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Researchers developing implantable neural probes face a dilemma.
Rigid neural probes facilitate direct implantation, but the brain
tissue suﬀers from a vulnerable interface and a strong neuroinflammatory response due to mechanical mismatch between the
probe and the brain tissue. Flexible neural probes oﬀer stable
interfaces and eliminate neuroinflammatory responses but require
auxiliary implantation. Here, we have created a new kind of micro
fiber-shaped neural probe with alterable elastic moduli before and
after implantation. Carbon nanotube fibers and calcium crosslinked
sodium alginate functioned as the core electrode and sheath layer,
respectively. The response of calcium crosslinked sodium alginate
to water will alter the probe elastic moduli from B10 GPa to
B10 kPa post implantation, which is close to the elastic modulus
of brain tissue. The micro fiber probes were directly implanted into
mouse brains without any additional materials. After implantation,
they became soft and oﬀered dynamically adaptable interfaces with
a reduced inflammatory response, benefiting long-term monitoring
of neuron signals. Continuous four week monitoring of neuron
signals was achieved. The simplicity of the strategy makes it
suitable for versatile neuron techniques in neuron recording and
modulation.

Neural recording technologies have contributed considerably
to understanding brain and neural disorders by revealing
neuron activities and functional connectivity.1–3 Originating
from tungsten (W)4 and silicon probes, Michigan probes,5 Utah
arrays6 and dense packing electrodes in Neuropixels probes7
have enabled the advanced spatiotemporal and multi-functional
interrogation of neurons. Their rigid nature enables direct implantation with minimized tissue damage and accurate localization
in the brain. However, the interfaces established between rigid
a
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probes and soft tissue are still not biologically and mechanically
stable, i.e., yielding tissue damage and eliciting a foreign body
response that eventually blocks the interface through glial scarring
especially during long-term monitoring8,9 (Scheme 1). Instead, soft
materials are increasingly used in neural interfaces to provide
more stable interfaces while minimizing side effects.10,11 However,
implantation and localization of the soft material in soft tissues is
challenging, alongside a lack of available tools to avoid rigid
auxiliary materials that are associated with additional tissue
damage, lengthy interface recovery and micromotion of the soft
electrode.12–14 The dilemma of choosing between simplified
implantation and stable interfaces has called for the evolution of
materials and fabrication techniques for neuronal recording
technology.
Material and machinery strategies have been attempted to
implant soft neural probes into soft brain tissues, e.g., surface
coating15–17 and fluidic microactuation.18 Taking advantage of
their gradient dissolution under physiological conditions,
sucrose and polyethylene glycol have been used as surface
layers to assist implantation. However, their dissolution was
always associated with an increase in osmotic pressure, which
influenced the biological activities of a large region of
surrounding cells.19 Machinery strategies like fluidic microactuation do not require the adoption of dissoluble compounds
but the motions of soft electrodes and targeting to interested
cells are far from controllable. Therefore, new strategies should
be explored from both scientific and engineering aspects to
meet the requirement of soft probes.
Here, we developed microfiber-shaped neural probes (MFNPs)
with alterable elastic moduli, i.e., as rigid as metal wires to ensure
a facile and direct implantation and becoming as soft as brain
tissue after implantation to ensure dynamic and stable interfaces
(Scheme 1). The probe featured a coaxial structure, where carbon
nanotube fiber (CNTF) served as the core electrode20 and calcium
ion crosslinked sodium alginate (SA) functioned as the shell.21
The elastic modulus of dry-state MFNP (Dry-MFNP) was determined to be 9.5  0.5 GPa, 106 times to that of brain tissue (3.0 
0.3 kPa). Therefore, the implantation does not require the
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Scheme 1 Neural probes with alterable elastic moduli. (a) Through the neuron–probe interface, neural signals are transmitted to a computer. (b) Rigid
probes have the benefit of direct implantation, but the mechanical mismatch leads to a neuroinflammatory response with chronic use. (c) Alterable
MFNP neural probes ensure direct implantation and become soft after implantation, with the benefit of a stable neuron–probe interface and a reduced
neuro-inflammatory response.

additional assistance of a rigid metal wire which is associated
with inevitable increased tissue damage or a sacrificial layer
like sucrose, the dissolution of which will lead to a change of
the surrounding environment and cell death. After implantation, the Dry-MFNP absorbed water and became soft with
elastic moduli of 7.9  3.1 kPa, close to the values of brain
tissue, and was named Wet-MFNP. The matched elastic modulus
ensured a synchronized motion between Wet-MFNP and the brain
tissue, thus providing a stable interface and finally delivering a
highly stable neuron signal recording especially during long-term
application. Furthermore, the inflammatory response triggered by
the relative motion and injury was eliminated.
The typical preparation of an MFNP is illustrated in Fig. 1a.
CNTFs were continuously produced and collected via floating
catalyzed chemical vapor deposition, followed by a dry spinning
process (Fig. S1, ESI†).22 By adjusting the twisting speed,
twisting time and the original diameter from the chemical
vapor deposition, we could control the diameter of the CNTF
from 20 to 100 mm. A parylene insulating layer of about 2 mm
was coated onto the surface of the CNTF by vacuum vapor
deposition to obtain the insulated CNTF23 (I-CNTF, Fig. S2,
ESI†). The I-CNTF was inserted into a silicone tube with a
diameter of 300 mm and then the tube was syringe-injected with
2 wt% SA solution. After completely filling, the silicone tube
was stretched to 200% of its original length and was then
immersed in liquid nitrogen. In liquid nitrogen, the environmental temperature was below the glass transition temperature
of the silicone tube.24 After lifting the tube out the liquid
nitrogen, the length and diameter of the silicone tube recovered
rapidly. When the SA was frozen, the fiber was easily released
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from the silicone tube. The fiber was then transferred to
aqueous Ca2+ solution for further crosslinking (Fig. S3, ESI†)
for 1 h.25 After drying at 80 1C for 1 h, an MFNP with a threelayer core–shell structure was obtained (Fig. 1b), where the
CNTF, parylene and Ca2+ crosslinked SA served as the neural
electrode, insulation layer and alterable layer, respectively (Fig. 1c).
Typically, the diameter of the CNTF was B20 mm (Fig. 1c-i
and Fig. S4, ESI†). After coating with parylene, the diameter was
B24 mm (Fig. 1c-ii). The Dry-MFNP had a diameter of B36 mm
and its surface was smooth (Fig. 1c-iii), which would mean a
reduced resistance during the implanting process. The DryMFNP could be kept upright with only one end fixed (Fig. 1d)
for a relatively high elastic modulus, while the Wet-MFNP was
flexible enough to be bent, folded or wrapped into versatile
shapes and in three dimensions (Fig. 1e and Fig. S5, ESI†). The
microscope image of a Wet-MFNP revealed that the overall
diameter of the Wet-MFNP was about 190 mm in total with
a B83 mm SA shell (Fig. 1f). Indeed, the diﬀusion of
water molecules and the relaxation of the polymer chains in
the aqueous environment contributed to the swelling of SA,
resulting in the corresponding alteration of the elastic modulus
and flexibility.26 We observed the internal structure of Dry-MFNP
and Wet-MFNP after freeze drying, and the Wet-MFNP demonstrated a more porous structure in accordance with previous
reports27 (Fig. S6, ESI†). These data explain the highly reversible
transition.
The implanting process of Dry-MFNP was then carefully
studied with transparent agar hydrogels with artificial cerebrospinal fluid from mice as the solvent (as a substitute for a brain),
because they showed similar mechanical properties and fluid
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Fig. 1 Preparation of the alterable MFNP. (a) The typical procedures to fabricate an MFNP. (i) A parylene-insulated carbon nanotube fiber (I-CNTF) was
inserted into a silicone tube, followed by an injection of sodium alginate (SA) solution. (ii) A three-layer coaxial structure was obtained, i.e., I-CNTF, SA and
a silicone tube from the inside out. (iii) With one end fixed, the silicone tube and SA part were stretched to 200% of their original length. (iv) The fiber was
immersed in liquid nitrogen. (v) The fiber was transferred to calcium chloride solution. With one end released, the silicone tube rebounded, and the
exposed SA was crosslinked by Ca2+. (b) Schematic of an MFNP with a layered structure. (c) Scanning electron microscope images of CNTF, I-CNTF and
Dry-MFNP. (d) Photograph of a Dry-MFNP. (e) Photograph of a Wet-MFNP immersed in artificial brain cerebrospinal fluid (inset (f) photograph of a
Wet-MFNP at high magnification, scale bar: 50 mm).

components. The Dry-MFNP was implanted into the agar hydrogel
without any auxiliary materials and maintained for about 50 s
before being pulled out. The fiber was intended to implant into
the gel for the second time but it failed. The end of the fiber bent
easily rather than remaining still, indicating that the MFNP
had turned into a soft Wet-MFNP (Fig. 2a and Movie S1, ESI†).
The MFNP without a hydrogel layer, i.e. I-CNTF, also bent and
failed to penetrate into the gel due to the low elastic modulus
(Movie S2, ESI†).
The bending forces were further tested for the Dry-MFNPs
soaked in the artificial cerebrospinal fluid of mice for diﬀerent
periods of time. As the test curves showed, the bending force
dropped from 0.04 to 0.02 N in 1 s, further dropped to 0.002 N
at 10 s and then remained relatively stable (Fig. 2b and Fig. S7,
ESI†). This indicated that the Dry-MFNP achieved elastic modulus conversion in a short period of time, and the implantation
time utilized in the animal experiment should be controlled
within 10 s.
The mechanical diﬀerence between Dry-MFNP and WetMFNP was then studied using the nanoindentation method.
Gold (Au) wire28 and brain tissue were also tested as rigid and
soft materials under the same conditions, respectively. The
nanoindentation curves of the Dry-MFNP and Wet-MFNP
were far apart (Fig. 2c). Under the Hertzian contact model29
fitting over several repeated test results, the eﬀective indentation
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elastic moduli (Eeﬀ) of the Dry-MFNPs were determined to be
9.7  0.5 GPa, close to those of Au wire (10.0  0.3 GPa)
(Fig. 2d and f). The Eeﬀ of Wet-MFNPs were determined to be
7.9  3.1 kPa, close to those of brain tissue (3.0  0.3 kPa) (Fig. 2e
and f). The Eeﬀ of Dry-MFNPs was 106 times to that of Wet-MFNPs,
which ensured both direct implantation and a stable interface
with brain tissue.
Factors related to the elastic modulus alteration, especially
the weight content of Ca2+, were then evaluated. MFNPs were
kept in aqueous solution with gradient Ca2+ weight percentages
for 1 hour. The mechanical properties (i.e., the Eeﬀ) of both the
Dry-MFNP and Wet-MFNP were studied (Fig. 2g) via the nanoindentation method. Along with the increasing weight content
of Ca2+, the Eeﬀ of the Dry-MFNPs continuously decreased while
the Eeﬀ of the Wet-MFNPs continuously increased. The higher
Ca2+ content provided a higher crosslinking speed of the SA
especially on the surface. In addition, the crosslinked surface
would further limit the diﬀusion of Ca2+ and crosslinking
inside, resulting in fewer crosslinking junctions and lower
elastic moduli in the dry state. When soaked in artificial
cerebrospinal fluid, the diﬀusion of water molecules was more
diﬃcult, which in turn resulted in a higher elastic modulus in
the wet state.30 Thermal gravimetric analysis (TGA) results
further confirmed the hypothesis (Fig. 2h). With the increasing
Ca2+ content, the water content in the Wet-MFNPs decreased.
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Fig. 2 Alterable mechanical properties of the MFNP. (a) First and second implantation of the MFNP in agar gel. (b) Bending forces of the MFNP after
immersion in artificial mice brain cerebrospinal fluid for diﬀerent lengths of time. (c) Mechanical properties of Dry-MFNP, Wet-MFNP, gold (Au) wire and
mouse brain tissue by the nanoindentation method. (d) Magnified mechanical curves of Dry-MFNP and Au wire in (c). (e) Magnified mechanical curves of
the Wet-MFNP and mouse brain tissue in (c). (f) Eﬀective indentation elastic moduli of Au wire, Dry-MFNP, Wet-MFNP and mouse brain tissue (n = 3).
(g) Eﬀective indentation elastic modulus change of MFNPs crosslinked in aqueous solution with diﬀerent weight percentages of Ca2+. (h) Thermal
gravimetric analysis (TGA) curves of Wet-MFNPs crosslinked in aqueous solution with diﬀerent weight percentages of Ca2+.

In other words, the diﬀusion of water molecules was limited.
This was consistent with the elastic modulus regulation. For a
direct implantation and a stable interface, the MFNPs used in
this article were crosslinked in 0.5 wt% Ca2+ solution.
These fibers were then implanted into agar gels to study the
interface between these two parts (Fig. 3a). The penetration
depth was set at 5 mm, 0.6 wt% agar gel was used to simulate
the situation of a brain.31 As the state-of-the-art neural electrodes
shared a high elastic modulus, i.e. hundreds of GPa (Table S1,
ESI†), they thus contributed to a similar interface post
implantation. Here, the commercial W wire for the electrophysiological recording was selected as a representative rigid
electrode to compare with the Wet-MFNPs. For the MFNPs,
the calcium-crosslinked SA in the dehydrated state in the DryMFNP began to swell, became soft, and finally occupied the space
and formed a stable interface after implantation. The pull-out
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forces were tested to infer the interface stability (Fig. 3b). The
pull-out force increased from 1.7 to 4.6 mN with increasing the
holding time from 0 to 60 s. For the W wire, the force curves
before and after implantation for 60 s almost overlapped with a
peak force of only 0.4 mN, much lower than that of the MFNP.
Considering the tissue dynamics, e.g., the heart endures
1 000 000 times of repeated 20% volume expansion in one
day,32,33 we further studied the dynamic stability of the interface. A stable dynamic interface firstly called for a matched
bending stiﬀness.34 We used a dynamic mechanical analyzer
in a single-cantilever mode to quantify the stiﬀness of fibers
with a length of 5 mm in the frequency range of mammalian
locomotion, e.g., respiration and heartbeat (0.01–10 Hz). During
the dynamic mechanical test, the Wet-MFNPs remained
stable over the frequency range and demonstrated stiffness
values of 43–60 N m 1, much lower than those of the W wires
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Fig. 3 A dynamic stable interface between the MFNP and soft gel. (a) Photograph of the interface adhesion force test setup. (b) Adhesion forces of the
MFNP and commercial tungsten (W) wire before and after being kept in agar gel for 60 s. (c) The measured bending stiﬀness of W wires and Wet-MFNPs at
diﬀerent frequencies with respiration and heartbeat rates covered in the testing range. The displacement amplitude was set as 50 mm. (d) and (e) Bending
performance of Wet-MFNPs and W wires with soft gels, respectively. (i) Simulated stress distribution of the Wet-MFNP and W wire implanted medium with a
stick pressed to achieve the same deformation of the middle part using the finite element analysis method. (ii) and (iii) Photographs of the gels implanted with
Wet-MFNP and W wire before and after a stick was pressed to their middle part, respectively. (iv) and (v) Optical micrographs of the probe–soft gel interface
before and after bending, respectively.

(160–198 N m 1, Fig. 3c) and Dry-MFNPs (100–120 N m 1,
Fig. S8, ESI†). The elasticity of the Wet-MFNPs was also
improved to match nerves, i.e., stress and strain of 10 MPa
and 25%, respectively9 (Fig. S9 and S10, ESI†).
Finite element analysis was then utilized to reveal the
interfacial stress distribution during motion (Fig. 3d-i, e-i and
Fig. S11, ESI†). In the simulation model, the elastic moduli of
the medium and fibers were set to equal those of brain tissue
and Wet MFNPs or W wires, respectively. After implanting the
probes, the two ends of the medium were fixed, and a stick was
utilized to press the middle part of the medium to reach
the same deformation. The simulation did not involve the
influence of gravity. Heavy stress concentration occurred at
the interface, and a maximal stress of 0.84 MPa was found in
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the W wire group. The interfacial stress at the Wet-MFNP/
medium group was distributed evenly and was only 0.50 kPa,
close to the surrounding medium (Fig. S12, ESI†).
To verify the simulation, 0.6 wt% agar gels were implanted
with MFNPs and commercial W wires, and the interfaces were
carefully observed. Three glass slides were used as sticks and
placed on the top, middle and bottom parts of the fiber
implanted gels, respectively (Fig. 3d-ii–iii, e-ii–iii and
Movie S3, ESI†). When the gels were pressed by the middle
glass slide, the deformation of the Wet MFNP and W wire were
significantly different, i.e., the Wet-MFNP bent with the gels
while the W wire kept still. Detailed information at the interface
before and after the deformation was collected with a microscope. For the Wet-MFNP/agar gel, the interface was neat, clear
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simulation results. The interfaces between the MFNP and soft gel
also remained stable throughout the bending cycles at a frequency
of 1 Hz (Fig. S13, ESI†). After 1000 cycles, the ratio of the distance
change between the MFNP and the gel was only 1%.
The dynamic interface was further verified in a mouse brain.
A 5 mm-long Dry-MFNP was implanted, and compression was
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and stable during the pression (Fig. 3d-iv–v). As for the W wire/
agar gel, the interface was similar to the Wet-MFNP/agar gel
interface before pressing, but it then broke after pressing for
the W wire and failed to deform with the agar gel (Fig. 3d-iv–v).
The W wire and gel were clearly separated. The interface separation displayed a crescent-shaped damage zone consistent with the

Journal of Materials Chemistry B

Fig. 4 Electrophysiological application of the MFNP in vivo. (a) Photographs (top) and micro-CT images (bottom) of a mice brain implanted with an
MFNP before and after compression. The right image is the contour extraction line. (b) Photograph of implantation of an MFNP into a mouse brain.
(c) A fragment of endogenous activity with MFNP as the neuronal probe. (d) and (e) Action-potential of the two units in (c). (f) Principal-component
analysis (PCA) of the two neuronal units in (c). (g) Immunohistochemical images stained with neuron and astrocyte markers of brain slices implanted with
(top) and without (bottom) MFNP for one week. Blue, DAPI, nucleus; green, NeuN, neurons; red, GFAP, astrocytes. The yellow dotted circles indicate the
position of the MFNP.
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applied on the top left side of the brain. Micro-CT images were
collected to reveal the motions of the Wet-MFNP in the brain.
The Wet-MFNP bent along with the compression and the
extracted contour lines showed a synchronized motion of the
fiber with the compressed brain (Fig. 4a).
A Dry-MFNP with a sharpened tip was implanted in the
cerebral cortex of isoflurane anesthetized adult mice with the
help of a micro pusher (Fig. 4b) to monitor the real-time
neuronal activities. Before implantation, the impedance and
volt–ampere characteristics of the Wet-MFNP were tested using
an electrochemical workstation. For the Wet-MFNP, as shown
in Fig. S14 and S15 (ESI†), the impedance at 1 kHz was lower
and the charge injection capacity was higher than the W wire.
Then the probes were implanted in the mice brain with a depth
of 2 mm.35 Fig. 4c showed 125 s excerpts obtained from the
active probe after 600–3000 Hz band pass filtering. Since the
sizes of the conductive CNTF and the neuron were on the same
scale, the Wet-MFNP might be capable of recording signals of a
single unit. Two single unit waveforms were demonstrated in
Fig. 4d and e, and principal components analysis (PCA) of
the spike waveforms revealed two neuronal units with good
cluster-separation quality (Fig. 4f). The two single units had
peak-to-peak voltages of 39.7 and 41.9 mV, and signal to noise
ratios (SNRs) of 5.93 and 8.16 (real-time values determined by
the software CerePlexDirect of Blackrock), respectively. The
SNR of MFNP outperformed most flexible neural probes based
on polymer materials.36 The I-CNTF without a hydrogel layer
was also implanted into the brain to record the neural activity
(Fig. S16, ESI†). The SNR of I-CNTF was determined to be 5.50,
which was close to that of MFNP. This means that the hydrogel
did not reduce signal quality. It has been reported that the soft
sheath could protect neuron cells from mechanical damage.37,38
For long-term recording, the swelling properties and stability of sodium alginate hydrogel was further clarified. After
soaking in artificial cerebrospinal fluid for 25 minutes, the
diameter of the MFNP was well maintained and no obvious
increase was observed (Fig. S17, ESI†). We further used the
change of mass ratio before and after soaking in artificial
cerebrospinal fluid for diﬀerent periods of time to study the
stability of calcium ion-crosslinked sodium alginate. It was
found that the ratio remained stable during a long soaking
duration of one week (Fig. S18, ESI†).
Then, neural recording was conducted for 4 weeks, and no
obvious performance degradation was found (Fig. S19, ESI†).
This stability might come from the stable electrochemical
performance of the probes and the limited inflammatory
response ensured by the dynamic stable interface. The result of
the long-term testing in vitro showed that the impedance of the
Wet-MFNP remained in a stable state for four weeks (Fig. S20,
ESI†). The inflammatory response triggered by the MFNP was
another factor related to the recording stability. According to the
previous reports, the intensity of the inflammatory response tends
to decrease 1 week post implantation.34,39 Given this fact, the
inflammatory response at the 7th day was determined, where the
hexaribonucleotide binding protein-3 (NeuN) was used to mark
neurons, glia fibrillary acidic protein (GFAP) was used to mark
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astrocytes, and ionized calcium-binding adaptor molecule 1 (Iba1)
was used to mark gliocytes.40 As shown in Fig. 4g and Fig. S21
(ESI†), negligible neuronal cell loss and glial response were
induced by a Wet-MFNP, which lays a solid foundation for future
in vivo application from a biological point of view.
To summarize, we presented a type of micro fiber-shaped
neuron probe with alterable elastic moduli, i.e., as rigid as a
metal wire which enabled direct implantation and as soft as
brain tissue to deliver a biologically and mechanically stable
interface. This technique mainly takes advantage of the smart
elastic modulus conversion of crosslinked sodium alginate in
response to water. The probes endured synchronized motion
with soft gels/tissues under dynamic mechanical analysis and
delivered a stable neuron recoding over four weeks in vivo.
Besides carbon nanotube fibers for electrical signalling, this
probe structure can be further engineered readily with
advanced spatial or multi-functional integration. Thus, this
approach holds great potential in application in versatile
neuronal interfaces including but not restricted to neuronal
interrogation, modulation and therapeutic intervention.
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