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ABSTRACT: Microelectrodes provide a direct pathway to
investigate brain activities electrically from the external world,
which has advanced our fundamental understanding of brain
functions and has been utilized for rehabilitative applications
as brain−machine interfaces. However, minimizing the tissue
response and prolonging the functional durations of these
devices remain challenging. Therefore, the development of
next-generation microelectrodes as neural interfaces is actively
progressing from traditional inorganic materials toward
biocompatible and functional organic materials with a
miniature footprint, good flexibility, and reasonable robust-
ness. In this study, we developed a miniaturized all polymer-
based neural probe with carbon nanofiber (CNF) composites
as recording electrodes via the scalable thermal drawing
process. We demonstrated that in situ CNF unidirectional alignment can be achieved during the thermal drawing, which
contributes to a drastic improvement of electrical conductivity by 2 orders of magnitude compared to a conventional
polymer electrode, while still maintaining the mechanical compliance with brain tissues. The resulting neural probe has a
miniature footprint, including a recording site with a reduced size comparable to a single neuron and maintained
impedance that was able to capture neural activities. Its stable functionality as a chronic implant has been demonstrated
with the long-term reliable electrophysiological recording with single-spike resolution and the minimal tissue response over
the extended period of implantation in wild-type mice. Technology developed here can be applied to basic chronic
electrophysiological studies as well as clinical implementation for neuro-rehabilitative applications.

KEYWORDS: in situ aligned carbon nanofibers, thermal drawing process, polymer composites, neural probes,
in vivo chronic electrophysiological recording

Fully understanding how the brain functions relies on
deciphering the interactions between neurons; therefore,
it is of great importance to develop technologies that

allow monitoring of specific neurons within the investigated
circuits at the single-spike and single-unit resolution during
behavior. Electrical recordings, which emerged in 1930s from
Edgar Adrian’s work,1 are one of the most documented
technologies for this purpose, and the underlying physical
principles have been well understood ever since. Such
recordings detect extracellular action potentials as well as
superimposed synaptic activities of neurons in the form of local

field potentials (LFPs). Nowadays, within the neuroscience
community, the widely adopted technologies for conducting
electrical recordings are metal-based microwires2−4 and silicon-
based multichannel arrays.5−7 These platforms have demon-
strated their capabilities for recording signals from a group of
neurons with single-unit resolution and high signal-to-noise
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ratio,4,8,9 thanks to their miniaturized size and the low
impedance characteristics of the materials. However, the severe
incompatibility of these platforms with brain tissues in terms of
their mechanical and biological properties10−12 induces foreign
body responses causing glial encapsulation of the probes and
neuronal death, leading to extremely limited functionality for
long-term chronic implantation. Therefore, there is a great
interest in developing microelectrode technologies that can
serve as chronically functional neural probes with miniature
footprints for in vivo electrophysiological recording, which also
meet the requirement of flexibility, biocompatibility, and
robustness.13,14

Emerging technological trends have focused on improving
brain−probe interfaces via surface modification of existing well-
established neural probes,10,15−21 continuous miniaturization,
and the advancement of fundamental biomaterial designs.22,23

Implantable microelectrode probes are inserted into the brain
and are in direct contact with delicate brain tissues, where the
initial insertion may induce disruption of glia networks. The

mechanical properties, biological compatibility, and surface
chemistry of the materials determine the tissue response and
the implant success. The miniaturized neural probe can reduce
the initial insertion damage, but the impedance of the electrode
is compensated. In addition, chronic failure of silicon- and
metal-based electrodes arise from elastic mismatch between the
neural probes and neural tissue due to micromotion, corrosion
occurring at the electrode surface, as well as the electrode
fouling by gliosis, density loss of surrounding neurons, or the
adsorption of proteins. Many attempts have been made to
adapt the electrode design by modifying the tip geometry and
surface roughness19,21 and adopting various compliant coatings
including conductive polymers (e.g., poly(3,4-ethylenedioxy-
thiophene) (PEDOT)),15,16,18,22,24 inert metals (e.g., Au, Pt),
and carbon-based materials,15−17,20 biomolecules,25 or even live
cells,26 in order to lower the impedance, prolong their
functional duration, and elicit less tissue response. Moreover,
exploiting the mature planar lithography27−30 and microcontact
printing method31−33 have enabled highly innovative neural

Figure 1. Fabrication of the CNF composite and fibers. (a) A schematic illustrating synthesis process for the CNF composite. (b) Fabrication
process of preform including CNF composite in the center as an electrode, COC as a dielectric layer and PC as a supportive sacrificial
cladding. (c) An illustration of the fiber drawing process. The dimensions of the resulting fiber were determined by the ratio of the capstan
and feed speed. (d) A diagram illustrating the mechanism of the in situ alignment of the CNF during thermal drawing. (e) Photograph of the
neck-down region showing the preform-to-fiber transition. (f) A range of cross-sectional microscope images of the drawn fiber produced by
increasing the stress. (g) Photograph of the drawn fiber. (h) Photograph of the drawn fiber after the removal of the PC cladding.
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probes such as the work reported by T. Kim et al.33 and C. Xie
et al.28 Microelectrodes and interconnects with several micron
thickness can be defined on the flexible polymer substrate, such
as polyimide or SU-8 polymer layers. These flexible, foldable
organic and hybrid electronics address the elastic issues, can be
introduced deep in the brain through the releasable injection
microneedles,33 capillary syringe needles,27,29,30 or stereotaxi-
cally implanted after rapid freezing in liquid nitrogen.28

However, fundamental advancement of biomaterials is the
ultimate solution for addressing the aforementioned issues and
extending the electrical intervention duration for clinical
applications. One possibility is to develop flexible, biocompat-
ible, and electrically conductive organic materials. Takashi D. Y.
Kozai et al. reported a single carbon fiber-based microelectrode
with bioactive surface of PEDOT, which had a footprint of <10
μm in diameter, yet maintained superior electrical character-
istics for chronic recording with high fidelity.22 The preliminary
biocompatibility of this microelectrode was demonstrated over
2 weeks of implantation. However, the main hindrance for the
wide application of this device was the complication of the
device assembly based on a single carbon fiber and the lack of
robustness of the implant, as the headcap was subjected to fail
after several weeks. In addition, a large-scale recording via
integrating multiple recording units could be problematic.
Andres Canales et al. developed polymer-based multifunctional
fibers using a thermal drawing process, allowing for the study of
brain activities across its different signaling mechanisms.34 In
these probes, polyethylene was incorporated with carbon
particles (i.e., conductive polyethylene (CPE)) as the chosen
electrical recording material, which is commercially available as
an electronic packaging material. These probes have demon-
strated their excellent chronic performance and biocompati-
bility over 3 months of implantation. However, due to the low
conductivity of this composite, the recording site had to be
sufficiently large to maintain moderate impedance for recording
spike activities. Therefore, the resulting implantable fiber
probes had large footprints that induced considerable insertion
tissue damage. Though these innovations in both material
designs and probe fabrication have boosted the development of
the next generations of microelectrode technologies, the results
rendered by the balances between size, conductivity, bio-
compatibility, and robustness are not yet satisfying.
In this study, we report the fabrication of a polymer

composite fiber with the carbon nanofiber (CNF) aligned in
situ during the thermal drawing. The resulting neural probe,
based on this flexible composite fiber, has stable electrical
recording performance and high biocompatibility over the
chronic implantation. CNF and carbon nanotube (CNT) are
both commonly explored fillers to create a composite because
of their high aspect ratio that contributes to the improvement
of electrical conductivity. However, in this study, CNF is
chosen for its low cost, high-biocompatibility,35−37 and mainly
for its stacked-cup morphology. This morphology generates
exposed reactive edge planes along the entire interior and
exterior surfaces facilitating rapid electron charge transfer. The
composite is made of 2 vol % CNF (Prograf Product, Inc.)
impregnated into CPE (Hillas Packaging). CPE was chosen as a
result of its base conductivity from carbon black particles
embedded in the polymer matrix and its reported long-term
biocompatibility. At higher loading of CNF, the viscosity at the
processing temperatures was too high to be compatible with
commonly drawn thermoplastic polymers. Figure 1a shows the
synthesis process for the CNF composite. The CNF was first

embedded into the CPE sheet by compression with heat, and
then CNF composite with a homogeneous loading of CNF was
achieved by following an extrusion process of pressed CPE and
CNF. After the material synthesis, a rectangular macroscopic
preform was prepared. It had the CNF composite in the center,
which was surrounded by cyclic olefin copolymer (COC) as a
dielectric layer and a subsequent polycarbonate (PC) cladding
as a sacrificial layer that would be removed after the thermal
drawing. The schematic model is shown in Figure 1b. Then this
preform was thermally drawn into hundreds of meters long
fibers with a conserved cross-sectional geometry and
composition, but with a much reduced size defined by the
draw-down ratio as shown in Figure 1c. Figure 1d illustrates the
mechanism of in situ alignment of CNF occurring during the
thermal drawing. The randomly oriented CNFs within the
composite are reoriented by the elastic field from the polymer
matrix along the extension, resulting in an increase of the
electrical conductivity in the longitudinal direction. Figure 1e
shows the neck-down region of the preform-to-fiber transition
demonstrating the scalability of the thermal drawing process,
which produces fibers in Figure 1g with high yield. Their cross-
sectional areas can be tuned by the drawing stress, but the
geometry is maintained as shown in Figure 1f. A higher drawing
stress can result in a fiber with smaller dimensions. After
removing the PC sacrificial layer, the resulting fiber had overall
dimensions of <100 μm × 100 μm including a recording site of
CNF composite with a size ranging from 18.0 μm × 11.3 to
35.2 μm × 20.1 μm. The fiber was mechanically flexible as
shown in Figure 1h. Its capability for both acute and chronic
recording, along with biocompatibility, in the wild-type mice
was demonstrated.

RESULTS AND DISCUSSION
Characterization via Scanning Electron Microscope

(SEM). The material properties of the CNF composite were
characterized by SEM (LEO (Zeiss) 1550 field-emission SEM).
Samples of CNF composite prior to the thermal drawing were
freeze-fractured with liquid nitrogen and imaged via SEM. A
random orientation of CNFs was confirmed as shown in Figure
2a. A slight tendency toward a certain orientation may be due
to hot compression. Similarly, cross sections of the drawn fibers
were prepared by liquid nitrogen fracture and imaged via SEM
as shown in Figure 2b. The CNFs stand out perpendicularly to
the electrode cross-sectional surface, indicating the high
possibility of the alignment along the longitudinal direction.
To further investigate the alignment, the drawn fiber underwent
selective etching processes, in which the PC sacrificial layer was
etched by dichloromethane (Sigma-Aldrich), and the COC
dielectric layer was etched by toluene (Sigma-Aldrich), which
left only the drawn CNF composite as shown in Figure 2c. The
observed CNFs are aligned longitudinally in Figure 2c-ii and c-
iii. As this observed alignment occurs on the exposed surface,
which was at the interface between the composite electrode and
COC dielectric layer, it could stem from the sheer force
attributed to difference in viscosity from two materials during
the thermal drawing process.

Validation of CNF Alignment via Focused Ion Beam
(FIB) Technique. In order to validate the alignment of the
CNF in the bulk composite, FIB technique was utilized (FEI
Helios 600 NanoLab). Here CNF fiber samples drawn at the
lowest stress were prepared, since the alignment in the bulk is
essentially induced by the drawing stress. If the substantial
alignment in the CNF composite is achieved at the lowest
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drawing stress, in this case it is about 80 g/mm2 (drawing
conditions shown in the Supplementary Figure 1), then a
higher degree of alignment is expected with a higher drawing
stress, thus, it can confirm the alignment of the CNF in the bulk
composite throughout the entire drawn fiber.
A thin layer of platinum (Pt) was first deposited on top of

the region of interest to elicit less “curtain effect” and less
charging issues on newly exposed areas. Then a three-step
gallium (Ga) ion milling process from rough milling to fine
milling took place by varying the ion current from 0.92 nA to
0.28 nA to eventually 93 pA at the final polish step. Figure 3a
shows SEM of the composite electrode taken at a nontilted
angle, indicating that the electrode was milled 5.5 μm deep into
its transverse direction. Figure 3b shows the exposed inner area
(18 μm × 19 μm) of the electrode after the final polish. Figure
3c−d depicts the areas containing aligned CNFs during the
milling process. Figure 3c shows the deposited Pt strip on the
top of the electrode surface below where the milling process
took place and two CNFs orienting in the longitudinal
direction were exposed. Furthermore, Figure 3d shows the
tendency of longitudinal orientation of CNF by exposing
regions with multiple CNFs orienting to their extensional
direction.

Quantitative assessment of the alignment was also performed
as demonstrated in the polar plot in Figure 3e. The angle is
defined as the exposed individual CNF with respect to the
longitudinal direction, and the radius indicates the distance
between the CNF and the electrode surface. In this set of the
experiments, there were 41 CNFs exposed, and 28 of were in
the area with an angle smaller than 10°, and all have angles
smaller than 30°. It demonstrates that the substantial alignment
in the bulk was achieved when a stress of 80 g/mm2 was
applied. A tendency of higher degrees of alignment is observed
in the individually exposed CNF near the surface, which could
result from the dual effect of the shear force at the surface and
the drawing stress. In addition, alignment was further evaluated
by measuring the resistivity of the CNF composite drawn under
different stresses. It was observed that a lower resistivity was
achieved at a higher drawing stress, which demonstrated greater
drawing stresses induce higher degrees of alignment (shown in
Supplementary Figure 5). The results obtained from the FIB
milling confirm our hypothesis and demonstrate that CNFs are

Figure 2. Material characterizations via SEM. (a) SEM of the CNF
composite before thermal drawing. (a-i and a-ii) Random CNF
orientation observed on the fractured surface at different
magnifications. Red arrows point to some examples of CNFs. (b)
SEM of the fractured cross-section of the drawn CNF composite.
(b-i and b-ii) CNFs standing out from the cross-section of the
composite at different magnifications; the examples of which are
illustrated by the red dashed circles. (c) SEM of the etched
composite electrode. (c-i) Exposed longitudinal surface of CNF
composite after removing the PC and the COC. (c-ii and c-iii)
Aligned CNF on the surface of the composite as indicated by the
red dashed lines.

Figure 3. Milling of the CNF composite via FIB. (a) SEM showing
the milling depth of the CNF composite in its transverse direction.
(b) SEM indicating exposure area at the irradiation angle of 52°
after the completion of milling. (c) Zoom-in SEM in the course of
milling at the irradiation angle of 52° showing the platinum (Pt)
deposition and two aligned CNFs as indicated by the red dashed
line. (d) SEM of the exposed area during the final polish milling at
the irradiation angle of 52° with multiple aligned CNFs as indicated
by the red dashed line. More images of the exposed areas showing
aligned CNFs during the course of FIB milling are shown in
Supplementary Figure 3. (Scale bar: 5 μm.) (e) The polar plot with
angle of the exposed CNF with respect to the longitudinal direction
and the radius defined as the distance of the exposed CNF to the
surface. The green area is the angle zone smaller than 10°, and
most of the exposed CNFs fall into this area showing substantial
alignment.
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aligned not only at the interface between composite and COC
but also within the CPE during the thermal drawing process.
Electrical Characterization of the CNF Composite.

CNF is known to have good electrical conductivity;35,36 thus
the composite with unidirectionally aligned CNF is expected to
further improve its electrical characteristics, which makes it a
suitable microelectrode material for electrophysiological record-
ing. The comparison of the resistivity of CNF composite before
and after thermal drawing was conducted via a probing station
(Keithley 4200SCS Parameter Analyzer). The CNF composite
slabs prior to the thermal drawing with defined dimensions
(cross-section of 0.52 mm × 2.0 mm, length from 4 cm to 1
cm) were prepared by low-end machining. Thermally drawn
fiber sections with lengths ranging from 10 cm to 1 cm with the
CNF composite of the cross-sectional size of 23 μm × 18 μm
were also prepared. The resistivity results are shown in Figure
4a. There is almost a 40-fold reduction in the resistivity of the
thermally drawn CNF composite (0.043 Ω·m) compared to the
CNF composite prior to the thermal drawing (1.65 Ω·m),
which we attribute to the longitudinal in situ alignment of CNF
that occurred during the thermal drawing process.
To compare the electrical conductivity with conventionally

used carbon-based polymer composite, e.g., CPE, fibers with
CPE electrode were also drawn to serve as a comparison. Fiber
sections of CNF composite and CPE with lengths of 1 cm and
similar cross-sectional sizes (25.7 μm × 16.6 μm and 37.2 μm ×
14.6 μm, respectively) were prepared, and their resistivities
were measured. The results are shown in Figure 4b, in which a
significant reduction of the electrical resistivity of the CNF
composite (0.05 Ω·m) by 2 orders of magnitude was observed
compared with the conventional CPE (8.72 Ω·m), due to the
alignment of the CNF.

To evaluate the homogeneous alignment and distribution of
CNFs, CNF composite fiber with a length of 10 cm produced
at the maintained drawing stress was prepared, and its DC
resistance was measured. Then it was shortened in 1 cm
increments, and the resistance was measured accordingly. The
results are plotted as resistance versus length in Figure 4c. A
close linear correspondence was observed, which suggested the
uniform distribution and alignment of CNFs within the
composite at maintained drawing stress.
To explore the possibility of its application as an implantable

microelectrode for neural recording, its electrochemical
impedance characteristics were evaluated via electrochemical
impedance spectrum (EIS) (Interface 1000E, Gamry Instru-
ments). Measurements adopted the schemes of a three-
electrode setup, which consisted of a 2 cm-long fiber with
CNF composite or CPE electrode with similar cross-sectional
areas as a working electrode (Supplementary Figure 6), a Ag/
AgCl reference electrode, and a Pt wire as a counter electrode.
Bode plots of the impedance spectra are shown in Figure 4c−d.
The Bode magnitude impedance plot shows a significant
decrease in the impedance of the CNF composite compared
with the CPE at all frequencies, especially at 1 kHz, a frequency
of interest for electrophysiological recording with single-spike
resolution. The Bode phase impedance plot demonstrates a
more faradaic CNF composite interface, which is dominated by
the electron-transfer resistance at low frequencies and exhibits a
greater capacitive behavior at higher frequencies. This
phenomenon was further confirmed by the Nyquist plot as
shown in Figure 4f. The CNF composite exhibits semicircle
features which can be easily modeled via a simplified Randle
cell attributed to the surface electrochemistry, while the CPE
shows nonsemicircle features. All the plots were recorded in the
frequency range from 10 Hz to 10 kHz. This distinct

Figure 4. Electrical characterization of the CNF composite. (a) Comparison of the resistivity of CNF composites before and after the thermal
drawing process indicating a significant reduction in the resistivity attributed to in situ unidirectional alignment of the CNF during thermal
drawing. (b) Comparison of the resistivity between the thermally drawn CPE and CNF composite indicating a drastic improvement of
electrical conductivity of the composite with aligned CNF compared with the conventional CPE. (c) Measurement of the resistance of the
thermally drawn CNF composite versus its length showing their linear relationship ascribed to the homogeneous distribution and alignment of
CNFs. (d) The Bode magnitude impedance plot of the CPE and CNF composite electrode showing the low impedance characteristics of the
CNF composite. (e) The Bode phase impedance plot of the CPE and CNF composite showing the less capacitive behavior of the CNF
composite. (f) The Nyquist plot of the CPE and CNF impedance (10 Hz to 10 kHz), indicating that the CNF has a semicircle feature
dominated by the faradaic current. All error bars and shaded areas in the figure represent standard deviation.
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characteristic of the electrochemical impedance of the CNF
composite can be explained by the high aspect ratio and the
stacked-cup CNF morphology, which generates large amounts
of exposed edge sites along both the interior and exterior
surfaces. This facilitates rapid electron-transfer kinetics at the
electrode−electrolyte interface and thus elicits less capacitive
behavior, which results in a predominant faradaic interface and
is suitable for picking up neural signals at both a high- and low-
frequency range of interest. In contrast, the CPE has a mainly
capacitive behavior across all measured frequencies, which is
mainly due to the capacitance existing in the thermally drawn
CPE from carbon particles embedded within the elongated
polyethylene polymer matrix (Supplementary Figure 6).
In Vivo Electrophysiology. A neural probe was assembled

from this CNF composite fiber by straightforward custom-
ization of connecting it with headpins. Fiber sections having
cross-sectional dimensions in the range from 18.0 μm × 11.3 to
25.7 μm × 16.6 μm were chosen. It was implanted into the
hippocampal formation of wild-type mice for electrophysio-
logical experiments as shown in Figure 5a−b (N = 10). Figure
5c shows a CNF composite fiber-based neural probe implanted
into a wild-type mouse for over 1 month. Chronic electro-

physiological recordings were performed via Tucker-Davis
Technologies (TDT) Neurophysiological Systems.
Electrophysiological signals, revealing the LFP (0.3−300 Hz)

and spike activities (0.5−5 kHz) in Figure 5, were recorded at
11 days after the implantation in Figure 5d. Power spectral
density analysis of the LFP in Figure 5e shows brain oscillations
were observed in the range of 5−10 Hz and 30−40 Hz, which
correspond to the θ and γ bands of hippocampal network
patterns of activity in a mouse.38−40 The spiking trace shows
that our CNF composite probe can record spiking activities
from multiple neurons that are close to the probe with single-
spike resolution. From them, two representative spike clusters
could be sufficiently isolated from our recording via the
principal component analysis (PCA), and their detected spike
timings are indicated in the trace. The quality of the isolation
between single units was assessed by calculating two standard
metrics: the L-ratios and isolation distance (0.0081 and 78.7,
respectively). Clusters with an L-ratio <0.2 and an isolation
distance >20 were considered well-separated single units.
After 15 weeks of implantation, the same CNF composite

probe was still able to capture electrophysiological signals of
multi-unit activities with single-spike precision, as shown in
Figure 5h. The spike trace demonstrates its capability of

Figure 5. In vivo electrophysiological experiments. (a) A schematic of implantation. (b) Photograph of the assembled neural probe with fiber
tip for insertion after removing the PC layer. (c) Photograph of a wild-type mouse with chronically implanted neural probe in the
hippocampal formation. (d) Recorded electrophysiological signal following 11 days of implantation. Top trace shows the unfiltered signal,
middle trace shows bandpass-filtered (0.3−300 Hz) LFP, and the bottom trace represents the bandpass-filtered (0.5−5 kHz) spike trace with
detected spike timing relative to the simultaneously recorded LFP from the same electrode (color coded). (e) Power spectral density analysis
of the LFP revealing the θ and γ oscillations. (f) Two clustered single-unit action potentials with their average waveform shown as black
dotted line. (g) PCA demonstrating good isolation of the two clusters. (h) Recorded spike trace following 15 weeks of chronic implantation,
from which two units could still be well isolated with their average waveforms displayed at the end of the traces and spike timing indicated in
the trace (color coded). Two representative traces reveal the spontaneous activities from two single units in detail. Unclustered spikes are not
shown. (i) A section of raw LFPs recorded from neural probes with the CNF composite and CPE electrodes on day 0 showing difference in
the amplitude of brain oscillations. (j) Power spectral density across the LFP range indicating that both materials can capture the brain
oscillations at low frequencies, but the CNF composite improves the power density from −122 dBV to −117 dBV in the frequency range of
interest (≤12 Hz).
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recording spontaneous activities from adjacent neurons, from
which two clusters could be well-isolated with their average
waveform displayed at the end of the trace and their spike
timing indicated in the two representative trace. Thus,
recording performance of the CNF composite probe over
extended chronic implantation was still maintained and reliable.
Due to the micromotion of the neural tissue from the heartbeat,
respiration, and movement of the subject mice, the probe might
not record from the same neuron after prolonged implantation.
To evaluate the recording performance between the CNF

composite and CPE, a neural probe made of conventional CPE
fiber with similar electrode size was assembled and implanted
into the hippocampal formation of the mice (N = 3). Figure 5h
shows the recorded LFP obtained from fibers with the CNF

composite and CPE electrodes, respectively, which captured the
low-frequency event of superimposed synaptic neural activities.
These two recordings were both obtained when the mice were
under anesthesia at the time of surgical implantation and
indicate that recording from the CNF composite has a much
higher amplitude than the recording from the CPE. Their
power spectral density was analyzed, as shown in Figure 5i, in
which the θ-band (4−12 Hz) brain oscillation was captured by
both electrodes. But the power density from neural probe based
on CNF composite electrode was much increased compared
with the one from the CPE electrode, especially at the
frequency range of the θ band, where an improvement of 5 dBV
was achieved. Furthermore, single neural probes assembled
with both CNF composite and CPE electrodes with similar size

Figure 6. Histological comparison of tissue reaction to chronically implanted CNF composite probes and conventional stainless steel probes
following a 4 week implantation. Control images were acquired from the contralateral side of the implanted brain. (a−d) Z-projections
created from confocal optical sections. Neurons were labeled with NeuN (red), astrocytes were labeled with GFAP (green), and microglia
were labeled with Iba1 (Cyan). (a,e) Neuron density, calculated by counting NeuN labeled neurons, was not significantly different between
the groups. (c,f) Astrocyte reactivity, measured as the volume of GFAP-positive cells, was significantly increased (p = 0.0314) in the tissue
implanted with a stainless steel probe compared to the CNF composite probe. (d,g) The volume of Iba1-positive cells was also significantly
increased (p = 0.0291) in the tissue implanted with a stainless steel probe compared to the CNF composite probe. Significance was
determined by one-way ANOVA with Holm−Sidak’s multiple comparison test. Error bars on bar graphs reflect the standard error of the
mean; * represents statistical significance with a P-value <0.05, ** P < 0.01, *** P < 0.001. (Scale bar: 20 μm.)
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were implanted into the mice (N = 3). Simultaneous
electrophysiological recordings from two electrodes were
performed; CNF composite electrode can record multiunit
activities that resolve the individual spikes, while the CPE was
not able to capture the spike activities (shown in the
Supplementary Figure 11).
These results demonstrate the capability of our probe to be

inserted into precise brain regions and record high-quality
neural activities from neurons adjacent to the electrode over
extended periods of chronic implantation.
Biocompatibility of the CNF Composite Neural Probe.

To evaluate the biocompatibility of our CNF composite neural
probe, we used immunohistochemical analysis of brain tissue
from mice implanted for 4 weeks with either the CNF
composite probe with a footprint <100 μm × 100 μm or a
conventional stainless steel microwire probe with a diameter of
125 μm. The neuron-specific protein NeuN was used to analyze
neuronal density, the presence of glial fibrillary acidic protein
(GFAP) was used to investigate an astrocytic response to the
probe, and last ionized calcium-binding adaptor molecule 1
(Iba1) was used as a morphological marker of microglial
activation. Representative images from the contralateral side of
an implanted brain (control), CNF composite probe, and
stainless steel probe are presented in Figure 6a−d.
Neuronal density was compared between all groups, and no

significant difference was observed as shown in Figure 6e.
Astrocyte reactivity, measured as the volume of GFAP-positive
cells, was also significantly increased (p = 0.0314) in the tissue
implanted with a stainless steel probe compared to the CNF
composite probe, as shown in Figure 6f. The volume of Iba1-
positive cells was found to be significantly increased (p =
0.0291) between the stainless steel probe and the CNF
composite probe, as shown in Figure 6g.
These results suggest that the CNF composite neural probe

is biocompatible with the surrounding brain tissue. Overall, our
probe displays a decreased foreign body response in brain
tissue, when compared to the conventional stainless steel probe.
These results solidify the applicability and potential for
therapeutic implementation of our CNF composite probe at
neural interfaces.

CONCLUSION
This study reported the development of a miniaturized all-
polymer neural probe fabricated using a high-throughput
method, i.e., thermal drawing process, with advanced features
of in situ alignment of the CNF within the composite during
the thermal drawing for reliable chronic recordings. This newly
developed polymer composite with CNF alignment has an
electrical conductivity of 20 S/m, which is an improvement by
orders of magnitude compared to that of the conventional
carbon-based polymer composite. In addition, thanks to this
scalable fabrication process, the resulting neural probe has an
overall size of <100 μm × 100 μm, a large size reduction when
compared to the conventional bulky polymer neural probes. It
has a recording site down to 18.0 μm × 11.3 μm, which is
comparable to the size of a single neuron but still could record
high-quality neural activities from which reliable single-unit
activities can be detected. The carbon-based polymer
composite has long been proved to have biocompatibility
over extended periods of implantation,24,34−37 and a further
evaluation of functional performance of our neural probes with
the CNF composite electrodes during chronic implantation has
demonstrated its stable electrophysiological recording with high

fidelity and minimally evoked foreign body response. There-
fore, the development of this thermally drawn fiber with in situ
aligned CNF composite could advance the microelectrode
technology fundamentally. As thermal drawing is a versatile
fabrication process, in the future, a large-scale recording can
also be readily achieved by fabricating a fiber with an array of
CNF composite electrodes. It can be realized by bundling fibers
with CNF composite electrodes together and undergoing
another round of thermal drawing. The resulting CNF
composite array can have a single electrode size down to
submicron or even nanoscale without the need of high-
precision fabrication methods, and also it is expected to realize
a further alignment of single CNF following steps of thermal
drawing. Additionally, this CNF composite can be function-
alized with specific enzymes to provide analytic specificity that
could realize direct neurochemical sensing.35,41−43 Moreover,
multimodalities with complex geometries and designs can be
incorporated within a single fiber. With the miniature
microelectrode enabled by the CNF composite, other functions
such as optical waveguides and microfluidic channels can be
integrated, which allows for interrogation of neural circuits
across their different signaling mechanisms. The techniques and
knowledge gained here could shed light on the next generation
of microelectrode technology and impact the field of chronic
electrophysiology and neuroscience, which will help revolu-
tionize our understanding of how our brain functions as well as
extend their potential to neuro-rehabilitative applications in the
long term clinical deployment.

METHODS
Synthesis of CNF Composite. The preparation of CNF-loaded

electrodes is a multiple step process consisting of dispersing CNFs in
commercially available CPE. As a first step, CPE disks of 9 cm
diameter and 100 μm thick were cut, individually weighed, and placed
on aluminum foil. CNFs were then sprinkled directly on top of the
CPE sheets. Each sheet was then weighed and compared to its original
weight to deduce the exact amount of CNF deposited on each sheet,
and the amount of CNF deposited was adjusted to reach the final
objective loading volume content of 2 vol %. In a second step, the CPE
disks with deposited CNF were stacked, and the stack was pressed in a
hot press at 170 °C and 50 bar for 15 min to embed the CNF into
CPE. We obtained a relatively thick CNF-loaded CPE sheet, however
at this step the dispersion of CNF was not yet homogeneous. As a
control, the sheet was again weighed, and the mass compared to the
sum of the masses of the individual CPE disks to deduce once more
the exact amount of CNF dispersed and confirmed the 2 vol %
loading. The obtained sheet was then chopped into ≈1 mm × 1 mm
pieces, and the individual pieces were roughly mixed and pressed again
at 170 °C, 50 bar, for 15 min. This created a thick CNF-loaded CPE
sheet with a better dispersion of CNF. This disk was then chopped
again to form small ≈1 mm × 1 mm granules. The granules were then
extruded in a single-screw extruder with a 1 mm circular dye to achieve
high-quality mixing of the CNF in CPE into a roughly 1 mm diameter
filament. All sections of the extruder (barrel, dye) were preheated at
230 °C, and the screw was run at a speed of 50 rpm. The obtained
extruded filament was used as a basis to produce the preform
electrodes.

Fiber Fabrication. The extruded CNF composite was compressed
with heat into a plate with a thickness of 1 mm. Then the composite
electrode was machined into a slab with dimensions of 1 mm × 1 mm
× 6 cm. A slot with the same cross-sectional size of 1 mm × 1 mm and
a slightly longer length of 6.5 cm, which was intended for the tolerance
of the thermal expansion, was machined on the COC slab (TOPAS,
Tg 158 °C) with dimensions of 2.5 mm × 2.5 mm × 25 cm. The CNF
composite electrode was inserted into the slot of COC slab; another
COC slab was placed on top of it and consolidated as a dielectric layer.
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A PC (Mcmaster-Carr, Tg 147 °C) sacrificial cladding layer was used
and fabricated by the same process, in order to maintain a miniature
footprint for the resulting neural probe as well as to support a stable
and controlled drawing. The obtained preform had an overall size with
dimensions of 17 mm × 25 mm × 25 cm and then was drawn at
temperatures of 150 °C (top), 260 °C (middle), 110 °C (bottom) into
a fiber with kilometers long in length using a custom-built fiber
drawing tower.
Cross-Sectional and Longitudinal Surface Imaging. Freeze

fracture in liquid nitrogen was used to prepare samples of both raw
CNF composite prior to the thermal drawing and cross sections of
thermally drawn fibers for imaging via SEM. Raw CNF composite and
fiber sections were fractured by immersion in liquid nitrogen and
followed by fragmentation between two grips at low temperature.
Exposure of the longitudinal surface of the CNF composite electrode
was prepared by immersing the fiber into dichloromethane for 2−3
min to etch away the PC and then in toluene for 2−3 min to etch away
the COC.
FIB Milling Process. The CNF composite samples were prepared

by etching away the entire polymer cladding layers with dichloro-
methane and toluene, then a thin layer of platinum (Pt) and palladium
(Pd) with a thickness of 8 nm was deposited on the electrode via
sputtering to avoid electron charge. The sample was mounted in the
high-vacuum chamber. The FIB workstation (FEI Helios 600
NanoLab) has dual beams of a high-resolution SEM and an FIB.
The sample was located via SEM, and the region of interest was
centered and tilted into an irradiation angle of 52° that was defined as
the angle between the incoming beam and the surface normal. The
accelerating voltage and the ion current were set to 30 keV and 93 pA,
respectively. A layer of Pt was deposited on top of the region for
milling in order to avoid a “curtain effect” and reduce the charging
issues of newly exposed areas with polymers. By varying the ion
current from 0.92 nA to 0.28 nA to eventually 93 pA, three steps of the
Ga ion milling processes were performed from rough milling, fine
milling, to final polish. The final milling depth along the transverse
direction was 5.5 μm, and the exposed area was 18 μm × 19 μm at the
irradiation angle of 52° shown in Figure 3. In another FIB milling
experiment, the milling depth was 13 μm, and the exposed area ranged
from 15.6 μm × 16 μm to 32 μm × 20 μm as shown in Supplementary
Figure 4. In both experiments, multiple images containing aligned
CNF in the course of milling were taken via SEM.
DC Resistivity Measurement. CNF composite slabs prior to the

thermal drawing, which had a cross-section of about 0.52 mm × 2.0
mm and length from 4 cm to 1 cm, were prepared by low-end
machining. Thermally drawn fiber sections ranging from 10 cm to 1
cm with the CNF composite of cross-sectional size of 23 μm × 20 μm
were also prepared. They were mounted on the probing station
(Keithley 4200SCS Parameter Analyzer), two micromanipulators
allowed needle probes with radium of 10 μm to point to both
terminal cross-section of samples, a DC voltage from −2 V to 2 V with
increments of 0.1 V was applied from one end to another, and the
resulting DC current was recorded. Then the DC resistance was
obtained via linear fitting the voltage−current curve, from which the
resistivity of CNF composite before and after the thermal drawing was
calculated via following the Pouillet’s law, given the known length and
area.
Similarly, fiber sections with CNF composite and CPE, which had a

similar size of recording area (25.7 μm × 16.6 μm and 37.2 μm × 14.6
μm, respectively) were chosen and were prepared with a length of 1
cm. Then conductive silver paint (SPI supplies) was applied on both
ends to improve the surface contact. The same procedures were
performed for measuring the resistivity of the CNF composite and
CPE, except that a larger DC scanning range from −15 V to 15 V was
used.
Electrochemical Impedance Spectrum (EIS). Fiber sections

with CNF composite and CPE having similar cross-sectional size (25.7
μm × 16.6 μm and 37.2 μm × 14.6 μm, respectively) were prepared
with a length of 2 cm, and silver paint was then applied at one end to
enable the connection with copper wire. Measurements were
performed using a potentiostat (Interface 1000E, Gamry Instruments),

adopting the both schemes of three-electrode and two-electrode setups
within the 1× phosphate buffered saline (PBS) solution. The three-
electrode setup was configured with samples as a working electrode, a
Ag/AgCl reference electrode (Basi), and a Pt wire as a counter
electrode (Basi). 10 mV sinusoidal voltage in the frequency range from
10 Hz to 10 kHz was applied between the reference electrode and the
sample against their open circuit voltage, and resulting current was
recorded between the sample and the counter electrode, which
determined the impedance of the electrode. Measurements with the
two-electrode configuration were also performed with the sample as a
working electrode and a stainless steel wire (GoodFellow) as reference
and counter electrodes, which mimics the electrophysiological
experiment in the in vivo recording scenario. The same exciting
voltage and frequency range for perturbing the electrochemical cell
were maintained, and the results, detailed in the material, show the
whole impedance of the electrochemical cell.

Assembly of Neural Probes. A fiber section was prepared, and
the electrodes were connected to copper wires with conductive silver
paint. The wires were then soldered to headpins (Sullins Connector
Solutions), along with a stainless steel wire (GoodFellow) as ground
reference. Then the fiber tip was immersed in dichloromethane for 2−
3 min to remove the PC sacrificial layer, which followed by further
cleaning and disinfection in isopropyl alcohol (Sigma) and 70%
ethanol (Sigma).

Surgical Procedures. All animal procedures were approved by the
Virginia Tech Committee on Animal Care and Use and carried out in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Male C57BL/6 mice aged 7−9 weeks
(Jackson Laboratory) were used for this study, and all surgeries were
conducted under aseptic conditions. Mice were anesthetized by 2−5%
isoflurane and positioned in a stereotactic frame (David Kopf
Instruments). The scalp was exposed via a skin incision, where
lambda and bregma points were used to align the skull with respect to
a mouse brain atlas. A single implantation was established according to
the brain atlas, which was placed in a hippocampal formation (HPF,
coordinates relative to bregma; −2 mm anteroposterior (AP); −1.5
mm mediolateral (ML); −1.9 mm dorsoventral (DV)). To facilitate
the insertion, the neural probe was coated with melted poly(ethylene
glycol) (PEG; 10,000 MW, Sigma). The stainless steel ground wire
was soldered to a miniature screw, which was affixed to the skull. The
neural probe was fixed to the skull with a layer of superglue and dental
cement. Following the surgery and recovery, mice were maintained at
22 °C under 12 h light/dark cycle and provided with food and water
ad libitum.

In Vivo Electrophysiology and Data Analysis. Electrophysio-
logical recordings were performed by attaching the probes to head
stage (PZ5−32, Tucker-Davis Technologies, Inc.) and were acquired
using a neurophysiology workstation (RZ5D, Tucker-Davis Tech-
nologies, Inc.). The electrophysiological signal was digitized at 25 kHz
sampling frequency and filtered in the frequency range of 0.3−5 kHz.
Activities including spikes and LFP were detected using custom
software written in MATLAB (The Mathworks). Recorded signals
were first high-pass filtered from 0.5−5 kHz digitally, and then spikes
were detected by setting a voltage threshold and a deadtime of 1 ms to
eliminate double detections.44 The waveform of detected spikes was
visually confirmed. Then spike sorting was performed on the detected
spikes by classification of them into different clusters via K-means
clustering. Then sorted clusters were subjected to PCA, furthermore,
the L-ratio and isolation distance of the sorted clusters in the first two
principal components (PC1-PC2 plane) that accounted for over 90%
of the spikes variation45 were calculated to assess the quality of the
separation. LFPs were obtained by digitally filtering the recorded
signals from 0.3 to 300 Hz. Then a power spectral density of the LFP
was calculated with one-sided fast Fourier transform (FFT).

The interspike interval (ISI) histogram was computed by recording
spike times of clustered single-unit action potentials and distributing
the intervals into different bin sizes to verify the unit isolation. The
autocorrelation of the spikes train was calculated to verify the firing
rate pattern of the detected single-unit. Only clusters containing
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<0.015 of the spikes with ISI < 1 ms were considered for further
examining the possibility as a single unit.
All analyses are based on customized scripts written in MATLAB

and available upon request.
Immunohistochemistry. Animals implanted with a stainless steel

probe or a CNF composite probe for 4 weeks were anesthetized with a
ketamine (20 mg/mL)/xylazine (2 mg/mL) solution and then
transcardially perfused with PBS (Fisher BP661-10), followed by 4%
paraformaldehyde (PFA) (Electron Microscopy Sciences cat. no.
15714-S) in PBS. Upon extraction, the brain was kept in 4% PFA
overnight at 4 °C and then placed into PBS containing 0.02% sodium
azide (Sigma S8032). The brain was serially sectioned into 50 μm
transverse slices on a Campden Instruments 5100mz vibratome. All
slices were blocked for 1 h at room temperature in blocking solution
that contained 10% goat serum (Millipore S26-100 ML) and 0.5%
Triton X-100 (Sigma T9284) in PBS. After blocking, slices were
incubated with primary antibodies diluted in the blocking solution
overnight at 4 °C. Primary antibodies used included chicken anti-
GFAP (abcam cat. no. ab4674, 1:1000), mouse anti-NeuN (Millipore
cat. no. MAB377, 1:1000), and rabbit anti-Iba1 (Wako cat. no. 019−
19741, 1:500). Following primary incubation, slices were washed six
times with PBS with 0.1% Tween-20 (Anatrace T1003) (PBST) for 5
min at room temperature with agitation. Secondary antibodies diluted
in blocking solution were added at room temperature for 1 h.
Secondary antibodies used included goat antichicken Alexa Fluoro 546
(ThermoScientific cat. no. A11040, 1:1000) goat antimouse Alexa
Fluoro 488 (ThermoScientific cat. no. A11029, 1:1000) and goat
antirabbit Alexa Fluoro 633 (ThermoScientific cat. no. A21070,
1:1000). Slices were then washed six times with PBST for 5 min at
room temperature with agitation. Slices were mounted on glass slides
with Fluoromount G Mounting Solution (Electron Microscopy
Sciences cat. no. 17984−25). Optical sections were acquired using
an A1R Nikon laser scanning microscope using a Plan Apo 20×/
N.A.0.75 air objective. Quantification of the volumetric data was
performed using Imaris 7.5.2 software (Bitplane Scientific Software).
Neuron density was calculated by counting NeuN labeled cells using
spot detection. Volumetric analysis of GFAP and Iba1 labeled cells was
performed on 3D reconstructions created from confocal optical
sections.
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