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Abstract

Both topographical and gradient conductive cues can influence cellular activity and thereby
affect tissue regeneration. However, their combined application on biomaterials together
with electrical stimulation has not yet been demonstrated to achieve a synergistic effect.
Herein, we hypothesized that a bacterial cellulose (BC)-based membrane incorporating
aligned nanofibers and a concentration gradient of polypyrrole (PPy), when combined with
electrical stimulation, would promote cell differentiation in peripheral nerve regeneration.
The results showed that PPy was successfully deposited onto the aligned BC/PPy
membrane with a gradient conductive structure. The resulting membrane exhibited good
mechanical properties, thermal stability, a gradient decrease in surface resistance, a
gradient increase in surface current from the upper to lower segments, and excellent
biocompatibility. Notably, the membrane promoted gradient proliferation and
differentiation of PC12 cells in vitro. Importantly, when combined with an applied electric
field (EF), the aligned BC/PPy gradient conductive membranes synergistically directed the

differentiation of PC12 cells. These findings suggest that aligned BC/PPy
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gradient-conductive membranes, combined with EF, represent a promising therapeutic strategy for guiding cellular
activities in peripheral nerve regeneration.

INTRODUCTION

Directional cell differentiation is critical for peripheral nerve regeneration!’, particularly in cases of long-
distance or chronic nerve defects. Impaired cellular activity and uncontrolled neuronal differentiation may
result in a functional gap between regenerated and native nerves, thereby hindering successful nerve repair.
Currently, although autologous nerve grafting remains the gold standard for repairing peripheral nerve
defects, it is associated with several limitations, including limited tissue availability, mismatched nerve
diameters, donor-site morbidity, and loss of function®’). Commercially available artificial substitutes are
primarily used for repairing short-distance nerve gaps or as protective wrap devices'*. However, they often
rely on a single material and face challenges in mimicking the complex anatomical structure, as well as in
achieving precisely guided cell differentiation and axonal reinnervation'>. Therefore, there is a need to
develop a novel strategy capable of programmatically directing the oriented growth, proliferation, and
differentiation of cells at specific sites to promote accelerated peripheral nerve regeneration.

Biomaterials with aligned nanofibers have been demonstrated to effectively guide the oriented growth of
neural cells and neurites, facilitating neurite extension across injured nerve gaps toward target tissues,
thereby promoting nerve regeneration and functional recovery'”. Bacterial cellulose (BC), a natural polymer
produced by Gluconacetobacter xylinus, has recently received enormous attention due to its high mechanical
strength, flexibility, and non-immunogenicity". In particular, aligned BC nanofibers can provide contact
guidance for directional neural stem cell elongation, neurite outgrowth!, pheochromocytoma (PC12) cell
differentiation, and Schwann cell migration along the nanofiber alignment™. Alternative methods for
producing aligned cellulose often lead to reduced yield and disruption of the original BC structure!*’. To
address this, our group successfully prepared highly aligned BC-based membranes via quantitative
stretching, which exhibited excellent mechanical properties, biocompatibility, and guidance of cellular
activities''l. However, these aligned BC nanofibers lack electrical conductivity and thus cannot deliver
electrical or electrochemical stimulation to nerve cells"?..

To render scaffolds conductive, the incorporation of polymeric or metallic conductive nanoparticles onto
aligned fibers has been widely employed. Among these, polypyrrole (PPy) has been extensively studied for
nerve regeneration due to its excellent electrical properties, good biocompatibility, and ease of synthesis!>'"*..
For instance, Liu et al. reported that conductive polylactic acid/reduced graphene oxide/PPy composite
nanofibers, when coupled with an electric field (EF), significantly accelerated PC12 cell proliferation and
differentiation"?). Similarly, Sun et al. developed a self-powered electrical stimulation system using Pt-
BC/PPy-N-CNTs for nerve regeneration"*. However, these scaffolds lack the ability to provide directional
cues for cellular activities and axon growth during nerve repair. To enhance guidance capability,
compositional gradients, which enable cells to infer their spatial location and determine their fate
accordingly, have been applied in the design of new nerve conduits"”. It has been reported that at the tip of
the axon, growth cones can sense gradient guidance cues and modify their morphology to guide axon
extension responsively"®. Previous studies have shown that introducing growth factor or peptide gradient
onto conduits can promote neurite extension and accelerate sciatic nerve regeneration"**!. In another study,
the middle region of a gradient NGF-immobilized film achieved longer dorsal root ganglia (DRG) neurite
outgrowth compared to films without an NGF gradient™. Nevertheless, a scaffold having both aligned
nanofibers and a conductive PPy gradient has not yet been evaluated, nor its effects on cellular activities for
nerve regeneration. To date, various methods have been developed for preparing gradient material, including

[23]

electrospinning””!, 3D printing*’!, and directional diffusion”’. However, these approaches often involve
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Figure 1. Schematic illustration of the preparation process for BC/PPy gradient conductive membranes and the electrotaxis chamber setup.
The BC/PPy gradient conductive membranes were fabricated via a kinetically controlled reaction using a peristaltic pump. Subsequently,
PC12 cells were seeded onto the membranes and subjected to electrical stimulation within an electrostimulation cell culture device. BC:
Bacterial cellulose; PPy: polypyrrole; p-TSA: para-methylbenzenesulfonic acid; PC12: pheochromocytoma.

complex design requirements and challenging operation. Considering that aligned BC nanofibers allow the
in situ polymerization of PPy onto their matrix, a time-controlled reaction method offers a simpler
alternative, in which loading time serves as a key controlling parameter.

Endogenous EF can be detected at the injured nerve section and plays an important role in directing cellular
activities during nerve regeneration”””. However, the prolonged period required for nerve regeneration after
injury may lead to target organ dysfunction or loss""***. To mimic and sustain the effects of endogenous EF,
exogenous electrical stimulation has emerged as a unique and promising treatment strategy for various types
of peripheral nerve injury, including long-distance defects'*. EF stimulation has been shown to promote the
differentiation and proliferation of PC12 cells and axon extension"”; it also increases intraneuronal cAMP
levels in DRGs and NGF expression in Schwann cells'’. Besides, EF can induce microtubule-associated
proteins in axons, promote blood vessel regeneration, and thereby facilitate peripheral nerve regeneration'.
Therefore, the combination of EF with a scaffold that provides both topographical guidance and gradient
conductive signals may represent a novel approach for peripheral nerve regeneration. Recent studies have
confirmed that gradient conductive scaffolds combined with oriented electrical stimulation can
synergistically enhance nerve regeneration, and the integration of multilevel physicochemical cues has also
shown promising prospects®”. However, these strategies have not yet been implemented in the oriented
BC/PPy system.

Herein, we developed a new nerve regeneration system that combined electrical cues with topographic and
gradient conductive guidance of the BC/PPy gradient-conductive membranes for enhanced cell
differentiation in peripheral nerve regeneration. The aligned BC/PPy gradient conductive membranes were
first prepared by a quantitative stretching technique and hot pressing, followed by the introduction of
gradient PPy along the nanofibers by a kinetically controlled reaction [Figure 1]. The physicochemical
properties of the prepared gradient conductive membranes were systematically characterized in terms of
morphology, chemical structures, electrical conductivity, and mechanical strength. Additionally, the
biocompatibility and cell morphology on the aligned BC/PPy gradient conductive membranes were
evaluated. Furthermore, the synergistic effect of coupling EF with the gradient conductive membranes on cell
differentiation was investigated.
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EXPERIMENTAL

Materials

BC was purchased from Hainan Guangyu Biotechnology Co., Ltd. (Hainan, China). Pyrrole (py) was
obtained from Sigma-Aldrich (USA). Ferric chloride hexahydrate (FeCl,-6H,0) and para-
methylbenzenesulfonic acid (p-TSA) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Dulbecco’s modified eagle’s medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640, fetal
bovine serum (FBS), horse serum, bovine serum albumin (BSA), penicillin/streptomycin (P/S), 3- (4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and dimethylsul-foxide (DMSO) were
acquired from Gibico Life Technologies Co., Ltd (Grand Island, USA). Anti-beta III tubulin monoclonal
antibody and rhodamine-conjugated goat anti-mouse Immunoglobulin G (IgG) (H+L) secondary antibody
were obtained from Proteintech Group, Inc. (USA). Dihydrochloride (DAPI), FITC-conjugated phalloidin,
and Calcein-AM/PI were purchased from Dojindo Laboratories (Kyushu, Japan). Nerve growth factor
(NGF) was acquired from Beijing Yigiao Shenzhou Technology Co., Ltd. (China). Fluorescein isothiocyanate
(FITC)-PCi12 cells were generously provided by Huazhong University of Science and Technology (Wuhan,
China). Sheep whole blood was purchased from Beijing Solarbio Technology Co., Ltd (Beijing, China).

Preparation of BC/PPy gradient conductive membranes

BC was purified by boiling in 0.1 M NaOH for 30 min, followed by washing with deionized water. The
purified BC was then cut into pieces measuring 12 cm x 4 cm and wet-drawn at a speed of 1 mm/min until a
stretching strain of 40% was reached. Subsequently, both the pristine and stretched BC membranes were hot-
pressed at 100 °C for 12 h, as previously described""..

The non-stretched and stretched BC/PPy gradient conductive membranes were fabricated by a kinetically
controlled reaction using a peristaltic pump. First, a pyrrole solution containing 4.13 g of p-TSA and 1.61 g
of pyrrole in 300 mL of water was slowly poured into a FeCl, solution (15.6 g of FeCl,-6H,0O in 300 mL of
water) under gentle stirring to obtain the reaction mixture. When the solution turned black, the BC
membranes were vertically immersed until fully submerged to the top segment. The peristaltic pump was
then activated to withdraw the reaction solution at flow rates of 10, 20, and 30 mL/min, respectively. After
completion of the reaction, the membranes were washed three times with deionized water and dried for 20
min to obtain the non-stretched BC/PPy gradient conductive membranes. Based on biocompatibility
evaluation results, a flow rate of 20 mL/min was selected to control the reaction time for PPy gradient
deposition on the membranes. The stretched BC/PPy gradient conductive membranes were prepared
following the same procedure.

Characterization of BC/PPy gradient conductive membranes

The morphology of BC/PPy gradient conductive membranes was observed using field-emission scanning
electron microscopy (FESEM, Sirion 200, Holland) at an accelerating voltage of 10 kV, following sputter
coating with gold. Current flow through the membranes was measured by conductive atomic force
microscopy (C-AFM, -0.1 V) using the current detection mode with the scanning size of 5 um x 5 um. The
chemical composition of the membranes was analyzed by Fourier-transform infrared spectroscopy (FTIR)
spectrometer (Vertex 70, Germany) in the spectral range of 500-4,000 cm™. Thermogravimetric analysis
(TGA, Pyrisl, China) was performed to evaluate thermal properties, with measurements conducted under a
nitrogen atmosphere at a heating rate of 10 °C/min from 25 °C to 800 °C. Elemental composition was
identified by X-ray photoelectron spectroscopy (XPS) spectrum (AXIS-ULTRA DLD-600W, Shimadzu) and
elemental analyzer (EA, Vario Micro cube, Elementar). Surface resistivity across different membrane
segments was measured using a four-point probe resistivity meter. Mechanical properties were assessed
using an Instron universal testing machine (UTM6503, SUNS Industrial Testing System Co., Ltd., China) at
a stretching speed of 1 mm/min at 25 °C and 50% relative humidity. Young’s modulus was determined from
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the slope at low strain values, and the maximum tensile strength corresponded to the maximum stress at
sample breakage. Contact angle (CA) measurements were performed by a drop-shape analyzer (DSA 100,
Kriiss). For each measurement, 10 uL of deionized water was dispensed onto different positions on the
membrane surface, and the average contact angle was reported.

Biocompatibility evaluation and cell morphology observation

MTT assay and hemocompatibility

The cytotoxicity of BC/PPy gradient conductive membranes was evaluated using the MTT assay. NIH3T3
cells were cultured in DMEM medium supplemented with 1% P/S and 10% FBS at 37 °C with 5% CO,. PC12
cells, which are widely used in nerve regeneration research, were cultured in RPMI 1640 medium
supplemented with 5% horse serum, 5% FBS, and 1% P/S under the same conditions. Prior to cell seeding,
the sterilized samples were pre-incubated in serum-free culture medium for 12 h. Then, cells were seeded
onto the membranes at a density of 8 x 10° cells/well in 96-well plates. After 1, 3, and 5 days of culture, the
culture medium was replaced with fresh medium containing 0.5 mg/mL MTT, and the cells were incubated
at 37 °C for another 4 h. Then, 300 pL of DMSO was added and incubated for 10 minutes to dissolve the
formazan crystals. The absorbance was measured at 490 nm using a microplate reader. The
hemocompatibility of the membranes was assessed using a hemolytic activity assay as previously reported™”.
Initially, the materials were cut to fit into a 24-well plate and placed in each well. Then, 1 mL of 0.9% NaCl
solution was added to each well, and the samples were pre-treated at 37 °C for 24 hours. After pre-treatment,
the sample was transferred to test tubes, with 0.9 mL of physiological saline and 0.1 mL of diluted sheep
whole blood added to each tube (V_whole blood: V_physiological saline = 1:1.25). After thorough mixing,
the tubes were incubated at 37 °C for 1 h, followed by centrifugation at 1,000 rpm for 5 min. The supernatant
was collected, and its absorbance was measured at 545 nm using a multi-functional microplate reader.
Physiological saline was used as the negative control, and distilled water served as the positive control. Three
parallel samples were used for each group.

The hemolysis rate of the samples was calculated using the following Equation 1"

HR(%) = [(ODg — ODy) /(ODp — ODy)] x 100 (1)

where ODg, OD,, and OD, represented the optical density values of the sample, negative control, and
positive control, respectively. This test provided insights into the hemocompatibility of the materials by
evaluating their impact on red blood cell integrity.

Live/dead staining and cytoskeleton staining

The morphology of cells on the membranes was observed by confocal laser scanning microscopy (CLSM,
Olympus FV1000, Japan) after 5 days of culture. For the live/dead staining, NIH3T3 and PC12 cells seeded
on the membranes were stained using Calcein-AM (2 uM) and PI (4 uM) for 15 min at 37 °C, and then
observed and imaged by CLSM. For the cytoskeleton staining, PC12 cells on membranes were first fixed with
4% paraformaldehyde for 30 min and then permeabilized with 0.1% Triton X-100 (v/v) for 5 min.
Subsequently, the cells were co-stained with FITC-conjugated phalloidin and DAPI for 30 min prior to
CLSM observation. Image] software was employed for statistical analysis and calculation of cell orientation
angles. An angle of 0° indicates perfect alignment (parallel to the fiber alignment).

p3-tubulin staining
p3-Tubulin is considered an early neuronal differentiation marker and used for staining of neurites. For
the p3-tubulin staining, PC12 cells on the membranes were first fixed with 4% paraformaldehyde for 30 min,
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permeabilized with 0.1% Triton X-100 (v/v) for 5 min and blocked with 2% BSA for 1 h. The cells were then
incubated with p3-tubulin primary antibody at 4 °C for 12 h, followed with co-staining of rhodamine-
conjugated goat anti-mouse IgG (H+L) and DAPI for 1 h at room temperature prior to CLSM observation.

Electrical stimulation of cells on the membranes

The homemade electrotaxis chamber was built on the culture dish as previously reported"". After one day of
PCi2 cells cultured on the membranes, the medium was replaced with differentiation medium containing
10% FBS and 50 ng/mL NGF for another 12 h. The samples were then placed in the electrotaxis chamber. A
constant EF magnitude of 50 mV/mm was applied for 1 hour per day over two consecutive days. Finally, the
cells were cultured for an additional 12 hours before staining.

Statistical analysis

Each experiment was performed in triplicate. Error bars represent standard deviation (SD). Comparisons
between two groups were carried out by the Student’s t-test, and differences were considered statistically
significant at *P < 0.05, **P < 0.01, and ***P < 0.001.

RESULT AND DISCUSSION

Preparation and screening of BC/PPy gradient conductive membranes

To fabricate and identify the most suitable PPy gradient deposition on the membranes, three types of
BC/PPy gradient conductive membranes were prepared with extraction rates of 10, 20, and 30 mL/min,
respectively. The PPy gradient was formed by varying the deposition duration along the membrane. For
characterization, each membrane was divided into three segments (upper, middle, and lower), with the lower
segment having the longest deposition time. The surface morphology and elemental analysis confirmed the
successful loading of PPy gradient onto all three membranes [Supplementary Figures 1 and 2]. The surface
resistance and surface current measurements [Supplementary Figures 3 and 4] indicated that the surface
conductivity of BC/PPy gradient conductive membranes increased from the upper to lower segments. The
cell activity of NTH3T3 and PC12 cells on the 20-BC/PPy gradient conductive membranes was higher than
that of the other groups [Supplementary Figure 3]. Therefore, 20-BC/PPy gradient conductive membranes,
which demonstrated favorable biocompatibility and excellent gradient surface resistance characteristics, were
selected for subsequent experiments unless otherwise specified.

Characterization of BC/PPy gradient conductive membranes

Morphological characterization

The surface morphology of upper, middle, and lower segments of the non-stretched and stretched BC/PPy
gradient conductive membranes is shown in Figure 2. PPy nanoparticles with diameters of approximately
100 nm were successfully deposited onto the surface of BC nanofibers, exhibiting an increasing
concentration gradient distribution from the upper to lower segments [Figure 2A-F]. The membrane color
became darker with increasing PPy deposition [Supplementary Figure 5]. Specifically, the fibers in the non-
stretched BC/PPy gradient conductive membranes were randomly arranged [Figure 2A-C], whereas the
stretched BC/PPy gradient conductive membranes exhibited clear fiber alignment along the stretching
direction [Figure 2D and F]. The cross-sectional morphologies of the stretched BC/PPy gradient conductive
membranes further revealed their internal oriented structure [Figure 2G and H]. The fiber alignment
characteristics were consistent with our previous study"'. Moreover, PPy tended to polymerize along the
fiber alignment of the stretched membranes, suggesting that the aligned BC nanofibers effectively guided PPy
deposition. This may be attributed to the deeper grooves in the stretched membranes compared to the non-
stretched ones [Figure 3], which facilitated the formation of aligned and continuous conductive fiber
networks for electron transfer. Overall, the stretched BC/PPy gradient conductive membranes, featuring
highly aligned nanofibers and a gradient conductive PPy structure, offer suitable topographical and electrical
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Figure 2. FESEM images of the BC/PPy gradient conductive membranes: (A-C) non-stretched membranes (upper, middle, and lower
segments); (D-F) stretched membranes (upper, middle, and lower segments). Cross-sectional images of the stretched lower segment
taken perpendicular to the stretching direction (G) and parallel to the stretching direction (H). Scale bar: 500 nm. FESEM: Field-emission
scanning electron microscopy; BC: bacterial cellulose; PPy: polypyrrole.

guidance for further investigations into nerve cell behavior.

C-AFM

In view of the importance of surface topography and conductivity variations of biomaterials for the adhesion,
proliferation, and differentiation of nerve cells", C-AFM">**l was performed, and the results are presented in
Figure 3. On all BC/PPy gradient conductive membranes, the surface current increased with the rising
concentration gradient of PPy from the upper to lower segments [Figure 3A-C and G-I, indicating
improved electron transfer efficiency and conductivity after PPy incorporation”®*. The surface current
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Figure 3. AFM images of non-stretched (A-F) and stretched (G-L) BC/PPy gradient conductive membranes. Current images are shown for
non-stretched (A-C) and stretched (G-1) membranes, and height images for non-stretched (D-F) and stretched (J-L) membranes. Scan
size: 5 um X 5 pm. AFM: Atomic force microscopy; BC: bacterial cellulose; PPy: polypyrrole.

density on the upper, middle, and lower segments of the non-stretched BC/PPy gradient conductive
membranes were 0.006, 0.139, and 13.378 nA, respectively [Figure 3A-C]. In comparison, the stretched
membranes exhibited higher surface currents on the corresponding segments, with values of 0.005, 9.135,
and 41.614 nA, respectively [Figure 3G-I]. Notably, the stretched BC/PPy gradient conductive membranes
displayed an aligned surface current distribution along the fiber orientation, with the lower segment showing
the maximum surface current (Figure 31, 41.614 nA) and regular nanogroove depth (Figure 3L, 482.09 nm).
In contrast, the non-stretched membranes exhibited randomly distributed surface currents and shallower
nanogrooves. This difference may be attributed to the stretching and hot-pressing processes, which reduced
the specific volume between nanofibers, thereby increasing nanogroove depth and promoting aligned PPy
deposition for efficient current flow. Overall, the highly aligned stretched BC/PPy gradient conductive
membranes exhibit gradient surface current distribution and enhanced current flow along the fiber
alignment, making them promising candidates for guiding cell behavior via topographical and gradient cues
in peripheral nerve regeneration.

Fourier transform infrared spectra and thermogravimetric analysis

FTIR was performed on BC and stretched BC/PPy gradient conductive membranes to evaluate the effect of
in-situ PPy polymerization on the chemical structure [Figure 4A]. The spectrum of BC reveals that bands at
3,344, 2,896, 1,646, and 1,051 cm™ were attributed to the stretching vibrations of O-H, C-H, and deformation
vibrations of O-H, C-O, respectively. For the BC/PPy gradient conductive membranes, new characteristic
peaks at 1,543 and 1,453 cm™, corresponding to the stretching vibrations of C=C and C=N in pyrrole,
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Figure 4. Characterizations of BC/PPy conductive gradient membranes. ATR-FTIR (A) and XPS (B) spectra of BC and stretched BC/PPy
conductive gradient membranes; (C) The log (R) values of non-stretched and stretched BC/PPy conductive gradient membranes. (D-F)
Stress-strain, Young's modulus and tensile strength curves of BC, non-stretched BC/PPy,stretched BC, and stretched BC/PPy conductive
gradient membranes. n =3, *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent SD. BC: Bacterial cellulose; PPy: polypyrrole; ATR:
attenuated total reflectance; FTIR: Fourier-transform infrared spectroscopy; XPS: X-ray photoelectron spectroscopy; SD: standard
deviation.

respectively, confirming successful PPy polymerization on the BC membranes”**!. Compared with pure BC,
the BC/PPy gradient conductive membranes exhibited a gradual reduction in the absorption peak at 3,344
cm™, along with a slight shift to 3,340 cm™. This change is attributed to hydrogen-bonding interactions
between BC and PPy, which altered the original O-H connections on BC and resulted in a redshift of the
infrared stretching vibration peak. Simultaneously, increased PPy deposition on the gradient-conductive
membranes fibers led to a decrease in the intensity of the O-H stretching vibration peak. In addition,
Thermogravimetric analysis TGA was conducted to evaluate the thermal stability of non-stretched and
stretched BC/PPy gradient conductive membranes at different segments [Supplementary Figure 6]. Three
decomposition stages were observed for all the gradient conductive membranes. Notably, the thermal
stability of BC/PPy gradient-conductive membranes improved with increasing PPy content. Furthermore,
the stretched membranes exhibited superior thermal stability compared to non-stretched membranes, which
may be attributed to the denser structure of the aligned BC/PPy fibers. This aligned structure acts as a barrier
to BC molecular chains, further enhancing thermal stability for tissue engineering applications'"'.

X-ray photoelectron spectroscopy analysis

XPS was used on different segments of non-stretched and stretched BC/PPy gradient conductive
membranes. Compared with BC, the lower segment of the aligned BC/PPy gradient conductive membranes
exhibited a new characteristic N peak at 398 eV, confirming successful PPy loading [Figure 4B]. The newly
emerged S peak was attributed to the incorporation of p-TSA during PPy synthesis. Further quantitative
analysis of N content in the different membranes is shown in Supplementary Table 1. For the non-stretched
BC/PPy gradient conductive membranes, the N content in the upper, middle, and lower segments increased
sequentially to 3.57%, 5.32%, and 9.37%, respectively. A similar trend was observed for the stretched
membranes, with N contents of 3.9%, 8.3%, and 9.6% in the upper, middle, and lower segments, respectively,
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indicating effective PPy gradient deposition from the upper to lower segments. Notably, the stretched
membranes exhibited slightly higher N content in the corresponding segments compared with the non-
stretched membranes under the same reaction time. This can be attributed to the more aligned and tightly
packed BC nanofibers, which provide a topographical structure conducive to increased in-situ PPy
deposition. These results are consistent with the FESEM and C-AFM analyses, collectively highlighting the
effectiveness of PPy gradient deposition and the influence of aligned nanofibers on the structural and
compositional characteristics of the BC/PPy gradient conductive membranes.

Surface resistance analysis and hydrophilicity analysis

The surface resistance of the non-stretched and stretched BC/PPy gradient conductive membranes was
evaluated using a surface resistance meter [Figure 4C]. A gradual increase in surface resistance from the
lower to the upper segments was observed across all BC/PPy gradient conductive membranes
[Supplementary Figure 3]. Notably, the stretched BC/PPy gradient conductive membranes exhibited lower
surface resistance than their non-stretched counterparts at the same segments. This can be attributed to the
greater amount of PPy deposited on the aligned nanofibers due to their larger deposition area, which
facilitated the formation of continuous and oriented conductive pathways, thereby enhancing electron
transport efficiency. These surface resistance results are consistent with the C-AFM findings, further
confirming the successful fabrication of BC/PPy gradient conductive membranes for guiding cellular
activities. In addition, surface hydrophilicity analysis revealed a gradient change in surface hydrophilicity
across the BC/PPy gradient conductive membranes [Supplementary Table 2]. This trend can be explained by
the gradient increase in PPy deposition on the BC nanofibers from the upper to lower segments, which led to
a gradient reduction in active hydrophilic groups (-OH) on the nanofibers. Such tunable surface properties
may facilitate cell-material interactions in specific tissue engineering applications

Mechanical property

Mechanical properties are critical parameters for evaluating tissue-engineering scaffolds derived from
biomaterials”®. The mechanical properties of the non-stretched and stretched BC/PPy gradient conductive
membranes are presented in Figure 4D-F. The pure BC membrane exhibited a tensile strength of 5.2 MPa
and a Young’s modulus of 238.6 MPa, whereas the stretched BC/PPy gradient conductive membranes
achieved a tensile strength of 34.1 MPa (P < 0.01) and a Young’s modulus of 1,849.9 MPa (P < 0.001).
Previous studies have also reported that tensile strength and Young’s modulus increase with PPy deposition
and nanofiber alignment""*”. In the present study, the enhanced mechanical properties of the stretched
BC/PPy gradient conductive membranes can be attributed to two factors. First, the aligned nanofibers are
densely packed and form stronger hydrogen bonds. When subjected to tensile forces along the alignment
direction, the inherently stronger fibers in the oriented membranes can withstand greater external loads. In
contrast, in the non-stretched BC/PPy gradient conductive membranes, only a few fibers align with the
direction of the applied force, leading to simultaneous rupture of most fibers, as previously reported"".
Second, PPy deposition on the aligned BC fibers is denser and more continuous, reinforcing hydrogen-
bonding interactions both between PPy and BC and among BC fibers. In conclusion, the combined effects of
PPy deposition and nanofiber alignment synergistically improved the mechanical properties of the BC/PPy
gradient conductive membranes, supporting their potential application in nerve regeneration.

In vitro biocompatibility evaluation and cell morphology

Biocompatibility is a fundamental requirement for biomaterials in tissue engineering applications”. The
hemolysis ratio (HR) was employed to evaluate the blood compatibility of non-stretched and stretched
BC/PPy gradient conductive membranes [Figure 5A]. For the non-stretched gradient-conductive
membranes, the HR values of the upper, middle, and lower segments were 1.38%, 0.28%, and 0.28%,
respectively, while the stretched membranes exhibited HR values of 0.87%, 0.04%, and 0.40% at the
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Figure 5. Biocompatibility of BC/PPy conductive gradient membranes and cell morphology observations. (A) Hemolysis test for non-
stretched and stretched BC/PPy conductive gradient membranes. PC: positive control (distilled water); NC: negative control (normal
saline), n = 3; (B and C) MTT assay and Live/Dead staining images of PC12 cells cultured on Control (petri dish), BC, non-stretched and
stretched BC/PPy conductive gradient membranes. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, #*P < 0.01, # when compared with the non-
stretched upper segment under the same conditions. &P < 0.05, & when compared with the non-stretched middle segment under the same
condition. *P < 0.05, % when compared with the non-stretched lower segment under the same condition. **P < 0.01, ¥*P < 0.001, $ when
compared with control group under the same condition. Scale bars are 100 um. Error bars represent standard deviation (SD). BC: Bacterial
cellulose; PPy: polypyrrole; MTT: 3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

corresponding segments. These results indicate good hemocompatibility of the BC/PPy gradient conductive
membranes, as a hemolysis ratio below 5% is considered acceptable for biomaterials™.

The cytocompatibility of BC, non-stretched, and stretched BC/PPy gradient conductive membranes was
assessed via MTT assays using PC12 and NIH3T3 cells [Figure 5B and Supplementary Figure 7]. Throughout
the 1, 3, and 5-day culture periods, cell viability on all BC/PPy gradient conductive membranes was higher
than that on pure BC membranes, indicating the non-cytotoxic nature of the BC/PPy membranes.
Specifically, for the non-stretched gradient-conductive membranes, the relative cell viability of the middle
and lower segments (120% and 126%, respectively) was significantly higher than that of the upper segment
(107%, P < 0.05). A similar gradient in cell viability was observed for the stretched BC/PPy gradient
conductive membranes, with relative cell viability values of 98% (upper), 129% (middle, P < 0.01), and 132%
(lower, P < 0.05). Notably, the lower segment of the stretched BC/PPy gradient conductive membranes
exhibited the greatest promotion of cell proliferation, showing a 1.32-fold increase in cell viability compared
with the control (culture dish, P < 0.01). Consistent results were obtained from the live/dead staining assay
[Figure 5C]. From day 3 to day 5, a clear gradient in the proliferation of live cells (green) was observed across
all gradient conductive membranes from the upper to lower segments, indicating that PC12 cells could
proliferate and grow normally on the BC/PPy gradient conductive membranes, particularly on the lower
segment of the stretched membranes.

It is well established that PPy has excellent biocompatibility and can support cell proliferation'*’. In this
study, the increasing concentration gradient of PPy on the aligned membranes contributed to the enhanced
cell viability from the upper to lower segments. This phenomenon can be attributed to two factors. First, the
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gradient PPy deposited on the stretched BC/PPy gradient conductive membranes was predominantly
distributed along the fiber orientation [Figure 2D], which may facilitate more effective transmission of
endogenous electrical signals between cells and fibers, thereby promoting cell proliferation'. Second, the
deeper and oriented nanogrooves on the stretched BC/PPy gradient conductive nanofibers provide greater
space for PPy deposition, offering more active functional groups and anchoring points for cell adhesion,
growth, and proliferation'®?. Together, these results indicate that the stretched BC/PPy gradient conductive
membranes promote gradient cell proliferation from the upper to lower segments, providing an effective
strategy to couple topographical (fiber alignment) and gradient (PPy gradient) cues with subcellular
responses.

Evaluation of cell differentiation on BC/PPy gradient conductive membranes

In the absence of EF

In the absence of an EF, PC12 cells cultured on the control dish, BC membranes, and the upper segment of
non-stretched BC/PPy gradient conductive membranes exhibited a rounded morphology without
protrusions. In contrast, cells on the middle and lower segments of the non-stretched BC/PPy membranes
began to display protrusions (Figure 6 and 7A, -EF). Compared with the same segments of the non-stretched
BC/PPy gradient conductive membranes, more cell protrusions and longer neurites were observed on the
stretched BC/PPy membranes with neurites elongate along the fiber alignment. Significantly higher neurite-
bearing cell population (P < 0.01) and neurites length (P < 0.01) on the lower segment are measured than that
on the upper segment of BC/PPy gradient conductive membranes (Figure 7B and C, -EF). Moreover, both
the neurite-bearing cell population (P < 0.05) and neurite length (P < 0.001) on the lower segment of the
stretched membranes were significantly higher than those on the non-stretched counterparts (Figure 7B and
C, -EF). These results indicate a gradient in cell differentiation from the upper to lower segments of the
BC/PPy gradient conductive membranes, with the lower segment of the stretched membranes exhibiting the
greatest effect. In addition, as shown in Figure S8, the stretched BC/PPy gradient conductive membranes
promoted neurite elongation along the fiber alignment, particularly on the lower segment. This finding is
consistent with previous reports showing oriented growth of PC12 cells and Schwann cells on patterned
materials">*). Another study demonstrated enhanced neurogenesis of PC12 cells on aligned conductive
scaffolds'*!. In this study, the gradient and directional cell differentiation observed on the stretched BC/PPy
gradient conductive membranes may be attributed to the gradient and aligned deposition of PPy, which can
transmit gradient electrical signals to conductive cells such as PC12 cells, thereby influencing cellular
signaling pathways and inducing directional cell differentiation.

In the presence of EF

To further investigate the synergistic effect of the BC/PPy gradient conductive membranes and EF on cell
differentiation, PC12 cells cultured on the membranes were exposed to EF (Figure 6 and 7A, +EF). Notably,
cells in the “+EF” groups exhibited typical neuronal differentiation morphology with well-formed neurites
[Figure 6 and 7A]. The neurite-bearing cell population and neurite length measured on all segments of the
BC/PPy gradient conductive membranes under EF were significantly higher than those without EF, except
for the upper segment of the stretched membrane [Figure 7B and C]. Moreover, the lower segment of the
stretched membranes in the presence of EF exhibited the highest neurite-bearing cell population (Figure 7B,
63.35%), which was 1.29-fold higher than that of the lower segment of the non-stretched membranes
(49.03%, P < 0.05, +EF) and 2.04-fold higher than that of the upper segment of the stretched membranes
(31.13%, P < 0.05, +EF). A similar trend was observed for neurite length, where the lower segment of the
stretched membranes under EF (Figure 7C, 64.39 um) exhibited a 1.45-fold increase compared with the
lower segment of the non-stretched membranes (44.38 um, P < 0.001, +EF) and a 1.82-fold increase
compared with the upper segment of the stretched membranes (35.43 um, P < 0.001, +EF).
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Figure 6. The synergistic effect of BC/PPy gradient conductive membranes and EF on PC12 cells. FITC/DAPI staining images of PC12 cells
after culturing on Control (petri dish), BC, non-stretched and stretched BC/PPy gradient conductive membranes in the absence or
presence of EF, respectively. Scale bars are 100 um. EF: Electric field; BC: bacterial cellulose; PPy: polypyrrole; PC12: pheochromocytoma;
FITC: Fluorescein isothiocyanate; DAPI: dihydrochloride.

In addition, Supplementary Figure 8 shows that EF did not significantly affect the direction of neurite
extension. This finding suggests that, under our experimental conditions, topographical contact guidance
from the aligned BC nanofibers dominates over electrotactic cues from the external EF in directing neurite
polarity. This may be due to the following reasons. First, the strength of the applied EF (50 mV/mm) may be
below the threshold required to induce directional migration or neurite turning in PC12 cells. Previous
studies have shown significant threshold differences in the responses of different cell types to electric
fields"*. Second, the intermittent nature of EF application (1 h per day) may limit its directional influence.
Continuous EF exposure is often required for sustained electrotaxis, whereas our protocol prioritized cell
viability and mimicked clinically relevant intermittent stimulation. In contrast, the topographical cues are
present constantly and provide persistent directional signals through cytoskeletal reorganization and focal
adhesion alignment"”*!. Thus, in our system, the aligned BC/PPy gradient membrane provides the directional
template, while EF serves as a non-directional trophic factor that amplifies the extent of differentiation. This
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Figure 7. The synergistic effect of BC/PPy gradient conductive membranes and EF on differentiation of PC12 cells. (A)
Immunofluorescence images of PC12 cells after culturing on Control (petri dish), BC, non-stretched and stretched BC/PPy gradient
conductive membranes in the absence or presence of electrical stimulation, respectively. Scale bars are 50 um; (B and C) Quantitative
analysis of the neurite-bearing (B), neurite length (C) of PC12 cells after culturing on Control (petri dish), BC, non-stretched lower and
stretched lower BC/PPy gradient conductive membranes in the absence or presence of electrical stimulation, respectively. n =3, *P <
0.05, **P < 0.01, ***P < 0.001, P < 0.05, %P < 0.01, &P < 0.001, & when compared with Control group under the same condition. #P <
0.05, ##P < 0.01, ###P < 0.001, # when compared with “-EF" groups under the same condition. *P < 0.05, **$P < 0.001, $ when compared
with non-stretched groups under the same condition. Error bars represent standard deviation (SD). BC: Bacterial cellulose; PPy:
polypyrrole; EF: electric field; PC12: pheochromocytoma.

complementary synergy is highly favorable for nerve repair, as it ensures guided regeneration along the
desired axis while maximizing neurite extension.

Collectively, the combination of stretched BC/PPy membranes with EF synergistically enhanced the neurite-
bearing cell population and neurite length in a gradient manner from the upper to lower segments. Similar
enhancements in cell differentiation have been reported by Tang et al., who demonstrated that the
combination of conductive PPy-coated aligned fibers with EF collectively promoted functional expression in
PCi12 cells, including elongation, gene expression, and protein expression'”. Previous studies have suggested
that a conductive microenvironment combined with EF facilitates the opening of voltage-gated calcium
channels and calcium ion influx, thereby upregulating the expression of neurogenic genes and enhancing
neurogenesis'***’l. However, the combined influence of gradient-conductive and topographical guidance,
together with EF, on cell differentiation has remained unexplored.

The synergistic effect of the aligned BC/PPy gradient conductive membranes combined with electrical
stimulation can be attributed to three main factors. First, regarding the PPy gradient guidance, the
conjugated n-electron clouds along the aligned PPy gradient chains form delocalized electron systems,
enabling continuous and gradient charge transmission. This effectively promotes intracellular signal
transduction between cells and the material, thereby enhancing gradient neuronal differentiation from the
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upper to lower segments of the membranes. Second, concerning topographical guidance, the aligned BC
nanofibers serve as a core structural component, resembling nerve bundles composed of numerous aligned
cell-matrix assemblies!**). Moreover, PPy possesses favorable biocompatibility and supports the adhesion,
growth, and differentiation of neural cells'. Consequently, the oriented deposition of PPy along the aligned
BC nanofibers can activate relevant cellular signaling pathways, converting topographical cues into
mechanical signals and subsequently inducing cell differentiation. Third, with respect to the application of
EF, studies have demonstrated its important role in altering the distribution of extracellular matrix molecules
and enhancing protein adsorption, thereby promoting neural axon elongation. In the present study, electrical
stimulation concurrently induces the transfer of delocalized = electrons along the oriented PPy chains,
facilitating the transport of bioactive molecules or growth factors and contributing to the conversion of
topographical signals into mechanical signals. Ultimately, these combined effects synergistically achieve
gradient differentiation of PC12 cells on the aligned BC/PPy gradient conductive membranes.

Overall, the stretched BC/PPy gradient conductive membranes effectively enhance directional neurite
outgrowth and neurite length in a gradient manner from the upper to lower segments. Notably, under
electrical stimulation, cells exhibit the most pronounced differentiation along the fiber alignment on the
lower segment of the stretched membranes. Wang et al. developed a composite nerve conduit consisting of
aligned PLCL nanofiber conduits and aligned GelMA hydrogel, which effectively promoted axonal
regeneration, remyelination, and angiogenesis'*”, while Jin et al. developed a conductive fibrous hydrogel
bandage that achieved effective nerve regeneration and functional recovery®'. Our results are consistent with
these recent findings and are the first to report synergistically enhanced gradient cell differentiation achieved
by combining stretched BC/PPy gradient conductive membranes with EF stimulation, highlighting the
potential of integrating these cues for peripheral nerve regeneration.

CONCLUSION

In summary, a highly aligned BC/PPy gradient-conductive membrane was successfully fabricated via
quantitative stretching and hot pressing of BC, followed by a kinetically controlled in situ polymerization to
introduce a gradient distribution of PPy along the nanofibers. The resulting membrane exhibited well-
aligned nanofibers with a gradient PPy deposition along the fiber alignment, demonstrating good mechanical
strength, thermal stability, and a gradient in surface current. In vitro biological evaluations revealed that the
aligned BC/PPy gradient-conductive membrane possessed excellent cytocompatibility and
hemocompatibility, and effectively promoted gradient proliferation and differentiation of PC12 cells.
Furthermore, upon application of an EF, directional gradient cell differentiation on the aligned BC/PPy
gradient conductive membrane was significantly enhanced, with the maximum neurite length (64.39 um)
and neurite-bearing cell population (63.35%) observed on the lower segment, compared with the non-
stretched BC/PPy gradient conductive membrane under EF and the stretched BC/PPy membrane without
EF. These results suggest a synergistic effect between the aligned BC membrane and EF in promoting nerve
regeneration. Taken together, the findings support our hypothesis that the aligned BC/PPy gradient-
conductive membrane, combined with EF, represents a promising strategy for enhancing directional cell
differentiation in accelerated peripheral nerve regeneration.
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