MPa), large
maximum stretch (>1000%), and high tensile strength (~6.8 MPa)
(figs. S9 and S10 and movie S2). Moreover, the bioadhesive hydrogel
layer in direct contact with peripheral nerves exhibited a Young’s
modulus (~0.1 MPa) comparable to that of the rat nerve epineurium
(~0.4 + 0.1 MPa) (48), ensuring mechanical compatibility with the
host tissue. To further assess the durability of the assembled struc-
ture under repeated strain, we subjected the device to 10,000 tensile
cycles at 20% strain (fig. S10). The device remained intact with no
evidence of delamination among layers. Overall, the high compli-
ance and stretchability of the ANB accommodated the natural mo-
tion of peripheral nerves in response to body movement, thereby
improving its long-term stability in vivo.

Nonfibrotic interfaces
To verify that our adhesive bioelectronic interface remains nonfibrot-
ic 4 weeks after implantation of the ANB, we examined fibrous cap-
sules on the surface of peripheral nerves in a Sprague Dawley (SD)
rat model through histological analysis using hematoxylin and eosin
(H&E) and Masson’s trichrome (MT) staining. We compared three
groups: (i) native tissue, where no implant is present; (ii) adhesive
interfaces, where the ANB was attached for 4 weeks; and (iii) nonad-
hesive interfaces, where the ANB was first fully swollen in sterile
phosphate-buffered saline (PBS) to remove the hydrogel’s adhesive
properties and then sutured on the nerves (Fig. 2). To demonstrate
the versatility of the ANB, we considered peripheral nerves of differ-
ent sizes (300 to 1200 pm in diameter) located throughout the rat’s
body, from its head to its leg, including the occipital, vagus, deep pe-
roneal, sciatic, tibial, and common peroneal nerves (Fig. 2A and
fig. S12). Native tissue showed an intact surface around the epineu-
rium (Fig. 2B). Likewise, adhesive interfaces showed no visible fi-
brous capsule formation and were comparable to the native tissue
group for all nerves considered. Histological analysis by blinded pa-
thologists indicated that the ANB with adhesive interfaces prevented
fibrous capsule formation and inflammation of the peripheral nerves.
There was also no apoptosis of axons during long-term implantation
(Fig. 2C). On the other hand, all nonadhesive interfaces exhibited
thick and densely cellularized fibrous capsules at the outer epineuri-
um of nerves, including fat tissue necrosis and subsequent scar tissue
formation (Fig. 2D). We magnified the interfaces between the ANB
and the sciatic nerve (Fig. 2, E to G). For native tissue and adhesive
interfaces, the epineurium layer was defined because fibrous capsules
were not formed. On the contrary, the thick fibrous capsule around
the nonadhesive interfaces obscured the boundary of the outer epi-
neurium. Similar results were observed in all other nerves (fig. S13).
To quantify the differences between the three groups, we further
measured the thickness of the outer epineurium, including fibrous
capsules when present (Fig. 2H). The thicknesses of the outer epineu-
rium were similar in native tissue and adhesive interfaces for all
nerve samples. This result confirmed that the interface remained
nonfibrotic following the implantation of the ANB, suggesting that
adhesion is a robust strategy to prevent chronic inflammation around
nerves. Conversely, nonadhesive interfaces showed a thick outer epi-
neurium due to fibrous capsule formation on nerves (Fig. 2H).

Electrical properties and stability
To evaluate the potential of the ANB for long-term implantation
and stable stimulation, we measured its electrical properties, which
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exhibited favorable performance with regards to its impedance (| Z |
~ 0.76 kilohm at 1 kHz; see Fig. 3A), conductivity (¢ ~ 2.3 S cm™;
see Fig. 3B), charge storage capacity (CSC ~ 10.5 mC cm ™% see Fig. 3,
C and E), and charge injection capacity (CIC ~ 290 puC cm™%
see Fig. 3, D and E). These electrical properties of the ANB were
compared with those of a Pt electrode, a pure adhesive, and the 3D
printed bioelectronic device only (i.e., without the bioadhesive hy-
drogel). We determined the corrosion-resistant window from each
material, ranging from maximum anodic potential (Ey,) to maxi-
mum cathodic potential (Ey,) as the input boundary for CSC and
CIC measurements (fig. S14). The pure adhesive had impedance
(Z ]~ 1.17 kilohm at 1 kHz), conductivity (¢ ~ 0.4 S cm™), CSC
(~0.5 mC cm™), and CIC (~93 pC cm™). Although applying the
bioadhesive hydrogel slightly reduced overall performance, the
ANB still exhibited high-quality electrical properties for stimula-
tion, including high CSC and CIC. This was achieved because the
hydrogel provided sufficient conductivity to enable charge transfer
from the electrodes to the nerves, while the relatively large separa-
tion between cathodic and anodic electrodes prevented cross-talk.
As a result, charges injected from the electrodes could not travel di-
rectly through the hydrogel between sites (fig. S15).

Furthermore, we analyzed CSC and CIC changes under cyclic
electrical and mechanical testing, and soaking in PBS at room tem-
perature (RT), to confirm the long-term stability of the ANB. The
electrical performance improved with a 43% increase in CSC over
100,000 charging and discharging cycles (Fig. 3F). Although an 18%
decrease in CIC occurred over 100,000 CIC cycles, it remained suf-
ficiently high to stimulate the nerve in vivo. Moreover, CSC and CIC
of the ANB were maintained or improved over 10,000 tensile cycles
(100% stretch) and 12 weeks of soaking in PBS at RT (Fig. 3,
G and H).

Long-term in vivo BP regulation
To evaluate the efficacy and importance of nonfibrotic interfaces in
bioelectronic devices, we stimulated DPN for 4 weeks using the ANB
or the nonadhesive device (Fig. 4). We monitored the BP and heart
rate (HR) of spontaneously hypertensive rats via a noninvasive tail
cuff upon DPN stimulation once per week (Fig. 4A). We chose BP
regulation as the primary functional readout because it represents a
sensitive, whole-organism measure of DPN conduction. Even minor
conduction deficits would be expected to blunt this systemic re-
sponse, making BP a more translationally relevant indicator than lo-
cal electroneurographic recording. To compare BP and HR between
spontaneously hypertensive rats and normal rats, we first recorded
them without stimulation (Fig. 4B). The BP of the spontaneously hy-
pertensive rats ranged from 113 to 120 mmHg, whereas that of the
normal rats showed a lower level of 76 to 85 mmHg. A similar resting
HR of ~400 beats per minute (bpm) was observed in both groups.

To regulate BP in spontaneously hypertensive rats using DPN
stimulation, we then applied different current pulses by varying
their amplitude (0.1 to 1.0 mA), width (100 to 1000 ps), and number
(N =1 to 200 pulses) (Fig. 4, C to E). To identify lower bounds on
the stimulation parameters, we first found that leg extension com-
menced at a stimulation pulse of 0.2 mA and 100 ps, indicating a
charge threshold of 20 nC. These base pulse parameters (0.2 mA,
100 ps, and N = 1) were then systematically increased, and their ef-
fect was analyzed.

We observed a gradual BP decrease upon stimulation with an
increasing value of each pulse parameter, accompanied by more
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and CPNs were used. Scale bars, 1 mm. (B to D) Representative histological images of the peripheral nerves before and after 4 weeks of implantation of the bioelectronic
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sent the 5th and 95th percentiles of the data. Each experiment was repeated independently (n = 8 per group). Statistical significance and P values are determined by
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(right axis) derived from plots (C) and (D), respectively. (F) CSC versus cyclic voltammetry cycles (top) and CIC versus CIC cycles (bottom) of the ANB. Red dashed lines
indicate the initial value at the first cycle. Values in impedance, conductivity, CSC, and CIC represent the average and the SD (n = 3; independent samples). (G) Plots of
impedance (left), CSC (middle), and CIC (right), normalized to the initial value at the first tensile cycle, as a function of the tensile cycle at 100% stretch. (H) Plots of im-
pedance (left), CSC (middle), and CIC (right), normalized to the initial value before soaking in PBS solution, as a function of soaking time in PBS solution. Red dashed
lines indicate the initial value at the first tensile cycle and before soaking in PBS solution. Values in impedance, CSC, and CIC represent the average and the SD (n> 5;

Time soaked in PBS (weeks)

independent samples).

Moon et al., Sci. Adv. 11, eadz3668 (2025)

5 November 2025

Time soaked in PBS (weeks)

Time soaked in PBS (weeks)

50f13

9202 ‘62 |1dy Uo A1ISieAIUN Uepn Te BI08ous 105 MMM//SANY WO.J Papeo luMod



SCIENCE ADVANCES | RESEARCH ARTICLE

Moon et al., Sci. Adv. 11, eadz3668 (2025)

A ANB Sutured device B 130 450
Spontaneously hypertensive rat
(SHR) 3 o f\/"‘M—\/\M\/\J"\/
1. Stimulation £ 110 1 T 4251
E — SHR s
b J 2 =
- g 91 § 400 oy ARAROA
@ [
Stimulation (0.2 mA, 100 ps, N = 50) £ W\/"\/’"\/ =
: H i [0}
for 10 min at 0.2-Hz intervals '§ 70 | T 375 | — SHR
i i i l l o —— Normal rat
— Normal rat
50 T T T T 350 T T T T
0O 5 10 15 20 25 0 5 10 15 20 25
2. Noninvasive tail cuff Recording of blood pressure and heart rate Time (min) Time (min)
c . . D . . Stimulation
130 - Stimulation (0.1, 0.2, ---, 1 mA) 130 Stimulation (100, 200, ---, 1000 ps) 130 - (1,5, 10, 50, 100, 200 times)
be oooe . o o . . o oo ee oo o o o beo o oo
2] ? 2 ]
£ 110 1 £ 110 £ 110 Pulse amplitude: 0.2 mA
E | E £ | Pulse width: 100 ps
e i) e
2 90 4 a2 90 2 90+
123 123 123
o ] o o ]
Q Q Q
o . o . o
§ 70 1  Pulse width: 100 ps S 70 4 Pulse amplitude: 0.2 mA g 70 4
o 4 Nofpulse: 1 o 4 Nofpulse: 1 o R
50 r : - : . 50 - r : : 50 r T -
450 1 . 450 7 . 450 7
o o o o o (] e o L] L] E > oo LN o o L] [ ] [ ] £ oo o e oo
Q 4 Q 4 Q B
E=) 2 e=2
Q Q Q N\t N~ -
2 400 Jera AN, P N A o 2 400 VWA G WYY SR v 2 400
= k4 b=
© 1 © N o 1
T T T
350 350 350
0 20 40 60 80 100 0 20 40 60 80 0 20 40 60
F Time (min) Time (min) Time (min)
130 450
@ Pulse width: 100 ps Pulse amplitude: 0.2 mA Pulse amplitude: 0.2 mA
E 110 4 N of pulse: 1 L N of pulse: 1 4 Pulse width: 100 ps o
o
2 i
3 90 L L 400 &
o G
Q °
2 70 A H H 3
o
-]
@ 50 350
0.1 02 03 04 05 06 0.7 0.8 09 1.0 100 200 300 400 500 600 700 800 900 1000 1 5 10 50 100 200
G Amplitude (mA) Pulse width (ps) Number of pulse (N)
130
5 ow 2W
o I
& € 110
g E
L o
€ 5
90
2 2
E S
T g
o 4 4 4 4 4
50 ! . . ! ! . : ! ! ! : : ! . '
130
o S - ow B 1W (4 2W (4 3IW |4 4 W
8
£ EM] | Wé | WA WAV A
5 £ ] | DG OEVIVIY, | VWV LNy
E o
2 2 90 b B 1 B
2 @ I 7 By Y e 4 - - - - = 1 4 — — = = 7
s = e : i
© O 4 o 4 4 4
g _8 70
Z o B B B B o
50 T T T T T T r - - r : r
0 20 40 0 20 40 0 20 40 0 20 40 0 20 40
Time (min) Time (min) Time (min) Time (min) Time (min)

5 November 2025

Fig. 4. BP regulation and HR changes upon DPN stimulation comparing adhesive interfaces and nonadhesive interfaces of bioelectronic devices. (A) Schematic
illustration of the BP and HR measurement configuration under DPN stimulation using the ANB or the nonadhesive device in spontaneously hypertensive rats (SHR). Scale
bars, 1 mm. W, weeks. (B) Plots depicting BP and HR without DPN stimulation comparing SHR and normal rats. (C to E) Characterization of BP regulation in SHR during DPN
stimulation for three groups: current pulse changes in amplitude (0.1 to 1.0 mA; C), pulse width (100 to 1000 ps; D), and pulse number (1 to 200 pulses; E). The standard
current pulse for DPN stimulation used an amplitude of 0.2 mA, a pulse width of 100 ps, and a pulse number of N = 1. Green dots indicate the timing of stimulation using
different current pulses. Plots show continuous BP (top) and HR (bottom). (F) Plots of corresponding BP (red bar; left axis) and HR (blue bar; right axis) depending on DPN
stimulations with various current pulses to characterize BP regulation. (G) Plots of continuous BP measured during long-term DPN stimulation over 4 weeks. Current
pulses (0.2 mA, 100 ps, and N = 50) for 10 min at 0.2-Hz intervals were applied by the ANB with adhesive interfaces (red line; top) and the sutured device with nonadhesive
interfaces (blue line; bottom). Green dashed lines denote the BP range (76 to 85 mmHg) in normal rats. Values in [(B), (F), and (G)] represent the mean and the SD, and each
experiment was repeated independently (n = 3).
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pronounced leg extension (movies S3 to S5). Specifically, BP de-
creased to 58, 70, and 58 mmHg when increasing the amplitude to
1.0 mA, the pulse width to 1000 ps, and the number of pulses to 200,
respectively (Fig. 4F). Increasing the pulse amplitude above 0.4 mA
resulted in a substantial BP decrease (Fig. 4F, left), whereas BP mod-
erately declined upon increased pulse width (Fig. 4F, middle). This
suggests that BP regulation through DPN stimulation is dominated
by the pulse amplitude. However, when the pulse amplitude and
width were increased from their base value (while maintaining
N =1), the BP returned to its initial high value only 10 min after the
end of stimulation (Fig. 4, C and D). On the other hand, stimulation
using N = 50 pulses or more—maintaining base amplitude and
width parameters of 0.2 mA and 100 ps—allowed the BP of sponta-
neously hypertensive rats to remain similar to that of normal rats for
more than 40 min after the end of stimulation (Fig. 4E). In all cases,
the HR remained at ~400 bpm during DPN stimulation. On the ba-
sis of these results, we chose the stimulation parameters of current
pulses to be 0.2 mA, 100 ps, and N = 50.

To demonstrate the long-term stimulation capability of our nonfi-
brotic interfaces, we compared the stimulation performance of two
device groups: (i) the ANB with adhesive interfaces and (ii) the device
with nonadhesive interfaces (Fig. 4G). Using the parameters derived
above (0.2 mA, 100 ps, and N = 50), the ANB achieved BP regulation
after 4 weeks of stimulation, reaching levels similar to normal rats
(fig. S16A). The corresponding BP decreased by 34, 37, 33, 37, and
37% at 0 to 4 weeks, respectively (fig. S17A). These consistent values
indicate that the effect of long-term adhesion of the ANB on the nerve
was negligible for nerve conduction or stimulation quality. We ob-
served negligible changes in HR during successful BP regulation with
the ANB throughout 4 weeks, while a drop in HR is a known side ef-
fect of BP regulation using traditional methods (fig. S17B) (49, 50). In
contrast, the nonadhesive device managed to regulate BP only im-
mediately after implantation (fig. S16B). Although stimulation 1 week
after implantation yielded a slight BP decrease to 92 mmHg, the BP
remained high relative to normal rat levels (76 to 85 mmHg). Overall,
a significant decline in the stimulation performance was observed for
the nonadhesive device, as the BP decreased by 40, 16, 3, 2, and 2% at
0 to 4 weeks, respectively (fig. S17A).

Immunofluorescence analysis post-nerve stimulation

To further validate the long-term antifibrotic performance of our
adhesive bioelectronic interface, we conducted an immunofluores-
cence analysis on DPN samples actuated once a week for 4 weeks
and collected 12 weeks after implantation. As previously, we com-
pared native tissue (Fig. 5A), the ANB (Fig. 5B), and the nonadhe-
sive device (Fig. 5C).

The nonadhesive interface showed a 28% reduced neurofilament
density compared to that of native tissue (Fig. 5D). Notably, in the
images of the magnified epineurium interface (fig. S18A), the nonad-
hesive device showed not only sparse neurofilaments but also con-
tracted nerve fascicles—hallmarks of functional loss and sustained
inflammation. In addition, we observed significant macrophage
(CD68) infiltration in the nerve itself for the nonadhesive implant,
with a 45% increase from native tissue (Fig. 5E and fig. S18B). Simi-
larly, angiogenesis was stronger around the nonadhesive device as
shown by a 56% higher blood vessel density compared to native tissue
[a-smooth muscle actin (a-SMA)] throughout the nerve epineurium
and fibrous capsule (Fig. 5F). We also detected fibroblast activity
throughout the nerve epineurium and fibrous capsule, indicative of a
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chronic fibrotic response (fig. S18C). In turn, fibroblasts induced sub-
stantial type-I collagen (Col-I) deposition at the epineurium and fi-
brous capsule (Fig. 5G). These factors led to major thickening of the
epineurium of nonadhesive interfaces, which reached more than
three times the thickness of the adhesive interfaces (fig. S18D). In
contrast, the DPN implanted with our ANB exhibited a neurofilament
density comparable to that of native tissue (Fig. 5, B and D). The
DPN-ANB interface closely resembled native tissue across all evalu-
ated metrics (Fig. 5, D to F). In particular, no macrophage infiltration
in the nerve and adhesive interface was observed across all samples
(Fig. 5E and fig. S18B). There was also no detectable fibroblast activity
or fibrotic collagen deposition around the nerve, and the collagen
thickness remained comparable to native tissue (Fig. 5F).

To further examine the temporal progression of inflammation
underlying the functional decline of nonadhesive interfaces, we
monitored the response during the first 4 weeks of device implanta-
tion on the DPN (fig. S19). As early as 1 day postimplantation,
abundant macrophages initiated a foreign body response around the
epineurium. By week 1, a densely cellularized collagen-rich fibrous
capsule had formed, corresponding with the observed loss of stimu-
lation capability. Neurofilament density began to markedly decrease
by week 2, while macrophages progressively infiltrated the nerve
through the epineurium from week 3 onward. Fibroblast activity
within the fibrous capsule increased up to week 2 and then gradu-
ally declined.

DISCUSSION

Using our adhesive bioelectronic device ensures the formation of a
nonfibrotic interface and enables long-term and stable implantation
on various peripheral nerves. This study builds on our previously
reported adhesive antifibrotic patch (47), which suppressed fibrosis
on organ surfaces but did not provide functional neuromodulation.
Here, we introduce a fully integrated ANB system tailored for pe-
ripheral nerves. By combining adhesive hydrogel chemistry with
multimaterial 3D printing of insulating and conductive layers, we
created a customizable electrode architecture capable of stable long-
term neuromodulation.

Although many strategies for device implantation have emerged
to secure contact with peripheral nerves—such as soft-actuating
(51), nanoclip (52), shape memory (53), and self-healing (3, 54) de-
vices—these physical contact methods still impose mechanical pres-
sure. A constant pressure below 4 kPa is recommended for chronic
implantation on peripheral nerves to prevent nerve function degra-
dation (55). However, this criterion is hard to achieve with these
nonadhesive methods because electrical recording or stimulation
requires constant contact with the bioelectronic devices through ex-
ternal pressure. In contrast, robust electrical contact with the ANB
does not rely on such pressure. We highlight that although periph-
eral nerves are generally considered less immunogenic than many
other tissues, fibrosis at nerve-device interfaces is still common.
This response arises largely from mechanical micromotion in the
dynamic implantation environment, rather than from material sur-
face chemistry (56). By covalently anchoring the interface and sup-
pressing micromotion, the ANB prevents the chronic irritation that
would otherwise drive fibrotic encapsulation.

The mechanical and electrical characterization of the ANB
showed that it exhibits properties of high softness, stretchability, and
interfacial toughness desirable for in vivo implantation. In addition,
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Fig. 5. Immunofluorescence images of the DPN post-nerve stimulation. (A to C) Neurofilament (NF; green), macrophages (CD68; red), a-smooth muscle actin (a-SMA;
red), type-I collagen (Col-|; red), and nuclei [4',6-diamidino-2-phenylindole (DAPI); blue] are compared in native tissue (A), adhesive interfaces after 12 weeks of implanta-
tion of the ANB (B), and nonadhesive interfaces after 12 weeks of implantation of the nonadhesive device (C). NF, CD68, a-SMA, Col-I, and DAPI represent markers for nerve
fascicles, macrophages, blood vessels, collagen, and cell nuclei, respectively. Dashed lines and arrows indicate the area of epineurium for native tissue and nonadhesive
interfaces and epineurium-ANB for adhesive interfaces. Fibrous capsules are observed at the nonadhesive interfaces. Scale bars, 200 pm. (D to F) Quantitative analysis of
the immunofluorescence results. The number of NFs (D), macrophages (E), and blood vessels (G) per 1000 pm? and the total collagen area (F) are compared in native tissue
(black), adhesive interfaces (red), and nonadhesive interfaces (blue). Each experiment was repeated independently (n > 3 per group). Statistical significance and P values

are determined by two-sided unpaired t test (NS, *P < 0.05, and **P < 0.01).

we verified that the ANB remains mechanically and electrically sta-
ble for long term in vivo use, showing robust stimulation perfor-
mance after 100,000 tensile cycles to 100% stretch, 10,000 CSC/CIC
cycles, and 12 weeks of PBS immersion at RT. In addition, the bio-
adhesive hydrogel in direct contact with nerves is ultrasoft and
highly stretchable, fulfilling biocompatibility requirements (27) and
preventing the occurrence of mechanically driven FBR (43). We also
proved that the adhesion of the ANB ensures nonfibrotic interfaces
on peripheral nerves after 12 weeks of device implantation.

In past studies, BP has been regulated by stimulating the carotid
sinus or vagus nerve, both of which play an important role in
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metabolism, such as regulating hypertension, glucose level, and
breathing rate (57-60). However, stimulation of these targets can
cause side effects such as HR decreases, apnea, cough, and paresthe-
sia (61-63). To demonstrate the unprecedented capabilities un-
locked by our ANB, we confirmed long-term BP regulation in vivo
by a 37% decrease in BP after DPN stimulation of a spontaneously
hypertensive rat model for up to 4 weeks. This regulation was
achieved without the undesirable HR decrease observed in existing
methods. In contrast, nonadhesive bioelectronic interfaces lost most
of their performance 1 week only after the implantation of the de-
vice because a thick fibrous capsule formed at the interface, limiting
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electrical contact. These results are consistent with findings from
histological and immunofluorescence analysis of peripheral nerves
collected after implantation. The nonadhesive device showed thick
fibrous encapsulation around the nerve and reduced neurofilament
density, which are signs of chronic inflammation and functional
loss. On the other hand, our adhesive interfaces were comparable to
native nerve tissue for all biological metrics considered. In summa-
ry, DPN stimulation using nonfibrotic interfaces is a promising
solution for long-term BP regulation without causing the HR to de-
crease. Beyond the fixed biphasic parameters used here, future work
will explore waveform optimization (e.g., pulse shape, interphase
gap, and frequency) to enhance neural selectivity and minimize off-
target effects. Overall, we envision that adhesive bioelectronic inter-
faces will provide a robust strategy for long-term, nonfibrotic device
integration while also opening promising avenues for translational
efforts in bioelectronics-based disease treatment, rehabilitation, and
human augmentation.

MATERIALS AND METHODS

Materials

For the preparation of the insulating layer, low-water content PU
(HydroThane AL-25 80A, AdvanSource Biomaterials), dimethylfor-
mamide (DMF) (Sigma-Aldrich), and tetrahydrofuran (THF)
(Sigma-Aldrich) were used. For the preparation of the conductive
hydrogel, PEDOT:PSS solution (Clevios PH 1000, Heraeus Electron-
ic Materials), dimethyl sulfoxide (DMSO; Sigma-Aldrich), ethanol
(Sigma-Aldrich), and hydrophilic PU (HydroMed D3, AdvanSource
Biomaterials) were used. For the preparation of the bioadhesive hy-
drogel, acrylic acid (Sigma-Aldrich), a PVA [molecular weight (M)
of 146,000 to 186,000 and 99+% hydrolyzed; Sigma-Aldrich], hydrophil-
ic PU (HydroMed D3, AdvanSource Biomaterials), a-ketoglutaric
acid (Sigma-Aldrich), poly(ethylene glycol) dimethacrylate (PEGDMA)
(Sigma-Aldrich), and NHS (Sigma-Aldrich) were used. For 3D print-
ing onto a glass substrate, a PVA (M,, of 31,000 to 50,000 and 87 to
89% hydrolyzed; Sigma-Aldrich), Nozzles (100 and 200 pm; Nordson
EFD) and a 5-ml syringe (Nordson EFD) were used. The porcine skin
and muscle tissue used for adhesion tests were purchased from a
research-grade biological tissue vendor (Sierra Medical Inc.).

Preparation of the insulating layer

To prepare the insulating layer, a low-water content PU was pre-
pared after drying overnight in a 40°C oven. We dissolved the dried
low-water content PU in a solvent solution [DMF:THF = 1:1 (v/v)]
at a concentration of 25 w/w % for 24 hours.

Preparation of the conductive hydrogel

A PEDOT:PSS solution was mixed for 6 hours at RT and was filtered
through a nylon syringe filter (0.45-pm pores; Tisch Scientific). The
filtered solution was cryogenically dried using a freeze dryer (FreeZ-
one, Labconco) for 72 hours. The lyophilized PEDOT:PSS was dis-
solved in a solution [deionized water:DMSO = 85:15 (v/v)] at a
concentration of 7 w/w %. This mixture was homogeneously blend-
ed by a mortar grinder (RM 200, Retch). Meanwhile, a hydrophilic
PU was prepared after drying overnight in a 40°C oven. The dried
hydrophilic PU was diluted with a 70% ethanol solution to a con-
centration of 10 w/w %. The blended PEDOT:PSS and the 10 w/w %
hydrophilic PU were mixed in a 2:1 (v/v) ratio for 1 hour at RT, fol-
lowed by consecutive filtering with polypropylene syringe filters
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(20- and 10-pm pores; Tisch Scientific). The conductive hydrogel
was synthesized using a previously reported method (45).

Preparation of the bioadhesive hydrogel

A precursor solution was prepared by mixing 32 w/w % acrylic
acid, 7 w/w % PVA, 0.2 w/w % a-ketoglutaric acid, and 0.05 w/w %
PEGDMA with deionized water and then dissolving 30 mg of NHS
in each 1 ml of the mixed solution (fig. S3). The precursor solution
was transferred into a transparent mold with a thickness of 70 pm
and cured in an ultraviolet (UV) chamber (365 nm and 0.4 mW/
cm?) for 30 min. The bioadhesive hydrogel was synthesized using a
previously reported method (46, 47).

Fabrication of the ANB

A sacrificial layer of a PVA (20w/w % in deionized water) was spin
coated on a glass substrate at 500 rpm for 1 min and dried at 70°C
for 1 hour. To fabricate the bioelectronic device, the insulating layer,
the conductive hydrogel, and another insulating layer were consecu-
tively patterned by a customized 3D printer using a Cartesian gantry
system (AGS1000, Aerotech) and a liquid dispenser system (Ulti-
mus V, Nordson EFD). We used nozzles of 100 and 200 pm for
printing the conductive hydrogel and the insulating layer, respec-
tively. In addition, we applied extruding pressures of 90 and 280 kPa
to print the conductive hydrogel and the insulating layer, respec-
tively. The pattern pathways were designed with AutoCAD (Au-
todesk) and converted into G-code via CADFusion (Aerotech) to
command the X-Y-Z motion of the print head. This direct ink writ-
ing approach reliably achieved a minimum line width of ~100 pm,
consistent with the nozzle dimensions and rheological properties of
the inks. The patterned bioelectronic device was lifted from the glass
substrate by immersing it in deionized water for 10 min. This bio-
electronic device was attached to the UV-cured bioadhesive hydro-
gel and dried in a fume hood with airflow under ambient conditions
for 12 hours. Before implantation on peripheral nerves, the fabri-
cated ANB was prepared using aseptic techniques and disinfected
under UV-C light (254 nm) for 30 min.

In vitro NHS ester activity

To confirm NHS ester reactivity, hydrogel bioadhesive samples were
incubated with a primary amine probe. Dry hydrogel samples were im-
mersed in a 50 pM solution of Alexa Fluor 488-cadaverine (Invitrogen)
in PBS (pH 7.4) for 30 min at RT. Samples were then washed five
times with 10% ethanol in PBS (5 min each), followed by a final PBS
rinse. As a negative control, hydrogel samples preincubated in PBS
overnight to deactivate NHS esters were processed in parallel.
Samples were imaged on a confocal microscope (SP8, Leica; 5%
objective) using excitation/emission at 493/516 nm under identical
acquisition settings. Fluorescence intensity was quantified in Image]J
as mean intensity per unit sample area.

In vitro biocompatibility

We performed in vitro biocompatibility experiments to assess the cy-
totoxicity of the adhesive hydrogel and PU layers directly in contact
with the nerve’s surface. Dry hydrogel-PU thin films (10 mg/ml),
UV-sterilized before use, were incubated in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with 10% (v/v) fe-
tal bovine serum and 1% (v/v) penicillin-streptomycin at 37°C for
24 hours to prepare conditioned medium. BALB/c 3T3 mouse embry-
onic fibroblasts (American Type Culture Collection, CCL-163) were
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cultured under standard conditions (37°C and 5% CO,) and exposed
to hydrogel-PU-conditioned medium for 24 hours. Pristine-
supplemented DMEM was used as the control. Cell viability was de-
termined using a LIVE/DEAD cell imaging kit (Invitrogen) and
following the manufacturer’s protocol. Cells were imaged on a confo-
cal microscope (SP8, Leica; 5% objective) to image live cells with ex-
citation/emission at 488/515 nm (live), and 570/602 nm (dead). Cell
viability was quantified in Image] by counting live and dead cells.

Mechanical characterizations

To measure the interfacial toughness of the bioadhesive hydrogel, ad-
hesion tests were performed using a standard T-peeling test (ASTM
F2256) using a universal testing machine (2.5-kN load cell; zwickiLine
72.5, Zwick/Roell). Porcine skin and muscle were prepared by wash-
ing them with PBS. A polyimide film (thickness of 50 pm; Good-
fellow) was bonded to the bioadhesive hydrogel as a stiff backing with
cyanoacrylate glue (Krazy Glue). This bioadhesive hydrogel (10 mm
in width) was attached to biological tissue with gentle pressure for
5s, and then one side of the sample was pulled at a speed of 300 pm
s7!. The measured force reached a plateau, as the peeling process
entered a steady state (fig. S6). Interfacial toughness was calculat-
ed by dividing the plateau force by twice the width of the tissue
sample. For the accelerated aging experiment, the ANB (without
PEDOT:PSS) was adhered to porcine muscle tissue. The ANB-
muscle sample was placed in a 95% relative humidity chamber at
45°C for 20 days, equivalent to an aging time of up to 12 weeks ac-
cording to the ASTM F1980 accelerated aging test standard.

For measurement of Young’s modulus, maximum stretch, and ten-
sile strength, we conducted a standard tensile test (ASTM D412), us-
ing three groups: the pure bioadhesive (4 to 7 mm in width, 3 to 6 mm
in length, and 100 pm in thickness), the bioelectronic device (4 mm in
width, 4 mm in length, and 50 pm in thickness), and the ANB (4 mm
in width, 4 mm in length, and 150 pm in thickness). All samples were
prepared in a swollen state after being immersed in PBS for 3 hours.
Both sides of the samples were clamped, and one side was pulled by a
materials testing machine (4.4-N load cell; UStretch, CellScale), mea-
suring the corresponding force. The resulting stress-strain curves were
used to determine Young’s modulus, maximum stretch, and tensile
strength (fig. S10). Notably, Young’s modulus was defined as the initial
slope of the stress-strain curve. Maximum stretch and tensile strength
were measured at the point of sample rupture.

Electrical characterizations

For electrical characterizations, we compared the Pt electrode (40 mm
in width, 40 mm in length, and 25 pm in thickness), the pure adhe-
sive (40 mm in width, 40 mm in length, and 100 pm in thickness),
the bioelectronic device (0.7 mm in width, 2 mm in length, and
50 pm in thickness), and the ANB (0.7 mm in width, 2 mm in
length, and 150 pm in thickness) in conductivity, impedance, CSC,
and CIC. All samples were prepared in a swollen state after being
immersed in PBS for 3 hours. The sheet resistance of samples was
measured by a standard four-point probe (4200-SCS, Keithley), and
the electrical conductivity was calculated as

L
o= ————-
RXWXT
where 6 is electrical conductivity, L is the distance between the two

electrodes for voltage measurement, R is the sheet resistance, W is
the sample width, and T is the sample thickness.

(1)
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Electrochemical impedance spectroscopy was conducted using a
potentiostat/galvanostat (Autolab IMP, Metrohm) to measure im-
pedance, CSC, and CIC. A three-electrode configuration was used:
the sample as the working electrode, a Pt wire electrode as the coun-
ter electrode, and an Ag/AgCl electrode as the reference electrode.
These electrodes were immersed in PBS (pH 7.4) inside a Faraday
cage. Impedance was measured from 10 Hz to 100 kHz with a bias
of 10 mV versus Ag/AgCl. Meanwhile, the corrosion-resistant win-
dow of each sample was acquired by applying a biphasic current
pulse (0.7 mA in amplitude, 2 ms in pulse width, and 0.5 ms in
interphase gap) (fig. S14). From the corresponding potential of each
sample, window limits (from E_ . to E,,) were measured as

Emc = Vmc_ |V

accessl

Ema = Vma_ |V

accessl

)

where E_is the maximum cathodic potential, V| . is the maxi-
mum cathodic voltage transient, V, . is the access voltage, E,, is
the maximum anodic potential, and V, is the maximum anodic
voltage transient.

Cyclic voltammetry measurements were performed to calculate
CSC at a scan rate of 100 mV/s within the corrosion-resistant win-
dow of each sample. In contrast, current density measurements were
conducted to calculate CIC by applying a biphasic potential pulse
(Epe - E,a in amplitude and 2 ms in pulse width). The CSC was
calculated from the cyclic voltammetry curves, and the CIC was cal-
culated from the current density transient as

Ea

csc=1 J|]|dE
1%

Ec

3)

where v is the scan rate, E, is the potential limit of the anode, E, is
the potential limit of the cathode, J is the measured current density,
and E is the potential versus Ag/AgCl

+ Qinj(a)
A
where Q) is the total injected charge in the cathodic phase,
Qipj(a 18 the total injected charge in the anodic phase, and A is the
sample area.

Qinj(o

CIC = (4)

In vivo ANB implantation on diverse peripheral nerves
All animal studies in rats were approved by the Committee on Ani-
mal Care (protocol number: 2209000422) at the Massachusetts In-
stitute of Technology (MIT), and all surgical procedures and
postoperative care were supervised by the MIT Division of Com-
parative Medicine veterinary staff. The animal care and use pro-
grams at MIT meet the requirements of Federal Law (89-544 and
91-579) and NIH regulations and are also accredited by the American
Association for Accreditation of Laboratory Animal Care Interna-
tional. SD rats (female and male, 200 to 250 g, 10 weeks; Charles
River Laboratories) and spontaneously hypertensive rats (female
and male, 150 to 180 g, 8 weeks; Charles River Laboratories) were
used for all in vivo rat studies. All samples were prepared using
aseptic techniques and further sterilized under UV light (254 nm)
for 30 min before implantation.

For implantation of the ANB on diverse peripheral nerves, ani-
mals were anesthetized with inhaled isoflurane (2 to 3% isoflurane
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in oxygen) in an anesthesia chamber. They were then placed on a
heating pad, and anesthesia was maintained at 2% isoflurane via a
nose cone throughout the surgery. Respiratory rate and breathing
quality were continuously monitored to confirm anesthesia depth.
Buprenorphine SR was injected subcutaneously at 1.0 mg/kg for an-
algesia. We then applied eye ointment to prevent corneal irritation,
and hair at the incision site was shaved, followed by sterilization
with betadine and 70% ethanol. A 2-cm incision was made in the
dermis over the locations of the target nerves: the central head near
the right ear for the occipital nerve, the ventral side of the neck over
the jugular vein for the vagus nerve, the fibula side of the leg for the
DPN, and the femur side of the leg for the sciatic nerve, tibial nerve,
and common peroneal nerve. These nerves were exposed by sepa-
rating the muscles from the fascia layer on the outer epineurium of
nerves. The ANB for adhesive interfaces and the sutured device for
nonadhesive interfaces (n = 8 for each nerve) were implanted on the
nerve surface. The nonadhesive device was prepared by immersing
the ANB in PBS for 3 hours before implantation. Devices were
wrapped around their nerve for the implantation. The ANB adhered
to the nerve, whereas the nonadhesive device was secured with su-
tures (6-0 Silk, Ethicon) to the nerve-surrounding substrates of the
device itself. Next, the incision was closed with sutures (5-0 Vicryl,
Ethicon), and 4 ml of warm saline were injected subcutaneously to
prevent dehydration. For BP regulation studies, the ANB and the
sutured device were implanted on the DPN of the spontaneously
hypertensive rat model. An additional 2-cm incision was made at
the animals’ cervical region, and the electric wires of the implanted
device were tunneled subcutaneously from the DPN to the cervical
region under the skin. In addition, a pedestal port was implanted in
the cervical incision site and fixed when closed with sutures (5-0
Nylon, Ethicon). The wires were placed inside the pedestal port to
store them after the animals woke from anesthesia. The ANB fully
functioned throughout the study period, and the endpoint of the
study was determined for investigational purposes rather than by
implant failure. All animals in the study survived and were kept in
normal health conditions based on daily monitoring by the MIT Di-
vision of Comparative Medicine veterinarian staff. At the end of the
study, animals were euthanized through CO, inhalation.

Histology

All peripheral nerves with bioelectronic device implantation were
collected after euthanasia and fixed in a 10% formalin solution for
24 hours. The fixed nerves were stored in 70% ethanol and submit-
ted for paraffin embedding at the Hope Babette Tang (1983) Histol-
ogy Facility of the Koch Institute for Integrative Cancer Research at
MIT. The paraffin block-embedded nerve samples were sectioned
in a thickness of 4 pm and stained with H&E and MT. The H&E and
MT slides were scanned using a digital slide scanner (Aperio, Leica).
All histological assessments of the randomly mixed nerve samples
were performed in a blinded manner by pathologists who were un-
aware of the study group assignments.

In vivo BP regulation without HR change

For BP and HR measurements, SD rats and spontaneously hyper-
tensive rats implanted with bioelectronic devices and pedestal ports
were anesthetized using 1.5% inhaled isoflurane. SD rats were used
as a control to represent the rat model in a normal state. A noninva-
sive tail cuff was placed on the tail of the animals, and both BP and
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HR were measured using a commercial BP monitoring system
(CODA Monitor, Kent Scientific). To stimulate DPN for BP regula-
tion, electrodes of the ANB or the sutured device were implanted in
spontaneously hypertensive rats and were connected to a RHS Stim/
Recording Controller (Intan Technologies). For BP regulation
characterization in spontaneously hypertensive rats, a current pulse
(0.2 mA in amplitude and 100 ps in pulse width) was the standard
for DPN stimulation. We measured the BP and HR upon DPN stim-
ulation with different current pulses by varying amplitude (0.1 to
1.0 mA), pulse width (100 to 1000 ps), and pulse number (1 to 200
pulses). To demonstrate long-term BP regulation, we stimulated
DPN with current pulses (0.2 mA in amplitude, 100 ps in pulse width,
and N = 50 pulses) for 10 min at 0.2 Hz.

Immunofluorescence

The DPN was harvested from spontaneously hypertensive rats
8 weeks poststimulation in three groups: native tissue, the ANB im-
plantation, and the sutured device implantation. The sample was
fixed overnight in a 10% formalin solution and then immersed in 15
and 30% sucrose solutions (in PBS) for 4 hours and overnight, respec-
tively. Then, the sample was embedded in the optimal cutting tem-
perature (OCT) compound (Tissue-Tek, Sakura Finetek USA) and
frozen in a dry ice-ethanol container at —78°C. The sample embed-
ded in a frozen OCT compound block was sliced using a cryostat
(Shandon Cryotome, Thermo Fisher Scientific) with a 12-pm thick-
ness. For immunofluorescence staining, tissue slides were washed
three times in a wash buffer solution (0.3% Triton X-100 in PBS) for
5 min each. Next, they were incubated with a blocking solution (10%
normal donkey serum in wash buffer solution) for 1 hour at RT. Then,
the samples were incubated overnight at 4°C with primary antibodies
in a diluent solution (5% normal donkey serum in wash buffer solu-
tion): mouse anti-NF200 (1:200; N5389, Sigma-Aldrich), rabbit anti-
CD68 (1:500; ab125212, Abcam), rabbit anti-a-SMA (1:100; ab5694,
Abcam), rabbit anti-Collagen I (1:100; ab316222, Abcam), and goat
anti-Collagen I (1:100; catalog no. 1310-01, SouthernBiotech). For
a-SMA immunolabeling, permeabilization was performed using 2%
Triton X-100 in PBS for 30 min at RT before primary antibody treat-
ment. Next, the sample was rinsed three times for 5 min each using
the wash buffer solution, followed by incubation with secondary an-
tibodies in the diluent solution for 2 hours at RT: Alexa Fluor 488-
conjugated goat anti-mouse (1:1000; ab150113, Abcam), Alexa Fluor
488-conjugated donkey anti-goat (1:1000; ab150129, Abcam), and
Alexa Fluor 647-conjugated donkey anti-rabbit (1:1000; ab150075,
Abcam). Next, the samples were rinsed three times for 5 min each
using the wash buffer solution, followed by nuclear counterstaining
performed using 4',6-diamidino-2-phenylindole (DAPI) (1:1000;
catalog no. 62248, Thermo Fisher Scientific). The samples were
washed three times for 5 min each with PBS and were then cover-
slipped using a ProLong glass antifade mounting medium (catalog
no. P36980, Invitrogen). After curing the mounted sample at RT for
12 hours, fluorescent images were acquired using a fluorescent slide
scanner system and a 20X objective (TissueFAXS SL, TissueGnostics).
The density of nerve fascicles, macrophages, and blood vessels and
the fluorescent area of collagen were quantified using an image
analysis software (v0.5.1; QuPath). We expressed the density of a
particular marker as the number of the positive cells/structures per
1000 pm?. All analyses were performed blinded with respect to the
experimental conditions.
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Statistical analysis

All data obtained from this study were presented as the mean + SD
unless otherwise stated. MATLAB (R2021b, MathWorks) was used
to assess the statistical significance in all comparisons in this study.
In the statistical analysis for comparison between two data groups,
the two-tailed unpaired ¢ test was used. The significance levels were
NS (not significant), *P < 0.05, **P <0.01, and ***P < 0.001.

Supplementary Materials
The PDF file includes:

Figs.S1to S19

Legends for movies S1 to S5
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