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In Vivo Synthesis of Metabolically Degradable z-Conjugated
Conductive Polymers Enabling Seamless Neural Interface

Integration and Tissue Repair

Yinhua Qin, Xiaohang Qu, Boyue Huang, Dayu Sun, Haiyan Yin, Ming Ke, Ting Gao,
Yuhang Liu, Ju Tan, Gang Li, Xunyi Guo, Yougian Xu,* and Chuhong Zhu*

The seamless integration of bioelectronics with neural tissues is essential for
regulating biological signal transmission and understanding complex
physiological functions. However, conventional bioelectronic materials face
significant limitations, including poor interfacial integration at the cellular
level and a lack of controlled degradation, which hinders effective signal
transduction and long-term biocompatibility. To address these challenges, a
metabolically degradable z-conjugated conductive polymer, poly(pyrro-
le-3-carboxylic acid) (PPyCA) is developed and synthesized enzymatically
under physiological conditions. The electron withdrawing group, carboxylic
acids, reduced the electron cloud density of the pyrrole ring, enhancing the
pyrrole ring affinity toward superoxide anion and thereby promoting
controlled degradation. The resulting hydrophilic PPyCA has strong tissue
affinity, forms seamless bioelectronic interfaces, and undergoes complete

metabolic degradation within months. In vivo studies have demonstrated that

enzymatically synthesized PPyCA microvesicles (MVs) not only facilitate
neural signal transmission but also promote nerve regeneration following
injury. Mechanistic investigations revealed that PPyCA upregulates c-FOS and
related gene expression through the MAPK pathway, further supporting its
role in nerve repair. Importantly, proteomic and metabonomic analyses
confirmed the absence of cytotoxic effects. This study establishes a new
paradigm for metabolizable electroactive polymers that enable seamless
bioelectronic communication and programmed degradation, offering
significant potential for biomedical applications.

1. Introduction

The seamless integration of next-
generation electronic devices with Dbio-
logical systems represents a revolutionary
transformation in the realm of innovative
medical treatments.'! This integration
requires interface materials that coexist
harmoniously with biological entities,
possess excellent interfacial conductivity
between electronic materials and biological
tissue for efficient signal transmission, and
have tissue repair potential to actively aid in
damaged tissue restoration.l?] Importantly,
imparting metabolic degradation capabil-
ities to future electronics enables them to
disintegrate within a set period under a
dynamic physiological environment, thus
eliminating the need for surgical removal
from patients and reducing the risk of
potential infections.}] In the context of
interfacial conductivity, the repair and
recording of neural tissue hinge critically
upon seamless matching of the electrical
and mechanical characteristics of the im-
planted devices with those of the native
nervous system. Over the past few decades,
notable achievements have been made in
leveraging dielectric materials, including
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metals, inorganic semiconductors, and organic semiconductors,
for high-quality signal acquisition via implantation.*) However,
the implantation of exogenous materials invariably triggers a
complex tissue response.’] This response is typified by alter-
ations in the vasculature and neuropil architecture, accompanied
by the onset of inflammation.®! During in vivo implantation, the
inflammatory reaction results in a multitude of unpredictable
and erroneous biological signals, which can severely compromise
the reliability of the acquired data. In recent years, the in vivo
fabrication of organic bioelectronic devices induced by biolog-
ical metabolites has attracted significant attention.l’”! Neverthe-
less, effective strategies for therapeutic applications and the re-
alization of seamless integration at the cellular level remain to
be explored. Therefore, the development of biocompatible and
degradable conductive or semiconductor materials for restorative
neural interfaces still faces significant challenges.

n-Conjugated polymers hold great promise for facilitating
bioelectronic transmission in biological systems because of
their tunable responsiveness, biocompatibility, and mechanical
flexibility.I*>®] These versatile polymers intrinsically modulate the
transition between ionic flow and electronic conduction, reduc-
ing the electrochemical impedance at the critical interface be-
tween electronic devices and living tissues.l”) Considerable en-
deavors have been made to integrate z-conjugated polymers into
tissue systems, including electrochemical polymerization and ge-
netically targeted chemical assembly on living cells.'% To re-
duce the interfacial impedance between electronic interfaces and
plasma membranes, various strategies, such as physical adsorp-
tion, covalent bonding, and biodopants, have been developed to
create functionalized interfaces.[!!] Nevertheless, the mismatch
between static electronics and the dynamic living microenviron-
ment during complex tissue repair presents a significant chal-
lenge to achieving seamless integration.

By capitalizing on the intrinsic regenerative potential within
the body, a living compartmental bioreactor spontaneously arises
from the dynamic physicochemical microenvironment at the in-
jury site, facilitating the synthesis and assembly of z-conjugated
polymers.['2l Under normal conditions, reactive oxygen species
(ROS) production and elimination are balanced. The implanta-
tion of exogenous materials or the infliction of injury upon tissue
leads to an increase in the level of ROS, with hydrogen peroxide
(H,0,) serving as a typical example.['*] To regulate regeneration,
cells have developed a series of antioxidant enzymes, such as cata-
lase (CAT), for ROS scavenging.'*] This microenvironment is ca-
pable of serving as a living compartmental bioreactor to initiate
the in vivo polymerization of z-conjugated polymers.

Imparting metabolizable degradability may prevent space oc-
cupation and chronic inflammation induced by electronics. How-
ever, the availability of degradable conducting and semicon-
ducting materials remains constrained. Currently, the focus
of degradable z-conjugated polymers is mainly on modifying
degradable polymers such as polylactide and collagen by incor-
porating them into the polymer backbone or side chains. Pro-
totypical degradable conductive polymers are based on deriva-
tives of polyaniline (PANI), polypyrrole (PPy), and poly(3,4-
ethylenedioxythiophene) (PEDOT).!*] Another strategy for syn-
thesizing degradable z-conjugated polymers involves the incor-
poration of labile linkages within the polymer backbone.!**] Nev-
ertheless, degradation products (DPs), specifically nondegrad-
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able z-conjugated oligomers or monomers, pose unpredictable
risks for biological toxicity, especially within dynamic living
organisms.['’] Moreover, synthetic coupling strategies are con-
strained by metabolizable degradation mechanisms; for exam-
ple, imine-based polymers can be readily depolymerized under
acidic conditions, but this process is difficult to achieve in a phys-
iological environment.['®! To advance the design of degradable
r-conjugated polymers, diverse factors, such as a limited range
of monomer options, mild polymerization conditions, and me-
tabolizable degradation pathways, must be considered. The next
generation of organic electronics aims to achieve seamless inter-
facial communication and programmed or on-demand degrada-
tion. Consequently, the development of z-conjugated polymers
with designed monomer architectures and metabolizable degra-
dation mechanisms remains a significant challenge.

In this study, pyrrole-3-carboxylic acid (PyCA) was selected as
the monomer for the synthesis of z-conjugated polymers. The
presence of a carboxyl group within the molecular structure de-
creases the electron cloud density encircling the pyrrole ring.
This property endows the z-conjugated polymers with the ability
to undergo degradation, which is facilitated by electron donation
from reactive oxygen species (ROS) under physiological condi-
tions. The resulting carboxylated z-conjugated polymer, namely,
poly(pyrrole-3-carboxylic acid) (PPyCA), exhibited efficient signal
propagation characteristics and degradable properties under sim-
ulated physiological conditions. The monomer was introduced
into the site of crush injury within the sciatic nerve. In vivo, enzy-
matically synthesized conjugated polymers not only increase sig-
nal transmission within damaged nerves but also promote nerve
reconstruction (Scheme 1). Notably, PPyCA has the capacity for
metabolic degradation under physiological conditions after nerve
repair. Therefore, this study has developed a metabolizable z-
conjugated conductive polymer capable of enzymatic polymeriza-
tion in living systems, thus paving the way for creating seamless
interfaces and programmed metabolizable degradation in vari-
ous organism applications.

2. Results and Discussions

2.1. Enzymatic Polymerization of the z-Conjugated Polymer

The monomer structure of PyCA was verified by 'H NMR (Figure
S1, Supporting Information). '"H NMR (DMSO-d,): § = 11.60 (s,
1H, NH), 11.28 (s, 1H, COOH), 7.30 (m, 1H, CH), 6.74 (q, 1H,
CH), 6.35 (q, 3H, CH). In vitro, the enzymatic polymerization of
PPy and PPyCA was initiated byCAT and H, O, (Figure 1a; Figure
S2, Supporting Information). Notably, CAT, a class of oxidoreduc-
tases, plays a crucial role in the metabolism of living organisms.
The polymerization processes were recorded via digital photog-
raphy and UV-vis spectroscopy. When both CAT and H,O, were
present, the solution turned green, indicating that the polymer-
ization of PPyCA was similar to that of PPy. The evident absorp-
tion peak at 480 nm in the UV/Vis spectrum of PPyCA is differ-
ent from that of PPy at 465 nm. Unlike granules of hydropho-
bic PPy, scanning electron microscopy (SEM) of PPyCA revealed
smaller particles that contributed to improved dispersibility of
the interfacial carboxyl groups (Figure 1b; Figure S3, Supporting
Information). The FT-IR spectrum at 1710 cm™" was attributed
to the carbonyl group from PPyCA (Figure 1c). We measured the
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Scheme 1. In vivo, enzymatically synthesized z-conjugated polymers can not only increase signal transmission in damaged nerves but also promote
nerve repair. Unlike conventional degradable conductive polymers, PPyCA can be completely degraded under physiological conditions within a few

months after tissue repair.

polymer resistance via the four-electrode method and found that
PPy had a conductivity of 3.20 X 107! S cm~! and that PPyCA had
a much lower conductivity of 1.96 X 10~* S cm™" (Figure 1d). The
decrease in electrical conductivity is primarily attributed to the re-
duced dissociation capacity of doped ions in conductive polymers
induced by carboxyl functional groups.

2.2. Degradability of z-Conjugated Conductive Polymers In Vitro

To investigate the degradability of PPyCA, the time-dependent
degradation under different conditions was recorded (Figure 2a).
Without H,0,, PPyCA in PBS scarcely changed throughout the
observation period. However, upon the addition of H,0,, the
PPyCA solution gradually brightened, with more pronounced
results at higher H,0, concentrations. Specifically, an aque-
ous PPyCA solution at pH 7.4 treated with 5 mM H,O, faded
on day 15 and became nearly transparent by day 30, whereas
the solution treated with 1 mM H,0O, degraded more slowly.
The results demonstrated that, in vivo, the H,0, concentration-
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dependent degradation reaction occurred very slowly, which
was conducive to the maintenance of internal structural func-
tion (Figure 2b). Biological tissues metabolize acidic substances,
such as lactic acid, in the absence of oxygen during injury,
which leads to a reduction in local pH.['") PPyCA remains
relatively stable in acidic environments, suggesting that con-
ductive polymers can help stabilize and mediate biosignal-
ing during tissue repair. Once tissue healing occurs, the pH
returns to normal, and a weakly alkaline environment pro-
motes further polymer degradation. We also recording the
degradability of other commercially available conductive poly-
mers, such as PPy, PANI and poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), under the same condi-
tions but did not change until day 30 (Figure S4, Support-
ing Information). This highlights a key advantage of PPyCA,
which exhibits controlled biodegradability, making it more suit-
able for temporary neural interfaces. The decrease in the ab-
sorbance of the characteristic peak confirmed that degrada-
tion occurred in solution (Figure S5, Supporting Informa-
tion). The characteristic spectral changes of PPy were attributed

© 2025 Wiley-VCH GmbH

85UB0|7 SUOWILIOD BAITaID) 3ot dde ayy Aq pausenob ae ssppie YO ‘88N JO S8jni 10} Ariq1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBIWI0D A8 | ImAeIq1 U1 UO//SANY) SUONIPUOD pue SWB | 843 88S *[5202/90/20] U0 AriqiTauluO A1 ‘AIseAIUN BOIPSIN AWy Bld Aq ETST0SZ0Z WIPe/Z00T OT/I0p/L0o" A3 | 1M ARe.d 1 jpul U0 peoueAde//sdny Woiy papeojumod ‘0 ‘8Z0€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

1h 2h 4h

)

0 min 10 min 30 min 20
a B . 2 7] Mmax=465nm
N [ N im 2 \/?
H H_; H § 1.0 \\\i//l\L —
202 505 N
»n T
Py PPy < 300 400 500 600 700
Wavelength (nm)
0. on O .o Omin 10min 30min 1h ER
\C/ & @ ‘ = | 2 \ Amax=480 nm
\ % /AR § \ [
— @ —
N N n 2 -
H,0, H o 0.5 i
§ 1
PyCA PPyCA 300 400 500 600 700
Wavelength (nm)
b c
29 1 PPyCA
= PPy

<

A
1

~Transmittance (a.u.)

000 3200 2400 1600 800

Wavenumber (cm'1 )

Log+o Conductivity (S/cm?)
N
1

1
o
1

Figure 1. Enzymatic polymerization of a z-conjugated conductive polymer monomer initiated by CAT and H,0,. a) Enzymatic polymerization of PPy
and PPyCA was recorded via digital photos and UV-vis spectra. b) SEM images of PPy and PPyCA. c) FT-IR spectra of PPy and PPyCA. d) Conductivity of

PPy and PPyCA at 37 °C.

mainly to the oxidation state transformation of the molecular
skeleton.

The oxygen anion from H,0O, decomposition is more stable
in a weakly alkaline environment, which favors the degrada-
tion reaction (Figure 2c). This explains why PPyCA is degraded
faster at pH 7.4 than at pH 6.5. The surface charge distribu-
tions at different pH values illustrate the intrinsic mechanism in-
volved. The oxygen anion is more likely to combine with the back-
bone of the polymer to initiate the degradation reaction. Liquid
chromatography-mass spectrometry (LC-MS) was used to iden-
tify the degradation products (Figure 2d; Figure S6, Supporting
Information). Despite the complexity of the degradation prod-
ucts, several compounds with different m/z values were detected,
helping to elucidate the possible degradation mechanism. The
carboxyl groups at the ortho positions reduced the electron cloud
density and facilitated the donation of electrons from the oxygen
anion, thereby increasing the degradation potential of pyrrole.
Moreover, these degradation products exist in trace amounts and
can be excreted without long-term body retention.!2”)

2.3. In Vivo Synthesis of Conductive Polymer Microvesicles with
Enhanced Cellular Affinity
On the basis of our previous study in which conductive mi-

crovesicles were synthesized in vivo,[?l we systematically ex-
plored diverse conductive polymer monomers and validated the
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microenvironment parameters for in vivo synthesis. The poten-
tial cytotoxicity of the monomers Py and PyCA was assessed in
dorsal root ganglia (DRG) neurons after a 24-h incubation pe-
riod (Figure 3a,b; Figure S7, Supporting Information). These re-
sults suggest that PyCA has better biocompatibility than Py. No
reduction in cell viability was observed with the monomer Py at
concentrations up to 1 mM, whereas PyCA exhibited remarkable
biocompatibility at concentrations up to 5 mM. Biocompatibility
is essential for enzymatic polymerization in vivo. The low toxi-
city meets the requirements for the concentration of polymeric
monomer. We then employed a sciatic nerve crush injury model
as previously described.['2) When a nerve is injured or damaged,
the local tissue responds by recruiting macrophages and under-
going Wallerian degeneration, leading to complex changes in the
chemical and biological environment. These dynamic changes
persist throughout the repair process. Oxidized dihydroethid-
ium (DHE) was used as a typical indicator of local ROS gen-
eration at the injured site (Figure 3c). As part of the feedback
mechanism for ROS scavenging, the overexpression of antioxi-
dant enzymes such as CAT satisfies the conditions of oxidative
polymerization.

Py and PyCA monomers were injected into the injured sci-
atic nerves of adult male Sprague-Dawley (SD) rats (Figure 3d).
Consequently, the environment at the injury site serves as an
ideal dynamic compartmental bioreactor that facilitates PPyCA
polymerization. SEM was used to determine the morphology
of the PPy and PPyCA polymerizations in the living system
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Figure 2. Degradation of the z-conjugated conductive polymer PPyCA under physiological-like conditions and degradation products. a) Digital photos
of PPy and PPyCA degradation under different conditions. b) Degradation reactions at different times and different H,0, concentrations. c) The surface
charge distribution at different pH values. Under alkaline conditions, the peroxanion is more likely to combine with the backbone of the polymer to
initiate the degradation reaction. d) Possible degradation mechanism under a simulated physiological environment.

(Figure 3e; Figure S8, Supporting Information). MVs with a
size of 5 um were distributed throughout the injured area,
and this phenomenon did not occur in the control groups. No-
tably, and importantly, the PPyCA MVs presented greater tis-
sue affinity, as evidenced by the increased attachment of cell
fibers on their surface. Additionally, bright-field images of the
tissue sections revealed that the PPyCA MVs were more closely
integrated with the surrounding cells (Figure 3f). Confocal Ra-
man microscopy was employed to examine the specific loca-
tions shown in Figure 3g to determine the chemical composi-
tion of MVs formed through polymerization and assembly. The
prominent peak at 1600 cm™ is associated with the symmetric
stretching of the C = C aromatic ring.*!) The peaks observed at
1128, 1230, and 1365 cm™' are attributed to the ring-stretching
modes of PPy. The presence of proteins and other substances
in the tissue containing carboxyl groups makes it challeng-
ing to qualitatively identify pyrrole carboxylic acids via Raman
spectroscopy.
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2.4. PPyCA MVs Provide Seamless Interfaces and Enhance
Electronic Signal Transmission

Achieving a seamless tissue-material interface is essential for
applications in brain-machine interfaces, regenerative repair,
and tissue engineering.!??l Therefore, we further investigated
whether in situ polymerization of electroactive materials directly
within injured tissue provides seamless interfaces between con-
ductive assemblies and cells.

Electrophysiology was used to assess the action potential of the
injured sciatic nerve, and electrical conduction across the injury
site upon stimulation (Figure 4a; Figure S9, Supporting Informa-
tion). Statistical analysis revealed a 50% improvement in motor
nerve conduction velocity in the PPy and PPyCA groups on day
1, suggesting that MVs in the injured region serve as conduc-
tive bridges that facilitate signal transmission across the dam-
aged site (Figure 4b). Notably, the motor nerve conduction ve-
locity of the PPyCA in tissue was greater than that of the PPy
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Figure 3. In vivo polymerization of PPy and PPyCA at the injured sciatic nerve site. a) Confocal microscopy analysis of DRG neuronal viability with Py or
PyCA. b) Statistical analysis of cell survival for 24 h. c) Fluorescence imaging showing increased ROS and CAT accumulation at the injury site compared
with those at a normal sciatic nerve, creating a suitable microenvironment for Py and PyCA polymerization. (n = 3) d) Schematic illustration of in
vivo enzymatic catalysis leading to the formation of PPy and PPyCA microvesicles. e) False-color SEM image of the injured sciatic nerve. f) CLSM bright
field images of sciatic nerve sections. g) Laser confocal Raman microspectroscopy analysis of the specified regions in the injured sciatic nerve tissue.

(n = 6 per group; ns, not significant).

group, potentially contributing to more seamless interfaces be-
tween MVs and cells. This finding contrasts with the opposite of
the electrical conductivity of the material synthesized in vitro and
demonstrates that interfacial connections play a significant role
in biological signal transmission. Additionally, changes in neu-
romuscular compound action potential (CMAP) were recorded.
The CMAP amplitude significantly improved on day 4 (Figure 4c,
p < 0.001).

We then fabricated microelectrode chips to evaluate the ability
of the biosignal to record nerve tissue (Figure 4d,e; Figure S10,
Supporting Information). The cyclic voltammetry curve showed
oxidation peaks at1.25 Vand 1.6 V for PPyCA and at 1.7 V for PPy,
which indicates that PPyCA is more prone to redox processes and
catalytic activity, facilitating electron or ions transfer, and increas-
ing the sensitivity of biological interfaces (Figure 4f). Interest-
ingly, electrochemical impedance spectroscopy indicated that the
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conductivity of the PPyCA MVs in tissue was significantly greater
than that of the PPy MVs, with calculated values of PPy 2869 Q
and PPyCA 16.7 Q. This finding contrasts with the in vitro test
results (Figure 4g), where PPy had a conductivity of 3.20 x 107!
S cm™ and PPyCA had a much lower conductivity of 1.96 x 10~*
S cm~!. This is a significant difference between the results in
Figure 1d, which means that hydrophilicity and affinity are im-
portant for biological signal recording. The carboxyl groups of
PPyCA bind to the amino groups on the tissue surface, thereby
reducing the binding of doping ions. The impedance plot of the
PPyCA MVs demonstrated a relatively stable range of 10*~10° Hz
(Figure 4h). In contrast, the resistance of the PPy MVs remained
relatively constant from 10° to 10* Hz. A similar trend was ob-
served in the phase plot (Figure 4i), with the PPy frequency range
exhibiting a phase angle close to 0° at a lower frequency.?}] At
a phase angle of 45°, PPyCA exhibits a greater rate of change
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Figure 4. Conductive MVs in situ polymerization promotes nerve conduction. a) Representative curves of nerve trunk compound action potentials
obtained via the electrophysiological device after in situ polymerization. b) Statistical motor nerve conduction velocity, and c¢) CMAP amplitude.
d) Schematic of the homemade microelectrode chip used to fix nerve tissue with PPyCA and PPy for conductivity measurements. e) Digital image
of nerve tissue on the gold electrode for the electrochemical test. f) Schematic representation of the microelectrode chip and its digital photo. Biosignal
recording of nerve tissue sections: f) Cyclic voltammetry curve, g) electrochemical impedance spectra, h) impedance plot and inset showing the equiva-
lent circuit, i) platform of the phase angle (n = 8 per group). Data are shown as the mean + SEM; */#, P < 0.05; **/##, P < 0.071; ***/###, P < 0.005;%,
PPyCA versus Ctrl; #, PPy versus Ctrl; (unpaired Student’s t-test, one-way ANOVA, two-way ANOVA).

compared to PPy, indicating enhanced ion transfer capabil-
ity, which consistent with the previously discussed interfa-
cial affinity. Thus, the MVs formed by the polymerization of
PyCA exhibit a more seamless interface for intercellular signal
transmission.

2.5. In Vivo z-Conjugated Conductive Polymer Polymerization
Facilitates Nerve Injury Repair

The PPyCA synthesized in situ significantly improved the elec-
trical signal transmission. Next, we investigated whether in situ
synthesis affects neural regeneration. We found that the expres-
sion of pIIl-tubulin, an important component of microtubules
in neurons, was greater in both the PPy and PPyCA groups
than in the control group beginning on day 4 (Figure 5a,b;
Figure S11, Supporting Information). To further investigate this
phenomenon, data-independent acquisition (DIA) proteomic
sequencing of the damaged segment of the nerve on day 4 was
performed to identify proteins that are uniquely expressed in
the damaged segment of the nerve compared with those in the
normal sciatic nerve (Figure 5¢). In the comparison between
the PPyCA group and the Cirl group, 528 different proteins
were identified, while the PPy group presented 489 differential
proteins compared with the Ctrl group. Cluster identity was
determined by assessing the differentially expressed proteins
(Figure 5d). PPyCA has been shown to increase the expression of
proteins associated with cell cycle adaptation, including Hdac7,

Adv. Funct. Mater. 2025, 2501813
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Slc25a15, Cntrob, Cdk7, Araf, and Pygm, and to promote the
overexpression of proteins related to nerve regeneration and
axon growth, such as Ppplr9a, Cep170b, Myh4/13, Atp1b2, and
Kctd17. Notably, Neurabin-1, associated with Pppl1r9a, plays a
crucial role in the formation of nerve protrusions and is es-
sential for synapse formation and function because it regulates
the migration and directional movement of growth cones.[?4l
Gene Ontology (GO) functional enrichment analysis was then
performed on the differentially expressed proteins between the
PPyCA and Ctrl groups (Figure 5e; Figure S12a, Supporting
Information). The results indicated that these different proteins
are associated mainly with cytoskeletal motor activity, struc-
tural molecule activity, and binding functions. Compared with
those in normal nerve tissue, these differentially expressed
proteins were enriched primarily in KEGG signaling pathways
associated with the metabolism of injured nerves (Figure 5f;
Figure S12b, Supporting Information). KEGG pathway analysis
revealed increased expression of MEK and CREB within the
MAPK pathway, key pathways involved in nerve axon regen-
eration, and extracellular matrix reconstruction (Figure S12c,
Supporting Information). PPy also promoted the expression
of proteins associated with the cell cycle and regeneration,
such as Slc25al15, Glyctk, Ltbp4, and Lamal (Figure S13a,
Supporting Information). Specifically, PPy has been shown to
stimulate high expression levels of Celsr2, a protein crucial
for various neuronal functions. Celsr2 is vital in regulating
ciliogenesis, neuronal migration, axon growth and regeneration,
and dendrite development.””! Additionally, GO biofunctional

© 2025 Wiley-VCH GmbH

85UB0|7 SUOWILIOD BAITaID) 3ot dde ayy Aq pausenob ae ssppie YO ‘88N JO S8jni 10} Ariq1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBIWI0D A8 | ImAeIq1 U1 UO//SANY) SUONIPUOD pue SWB | 843 88S *[5202/90/20] U0 AriqiTauluO A1 ‘AIseAIUN BOIPSIN AWy Bld Aq ETST0SZ0Z WIPe/Z00T OT/I0p/L0o" A3 | 1M ARe.d 1 jpul U0 peoueAde//sdny Woiy papeojumod ‘0 ‘8Z0€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED ADVANCED
SCIENCE NEWS AATERTALS-

www.advancedsciencenews.com www.afm-journal.de

a Ctrl PPy

2.0+ mm Ctrl
ol **I—| *x Hm PPy

1.5 *x | [] mm PPyCA
.

DAPI/BII-Tubulin

0.5

Relative BllI-Tubulin level
5
1

0.0-
1d 4d 7d 30d

PPyCA Ctrl
Nor?jal £ 6981 PPy

DAPI/BII-Tubulin  DAPI/BII-Tubulin

d [T T T Group Group

Andpro 2 H Ctrl e
4

Ralgapa2 PPyCA
Mmp9

Ppp1rib

Ggh

geeil;l;i;\w 0 regulation of proteolysis

SIc25a15 extracellular matrix structural constituent

—_——

Lamat collagen network
Phactr2 -1 collagen-activated tyrosine kinase receptor signaling pathwa
Ankibt g Y ignaling y
\nKil

basement membrane collagen trimer
Cep170b " ¢ collag ©
Oastk -2 positive regulation of proteolysis
Tmem179b histone modification
Hdac7 extracellular matrix organization
Araf TIM23 mitochondrial import inner membrane translocase complex o

Atp1b2 " .
Cr’\;;rob dendritic spine neck 0 log2(Count)

Ppp1roa regulation of proteasomal protein catabolic process

Ring1 extracellular matrix

b}bﬁ: protein import into mitochondrial matrix
y!

Myh13

Mybpc2 methyltransferase activity

Pygm sodium:phosphate symporter activity

Ketd17 oxysterol binding

’;Ir?r:?]m protein phosphatase inhibitor activity

Arfrp1 growth factor binding

Slc30a7 15 2.0 25 3.0

Pipskic P-value

Fbn2

I ot

Col4a2 f

Cdk7

Glyctk

Eeflakmt2

- Coldad

Coldas5

Afgtl

Impa2

Ehmt2

Pik3r3

Calcoco1

Col1a2

Enpep

| | | | Mknk1

000 ®

000
o
®
o

positive regulation of protein metabolic process

0
1
2
3
4

Cellular Processes

Genetic Information Processing
B Human Diseases

Metabolism

Organismal Systems

B Up-regulated
B Down-regulated

-Log10(Pvalue)

0
€0
[kl
18]

PvOhdd
£vOhdd
2vOfdd
LWOAdd

Figure 5. PPyCA endogenously activates neuronal repair. a,b) CLSM images of glll-tubulin-stained nerve tissue and statistical analysis of fluorescence
intensity. c) DIA proteomics sequencing was used to determine the unique peptide counts of the normal, Ctrl, PPy, and PPyCA groups. d) Heatmap
of cluster identity by differentially expressed proteins in the PPyCA versus Ctrl groups. e€) GO functional enrichment analysis was performed on the
differential PPyCA versus Ctrl. f) KEGG enrichment analysis between the PPyCA group and the normal group (n = 8 per group). The data are shown as
the means + SEMs; *, P < 0.05; **, P < 0.01 (unpaired Student’s t-test, two-way ANOVA).
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enrichment analysis of the differentially expressed pro-
teins revealed their roles in critical processes such as
synapse assembly, which is essential for innervation, and
calcium cation antiporter activity (Figure S13b, Support-
ing Information). Although the PPyCA and PPy groups
displayed numerous similarities, subsequent KEGG analysis of
these different proteins suggested that their differences were
mainly concentrated in the biosynthetic pathways of glycosph-
ingolipids and glycosaminoglycans (Figure S13c, Supporting
Information). Therefore, both Py and PyCA can be synthe-
sized in situ, enhancing neural electrical signal conduction
in the short term while rapidly initiating the neural regener-
ation process and promoting the expression of axon-related
proteins.

2.6. PPyCA Promotes c-FOS and Related Gene Expression
Through the MAPK Pathway

Next, we utilized PPyCA synthesized by the CAT enzyme in vitro
and isolated DRG neurons to verify the related pathways. Fluoro-
4 AM (Fluo-4 AM), a fluorescent calcium indicator, was used to
monitor intracellular Ca?* activity in isolated DRG neurons. To
trigger membrane depolarization, neurons were perfused with
a high concentration of potassium chloride (100 mM).[2] Both
PPy and PPyCA significantly facilitated Ca** influx (Figure 6a,
Videos S1-S3, Supporting Information). The fluorescence sig-
nals were converted into the AF/F ratio (change in fluorescence
from baseline fluorescence) (Figure 6b). PPyCA showed a greater
fluorescence response than PPy did, suggesting a more efficient
interface for Ca?* influx. This enhanced response is attributed to
the greater affinity of the carboxyl groups present in the PPyCA,
which may promote more seamless interactions with neuronal
cells.

We also further investigated the signaling pathway by which
PPy and PPyCA promote regeneration in DRG neurons. The re-
verse transcription quantitative polymerase chain reaction (RT-
qPCR) results revealed that PPyCA activated the ERK/MAPK
pathway and induced the expression of genes such as SRF,
CREB, and c-FOS (Figure 6¢), which was consistent with the
proteomics results showing that PPyCA could increase the ex-
pression of the Raf and Creb proteins. Western blot analysis
revealed that the expression of ¢-FOS, a functional marker of
neuronal activity that is also induced by PPyCA, was signifi-
cantly different from that induced by PPy (Figure 6d,e; Figure
S14, Supporting Information). However, the effect of PPy on
the activation of the ERK/MAPK-c-FOS signaling pathway in
DRG neurons was less pronounced. Consequently, the expres-
sion of additional proteins involved in nerve regeneration was
assessed, revealing that PPy enhanced the expression of the Arc
protein. Arc is essential for regulating actin cytoskeleton dy-
namics and synaptic plasticity.””] These findings suggest that
PPyCA initiates nerve regeneration through the ERK/MAPK-
c-FOS pathway, enhancing the activity of proteins such as
neurabin-1 and the sodium/potassium-transporting ATPase sub-
unit beta-2, which expedites nerve reconstruction (Figure 6f).
Additionally, the upregulation of myosin protein expression by
PPyCA facilitated extracellular matrix remodeling and neurite
growth.

Adv. Funct. Mater. 2025, 2501813
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2.7. Metabolizable Degradation of the PPyCA MVs under
Dynamic Physiological Conditions

To examine the long-term presence of PPy and PPyCA synthe-
sized in vivo, we performed additional histological assessments
on days 30 and 60 (Figure 7a,b). PPy, as a nondegradable polymer,
was observed to be gradually expelled toward the epineurium dur-
ing nerve repair. This expulsion is consistent with previous find-
ings on nondegradable polyaniline.[?! Furthermore, on day 60,
neural tissue immunolabeled with LYVE1 presented increased
formation of lymphatic microtubules in the PPy MVs group. This
increase is primarily associated with the discharge of the PPy
MVs (Figure 7c,d). Interestingly, on day 60, PPyCA MVs were
barely detectable in the outer membrane and edges of nerve
tissue, with only trace amounts of MVs observed in nerve tis-
sue on day 30. This biodegradation process occurs under phys-
iological conditions and is highly important for biomedical ap-
plications of conductive materials. To confirm and potentially
accelerate this degradation process in tissue, we subsequently
treated the samples with different pH values and H,0, con-
centrations (Figure S15, Supporting Information). The results
demonstrate that the PPyCA MVs are slowly degraded at pH 7.4
and that the degradation rate increases with increasing H,O,
concentration.

The biosafety of DPs is essential for nerve repair. The biosafety
of the PPy and PPyCA DPs was assessed after a 24-h incuba-
tion with DRG cells. Live/dead staining of DRG neuronal cells
revealed no apoptosis, indicating that the DPs of PPy and PPyCA
did not cause notable cell death (Figure 8a,b). The impact of DPs
on neuronal energy metabolism was evaluated via Agilent Sea-
horse XFe96 analyzers. The results indicated that PPyCA DPs
treated with higher H,0, concentrations did not show an in-
crease in the oxygen consumption rate (OCR), as measured by
the Cell Mito Stress Test (Figure 8c,d). Additionally, mitochon-
drial functional parameters, including basal respiration, ATP-
linked respiration, maximal respiration, and spare respiratory ca-
pacity, were not adversely affected by DPs. PPy DPs at high (H)
and low (L) concentrations, along with PPyCA DPs at low con-
centrations, positively affected the basal respiratory capacity and
ATP production capacity of DRG cells. The results are mainly be-
cause polymers that have not undergone degradation still have
a conductive function and activate cell function. The fully de-
graded PPyCA DPs did not affect cell function and proved to be
safe in vivo. Proteomic analysis, supported by in vivo synthesis
data of PPy and PPyCA, revealed that both polymers increased
the expression of proteins related to mitochondrial functions
(Figure 5d). These proteins included Slc25a15 and Mtco2, which
may have contributed to the observed enhancements in cellular
metabolism.

To investigate the long-term metabolic effects of PPyCA degra-
dation under physiological conditions, off-target metabolomics
sequencing was conducted on sciatic nerve tissue 60 days after
treatment. 3D-Principal component analysis (PCA) revealed that
the metabolic signature of the PPyCA group closely resembled
that of the normal sciatic nerve (Figure S16, Supporting In-
formation). A detailed comparison of metabolites between the
PPyCA and Ctrl groups revealed that most of these metabolites
were lipids, lipid-like molecules, and organic acids and their
derivatives. In contrast, some metabolites in the PPy group,

© 2025 Wiley-VCH GmbH

85UB0|7 SUOWILIOD BAITaID) 3ot dde ayy Aq pausenob ae ssppie YO ‘88N JO S8jni 10} Ariq1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBIWI0D A8 | ImAeIq1 U1 UO//SANY) SUONIPUOD pue SWB | 843 88S *[5202/90/20] U0 AriqiTauluO A1 ‘AIseAIUN BOIPSIN AWy Bld Aq ETST0SZ0Z WIPe/Z00T OT/I0p/L0o" A3 | 1M ARe.d 1 jpul U0 peoueAde//sdny Woiy papeojumod ‘0 ‘8Z0€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

. )
. :

c-FOS CREB1

25 *k
] -
E 2.0 g . g
< 2
Z 15 <« <
o z z
E E2 £
:E: 1.0 H g
3 51 =
2% .g &

0.0

Ctrl PPyPPyCA ctrl PPyPPyCA Ctrl PPyPPyCA
d Ctrl PPy  PPyCA £

Arc

I ooaueusal o

Relative mRNA level
° ° - - Y
o n o o o
:
Relative mRNA level
° ° a - »
o o o o o
g_;
Relative mRNA level
o a4 0N w & @
*
* | *
¥ | *
*
Relative mRNA level
- » w IS
*
*
*

Ctrl PPyPPyCA

www.afm-journal.de

60 = Ctrl
- PPy
— PPyCA

AF/F0(%)

20 40 60 80 100
Time(s)

Ctrl PPyPPyCA Ctrl PPyPPyCA ctrl PPyPPyCA

Ca'-’+ e

2
I}\ €8 Neuronal activity transduction

1999900,
LLubssassnesenesnnsnnniittissttsnialy,, | 9
000 o

GAPDH b esen o aw w» e e ‘
Ca?*
c-FOS Arc o,
e 39 *E 1 % ok Cell cycle Hdac7  Pygm o
Growth Cep170b  Ltbp4
3 N
2 K] F’/% Neuro Gensis/  Myh4/13 Atp1b2
o Q o / ELK1 Elongation
£ £ Q 7— 7 7 Ppp1r9a Kctd17
3 3 RF//CREB] Fos j /
1
Microtubule remodeling
0- Fos protein axonal regeneration

Ctrl PPyPPyCA

Ctrl PPyPPyCA

Figure 6. Enhancement of neuronal regeneration pathways by PPyCA. a,b) PPy MVs and PPyCA MVs promoted Ca?* influx in DRG neuronal cells, and
Fluo-4 AM was used as a fluorescent probe. c) mRNA expression of c-FOS, CREB1, ELK1, MAPK1, MAPK3, PRKCS, and SRF. d) The protein expression
of c-FOS and Arc was measured via Western blotting. e) Changes in relative protein expression. f) PPyCA MVs activate neuronal regeneration via the

ERK/MAPK-c-FOS pathway. (mean = s.e.m; *P < 0.05; **P < 0.01, ***

similar to benzenoids, suggested incomplete degradation
(Figure 8e; Figure S17, Supporting Information). Enriched
KEGG pathway analysis indicated that the primary focus of the
comparative analysis among the PPyCA, PPy, and Ctrl groups
was on the synaptic vesicle cycle and cAMP signaling pathway
(Figure 8f), which are crucial for neurotransmitter transmission
in axons. Compared with those in PPy, the four differentially
abundant metabolites in the superclass analysis were associated

Adv. Funct. Mater. 2025, 2501813
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P < 0.005).

with lipid and lipid-like molecules, and the correlation analysis
also revealed a positive correlation between PPyCA and these
differentially abundant metabolites (Figure 8gh). Thus, the
metabolic analysis revealed that PPyCA can be synthesized and
degraded under physiological conditions, with its degradation
products exhibiting no long-term biological toxicity to cells or
nervous tissue.
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Figure 7. PPy MVs are expelled from the sciatic nerve, and PPyCA MVs are biodegraded in situ during nerve repair. a) CLSM bright-field images of the
injured sciatic nerve; red arrows indicate the location of in situ polymerization of the conductive polymer. b) CLSM brlght field images of the neuronal
epineurium on day 60. c) Immunofluorescence staining of gllI-tubulin and LYVE1 on day 60; white arrows indicate Iymphatic capillaries d) Statistical

analysis of the relative glll-tubulin level and relative LVVET level. The data are shown as the means + SEMs; ns, not significant; *

Student's t-test, one-way ANOVA).
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*P < 0.001. (unpaired
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Figure 8. Biosafety of the PPy degradation products. a) Live/dead staining of DRG neuronal cells. The DRG neuronal cells were incubated with DPs of
PPy or PPyCA for 24 h. L, T mM H,0, treatment; H, 5 mM H,O, treatment. b) Statistical analysis of the cell survival rate after 24 h of incubation with
different DPs. c) OCR of DRG cells through the cell Mito Stress Test. d) Statistical analysis of basal respiration, ATP production, maximal respiration, and
spare respiratory capacity. e) Heatmap of cluster identity by differentially abundant metabolites comparing PPyCA versus PPy versus Ctrl. f) Enriched
KEGG pathways of PPyCA versus PPy versus Ctrl. g) The superclass of differentially abundant metabolites between PPyCA and PPy. h) Correlation analysis
between PPyCA and PPy (n = 8). The data are shown as the mean + SEM; ns, not significant; *P < 0.05, ***P < 0.005, ****P < 0.001. (unpaired Student’s

t-test, one-way ANOVA).

3. Conclusion

In this study, we designed an enzyme-catalyzed z-conjugated
conductive polymer, PPyCA, which can facilitate neural repair
and biosignal recordings and is capable of complete degrada-
tion within a specific period in the physiological environment.
By introducing carboxyl groups into the pyrrole ring, the elec-
tron cloud density of the polymer chain is effectively decreased,
thereby facilitating the binding of oxygen anions and trigger-
ing the degradation reaction. In the pathological tissue environ-
ment, z-conjugated conductive polymers can be enzymatically
synthesized in vivo by the endogenous CAT enzyme and H,0,.
PPyCA effectively enhances the internal flow of biological cal-
cium signals and increases the tissue repair capacity. Concur-
rently, this conductive interface can significantly reduce the inter-
face impedance, which is beneficial for the accurate recording of
biological signals. Following tissue repair, complete degradation
can be achieved within a few months, minimizing the risks of
space-occupying effects and inflammation. Electrophysiological,

Adv. Funct. Mater. 2025, 2501813
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proteomic, and metabolomic analyses confirmed that PPyCA ini-
tiates neuronal regeneration pathways and does not pose a long-
term risk of biological toxicity. These results are highly important
for the development of flexible and seamless bioelectronic inter-
faces and lay the foundation for research and application in the
field of regenerative medicine.

4. Experimental Section

Chemicals: Py and PyCA were purchased from Sigma-Aldrich (USA).
Polystyrene sulfonic acid (PSS) and PANI were purchased from Aladdin
(CN). PEDOT:PSS was purchased from Merck. 1,2-Dipalmitoyl-sn-glycero-
3-phosphate (DPPA) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) were purchased from Avanti. The LIVE/DEAD staining kit was
obtained from Proteintech (CN), collagenase | from Solarbio (CN), and
Matrigel from Corning (USA). The cell culture media, fetal bovine serum
(FBS), B-27, dihydroethidium (DHE), catalase (CAT), Alexa Fluor 488-
conjugated goat anti-rabbit secondary antibody, and Alexa Fluor 594-
conjugated goat anti-mouse secondary antibody were obtained from
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Thermo Fisher Scientific (USA). The primary antibodies utilized in this
study were as follows: glll-Tubulin (53—-4510-82), LYVE1 (mouse mono-
clonal antibody, Thermo Fisher Scientific (USA, product # 14-0443-82),
catalase (rabbit polyclonal antibody, Proteintech, product # 212601-AP),
c-Fos (rabbit polyclonal antibody, Cell Signaling Technology, product #
4384), and Arc (rabbit polyclonal antibody, Cell Signaling Technology, prod-
uct #38 916). The Fluo-4 calcium assay kit was obtained from Beyotime
(CN, product # S1061S). A Seahorse XF Cell Mito Stress Test Kit (product
# 103015-100), XF DMEM (product # 103575-100), pyruvate (product
# 103578-100), glutamine (product # 103579-100) and 10 mM glucose
(product # 103577-100) were obtained from Agilent (USA).

"H NMR Analysis: For the "TH NMR of PyCA, PyCA was dissolved in
0.6 mL of DMSO-dg solution, and the solution was loaded into an NMR
tube. The NMR tube was subsequently inserted into the sample chamber
and tested with an Agilent DD2-600/54 spectrometer at 600 MHz.

Gel Permeation Chromatography (GPC):  GPC was conducted using an
Agilent 1260 Infinity Il system to analyze the molecular weight distribu-
tion of polymerized PPyCA. Separation was performed on an Agilent PL
aquagel-OH MIXED-M column at a controlled temperature of 40 °C. An
aqueous 0.1 mol L=! NaNO; solution served as the mobile phase, with a
flow rate of 1 mL min~". The injection volume was 20 pL, and polyethylene
glycol (PEG) standards were used for molecular weight calibration.

Four-Point Probe Measurements: 0.1 g CAT enzymatic polymerized
PPy/PPyCA sample was spread in a 10 mm diameter mold and com-
pressed at 30 MPa to form a uniform pellet. Conductivity was measured
at 3 MPa using an insulation resistance tester (RK2683AN, Shenzhen
Meiruike).

Neuronal Cell Isolation: ~Animal experiments were conducted in accor-
dance with the Laboratory Animal Administration Rules of China and were
approved by the Ethics Committee of the Third Military Medical Univer-
sity (AMUWEC2023003 1). Neuronal cells were isolated from the DRGs of
newborn Sprague-Dawley (SD) rats. After decapitation, the DRGs were col-
lected on ice, incubated in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10 mg mL™" collagenase |, and then cut into pieces.
After incubation at 37 °C for 30 min with occasional shaking, the digested
DRGs were resuspended in a cell culture medium containing 10% heat-
inactivated FBS and filtered through a 70-uM nylon cell strainer to create a
single-cell suspension. This suspension was transferred to a new 1.5 mL
tube, followed by two rounds of low-speed centrifugation to remove satel-
lite cells. The neurons were then plated on Matrigel (0.1 mg mL~")-coated
24-well plates at a density of 8000 cells mL™" and cultured in a humid-
ified environment at 37 °C with 5% CO,. The culture medium for the
DRG neuronal cells included 96.5% neurobasal medium (Gibco), 2% B-
27 supplement (Invitrogen), 1% GlutaMAX (Gibco), and 0.5% antibiotic-
antimycotic solution (Gibco).

Cell Culture and Treatment: Primary DRG neurons were cultured
for 5 days and then incubated with Py or PyCA monomer (1 mM to
10 mM) for 24 h. After three washes with PBS (pH = 7.4), the cells
were stained with a LIVE/DEAD staining kit and observed via a fluo-
rescence microscope (Leica, Evos FL). Image analysis was carried out
using Image) software (National Institute of Health, Bethesda, MD,
USA).

Animal Models and Py or PyCA Injection: Adult male SD rats (200
230 g) were randomly divided into three groups. Under anesthesia, the
sciatic nerve of the left hind limb was exposed via a 2 cm skin incision
on the posterior thigh. The overlying muscles were bluntly separated to re-
veal the sciatic nerve. A standardized crush injury was induced using fine
forceps, applying constant pressure for 30 s at the mid-thigh level, 5 mm
proximal to the nerve bifurcation. The forceps were then gently released,
and the site was inspected for morphological changes. Afterward, 10 uL of
either Py or PyCA solution was injected into the crushed area with a 0.3 x 8
mm? insulin needle (KDL, China). An equal volume of PBS was injected
as a control. The animals were then housed individually in cages and kept
on a 12/12-h light/dark cycle with ad libitum access to food and water.

Detection of ROS:  The level of ROS was detected via a DHE probe. In
brief, the freshly collected tissues were immediately sectioned on a cry-
otome and then incubated with DHE (100 uM in PBS) for 30 min at 37 °C
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in the dark. Images of the samples were captured via a fluorescence mi-
croscope (Olympus, VS200).

Immunofluorescence Staining: The sciatic nerves were isolated and
fixed at 4 wt.%. PFA in PBS. The samples were subsequently transferred
to 30 wt.% sucrose, frozen, and embedded in OCT compound. Sagittal
or coronal sections, 10 pm thick, were then prepared from the embed-
ded tissues. Following rinsing with PBS and blocking with goat serum, the
sections were incubated with primary antibodies at 4 °C overnight. Alexa
Fluor-conjugated goat secondary antibodies were used to facilitate fluores-
cence imaging, and DAPI was used to stain the cell nuclei. All the sections
were observed using CLSM.

Confocal Raman Microscopy:  Tissue slices were placed on glass slides,
sequentially rinsed with PBS and DI water, and then subjected to freeze-
drying. Images were captured using a confocal Raman microscope, specif-
ically a LabRam HR Evolution (Horiba) instrument equipped with a red
laser at an excitation wavelength of 632.8 nm.

Electrophysiological Assessment: At specified time intervals, the ani-
mals were anesthetized, and the sciatic nerves were exposed for CMAP
measurement. Electrical stimuli were applied to the proximal and dis-
tal ends of the nerves. The gastrocnemius muscle data were collected
using the RM6240 Multichannel Physiological Signal Acquisition System
(Chengdu, China). The stimulation parameters were set as follows: stim-
ulation duration, 0.2 ms; stimulation intensity, 10-50 mV; bandpass, 0.1—
100 Hz; scanning speed, 1000 ms D~ ':and sensitivity, 0.1-2.0 mV D-'.

Electrochemical Tests: A gold microelectrode array was fabricated on a
glass substrate using photolithography, with an interelectrode spacing of
100 pum (Figure S9, Supporting Information). The dissected sciatic nerve
tissue was sliced into 100 um-thick sections and then transferred onto
the electrode surface for further testing on an electrochemical workstation
(CHI660E, Shanghai Chenhua, China). CV curves were recorded with a
scan rate of 10 mV s™' and a potential window of 0 to 2.0 V. EIS was tested
at a frequency range of 10 Hz—10°> MHz and an amplitude of 10 mV. Each
sample was measured three times, and the data were averaged.

For quantitative proteomics via data-independent acquisition (DIA), the
samples were lysed via SDT lysis buffer (4% SDS, 100 mM Tris-HCI, pH
7.6) for protein extraction, and various extraction methods were employed
for different sample types. Protein quantification was performed via the
BCA method. For each sample, 15 ug of protein was mixed with 5x load-
ing buffer, boiled, and then subjected to SDS-PAGE (4%-20% gradient gel,
180 V for 45 min), followed by Coomassie Brilliant Blue R-250 staining. All
the samples were processed for trypsin digestion via the filter aided pro-
teome preparation (FASP) method. The peptides were desalted via a C18
cartridge, freeze-dried, and reconstituted in 40 uL of 0.1% formic acid solu-
tion. The peptide concentration was determined by measuring the optical
density at 280 nm (OD280). The internal reference standard peptide (iRT)
was added to each sample. Peptide detection was conducted using As-
tral high-resolution mass spectrometry in Data-Independent Acquisition
(DIA) mode. DIA analysis was performed via the nanoflow Vanquish Neo
system (Thermo Fisher Scientific) for chromatographic separation. The
samples were analyzed with an Astral high-resolution mass spectrometer
(Thermo Scientific) in positive ionization mode, with a precursor ion scan
range of 380-980 m/z. The first-stage mass spectrometry resolution was
set at 240 000 at 200 m/z, the normalized AGC target was 500%, and the
maximum IT was 5 ms. MS2 utilized DIA data acquisition mode with 299
scan windows, an isolation window of 2 m/z, an HCD collision energy of
25 eV, a normalized AGC target of 500%, and a maximum IT of 3 ms. DIA
data were processed via DIA-NN software with the following parameter
settings: trypsin was used as an enzyme, the maximum number of missed
cleavage sites was set to 1, carbamidomethyl (C) was set as a fixed modifi-
cation, and oxidation (M) and acetyl (protein N-term) were set as dynamic
modifications. Proteins identified from the database search had to pass
the set filtering parameter of FDR < 1%.

RT-qgPCR: Gene expression levels were assessed by evaluating relative
mRNA expression via a qPCR system (Bio-Rad). After being cultured for
14 days, total RNA was isolated via TRIzol reagent (Invitrogen, CA, USA)
and reverse-transcribed via the PrimeScript RT Reagent Kit (Takara Shuzo
Co., Kusatsu, Shiga, Japan), both of which were performed according to
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the manufacturers’ instructions. The sequences of the primers used for
the qPCR measurements are listed in Table S1 (Supporting Information).

Western Blotting Assay: A routine procedure was used for Western
blotting. Primary antibodies, including rabbit anti-rat CaM, anti-CaN,
anti-NFAT, and anti-GAPDH (Abcam, UK), were incubated with the im-
munoblotted proteins for 12 h at 4 °C. Following five washes with Tris-
buffered saline containing Tween-20 (TBST), the immunoblotted proteins
were incubated with horseradish peroxidase (HRP)-conjugated goat anti-
rabbit secondary antibody (Abcam, UK) for 1 h. The immunoreactive sig-
nals were detected via a Western blotting detection system (V8, Tanon,
China).

Calcium Influx Imaging: ~ After the DRGs had adhered, the mature neu-
ronal cells were cultured for 2-3 days and subsequently treated with PPy,
and the PPyCA MVs were synthesized in vitro. The intracellular calcium ion
levels of DRG cells were measured using a diluted Fluo-4 AM ester stock
(4 uM). After the culture medium was removed, the cells were washed 3
times with PBS. Then, 500 uL of Fluo-4 AM ester solution was added to
each well, and the cells were incubated with the DRGs at 37 °C for 30 min.
Fluorescence images of the DRG cells were then acquired via CLSM (Leica
TCS SP8). The excitation wavelength was 488 nm. A chemical stimulus,
such as high KCl (100 mM), was applied, and the resulting calcium in-
flux was recorded in video format. Images were analyzed offline with NIH
Image| software or Leica software. The data are presented as the relative
change in fluorescence (AF/Fy), where FO is the basal fluorescence and
AF = F-F,,

In Vitro Synthesis of PPy/PPyCA: The polymerization of Py or PyCA in
the presence of CAT and H,0, was monitored using a UV-vis spectropho-
tometer (Unico UV-4800, CN). A solution containing 5 mM Py or PyCA,
1 mM H,0,, and 0.1 uM PSS was placed in a 1 cm quartz cell. Spectra
were collected at ambient temperature at specified time intervals: 0 min,
10 min, 30 min, 90 min, 150 min, and 360 min.

Degradation of PPyCA: To investigate the degradation of PPyCA,
600 pg of PPyCA was dispersed in PBS at two different pH values, 7.4 and
6.5, each containing various concentrations of H,0,: 0.25, 0.5, and TmM.

Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis: Degra-
dation products were dissolved in nanopure water before LC-MS analy-
sis by a liquid-mass analyzer (ORBITRAP FUSION LUMOS). An ACQUITY
UPLC BEH C18 1.7 pm column (2.1 x 100 mm) was used in the chromato-
graphic separation system. Chromatographic separation was conducted
with a binary gradient of solvent A (water plus 0.1% formic acid) and sol-
vent B (acetonitrile plus 0.1% formic acid) at a flow rate of 0.2 mL min~".
The solvent gradient was applied for 43 min, 10-100% B, 0-5 min; 10-90%
B, 5-40 min; and 90%10% B, 40-43 min.

Effects of Degradation Products on Cell Metabolism: The DRG oxygen
consumption rate (OCR) was measured using a Seahorse XFe96 Extracel-
lular Flux Analyzer (Seahorse Bioscience, Agilent) following the manufac-
turer’s established protocols. Briefly, DRGs (3 x 10*) were seeded into 96-
well XF cell culture microplates containing induction medium. On the day
of the assay, the cells were treated with PPy or PPyCA degradation prod-
ucts (1mM, pH 7.4) for 24 h, and then the medium was removed. The cells
were then washed once with warmed assay medium (XF DMEM, pH 7.4,
with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose) and incubated
at 37 °C in a non-CO, incubator for 60 min. After incubation, the assay
medium was replaced with fresh, warm medium, and oligomycin, FCCP,
and rotenone/antimycin A were sequentially injected. The basal respira-
tion, ATP-linked respiration, maximal respiration, and spare respiratory
capacity were calculated using Wave Desktop 2.6 (Agilent Technologies),
with the data normalized to the number of cells.

High-Resolution Untargeted Metabolomics:  Following gradual thawing
at 4 °C, an aliquot from each sample was introduced to a precooled mix-
ture of methanol, acetonitrile, and water (2:2:1, v/v/v). The mixture was
vortexed, subjected to low-temperature sonication for 30 min, incubated
at 20 °C for 10 min, and then centrifuged at 14 000 xg for 20 min at 4 °C.
The supernatant was carefully collected and dried under a vacuum. For
mass spectrometry analysis, 100 pL of acetonitrile/water mixture (1:1, v/v)
was added to the dried sample, which was then vortexed and centrifuged at
14 000 xg for 15 min at 4 °C. The resulting supernatant was used for injec-
tion and subsequent analysis. Chromatographic separation was achieved
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via a Vanquish LC ultrahigh-performance liquid chromatography (UHPLC)
system equipped with a hydrophilic interaction liquid chromatography
(HILIC) column maintained at 25 °C with a flow rate of 0.3 mL min~!
and an injection volume of 2 pL. The mobile phase comprised water with
25 mM ammonium acetate, 25 mM ammonia solution (A), and acetoni-
trile (B). The gradient elution program was structured as follows: from 0
to 1.5 min, 98% B; from 1.5 to 12 min, a linear decrease in B from 98%
to 2%; from 12 to 14 min, B was constant at 2%; from 14 to 14.1 min, B
linearly increased from 2% to 98%; and from 14.1 to 17 min, B was held
at 98%. The samples were kept in an autosampler at 4 °C throughout the
analysis. To counteract instrument signal fluctuations, samples were pro-
cessed in a random order, and quality control (QC) samples were included
intermittently to assess system stability and data reliability.

Following UHPLC separation, the samples were analyzed via electro-
spray ionization (ESI) via a Q Exactive series mass spectrometer (Thermo)
in positive ionization mode. The ESI source settings were as follows: Gas1
and Gas2 at 60, curtain gas (CUR) at 30 psi, the ion source temperature at
600 °C, and the spray voltage (ISVF) at & 5500 V. The first-level mass-to-
charge (m/z) detection range was set from 80 to 1200 Da, with a resolution
of 60000 and a scan accumulation time of 100 ms. The second-level data-
dependent acquisition method operated within a scanning range of 70 to
1200 Da, a resolution of 30 000, a scan accumulation time of 50 ms, and
a dynamic exclusion time of 4 s.

The raw data were converted to mzXML format using ProteoWizard
software, followed by peak alignment and retention time correction us-
ing XCMS software. The data extracted by XCMS were initially subjected
to metabolite structural identification and data preprocessing. An experi-
mental data quality assessment was subsequently performed, followed by
data analysis.

Statistical Analysis:  The data are presented as the standard error of the
mean (mean + SEM). Statistical analysis was performed via Excel, R, and
Prism 9.02. For comparisons of treatment groups, two-tailed Student’s
t-test, one-way ANOVA, or two-way ANOVA was performed. Significance
is denoted as follows: */#P < 0.05; **/##P < 0.07; ***/###P < 0.005;
sk [####P < 0.001. The asterisk (*) indicates a comparison between
the PPyCA and the control, whereas the hash (#) represents a comparison
between the PPy group and the control. Details of the statistical analyses
and “n” values can be found in the Figure Legends. For in vivo experi-
ments, “n” indicates the number of rats.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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