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Bioadaptive liquid-infused multifunctional fibers for
long-term neural recording via BDNF stabilization and

enhanced neural interaction
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Brain-computer interfaces (BCls) enable direct communication between the brain and computers. However, their
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long-term functionality remains limited due to signal degradation caused by acute insertion trauma, chronic for-
eign body reaction (FBR), and biofouling at the device-tissue interface. To address these challenges, we introduce a
multifunctional surface modification strategy called targeting-specific interaction and blocking nonspecific adhe-
sion (TAB) coating for flexible fiber, achieving a synergistic integration of mechanical compliance and biochemical
stability. The coating combines brain-derived neurotrophic factor (BDNF) conjugation and a lubricant-infused sur-
face. This dual-functional design enables selective interaction with neurons and astrocytes while preventing non-
specific adhesion. Notably, high-quality single-unit neural signals were stably recorded for more than 12 months
after implantation, demonstrating exceptional long-term recording performance. Integrating mechanical compat-
ibility, antifouling properties, and selective neural cell interaction, the TAB-coated multifunctional fiber represents
a transformative approach for neural implants, bridging biological systems with computational systems.

INTRODUCTION

Brain computer interface (BCI) is a system that enables direct com-
munication of computer with neural system (I-3). One notable ex-
ample of BCI is an implantable neural device that is directly inserted
into brain allowing interaction between the central nervous system
(CNS) and computer (4). This innovation has received substantial
attention due to its potential application in various fields ranging
from medical therapies to cognitive enhancement (5-11). For these
applications, the neural devices should be seamlessly integrated
with the human brain and stably operated for the long term (12-15).
Moreover, the implantable neural devices require high resolution
and fidelity in data acquisition to allow precise interaction with the
nervous system. However, conventional implantable neural devices
have limitations such as nonselective adhesion of cells, foreign body
reaction (FBR), glial sheath formation around the implanted site
(16-18), and continuous damages inflicted by micromotion (19).
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These issues notably shorten the life span of the neural device and
decrease resolution and accuracy of neural signal recording. To en-
sure precise and long-term operation of the neural device, they
should promote selective interaction with neuronal cells for reliable
performance while minimizing the inflammation caused upon the
implantation (20).

During the implantation, neural devices inevitably inflict acute
inflammation, which can progress to chronic inflammation. One of
the primary concerns is the acute trauma inflicted on the surround-
ing neural tissue during the surgical insertion process (21, 22). This
initial damage can trigger a cascade of biological responses, includ-
ing acute and chronic FBRs (17, 23-25). This often leads to glial scar-
ring and eventual encapsulation of the device, which compromises
signal quality and long-term functionality (26). The initiation of the
immune cascade around implantable devices often begins with the
adhesion of biomolecules and immune cells to the device surface
(27). Surface modification has been investigated as a strategy to miti-
gate immune response (28). These biochemical strategies aim to pre-
vent the adhesion of unwanted cells and proteins near the device
surface, using various antifouling surface modification techniques
such as hydrophilic, hydrophobic, and drug-loaded coatings (29).
These surface modifications have demonstrated pronounced success
in reducing biofouling and mitigating immune responses at the im-
plantation site. However, while these coatings effectively repel un-
wanted substances, it is noteworthy that the strategies may not be an
ideal interface for neural device implants requiring high-sensitivity
signal recording as they inhibit direct interaction between the device
and neurons (30). These limitations arise from the extreme repel-
lency even against the target neurons. The potential hindrance of ad-
hesion between neurons, glial cells, and the devices may lead to
diminished neural recording sensitivity and selectivity.

Neural integrity remains a challenge to acquire neural signals with
high resolution and fidelity. To establish a closer interface between
the device and target neurons, recent strategies have explored the
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conjugation of biomolecules that promote selective interaction and
support cell survival (31-33). However, the implanted biomolecule
conjugates were reported to be subject to biodegradation as it is con-
tinuously exposed to proteolytic enzymes and immune responses.
Proteases degrade proteins and peptides, while immune cells, such as
macrophages and neutrophils, generate reactive oxygen species and
other enzymes that further break down biomolecular coatings (34).
These biochemical and cellular defense mechanisms recognize for-
eign materials and lead to the gradual degradation of biomolecules. In
addition, biomolecule-coated implants do not adequately address
the tissue trauma caused by friction of device insertion (35). These
combined effects gradually compromise the implants functionality
and long-term stability. To overcome these limitations, it is essential
to develop implantable devices that integrate neural cell affinity, anti-
fouling properties, and flexibility into a unified design, ensuring
both biochemical compatibility and mechanical harmony with the
surrounding tissue.

To this end, we introduced a TAB (targeting-specific interaction
and blocking nonspecific adhesion) coating for flexible neural fibers,
incorporating brain-derived neurotrophic factor (BDNF) conjuga-
tion and a lubricated surface through partial silanization, aiming to
achieve seamless mechanical and biochemical integration between
the device and neural tissue. The coating consists of alternately im-
mobilized perfluorosilane (PFS) and aminosilane to promote the
selective interaction of neurons and astrocytes while preventing non-
specific adhesions of immune-related substances (36). The PFS com-
ponent imparts low surface energy for holding a slippery lubricant
layer, while the aminosilane serves as an anchor for BDNE The im-
mobilized BDNF facilitates the interaction of neurons and astrocytes
with the device by binding to tropomyosin receptor kinase B (TrkB)
receptors (28, 37-39). The thin lubricant layer repels nonspecific ad-
hesions reducing the attachment of blood and plasma proteins to less
than 3%. The antifouling properties against plasma protein were con-
firmed, and selective interactions with brain cells were tested under
in vitro conditions. Notably, it exhibited increased adhesion of as-
trocytes and neurons, reaching ~25% coverage after 1 day and pro-
liferating up to 65% after 1 week. These findings highlight the dual
functionality of the TAB coating in suppressing adhesion of immune
cells while promoting selective interaction with neuronal cells. Fur-
thermore, TAB coating-applied flexible neural fiber was implanted
in vivo in mouse models, showing long-term signal recording (>1 year)
with a higher signal recording sensitivity compared to pristine neural
fiber. Histological analysis and biomechanical tests confirmed en-
hanced target cell interaction selectivity and prolonged implant
periods. This bioactivated lubricated surface presents a promising
dual-action strategy for implantable neuronal devices, improving
integration with brain tissue.

RESULTS

Design and principle of the multifunctional fibers with

TAB coating

We fabricated neural probes based on flexible fibers with TAB
coating, designed to enhance biochemical mitigation alongside
mechanical mitigation (Fig. 1A). First, to achieve mechanical miti-
gation, flexible multifunctional neural fiber was fabricated through
a thermal drawing process (TDP). This process allows miniaturiza-
tion and integration of functional modalities into fibers by pre-
serving the cross-sectional structure. This microscale polymeric fiber
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exhibits exceptional flexibility, demonstrated by its flexural rigidity
of 1.49 X 10”7 N/m*. Moreover, a single fiber device is capable of
primary functions required for neural interfaces, including electro-
physiologic (e-phys) recording of single neuron spiking activities,
optogenetic stimulation, and microfluidic drug delivery. Subsequent-
ly, TAB coating was applied to enhance the neural interaction
and longevity of the signal record. The TAB coating is based on
PES layer with partially immobilized BDNF molecules within its
structure. Upon lubricant infusion on the PFS, the coating exhib-
its frictionless properties, minimizing friction during insertion and
reducing adverse acute insertion trauma. In addition, it demon-
strates antifouling against coagulation agents (e.g., thrombin and
fibrinogen), preventing the initiation of FBR and inflammatory
reactions. The partially immobilized BDNF within the PFS layer
promotes interactions with neurons and astrocytes, supporting the
survival and growth of the neurons and astrocytes. BDNF is closely
linked to the promotion of the A2 astrocyte subtype which is con-
sidered neuroprotective because it up-regulates the expression of
neurotrophic factors (40, 41), which support neuronal survival (42),
regeneration (41), and repair (43). In addition, BDNF is known to
increase the metabolic functions of astrocytes converting glucose
into lactate via glycolysis (44, 45), and the lactate can then be shut-
tled to neurons as an energy source. Despite its numerous advan-
tages, BDNF is known to degrade rapidly in vivo conditions due to
the resident immune system and proteolytic enzymes. Recent stud-
ies have shown that intracerebral injection of BDNF can trigger a
localized inflammatory response from resident immune cells such
as microglia. Once activated, these immune cells not only degrade
foreign biomolecules directly, causing BDNF levels to decrease no-
tably within 2 hours postinjection, but also release proteolytic en-
zymes. In addition, this immune activation may initiate the early
stages of the FBR, leading to glial sheath formation around implanted
neural fibers later. This phenomenon hinders interaction between
the implant surface, neurons, and astrocytes interrupting the bioac-
tivity of target cells (Fig. 1B). However, the TAB coating’s thin lu-
bricant layer prevents immune cell adhesion and migration to the
BDNF which prevents immune cell activation. Moreover, TAB coat-
ing demonstrates bioactivity by inducing the spreading and prolif-
eration of adhered astrocytes, along with increased gene and protein
levels of antioxidant and glycolysis, promoting successful neural
integration (Fig. 1C). These synergic effects of physical compatibili-
ty, biocompatibility (neuronal integrity), and antifouling capability
enable the realization of high resolution and longevity of signal re-
cording (Fig. 1D). We confirm the long-term recording of neural
signals with a mouse in vivo model over a year, whereas the un-
coated group loses signal recording a few months later (Fig. 1E).

Fabrication process of multifunctional fibers and TAB
coatings and characterization

TDP allows the centimeter-to-micrometer level scale-down of cross
sections of the thermoplastic polymer preform based on polycar-
bonate (PC) and polymethyl methacrylate (PMMA) (Fig. 2A). The
preform includes three channels, two for threading tungsten mi-
crowires and the other to form a hollow channel. In TDP, the poly-
mer preform is heated beyond its glass transition temperature to
undergo elongation, whereby the cross section gradually diminishes
to form fibers. Throughout the process, the size of the channels pro-
portionally diminishes, converging to match the diameter of the
metal wire. Hence, the PC/PMMA fiber is codrawn with tungsten
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optogenetic stimulation at 5, 10, 20, and 100 Hz. Blue dots indicate the delivery of optical stimulation pulses. (E) Microfluidic delivery of synaptic blocker (CNQX) blocking
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wires, which forms a 276 + 1.52 pm-diameter multifunctional fiber
including the optical waveguide, microfluidic channel, and micro-
electrode (Fig. 2B and fig. S1). The multifunctionality of our device
allows targeted on-site neuromodulation, which can be monitored
simultaneously. The fiber is evaluated to have an optical transmis-
sion loss of —1.14 dB/cm (fig. S2), which makes it suitable for opto-
genetic stimulation. The optical and electrical functionalities have
been implemented and tested in different frequencies of optical
pulses (Fig. 2C). The fiber device successfully transmitted blue light
to the transgenic Thyl-ChR2-eYFP mouse brain, where the optical
pulses evoked electrical potential in ChR2-expressing neurons,
which were recorded simultaneously (Fig. 2D). The peak-to-valley
amplitudes of optically evoked potential are consistent throughout
the trial in response to low-frequency pulses (5 and 10 Hz). In con-
trast, they markedly decrease in response to high-frequency pulses
(20 and 100 Hz), demonstrating excitation behavior of neurons
with no sign of optical artifact. Furthermore, the fiber facilitates
local inhibition of neural activity through direct injection of synap-
tic blocker [cyanquixaline (6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX)] through microfluidic channel (Fig. 2E and fig. S3). Deliv-
ery of CNQX during optical stimulation blocks the excitatory syn-
aptic activities at the site, as evidenced by the diminished excitatory
responses to 1-Hz optical pulses.

By rendering the surface chemistry of the multifunctional fi-
ber to match that of the lubricant, the substrate is able to hold
a lubricant layer. To incorporate BDNF anchoring, we designed a
fluorine-terminated substrate surface that also includes amine
groups. This was accomplished through a partial silanization
method, selectively replacing some fluorine-terminated groups
with aminosilanes. Figure 2 (F and G) shows the detailed fabri-
cation process of TAB coating, which involves three major steps.
First, the substrate is initially treated with oxygen plasma to
form an oxygen group on the surface. The oxidized surface
then reacts with the silane group of fluorosilane polymer (PFS),
forming a covalent bond. Next, a second oxygen plasma treat-
ment is applied to the fluorosilanized substrate to remove some
of the fluorine group. The exposed regions are then treated with
3-aminopropyltriethoxysilane (APTES) using a chemical vapor
deposition method. We confirmed partial alternation of PES to
APTES by x-ray photoelectron spectroscopy (XPS). In the second
step, BDNF was covalently immobilized onto the APTES through
carbodiimide chemistry using 1-ethyl-3-(3 dimethylaminopro-
pyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS). The
TAB coating is lastly completed by infusing a perfluoropolyether
(PFPE) lubricant onto the substrate. The thin lubricant layer pre-
vents the nonspecific adhesion of biomolecules and immune cells
while allowing the immobilized BDNF to simultaneously pro-
mote target cell adhesion of the neurons. Changes in the chemical
characteristics due to surface modification were confirmed with
XPS (fig. S4A). We optimized the partial silanization process by
adjusting the ratio between fluorosaline and APTES which can be
tuned by varying the duration and intensity of the secondary O,
plasma treatment. First, we fixed the O, plasma power intensity at
30 W followed by the previous report. Our goal was to create a
fluorinated hydrophobic surface with APTES distributed uni-
formly. We confirmed that the amount of PFS molecules on the
surface could be regulated by adjusting the secondary O, plasma
time. Loss of hydrophobicity was observed after 10 s of secondary
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O, plasma, resulting in contact angle (CA) decreasing to below
90° (fig. S4B). Therefore, we concluded that treating the surface
with O, plasma at 30 W power for 5 s was optimal to ensure suf-
ficient fluorination for lubricant retention and adequate amine
deposition of BDNF immobilization. The TAB coating was ap-
plied to the neural fiber surface, and then antifouling capabilities
against various solvents were used in biomedical applications,
which are distilled (DI) water, fetal bovine serum, blood, ethylene
glycol, and dimethyl sulfoxide (DMSO) (fig. S4C). We conducted
ultraviolet-visible spectroscopic measurements to assess the opti-
cal transparency of the TAB-coated glass. The results indicated a
slight reduction in transmittance following the TAB coating pro-
cess. Despite this minor decrease, the optical properties remained
within acceptable ranges, demonstrating that the coating did not
notably hinder the optogenetic functionality of the multifunc-
tional fiber (fig. S4D). This observation confirms the compatibil-
ity of the TAB coating with optogenetic applications, ensuring
effective light transmission without compromising performance.
The TAB-coated surface demonstrated hydrophobicity regardless
of the solvent’s surface tension. In addition, the TAB-applied neu-
ral fiber demonstrates antifouling properties against horse blood
and plasma proteins (fibrinogen and albumin). We observed that
bare neural fiber was stained by blood when the blood dropped
alongside the fiber with sequential optical photographs (Fig. 2, H
and I, and movie S1). However, TAB-applied neural fiber showed
a clear stain-free surface. Fluorescence images further confirmed
the absolute antifouling capability of TAB-applied fibers against
plasma proteins, while bare neural fiber showed adhesion of the
plasma proteins (Fig. 2] and fig. S3, E and F). Furthermore, TAB
coating endows the device with the frictionless properties. The
coating has markedly decreased the load applied to the phantom
brain (0.6% agarose gel) during and after insertion (Fig. 2, K and
L). The TAB coating’s lubricant allows the coated fiber to slip dur-
ing insertion, and the insertion load transiently decreases after
slipping. The insertion load has increased almost linearly with the
bare fiber upon insertion. Conversely, the lubrication on the fiber
allows a marked decrease in the maximum insertion load from
25.2 to 2.94 mN. Moreover, the frictionless behavior of our device
leads to distinct stress relaxation behaviors, resulting in a lower
load of 1.45 mN after the saturation compared to a bare device
(3.94 mN). The results suggest that the slipping behavior allowed
by lubricant coating can notably reduce the mechanical stress ap-
plied to the brain during and after the fiber insertion process.
Moreover, the coated fiber exerts a less frictional load on the im-
plant site than the bare fiber during retraction (Fig. 2N). Hence,
less mechanical damage in response to the chronic micromotion
is expected at our device-tissue interface during the long-term
implantation. To further evaluate the long-term stability of the
TAB coating under physiologically relevant conditions, we per-
formed a standardized cross-cut adhesion test (ASTM D3359)
using a tape-peeling method (fig. S5). The TAB coating surface
maintained structural integrity even after 10 repetitive tape-peeling
cycles, indicating strong adhesion and mechanical stability. In
contrast, a conventional poly(ethylene glycol)-based antifoul-
ing coating showed complete delamination after only 5 cycles. These
results highlight the superior mechanical durability of the TAB
coating compared to existing antifouling materials, which is es-
sential for chronic in vivo neural implantation.
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In vitro evaluation of immune response and interaction with

target cells

To gain molecular-level insight into the behavior of lubricant
molecules on trichloro(1H,1H,2H,2H-perfluorooctyl)silane TPES/
APTES-coated surface, molecular dynamics (MD) simulations were
performed (Fig. 3A). The analysis of the concentration profile of lu-
bricant molecules on the surface of TPFS/APTES revealed that the
lubricant molecules interacted more extensively with TPES regions
than APTES regions (Fig. 3B and fig. S6). Quantitatively, the inte-
grated areas of concentration profile for the lubricant molecules
were 114.53 A in the TPFS region and 15.09 A in the APTES region,
indicating a 7.6-fold higher localization in the TPFS region (Fig. 3C).
The relatively low interaction between APTES and lubricant dem-
onstrates that lubricant molecules tend to detach or redistribute
from an APTES-coated region. This preferential localization on PFS
leads to exposure of BDNF on the implant surface. Consequently,
the surface develops a lubricant island pattern, where highly lubri-
cated PFS regions are interspersed with BDNF-exposed APTES do-
mains. This heterogeneous surface distribution offers spatial control
over cellular interactions. The exposed BDNF enhances adhesion
and communication with neurons and astrocytes, facilitating their
interaction with the implant interface. In contrast, the lubricant-rich
PES regions lead to unstable adhesion and activation of immune
cells such as microglia and macrophages. This selective repellence
mechanism ensures that immune cells fail to anchor stably, reducing
local immune activation and inflammation. To systematically verify
this phenomenon, MD simulation was further conducted on the 1:1
ratio of TPFS/APTES configuration (fig. S7). The 1:1 ratio also re-
vealed a comparable trend, where TPFS regions were more involved
in interactions with the lubricant, as observed in the 8:2 ratio case.
As a complementary analysis, density functional theory calculations
were performed to examine the electrostatic potential isosurface of
the molecules (fig. S8A). The TPFS molecule exhibited a broader
and more evenly distributed negative electrostatic potential, espe-
cially on its exposed surface, compared to APTES molecule. On the
other hand, the lubricant molecule exhibited relatively positive re-
gions, suggesting a favorable electrostatic interaction with TPFS.
Moreover, it was further supported by the calculations of binding
energies, which showed a stronger interaction between the lubricant
and TPFS than with APTES (fig. S8B). To improve therapeutic effi-
cacy, medical implants often need to have bioactivity that influences
cellular behaviors including cell migrations (fig. S9) and interaction
with surrounding tissues. However, biomolecule-immobilized sur-
faces are affected by degradation in a few minutes or hours by resi-
dent immune cells and proteolytic enzymes. When the device was
implanted with only the immobilized BDNF but no lubricant layer,
the BDNF on the implant’s surface would be exposed directly to the
body’s immune system (Fig. 3D). Immune cells, such as microglia in
the CNS, recognize these biomolecules as foreign materials. The rec-
ognition could trigger an immune response aimed at eliminating or
neutralizing the foreign materials. The immune response might re-
sult in the degradation of the biomolecules on the implant’s surface,
effectively breaking them down and rendering them inactive. In ad-
dition, the immune cells could release proinflammatory cytokines,
signaling molecules that promote inflammation. These phenomena
could further disrupt the device’s function by damaging nearby tis-
sue or altering the environment around the implant, hindering its
ability to record neuronal signals accurately. However, the outcome
would be notably different in the case of the device applied with the
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TAB coating. The coating offers an optimal environment for long-
term and precise neuronal signal recording by reducing immune
system interference in both short- and long-term and promoting
selective interaction with neurons and astrocytes. The immobilized
BDNF is designed to enhance specific cellular interactions that are
beneficial for neuronal survival. Meanwhile, the lubricant layer acts
as a protective barrier, preventing unwanted immune system inter-
actions by minimizing adhesion to the device’s surface. The lubri-
cant layer is crucial in ensuring that the biomolecules remain active
and long-term neural signal recording without triggering an im-
mune response. We expected that a TAB-coated surface would in-
teract with brain tissues which induces an antioxidant pathway
through the Nrf2 signal cascade. In addition, interaction between
BDNF and astrocyte up-regulates glycolysis resulting in lactate pro-
duction. The lactate usually is used as an energy source of neurons
which helps neurons survive. In Fig. 3E, we confirmed selective cell
adhesion with primary hippocampal cells, including a mix of differ-
ent cell types, primarily neurons along with glial cells. We conduct-
ed immunofluorescence staining to confirm cell adhesion selectivity.
To investigate the cellular responses to each surface condition, we
seeded primary hippocampal cell mixtures on bare, lubricant-,
BDNF-, and TAB-coated dishes and evaluated the relative abun-
dance of astrocytes, neurons, and microglia after 3 days. The astro-
cyte (green) and neuron (red) demonstrated a well-adhered and
spreading TAB-coated surface, while microglia (purple) slightly ad-
hered to it, showing a round shape, which demonstrates microglia
remain in nonstimulated conditions. However, BDNF-immobilized
surface without lubricant demonstrated not only neuron and astro-
cyte well-adhered but also microglia undergoing morphological
transition, from rounded to ramified, meaning that microglia were
also activated. Quantitative fluorescence analysis revealed that both
BDNF- and TAB-coated groups exhibited notably higher astrocyte
and neuron signal intensities, suggesting enhanced neural cell adhe-
sion on neurotrophic surfaces (fig. S10, A and B). In contrast, mi-
croglial signal intensity was markedly reduced in the TAB-coated
group relative to bare and BDNF groups (fig. S10C), indicating sup-
pressed immune activation. In addition, morphological quantifica-
tion of microglia further confirmed this observation; TAB-coated
surfaces induced a rounded, nonactivated phenotype, whereas bare
and BDNF groups exhibited a ramified activated morphology with a
higher aspect ratio (fig. S10D). These results suggest that TAB
coating promotes selective neural cell interaction while attenuating
microglial activation. Matrix metalloproteinase 9 (MMP-9) concen-
trations of bare, lubricant-coated, BDNF-coated, and TAB-coated
surfaces were determined in parallel using the enzyme-linked im-
munosorbent assay (ELISA) test (Fig. 3F). The cell culture media
concentration of MMP-9 was notably higher in BDNF-coated with-
out the lubricant group. The increasing levels of MMP-9 are involved
in the degradation of extracellular matrix components and can also
break down proteins like BDNE When BDNE, or any foreign protein,
is introduced into the body, it can be recognized by the immune sys-
tem. If the immune cells, like microglia in the CNS, identify BDNF as
a foreign or nonself-protein, then they may respond by degrading it.
The release of proinflammatory cytokines such as tumor necrosis
factor-a (TNF-), interleukin-6 (IL-6), and IL-8 often accompanies
the process of recognizing foreign proteins by immune cells. In the
context of BDNF degradation, this inflammatory response would
likely be mild, as BDNF is a small protein and not typically highly
immunogenic. In Fig. 3 (G to I), the ELISA results demonstrate that
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Fig. 3. In vitro evaluation of immune response and interaction with target cells. (A and B) Model systems for MD simulations. For an 8:2 ratio, the number of PFS,
APTES, and lubricant (n = 10) molecules are 160, 40, and 40, respectively. (C) Quantitative analysis of the lateral area occupied by individual TPFS and APTES molecules on
the surface, based on the top-view configuration. (D) Schematics of interactions between various cells and BDNF-conjugated coating and TAB coating. NADH, reduced
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TNF-a, IL-6, and IL-8 concentrations are notably high in groups
with BDNF coating but no lubricant. This mild immune response
occurred in the BDNF-coated group with the absence of lubri-
cant, while other groups showed no immune response, especially the
TAB-coated group due to its lubricant antifouling properties. Figure 3
(J to L) demonstrates the gene and protein expression levels related
to the tissue’s antioxidant defense, as shown by quantitative poly-
merase chain reaction (QPCR) and Western blot analyses. TrkB is a
receptor tyrosine kinase that BDNF primarily activates. Upon bind-
ing BDNF, TrkB undergoes dimerization and autophosphorylation,
initiating several downstream signaling pathways critical for neuro-
nal survival and protection against stress. TrkB activation by BDNF
leads to downstream signaling that supports the Nrf2 pathway pro-
moting antioxidant defenses and reducing oxidative stress in
neurons. The combined activation of Nrf2 and TrkB pathways may
provide a robust protective effect in neurodegenerative conditions,
where oxidative stress and impaired neurotrophic support are com-
mon. In addition, to investigate the molecular mechanisms by which
BDNF immobilization protects neuronal survival, we performed
qPCR analysis of representative genes involved in prosurvival and
proapoptotic pathways. As shown in fig. SI1A, neurons cultured on
BDNF-immobilized surfaces exhibited notably increased expression
of Aktl, ERK2, and Bcl2, alongside reduced expression of the pro-
apoptotic marker Bad, suggesting the activation of a cell survival sig-
naling cascade. Now, we observed a notable down-regulation of
canonical apoptotic markers, including p53, caspase-3, caspase-9,
and Bax (fig. S11B), indicating effective suppression of apoptosis.
These results support the hypothesis that BDNF conjugation on the
fiber surface facilitates neuronal protection through coordinated
modulation of survival and apoptotic signaling. Furthermore, BDNF
in the CNS not only supports neuronal survival but also plays a role
in regulating energy metabolism, particularly glycolysis. BDNF can
enhance glycolysis by up-regulating the expression of glycolytic en-
zymes and glucose transporters, thereby increasing glucose uptake
and utilization in neurons. Neurons have high energy demands,
particularly in the CNS, where they must maintain ion gradients,
synthesize neurotransmitters, and support synaptic activity. By pro-
moting glycolysis, BDNF helps ensure that neurons have sufficient
energy to meet their functional demands, especially under condi-
tions of stress like surgery. This metabolic support is essential for
neuroprotection, as it helps maintain adenosine triphosphate (APT)
levels and prevents cellular damage due to energy deficits. As shown
in Fig. 3N, we confirmed increased gene expression levels associated
with glycolysis such as PI3K, Akt, HX, and LDH in the TAB-coated
group. The fluorescence images, ELISA, qPCR, and Western data
demonstrate reduced immune response meanwhile increased anti-
oxidant and glycolysis due to its interaction with TAB coating.

In vivo evaluation of immune response and interaction with
target cells in the short term

Bare implant materials without TAB coating would lead to undesir-
able biological reactions in vivo conditions. The implant surface is
usually recognized as a foreign material, leading to plasma protein
adhesion, activation of coagulation, and immune response (red
box). However, TAB coating demonstrates antifouling capability
against proteins and immune cells (green box) and elicits neuro-
trophic changes (blue box) at the device-tissue interface (Fig. 4A).
To evaluate FBR response to the TAB-coated neural fiber before
brain implantation, we conducted a subcutaneous implantation

Kim et al., Sci. Adv. 11, eadz1228 (2025) 10 September 2025

study in mice. In this model, fibers with or without TAB coating
were inserted under the dorsal skin, and histological analysis was
performed 1 week postimplantation (fig. S12A). Hematoxylin and
eosin (H&E) staining revealed dense immune cell infiltration around
bare fibers, whereas notably fewer immune cells were observed near
TAB-coated implants. Moreover, Masson’s trichrome staining showed
increased collagen accumulation around bare implants, indicating a
fibrotic encapsulation process consistent with FBR (fig. S12B). In
contrast, the TAB-coated group exhibited substantially lower colla-
gen deposition and immune infiltration, confirming that the TAB
coating mitigates FBR and promotes improved biocompatibility at
the implant-tissue interface (fig. S12C). In response to fiber implan-
tation, the brain initiates an immune response, which includes neu-
roinflammation characterized by various types of glial activation,
aimed at segregating the implant from the nervous system. Immu-
nohistochemistry (IHC) results suggest the TAB coating has mini-
mized the expression of proteolytic enzyme and activated microglia
at the device-tissue interface at 1 day and 1 week implantation, re-
spectively, whereas only the BDNF-coated group has elevated their
expression (Fig. 4B). The elevated expression of MMP-9 on day 1
postimplantation around the BDNF-coated group indicates that the
absence of lubrication induces an enhanced enzymatic immune re-
sponse (Fig. 4C). The increased proteolytic activity suggests that the
coated BDNF is subjected to enzymatic degradation before trigger-
ing neurotrophic activities. In contrast, the TAB coating effectively
shields the fiber from proteolytic immune response while also re-
ducing frictional tissue damage and preventing protein adsorption.
Nontriggered proteolytic activity results in a reduced expression of
Ibal, the activated microglial marker, around TAB-coated fibers at
week 1 postimplantation (Fig. 4D). The reduced expression of acti-
vated microglia suggests the reduced formation of scar tissue, en-
abling the direct interaction of the device with the neurons. On the
other hand, elevated proteolytic activity around BDNF-coated fibers
results in a higher expression of activated microglia and exacerbated
formation of scar tissue (Fig. 4D). In Fig. 4E, IHC results from day 1
and week 1 postimplantation suggest the TAB-coated group has in-
duced the transition of astrocytes into the neurotrophic A2 subtype.
The expression of A2-specific protein S100A10 is notably higher at
the TAB interface than the bare at both 1 day and 1 week postim-
plantation, suggesting a higher proliferation of neuron-protective
astrocytes in the vicinity. (Fig. 4, F and G). Meanwhile, the neuro-
toxic reactive Al-specific protein, C3, is not elevated at the TAB in-
terfaces at 1 day and 1 week postimplantation (Fig. 4, H and I, and
fig. S13). The results are consistent at both day 1 and week 1 postim-
plantation, while astrocyte activation progressively increases over
time in both groups (fig. S14A). This implies that the TAB coating
induces astrocytic transition specifically directed to neuroprotective
subtypes. The results suggest that the TAB group elicits neurotroph-
ic changes at the interface, where coated BDNF remains intact until
interacting with neighboring astrocytes, leading to an elevation of
the expression of A2 subtypes.

In vivo evaluation of neuronal survival at the

device-tissue interface

Subsequently, an in vivo evaluation of the neuron-friendly effect of
TAB-coated fibers was performed (Fig. 5A). The neuronal popula-
tion surrounding the fibers was altered in response to changes in
glial expression following implantation. We analyzed the expression
of neuronal marker, NeuN, along with Ibal at various time points of
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Area(%) quantifying the presence of NeuN at 4 weeks (G) and 12 weeks (H) postimplantation around the fiber. Scale bars, 100 pm. [n = 4 for (B), (C), (D), (E), (G), and (H) and

n =5 for (C)] (*P < 0.05, **P < 0.01). ns, not significant.

postimplantation. The TAB-applied group shows decreased Ibal ex-
pression at week 1 postimplantation compared to the bare group
(Fig. 5, B and C). Moreover, most microglia surrounding TAB-
coated fibers did not exhibit full activation by day 1 postimplanta-
tion, whereas those around bare fibers reached activation levels by
day 1 comparable to those at week 1 (fig. S14B). Reduced activation
of microglia in the TAB group increases access for surviving neu-
rons in the vicinity, thereby the NeuN™ area is larger at the TAB in-
terface than the bare at 1 week postimplantation (Fig. 5, D and E). In
other words, our device facilitates the restoration of the implant site

Kim et al., Sci. Adv. 11, eadz1228 (2025) 10 September 2025

to a healthy state and enhances the survival of neurons in the effec-
tive region for recording spiking activities. The NeuN expression on
day 1 postimplantation does not show a statistical difference be-
tween TAB-coated fibers and bare fibers, indicating that the neuro-
trophic effect takes several days to become effective. The changes in
the immune response and neuronal survival rate in the early phases
of implantation are critical in the outcome of the long-term im-
plants. The efficacy of TAB-applied fiber is further validated to have
a long-term advantage over the bare device by 4-week and 12-week
THC results (Fig. 5F). In Fig. 5 (G and H), NeuN™ area% is larger at
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the TAB-coated interface than the bare interface both in 4 and
12 weeks postimplantation, as is in the earlier period. Therefore, im-
proved neuronal survival at the TAB-coated interface is distinct at
various points of postimplantation. This implies that once the TAB
coating adapts the implant site into a neuron-friendly environment,
the neurons that survived the short-term implantation damage can
remain functional in the long term. The TAB coating preserves the
temporal window for BDNF to mitigate the FBR in the short term,
thereby contributing to a reduction in chronic FBR. Then, the TAB
coating brings a synergic effect with flexible polymer-based fibers,
which minimize the long-term mechanical damage to the neighbor-
ing neurons.

Long-term electrophysiology recording of endogenous
spike activities

We further investigated the neuron-friendly biochemical effect of
TAB-applied flexible fiber by in vivo e-phys recording in the extend-
ed period of time. The long-term survival of neurons at the device-
tissue interface is crucial for the functionality of an invasive neural
interface deciphering the chronic status of the brain region (Fig. 6A).
It is especially crucial when recording neuronal spike activities since
the spike amplitude is inversely proportional to the distance between
the recording electrode and the soma. The improved survival of
neurons at the TAB interface allows a high-quality recording of en-
dogenous spike activities in mouse hippocampus at 10 months post-
implantation (Fig. 6B). The chronic electrophysiology results show
that the neuron-friendly TAB coating combined with flexible poly-
mer provides protection for neural tissue at the implant site, and its
synergistic effect persists for almost a lifetime of a mouse. The en-
dogenous neural activities in the CA1 region have been monitored
bimonthly, and recorded spike signals are analyzed to evaluate the
operation of the device. We show that a TAB-applied fiber extended
the life span of the fiber device, which allows high-quality recording
of single unit activity from 6 to 12 months (Fig. 6, C and D). The
shape of the detected waveform, principal components analysis (PCA),
and interspike interval histogram suggest that the bare fiber device
is no longer operational in recording spike activities after 6 months
(Fig. 6, Cand E, and fig. S15). Reduced capability to capture neuronal
spiking activities in bare neural fibers suggests that the neural tissue
around the bare fiber has been altered by neuroinflammation as a
part of FBR. Loss of ability to record single neuron activity is attrib-
uted to the formation of scar tissue encapsulating the microelectrode
and the death of neurons at the device-tissue interface. On the other
hand, TAB-applied fiber effectively reduces FBR and is eligible to
track endogenous spiking activities for up to 12 months, with no sub-
stantial deterioration in the signal (Fig. 6, B, D, and F, and fig. S16).
Last, we analyzed the characteristics of recorded spiking units during
the statistically analyzable 8-month implantation for comparison
of bare and TAB-coated fibers. The number of detected spike units
per electrode has been maintained in TAB-coated fibers while it de-
creased in bare fibers (Fig. 6G). Furthermore, there is no sign of de-
terioration in the amplitude of the neuronal spikes detectable with
TAB-coated fibers (Fig. 6H), which leads to an excellent signal-to-
noise ratio (SNR) consistent over time (Fig. 6I). The long-term seam-
less integration of our device and the target tissue is attributed to the
stealthy properties of our device leaving the implant site with little
damage over 12 months of implantation. The results suggest that our
device can provide a lifelong recording of the target brain without
damaging the neurons at the implant site.

Kim et al., Sci. Adv. 11, eadz1228 (2025) 10 September 2025

DISCUSSION

In this study, we applied a TAB coating to flexible neural fiber to en-
hance the long-term stability and recording fidelity. By integrating
BDNF immobilization with a lubricated surface using a partial si-
lanization technique, we successfully addressed critical challenges
such as FBR, glial encapsulation, micromotion-induced tissue dam-
age, and biofouling, which traditionally limit the life span and effec-
tiveness of neural implants. The TAB coating was designed to provide
a dual-functional approach: promoting selective interaction with
neurons and astrocytes while simultaneously preventing nonspecific
adhesion of biosubstances, especially immune-related substances.
The immobilized BDNF on the device surface facilitated targeted
neuronal interactions by binding to TrkB receptors, which enhanced
neuronal survival and promoted neuroprotective astrocyte activity.
At the same time, the lubricant layer effectively repelled blood and
plasma proteins, reducing immune cell adhesion and activation. This
strategy not only improved cell selectivity but also mitigated the in-
flammatory responses commonly associated with implanted neural
devices. These TAB coating’s biochemical effects contributed to en-
hanced neuronal survival and prevented the formation of fibrotic tis-
sue at the implant site. Furthermore, in vivo histological analysis
confirmed that the TAB-coated fibers facilitated higher retention of
NeuN* neurons, indicating improved long-term neural viability at
the device-tissue interface. In addition to its biochemical benefits,
the TAB coating also provides mechanical advantages. The lubricated
surface reduced insertion force and mechanical stress, minimizing
acute implantation trauma and preventing chronic micromotion-
induced damage. As a result, TAB-coated neural fibers exhibited
high-fidelity neural signal recording for over a year, whereas conven-
tional uncoated fibers showed substantial signal degradation after
just 6 months. The ability to maintain long-term signal integrity un-
derscores the importance of combining mechanical adaptability with
biochemical compatibility for effective neural interfaces. Overall, this
study presents an innovative bioactive lubricated surface that enables
seamless integration of neural implants with brain tissue while miti-
gating immune responses and improving neuronal interactions. By
enhancing both biocompatibility and mechanical stability, TAB-
coated neural devices offer a promising solution for long-term, high-
resolution neural signal recording, making them highly suitable for
applications in brain-machine interfaces, neuroprosthetics, and neu-
romodulation therapies.

MATERIALS AND METHODS

Multifunctional fiber fabrication

The multifunctional fiber interfaces were thermally drawn from a
PC/PMMA/PC polymer preform, along with tungsten microwires.
Schematic illustration of the preform preparation is shown in fig. S17.
The preform was prepared by first wrapping a 6.35-mm-diameter PC
rod (Goodfellow) with a PMMA film (Goodfellow) with a thickness
of 50 pm to form a 5.5-mm-thick PMMA cladding around the PC
optical core. The PC/PMMA rod was baked in a vacuum oven at
150°C for 30 min for consolidation. Three channels of 4-mm depth
were made along the rod by machining. Following the machining,
the PC/PMMA rod was wrapped with a 100-pm-thick PC film
(Goodfellow) to make the final preform diameter of 24 mm. Two of
the channels were threaded with 25-um tungsten wires before TDP.
Each end of the threaded wires was connected to a spool, which
was fixed at the top of the custom drawing tower. The thermoplastic
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Fig. 6. Long-term electrophysiology recording of endogenous spike activities. (A) Schematic illustration of signal recording. (B) Electrophysiology recording of en-
dogenous mouse hippocampal CA1 activity using bare and TAB-applied fiber at 10 months postimplantation. (C and D) Recoding profile of sorted single-neuron action
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polymer preform was codrawn with the wires at 175°C, at a feed
speed of 0.6 mm/min with different capstan speeds (3.6, 4.2, 6, and
9.6 m/min)

Characterization of the multifunctionality of fiber device

The flexural rigidity of the multifunctional fibers was calculated
from modulus measured by a dynamic mechanical analyzer (Anton
Paar) within the frequency range 0.01 to 10 Hz (fig. S18). Before
in vivo experiments, optical, microfluidic, and electrical perfor-
mances have been evaluated. The fiber was connected to optical fer-
rule, metal wire, and tubing for the connection (fig. S1). To measure
the optical transmission loss, the fiber was connected to a 465-nm
blue laser (LIOG473-80-A1, RWD) via an optical patch cord, and
the optical transmission was measured with optical power meter
(S121C and PM100D, Thorlabs). The microfluidic channel was
characterized via infusion of the methylene blue aqueous solution
into 0.6% agarose gel at a speed of 100 nl/min. The fluid return rate
was calculated by measuring the weight of solution collected at the
tip after infusion at a rate of 1 pl/min.

Synthesis of TAB coating

Oxygen plasma treatment (70 W, 2 min) was applied to the sub-
strates using a plasma system (COVANCE, Femto Science, Korea)
to generate hydroxyl groups on their surfaces. Subsequently, the
substrates and a 200-pl droplet of PFS (Sigma-Aldrich, Germany)
were placed inside a desiccator. A vacuum pump was activated until
the pressure inside the desiccator reached 0.1 MPa. The silanization
reaction was then carried out at room temperature for 2 hours. Af-
terward, the substrates were heated in an oven at 60°C for at least
12 hours. To remove noncovalently attached PFS molecules, the si-
lanized substrates were sonicated in DI water for 10 min. For partial
silanization of the fully fluorinated substrates, a secondary oxygen
plasma treatment (30 W, 5 s) was gently applied to the PFS function-
alized samples, selectively removing silanized PFS from the surface.
The samples were then placed in a desiccator along with a 200-pl
droplet of APTES (Sigma-Aldrich, Germany) under a vacuum of
0.1 MPa for 2 hours. The partially silanized substrates were subse-
quently annealed in an oven at 60°C for at least 12 hours and soni-
cated in DI water for 10 min. To covalently immobilize BDNF onto
the partially silanized substrates, EDC/NHS chemistry was used to
conjugate the amine groups of APTES with the carboxyl groups of
BDNE. A solution containing BDNF (100 ng/ml; PeproTech, Ther-
mo Fisher, USA), EDC, and NHS was prepared in 0.1 M MES buffer
(pH 5.5). The partially silanized substrates were immersed in this
BDNF solution at 4°C for 24 hours. Following the reaction, the sub-
strates were thoroughly washed with 0.1 M MES buffer and DI wa-
ter. Last, the fluoro-silanized substrates were infused with a PFPE
lubricant (Krytox 101, DuPont, USA), and excess lubricant was re-
moved by tilting the substrates.

Antifouling evaluation

Defibrinated horse blood (Kisanbio, Korea) was used to conduct the
blood fouling test on both bare and TAB-coated multifunctional fi-
bers. For this test, 10-pl droplets of blood were placed on each sample
group, and the extent of blood staining was quantified using Image]J
software. Next, we evaluated the protein adhesion test with plasma
proteins (albumin and fibrinogen). Alexa Fluor 488-conjugated
bovine serum albumin (A13100) and human plasma fibrinogen
(F13191) were obtained from Invitrogen. To assess the ability of the
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TAB-coated group to resist plasma protein adhesion, bare and TAB-
coated samples were immersed in 5 ml of aqueous protein solutions
(1 mg/ml) and incubated at 37°C for 24 hours. After incubation, the
specimens were rinsed with DI water and air-dried at room tempera-
ture. Protein adsorption on the poly(dimethylsiloxane) (PDMS) was
then analyzed using an inverted fluorescence microscope (IX81,
Olympus, Japan) and quantified with the ImageJ/FIJI software.

Characterization of TAB coating

The CA and sliding angle (SA) under static conditions were mea-
sured on both bare and TAB-coated PC substrates with a CA mea-
surement system equipped with a dynamic image capture camera
(SmartDrop Standard Plus, FEMTOBIOMED Inc.). For CA mea-
surements, 10-pl droplets of various liquids (DI water, defibrinated
horse blood from Kisan Bio, DMSO, acetone, ethylene glycol, and
ethanol from Sigma-Aldrich) were deposited on the substrates. The
SA for each liquid was recorded as the substrate was tilted at a rate
of one degree per second until the droplet began to roll. Similarly,
CAs and SAs were determined for a range of versatile materials in-
cluding glass, wafer, PDMS, Ecoflex, polyvinyl chloride, polypropyl-
ene, and aluminum (AL5052) both in their bare state and after
TAB coating. In addition, XPS (PHI 5000 VersaProbe, ULVAC PHI)
equipped with an Al K-alpha x-ray source (spot size: 100 pm?) was
used to analyze the surface chemical composition.

Measurement of load during insertion and retraction

The load exerted on the phantom brain (0.6% agarose gel) during
insertion and retraction of the fiber device was measured using a
load cell (LTS-50GA, Kyowa) connected to a strain amplifier (DPM-
911B, Kyowa). The fiber was actuated with a high-resolution dc mo-
tor actuator (M-111.1DG, Physik Instrumente), and the load exerted
by the fiber was measured every 100 ms. The insertion and retrac-
tion speeds of the fiber were both set at 0.1 mm/s, and the maximum
insertion depth was 2.5 mm. To study stress relaxation behavior af-
ter stopping insertion, measurements were taken until the load pla-
teaued for at least 3 min.

MD simulations

MD simulations were conducted to investigate the interfacial behav-
ior of lubricant molecules on PFS/APTES-coated surface. All MD
simulations were performed with COMPASS I1I forcefield (46). The
van der Waals interactions were treated using an atom-based sum-
mation method with a cutoff distance of 12.5 A, and electrostatic
interactions were calculated using a particle-particle particle-mesh
method with accuracy of 0.001 kcal/mol. The NVT (constant num-
ber of particle, volume, and temperature) ensemble (canonical en-
semble) was simulated at 310.15 K with a 1-fs time step using a
Berendsen thermostat (47) for 310 ns. After the NVT simulations,
the analyses of the concentration profiles were performed from 300
to 310 ns.

Density functional theory calculations

Density functional theory calculations were carried out using the
DMol3 program (48) to investigate the electrostatic potential isosur-
face of molecules and binding energies of lubricant with TPFS or AP-
TES molecule. The exchange-correlation energy was treated using
generalized gradient approximation with Perdew-Burke-Ernzerhof
functional (49). Spin-polarized calculations were conducted, and or-
bital cutoff was set at 4.6 A. The dispersion corrections were applied
using the Tkatchenko-Scheffler method (50). All electron relativistic
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core treatments and double numerical plus polarization (version
4.4) basis set were adopted to describe the core electrons and the
atomic orbital basis set, respectively. For the geometry optimization,
the convergence criteria of energy, force, displacement, and self-
consistent field were set to 1 x 10~ Ha, 0.002 Ha/A, 0.005 A, and
1 x 107° Ha, respectively.

The binding energies of the lubricant with PFS or APTES mole-
cule were calculated by following equation

Binding energy = Etotal - Elubricant - EPFS or APTES (1)

where Eiotal, Elubricants and Epgs or apTES are the total energy of lubri-
cant with PFS or APTES molecule, the energy of lubricant molecule,
and the energy of PFS or APTES molecule, respectively.

In vitro biocompatibility evaluation

To assess cytotoxicity, both bare and TAB-coated multifunctional
fibers were prepared. A two-chamber transwell system with an 8-pm
pore size (Corning) was then used to analyze cell viability and
morphological changes. The fibers were placed onto the transwell
insert, and NTH-3T3 fibroblast cells (0.5 x 10° cells/ml) were cul-
tured in 2 ml of Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum and 1% penicillin-streptomycin. Cell viabil-
ity was determined using a Live/Dead kit (L3224, Invitrogen, USA)
following the manufacturer’s protocol, and images were captured
with an inverted fluorescence microscope (IX81, Olympus, Japan) at
%10 magnification. Morphological changes were assessed by calcu-
lating the aspect ratio, defined as the ratio of the major cell axis to
the minor cell axis. For visualization purposes, the actin cytoskele-
ton of the fibroblasts was stained with Alexa Fluor 594-conjugated
phalloidin (Thermo Fisher Scientific, Pittsburgh, PA, USA). The fi-
broblast morphology was then examined using a confocal micro-
scope (LSM 980, Carl Zeiss, Oberkochen, Germany) and analyzed
with the Image]/FIJI software.

In vitro selective adhesion test

To assess the selective adhesion of neuronal cells to the TAB-coated
substrate, primary hippocampal cells were extracted from a mouse
brain. The extracted cells were cultured in neurobasal medium
(21103049, Gibco, USA) supplemented with 1% GlutaMAX-1 (S001-01,
Welgene, Korea) and 1% penicillin-streptomycin (LS202-02, Wel-
gene, Korea). For the adhesion test, the cells were seeded onto the
TAB-coated cell culture dish at a density of 0.5 x 10° cells/ml and
maintained in an incubator at 37°C with 5% CO,. After 3 days of
culture, cell attachment was confirmed under an optical micro-
scope. Subsequently, samples were fixed with 4% paraformaldehyde
(PFA) for 20 min and permeabilized with 0.1% Triton X-100 in
phosphate-buffered saline (PBS) for 10 min. Nonspecific binding
was blocked by incubating the cells in 2% bovine serum albumin in
PBS for 1 hour at room temperature. Cells were then incubated
overnight at 4°C with the following primary antibodies diluted in
blocking solution: rabbit anti-glial fibrillary acidic protein (GFAP;
G3893, Sigma-Aldrich, 1:500, astrocyte marker), mouse anti-NeuN
(NAB377, Sigma-Aldrich,1:500, neuronal marker), and goat anti-
Ibal (SAB2702364, Sigma-Aldrich,1:500, microglial marker). The
following day, after through PBS washing, cells were incubated for
1 hour at room temperature with species-specific secondary anti-
bodies conjugated to fluorescent dyes: Alexa Fluor 488-conjugated
goat anti-rabbit immunoglobulin G (IgG; for GFAP), Alexa Fluor
594-conjugated goat anti-mouse IgG (for NeuN), and Alex Fluor
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647-conjugated donkey anti-goat IgG (for Ibal), each diluted 0:500
in blocking duffer. All fluorescence imaging was performed using a
confocal microscope (LSM 900, Carl Zeiss, Germany).

Enzyme-linked immunosorbent assay

To quantify the levels of MMP-9, TNF-a, IL-6, and IL-8, an in vitro
ELISA assay was performed using commercial ELISA kits. Cells were
cultured under specific experimental conditions, and the culture su-
pernatants were collected at the designated time points. The collected
supernatants were centrifuged at 1500 rpm for 10 min to remove any
debris and then stored at —80°C until analysis. The concentrations of
MMP-9, TNF-q, IL-6, and IL-8 were measured using corresponding
ELISA kits (manufacturer and catalog numbers). The assay was con-
ducted according to the manufacturer’s instructions. Briefly, 100 pl of
standards and samples was added to the precoated wells and incu-
bated at 37°C for the recommended duration. Following incubation,
the wells were washed with the provided wash buffer to remove un-
bound substances. Subsequently, 100 pl of the detection antibody
conjugated with horseradish peroxidase was added and incubated at
room temperature for the specified time. After another washing step,
the substrate solution was added to each well and incubated in the
dark for color development. The reaction was stopped using a stop
solution, and the optical density (OD) was measured at 450 nm using
a microplate reader. The concentrations of MMP-9, TNF-a, IL-6, and
IL-8 in the samples were determined by interpolating the OD values
against a standard curve generated from known concentrations. All
experiments were performed in triplicate to ensure reproducibility,
and statistical analysis was conducted to evaluate significant differ-
ences among experimental groups.

Real-time PCR

Total RNA extraction from cells and tissues was performed using
TRIzol (Invitrogen) following the manufacturer’s protocol. The ex-
tracted RNA was quantified using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific). cDNA synthesis was performed
using AccuPower CycleScript RT Premix (Bioneer) following the
manufacturer’s instructions, using a T-100 Thermal Cycler (Bio-
Rad). Subsequently, PCR was conducted in a T100 Thermal Cycler
(Bio-Rad) using a primer set and HiPi Plus 5 X PCR premix (Elpis-
bio), followed by agarose gel electrophoresis. qPCR was performed
using the StepOne Plus Real-Time PCR System (Applied Biosys-
tems) using cDNA, primer set, and SYBR Green PCR mix (Applied
Biosystems), followed by melting curve analysis. For the character-
ization of the blood-brain barrier (BBB) chip model, the total RNA
was extracted using the Universal RNA Extraction Kit (Bioneer).
Subsequently, cDNA was synthesized through reverse transcription
using the AccuPower RT PreMix & Master Mix (Bioneer). This pro-
cess was conducted in a T100 Thermal Cycler (Bio-Rad). The real-
time PCR analysis was performed using the SYBR Green Realtime
PCR Master Mix (TOYOBO) with a CFX Connect Real-Time PCR
Detection System (Bio-Rad). Data analysis was performed using the
comparative Ct (2-AACt) method, and the results were normalized
to the expression of the corresponding glyceraldehyde 3-phosphate
dehydrogenase. Primer sequences are provided in table S1.

FBR evaluation under in vivo conditions

A subcutaneous implantation model was used using 7-week-old
female institute of cancer research (ICR) mice (n = 3 per group).
Mice were anesthetized using inhalation anesthesia (isoflurane in
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oxygen, 0.5 liters/min O, flow rate), and the dorsal right side of
each mouse was shaved and sterilized with povidone iodine and
70% ethanol. A small skin incision (~1 cm) was made, and a
0.5-cm-long neural fibers (with or without TAB coating) were gen-
tly inserted into the subcutaneous space using sterile forceps. The
incision was closed using 5-0 sutures. After 7 days, mice were eu-
thanized, and the implanted regions, including surrounding tis-
sues, were harvested and fixed with 10% PFA overnight. Tissues
were then processed for paraffin embedding and sectioned for his-
tological analysis, including H&E staining and Masson’s Trichrome
stain (MT) staining to assess immune cell infiltration and collagen
deposition around the implant site.

In vivo electrophysiology

All surgical procedures were performed in accordance with proto-
cols approved by the Institutional Animal Care and Use Committee
(KA2023-139-v1) at Korea Advanced Institute of Science and Tech-
nology. Eight- tol0-week male B6 mice (Koatech, South Korea)
were anesthetized with isoflurane (4% induction, 1 to 2% mainte-
nance) for implantation surgery and electrophysiology recording.
The neural fiber is implanted in a mouse hippocampal region [me-
diolateral (ML), —1.1; anteroposterior (AP), —1.85; dorsoventral
(DV), —1.1]. The implanted neural fiber is secured to the skull along
with reference and ground electrodes with superbond (C&B super
bond, Sun Medical) and dental cement (Ortho-jet, Lang Dental).
The electrophysiology recording was conducted following 1 week of
postoperative recovery. The neural signal was recorded with the Lab
Rat electrophysiology system [Tucker Davis Technologies (TDT)].
Neural probes were connected to the Lab Rat via ZIF-Clip analog
headstage (TDT). The neural stream was band-pass filtered with a
300- to 5000-Hz filter to acquire high-frequency spike signals.
For optogenetic stimulation, 465-nm blue light (54 mW/mm?, 1 Hz,
5-ms pulse width) was delivered to the hippocampal region in the
Thyl-ChR2-eYFP mouse brain under anesthesia. For CNQX deliv-
ery, the microfluidic channel was connected to the tubing (E-3603,
Tygon) and fixed with ultraviolet resin. A total of 0.01 mM CNQX
(C127, Sigma-Aldrich) solution in artificial cerebrospinal fluid was
loaded in a syringe (Gastight 700 series, Hamilton) and injected
with a syringe pump (RWD). Following the surgery, every mouse
was individually housed in a 12-hour light/dark cycle at 22°C with
ad libitum access to food and water.

Immunohistochemistry

To compare the implantation damage of TAB-coated fibers to that of
bare fibers, fibers were implanted into contralateral sites of the same
mouse brain. After 1 day, 1 week, 4 weeks, and 12 weeks of fiber
implantation, mice underwent transcardiac perfusion with PBS, fol-
lowed by 4% PFA. The brains were dissected and fixated overnight in
4% PFA at 4°C. For cryoprotection, brains were immersed in 30%
sucrose solution for a few days until fully equilibrated. The brains
were then embedded in optimal cutting temperature (OCT) com-
pound (Tissue-Tek, Sakura) and froze at —20°C. Horizontal frozen
sections (40 pm thick) were prepared at depth-matched anatomical
regions for a fair comparison of implantation damage between TAB-
coated and bare fibers. Sections were rinsed in PBS before staining.
For blocking of nonspecific binding and permeabilization, the sec-
tions were incubated in 0.3% Triton X-100 (Sigma-Aldrich) and 5%
normal donkey serum (Abcam) solution for 1 hour. The sections
were then incubated overnight at room temperature with primary
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antibodies: rabbit anti-MMP-9 (1:100; ab228402, Abcam), goat
Ibal (1:500; ab5076, Abcam), goat anti-S100A10 (10 pg/ml; AF2377,
R&D Systems), rat anti-C3 (1:500; NB200-540, Novus Biologicals),
rabbit anti-GFAP (1:250; ab68428, Abcam), and rat anti-NeuN
(1:1000; ab279297, Abcam. The sections were rinsed with PBS and
incubated for 2 hours with secondary antibodies: donkey anti-rabbit
Alexa Fluor 488 (1:500; ab150064, Abcam), donkey anti-goat IgG
Alexa Fluor 594 (ab150132, Abcam), donkey anti-goat IgG Alexa
Fluor 488 (ab150129, Abcam), donkey anti-rat IgG Alexa Fluor 488
(Invitrogen, A21208), and donkey anti-rabbit IgG Alexa Fluor 594
(Abcam, ab150076). After rinsing, the sections were mounted on coated
slide glass and counterstained with DAPI (4',6-diamidino-2-phenylindole;
Vectashield H-1200, Vector Laboratories). The sections were im-
aged with a laser scanning confocal microscope (C2, Nikon). Ac-
quired images were analyzed with Image] software. For day 1
MMP-9 analysis, the area percentage of MMP-9" regions surround-
ing the fiber trace was measured within a 630 pm-by-630 pm re-
gion of interest (ROI), centered on the fiber trace. For week 1 Ibal
analysis, the Tbal* area was normalized to the DAPI" area within
the same 630 pm-by-630 pm ROI centered on the fiber trace. For
S100A10 and C3 analysis, the mean intensities of these astrocyte
subtype-specific proteins within GFAP-colocalized regions were
compared across varying distances (50, 100, and 150 pm) from the
fiber trace (51-54). To compare Ibal and NeuN expressions at re-
gions located at varying distances from the fiber, the mean intensity
of Ibal and the area percentage of NeuN were calculated. The circu-
larity of glial cells was quantified with Image]J software, using parti-
cle analyze function on confocal images.

Spike sorting

Neuronal spike activities are detected and sorted with commercially
available offline sorter (Plexon). The spike activities were detected
on the basis of the amplitude thresholding, which remained un-
changed for each channel. The waveforms were aligned to the largest
peak after threshold crossing and sorted with scanning k-means
clustering algorithms. The number of clusters was counted as the
number of spike units provided that the calculated L ratio of two-
dimensinal clusters is less than 0.05. L ratios and isolation distances
were calculated with the offline sorter.

SNR calculation
SNR was calculated with MATLAB, according to the follow-
ing equation

SNR = A
c

2
where A is the maximum peak-to-valley amplitude of the mean
spike waveform, and ¢ is the SD of the background noise on the
same channel, computed via the median absolute deviation.

Statistical analysis

GraphPad Prism software (GraphPad Software Inc., USA) and
Origin (OriginLab Corporation) were used to carry out statistical
analysis. The unpaired t test, ordinary two-way analysis of variance
(ANOVA), and Tukey’s multiple comparisons test were used to
evaluate variations between groups, with individual variances calcu-
lated for each comparison. The levels of statistical significance are
represented in the figures as follows: *P < 0.05, **P < 0.01,
##%P < 0.001, and ****P < 0.0001.
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