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Bioelectronic implants in the deep brain provide the opportunity to monitor deep brain activity with
potential applications in disease diagnostics and treatment. However, mechanical mismatch between
a probe and brain tissue can cause surgical trauma in the brain and limit chronic probe-based
monitoring, leading to performance degradation. Here, we report a transient shuttle-based probe
consisting of a PVA and a mesh-type probe. A rigid shuttle based on PVA implants an ultrathin mesh
probe in the target deep brain without a tangle, while creating both a sharp edge for facile penetration
into the brain and an anti-friction layer between the probe and brain tissue through dissolving its
surface. The capability to shuttle dissolved materials can exclude the retracted process of the shuttle
in the brain. Complete dissolution of the shuttle provides a dramatic decrease (~1078-fold) in the
stiffness of the probe, which can therefore chronically monitor a wide area of the brain. These results
indicate the ability to use a simplistic design for implantation of wide and deep brain probes while
preventing unnecessary damage to the brain and probe degradation during long-term use.

Long-term monitoring of deep brain activity across a wide range of regions
could reveal underlying mechanisms of disease and recognition'™. A typical
approach for determining the exact location of electrodes for monitoring
deep in the brain is surface penetration with high rigidity probes™
However, achieving such a facile implant of probe into the soft brain
through rigidity is a critical challenge for chronic monitoring of the brain.
The high stiffness mismatch between the rigid probe and soft brain tissue
induces gliosis in the probe as an immune response, as indicated by long-
term measurements of the probe'””"”. Additionally, movement of the brain
implanted with a rigid probe may disturb the stability of the recording of the
probe]"l,lezo.

A flexible probe constructed from materials and structures is a
remarkable strategy for accessing chronic implants in the deep brain* . A
flexible probe with a stiffness that is relatively similar to that of soft brain
tissue does not cause degradation of the recording of the probe or functional
recovery of the wounded neurons. Such a probe requires rigid shuttle-
assisted implantation to be transferred to the inner brain, which is difficult to
penetrate. However, the rigidity of the shuttle can cause the mechanical
mismatching between the soft brain and the rigid shuttle, potentially leading
to scratches. Additionally, withdrawal of the shuttle after transfer of the
probe causes further injury, which is again associated with friction and pulls

the brain in the direction of withdrawal’* . In particular, implantation in a
wide area of the brain can increase the possibility of secondary damage.
Approach of using soluble materials as a supporting layer to prevent the
bending can be leveraged for implanting the flexible electronics into the deep
brain®~"'. However, these implants are restricted to relatively narrow areas
of the brain or require the withdrawal of the shuttle due to the long soluble
time, leading to the secondary shear stress on the tissues. Additionally, the
process of withdrawing the shuttle may cause bending or extraction of the
implanted electronics due to adhesion between melted shuttle and the
implanted probe.

Here, we report the use of a transient shuttle-based probe to minimize
secondary damage during wide and deep brain implantation. The
changeable stiffness (1078-fold) of this system obtained by means of dis-
solvable PVA enables the ultrathin mesh electrode (thickness: 10 um) to
penetrate the brain through high bending stiffness (3.59 nN m*) without
tangles and to be implanted in the deep brain in a state of low bending
stiffness (3.33 pN m?). Dissolvability of the PVA results in the formation of a
sharp edge and lubricant layer, decreasing the damage resulting from
penetration and shear stress between the probe and the target brain tissue
during insertion, respectively. After insertion of the probe system, the fully
dissolved shuttle of the PVA does not require the withdrawal of the shuttle,
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preventing the damage and displacement of the probe from the target
position with the tangle. Additionally, the flexibility of the mesh electrode
achieved through dissolving the shuttle is suitable for chronic implantation,
exhibiting a minimal immune response in the mouse brain. Moreover,
during such testing, neurons gradually approach the mesh electrode during
implantation due to the small gap in stiffness between the probe and brain.

Results

Overview of transient shuttle-based probe for implantation into
the brain

A schematic illustration, as shown in Fig. la, shows the onboard mesh
electrode in the transient shuttle based on the PVA for insertion into the
brain. Due to the relatively high stiffness of the PVA, flexible mesh-type
electrodes were embedded for insertion into the brain without bending
(Fig. 1b). Additionally, dissolution of PVA in the brain provides flexibility to
the mesh electrode in the implanted state to prevent chronic inflammatory
reactions. This change in stiffness of the transient shuttle-based probe ori-
ginates from the reaction with moisture (Fig. 1¢)*. Here, cutting of agarose
gel through PVA summarize an ability of rigidity change in the transient
shuttle (Supplementary Fig. 1). PVA is readily dissolvable in a moisture-rich
agarose gel after cutting. This dissolvable transient shuttle simultaneously
offers rigidity for insertion and flexibility for chronic implantation of the
mesh electrode, achieved through a stiffness change (before insertion:
3.59 nN m’, after insertion: 3.33 pN m®) of ~1078-fold (Fig. 1d and Sup-
plementary Fig. 2). Another advantage of the transient shuttling of PVA is
creating the sharp edge and lubrication layer of inserting probes. A dis-
solvable PVA coating decreases the stress between the probe and the brain
tissue and the associated damage from the penetration and scratches to the
tissue (Fig. le).

Figure 1f shows sequential images of the transient shuttle-based probe
implanted in the agarose gel phantom. A mesh electrode connected to an
inserter through a PVA coating of high stiffness penetrates the agarose gel
and occupies the desired position without a tangle. Furthermore, the process
of withdrawing the inserter after dissolving the PVA shuttle does not
influence the position of the implanted mesh electrode without dragging
into the inserter. This approach using stiffness changes of the transient
shuttle-based probe, as shown by immunostaining in Fig. 1g, h, demon-
strated chronic implantation of the mesh electrode in a widespread area of
the deep brain of mice. Injury to brain tissue accompanies surgical damage
to neurons and an acute inflammatory response in the initial state, but these
phenomena are not connected to a decrease in neuron density or a chronic
inflammatory response over time (~6 weeks) (Fig. 1i). Additional details on
the rigidity decreases of the transient shuttle-based probe appear in Sup-
plementary Note 1 and Supplementary Fig. 2.

Mechanical characteristics of transient shuttle-based probes
during insertion
The stable insertion of a neural probe into targeted brain tissue requires high
stiffness for penetration without bending or buckling™. Figure 2a shows the
fabrication process of the transient shuttle-based probe (width: 2.14 mm,
height: 4 mm, thickness: 60 um) consisting of PVA and a mesh-type elec-
trode (thickness of SU-8: 10 um). The process was as follows: a PV A solution
was poured into a mesh electrode and inserted into a PDMS mold. The mesh
electrode encapsulated with the PVA solution was oven cured for 30 min
and then separated from the PDMS mold. The details of the fabrication
process, including the mesh electrode, are provided in the Supplementary
Methods and Supplementary Fig. 3. Figure 2b and Supplementary Fig. 4
present sequential images of the transient shuttle-based probe soaked in PBS
(~37 °C). The diffusion of water into the voids of the mesh electrode enables
the prompt dissolution and separation of the mesh electrode with the
inserter (~6 min) (Fig. 2c and Supplementary Fig. 5). Supplementary Video
1 summarizes the process of separating the mesh electrode through dis-
solving the transient shuttle of PVA.

To test the insertion of the transient shuttle-based probe into the target
point without incurring mechanical failure, we fabricated the brain tissue

phantom using agarose gel (0.6 wt%, shear modulus: 615 Pa), similar to the
rigidity of the brain (Supplementary Fig. 6)***. Figure 2d shows the process
of inserting the probe into the agarose gel after soaking in liquid nitrogen to
delay the decrease in rigidity of PVA. When inserting the probe into gel,
dissolving of PVA starting from the contact edge with gel changed the
footprint of the shuttle with the sharp shape. Due to this decrease of the
footprint, the probe was able to cross the agarose gel without bending and
was located at the target position in the widespread state (Fig. 2¢). The PVA
coating of the probe also influenced the minimized friction with the targeted
tissue as well as facile penetration. Supplementary Fig. 7a, b present coated
materials can minimize the friction and associated scratches to the tissue. To
decouple effect of the stress reduction via the decrease of the footprint, we
design test using SU-8 and oiled SU-8, where SU-8 does not dissolve in the
agarose gel to exclude the effect of the footprint decrease. Insertion of the
SU-8 and oiled SU-8 into agarose gel yielded the similar normal stress (first
peak) during the penetration of agarose gel's surface, respectably. After
penetrating the agarose gel’s surface, both sides of SU-8 contacts with the gel,
which induces the shear stress (second peak) between the SU-8 and the
agarose gel. In contrast to the relative high shear stress observed during the
surface penetration of SU-8 without oil, oiled SU-8 was able to reduce the
shear stress. The phenomenon becomes more apparent when the frictional
force of PVA-coated probe and noncoated probe is measured and compared
on a wet surface (Fig. 2f). The anti-friction layer through dissolved PVA
yields a relatively low frictional force. Another factor that influences the
stress to the brain is the insertion speed of the PVA-coated probe. To
determine the optimum insertion speed, we inserted the probe at a range of
different speeds (1 mm ™", 500 um s}, 250 ym s ', and 100 um s~ "). When
inserting the probe at 500 ums™', the measured force is relatively low,
compared to that at 1 mms ™' (Supplementary Fig. 8a, b). However, the
slower speeds of insertion (250 pms™" and 100 ums™") resulted in the
bending of the transient shuttle due to dissolution (Supplementary Fig.
8¢, d). This reduction in footprint and friction decreased both the normal
and shear stress between the probe and the agarose gel at the optimum
insertion speed (500 ums™") (Fig. 2g). Additionally, the FEA simulation
results with and without the PVA coating, as shown in Fig. 2h, i, demon-
strate that, compared with the uncoated probe, the transient shuttle-based
probe easily penetrates the target tissue with low friction. This facile fabri-
cation of the transient shuttle potentially enables the various designs of mesh
electrodes to be dependent on the monitored tissue of the brain (Supple-
mentary Fig. 9). Similarly, the transient shuttle of PVA transfers mesh
electrodes of complex design into agarose gels without tangles (Fig. 2j).

Mechanical characteristics of transient shuttle-based probes
during withdrawal
An external force for withdrawing a shuttle may cause the mesh electrode to
be implanted in an undesirable position while the mesh is angled. Addi-
tionally, pulling accompanied by friction between the shuttle and the brain
can yield secondary damage’**. To validate that the transient shuttle pre-
vents this secondary damage, we compared the forces applied to the agarose
gel during inserter withdrawal between transient and non-transient shuttles.
Fully dissolving PVA in the connecting site, as shown in Fig. 3a, did not
cause an entangled mesh electrode in the agarose gel during the withdrawal
of the inserter. Achieving such a withdrawal, without influencing the
position of the mesh electrode, has the advantage of preventing secondary
damage in the brain. For example, a transient shuttle that can disconnect a
mesh electrode, as shown in Fig. 3b, exhibits minimal frictional force in the
inserted area of the mesh electrode. Conversely, the non-transient shuttle
induces frictional force during withdrawal (Fig. 3c). Additionally, retraction
process of the non-transient shuttle may risk entangling the flexible mesh
electrode (Supplementary Fig. 10). Supplementary Video 2 depicts insertion
of the probe and withdrawal of the inserter into and out of the agarose gel.
Because mechanical mismatching between the probe and brain
increases the possibility of an inflammatory immune response in the brain
and disturbs stable monitoring during movement, flexibility accompanied
by low bending stiffness is crucial for implantation for a long period™ .
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Fig. 1 | Transient shuttle-based probe for chronic implant without secondary
damage into a brain. a Schematic illustration of the transient shuttle-based probe
inserted into the mouse brain. b Changes in the rigidity of the transient shuttle-based
probe (PVA-coated mesh electrode) during the implantation process. ¢ Sequential
images for dissolving PVA in a PBS solution at 37 °C (scale bar: 2 mm).

d, e Schematic illustration and graph of the (d) stiffness change (before insertion:
3.59 nN m’, after insertion: 3.33 pN m?) and (e) stress minimization to the brain
through the decrease of the contact area and lubrication effect for inserting the
transient shuttle-based probe. f Sequential image of the process of implanting the
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probe into the agarose gel (scale bar: 3 mm, 1 mm (inset)). g, h Confocal fluorescence
microscopy images of (g) neuronal and (h) microglial changes in brain tissue during
implantation of the probe (scale bar: 200 um). i Experimental intensity data for
neurons and microglia within 0-25 mm proximity to the probe were recorded at
intervals of 2 days, 2 weeks, and 6 weeks post-implantation (repeated on N=3
independent samples; all error bars represent mean + s.e.m.; independent two-
sample f test), and trend graphs were constructed based on the outcomes of the
statistical significance tests. *P < 0.05, **P < 0.01 (Student’s  test). Panels aand b are
reproduced with permission from Turbosquid and 3D models.

npj Flexible Electronics | (2024)8:40



https://doi.org/10.1038/s41528-024-00328-w

Article

a

Inserter \

Mesh electrode

(UDa

PVA
solution

Dissolution

PVA
PBS @ 37°C

Heat

PVA layer -
e I OO0000000O

Tiesit elloairadls

12 —— W/ coating WI/O coating
[N Pulli
= focs” 8]
-4 No coalmg
;’ (High friction)
£0.8
L
© Pulling PVA coti
B | e
-g 0.4 « Dissolved PVA &
o (Low friction)
uh' W <
0.0 T T T
0 5 10 15 20

Displacement (mm)

g9
0.124 = W/ coating WI/O coating
Insinion Insertion
l l Su-8
g 0.081 (Loon) (HIg’ M%Ion)
> | | | .
© Agarose gel Agarose gel
(<]
* 0.041
0.00 T T T
0 4 6

2
Displacement (mm)

Friction coefficient :

High
friction

Friction coefficient : 0.10

Double layer

Cutting plane
of the brain

IR.'\

Serpentine Snow crystal

Mimosa

\\//V;\PQ L

Fig. 2 | Characterization of the transient shuttle-based probe for insertion.

a Fabrication process for the transient shuttle-based probe using PVA and a mesh
electrode. b Sequential images for dissolving the mesh electrode embedded in PVA
in PBS solution. ¢ Schematic image of the separation process of the mesh electrode
from PVA in PBS solution (scale bar: 1 mm). d Sequential images of the process of
inserting the transient shuttle-based probe into an agarose gel (scale bar: 1 cm (left),
3 mm (middle), 3 mm (right)). e Photograph image of a widespread probe in an

agarose gel without a tangle (scale bar: 1 mm). f Comparison of the friction prop-
erties of the probe with and without the PVA coating in a wet environment (N = 3: N
is the number of the repeated measurements). g Comparison of the shear forces of
the probe with and without the PVA coating during insertion (N = 3). h, i FEA
models of the inserted probe with and without the PVA coating. j Photographic
images of various designs of inserted mesh electrodes through a transient shuttle in
an agarose gel (scale bar: 2 mm, 500 pm (inset)).
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Fig. 3 | Mechanical characterization of the transient shuttle-based probe for a
withdrawal and chronic implant. a Photograph image of a mesh electrode dis-
connected from the inserter (scale bar: 3 mm (left), 1 mm (right)). b, ¢ Force mea-
sured during withdrawal of the inserter connected with (b) the transient and (c) non-
transient shuttle (N = 3: N is the number of the repeated measurements).

d Schematic illustration of the behavior of an implanted mesh electrode in a swayed
brain. e Schematic illustration of the mechanical modeling used to confirm the

performance of the mesh electrode in the dynamic state. f Unbroken agarose gel with
the mesh electrode for the vibration test (scale bar: 2 mm). g Broken agarose gel with
a needle electrode for a vibration test (scale bar: 2 mm). h Comparison of the
resistance changes in the mesh and needle electrode for the vibration test (N = 3).
i,j FEA models of the implanted mesh and needle electrode in the swayed state. Panel
d is reproduced with permission from Turbosquid and 3D models.

Figure 3d shows the behavior of a mouse implanting the mesh electrode
through the transient shuttle, where the mesh electrode can follow brain
movement without disconnection or damage to the brain. To test the
mechanical stability of the inserted mesh electrode in the brain, we designed
the test using a vibration shaker incorporating the spring dampers that
simulates the movement of the user-implanting mesh electrode (Fig. 3e,

Supplementary Video 3, and Supplementary Fig. 11). The mesh and rigid
electrode are fixed at a rigid shell after insertion into agarose gel. A fast,
dissolvable transient shuttle (~6 min) in a wet environment can provide
stiffness matching that of the mesh electrode and brain tissue after effective
insertion using high bending stiffness. In this case, the vibration into the
mesh electrode did not disrupt the agarose gel because of an ~1078-fold
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decrease in stiffness after its insertion (Fig. 3f and Supplementary Fig. 12a).
In contrast, when the rigid probe was used to separate the agarose gel, the
blue dye permeated the gel (Fig. 3g and Supplementary Fig. 12b). Such
mechanical mismatching disturbs the stable measurement of electrical
signals from nerve cells. Figure 3h shows a comparison of the electrical
resistance changes in the mesh and needle electrodes for the vibrated
situation (~17 Hz). After the electrode was removed from the PVA coating,
the electrical resistance was stably monitored through flexibility following
the shaking procedure (Supplementary Fig. 13). The rigid needle electrode
causes unstable electrical signals resulting from connection and dis-
connection with the split agarose gel. The results of finite element analysis
(FEA) of the mesh and needle electrodes, as shown in Fig. 31, j, highlight the
possibility of chronic implantation of the mesh electrode being transferred
by the transient shuttle in the brain. The vibration applied to the needle
electrode in an agarose gel generates a distribution of relatively high stress
outside the implanted area of the electrode compared to that of the area
covered by the mesh electrode.

In vivo test using mouse brains for insertion and withdrawal
Figure 4a and Supplementary Video 4 show the results of an in vivo test in
which a mouse was used to confirm the ability of the transient shuttle-based
probe to prevent secondary damage during insertion of the mesh electrode
and withdrawal of the inserter. The designed experimental set, as shown in
Supplementary Fig. 14, allows the implantation of the transient shuttle-
based probe at a constant speed (~1 mm s™"). To validate the ability of the
transient shuttle-based probe to prevent secondary damage, the insertion
test involves the insertion and withdrawal of the transient shuttle and a
reference non-transient shuttle (Fig. 4b). When the transient shuttle was
inserted, the relatively low friction and shear forces (~43.5 mN) effectively
decreased the damage in the brain through the lubrication effect and the
reduced footprint of the dissolved PVA. In contrast, non-transient shuttling
based on the SU-8 intensely scrapes the brain, resulting from high friction
and shear force (~76 mN) between the brain and the shuttle. Such shear
stress in the brain gradually decreases but may cause surgical damage
(~10 mN) until withdrawal of the shuttle”’. Moreover, attachment of brain
tissue to a non-transient shuttle after its insertion induces a pulling force
(~27.5mN) and associated damage to the brain when the shuttle is
withdrawn". Conversely, the transient shuttle becomes fully dissolved in the
brain without the potential scratch to the tissue, eliminating the withdrawal
process of the shuttle. When the probe implantation was complete, the
measured pulse wave in the mouse brain indicated the survival of the mouse
during and after the probe implantation (Supplementary Fig. 15).

Figure 4c shows the position of the mesh electrode transferred by the
transient shuttle into the mouse brain (width: 9.5 mm, length: 15 mm,
depth: 6 mm), from which the inserter was withdrawn. The mesh electrode
(width: 2.14 mm, length: 4 mm) was inserted to a depth of 4.5mm at
positions approximately +1.5 to +2.0 mm ML (medial-lateral) from the
midline of the mouse brain. As shown in Fig. 4d, we intentionally embedded
the electrode in the vertical direction in the mesh to provide intuitive insight
into the straightened or tangle state of the electrode in the micro-CT image.
Due to the transient shuttling of high bending stiffness, the mesh electrode
could be straightened into the targeted mouse brain without requiring a
tangle (Fig. 4e and Supplementary Fig. 16). Figure 4f shows the horizontally
measured fluorescence intensity, which indicates the gap between the lines
of the mesh electrode at regular intervals spanning the depth of the brain
(0.5-3.0 mm). Here, the inserted metal electrode spacing (~130 um) at most
measured points is similar to the initial gap between electrodes (130 pm)
before insertion (Fig. 4g). Effectively delivering the mesh electrode through
the transient shuttle became more pronounced while maintaining the
constant vertical length of the electrode of the mesh after insertion (Fig. 4h).
A relatively minor change in the vertical length of the metal line (~2%), as
well as its equal line spacing, demonstrated that the transient shuttle can be
used to implant the mesh electrode without a tangle in the mouse brain. The
detailed process of measuring the electrode gap and length is provided in
Supplementary Note 2.

Histology studies of chronic implantation of the transient shuttle-
based probe in mouse brains

Stiffness mismatching between a probe and brain tissue for chronic
implantation causes a foreign body reaction (e.g., microglia and astrocytes)
and associated degradation of the probe performance**’. Chronic inflam-
matory cells in the scarred tissue at the inserted position also disturb the
regeneration of neurons”. Figure 5 shows the results of histological studies of
mouse brains chronically implanted with mesh electrodes transferred by the
transient shuttle. The brain tissue was stained with neuronal nuclear antigen
(NeuN, green) to label neurons, ionized calcium-binding adapter molecule
(IBA1, orange) to label microglia or glial fibrillary acidic protein (GFAP,
orange) to label astrocytes together with 4’,6-diamidino-2-phenylindole
(DAPI, Blue) to label all nuclei. The mouse brain was sliced with a mesh
electrode to evaluate changes in the behavior of neurons and the immune
response over the course of the experiment. The detailed process of staining
the mouse brain sections is provided in Supplementary Note 3.

Figure 5a, b shows the behavior of neurons and microglia or astrocytes
of the dentate gyrus (Fig. 5¢) near the implantation position of the transient
shuttle-based probe for 6 weeks. The white dashed line indicates the
boundary of the mesh electrode implanted into the brain. Insertion of a rigid
transient shuttle damages tissue near the probe (distance from the probe:
~130 pm), including neurons, in the initial period. However, promptly
dissolving shuttles in the brain increases the flexibility of the mesh electrode
for the regeneration of neurons adjacent to the implanted position between
2 and 6 weeks after insertion (distance from the probe: ~60 pm) (Fig. 5d). In
contrast, SU-8 film promotes neuronal regeneration starting only 6 weeks
after insertion (Supplementary Fig. 17a). The intensity of neurons and glia
cells like microglia and astrocytes near the mesh electrode is an important
indicator for confirming the possibility of chronic implantation of a tran-
sient shuttle-based probe and monitoring neural signals. An intensity
measurement method of the neurons, microglia and astrocytes according to
each period is explained in Supplementary Note 4 and Supplementary Fig.
18. To briefly explain the process for this test, we grouped the image pixels
into groups with 25 pm intervals to comparatively analyze the brain tissue at
risk of being influenced (distance from the probe: 0-400 um) and the
noninfluenced brain tissue (distance from the probe: 400-425 pm) for
surgical damage. Figure 5e—g shows the changes in the intensities of neu-
rons, microglia and astrocytes at 2 days, 2 weeks, and 6 weeks, respectively.
Although the neuron intensity, calculated as the distance from the mesh
electrode surface across the entire range, was relatively uneven during the
initial period of implantation, an increase in the neuron intensity near the
mesh electrode demonstrated the stability of the mesh electrode in the brain,
in addition to the former resulting in a decrease in the distance between the
mesh electrode and neurons (Fig. 5e). The phenomenon of stable movement
of the chronically implanted mesh electrode became more pronounced
when the number of microglia that responded to the foreign object
decreased over time, as shown in Fig. 5f. For an initial period of 2 weeks, the
presence of the mesh electrode in the tissue elicits relatively high numbers of
microglia, which is attributable to the acute immune response. However,
such an acute immune response does not progress with a chronic inflam-
matory response through dissolution of the rigid coating of the mesh
electrode, which was proven by immunostaining for microglia at 6 weeks
after the insertion of the probes. Activation of astrocytes, another marker of
neuroinflammation, was observed in the brain regions near the mesh probe
2 weeks after insertion, but this activation had subsided by 6 weeks after
insertion (Fig. 5g). This pattern of rescue in neuroinflammatory gene
expression was not observed in the brain regions implanted with the SU-8
film (Supplementary Fig. 17b-d).

Discussion

In this study, we developed a transient shuttle for deep and widespread
implantation of mesh electrodes without tangles. The main objective of
transient shuttling via the PVA is to minimize secondary damage to brain
tissue during insertion, withdrawal, and chronic implantation. A rigid and
dissolvable PV A allows smooth penetration of brain tissue while decreasing
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Fig. 4 | In vivo tests using mouse brain to explore the ability of the transient
shuttle to implant the mesh electrode. a Photographs of the process of implantation
of the transient shuttle-based probe (scale bar: 1 mm (left), 4 mm (right)).

b Comparison of the force changes during insertion and withdrawal of the transient
and non-transient shuttle-based probes into the mouse brain (N = 3: Nis the number
of the repeated measurements). ¢, d Schematic image of the layered structure of the

Width of the mesh (um)

(n=3)

mesh electrode (scale bar: 2 mm). e Micro-CT image of the mesh electrode
implanted in the mouse brain (scale bar: 500 um). f, g Metal line spacing of the mesh
electrode after its insertion into the mouse brain. h Bending degree of the metal line
after insertion of the mesh electrode through the transient shuttle. All error bars
reflect + s.e.m.

the footprint and friction between the probe and brain tissue. After inser-
tion, the mesh electrode was separated by dissolving the PV A, preventing
additional damage during the withdrawal of the inserter. Fully dissolved
PVA also serves to reduce the stiffness of the mesh electrode (from rigid to
flexible) while in the brain, such that the mesh electrode does not interrupt
neuron regeneration or cause a severe immune response in the mouse brain.
While our probe system has focused on the development of dissolvable

shuttles for the transport of mesh electrodes, the use of similar materials
(e.g., biodegradable metal and polymer) for electrode and substrate can
further reduce damage during extraction. The current design of the mesh
probe and transient shuttle has a large dimension to emphasize the stable
implantation of the transient shuttle without bending and buckling in a large
area of the brain. Redesigning the dimension of the mesh probe and tran-
sient shuttle to fit the target area would reduce the damage to brain tissue.
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Additionally, reducing the thickness of the transient shuttle by applying a
thinner PVA coating to the mesh electrode would enhance the minimiza-
tion of damage during insertion. These alterations in design, involving
reduced dimensions and thickness, will increase the possibility of bending
and buckling in the transient shuttle due to decreased bending stiffness.
Here, using slow-dissolvable materials with relatively high elastic modulus,
including hyaluronic acid and poly(lactic-co-glycolic acid) (PLGA), can
provide an opportunity to avoid bending of the shuttle. With these mod-
ifications, a fully dissolvable probe system could provide the opportunity for
safe and wide brain mapping in a wide area.

Methods

Brain tissue phantom using agarose gel

Thelinear stage (ASM-1000; DigiTech, Osaka, Japan) was used to insert
a brain probe into the agarose gel after the gel was inserted into the
agarose gel. The agarose gel was polymerized by cooling after boiling in
deionized water with gel-rose™ Agarose (AG113; Biofact, Daejeon,
Republic of Korea). A digital force gauge (DFG35-0.12; Omega Engi-
neering, Inc., CT, USA) was attached to the linear stage to measure the
insertion and extraction forces. In the vibration experiment, a function
generator (33210A, Keysight Technology, CA, USA) was used to input a
sine signal of 17 Hz to a vibration amplifier (2100E21-100; The Modal
Shop, OH, USA), which was connected to a vibration shaker (2007E;
The Modal Shop, OH, USA) to vibrate the cantilever beam attached to a
brain probe.

In vivo test using mice

Adult male mice (C57BL/6, 8-10 weeks old, 25-30 g, Jackson Laboratory)
were housed under a 12-h light/dark cycle with free access to food and water.
All procedures involving mice were approved by the Ajou University
Institutional Animal Care and Use Committee. All the equipment was
sterilized with 70% ethanol and under UV light for 12 hours before use. Mice
were anesthetized via 5% isoflurane inhalation (Ifran; HANA Pharm Co.,
Seoul, Republic of Korea) and confirmed to be under anesthesia via tail
pinch. The mice were then secured in a stereotaxic instrument (Kopf Model
940; David Kopf Instruments, Tujunga, CA) using a mouse anesthesia mask
(Kopf mouse adapter model 907; David Kopf Instruments, Tujunga, CA).
The anesthesia concentration was subsequently reduced to 1.5%. Eye
ointment (Neodex Eye Oint; Hanlim Pharmaceutical Co., Seoul, Republic of
Korea) was applied, and the scalp was wiped with an isopropyl alcohol 70%
swab (FA Alcohol Swab; Firson Co., Gwangju, Republic of Korea) for
sterilization before surgery. Approximately +1.5 mm of ML was removed
from the midline to expose the skull. The probes, which were stored with
desiccant, were cooled with liquid nitrogen and inserted through the hole in
the skull made with a hand drill (Micromotor Strong 207 A; Saeshin Pre-
cision Co., Daegu, Republic of Korea) at a depth of 5 mm into the brain with
rapid insertion. Presterilized PBS was used to gently flow between the probe
body and the skull for approximately 10 min. Subsequently, the probe body
was lifted vertically and removed. The scalp was sutured using sutures
(#W502H Mersilk; Ethicon, Inc.,, NJ, USA), and antibiotic ointment (anti-
biotic ointment [Fucidin]; Dong-wha Pharmaceutical Co., Seoul, Republic
of Korea) was applied around the wound.

Micro-CT imaging

Two days after probe insertion, the mice were transcardially perfused with
PBS followed by 4% paraformaldehyde (PFA). Subsequently, the skull was
carefully opened, and the brain was removed and placed in 4% PFA. After
fixation, the brain was scanned using a Micro-CT (Xradia versa 620 imaging
system, Zeiss, Dublin, CA) located at the Korea Basic Science Institute
(Gwangju, Republic of Korea). The samples were scanned in custom-made
sample holders that oriented the samples vertically on the stage and rotated
them horizontally by 180° + fan. For whole-brain images, samples were
taken 31 mm from the RA-Source and 87 mm from the RA-detector. The
whole brain was scanned at 18 pm resolution using a 0.4x objective with an
energy setting of 50 kV, 90 pA, and a power source of 4.5 W with an air filter

and 801 projections. For the brain, which included mesh electrode line
images, samples were taken 42 mm from the RA-Source and 21 mm from
the RA-detector and scanned at 4.5 um resolution using a 4x objective with
the following settings: 60 kV, 110 pA, 6.5 W, LE2 filter, and 1601 projec-
tions. Following scanning, all 2D and 3D images were reconstructed and
visualized by VGStudio software and Dragonfly Pro software (Object
Research Systems, QC, Canada).

Characterization of the transient shuttle-based probe

A glass wafer (4” Soda lime; AMGtech, Uiwang, Republic of Korea) was used
as the fabrication substrate. Nickel was deposited as a sacrificial layer by
sputtering (Q300T D Plus, Quorum Tech, East Sussex, UK) on a glass wafer.
An SU-8 photoresist (2005, KAYAKU Advanced Materials, MA, USA) was
used to construct the bottom and top layers of the three-layer structure. In
the photolithography process, photoresists were coated using a spin-coater
(SF-100NA; Rhabdos, Seoul, Korea) and then baked using a hot plate
(SMHS-3; DAIHAN Scientific Co., Ltd., Wonju, Republic of Korea). We
used a mask aligner (M150P, PROwin Co., Ltd., Daejeon, Republic of Korea)
with an I-filter UV lamp to expose the mixture to a photoresist with a
micropatterned chromium mask. The LOR (10C; KAYAKU Advanced
Materials, MA, USA) and AZ5214-E (Merck KGaA, Darmstadt, Germany)
photoresistors were used for the lift-off process to pattern a metal bilayer.
The middle layer of the three-layer consisted of a metal bilayer of Ti/Au,
which was deposited by a thermal evaporator (DDHT-SB015, Dae Dong
High Tech, Co., Gimpo, Republic of Korea). A FeCl; anhydride (Samchun
Chemicals, Seoul, Republic of Korea) was used to prepare a FeCl; solution.
The FeCl; solution was employed to etch the Ni layer, enabling the
achievement of mesh structures. A 3D printer (Projet MJP 2500; 3D Systems,
SC, USA) was utilized to fabricate an inserter and a mold for a PDMS mold.
We inserted 160 um diameter acupuncture needles (Dongbang Medical,
Boryeong, Republic of Korea) to help the transient shuttle adhere effectively
to the inserter. We used a 9:1 mixture of PDMS (Sylgard™ 184; K1 Solution,
Gwangmyeong, Republic of Korea) to fabricate the PDMS mold, which was
subsequently used to align the inserter and the mesh structure at the proper
position. PVA powder (#2000; Samchun Chemicals, Seoul, Republic of
Korea) was used to make PVA solution, forming the transient shuttle.

Data availability
All the data needed to evaluate the conclusions in the paper are presented in
the paper or in the Supplementary Materials.
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