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ABSTRACT

Fiber electronics provide the most promising platform for the detection, modulation, and reconstruction of biosignals in the brain.
However, preserving stable communication between fiber electronics and cellular-scale targets in the deep brain is critical but
challenging because of their mechanical mismatch. Here, our study fills this gap by developing a radial modulus-gradient fiber
(RMGF), which can bridge high-modulus conductive components (MPa) and low-modulus brain tissue (kPa) to well eliminate
the mechanical mismatch at the entire neural-device interface. The RMGF exhibits strain-insensitive electrical properties (<0.2%
resistance fluctuation over 700,000 stretching-release cycles). As an example, the RMGF enables unprecedented five-month
continuous tracking of single neurons in the dorsal lateral geniculate nucleus of freely moving cats, and allows reconstruction
of visual stimuli with the use of only three neurons, with a high correlation coefficient of 0.95, approaching the theoretical limit
of the unscented Kalman filter (0.97). The results indicate that dorsal lateral geniculate nucleus neurons maintain stable tuning
properties (spatial frequency sensitivity, ON/OFF characteristics, and X-cell classification) and reveal a minimal effective ensemble
for efficient encoding of information within deep thalamic circuits. This RMGF represents a platform for chronic recording at the
single-cell level and investigating fundamental mechanisms in the deep tissues.
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Deep brain recording

Fibre electrode

Traditional fibre electrode

Radial modulus-gradient
fibre electrode (RMGF)

FIGURE 1 | Design and concept of the radial modulus-gradient fiber electrode (RMGF). (a) Schematic illustration of a fiber electrode tracking a
small target within the dynamic deep brain. (b) The electrode-brain interface of a traditional fiber electrode implanted in the dynamic brain is disrupted,

resulting in stress concentration and a discontinuous interface with the surrounding brain. (c) The RMGF establishes a stable and continuous interface

with the dynamic brain.

1 | Introduction

Unveiling the mysteries of the brain has long been a dream of
humanity. In the whole brain, deep brain regions play a central
role in regulating essential functions [1-4]. Acquiring high-
fidelity electrical signals from individual neurons within such
deep regions is fundamental to advancing our understanding
of brain function and its evolution. Fiber electronics have been
recognized as the most promising tool for extracting electrical
signals from brain tissue [5-8], owing to their ability to form inti-
mate contact with the cellular-scale targets in deep (Figure 1a).
However, it remains a challenge for traditional fiber electronics to
stably and continuously track and record single-neuron activity
within the deep brain over prolonged periods [9, 10]. The main
difficulty arises from the inherent three-dimensional motion of
soft brain tissues induced by routine activities; even breathing
alone can cause persistent millimeter-scale shifts in neuronal
positions [11-13].

Despite decades of development, the design of fiber electronics
has remained unchanged. These fiber electronics are typically
constructed from relatively high-modulus and non-stretchable
metals or carbon-based electrodes and demonstrated a mechani-
cally and structurally homogeneous configuration [14-18]. These
devices cannot accommodate the several orders of magnitude
softer brain tissue and maintain consistent electrical perfor-
mance. Although some neural electrodes have been encapsulated
with soft materials to mitigate this mechanical mismatch, they
remain non-stretchable [19] and thus often lead to loss of close
contact with target neurons in such dynamically deforming brain
environments (Figure 1b). This issue has restricted consistent
recording of neuronal activities for the assessment of neural
messages encoded in individual neurons and their interactions.
For example, while recent neural probes have enabled chronic
recordings in small animals like mice and rats [14, 16, 18, 19],

long-term recordings in the deep brain of large animals remain
challenging, and are often compromised by signal drift, electrode
fracture, and chronic inflammation. For example, state-of-the-art
Neuropixels probes have primarily been used for acute recording
at depths of less than ~1 cm below the cortex [20]. Consequently,
chronic single-neuron recordings in the dorsal lateral geniculate
nucleus (dLGN) of cat are rarely reported, due to its depth
(~14 mm below the cortex), small size (~2 mm), and dynamic
mechanical environment, further hindering our understanding of
visual circuits and their underlying coding mechanisms.

Here, we overcome these limitations by designing a radial
modulus-gradient fiber (RMGF) that can seamlessly and chroni-
cally track single neurons in deep brain regions. This RMGF con-
sists of a spring multichannel electrode encased in a radial gradi-
ent hydrogel (Figure 1c). The radial modulus-gradient hydrogel
with a well-tuned Young’s modulus continuously bridges the
mechanical disparity between high-modulus (megapascal level)
conductive components and low-modulus (kilopascal level) brain
tissues, forming an adaptive electrode-brain interface. The highly
stretchable and reversible spring electrode accommodates axial
tissue deformation while maintaining strain-insensitive electrical
performance. Finite element analyses and two-photon imaging
further validate the robust integration of the RMGF with three-
dimensional deforming brain tissue without stress concentration
or device dislocation, both theoretically and experimentally. We
further demonstrate the chronic functionalities of the RMGF in
the deep brain of cats. For example, the RMGF can be implanted
into the dLGN of freely moving cats for stable and continu-
ous recording of single-neuron electrophysiological signals and
identification of the visual function of individual neurons over 5
months. Without the loss of original signals or misrecording of
signals from adjacent neurons that often occur with traditional
fiber electronics, high-precision in situ reconstruction of visual
information is achieved with a correlation coefficient of 0.95,
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approaching the theoretical limit of 0.97. This advancement
further facilitates novel investigations of super-sparse coding
mechanisms, in which only three dLGN neurons are found to
be sufficient to reconstruct the temporal dynamics of a visual
stimulus. Finally, scalable and standardized manufacturing could
be applied to obtain diverse fiber bioelectronics with the proposed
configuration, offering widely applicable tools for biomedical
applications.

2 | Results and Discussion
2.1 | Design Principles and Characterization of
the RMGF

The native tendon exhibits gradients in both structure and
mechanical performance, enabling stable integration between the
soft muscle and rigid bone [21-23]. Inspired by this principle,
a gradient architecture was designed to provide mechanical
properties that vary across the radial axis of the fiber, enabling
a stable interface and gradual mechanical transition between
high-modulus conductive components and low-modulus brain
tissue. However, fabricating such gradient structures with a steep
modulus transition from MPa to kPa levels within a short radial
distance of ten to several hundreds of micrometers remains
challenging. Existing gradient hydrogel fabrication strategies [24-
26], such as layer-by-layer assembly, 3D printing, microfluidics,
fluid mixing, and electro-based methods, generally suffer from
discontinuous gradients, limited spatial resolution, complex pro-
cessing, or restricted material compatibility, particularly when
applied in a thin fiber. The electric field can be precisely
tuned through parameters such as the voltage, pulse waveform,
duration, and cycle number. Utilization of the electrothermal
effect of conductive components is a promising strategy for accu-
rately generating gradient temperature fields. Polyvinyl alcohol
(PVA) hydrogels exhibit unique advantages due to their intrinsic
similarities to biological tissues, including high water content,
tissue-like mechanical softness and high biofunctionality [27,
28]. Also, PVA hydrogel can be physically crosslinked through
freeze-thaw cycling, avoiding chemical crosslinkers and thereby
offering enhanced biocompatibility over traditional chemically
crosslinked hydrogels [29]. Their crystallinity can also be well-
tuned by adjusting the temperature. Thus, we invented a two-
step strategy that transforms a homogenous structure into a
desired gradient by using an electrically induced temperature
gradient to create a crystallization gradient in PVA. Initially,
a homogeneous hydrogel was prepared around a conductive
electrode by gelatinizing a precursor solution of PVA and sodium
alginate. Subsequently, electrical pulses were applied to generate
a radial thermal gradient around the conductive electrode. This
process induced differential crystallization of PVA at various
temperatures, transforming the initially uniform structure into
a radial gradient from the inner to outer regions (Figure 2a).
Microscopic imaging confirmed the structural integrity of the
RMGF (Figure 2b). Both confocal microscopy and scanning
electron microscopy (SEM) images revealed a radial gradient in
the porosity, with the pore size progressively increasing from
approximately 500 nm near the electrode core to approximately
8 um at the outer boundary (Figure 2c,d). Raman spectroscopy
mapping further confirmed the presence of a radial crystallization
gradient, as indicated by the ratio of the intensity of the crystalline

peak of PVA at 1140 cm™! to that of the amorphous peak of
PVA at 1090 cm™!, which decreased from inside to outside [30]
(Figure 2e). Together, this systematic structural characterization
verified the formation of a radial gradient.

High temperatures induced high crystallization of PVA [31],
resulting in a high local modulus. Therefore, we validated the
gradient modulus of the RMGF, which had a high modulus near
the rigid conductive components and a low modulus toward the
outer soft biological tissues (Figure 2f,g). In addition, the gradient
thermal field could be rationally controlled to vary the gradient
modulus to match the Young’s modulus of different electrode
materials and surrounding biological tissues. The amplitude and
width of the electrical pulses were adjusted to induce different
modulus gradients. As the pulse amplitude was changed from
0.05 to 0.09 A, corresponding to a maximum temperature rise
from 40°C to 90°C, the Young’s modulus of the inner hydrogel
sheath increased from 1.0 to 2.9 MPa (Figure 2f). The Young’s
modulus outside the hydrogel sheath decreased from 1.2 MPa
to 200 kPa when the pulse width was changed from 5 to 0.5 s
(Figure 2g). By systematically tuning the fabrication parameters,
a Young’s modulus ratio of 0.03-0.1 between the superficial
and deep hydrogel layers was achieved. Overall, these strategies
enable the radial modulus-gradient hydrogel to mechanically
match various electrodes, including polymer, silk, or carbon-
based electrodes, while closely aligning with the mechanical
properties of soft biological tissues such as muscle, skin, and brain
(Figure 2h).

To capture weak single-neuron-level bioelectrical signals in
soft and dynamic deep brain tissue, the conductive compo-
nent must be mechanically stretchable while maintaining stable
resistance during repeated deformation. Traditional methods,
such as depositing metal layers on stretchable substrates or
embedding conductive fillers into elastomers, often suffer from
degradation of the conductive layer/network during deformation,
resulting in reduced electrical performance. Moreover, the insu-
lating layers commonly used in vivo lack stretchability, further
complicating the development of stretchable electrodes. Spring
structures, which are inherently stretchable through geometric
deformation rather than intrinsic material strain, are compatible
with both stretchable and nonstretchable materials. Importantly,
spring electrodes fabricated by twisting conductive fibers retain
reversible electrical conductivity and structural integrity during
repeated stretching-release cycles, enabling them to accommo-
date three-dimensional tissue deformations while maintaining
stable electrical properties. Given that a small diameter is benefi-
cial for minimizing tissue damage and recording single-neuron
signals, finite element simulations were conducted to compare
the diameter expansion ratios among different conductive mate-
rials. Owing to the aligned arrangement of nanoscale interspaces
among carbon nanotube (CNT) fibers, allowing torsional defor-
mation, CNT fibers exhibited a minimum diameter expansion
of only 1.85 (Figure S1). Thus, CNT fibers coated with a thin
insulating layer of parylene C were chosen for fabricating the
spring electrode (Figure S2). Although thermal treatment was
involved during gradient hydrogel fabrication, the near-zero ther-
mal expansion of CNT fibers minimized thermally induced strain
[32, 33], resulting in negligible thermal stress on the parylene
C layer. Parylene C itself also exhibited low thermal expansion
[34], and any residual strain could be further dissipated through
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FIGURE 2 | Characterization of RMGFs. (a) Formation of an RMGF from a modulus-homogeneous fiber via the electrothermal effect. (b)
Microscope image of the RMGF. (c,d) Representative bright-field (top in c), fluorescence (bottom in c) confocal images, and cross-sectional SEM image
(d) showing the radial gradient structure in the RMGF, with smaller pores in the crystalline region and larger pores in the amorphous region. (e)

Raman mapping image showing the radial gradient distribution of crystallinity in the RMGF, with a crystalline region near the spring electrode and an

amorphous region farther away. (f,g) Gradient distributed Young’s modulus in the RMGF from the inner core to the outer surface, modulated by the
pulse amplitude (f) and pulse width (g). The data are presented as the mean =+ s.d. (h) Modulus-gradient hydrogel bridging the gap between various
soft tissues and conventional rigid electrode materials. (i) The resistance of the RMGF remained stable after 700,000 stretching cycles at 25% strain. The

insert plot shows the resistance of the RMGF returning to its initial value after a stretching-relaxation cycle, with fluctuations of + 0.2%. (j) Comparison
of the electrical stability between previously reported electrodes and our RMGF under repeated deformation. (k) Scalable production of RMGFs.

internal CNTs sliding and the outer hydrogel layer with kPa-level
modulus. Consistent with this analysis, SEM characterization
confirmed that no tearing of the Parylene C layer occurred after
gradient formation (Figure S3). The experiment involving the
extraction of the RMGF from an electrolyte further revealed
that the device resistance remained stable (Figure S4). Together,
these results indicated that the insulating layer maintained high
structural stability during the formation of the spring electrode
and gradient hydrogel, effectively shielding the device side from
external signal interference.

Owing to the spring structure and the highly reversible con-
ductive network of CNT fibers, the resulting RMGF showed

high stretchability, with strains of more than 150% (Figure
S5) and strain-insensitive electrical performance. The RMGF
had a high electrical conductivity of 10° S/m and a resistance
change of less than 0.2% under 25% tensile strain over 700,000
stretching-release cycles (Figure 2i). Both the resistance stability
and durability significantly exceeded those of previously reported
stretchable electrodes (Figure 2j; Table S1), showing the potential
for chronic applications in dynamically deformed biological
tissue. In addition, the electrical performance, including the
resistance and impedance, of the RMGF remained stable during
repeated stretching at deformation frequencies ranging from 0.1
to 10 Hz (Figure S6), which is consistent with the dynamic fre-
quencies of many biological tissues. The impedance of the RMGF
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remained stable under dynamic stretching conditions (Figure
S7). Furthermore, the electrical resistance of 3-cm-long RMGFs
remained above 95% of the initial value under compressive loads
ranging from 50 to 50,000 N and various curvature radii, even
fully folded. Furthermore, less than 5% resistance variations were
observed after 5000 bending cycles at a curvature radius of 5 mm
(Figure S8), ensuring reliable electrical communication during
tissue deformation.

2.2 | Scalable Fabrication of RMGFs

Additionally, to verify the universality of the RMGF construction
strategy, standardized and scalable production through system-
atic variation of key structural parameters was demonstrated
(Figure S9a-d). Specifically, this fabrication strategy showed
broad applicability, enabling gradient hydrogel structures to be
integrated onto various fiber electrodes, including CNT fibers and
metal wires (Figure S9e). Multichannel electrode configurations
could be achieved by adjusting the number of conductive fibers
(Figure S9f,g). The hydrogel coating thickness could be precisely
controlled by modulating the extrusion speed, while the gradient
distribution within the hydrogel could be finely tuned by varying
the pulse parameters. The resulting RMGFs could be obtained in
highly consistent rolls, tailored to specific lengths and integrated
with a wireless recording system for biomedical applications in
vivo (Figure S10).

2.3 | Theoretical and Experimental
Demonstrations of the Deformation Adaptation of
the RMGF

To theoretically evaluate the ability of the RMGF to promote
integrality and stability in soft tissues under dynamic defor-
mation, finite element analyses were employed to investigate
the effect of the gradient hydrogel on the stress distribution at
the electrode-tissue interface (Figure S11 and Table S2). The
simulation results revealed that the gradient hydrogel effectively
dissipated the stress concentration, ensuring a smooth mechan-
ical transition from the surrounding tissue to the electrode
(Figure 3a). In contrast, a fiber electrode coated with a homoge-
neously high-modulus hydrogel (MPa level) induces stress at the
hydrogel/tissue interface, easily causing damage to the surround-
ing brain. A homogeneously low-modulus hydrogel (kPa level)
creates obvious stress concentration at the electrode/hydrogel
interface (Figure 3b), potentially leading to interfacial delam-
ination, tearing and fatigue of hydrogel layers under repeated
deformation. The effects of the hydrogel thickness and modulus
gradient on the stress distribution were further investigated.
The stress concentration was effectively alleviated, and the peak
stress position shifted from the electrode/hydrogel interface to
the interior of the gradient hydrogel while the peak stress value
decreased as the thickness increased (Figure 3b). Furthermore,
stress concentration occurred at the electrode/hydrogel interface
when the high modulus end of the gradient hydrogel was lower
than that of the electrode, but this issue could be mitigated by
increasing the modulus of the hydrogel. Similarly, the same rule
could be applied to the low modulus end (Figure 3c). These
findings further highlight the importance of controllable RMGF
gradients.

To further experimentally validate these results, RMGFs were
implanted into mouse brain tissue to observe changes in elec-
trophysiological signals and the relative positions of RMGF tips
and targets in brain tissue after deformation (Figure 3d). For
each implanted electrode, six neuronal cell bodies or axons were
selected as reference points (orange arrows in Figure 3g). The
distances between these six reference neurons and the electrode
tips were measured to assess positional integrality and stability
under compression induced by the application of an external
force on the brain tissue surface. All the groups share the
same direction and magnitude of this external force. Through
a systematic comparison of neural signal recordings between
RMGFs and a commercial neural probe, the electrophysiological
results demonstrated that both the waveform amplitude and
full-width at half-maximum of the neuronal signals detected
by the RMGFs remained stable before and after deformation
(Figure S12). In contrast, the commercial neural probe exhibited
signal loss after deformation (Figure 3e,f). Moreover, the rela-
tive distances between the RMGFs and surrounding reference
neurons (n = 6 per electrode) remained almost unchanged, with
a maximum change of less than 10%, whereas the commercial
neural probe showed a relative distance change of more than
300% (Figure 3g,h). Furthermore, various stresses, including
stretching and shaking, were applied to simulate the complex
3D deformation of the brain. No obvious changes were observed
in the distance between reference neurons and electrode tips, as
well as in the recorded amplitude and electrophysiological signals
(Figures S13-S15), indicating that the RMGFs could adapt to the
complex 3D deformation and continuously track the same neuron
after implantation.

Furthermore, a variety of fiber electrodes, i.e., a spring electrode,
a spring electrode with a homogeneous hydrogel, and a CNT
fiber with a gradient hydrogel, were implanted into the deep
brain. For comparison with the RMGF, the CNT fiber with the
same gradient hydrogel had the same thickness and mechanical
performance. The RMGF exhibited stable interfacing with sur-
rounding neurons, whereas the CNT fiber with the same gradient
hydrogel underwent obvious displacement relative to the target
neurons (Figure 3g,h), showing the necessity of a spring structure
in the axial direction. Similarly, the bare spring electrode and
the hybrid spring electrode with a homogeneous hydrogel (both
of which had the same spring electrode as the RMGF) showed
obvious displacements during tissue deformation. Therefore, the
combination of the dynamic adaptability of the spring structure
and the radial gradient hydrogel-tissue interface enables the
RMGEF electrode tip to stably capture deep, dynamic brain targets.

2.4 | Chronic Single-Neuron Visual
Electrophysiology in a Cat dLGN Enabled by RMGFs

The dLGN, which is a key relay in visual circuits, features
a unique channel-specific coding scheme and transmits visual
information closely resembling the original input [35]. Single-
neuron-level recording and decoding of the dLGN over extended
timescales can deepen our understanding of visual processing
and encoding mechanisms, thus advancing treatments for vision-
related diseases and visual intelligence technologies [36]. How-
ever, chronic recording of the dLGN remains unrealized because
of its deep subcortical location (12-14 mm below the cortex), small
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FIGURE 3 | Theoretical and experimental demonstrations of deformation adaptation of RMGFs. (a) Representative finite element analysis of a fiber

electrode with modulus-homogeneous hydrogel (top panel) and an RMGF (bottom panel) under deformation, showing that less stress concentration
occurred at the RMGF-brain interface. (b) Stress distributions along the central axis (dotted line in a) of RMGFs with different thicknesses of the gradient
hydrogel. (c) Stress distributions along the central axis of RMGFs when the hydrogel has different modulus gradient ranges. (d) Schematic illustration
of RMGF implantation in the mouse brain. (e,f) The electrophysiological signal detected by an RMGF remained stable, whereas the signal detected by a
commercial flexible electrode was lost when the brain tissue was compressed. Initial state (dark line) and after compression (red line). (g) Representative
two-photon fluorescence images of different electrodes implanted in brain tissues in the initial (top) and tissue compression (bottom) states. For each
electrode, six surrounding neuronal cell bodies were selected as positional reference points (indicated by orange arrows). Scale bar, 200 pm. n = 6
biologically independent experiments for each group. (h) Changes in the distances between the electrode tip and six reference points per electrode in the
initial state and after compression, showing that the RMGF can stably track the target under brain dynamic deformation. n = 6 biologically independent
experiments for each group. The data in (h) are presented as the mean + s.d.; significance is denoted as *p < 0.05, two-tailed unpaired ¢-test.

size (~2 mm), multilayered structure, and substantial internal circuits, including recording and wireless transmission modules,
brain motion [37]. Leveraging the mechanical compliance and  were fixed on the cat head, and an RMGF was implanted into
high-fidelity recording of the RMGFs, we implanted them into the the dLGN (Figure 4b,c). Since recordings of neurons vertically
dLGN of freely moving cats, which constitute a classical animal located in the dLGN are valuable for understanding visual
model for studying vision (Figure 4a). circuits, we designed a 12-channel RMGF with all channels

aligned along the axial direction to detect neurons in different
We customized back-end circuits and connected them with layers of the dLGN. A continuous full-screen flash was presented
RMGFs to obtain a neural recording system. The back-end to the cat, with both eyes alternately occluded or unoccluded
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for 30 s. Nine of twelve channels in the RMGF responded
significantly, with signal-to-noise ratios (SNR) exceeding 3, and
several channels recorded spontaneous spikes even when both
eyes were occluded. This allows accurate analysis of a series of
specific visual reactive characteristics of the detected neurons
(Figure 4d). Taking Channel 8 as an example, the detected neuron
responded to light stimuli (classified as an ON cell) [38]. This
neuron exhibited selective responsiveness to grating stimuli at a
spatial frequency of 0.25 cycles per degree. Under rotating grating
stimulation, it showed no orientation selectivity, and its firing
pattern displayed sinusoidal modulation, consistent with the
classification criteria of X cell [39]. Similarly, the visual reactive
characteristics of the neurons detected by Channels 7 and 10 were
successfully analyzed, with both being ON and X cells (Figure
S16). Together, this RMGF can detect electrophysiological signals
with a high SNR while enabling precise analysis of the visual
reactive characteristics of target neurons.

Furthermore, in vivo chronic recording of single neurons was
demonstrated by implanting RMGFs in the dLGN of cats. The
RMGFs could maintain stable recording of a single neuron with
a high SNR for 5 months, allowing accurate sorting of single-unit
spikes (Figure 4e; Figure S17a). Further analyses, including high
waveform similarity, stable autocorrelograms structure and inter-
spike interval distributions, low within-week split-half variability,
demonstrate that the same single neuron was reliably tracked
using the RMGF (Figures S17 and S18). Owing to the high-fidelity
recordings enabled by the RMGF, detailed and chronic analyses
of their specific visual response characteristics in situ have been
further achieved. For example, a tracked neuron with the char-
acteristics of an ON cell was consistently excited by light stimuli
(Figure 4f). Under continuously drifting grating stimuli, it acted
as an X cell and showed no orientation sensitivity, with a spatial
frequency of 0.35 cycles per degree (Figure 4g,h). The visual
reactive characteristics of the target neuron remained consistent
for 5 months, which has not been previously reported [40, 41].
This result may be due to the minimal relative displacement
during continuous tracking of the neuron by the RMGF, thus
maintaining a high SNR (> 5) without interference from other
neurons. In contrast, commercial neural probes implanted in the
dLGN exhibited a substantial loss of electrophysiological signals
within two weeks (Figure S19). During the 5-month implantation
in the brain, the immunofluorescence results revealed no obvi-
ous aggregation of glial cells around the RMGFs. Quantitative
analysis further demonstrated that the fluorescence intensities
of both GFAP and Ibal around RMGF did not increase and
remained comparable to those of the control group, indicating
the high biocompatibility of the electrode in vivo (Figure S20).
Furthermore, comparing with previously reported neural probes
(Table S3), the results show that the RMGF enables stable single-
neuron recordings at a deeper location in a medium-sized animal,

supported by the gradient-modulus hydrogel and stretchable
spring electrode. Taken together, these results indicate that the
RMGF holds promise as a reliable tool for the chronic study of
visual circuits and their related applications at the single-neuron
level.

2.5 | High-accuracy Visual Reconstruction of a
Cat dLGN by RMGFs

In situ visual decoding and reconstruction enable investigation of
the response stability and plasticity of individual neurons or neu-
ronal ensembles under different visual stimuli, offering insights
into how the retina, dLGN, and visual cortex encode and process
visual information. However, reliable decoding of the dLGN
remains challenging, with current accuracies reaching only 0.52—
0.79 [42]. We hypothesize that the precise and chronic recording
capabilities of RMGFs will further enable high-accuracy visual
decoding and reconstruction. Thus, a multichannel RMGF was
used to continuously record multiple cells in the dLGN during
drifting grating stimuli with a consistent 3 s pseudorandom
velocity pattern across 100 trials (Figure 4i; Figure S21a), and
the electrophysiology data of the detected cells were chosen
to reconstruct the real-time pseudorandom velocity of drifting
gratings by using the unscented Kalman filter. The reconstruction
correlation, i.e., the ratio of the reconstructed and actual stimulus
velocities of the drifting grating, was used to evaluate the accuracy
of visual reconstruction.

Our visual reconstruction performance substantially improved
with an increasing number of neurons (Figure 4i). Systematic
analysis further revealed an obvious decrease in the response
latency and a corresponding increase in mutual information as
the number of neurons increased (Figure S21b-d). Unlike the
classical neural coding theories that associate larger neuronal
populations with higher decoding accuracy, we found that only 3
neurons achieved 0.95 accuracy in visual stimulus reconstruction
(Figure 4i-k), approaching the theoretical limit (0.97) achievable
with the unscented Kalman filter. The results validate that this
small ensemble constitutes a “minimal effective ensemble” for
super-sparse coding principles in deep brain circuits, supporting
predictions of optimal minimal ensembles under low noise
conditions. Moreover, these results are further supported by our
computational modeling. In a biophysical spiking network of
300 excitatory and 75 inhibitory neurons, spike-timing-dependent
plasticity self-organized a super-sparse code, with only 5.5
neurons (1.83%) responding strongly to any stimulus while main-
taining high accuracy (Figure S22 and Table S4). This finding
reveals that only a small number of neurons can efficiently
encode visual information in deep thalamic circuits, differing
from classical large-population assumptions in cortical regions

Recorded single-neuron activity over 5 months in response to light-dark stimuli under contralateral or ipsilateral eye opening. (f~h) Typical visual
characteristics of the target neuron, including ON/OFF cells (f), X/Y cells (g), and special frequency (h). n = 3 biologically independent experiments
for each group. (i,j) Neuronal response and reconstruction. (i) Original stimuli (blue), and reconstructed velocity (red). (j) Quantitative comparison of

the stimulus-reconstruction correlation between the reconstructed and original stimuli for neuronal populations ranging from one to three cells. (k)

Comparison of Pearson correlation coefficients from this work (0.95, stably tracking and recording 3 neurons) with the theoretical value (0.97) and

shuffled data (randomly recording among 3 neurons in space). n = 3 biologically independent experiments for each group. The data in (j) and (k) are

presented as the mean =+ s.d.; significance is denoted as ****p < 0.0001, Two-sample Kolmogorov-Smirnov.
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[43, 44]. To further verify that stable recordings by our RMGF
are essential for high decoding fidelity, we artificially shuffled the
neuronal recording order, which resulted in a marked decline in
the decoding accuracy (Figure 4k). This result demonstrates that
the high-accuracy visual reconstruction primarily benefits from
the stable recordings enabled by the RMGF.

3 | Conclusion

We have made an RMGF for seamless interfacing with soft,
dynamic biological tissue, enabling unprecedented chronic
single-unit electrophysiological recording of small targets deep
within the brain of a middle-sized animal model, which exhibits
more vigorous movement than small-sized animals such as mice.
Incorporating a stretchable spring conductive pathway and a
modulus-gradient hydrogel sheath, the RMGF accommodates
misalignment and mitigates the stress concentration at the
interface between the rigid electrode and surrounding tissues.
After implantation in the deep brain of cats, the RMGFs achieved
5-month stable single-neuron tracking with high-fidelity visual
decoding (Pearson correlation coefficient of 0.95), approaching
theoretical limits. This work not only provides the experimental
validation of super-sparse coding evidence in deep brain struc-
tures, but also offers valuable blueprints for designing energy-
efficient artificial systems capable of sustained, nondegrading
performance. Building upon these strategies, a standardized
and scalable production line for customized product fabrication
was further established, paving the way for chronic sensing
and modulation of small targets beyond tissue surfaces and
offering a reliable tool for brain and other biomedical studies in
vivo.

4 | Experimental Section

4.1 | Preparation of Radial Modulus-Gradient
Fiber Electrode (RMGF)

Carbon nanotubes (CNTs) were synthesized using the float-
ing catalyst chemical vapor deposition method [45]. The
prepared CNT strips, approximately 1 mm in width, were
twisted into CNT fibers with a diameter of approximately
8 um. Parylene C was then deposited onto the surface of the
CNT fibers as an insulation layer through a chemical vapor
method (SCS PDS2010 Labcoter). The thickness of the insu-
lation layer was approximately 3 um. These CNT/Parylene C
fibers were subsequently twisted into a spring configuration,
forming single- or multiple-channel structures. The resulting
spring was drawn out of a mixed hydrogel precursor (sodium
alginate (A2033, medium viscosity, 0.5 wt.%); PVA (Mw = 146k-
186k, 99+% hydrolyzed, 10 wt.%)) at a speed of 5 mm/s and
immersed in a 5 wt.% calcium chloride solution. The resulting
spring electrodes coated with a homogeneous hydrogel were
dried at room temperature overnight. Subsequently, electrical
pulses were applied to 10-cm-long spring electrodes to form
a temperature gradient and the resulting modulus gradient
of the hydrogel coating. The pulse parameters, including the
pulse frequency, pulse amplitude, and cycle number, could be
tuned to adjust the gradient moduli. After immersion in a
saline solution, an RMGF was obtained. All chemicals were

obtained from Sigma-Aldrich unless otherwise stated and were
used without further purification. The structures of these
fibers were characterized via scanning electron microscopy
(SEM, Gemini SEM500, Zeiss) and confocal microscopy (EX51,

Olympus).

4.2 | Mechanical Performance and Simulation of
RMGFs

The stress-strain curves of the RMGFs were measured at a
tensile rate of 10 mm/s using a tensile machine (HY0350).
ABAQUS was further used to analyze the stress distributions
for spring electrodes with modulus-homogeneous or modulus-
gradient hydrogels. D, represents the diameter of the core
electrode, D, represents the diameter of the whole electrode, L,
represents the length of the whole electrode, L, represents the
width, and Ls represents the length of the substrate tissue. The
Young’s moduli of the three hydrogel coatings were set as follows:
homogeneous modulus (2.0 or 0.1 MPa) and gradient modulus
with a high modulus (2.0 MPa) near the core and a low modulus
(0.1 MPa) in the outer layer. The Young’s moduli of the spring
electrode core and substrate tissue were set as 2.0 and 0.1 MPa,
respectively. We further analyzed the effects of the thickness and
gradient range of the gradient hydrogel on the stress distribution.
The Young’s modulus E of the gradient hydrogel at different
radial positions is defined as:

E=E,+k-R

where E, is the initial elastic modulus, k is the gradient
coefficient, and R is the radius. The Young’s modulus is linearly
dependent on the radius.

Three-point bending simulations were conducted to compare
the stress distributions. Coupling constraints were applied at
reference points on both ends of the electrode, with +30°
rotational displacements about the y-axis imposed, whereas all
the other degrees of freedom were constrained. Stress profiles
were extracted along the neutral axis of the cross-section.

4.3 | Electrochemical Performance of RMGFs

The electrochemical performance of the RMGFs was evaluated
using an electrochemical workstation (CHI660E, CH Instru-
ments Ins.). An RMGF, platinum wire, and Ag/AgCl electrode
were used as the working, counter, and reference electrodes,
respectively. 1 X Phosphate-buffered saline (PBS) (pH = 7.4,
Servicebio) was chosen as the electrolyte. For the impedance
test, impedance spectroscopy was performed with a frequency
sweep range of 1-100,000 Hz. The impedance parameters and
impedance at 1.0 kHz were determined under the open-circuit
voltage by using the impedance-time method.

To evaluate the electrochemical stability during dynamic defor-
mation at different strain rates, one end of an RMGF was
connected to a copper wire using silver glue, while the other
end was exposed to the testing pool. The RMGF was fixed on a
tensile machine (TA Instruments-Waters LLC ElectroForce 3220).
Before measurement, 1 X PBS was added to the pool until the
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exposed end of the RMGF was fully immersed. A platinum wire
and a Ag/AgCl electrode were also immersed in 1 X PBS as the
counter and reference electrodes, respectively. The RMGF was
then stretched at 1.0% strain over a frequency sweep range of 0.1-
10 Hz to assess the electrochemical stability. To further investigate
the electrochemical stability under cyclic deformation, the RMGF
was stretched at 1.0% strain and specific frequencies ranging from
0.1 to 10 Hz for 100 cycles.

4.4 | Electrical Performance of RMGFs

To investigate the electrical stability, an RMGF was fixed on a
tensile machine (TA Instruments-Waters LLC ElectroForce 3220)
with both ends connected to copper wires using silver glue. The
electrical current was recorded at a voltage of 0.1 V using an
electrochemical workstation with multiple potential parameters.
The resistance was calculated according to Ohm’s law. The
RMGF was stretched at 1.0% strain over a frequency sweep range
of 0.1-10 Hz to evaluate its electrical stability under different
strain rates. Moreover, the RMGF was also stretched at different
frequencies for 100 cycles and showed high stability under cyclic
stretching. To further evaluate the electrical stability under large
strains, the RMGF was tested on a tensile machine (HY0350) and
stretched at a strain of 25% for 700,000 cycles at a tensile rate of
10 mm/s.

A 3-cm-long RMGF was bent with different curvature radii of
5, 10, 15, and 20 mm, as well as fully folded. At a curvature
radius of 5 mm, the fibers were subjected to 5000 bending cycles.
In addition, different weights were applied to the fibers. The
electrical resistances of these fibers were measured using a digital
multimeter.

4.5 | Animals

The animal experiments were approved by the Institutional
Animal Care and Use Committee at Fudan University (protocol
no. SYXK-Hu-2020-0032). Cats (weight of 2-3.5 kg, age of 0.5-
2 years, randomized sex) were purchased from Shanghai Jiagan
Biotechnology Co., Ltd. Mice (ICR, 6 weeks old, randomized sex)
were purchased from Shanghai SLAC Laboratory Animal Co.
Ltd. (certificate number: SYXK-Hu-2022-0012). All animals were
housed in the animal care laboratory at the School of Life Sciences
in accordance with the regulations set by the National Institutes
of Health and Fudan University.

4.6 | Immunofluorescence Staining

After implantation of RMGFs into cat brains for 5 months,
the brain tissue was fixed with 4% (v/v) paraformaldehyde for
24 h and sliced into approximately 3 um-thick sections using a
microtome (Leica RM 2135, Leica Microsystems). Immunoflu-
orescence staining for glial fibrillary acidic protein (GFAP)
and ionized calcium-binding adaptor molecule-1 (Iba-1) was
performed to assess the inflammatory response caused by the
implanted electrodes. The staining methods have been previously
described in detail [46]. Fluorescence images were obtained using
a microscope (Nikon C2+).

4.7 | Two-Photon Imaging

Thyl-YFP transgenic mice were used in this study. Electrodes
were horizontally implanted into the brain tissue for subsequent
experimental procedures. Electrode-inserted brain slices were
imaged with a commercial two-photon microscope (DeepVision-
2P, MicroLux Intelligent Co., Ltd., China) equipped with a
920 nm femtosecond pulsed laser (ALCOR 920-2, Spark Lasers).
A specially designed optical system, with a 16 X water-immersion
objective (CFI75 LWD 16X W, Nikon), provided a 1.6 mm X
1.6 mm field of view for both galvo scanning at 0.5 Hz and high-
speed resonant scanning at 30 Hz. A near-axial, high-efficiency
fluorescence detection path with a collection angle of up to 15°
was used to maximize collection of both ballistic and scattered flu-
orescence utilizing high-sensitivity GaAsP photomultiplier tubes
(H10770PA-40, Hamamatsu). Volume acquisition was performed
with a scanning depth range of 200-400 pm and a plane interval
of 5 um by using a motorized objective stage. Each plane was
captured at a resolution of 1024 x 1024 pixels. The laser power was
dynamically adjusted within the range of 10-30 mW to optimize
imaging at different depths.

4.8 | InVivo Electrophysiological Recording

A 12-channel RMGF was fabricated by twisting together 12 fiber
neural probes. The channels were spaced ~100 pm apart and
connected to a flexible printed circuit board using silver glue,
and the connection areas were encapsulated with silicone rubber.
RMGFs were implanted into targeted brain regions of cats with
the assistance of a commercial tungsten electrode bonded with a
dissolvable gel (30 wt.%).

The cats were anesthetized with isoflurane (2.5%-4.0% (v/v)
isoflurane in air). The head of the cat was held in place by
ear bars, and its mouth gripped a salver to ensure that its eyes
were positioned parallel to and facing the stimulation screen.
Moreover, the rectal temperature was monitored and maintained
at 38.5°C, and the exhaled CO, concentration was maintained at
3.8%. After removal of the hair and sterilization, an incision was
made to expose the skull. The dorsal lateral geniculate nucleus
(dLGN) was accurately located (Horsley-Clarke coordinates A6
and L9, 12-14 mm beneath the cortex surface). The skull and dura
mater were carefully opened to expose the brain. RMGFs, glued
with a commercial tungsten electrode by gelatin/physiological
saline, were implanted into the dLGN. The exposed portion of the
skull was immediately covered with a 4 wt.% agarose solution.
The gel completely dissolved after 30 min in vivo, allowing
the tungsten electrode to be withdrawn using a microcontroller
at a controlled speed of 5 um s™!. Once this rigid electrode
was completely removed, paraffin wax and dental cement were
applied in turn to cover the agarose. Finally, the RMGFs and
connectors were fixed on the skull for chronic recording in vivo.

During in vivo recording, the cats were anesthetized with 0.8-
1.2% (v/v) isoflurane. The eyes of the cats were kept open and
protected with hard contact lenses to ensure moisture, and their
pupils were dilated with a drop of atropine. Various visual stimuli,
including drifting grating stimuli to detect the cutoff spatial
frequency, orientation bias (OB), and X/Y cells, light-dark screens
to activate ON/OFF neurons, were used to excite the neurons.
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For visual reconstruction, full-field oriented sinewave gratings
(at their optimal spatial frequency and orientation) drifted at
pseudorandom velocities, so that the drifting speed kept changing
every 3 s.

4.9 | Visual Decoding In Vivo

The unscented Kalman filter (UKF) algorithm reconstructs the
original visual stimuli from action potentials of the dLGN
recorded by an RMGF. The state equation x, and measurement
equation y, are shown in Equation (1):
{ X = Ax, +w, O
Y =H(x)+n

Here, x, represents the visual stimulus state, with w, ~ N'(0, Q)
signifying the process noise in the stimulus dynamics. In our
experiment x; € R, and Q € R. The measurement y, denotes
the mean spike count over 100 trials at time ¢ recorded using the
RMGF. When using m € {1, 2, 3} cells, y, is an m-dimensional
vector and H(-) returns an m-dimensional output, and n, ~
N'(0, R), where n, is the m-dimensional observation noise and
R e R™™ is its covariance. The state-transition parameter A
is estimated by least-squares, while the nonlinear measurement
mapping H is calculated by fitting a Volterra Kernel [47, 48].

The unscented transformation captures a nonlinear transforma-
tion [49]. For each time step ¢, we compute the sigma points y from
the state estimate:

(0) o
X1—1|1—1 = xl—l\t—l (2)

X =R - <\/(L + A)PH\H> Ji=1,..,L (3

i

X = R — (, /(L +/1)P,,HH> ,i=L+1,..., 2L

i—L

C))
W =21/L+2) Q)
wo - A +(1-a?+p) (6)
¢ L+2A
wo—wo- 1 9500 ™
mTTC T2+ o

where i is the sigma-point index, 4 is a scaling factor, with A =
a? (L + x) — L, a determines the spread of sigma points around
X,_;, and L is the number of states, x is a secondary scaling
parameter, \/F denotes a matrix square root, and (-) denotes its
i-th column. In our case,a = 1x1073,8 = 2,x=0, and X, = Xx,.

Each sigma point is propagated through the process model:

@ _ (&)
Xt\r—l - Axt—l\t—l (8)

The predicted state mean is computed by taking the weighted sum
of the sigma points:

2L
56\[\1—1 = Z Wsl) )(([l|)[_1‘ (9)
i=0
The predicted covariance P,;_, is computed by taking the

weighted sum of the covariance of each sigma point:

T

2L
Pz|z—1 = Z ng) <X(ll‘),_1 - 5‘:\1\1—1) (X(;ﬁ_l - 5C\z|z—1) (10)
i=0

Measurement prediction and update: Upon receiving a new
measurement y,, the update is calculated as follows:

6@ (0] .
yzl|t71 —H()(:“,l), i=0,...,2L 1)

The predicted measurement mean y,,_; is computed:

2L
)A)z|z—1 = Z Wfr?f’(,?,_l (12)
i=0
The predicted covariance P,, and the cross-covariance P,, are
computed:

T

2L
P, = 2 Wﬁl) (J}(J),,l - yt|t—l> (ﬁ?ﬁt,l - yt|z—1> +R (13)
i=0

2L ) ) ) T
P, = Z ng) <X([l‘),,1 - meq) ()A’(,?,,l - ytlt—l) (14)
i=0
The Kalman gain K, is computed:

K, =P, P;} (15)

The state estimate is updated with the incoming measurement:
X=Xy + K, ()’: - )A’z|zf1) (16)
The state covariance is updated:

Pr=Py - KthyKLT a7

4.10 | Reconstruction Quality

The Pearson correlation coefficient is employed to assess the
relationship between the original and reconstructed stimuli over
time. This correlation is calculated as follows:

. thl (x,— %) (X-t - fc) as)

VEL G-0\/2 (5 %)

where x, represents the observed data of the original visual
stimulus at time ¢t and %; is the corresponding value of the
reconstructed stimulus obtained by the UKF algorithm. X is the
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mean of the original stimulus, % is the mean of the reconstructed
stimulus, and 7 is the total number of time steps.

4.11 | Stimulus-Response Latency

To determine the latency between the original stimulus x[¢] and
the reconstructed stimulus %[¢], the cross-correlation R[] is
computed. The cross-correlation function is calculated as follows:

Ry [t]= )\ x[1] - [t +7] (19)

where %[t + 7] represents the value of the reconstructed stimulus
attime t + rand 7is the time lag variable. The lag rat which R [ 7]
is maximized indicates the estimated latency between the original
and reconstructed stimuli.

4.12 | Statistical Analysis

Statistical analysis was performed with Graphpad Prism 9.0
and Origin 2018. The results are expressed as mean +s.d. The
statistical differences between the two groups were analyzed
using an unpaired two-tailed t-test. p values: n.s., not significant
(p>0.05), *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001.
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