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Electronic devices for recording neural activity in the nervous system
need to be scalable across large spatial and temporal scales while also
providing millisecond and single-cell spatiotemporal resolution.
However, existing high-resolution neural recording devices cannot
achieve simultaneous scalability on both spatial and temporal levels due
to atrade-off between sensor density and mechanical flexibility. Here

we introduce a three-dimensional (3D) stacking implantable electronic
platform, based on perfluorinated dielectric elastomers and tissue-level soft
multilayer electrodes, that enables spatiotemporally scalable single-cell
neural electrophysiology in the nervous system. Our elastomers exhibit
stable dielectric performance for over a year in physiological solutions
and are 10,000 times softer than conventional plastic dielectrics. By
leveraging these unique characteristics we develop the packaging of
lithographed nanometre-thick electrode arrays in a 3D configuration with
across-sectional density of 7.6 electrodes per 100 pm?. The resulting 3D
integrated multilayer soft electrode array retains tissue-level flexibility,
reducing chronicimmune responses in mouse neural tissues, and
demonstrates the ability to reliably track electrical activity in the mouse
brain or spinal cord over months without disrupting animal behaviour.

Mapping the long-term stable activity of the central nervous sys-
tem is important for neuroscience'?, addressing neurological dis-
orders®®and developing high-bandwidth brain-machine interfaces
for neuroprosthetics and communications®’. However, mapping
neural activity is challenging as the functions of the central nervous
system not only occur across multiple regions and depths of the
tissue over months and years but also involve electrical activities
that need to be quantified on the millisecond and micrometre scales

of individual neurons. Among current technologies, implantable
microelectrode arrays can simultaneously measure extracellular
action potentials of thousands of single neurons at the millisecond
timescale®®. The number of electrodes can be increased further
through three-dimensional (3D) stacking’ or the integration of CMOS
(complementary metal-oxide-semiconductor) multiplexing cir-
cuits®. However, their temporal scalability for the long-term stable
recording of electrical activities from the same neurons is limited
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Fig.1|Implantable neural probes for spatiotemporally scalable in vivo
electrophysiology. a, Schematic showing a spatiotemporally scalable neural
probe implanted in the brain. The inset shows a 3D stacked microelectrode
array encapsulated by soft elastomer layers, which can prevent ion permeation
from the biofluid and maintain cell- and tissue-level mechanical properties,
capable of providing along-term stable interface with neurons at the single-cell
level. b, Schematic illustrating the 3D lithographic fabrication of multilayer
thin-film soft encapsulation/conductive interconnects to scale up the number
of electrodes integrated on the neural probe. ¢, Spatial and temporal scalability
of neural probes. Rigid silicon electronics can achieve high-density electrodes
for neural recording but cannot stably record electrical activities from the
same neurons over along time period. Tissue-like flexible electronics can
record electrical activities from the same neurons over along time but do not
offer scalability to increase the density and number of electrodes for neural
recording. Soft electronics with a3D electrode array can provide both spatial
and temporal scalability for neural recording. d, Representative geometry of
onelayer of electrodes from a 3D stacked electrode array as a scalable neural
probe, where L denotes the length of the interconnects, h. denotes the thickness
of the interconnects and hydenotes the thickness of dielectric encapsulation.

Time (d)

e, Conductivity of materials (o.) for flexible and soft electronics as a function

of their elastic modulus (F)**~*°. NP, nanoparticle. f, Attenuation of the voltage
alonganinterconnect described in d as a function of the electrical conductivity
of the materials. Parameters for simulation: L =2 ¢cm, h.=40 nm, hy=1pmand
&4=13.2for the dielectric constant of the encapsulation. g, Flexural rigidity
ofthe neural probe as a function of the number of layers (V) of 3D integrated
interconnects. Modulus values of 79 GPa, 4 GPa and 0.5 MPa are used for the
simulation of metal interconnects, and plastic and elastomer encapsulations.
Inset: schematic of a neural probe with N=4 interconnects layers stacked
vertically. h, Normalized electrochemical impedance of representative
dielectric thin films as a function of the soaking time in 1x phosphate-buffered
saline (PBS) solution at 37 °C. The SU-8 (an epoxy-based photoresist),
polydimethylsiloxane (PDMS) and hydrogenated styrene-ethylene-butylene-
styrene (H-SEBS) films have respective average thicknesses of 0.84 pm, 8.04 pm
and 3.60 pm. For SU-8, the values are shown as the mean + s.d. (n = 4 samples),
and the PDMS and H-SEBS data are from our previous work™. For thermal silica
(Si0,), the model used is based on the etching rate measured in ref. 25. i, Elastic
modulus values of dielectric materials compared with brain tissues®*. Inset:
schematic of the sample under uniaxial tension.
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by probe drifting, chronic tissue damage and immune responses
due to the large mechanical and structural disparities between the
implantable electrodes and brain tissues'.

Therecent development of flexible thin-film nanoelectronics
tackles this issue by introducing biomimetic designs such as mesh
nanoelectronics'' and ultraflexible probes®”. These designs reduce
the thickness of stiff electronic structures to the submicrometre range,
which enables tissue-level flexible nanoelectronics that reduceimmune
responses and probe drifting. As aresult, it is possible to track the
electrical activity of the same neuronsin animals over along period of
time'”. Despite remarkable progress, this aggressive downscaling of the
neural probe dimensions due to the intrinsic stiffness of materials used
inflexible nanoelectronics limits the ability to scale up the number of
electrodes while maintaining tissue-level flexibility®'5,

Here we introduce a spatiotemporally scalable neural probe
(Fig.1a) through the 3D integration of thin-film tissue-level soft micro-
electrode arrays (Fig. 1b). We have overcome the intrinsic instability
of soft dielectric elastomers as passivation layers in physiological
solutions through the use of fluorinated elastomers with high hydro-
phobicity" and low molecular solubility***, which substantially
reduces ion diffusion from surrounding biofluids, enabling a very
long-term stable dielectric performance in biofluids. Specifically,
we developed an elastomer based on perfluoropolyether (PFPE) as
anelastic photo-patternable dielectric material*>*, This PFPE-based
photo-patternable dielectric material is (1) 10,000 times softer
than conventional stiff plastic encapsulation while maintaining the
same level of longitudinal dielectric performance, (2) capable of
micrometre-resolution 3D photolithographic multilayer nanofabrica-
tionand (3) compatible withnanometre-thick metal deposition. The
3D stacked microelectrode arrays canincrease the number and den-
sity of electrodes through 3D stacking while maintaining tissue-level
flexibility and mechanical robustness, and are capable of stably track-
ing electrical activities at single-unit-single-spike resolution over
months with reduced immune responses, which demonstrates their
scalability in both spatial and temporal scales for neural electro-
physiology (Fig. 1c).

Our design is based on the following rationales. One way to
increase the electrode density without changing the probe’s flexibility
properties is by substantially reducing the interconnect dimensions.
However, this poses challenges such as crosstalk and signal attenua-
tion (Supplementary Discussion 1)**. Another approach involves using
thin-filmtransistors for on-site multiplexing toincrease the electrode

6,11-15

density, but their mechanical rigidity and need for thick inorganic
passivation in physiological solutions® limit their potential for use
intissue-level flexible neural probes. A third option is to increase the
electrode density by vertically stacking 3D electrode arrays (Fig.1d)"",
although this requires the incorporation of low-modulus electronic
materials to preserve the overall flexibility.

Although certain soft conductors®*~° offer mechanical flexibil-
ity, their conductivity is affected to a large extent by their softness
(Fig.1e). The moderate conductivity compounded with large parasitic
capacitance limits their use in high-density neural recording®. To
offer sufficient conductivity for signal transmission and maintain
cellular-level mechanical properties and feature sizes, nanoscale
metals (for example, gold (Au)) are still the ideal candidates for inter-
connects (Fig. 1e,f, Extended Data Fig. 1and Supplementary Discus-
sion 2). By contrast, the dielectric constant (&) that determines the
performance of the encapsulation layer is not always affected by the
mechanical softness of the insulator. Using an Euler-Bernoullibeam
theory-based analytical model (Supplementary Discussion 3), we
found that combining a soft dielectric elastomer as the encapsulation
layer with ananometre-thick metal layer as the conductive layer can
substantially reduce the flexural rigidity of the neural probe (that is,
the bending stiffness per unit width) by around 10,000 times (Fig. 1g
and Extended Data Fig. 2a-e) compared with the probe using rigid
plastic encapsulation. In fact, the contribution of the elastomer layers
to the overall probe flexural rigidity is negligible compared with that
of africtionless stack of nanometre-thick metal layers alone. There-
fore, incorporating thin-film dielectric elastomers with tissue-level
elastic modulus as passivation layers could pave the way to increase
further the electrode count and density in tissue-like electronics
through 3D stacking (Fig. 1b,c).

Long-term stable soft encapsulationin biofluids

Conventional dielectric elastomers can be used as soft encapsulation
materials for bioelectronics; however, their long-term encapsulation
performance is limited by the progressive penetration of ions” from
physiological solutions into the elastomer (Fig. 1h,i). Our previous
work showed that their electrochemicalimpedance drops drastically
in biofluids, reducing the cut-off frequency of the encapsulated elec-
trode” (Extended Data Fig. 1). This instability is caused mainly by the
diffusion of ions from biofluids into the elastomers (Fig. 2a) as soft
polymers have molecular permeabilities that are typically orders of
magnitude higher than those of plastics and inorganics®*°, The ionic

Fig.2|Fluorinated elastomers as soft and long-lived dielectrics.

a, Schematics showing the effect of ion diffusion and solvent swellingon a
plastic, a conventional elastomer and a fluorinated elastomer. b, Diffusion
coefficient of water (top) and sodium and chloride ions (bottom) as a function
0f1,000/T estimated via MD simulations for PDMS, H-SEBS, perfluoropolyether
dimethacrylate (PFPE-DMA) and poly(1,1,1,3,3,3-hexafluoroisopropyl acrylate)
(PHFIPA), where the values are shown as the mean + s.d. for n = 5 simulations per
material and per diffusing species. ¢, Schematicsillustrating the electrochemical
methods used to evaluate the built-up ionic conductivity of dielectric polymers
afterimmersionin physiological solution (middle). Left: three-electrode setup
used to measure the EIS spectrum, which determines the impedance of the
dielectric polymer. The working electrode is in contact with one side of the
dielectric thin film, while the other side isimmersed in PBS with the Pt counter
electrode and the reference Ag/AgCl electrode. The electrochemical impedance
across the dielectric thin film is measured over the time course of immersion

in PBS. Right: EEC measurement, in which the dielectric polymer thin films,
previously soaked in PBS, are transferred to deionized (DI) water to measure
the concentration of ions released from the polymer into the solution using
conductimetry. d, Modulus of the normalized electrochemical impedance of
various dielectric films at 1 Hz after soaking in 10x PBS at 70 °C at t/H*=5d pm™
(except for PDMS, with ¢/H*=1.55 d um™). For the SU-8, PFPE-DMA, PHFIPA,
PPFHEA, H-SEBS and PDMS samples, n =4, 4,4, 4,12 and 8, respectively, where
the values are shown as the mean + s.d., using one-way ANOVA (analysis of

variance) with Dunnett’s multiple comparison test and SU-8 as the control
group. (The values obtained for each measurement are shown by the filled grey
symbols.) **P < 0.001; ***P < 0.0001; N.S., not significant. e, Concentration of
ionsreleased in DI water per polymer volume as a function of t/H*at 4,37 and

65 °C during EEC measurements. f, Comparison of the ionic conductivity of
dielectric polymers soaked in1x PBS at 37 °C obtained using both measurement
methods. For EIS, we show our previously reported results for PDMS and H-SEBS
(mean +s.d.)”” and compare them with the data obtained for PFPE-DMA and
SU-8in this work (n =4 samples for each material, mean +s.d.). g, Modulus of
electrochemical impedance for the PFPE-DMA and SU-8 thin films in1x PBS at
37 °Casafunction of the soaking time. Average thicknesses are 1 um for the
PFPE-DMA films and 800 nm (a double layer of two 400-nm-thick films to reduce
pinholes) for the SU-8 films (n = 4 samples for each material, and dataare shown
asthemean ts.d.). h, Nominal stress-stretch curves for the dielectric polymer
films. Only a subset of the entire stress-stretch curve is shown for SU-8, Pland
H-SEBS. Inset: schematic of the mechanical testing of a polymer sample in pure
shear geometry. i, Elastic modulus against ¢,,,/H* (which corresponds to the time
required to decrease the initialmodulus of the normalized impedance by 50%)
measured at1kHz when soaked in 1x PBS at 37 °C for the different dielectric
polymers. Individual data points for PDMS and H-SEBS were obtained from our
previous work®. Values shown are the mean (n =4 samples) for PI, PFPE-DMA and
SU-8. The values for PFPE-DMA and SU-8 are higher than 500 d pm™.
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conductivity of polymers is directly proportional to their diffusivity ~ diffusivity, S is the ionic solubility and C,,, is the concentration of

and solubility (equation (1)), ions in the surrounding biofluids at equilibrium (Supplementary
5 Discussion 4). Notably, because ionic diffusivity in standard dielec-
o= ZZ_TD X S X Cout () tric elastomers is in the range of 10" to 107 m?s™ at 37 °C, this

instability can only be observed in micrometre-thick dielectric films
where o is the ionic conductivity, g is the elementary charge, k  over a timescale of days to weeks, which is critical for long-term
is the Boltzmann constant, T is the temperature, D is the ionic  neural recording.
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We used molecular dynamics (MD) simulations to study the diffu-
sionof water and sodium chloride across different dielectric elastomers
to better understand this ion-diffusion process and identify material
systems that could potentially solve thisissue (see Methods, Extended
Data Fig. 3 and Supplementary Tables 1and 2). Our MD simulations
revealed that, towards 37 °C, the molecular diffusivity of water and
sodium and chloride ions in fluorinated elastomers (PFPE-DMA and
PHFIPA) is lower than that in conventional elastomers (PDMS and
H-SEBS) (Fig.2b). This lower diffusivity suggests that fluorinated elas-
tomers can have a lower ionic conductivity (Supplementary Discus-
sion 4 and equation (1)) than conventional elastomers, which could
allow them to maintain their dielectric performance duringlong-term
immersion in physiological solutions. To test this hypothesis, we sys-
tematically characterized the long-term electrochemical stability of
eightdifferent dielectric materials, which comprised three fluorinated
elastomers (PFPE-DMA, PHFIPA and poly[2-(perfluorohexyl)ethyl]
acrylate (PPFHEA)), three non-fluorinated elastomers (PDMS, H-SEBS
and polyisobutylene (PIB)) and two plastic dielectric polymers (poly-
imide (PI) and SU-8 2000.5 (SU-8)) as controls.

We evaluated the ionic conductivity of the dielectric polymers
(see Methods, Supplementary Discussion 5 and Supplementary
Table 3) (Fig. 2c) using electrochemical impedance spectroscopy
(EIS)* (Extended Data Fig. 4a—c) and external electrolyte conductim-
etry (EEC) techniques (Extended Data Fig. 5a,b). We used an electrical
model of the dielectric material with conductive losses to estimate
the ionic conductivity from EIS data (Extended Data Fig. 4a-c and
Supplementary Table 4)***!, To conduct an accelerated ageing test, we
soaked the polymer thin filmsin10x PBS solution at 70 °C. Bode plots
of normalized electrochemicalimpedance (Z) before and after soaking
(Extended Data Fig. 4d) showed substantial impedance reduction for
the conventional elastomer and PIfilms across the 0-1,000 Hzrange,
whereas SU-8 and the fluorinated elastomer films exhibited a slight
decrease. Atlow frequency (<1,000 Hz), all of the fluorinated elastomer
films showed alowerimpedance modulus drop thanthe PDMS, H-SEBS,
PIB and PIfilms. To account for variations in diffusion times due to dif-
ferencesinthicknessamongthe samples (Supplementary Table 4), we
plotted the progressive decrease in impedance modulus at 1 Hz and
1kHz (Fig. 2d and Extended Data Fig. 4e,f) as a function of the time (¢)
normalized by the square of the average thickness (H) of the polymer
films. Alarger reductioninnormalized impedanceis observed for the
non-fluorinated elastomers at1 Hz. In addition, we extrapolated aver-
age dielectric constants of the dielectric thin films in the frequency
range of1,000-100,000 Hz from the EIS plots (Supplementary Table 5),
confirming the low dielectric constant of PFPE-DMA (¢=1.99 + 0.03),
consistent with previous reports*>*,

Using EEC (Fig. 2c and Extended Data Fig. 5a), we further analysed
the ionic diffusivity, solubility and conductivity of four representa-
tive dielectric polymers, excluding the remaining polymers due to
sample-preparation limitations (see Supplementary Discussion 5Sand
Supplementary Table 3). The ionic conductivity changes in DI water
indicate the ion-diffusion rates from these polymers (Fig. 2e). The
value of the plateau in the solution’s conductance is proportional to
theionicsolubility, S. We determined the ionic diffusivity, D, by fitting
the experimental data (see Supplementary Discussion 5 and Extended
Data Fig. 5b,c) and calculated ionic conductivity using equation (1).

The results from both methods” (Fig. 2f and Supplementary Table 6)
consistently showed that the ionic conductivity of PFPE-DMA is similar
tothat of SU-8 but1-2 orders of magnitude lower than the other dielec-
tric elastomers. This reduced ionic conductivity is mostly attributed
toits low ionic diffusivity (Extended Data Fig. 5d and Supplementary
Table 6), aligning with MD simulations.

We carried out EEC measurements at different temperatures to
calculate the average ion-diffusion activation energy and the heat of
solutionbetween4 and 65 °C (refs. 44-46) (Extended DataFig. 5e-gand
Supplementary Table 7). The average activation energy for PFPE-DMA
is even higher than SU-8, and its enthalpy of the solution is closer to
SU-8 but higher than hydrocarbon elastomers. This aligns with our
MD simulations showing low ionic diffusivity in PFPE-DMA (Fig. 2b).
The MD simulations suggested a correlation between ionic diffusivity
and polymer density (Extended Data Fig. 3¢,d), but further simula-
tions to analyse the molecular mechanism of diffusion are required
to understand the difference between fluorinated and hydrocarbon
elastomers. Inaddition, PFPE-DMA has alow water permeability (Sup-
plementary Table 8), comparable to that of PIB, which could contribute
toitslong-term stability in biofluids.

Our results highlighted the stability of the dielectric performance
of fluorinated dielectric elastomers in biofluids. We further tested
PFPE-DMA as along-lived dielectric material for implantable bioelec-
tronics, given its potential in nanofabrication®>*. The results showed
that the PFPE-DMA film is as stable as the SU-8 double layers over a
soaking period of 17 months (Fig. 2g). Notably, the elastic modulus of
the crosslinked PFPE-DMA film is 0.50 MPa, which is approximately
10,000 times softer than SU-8 (Fig. 2h and Extended Data Fig. 6a-e).
We plotted the elastic modulus against the half-life time (¢,,) of the
thin-film dielectricimpedance at1 kHz, which is defined as the soaking
time required for the initial impedance modulus to decrease by 50%
(Extended DataFig. 4f). PFPE-DMA uniquely combines both mechanical
softness and long-term dielectric performance stability (Fig. 2i), mak-
ingitideal forimplantable neural probesin spatiotemporally scalable
invivo electrophysiology.

3D scalable neural probes

We developed a 3D photolithographic protocol using PFPE-DMA
elastomers for scalable neural probe fabrication. Traditional elasto-
mers are not suitable for multilayer photolithography as the organic
solvents used in the process®"*’ easily cause the elastomers to swell,
damaging the thin-film microstructures and microelectronic compo-
nents. PFPE-DMA elastomers, however, have demonstrated chemical
orthogonality’®*%, resisting both organic and aqueous solvents, pre-
serving their surface even after intensive nanofabrication. However,
the high contact angle with other conventional photo-patternable
dielectric materials and the low surface adhesion energy to metals
prevent the direct patterning of metals on PFPE-DMA elastomers. In
addition, sensitivity to oxygen during crosslinking limits the resolution
of mask-based photolithographic patterning of PFPE-DMA elastomers.
To overcome these challenges, we developed the following techno-
logical advancements: (1) a 3D-printable nitrogen diffuser integrated
with conventional photoaligners to create aninert atmosphere dur-
ing exposure to ultraviolet (UV) light, enabling microscale photopat-
terning of PFPE-DMA (Extended Data Fig. 7a—c); (2) aphotopatterned

Fig.3|3Dintegration of high-density soft microelectrode arrays for scalable
neural probes. a, Schematics showing the stepwise nanofabrication process of
amultilayer neural probe encapsulated by PFPE-DMA elastomers. b, Photograph
of PFPE-DMA elastomer-encapsulated neural probes with four layers of electrode
arrays self-wrapping on a glass capillary. ¢, BF micrograph of the neural probe
inb.d, Expanded merged BF micrograph of the region in ¢ highlighted by

the black box. e, Focused ion beam (FIB) combined with SEM image showing

the cross-section of the region in ¢ highlighted by the blue box. Each layer

is pseudo-coloured and labelled. f, Change in the impedance modulus at

1kHz before and after electroplating with Pt black or PEDOT:PSS for 40-um-
diameter electrodes of neural probes (n = 32). The datain the bar plots show the
mean + s.d. and the grey dots show the values obtained for individual electrodes.
P < 0.0001, two-tailed, paired ¢-test. g, Electrodes per cross-sectional area

of state-of-the-art neural probes as a function of the elastic modulus of the
dielectric encapsulation®">/7355%% |nset: schematic of a neural probe’s cross-
section withwidth W, height Hand N=8 electrodes.
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spacer to prevent direct contact between the PFPE-DMA precursor
and the photomask, preserving the nanometre smoothness of the
PFPE-DMA film during photolithography (Extended DataFig. 7d,e); (3)
treatmentwith aninertgas plasmato decrease the contact angle of the
photoresists and increase adhesion to other materials (Extended Data

(1) Bottom PFPE-DMA patterning (2) First metal layer patterning
- -

Fig. 7f-h); and (4) high-pressure sputtering of metal oxide/metal layers
to deposit metal lines and prevent metal-ion diffusioninto PFPE-DMA.
Processes (1)-(4) can be repeated to create multilayered microelec-
tronic structures. Importantly, these innovations enable PFPE-DMA
to be processed as a negative photo-patternable dielectric material

(3) Repeat steps (1) and (2) N times
- Substrate

I Nickel release layer
I Spacers

N PFPE-DMA

Metal electrode

f g 0
2 wRRE L | A This work
P=1.61x10" mN ixel 2.0
] europixel 2.
[ ] A * .
i . ™ v Mesh nanoelectronics
N *kkk g — » -] A
z P=216x10" gs 107 * 2
b o &3 2 Flexible probes
o —g 2 < Z e
g °% c
g 582 w g v PDMS+
N %’ §§ 1074 | Ei H o] micro-structured PI/Pt/PI
5] N=8§ 3D-printed
- v* PDMS + PEDOT:PSS
* * PDMS + micro-cracked Au
1076 : : : Viscoelastic surface
10" 109 107 105 103 electrode arrays

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-023-01545-6

inastandard cleanroom, establishing PFPE-DMA as an elastomer that
is compatible with conventional photolithographic processes for 3D
electronics (Fig. 3a, Extended Data Fig. 7a and Methods).

Figure 3b shows the flexibility of aneural probe with 64 electrodes
on a glass capillary (Extended Data Fig. 8a-c). The corresponding
bright-field (BF) optical image shows one probe containing six layers
of PFPE-DMA sandwiching four layers of metal electrodes (Fig. 3c,d and
Extended DataFig. 8d-i). Scanning electron microscopy (SEM) imaging
(Extended DataFig. 8h-k) is used to confirm the smooth surface of the
PFPE-DMA dielectriclayers after the ten-layer fabrication process. We
achieved alateral resolution of approximately 1 pm for the PFPE-DMA
features (Extended Data Fig. 8d-1), and surface treatment enabled
standard photoresists to define precise features on the PFPE-DMA
film (Extended Data Fig. 8g-i,l). Notably, there was no delamination
between the PFPE-DMA and metal layers (Fig. 3e and Extended Data
Figs. 8m-o0 and 6n-t), even after a uniaxial stretch to 20% (Extended
Data Fig. 80). Adhesion testing***° (Extended Data Fig. 6f-k) showed
that the self-adhesion energy of the PFPE-DMA layers was substan-
tially higher than their adhesion energy to a glass substrate and was
closer to their intrinsic fracture toughness measured (Extended Data
Fig. 6e),indicating that the two PFPE-DMA layers adhere strongly and
donot delaminate easily under strain. Delamination between layers was
not observed onthe 64-channel, four-metal-layer neural probes after
>20% of uniaxial stretch (Extended Data Fig. 61). Inaddition, accelerated
ageing in saline did not induce delamination between the PFPE-DMA
and metal layers (Extended Data Fig. 6n-t).

We measured the conductivity of the metal interconnects and
electrodes on PFPE-DMA as a function of their aspect ratio (Extended
Data Fig. 8p), and found average conductivity values consistent with
standards for sputtered Al/Au (40/100 nm) metal lines. Our fabrication
method is compatible with three-inch wafer-scale fabrication processes
(Extended DataFig.8q). To facilitate connections to recording setups,
we overexposed the PFPE-DMA layers to create smooth steps at their
edges and used isotropic metal deposition to continuously deposit
the metal electrodes from different PFPE-DMA layers to the input/
output (I/0) pads, enabling standard flip-chip bonding of flexible
cables (Extended Data Fig. 7i-m). Finite element analysis indicated that
the strain concentration in the central metal layer remains below the
yield strain of Auwhenbent (Extended Data Fig. 2f-h), suggesting that
metalinterconnects will not undergo plastic deformation or fracture.
The adhesion of the metal lines to the elastomer is even sufficient to
generate wrinkle patterns, which are commonly observed in lami-
nates®** (Fig. 3d and Extended Data Fig. 8g-i) with astiffisland onasoft
substrate, where larger strains can be accommodated before failure of
thestifflayer compared with the free-standing fracture strain® . This
result can explain further why metal lines are still highly conductive
after 5% uniaxial strain (Extended Data Fig. 6m).

After chip bonding, we used standard electroplating techniques
to coat the electrode tips with poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) or platinum black (Pt black) to

verify the conductivity of the electrodes (see Methods and Extended
Data Fig. 8r,s). The reduced electrochemical impedance matches
previously reported values and is comparable to other implantable
brain probes®'>* (Fig. 3f). We also conducted chronic measurements
oftheimpedance of sputtered Al/Auinterconnects and Pt electrodes
to confirm the stability of fluorinated elastomer-based neural probes
without additional effects from the electroplated material (Extended
DataFig. 8t).Finally, we showed that the crosstalk level between neigh-
bouring electrodes in a relevant test geometry was comparable to
standard values measured in polymer microelectrode arrays after
more than 50 days of soaking time in 1x PBS (Extended Data Fig. 4g—j)*.
Collectively, compared with state-of-the-art neural probes made with
other soft materials and thin-film plastic passivation, PFPE-based
neural probes, respectively, increase the density of the electrodes
by over two orders of magnitude (up to 7.6 electrodes per 100 pm?
of the cross-section in this work)*?***¢ and increase the mechanical
softness by between three and five orders of magnitude (Fig. 3g and
Supplementary Table 9)11"13175758,

Multilayer neural probes encapsulated by dielectric elastomers
arestillmore flexible than probes made with plastic dielectric materi-
als. Comparing neural probes made using 9-um-thick PFPE-DMA or
SU-8, the PFPE-DMA-based probes exhibit substantially higher flex-
ibility (Extended Data Fig. 2f-h). Finite element analysis confirms the
difference in their flexibility to be due to the different elastic modu-
lus values between the elastomeric and rigid dielectric materials.
Specifically, the SU-8 layer is the principal load-carrying member in
the SU-8-based probe, whereas in the PFPE-DMA-based probe, the
PFPE-DMA layer contributes negligibly to the load-carrying capacity.
Instead, the nanometre-thick metal layer is the principal load-carrying
member. As aresult, asimple beam model with three electrode layers
shows that this design reduces the contribution of the encapsulation
layers to the overall flexural rigidity of the neural probe by a factor of
900 (Extended Data Fig. 2b).

Long-termstable neural electrophysiology
Weimplanted neural probes inthe mouse brain for chronic recording.
The soft neural probes were delivered into the brain following the previ-
ously reported method (Extended Data Fig. 9a-c and Methods)*’. The
PFPE-DMA probes have four-layer electrode arrays vertically integrated,
with a cross-sectional area approximately 150-500 times larger than
that of an ultraflexible probe*®, thus enabling a high density of 64 elec-
trodesto be packedin oneprobe (Fig.4a), and they wereimplantedin
the somatosensory cortex and connected to a voltage amplifier through
aflat flexible cable for electrophysiological recording (Extended Data
Fig. 9d and Methods).

We compared the brainimmune response of multilayer PFPE-DMA
probes with SU-8 probes of the same thickness (Fig. 4b,c). At twelve
weeks post-implantation, we observed a significant enhancement of
the NeuN (neuron) signal around the PFPE-DMA probes compared with
the SU-8 probes. In addition, the fluorescence intensity of astrocytes

Fig. 4 |Long-termstable brain electrophysiology and implantation with
reduced immune responses by scalable soft neural probes. a, BF image of a
multilayer, high-density PFPE-DMA neural probe with four layers of electrode
arrays and 64 channels after Pt black electrodeposition. b, Representative
immunostaining of horizontal brain slices at two (top), six (middle) and twelve
weeks (bottom) post-implantation. The green, pink, cyan, blue and red colours
show signals corresponding to neurons (NeuN), astrocytes (GFAP), microglia
(IBA1), the DAPI dye and rhodamine 6G-stained devices, respectively. The PFPE-
DMA (‘Soft brain probe’) and SU-8 (‘Flexible brain probe’) probes are both 9 pm
thick and 250 pm wide. ¢, Normalized average fluorescence intensity of NeuN,
GFAP and IBAl signals as a function of distance from the probe-tissue interfaces
at two, six and twelve weeks post-implantation. The fluorescence intensity at
500-525 pum away from the probe was used for normalization (n = 4 brain slices,
mean £ s.e.m., *P < 0.05; *P < 0.01, **P < 0.001, two-tailed unpaired ¢-test for

distance between 0 and 250 pm away from the probe). d, Left: representative
voltage traces (300-3,000 Hz bandpass filtered) recorded from a high-density
PFPE-DMA neural probe at four weeks post-implantation. Right: unit activities
oftheregion highlighted by the dashed red box in the left panel. e, Average
single-unit waveforms detected in d. f, Representative ISI plots over ten weeks
of recording. Each plot corresponds to a unit tracked on the same electrode.

g, Representative average waveforms from two to ten weeks post-implantation.
h, Clusters of the waveforms detected ingin PCA space as a function of the
number of weeks post-implantation. PC1and PC2 represent the first two axes
inthe PCA from the clustering algorithm. In g and h the same colour is used

for corresponding average waveforms (g) and clusters (h). i-k, Peak-valley
amplitude (i), firing rate (j) and waveform similarity (k) of the units detecteding
and has afunction of the post-implantation time (n = 14 units, mean = s.d.).
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and microglia at twelve weeks post-implantation was significantly Chronic recording (Fig. 4d,e) showed that single-unit action
reduced around the PFPE-DMA probes in comparison with the SU-8  potentials were recorded stably over an implantation period of ten
probes. However, the difference in the microglia signalswas marginal.  weeks, with minimal change inthe interspike interval (ISI) distribution
These results demonstrate that the 3D vertically stacked, multilayer  (Fig.4f) and waveform shape (Fig.4g). Moreover, principal component
PFPE-DMA probes can maintain long-term biocompatibility with the  analysis (PCA) showed thatall units exhibited nearly constant positions
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Fig. 5| Long-term stable spinal cord recording. a, Schematic of the spinal cord-
implanted mice. b, Representative confocal fluorescence images showing GFAP
(astrocytes) and IBA1 (microglia) staining in the sections of spinal cord tissues
from sham control mice (left) and mice implanted with PFPE-DMA (elastomer,
middle) and Pl (plastic, right) probes at six weeks post-implantation. The insets
show expanded panels to highlight the contact area with the implanted neural
probes. ¢, Bar plots showing the statistical summary of the astrocyte (top) and
microglia (bottom) fluorescence intensities in the regions of interest, where
the spinal cord tissues received sham surgery or were implanted with neural
probes (whitearrowsinb).*P<0.05; **P<0.01, **P< 0.001, ****P<0.0001,

N.S. not significant, two-tailed unpaired ¢-test. Data were obtained for n =4
independent biological replicates, mean + s.d.d, Top: representative

data showing the motion traces for asham control animal (green) and

animals implanted with PFPE-DMA (red) and PI (blue) neural probes at four
weeks post-implantation. Bottom: representative data showing the hindlimb

kinematics. Black circles represent the bars of the ladder on which the animals
walked. e, Bar plots summarizing the average distance travelled (left), average
movement speed (middle) and number of missed steps onto the rungs of

the ladder (right) for the motion-trace characterization (n = 4 independent
experiments, mean + s.d., two-sided, unpaired ¢-test) at four weeks post-
implantation. f, Left: voltage traces (filtered in the 250-3,000 Hz range) of
arepresentative channel showing spike-like electrical activity from post-
implantation periods of six to eight weeks. Middle: expansion showing the
representative spike-like electrical signals. Right: Sorted spiking units identified
from the left panel. Red and blue colours are used to distinguish two average
waveforms detected on arepresentative electrode. g, Raster plot of spike-like
signalsin arepresentative channel during mouse resting and walking states.

h, Average firing rate between animal walking and resting states (n = 5 and 6 trials
for walking and resting states, respectively, ****P < 0.0001, two-tailed unpaired
t-test). Panel a created with BioRender.com.

to ten weeks post-implantation (Fig. 4h). In addition, the amplitude,
firing rate and waveform similarity remained constant over all the
recording sessions, suggesting that the high-density, multilayer soft
probe could stably track the activity from the same neurons over time
(Fig. 4i-k). We also confirmed the stability of brain recording using a
PFPE-DMA probe with a single-layer electrode array (approximately
2-um-thick PFPE-DMA) to further validate the dielectric stability of the
ultrathin PFPE-DMA encapsulationlayer during chronicbrainrecording
(Extended DataFig.10).

The stretchability of the PFPE-DMA dielectric layer enables
the multilayer neural probe to tolerate more strain and introduce

less mechanical damage to the tissue during the bending. To
demonstrate this, we performed chronic electrophysiology on
the mouse spinal cord (Fig. 5a and Methods). We first character-
ized the long-term immune response by comparing the immune
response from PFPE-DMA and Pl probes with that of sham-operated
controls (Methods). Pl probes of 25 um thickness were used as stand-
ard for flexible spinal cord implants®®, which are robust enough
to withstand the surgical procedure and chronic implantation.
The sham-operated group of animals received spinal cord surgery but
no device implant. Neuroinflammatory responses at chronic stages
were evaluated by the density of astrocytes (GFAP) and microglia
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(IBA1) for foreign-body reactions, which showed that the density of
astrocytes and microglia increased in the vicinity of Pl probes at six
weeks post-implantation. By contrast, there was no significant dif-
ference between mice with PFPE-DMA probes and sham-operated
animals (Fig. 5b,c).

We characterized the impact of implantation on animal behav-
iours by measuring freely moving mice in an open-field box and
whole-body movement during basic walking and skilled locomotion
across a horizontal ladder (Fig. 5d). Statistical results showed that,
compared with sham controls, miceimplanted with Pl probes showed
areductioninthe average distance travelled and average speed during
movements, as well as motor deficits, whereas mice implanted with
the PFPE-DMA probes showed no significant differences (Fig. 5e).
Using the implanted electrodes, we recorded the spike-like electri-
cal activity from the representative electrodes over several weeks
(Fig. 5f), with changes in firing rate corresponding to the animal rest-
ing and walking states (Fig. 5g,h). The observed spikes exhibit pro-
longed durations (2-4 ms) and heightened amplitudes (250-500 pV).
This phenomenon has been noted previously in depth probe spinal
cord recordings of mice®®. However, further investigationis required
to determine if these spikes are indicative of multi-unit action poten-
tials or local field potentials. These results show that PFPE-DMA soft
neural probes implanted in the mouse spinal cord do not affect the
animal behaviour and can provide a stable recording of spinal cord
electrical activity.

Conclusion

Our results showed that neural probes can be made with four layers
of fluorinated elastomer/metal structures. An analytical model based
onEuler-Bernoullibeam theory (Supplementary Discussion 3) shows
that probes withup to nine layers have a flexural rigidity below1 pN m,
whereas probes encapsulated by plastic dielectrics withonly three lay-
ers of electrodes have a flexural rigidity above 1 uN m (Extended Data
Fig.2b,c). In practice, plastic probes thicker than 10 pm are brittle,
whereas elastomer-encapsulated probes remain flexible and robust
forimplantation (Supplementary Video 1).

It hasbeen demonstrated that ultrasoft neural probes with larger
cross-sections can achieve long-term stable neural recordings com-
pared with thin rigid plastic probes™®. These ultrasoft probes can sup-
port more channels. We recognize that the extreme modulus mismatch
between the Auand PFPE-DMA layers may lead to a split of the neutral
axis®, which could reduce the flexural rigidity. However, an analytical
model based on previous work® indicates that Euler-Bernoulli theory
still applies to the majority of the probe’s length (see Supplementary
Discussion 3 and Extended DataFig.2d,e). In practice, the main limita-
tionsinscaling these probes will probably come from microfabrication
challenges (see Supplementary Discussion 6).

When the elastic modulus of the dielectric layer is below the
megapascal level, its contribution on the total flexural rigidity of the
probe is minimal and metal layers dominate the probe’s mechanical
properties. Therefore, asthe number of layers increases, the benefit
decreases asymptotically because the metal layers located further
from the neutral axis contribute more to the flexural rigidity of the
probe (Extended Data Fig. 2a and Supplementary Discussion 3). To
reduce this rigidity, strategies, such as adjusting the metal-layer
placements, increasing the outer elastomer thickness to prevent
signal leakage or using softer conductors such as liquid metal®, can
be considered.
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Methods

Materials and devices

Materials. Dow Sylgard 184 silicone encapsulant was used to prepare
the PDMS thin films and was obtained from Corning. PIB (Exxon Butyl
268S) was obtained from Vanderbilt Chemicals. H-SEBS (Tuftec H1062)
was obtained from Asahi Kasei. PI (P12545 HD) was obtained from
MicroSystems. PHFIPA and PPFHEA were prepared from hexafluor-
oisopropylacrylate and 2-(perfluorohexyl)ethyl acrylate, respectively,
which were obtained from Fluoryx Labs. PFPE-DMA with a molecu-
lar weight in the range 8,000-10,000 kg mol™ was synthesized by
Axoft, Inc. asreported previously?*. Fluorolink MD700 was obtained
from Solvay and was used as a crosslinker for PHFIPA and PPFHEA.
2-Hydroxy-2-methylpropiophenone was used as a photoinitiator.

Preparation of dielectric polymer thin films for characterization.
PFPE-DMA films. (1) Bis(2,4,6-trimethylbenzoyl)phenylphosphine
oxide was used as photoinitiator, dissolved in bis(trifluoromethyl)
benzene and mixed with PFPE-DMA, to prepare the photo-patternable
precursor. (2) PFPE-DMA precursor was spin coated at 3,000 revolu-
tions per min (r.p.m.). (3) The filmwas thermally dried for 2 min. (4) The
film was exposed to UV light for a total dose above 150 mJ cm 2 under
anitrogen atmosphere.

SU-8 bilayer films. (1) SU-8 was spin coated at 3,000 r.p.m. (2) The
filmwas baked at 65 °C for 2 min and at 95 °C for 2 min. (3) The film was
exposed to UV light for a total dose above 150 mJ m2to completely cure
the film and avoid pinholes. (4) The UV-cured film was post-baked at
65 °Cfor2 minand at 95 °C for 2 min. (5) Defined patterns were devel-
oped using the SU-8 developer for 90 s, and thenrinsed withisopropyl
alcohol and blow-dried. (6) The developed patterns were hard-baked
at 200 °C for 20 min. (7) Procedures (1)-(6) were repeated to define
the second SU-8 layer to avoid pinholes.

PDMS (10:1) films. (1) PDMS base and curing agents (10:1ratio) were
mixed for 2 minand degassed for 2 min using anon-vacuum-type mixer
(Thinky). (2) PDMSwas spin coated at 5,000-8,000 r.p.m. (3) The PDMS
films were baked at 65 °C overnight.

H-SEBS films. (1) H-SEBS was dissolved in toluene at 70-100 mg ml™
and stirred for 48 h at 40 °C in a closed container. (2) The precursor
solutionwas spin coated immediately at 1,000-2,000 r.p.m. after pour-
ingitontothe substrate. (3) H-SEBS films were dried at 80 °C overnight.

PIB films. (1) Butyl 268S was dissolved in toluene at 10% of the solvent
weight. (2) The precursor solution was spin coated immediately at
1,000-2,000 r.p.m. after pouring it onto the substrate. (3) PIB films
were dried at 80 °C overnight.

Plfilms. (1) The precursor was spin coated at3,000-4,000 r.p.m.imme-
diately after pouring it onto the substrate. (2) Films were hard-baked
using an atmosphere-controlled oven (vacuum purging, thenunder a
continuous nitrogen flow) firstat 200 °C for 30 minand then at 350 °C
for 60 min.

PHFIPA and PPFHEA films. (1) The precursor was spin coated at
1,500 r.p.m.for 40 s.(2) Films were post-baked at 95 °C for2 min. (3) Films
were exposed to UV light for a total dose above 150 m) m~2to completely
curethefilmavoiding pinholes, under anitrogen atmosphere. (4) Films
were hard-baked at110 °Cfor1h.

Fabrication of PFPE-DMA encapsulated neural probes. All photore-
sists and developers were obtained from Kayaku Advanced Materials
unless otherwise mentioned. (1) A 100-nm-thick Ni sacrificial layer
was patterned on the thermal oxide silicon wafer (University Wafer).
(2) SU-82010 was patterned as spacers. (3) Cr/Au (15/100 nm) I/O pads

were deposited via electron-beam evaporation. (4) For the bottom
PFPE-DMA layer, the PFPE-DMA precursor was spin coated on the wafer
at 2,000-6,000 r.p.m. to obtain a thickness ranging from 500 nm to
3 um depending on the rotation speed and precursor concentration.
The spin-coated PFPE-DMA film was aligned in a photomask aligner
and patterned with UV light (10-30 mJ cm™) using alaboratory-made
nitrogen diffuser (Extended Data Fig. 7b,c). Then the PFPE-DMA was
post-baked at 115 °C, developed in bis(trifluoromethyl)benzene and
blown dry. (5) For surface treatment, the PFPE-DMA surface was acti-
vated withinertgas plasmafor2-6 min. (6) For the metalinterconnects,
LOR3A and S1805 or S1813 photoresists were patterned on the wafer as
described above. Different combinations of metal films, such as Al/Au,
Al/Au/Al, Al/Au/Pt, Ti/Au, Ti/Au/Ti, Cr/Auand Cr/Au/Cr, were deposited
by sputtering at Ar with a low oxygen atmosphere®, with thicknesses
inthe range 0of20-100 nm for each layer. Finally, the metal layers were
lifted off using Remover PG solvent stripper overnight. (7) For multiple
PFPE-DMA/metal layers, PFPE-DMA was spin coated and UV-cured,
followed by plasma surface treatment, lift-off resist patterning and
metal sputtering to create an additional layer of interconnects, simi-
lar to steps (4)-(6). Repeating this process multiple times will enable
multilayer structures. (8) For the top PFPE-DMA layer, using the same
recipe described instep (4), the top PFPE-DMA layer will be patterned.
(9) For the SU-8 frame for transfer, SU-8 2010 was used to define aframe
holding the soft brain probe during release. (10) The multilayer soft
probeswere released in nickel etchant (Transene), whichis compatible
with Al,O;- and Ti-based adhesion layers.

Electroplating of electrodes. We used an SP-150e potentiostat (Bio-
Logic) along with its commercial software EC-lab V11.36 (https://www.
biologic.net/support-software/ec-lab-software/) for electrodeposi-
tion. Electrodes from neural probes were connected to the working
electrode. A platinum wire immersed in the precursor solution was
used as the counter electrode, which also serves as the voltage refer-
ence. For the deposition of Pt black, the precursor solution consisted
of 1mM chloroplatinic acid solution and 25 mM sodium nitrate. Cyclic
voltammetry with a potential varying from-1.0 Vto 0.2V at 0.05Vs™
for 10-15 cycles was used. For PEDOT:PSS deposition, an electrolyte
consisting of 0.01 M 3,4-ethylenedioxythiophene (Sigma-Aldrich) and
0.1 Mpoly(4-styrenesulfonicacid) sodiumssalt (Sigma-Aldrich) aqueous
solutionwas used. The electrochemically polymerized reaction was per-
formed under constant-voltage conditions. Inthe constant-voltage mode,
the polymerizationwas carried out under aconstant currentof 1Vfor30s.

Characterization

Thickness measurements. All thickness measurements were carried
outusing a DektakXT stylus profiler (Bruker). The force applied was set
tolmgand thescanspeed was 0.67 um s™.. Two-point surface levelling
was applied using the commercial software of the tool.

Characterization of mechanical properties. Stress-strain curves
and fracture toughness measurements were obtained using a testing
machine (Instron) in uniaxial tension for specimens in the pure shear
testgeometry. A 90° peeling test was used to determine the adhesion
energies.

Characterization of electrical properties. Current-voltage (/-V)
curves for the metal interconnects on the PFPE-DMA substrates were
measured using a probe station connected to an Axon Digidata1l550B
plus HumSilencer to output controlled voltages. Input currents were
amplified using a current pre-amplifier before measurement by the
dataacquisition card.

Characterization of surface properties. The contact angles of LOR3A
and DIwater on PFPE-DMA were determined using the free DropSnake
plugin on ImageJ®.
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EIS measurements. The three-electrode setup used was the same as
reportedinour previous work”. For each measurement, three sweeps
infrequency were measured, from1 MHz down to 0.1 Hz. A sinusoidal
voltage of 100 mV peak-to-peak was applied. Five points per frequency
decade, logarithmically spaced, were measured. For each data point,
the response to ten consecutive sinusoids (but spaced out by 10% of
the period duration) was accumulated and averaged.

EEC measurements. A Traceable Conductivity Pocket Tester with
Calibration was used to measure the conductance of the solutions.
The two electrodes have an area of 1 cm? and are separated by 1cm.
The resolution of the sensor was 1 uS, and the temperature depend-
ence of the conductance in the range of —5to 50 °C was automatically
compensated to give the value at 25 °C.

SEM and FIB imaging. A metal sputter coater was used to deposit a
20-nm-thick Pt/Pd layer and reduce the charging under the electron
beam during the SEM imaging process. SEM images were taken under
5kV voltage using aJEOL 7900F SEM instrument. Before FIB milling,
another100-nm-thick layer or Pt was deposited using the metal sputter
coater atop the sample to prevent damage of the area of interest under
ion beams. The FIB process followed conventional procedures using
an FEI Helios 660 instrument in which a 30 kV Ga beam was used for
rough millingand areduced 10 kV voltage was used for fine milling. To
inspect the sample surface of the FIB-milled cross-section, asecondary
electrondetector under 3 kV voltage was used to take the SEM images,
which showed clear contrast and distinct layering out of the samples.

Animal experiments

Brain and spinal cord implantation. All animal experiments in this
study were approved by the Institutional Animal Care and Use Commit-
tee of Harvard University under protocols 19-03-348 and 20-05-368.
The implantations were carried out on male C57BJ/6 mice (25-35g;
6-8 weeks of age), which were housed in a regular 12 h/12 h light/
dark cycle. The animals were anaesthetized with 2-3% isoflurane and
maintained under anaesthesia with 0.75-1% isoflurane during the
implantation surgery. Two stainless-steel screws were implanted in
the cerebellum and used as ground electrodes. A craniotomy was
performed on the brain, and the cortical surface was exposed upon
removal of the dura mater. The PFPE-DMA brain probe was placed
on the surface of the cortex and inserted using a 75 um tungsten wire
anchored to the neural probe through afabricated hole at the front end
of the device. For histological studies, SU-8 devices of the same size
were implanted contralaterally in mouse brains for comparison. For
spinal cord implantation, PFPE-DMA and 25-pm-thick Pl probes were
implanted inthe mice through the following steps. First, the mice were
anaesthetized, placed on a heating pad and given a midline incision
on their vertebrae to expose the spinal cord. Then, an approximately
1x1mm window was drilled on the L2-L3 lumbar vertebrae and the
duramater was removed to expose the tissue. Next, PFPE-DMA and Pl
probeswereinserted into the subdural space of the L2-L3 segmentsin
mice. Finally, agroup of mice thatreceived spinal cord surgery without
probe implantation was used as sham controls.

Electrophysiological recordings. For data acquisition, a Blackrock
Microsystems CerePlex |t headstage was connected to the flat flex-
ible cable on the head of the mice through a laboratory-made printed
circuitboard. We used a CerePlex Direct dataacquisition card and the
CerePlex software torecord and filter the electrophysiological record-
ings. The electrophysiological recording data were analysed offline.
Inbrief, raw recording data were filtered using abandpass filter in the
300-3,000 Hz frequency range. Spike sorting was performed using
Mountainsort 4 software (https://github.com/flatironinstitute/moun-
tainsort). The amplitude for each recording channel was calculated
by the peak-to-peak amplitude of all sorted spikes. The spiking times

of each cluster (that s, each single unit) were used to compute the ISI
histogram. Recordings of electrical activity from the spinal cord using
chronicallyimplanted PFPE-DMA neural probes were performed after
betweensix and eight weeks of implantation. For the spike-like electri-
cal activity, a250-3,000 Hz frequency range filter was applied to the
voltage signalsin the CerePlex software, and a threshold detection at
-5s.d.PCAwas used for dimension reductionand MATLAB'’s ‘kmeans’
function was used to cluster the extruded waveforms.

Immunostaining. Brain tissue. Immunohistochemistry and confo-
cal fluorescence imaging were performed according to our previ-
ous reports™®, (1) Mice were anaesthetized with 40-50 mg per kg
(body weight) sodium pentobarbital and then transcardially perfused
with 1x PBS (40 ml) and 4% paraformaldehyde (40 ml) followed by
decapitation. (2) The brainsimplanted with SU-8/PFPE-DMA probes
were removed from the cranium and post-fixed in paraformalde-
hyde for 24 h at 4 °C. (3) The samples were transferred to sucrose
solutions with a stepwise increase in concentration from 10%
to 30% (w/v) until they sunk to the bottom. (4) The samples were
embedded in optimal cutting temperature compound and cut into
30-um-thick slices using a cryostat. Brains implanted with SU-8
brain probes with the same thickness were used as controls. (5) The
brain slices were first incubated with primary antibodies (NeuN:
1:200 (ab177487, Abcam); GFAP: 1:200 (ab4674, Abcam or 3670,
Cell Signaling Technology); IBA1: 1:100, (ab5076, Abcam or 17198,
Cell Signaling Technology)) at 4 °C overnight. After washing with
1x PBS three times, the brain slices were incubated with secondary
antibodies at room temperature for 3-4 h. (6) The brain slices were
stained with 4’,6-diamidino-2-phenylindole (DAPI) for 10 min. (7)
After washing with 1x PBS, all samples were imaged with a Leica TCS
SP8 confocal microscope using the Leica Application Suite X soft-
ware platform 3.5.5 (https://www.leica-microsystems.com/products/
microscope-software/p/leica-las-x-Is/downloads/).

Spinal cord tissue. (1) At six weeks post-implantation, mice were
anaesthetized with 40-50 mg per kg (body weight) sodium pento-
barbital and then transcardially perfused with 1x PBS (40 ml) and 4%
paraformaldehyde (40 ml) followed by decapitation. (2) The spinal
cord tissues were removed and post-fixed in paraformaldehyde for
24 hat4 °C. (3) The fixed tissue samples were transferred to sucrose
solutions with a stepwise increase in concentration from10%to 30%
(w/v) until they sunk to the bottom. (4) The samples were embedded
inoptimal cutting temperature compound and cutinto 30-pm-thick
slices using a cryostat. Spinal cords implanted with 25-pm-thick PI
probes were used as controls, and a group of mice that received
spinal cord surgery without implants was used as sham controls.
(5) The spinal cord slices were incubated with primary antibodies
(GFAP: 1:200 (ab4674, Abcam) and IBA1: 1:100 (ab5076, Abcam))
at 4 °C overnight. After washing with 1x PBS three times, the slices
were incubated with secondary antibodies at room temperature for
3-4h. (6) The spinal cord slices were stained with DAPI for 10 min.
(7) After washing with 1x PBS, all samples were imaged with a Leica
TCS SP8 confocal microscope using the Leica Application Suite X
software platform 3.5.5.

Open-field testing. To perform the open-field analysis, we used a
40 x 40 x40 cm (length x width x height) open arena. Allanimals were
tested during their more active dark cycleinasound-attenuated labora-
tory maintained at 23 °C. The animals were placed in the centre of the
arenaand allowed to freely explore the open-field enclosure for 10 min
while being recorded with an overhead camera. Digital recordings
were collected, and the central positions of the animals were labelled
using the DeepLabCut (DLC) toolbox (https://github.com/DeepLab-
Cut/DeeplLabCut) for the motion analysis. The animals’ movements
were defined as periods when the velocity of the animals’ centre point
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averaged more than2 cm s The distance travelled and average speed
were calculated from the 10 min recording.

Gait analysis. The behaviour setup for the ladder-rung test involved
using a GoPro 11 camera at 240 frames per second to record the mice
consecutively running on a custom-made ladder. In this test, the
animals crossed horizontal ladders while their footfalls were being
recorded. Animals were habituated to aladder with regularly spaced
rungs before any experiments were performed. We used DLC to label
the hind paws and detect the footfall using a peak detection algorithm,
with video verification by the researchers. We also used DLC to per-
form limb tracking of six hindlimb joints (toe, metatarsophalangeal
joint, ankle, knee, hip and iliac crest) for kinematic analysis of the
hindlimb trajectories.

Simulations

Molecular dynamics simulations. (1) Low-density polymer matrices
(-60-70% of the equilibrium density of each polymer at 300 K) were
generated with five water molecules or five NaCl molecules added as
solutes. Each simulated polymer was simulated by 100 monomers
per chainand 15 chains per simulation box. The full breakdown of the
number of atoms per polymer architecture is summarized in Sup-
plementary Table 1. (2) The Maestro Suite of Schrodinger LLC® was
used to pack the polymer chains and water/NaCl molecules into a
simulation box. The force field used to describe the potential energy
of the systems is OPLS®®, as developed and optimized by Schrédinger.
For every polymer-solute combination, five independently generated
structures were created with the goal to better sample the phase space
of the polymer and to obtain ensemble averages and uncertainties.
(3) The MD simulations were run using the Desmond MD code®. A
time step of 1 fs was used to evolve the equations of motion. Once
generated, the structures were brought close to equilibriumat 300 K
through aset of MD stages described in Supplementary Table 2. (4) At
theend of the equilibration, a canonical simulation of 2 nswas runto
determine the density of the polymer at 300 K. (5) To determine the
diffusion, a simulation of 250 ns was run in the canonical ensemble.
The positions of allatoms/molecules of interest were tracked and the
mean squared displacement (MSD) was computed. The MSD versus
time curve was then post-processed to detect linear regions with a
slope (in the log-log plot) equal to unity (that is, corresponding to
the diffusive regime). This protocol was repeated for all polymer
structures at a different temperature to construct the Arrhenius plot
for all polymersinvestigated.

Finite element analysis. Abaqus 6.12 was used to analyse the mechani-
cal properties of different polymer probes. The goal of the simulations
isto evaluate the strain and stress concentration of composite beams
bending around a capillary of circular cross-sections under gravity.
The probesare made of three layers: a140-nm-thick central metal layer
betweentwo 4.5-um-thick dielectric layers with the elastic modulus of
PFPE-DMA or SU-8. The elements used are S4R5 or S4R, withamesh size
of 50 um, and acontact between the probes and the capillary modelled
by surface-to-surface normal forces only (shear-free contact).

Statistics and reproducibility

Theresults of the micrographsinFig.3c-e have beenrepeated indepen-
dently for more than three wafers. The devices shownin Extended Data
Fig. 6n-twerereproduced more than six times. The micrographicareas
shownin Extended DataFig. 7j,k have been captured for >32 intercon-
nects. The results shown in Extended Data Fig. 8h-k,m-o have been
repeated more than three times for each of the panels.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data and materials that supporting the findings of this study are
available within the paper and its Supplementary Information. Source
dataare provided with this paper.

Code availability

The authors declare that all the code supporting the findings of this
study are available within the paper and its Supplementary Informa-
tion. DeepLabCut is available at https://github.com/DeepLabCut/
DeeplLabCut. Mountainsort 4 is available at https://github.com/flati-
roninstitute/mountainsort. DropSnake is available at https://bigwww.
epfl.ch/demo/dropanalysis/.
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Extended Data Fig. 1| Modeling of electrical insulation performances of
thin-film dielectricsin electrodes. a, Schematic showing the transmission line
model with conductive losses through the thin film dielectric encapsulation
inarepresentative microelectrode structure. Vi, Vou, Zeiecs Zamps e Coand ry
denote the input voltage at the electrode tip, the output voltage, the electrode
tip electrochemicalimpedance, the amplifier’sinputimpedance, the sheet
resistance of the conductive line, the capacitance per unit length of the
dielectric, and the resistance per unit length of the dielectric, respectively.

b, Stripline geometry for the electrode interconnect line insulated by a dielectric.

10 10°

f (Hz)

L, h.,and h,denote the length of the electrode, the thickness of the conductor,
and the thickness of dielectric encapsulation on each side, respectively. ¢, Signal
attenuation at 10 kHz plotted as a function of h, (for a dielectric constant £,=3.2)
for various thicknesses h, of the metal line (with a conductivity o, = 4.5x10” S/m).
d, Signal attenuation as a function of frequency for various values of . at the
lossless (g,= 0) condition or lossy condition (g, = 5.18x10"® S/m) due to ionic
conduction within the dielectric encapsulation®. L = 0.05min (c) and (d),
h.=50nmandh,=1pmin(c).
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Extended DataFig. 2| Composite beam model of scalable neural probes.

a, Composite beam model of a neural probe with 2N-1layers of metal
interconnects. h,and h,, respectively denote the dielectric encapsulation and
metal layer thickness. b, Flexural rigidity in the composite beam model of
(a)as afunction of the number of metal layers. This is the same simulation as
used in Fig. 1g. ¢, Elastomer-to-plastic neural probes’ flexural rigidity ratio as a
function of the number of metal layers. We choose E, i = 4 GPa, V5 = 0.33,
Ectastomer = 0.5 MPQ, Vi i0mer = 0.5, Epperr = 79 GPQ, Vs = 0.22, hy= 2 pmand

h,, =40 nm. (d, e) X-dependent flexural rigidity considering the split of neutral
axis due to extreme modulus mismatch between metal and elastomer layer.
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d, Schematic for the trilayer beam bending problem. e, Flexural rigidity in the
majority of the probe away from the free ends approaches the Euler-Bernoulli
prediction. (f-h) Comparison of the mechanical behavior of soft PFPE-DMA and
stiff SU-8 neural probes. f, Bending of 9-um-thick, 500-um-wide PFPE-DMA (left)
and SU-8 (right) neural probes with a140-nm-thick central Au layer, around a
1-mm-diameter glass capillary. (g, h) Finite element analysis of the bending of
PFPE-DMA (left) and SU-8 (right) neural probes with the same geometry as in (f).
The maximum principal strain is represented in the central metal layer (g) and the
upper dielectric layer (h).
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diffusion of the molecule during the simulation. ¢, Comparison of polymer

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-023-01545-6

Ag/AgCl

Pt
counter electrode reference electrode

\*"Bs

1m(2)

(2]

Z>> (R/IC,) + R,

~<Z>>(RJIC) + R,
N

Log(1Z])

Phase (2) <

'
©
o

°

PFPE
-DMA

PHFIPA

PPFHEA

PIB

E_ 108 ~
G
E106 -
104 —
[ [ L1 1
0 e Pristine
o Aged

10°102 10%10°
Frequency (Hz)

e f
6 E
g &
i z :
— — !
® ® '
N N 1
1
1
105 \i 2
:" : t1/2/H
T T T
0 2 4 6 0 2 4 6
t/H?(days/pm?) t/H%(days/um?)
h 100 I 100
2 Device 1, ch 2
:3 -Q-Dev?ce 1,ch9
g0 | 80| T
g -7 = Device 2, ch 2
é 60 :g é Device 2,ch 9
-e-10 60 Device 2, ch 10
f—‘g I:; j_‘g :Device 2,¢h16
2 10 b 2 Don s kg
9 :g e 40 ~®-Device 3, ch 10
O -8-Mean1S.D. (@] —e-Device 3,ch 16
-®-Meant1S.D.
20 20
. .==¥=§gﬂﬁgf%§%fff§ .
10 10! 10° 108 10 10 10° 10°
Frequency (Hz) Frequency (Hz)

Extended Data Fig. 4 | See next page for caption.

Dielectric elastomer
Si/SiO, (500 nm) wafer

Ti/Au (15/50 nm)

16 15 14 13 12 11 10 9
7/ !

O == GG R S 2 Tﬂ

J 100

-@-Mean+1S.D.

o]
o

20

Cross-talk at 1 kHz (%)

0
0 10 20 30 40 50
Days

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-023-01545-6

Extended Data Fig. 4 | Electrochemical impedance spectroscopy (EIS)

of dielectric polymer thin film and crosstalk between encapsulated
microelectrodesin physiological solution over time. a, Schematic showing
the equivalent circuits of the dielectric polymer filmin the three electrodes
setup during EIS. R;and Z; represent the electrolyte resistance and interfacial
impedance between the electrolyte and dielectric polymer, respectively.

C,and R, represent the capacitance and resistance (due to the built-inionic
conductivity) of the dielectric polymer film, respectively. b, Schematic of a
typical Nyquist plot of the electrochemical impedance measured in (a) adapted
from Bard et al.” As the thickness of the dielectric layer defines C,, R,can be
extracted by fitting the Nyquist plot to a semi-circle at high frequencies”.

¢, Schematic of a typical Bode plot of the electrochemical impedancein (a). At
low frequencies, deviation from the purely capacitive behavior of the dielectric
polymer canbe observed due to the built-in ionic conductivity. d, Averaged Bode
plots (value=mean+S.D.,n=4,4,4,8,12,4,3, 4 samples for PFPE-DMA, PHFIPA,
PPFHEA, PDMS, H-SEBS, PIB, P1, SU-8, respectively) of modulus (top) and phase
(bottom) of the normalized electrochemical impedance of dielectric polymers
intheir pristine condition and after aging in10x PBS at 70 °C (at

t/H = 5 days/um?for PFPE-DMA, PHFIPA, PPFHEA, PDMS, H-SEBS, P1, SU-8

and t/H? =1.55 days/um?for PDMS*). (e, ), Modulus of the normalized

electrochemical impedance of various dielectric elastomers at 1 Hz (e) and 1 kHz
(f) as afunction of the normalized soaking time by the square of the sample
thicknessin10x PBS at 70 °C (value=mean+s.e.m.,n=4,4,4,8,12,4,3,4 samples
for PFPE-DMA, PHFIPA, PPFHEA, PDMS, H-SEBS, PIB, PI, SU-8, respectively). In
(f), t,,/H’ corresponds to the time required to decrease the initial modulus of the
normalized impedance (Z,) by 50%. *PDMS samples degradation is very fast and
debonding from the working electrode occurred around ¢/H? = 2 days/pm?
Therefore, experiments for PDMS characterization were stopped before
reaching t/H° = 5 days/um? The vertical scale break is used to plot the lowest
pointinthe PDMS curve. g, Schematics of the device used for the crosstalk test.
The device consists of anarray of 16 conductive metal interconnects regularly
spaced over two layers and encapsulated by 1.2-um-thick PFPE-DMA layers. The
test devices areimmersed in agrounded 1x PBS solution during measurement.
h, Crosstalk measured as a function of frequency between channel1and the 15
otherinterconnects of the array (n =15 interconnects). i, Crosstalk measured as
afunction of frequency for four interconnects located at the same position for
three different samples (n = 4 for each device). j, Crosstalk at 1 kHz for a given
sample (n=15interconnects) plotted as a function of soaking time in 1x PBS.
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Extended DataFig. 5| External Electrolyte Conductimetry (EEC) of dielectric
polymer thin film. a, Schematics of the experimental design. b, Schematics

of equivalent boundary value problem and results for the diffusion of ions
during EEC measurement. The schematics show ionic concentration inside the
ion-filled polymer thin film over time of soaking in DI water. C, represents the
initial concentration of ions in the polymer thin film, and Cis the concentration
ofionsin the DIwater. ¢, Fitting of the experimental results to obtain ionic
diffusivity D. d, Estimation of ionic diffusivity, D, and solubility, S, obtained by

EEC for dielectric polymer thin films. (e-g) Temperature dependence of ionic
diffusivity, solubility, and permeability of polymer thin films characterized by
EEC measurement. e, Logarithm of the ionic diffusivity, D, measured by the EEC
measurement, as a function of 1000/T (K™). f, Logarithm of the ionic solubility, S,
measured by EEC measurement, as a function of 1000/7T (K™). g, Logarithm of the
ionic permeability, P, defined as the product S*D as a function of 1000/T (K™). The
linear fits in (e-g) were used to obtain energy parameters in Supplementary
Table7. Tis the temperature for (e-g).
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Extended Data Fig. 6 | Mechanical testing of PFPE-DMA films under various
conditions. (a-e) Tensile testing of PFPE-DMA films. a, Stress-stretch curve in
uniaxial tension to rupture. The data are from Fig. 2h. b, Stress-stretch curvein
uniaxial tension, with a maximum tretch of 1.1to determine the elastic modulus
(strainrate of 0.2 s). ¢, Cyclic testing with a progressive increase in the maximum
stretch. d, Cyclic testing with a progressive increase in strain rate to show the
rate-dependency of the hysteresis. e, Pure shear test of two specimens with a pre-
crack to determine fracture toughness. We estimate a fracture toughness of 128
and 261J/m?for each specimen. (f-k) Adhesion energy measurements between
PFPE-DMA layers. (f, g) PFPE-DMA - PFPE-DMA adhesion energies measured with
the 90° peel test for two samples (using a stainless-steel microwire mesh in

(f) and aNylon meshin (g)) as a function of displacement. As the displacement
firstincreases, the crack blunts but does not grow, and the force increases

(thus the energy measured) until the crack starts to propagate. The plateau
characterizes the adhesion energy. Higher peeling rates correspond to

higher adhesion energy values, due to the viscoelasticity of PFPE-DMA.

h, PFPE-DMA - glass adhesion energy is lower than PFPE-DMA - PFPE-DMA
adhesion energyin (f, ). i, Schematic of the 90° peel test. A microwire mesh
(stainless steel or Nylon) lays on top of the first layer of PFPE-DMA solvent cast

and hard-baked on a glass slide. The second layer of PFPE-DMA, thicker than the
microwire mesh, is solvent casted and hard-baked on top of the mesh. Polyimide
tape prevents the adhesion of the microwire mesh to the bottom layer of PFPE-
DMA ononeside, toinitiate the pre-crack. j, Photograph of asample, tweezers
show the side with the polyimide tape for the pre-crack. k, Photograph taken
during the 90° peel test. I, Delamination-free large deformation of multilayer
PFPE-DMA neural probes. Photograph of a 4-metal layer PFPE-DMA neural

probe on athick, stretchable H-SEBS substrate before, during, and after uniaxial
stretching. m, Resistance of metal interconnects in PFPE-DMA neural probes
before and after uniaxial stretch. Relative changes in the resistance of the metal
interconnects before (n =3 interconnects) and after (n = 3 interconnects)
releasing the device from the fabrication substrate and applied 2% (n =1sample)
and 5% (n =1sample) uniaxial stretch (value=mean +S.D. when n >1samples).
(n-t) SEM images of a multilayer soft neural probe after undergoing an
accelerated aging testin 1x PBS at 65 °C for 10 days. SEM overview of the probe
(n) with three FIB-cut positions labeled in green, orange, and red, corresponding
to cross-sections along the interconnect direction at the interface of electrode
andinterconnect (o, r), (p, s) parallel to the interconnects, (q, t) perpendicular to
theinterconnects.
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Extended Data Fig. 7| Nanofabrication of soft neural probes. a, Schematics
showing the stepwise nanofabrication process of 3D stacked soft electrode
arrays encapsulated by PFPE-DMA elastomers. (b, ¢) Schematic design (b) and
photographicimage (c) showing the photomask aligner-compatible, 3D-printed
Nitrogen diffuser that provides the Nitrogen atmosphere for an oxygen-free
photolithography. The Nitrogen diffuser is compatible with the standard

3-inch chuck of aKarl Suss MA6 mask aligner. (d, ) Schematics show the side
views of the fabrication substrate inside a photomask aligner without (d) or

with (e) a photolithographically defined SU-8 spacer. Without the SU-8 spacer,
the direct contact to the photomask damages the soft fluorinated elastomer
precursor spin-coated onto the substrate (a). In contrast, with the spacer, the few
micrometers gap between the PFPE-DMA surface and the photomask preserves
the integrity and smooth surface of PFPE-DMA film, allowing for high-resolution
patterning required for the soft brain probes fabrication. (f-h) Enabling
photolithographic patterning of metals by plasma treatment of PFPE-DMA films.
f, Photograph of DI water (top) and LOR 3 A (bottom) drops on the PFPE-DMA
film surfaces in their pristine state, immediately after 6 min plasma treatment,
and1hrinambient condition after the plasma treatment. (g, h), DI water (g) and
LOR3A (h) drops contact angles as a function of plasma parameters. n = 4 drops
for each sample (except ‘DI Water -2 min, t = 0’,'LOR3A - Pristine’ and ‘LOR3A -

6 min, t=0"for whichn=3,5and 5 drops respectively), value = mean +S.D.

*** p < 0.001, two-tailed, unpaired t-test. The results suggest a significant
decreasein LOR 3 A contact angle after 6 min plasma treatment, which, however,
canonly last for less than 30 min. (i-k) Bonding input/output (I/O) metal pads

to flexible cables. i, Schematic of the side view of a brain probe showing that

I/0 pads are defined on the silica substrate for bonding and connected to
interconnects through the smooth edge of the slightly overexposed PFPE-DMA
dielectric layer. Flexible cables are bonded through the anisotropic conductive
film to 1/0 pads. j, BF microscopic image of a 250-pm-wide 1/0 pad. Scale bar,

50 pm.k, Zoom-in view of the red box highlighted region in (j). The focal plane in
theimages has been adjusted stepwise (indicated by black arrows) to show that
the sputtered Al/Au layer deposited on the smooth edge of the PFPE-DMA layer
connected with the Cr/Aul/O pads. 1, Schematic showing that smooth edges of
the overexposed PFPE-DMA dielectric layers are necessary for ensuring the
metal interconnects from the PFPE-DMA layers can connect to the I/O regions
on thesilicon oxide substrate. m, Pseudo-colored SEM images showing the metal
interconnects patterned from the PFPE-DMA layers to the /O pads on

the substrate. Pseudo-colors were used to highlight different metal and
PFPE-DMA layers.
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Extended Data Fig. 8 | Imaging and characterization of soft neural probes.
(a-c) Array of PFPE-DMA neural probes containing four layers of electrode arrays
with 64 channels. The array is positioned next to aten-cent dimein (a), floating on
the surface of awater dropletin (b), and bent on a thick H-SEBS substrate in (c).

d, Stitched BF optical images showing an array of PFPE-DMA neural probes, each
containing four layers of electrode arrays with 64 channels, ona100-nm-thick
nickel layer pattern onasilicon wafer. e, Zoom-in BF image showing the sensor
region of arepresentative neural probe. f, Height profile along the blue arrow in
(e) measured by profilometer, showing the smooth PFPE-DMA and metal layers.
g, Zoom-in view of the region highlighted by the red dashed box in (e). (h, i), SEM
images of the neural probe design seenin (d, e, ). j-k, SEM images of curved edge
PFPE-DMA features on asilicon oxide wafer. 1, Optical images of high-density Au
interconnects with awidth of 2.4 pum and pitch of 5.0 um. m, FIB combined with

SEM showing the cross-section of the red dashed box highlighted regionin the
inset. (n, 0) FIBcombined with SEM images showing the cross-section before and
after stretching the neural probe with four layers of electrode arrays to 20% and
releasing them. p, Resistance measurement of Al/Au interconnects on PFPE-DMA
with different length-to-width ratios. The Al/Au interconnects have a thickness
0of 40/100 nm. q, Wafer-scale fabrication of PFPE-DMA neural probes on two
3-inchsilicon oxide wafers. Each wafer contains 9 probes. (r, s) Electroplating
of Ptblack on the metal electrodes in PFPE-DMA neural probes. r, Sputtered Al/
Auelectrodes after PEDOT:PSS electrodeposition. s, Sputtered Al/Au electrodes
after Pt Black electrodeposition by cyclic voltammetry. t, Chronicimpedance
measurements of PFPE-DMA neural probes. Impedance modulus of 40 pm-
diameter electrodes with sputtered Ptimmediately after device release and after
soakingin1x PBS at 37 °C, n =14 electrodes, value=mean +S.D.
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Extended Data Fig. 9 | Implantation of soft neural probes in the mice brain.
(a, b) Schematics showing the shuttle-driven implantation technique for
elastomer-based brain probes. a, The brain probe held by a SU-8 plastic frame was
transferred to the brain surface. b, Schematics showing the implantation steps
(side view). (I) After positioning the probe on the brain surface, a tungsten shuttle
(core diameter of 70 um, conically etched at the tip) pokes through a hole at the
top of the device and penetrates the brain tissue. (1) Once the desired depth
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ofimplantationis reached, the tungsten shuttle is withdrawn from the brain
tissue. (Ill) The SU-8 plastic frame, lying on the surface of the brain, is removed
before (1V) sealing the craniotomy area with dental cement. ¢, Shuttle-driven
implantation during craniotomy. A soft brain probe is guided inside brain tissues
by atungsten shuttle which pokes through a circular hole at the top of the device.
d, Schematic of measurement setup for head-fixed mouse.
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Extended Data Fig. 10 | Long-term stable brain electrophysiology by a 2-pum- post-implantation weeks in the PCA space. PCl1and PC2 represent the first two
thick, single metal-layer soft neural probe. a, (Top) Typical unit activities axesinthe PCA from the clustering algorithm. (e-g) Noise level per channel
(300-3,000 Hz bandpass filtered) from a PFPE-DMA soft brain probe at 4-week (e), peak-valley amplitude (), and firing rate (g) of the units detected in (c)
post-implantation. (Bottom) Unit activities of the dashed red box highlighted (n=8units, mean +S.D.) vs.implantation time. h, Biweekly evolution of the ISI
regioninthe top panel. b, Average single-unit waveforms detected in (a). distribution for each unit shown in panel (c), bin size 2 ms. i, Waveform similarity
¢, Representative average waveforms from 2- to 10-week post-implantation. of the units detected in (c-h) (n = 8 units, mean +S.D.) as a function of post-
d, Clusters of waveforms detected for each channelin (c) as a function of implantation weeks compared.
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research/support/software/. Leica Application Suite X software platform 3.5.5 was used to acquire fluorescence images. EC-Lab V11.36 was
used with a SP-150e single channel potentiostat from BiolLogic for electrochemical impedance spectrums acquisition.

Data analysis MountainSort 4: https://github.com/flatironinstitute/mountainsort
DropSnake: https://bigwww.epfl.ch/demo/dropanalysis/
Deeplabcut: http://www.mackenziemathislab.org/deeplabcut
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data and materials availability: All data and materials supporting the findings of this study are available within the paper and its Supplementary Information. The
raw datasets generated during the study are provided within the source data. Source data are available for Figs. 1-5, Extended Data Figs. 3-8 and 10. Source data
are provided within this paper.
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Sample size Sample sizes were estimated based on previous studies.
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Data exclusions  Animals with surgical complications and that displayed health concerns during the post-surgery monitoring period were excluded based on
pre-established criteria.

Replication All the experiments were replicated. The number of repetitions for each experiment has been indicated in the manuscript. Attempts at
replication were successful and the conclusion were drawn from the analysis of multiple experiments.

Randomization  Mice were randomized into different groups

Blinding Investigators were blinded to data collection and analyses of fluorescence images. Blinding was not relevant to this long-term
electrophysiological recording because the animals were not divided into control and experimental groups.
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Involved in the study

Eukaryotic cell lines

n/a | Involved in the study
|X| |:| ChiIP-seq
|X| |:| Flow cytometry

Palaeontology and archaeology |X| |:| MRI-based neuroimaging

Animals and other organisms

Dual use research of concern

Antibodies used

Validation

Primary antibodies:

Chicken anti-glial fibrillary protein GFAP (Abcam, Catalog #ab4674, Lot #GR3281175-3)

Goat anti-ionized calcium binding adaptor molecule 1 (Ibal) (Abcam, Catalog #ab5076, Lot #GR63420-3)
Rabbit anti-neuronal nuclear NeuN (Abcam, Catalog #ab177487, Lot #GR3250076-7)

GFAP (GAS5) Mouse mAb (Cell Signaling Technology, #3670)

Ibal/AIF-1 (E404W) XP® Rabbit mAb (Cell Signaling Technology, #17198)

All primary antibodies were diluted 1:100-1:200

Secondary antibodies:

Alexa Fluor 647 donkey anti-chicken (Jackson Immunoresearch, Catalog #a703605133, Lot #GR144948)
Alexa Fluor 647 goat anti-mouse (Invitrogen, Catalog#A21236)

Alexa Fluor 594 donkey anti-goat (Invitrogen,Catalog #A32758, Lot #T1271731)

Alexa Fluor 555 goat anti-rabbit (Invitrogen, Catalog#A21429)

Alexa Fluor 488 donkey anti-rabbit (Invitrogen,Catalog #A21206, Lot #2045215)

All secondary antibodies were diluted 1:500

Validation statement on the manufacturer's website and citations such as https://www.abcam.com/gfap-antibody-ab4674.html,
https://www.abcam.com/neun-antibody-epr12763-neuronal-marker-ab177487.html, https://www.citeab.com/antibodies/2401269-
a-21236-goat-anti-mouse-igg-h-I-highly-cross-adsor.

Yang, X. et al. Bioinspired neuron-like electronics. Nat. Mater. 18, 510-517 (2019).

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

C57BJ/6 mice (25-35g; 6-8 weeks of age). Mice were housed at a temperature is 22 + 1 degree Celsius and humidity is 30-70%.
The study did not involve wild animals.

Sex was not consider in this work

The study did not involve samples collected from the field.

All procedures were approved by the Animal Care and Use Committee of Harvard University under protocols 19-03-348 and
20-05-368 .

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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