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T
he global population is aging; thus,
the risk for cerebrovascular diseases
and associated deaths is rapidly in-

creasing. One therapeutic strategy for cere-
brovascular diseases of hypoperfusion, such
as cerebral infarction,1�3 arteriosclerosis,4

ischemia,5 dementia,1�3,6 and vascular
Parkinsonism,7,8 is to increase the cere-
bral blood volume (CBV) of the focal
area. Prior strategies include injection of
anticoagulant,9,10 stent insertion,11 and apply-
ing direct current stimulation (DCS).12 DCS
can lead to neuronal activation, an increase
of cerebralmetabolic demands, andwill even-
tually increase CBV.12,13 Although thesemeth-
ods are useful for increasing CBV, side effects
are often observed, including increased risk of
secondary bleeding,14,15 global blood volume
increases,15,16 and safety issues that include
unnecessary neural tissue activation and pos-
sible tissue damage.17,18 Especially at high
amplitude of current, DCSmay disrupt synap-
tic activity, desynchronization, and neuro-
transmitter depletion19,20 and leads into the

transient focal ischemia,21which can interrupt
cortical processing. Here, we propose a new
strategy with a skin-like biocompatible stimu-
lator to minimize such side effects and
furthermore to apply more effective noncon-
tact electric field (nEF) stimulation. This stimu-
lator is fabricated with an ultrathin electrode
of graphene, two-dimensional honeycomb
arrangement of carbon atoms which yields
superb electrical conductivity, high trans-
mittance, and excellent flexibility.22�24 We
hypothesize that nEF stimulation is an
effective way to enhance cerebral perfusion
with stronger arterial correlation than DCS,
without evoking unnecessary neuronal acti-
vation and focal transient hypoxia.

RESULTS

A schematic of the fabrication process
of graphene electrical field stimulator
(GEFS) is shown in Figure 1A. The fabricated
GEFS is a skin-like film with a thickness of
150 ( 50 μm with a biocompatible PDMS
cover that avoids direct contact of the
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ABSTRACT Enhancing cerebral blood volume (CBV) of a targeted area without

causing side effects is a primary strategy for treating cerebral hypoperfusion. Here,

we report a new nonpharmaceutical and nonvascular surgical method to increase

CBV. A flexible, transparent, and skin-like biocompatible graphene electrical field

stimulator was placed directly onto the cortical brain, and a noncontact electric

field was applied at a specific local blood vessel. Effective CBV increases in the

blood vessels of mouse brains were directly observed from in vivo optical

recordings of intrinsic signal imaging. The CBV was significantly increased in arteries of the stimulated area, but neither tissue damage nor unnecessary

neuronal activation was observed. No transient hypoxia was observed. This technique provides a newmethod to treat cerebral blood circulation deficiencies

at local vessels and can be applied to brain regeneration and rehabilitation.
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graphenewith the tissue. The detail fabrication process
is shown in Figure S1 (Supporting Information). The
transmittance of the GEFS film was 83.6% (88.5%) in
the presence (absence) of graphene (Figure 1B), which
was in accord with 2.3% absorbance per monolayer
of graphene22 (Figure S2, Supporting Information).
High transmittance is a key factor for real-time optical
recordings of intrinsic signal (ORIS) imaging of cerebro-
vascular structures. Bilayer graphene yielded a sheet
resistance of 330 ohm/sq.25 The resistance variance was
tested as a function of bending radius (Figure 1C). The
change in the sheet resistance was negligible within

4% as the radius of curvature narrowed down to 7 mm,
demonstrating superb flexibility of the GEFS. This bend-
ing stability allowed us to make proximate contacts on
the curved mouse brain (Figure 1D), which is crucial for
efficient field stimulation. The GEFS used in the current
study has a thickness of about 150 μm, which is good
enough to cover relatively flat cortex of the mouse.
The thinner stimulator compared to the current stimu-
lator may be useful in future applications for large-size
animals such as cat and monkey, whom have more
convulsive brain surface curvature than the mouse
brain. The patterned electrode is shown with guided

Figure 1. Schematic of the GEFS and physical characteristics of graphene. (A) Thin layer of polyamic acid (PAA) was spin-
casted on a Ni (50 nm)/SiO2/Si substrate and cured to form PI. The squared Cr electrode pattern was formed by combining
photolithography with reactive oxygen ion etching. Two layers of graphene were transferred using a layer-by-layer process
(see Figure S1, Supporting Information). After patterning the graphene electrode with a similar etching process, PDMS was
coated on the patterned graphene layer. The Ni/SiO2/Si support substrate was then removed by Ni etching. The reversed
electrode in the last step shows that the graphene electrodes are squeezed between the top PI and bottom PDMS layers,
which are interconnected to the Cr contact electrodes and canbe connected to an external power source. (B) Transmittance of
GEFSwith orwithout the graphene layer. Values are provided at awavelength of 550 nm.Monolayer of graphene (arrow) is shown
in the transmission electron microscopy (TEM) image (left inset) and demonstrates the optically transparent image (right inset).
(C) Resistance variance by bending the graphene (2 layers) placed on the PET film. (D) Illustration of a GEFS-adhered curvedmouse
brain where contact Cr electrodes are exposed. OB, olfactory bulb; CC, cerebral cortex; CB, cerebellum. (E) Magnified (and slightly
modified) electrode image to visualize the graphene electrode pattern. (F) Detailed specification of the graphene electrode,
including polarity and direction of electric field, within the dotted box in (E).
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lines for graphene electrodes (Figure 1E), and the
magnified optical image demonstrates an electrode
lengthof 1mmwith agapof 0.2mmbetweenelectrodes

(Figure 1F). The strong local electric field can be
applied to the confined region of a cortical blood
vessel because of themicrometer-size interdigital elec-
trode. The locally confined electric field allows stimula-
tion of the blood vessel with targeted specificity.
As long as no cerebrospinal fluid is overflown into
the surface of the electrode, leakage current can be
avoided. For better safety, wire leads could be formed
from all of the electrodes.
The in vivo effect of nEF stimulation on CBV is

assessed by ORIS. The GEFS is mounted over the whole
brain of an anaesthetised mouse (Figure 2A) and
delivered the programmed stimulation (Figure 2B).
Figure 2C shows the cortical blood vessels under the
skull through the transcranial GEFS (tGEFS) film com-
pared with the transcranial DCS (tDCS) image (for tDCS
experiment, see Figure S3, Supporting Information).
The tDCS is applied to the cortex via a metal electrode
placed on the skull. Clear vessel images are shown
with tGEFS. GEFS film with high transmittance
enables clear ORIS images and prevents the skull from
being dehydrated. For the stimulation on the artery
closely, the skull was removed by craniectomical
surgery and exposed epidural cortex. In ORIS imaging,
veins were predominantly visualized with 610 nm
filter due to the high sensitivity to the changes in
deoxyhemoglobin21,26 (Figure 2D,F). However, both
veins and arteries were visualized with 570 nm filter,
anisosbestic wavelength of oxyhemoglobin and deox-
yhemoglobin absorption21,26 (Figure 2E,G). One of the
advantages of placing GEFS film on the animal's brain
surface is to prevent the brain from swelling and
reduce pulsation artifacts and, therefore, to ensure
the physiological healthiness of cortical tissue. The
electric field formed between these two electrodes
stimulates the cortical artery between the two elec-
trodeswith opposite polarities (Figure 2D�G). The exact
locations of electrodes in relation to the cortical vascu-
lature within our regions of interest (ROI, white dashed
squares in Figure 2D,E) are shown in Figure 2F,G.
The changes in CBV induced by nEF stimulation

through GEFS are shown in Figure 3. The ORIS signal
was analyzed from the stimulating area (SA, red ROI)
on the artery of the ipsilateral hemisphere (IH) and
from the control area (CA, blue ROI) at the mirror place
(on the artery) of the contralateral hemisphere (CH)
in Figure 3A. Then EF was applied to the selected
area focusing on the artery (Figure 3B). We studied
voltage amplitude dependency of the cortical per-
fusion changes (Figure 3C). The change in themaximum
CBV in the SA increased significantly at 0.9 V/mm, while
the maximum CBV in the CA was unchanged. As the
field strength was increased to 9 V/mm, not only the
maximum CBV at the SA but also the maximum CBV
at the CA was increased even though the CBV increase
of CA was not statistically significant. The nEF stimula-
tion yields significantly larger increases of CBV in the SA

Figure 2. In vivo experimental setup for ORIS imaging and
the diagram for nEF stimulation. (A) Illustration of the ORIS
experimental set up for in vivo cortical imaging. The CCD
camera connected to optical filters (570 and 610 nm) takes
images of the cortical surface, which are sent to the ORIS
recording system. White light is transmitted through two
optical fibers to illuminate the cortical surface for ORIS. The
mouse brain is covered with GEFS to apply nEF on the
specific artery blood vessel. The contact electrode in the
GEFS is connected to apower generator. R, rostral; C, caudal.
(B) Electric field stimulation paradigm consists of 5 stimula-
tion trials per imaging session. In each trial, the image
recording by CCD (red line) lasts for 10 min, which includes
a 1 min baseline, 2 min of stimulation, and 7 min of post-
stimulation. No recording session followed for 10 min in
each trial to ensure the recovery of hemodynamic re-
sponses after stimulation. (C) Neurovasculature under
tGEFS with transcranial approach (left; scale bar: 2 mm).
Veins and arteries are clearly visible in the magnified image
(middle; scale bar: 1mm). A comparative image obtainedby
tDCS (right; scale bar: 2 mm). GEFS is applied on the
cortex with epidural approach and ORIS images of the
cortex under the GEFS taken through (D) a 610 nm filter
and (E) a 570 nm filter. (F,G) Corresponding magnified
areas shown in (D) and (E). In particular, the arteries
located within the two graphene electrodes (red and
blue) are clearly seen under the 570 nm filter in (G). CE,
contact electrode; GE, graphene electrode; V(þ), positive
input line; V(�), neutral input line. Scale bars in (D,E) =
1 mm; (F,G) = 0.5 mm.
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than those of the CA at 0.9 and 9 V/mm (n = 3 for each
group) (Figure 3C).
The ORIS map of both hemispheres and the tempor-

al profile of CBV changes of SA and CA under 9 V/mm
nEF stimulation are shown in Figure 3D,E. This figure
is for a typical example from one animal. The CBV
change was stronger in the IH, as shown in Figure 3C.
The change in CBV was not appreciable in the initial
stage of stimulation but became more prominent and
revealed a maximum (∼12%) at approximately 250 s
(mark 3) in the SA. The increase in CBV was maintained
over 600 s with minor fluctuations; the change de-
creased to 8% at 450 s (mark 4) and increased again
to almost 12% at 600 s (mark 5). The consistent CBV
increase by nEF stimulation with GEFS contrasted
markedly with the results of DCS, which revealed
that the increase in CBV disappeared after stimulation
(Figure S4A, Supporting Information). A similar profile
was also observed in the CA, although the change was
less than that in the SA (Figure 3E). Furthermore, these
values were clearly distinct from a sham control mouse
with no stimulation (Ctl in Figure 3E). In addition, the
CBV was dramatically increased both in the SA and
CA because of the vasculature connection between
two hemispheres, although the changes in CBV of
the CA were smaller than those in the SA because
the CAwas not stimulatedwithGEFS (Figure 3F, n= 12).
ThenEF stimulationmay stimulate deeper brain regions,

such as the thalamus, than DCS that stimulates rather
superficial cortical layers. Therefore, nEF stimulation
may yield stronger and more direct thalamic influences
than DCS and cause strong activation of the cortical�
thalamic connection leading to higher contralateral
hemispheric responses than DCS. In order to further
support this, onemay conduct thewhole brain imaging,
such as near-infrared spectroscopic (NIRS) imaging
and functional magnetic resonance imaging (fMRI),
under the nEF stimulation. These studies may help
us to elucidate the possible mechanism of bilateral
responses upon nEF stimulation.
To compare the effect of nEF stimulation with DCS,

the ORIS map of CBV under DCS is shown in Figure 4A.
The CBV in the IHwas increased significantly 300 s after
stimulation, while the CBV did not change in the CH.
The profile of CBV changes at the SA and CA is shown in
Figure S4 (Supporting Information).
Spatiotemporal representations of the changes in

CBVwith nEF stimulation at 9 V/mmover 2min periods
(top panel) and with DCS at 0.1 mA over 15 s periods
(bottom panel) are shown in Figure 4B. In order to
directly compare CBV change between nEFS and DCS,
the maximum CBV was shown at around 10%. This
yielded a field strength of 9 V/mm for a duration time of
2 min in GEFS and a current of 0.1 mA for a duration
time of 15 s in DCS. In order to select the stimulation
parameters for DCS, we have conducted a series of

Figure 3. Changes of cortical perfusion induced by nEF stimulation using GEFS. (A) Raw ORIS images of the cortical surface
covering with GEFS under a 570 nm optical filter. The cortical surface was divided into the ipsilateral hemisphere (IH) and
the contralateral hemisphere (CH). Two ROIs, one from the SA of the IH (red square) and another from the CA of the CH
(blue square), are shown.ML is themidline between the IH andCH. Scale bar: 0.5mm. (B) Illustrationof the cortical vasculature
of the IH. The electric field is applied to the SA on the artery. Scale bar: 0.5 mm. (C) Maximum CBV values ((SEM) are shown
as functions of field strength at SA and CA. The difference becomes more prominent at a field strength >0.9 V/mm; *p < 0.05
and ***p<0.001 (n=3 for each group). (D) Typical example ofORISmapof CBVon the cortical surface for 600 s at 9 V/mm, and
red (blue) color represents increased (decreased) CBV with scale bar (% of �dI/I CBV). (E) Representative graph for changes
in CBV after stimulation for 120 s at SA and CA. The maximum change in CBV appeared at 250 s (number 3) in the SA and
was maintained for 10 min with minor fluctuations. A similar pattern was observed in the CA, although the maximum value
was lower than that of the SAbut clearly distinct from the shamcontrol (Ctl). (F) Average values ((SEM) of the CBV changes for
1 min near the maximum CBV compared with that of the baseline (n = 12). Significant changes in CBV in the SA and CA were
observed (***p < 0.001).
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DCS experiments with varying amplitude and dura-
tion (Figure S5, Supporting Information). A consistent
change in CBV was clearly seen with nEF stimulation in
both the IH and CH after stimulation. However, tran-
sient changes in CBVwere only seen in the IHwith DCS.
The transient decrease of the CBV was also observed
right after DCS (Figure S4A, Supporting Information)
due to immediate neuronal activation following DCS.
Interestingly, the average increase in CBV for 5 trials of
stimulation was well manifested with nEFS, and the
increases in CBV were reproducible after breaks for 5
trials, with low interindividual variability (Figure 4C).
This was in contrast with DCS, in which the increase in
CBV was observed mostly in the initial trial (Figure 4C).
Significant CBV changes are observed in the nEFS
regardless of the sequence of the trial, that is, large
CBV changes (80�100% increase) compared with
changes from no stimulation, even in the last trial.
However, the changes in CBVwithDCSwere significant
in the first trial but not in the last trial. The average
changes in CBV over the 5 trials following the nEFS and
DCS are similar, ranging from 10 to 15% higher than
the baseline CBV. The nEFS produces more persistent
and reproducible changes in CBV compared with DCS.
The more cases were showed in Figure S6 (Supporting
Information).
To study the vasculature correlating effects of nEF

stimulation, cortical blood vessel and the ORIS map
of CBV intensity were merged (Figure 4D). The pattern
of CBV intensity coincides with the positions of arteries

in SA with nEF stimulation, and the heightened CBV
by nEF stimulation is better correlated with arterial
vasculature, while no vessel-specific pattern was ob-
served with DCS (Figure 4D,E). The DCS elicits non-
vessel-specific CBV increase in both veins and arteries,
probably due to strong neuronal activation in the SA
(Figure 5I,J). Also, we calculated the spatial extents of
CBV changes under nEF stimulation and DCS (Figure S7,
Supporting Information). The spatial extent of CBV
following nEF stimulation is quite focal within the
patterned electrodes and resembles arterial vascula-
ture, while the spatial extent following DCS is rather
broad and occupies almost the whole cortical area.
Thus, this spatial extent data also supports that nEF
stimulation causes CBV changes that are highly corre-
lated with vasculature.
Utilizing a probe-type LDF, we measured and com-

pared the CBF changes under nEF stimulation as well
as DCS. The LDF experimental schematic, including
the measurement locations, is shown in Figure 5A.
The nEF stimulation induces strong CBF changes for
both 9 V/mm (7.3 ( 1.8%, n = 7) and 90 V/mm (13.7 (
2.8%, n = 5) stimulations (Figure 5B), while DCS yields a
decrease inCBF (�18.6(15.6%,n=2) at LDFmeasuring
site during the 2 min stimulation period (Figure 5C�F).
These data suggest that nEF stimulation is a more
effective way to yield CBF increase than DCS.
The local field potential (LFP) recording of pre-,

during, and post-DCS exhibits clearly different firing
patterns (Figure 5H,I). Slow delta (1�4 Hz) rhythms,

Figure 4. (A) ORIS image (570 nm) and their intensitymap at 300 s with DCS. The arrow in the IH indicates the electrode. Scale
bar: 0.5mm. (B) Spatiotemporal representation of changes in theCBVwith nEF stimulationat 9V/mm (toppanel) for 2min and
DCS at 0.1 mA (bottom panel) for 15 s. Each figure is created by summing the horizontal pixel value of the images at each vertical
pixel point. The changes inCBVweremaintainedwith transientnEF stimulation. (Note: nEFS in thefigures indicatesnEF stimulation.)
(C) Three examples of scaled CBV changes (SA) over 5 trials for each animal following stimulation with the nEFS and DCS. The CBV
changes are classified into five categories, with white being the strongest change and black being the weakest. In each animal (N1,
N2, N3), the change in CBV at each trial was examined and quantified. The “ave” is the average CBV changes for 5 trials (T1�T5). (D)
Blood vessel distribution and the changes in CBV of the IH with nEF stimulation and DCS. The nEF stimulation caused vasculature-
specific changes in theCBV,whileDCS is nonspecific. (E) Intensityprofile for eachdashed line (a-a0, b-b0) in (D). The intensity changes
with the positions of arterial vessels with nEF stimulation, while no vessel-specific pattern was observed with DCS.
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theta (5�7 Hz) rhythms, and spindle-like (7�15 Hz)
waveform of LFP becomemore prominent during DCS
than the baseline, indicating increased arousal and
synchronous thalamic-cortical neuronal firing due
to DCS (Figure 5I).27 In contrast, nEF stimulation seems
to selectively stimulate the arteries in the targeted area
without provoking any unnecessary neuronal activa-
tion (Figure 5G). No differences were found in firing
patterns of LFP pre-, during, and post-nEF stimula-
tion (Figure 5G,I). The frequency analysis of LFP record-
ing suggests that nEF stimulation did not bring any
changes in the beta (20�30 Hz) rhythm dominated
waveform, a common waveform during rapid eye
movement (REM) sleep and waking state without
conducting specific tasks (Figure 5H).
Thus, our developed graphene electrode delivers

nEF stimulation into the brain tissue but causes
no apparent neuronal excitation, and thereby led to
no clear focal hypoxia during the stimulation. Conven-
tional DCS causes large changes in CBV but more
strongly affects neuronal population than nEF; there-
fore, DCS brings about strong neuronal excitation

and subsequent decreases in CBV, such as hypoxic
response. These results are supported by both CBV
measurements by intrinsic signal optical imaging and
CBF measurements by LDF.31

However, both of our LFP and LDF recordings are
from superficial cortical layers, and wemay not be able
to directly record neuronal activation and hemo-
dynamics of deep brain regions. The nEF stimulation
may stimulate deeper brain region and yield stronger
and more direct thalamic influences than DCS, which
will cause strong activation of cortical thalamic con-
nection, therefore higher contralateral hemispheric
responses.
Immunohistochemistry was also performed to as-

sess the effect of nEF stimulation and DCS on brain
(Figure 6). The overall brain morphology is shown in
Figure 6A�F. Figure 6G�I,L shows H&E staining. The
brain tissue well preserved the morphological features
(Figure 6A,D,G) with 2min nEFS, while some blood was
found on the stimulated cortex with 2 min DCS
(Figure 6E,L). Neither apparent cell damage nor death
was observed in the CA or SA with nEFS (Figure 6H,I).

Figure 5. Laser Doppler flowmetry monitoring (C�F) and local field potential (G�J) under the stimulation. (A) LDF and LFP
measurement location and schematic. (B) Average changes of CBF ((SEM) during stimulation (2 min) versus baseline (1 min).
LDF monitoring for control (C), DCS stimulation (D), and nEF stimulation (9 V/mm (E), 90 V/mm (F)). (G,I) Examples of LFP
recodings in SA following nEFS and DCS, respectively. (H,J) Comparisons of neural firing frequency patterns following nEFS
and DCS.
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This was confirmed by TUNEL staining (Figure 6J,K).
The epidural DCS lasting 2min caused cortical damage
(Figure 6E,L) and showed positive dead cells in TUNEL
staining in SA (M,N). The DCS lasted for 15 s and yielded
some tissue damage and dead cells. Thus, the tissue
damage became more severe when the DCS was pro-
longed for 2 min. The cytotoxicity under nEF stimulation
has also been investigated in our previous neuronal
cellular study in vitro, which did not show any morpho-
logical deformation or apoptosis in neural cells.24

DISCUSSION

Direct cortical stimulation has been applied in vivo

for clinical mapping28 and is related to the direct
depolarization of cell somata and axons.29 Direct
electrical stimulation, especially at high amplitudes of

current, may disrupt synaptic activity and produce
desynchronization and neurotransmitter depletion,30,31

which leads to a transient focal ischemia with a 1 cm2

area31 and interrupts cortical processing. The non-
contact electric field stimulation using graphene elec-
trodes in the current study confined the activated area
between the graphene negative and positive electro-
des, whichwere approximately 0.2mm2 (see Figure 3,
vessel activation). We hypothesized that nEF would
more effectively enhance cerebral perfusion without
disrupting cortical processing and focal hypoxia.
We also hypothesized that the nEF stimulation
would neither directly depolarize cell somata and
axons29 nor disrupt synaptic activity and neurotrans-
mitter depletion.30,31 We recorded LFP within the
stimulated area under nEF stimulation through the

Figure 6. Immunohistological analysis of nEFS and DCS. The brain was extracted after 5 rounds of stimulation; blue lines
indicate sectioning in the coronal plane. The SA (red area) is in the primary sensory cortex in the IH and magnified images of
surface in the cortex with nEF (D) and DCS (E,F). OB, olfactory bulb; IC, inferior colliculus; CB, cerebellum. (G,L) H&E stained
images of the sectioned cerebral cortex of nEFS (G) and of DCS (L) with same stimulation duration (2min). Scale bar: (G) 1mm
and (L) 250 μm. The black square (CA) in the CH and the red square (SA) in the IH are magnified in (H) and (I), respectively.
Comparison image of TUNEL staining of CA and SA with 2 min nEFS (J,K) and 2min DCS (M) and with 15 s DCS (N). The brown
staining indicates a dead cell. Tissuedamagewas not observed in the brain tissuewith nEFS (J,K), while somebrowndead cells
were observed in the brain tissue with DCS (M,N). (E,L) Asterisk * marked of blood clot in cortex. Scale bars: (H�M) 250 μm.
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graphene stimulator or direct electric current stimula-
tion using conventional electrodes to investigate this
hypothesis (Figure 5G�J). No significant neuronal acti-
vation was observed using nEF stimulation, but strong
neuronal activation was observed using DCS. Therefore,
nEF stimulation ensured normal cortical processing
without potential disruption and with enhanced CBV
and CBF. However, further research should be per-
formed to delineate the exact physiological mechan-
isms of nEF stimulation using graphene electrodes.
The developed graphene neural stimulator has few

limitations for the clinical application. One limitation
is that the current form of stimulator can be applied
over the surface of the brain. Further modification
of the developed graphene stimulator to accommo-
date deep brain structure or for use over the intact
skull should be incorporated. Such modification could
includea combinationapproachwith thecatheterization.11

CONCLUSIONS

Our nEF stimulation using GEFS exhibits several
advantages over typical DCS using metal electrodes.

First, the GEFS system is flexible and offers superb
visibility for ORIS imaging due to its transparency.
Second, nEF stimulation elicits robust CBV changes in
the IH and CH of the cortex, and these changes in CBV
are strongly correlated with the arterial vasculature
of the cortex. In contrast, DCS elicits strong but non-
specific changes in CBV exclusively in the IH. Third, the
effect of nEF stimulation is prolonged, while the effect
of DCS is transient. In other words, nEF stimulation
generates stable hemodynamic modulation. Lastly,
nEF stimulation is safer than DCS. No obvious tissue
or cellular damage was observed following nEF stimu-
lation. No transient decease in CBV and CBF was also
observed. In addition, the immediate blood flow in-
crease with nEF stimulation is not likely due to direct
strong activation of neurons, and therefore, it can
ensure cortical processing without possible disruption.
Thus, our results suggest that nEF stimulation with a
GEFS may be developed as an alternative therapeutic
approach for cerebrovascular diseases with perfusion
deficits if one can systematically study the physiologi-
cal mechanism of nEF stimulation.

MATERIALS AND METHODS
Fabrication of the Stimulator. We fabricated the in vivo electric

field stimulator using a graphene patterned electrode, which
was created by insertion between the PI and PDMS, as shown
in Figure 1A. The detailed procedure is described in Supporting
Information Methods.

Animal and Surgical Experiments. All animal experiments were
conducted in accordance with the ethical guidelines of the
Institutional Animal Care and Use Committee of Sungkyunkwan
University. The mice (strain: CD1, male) were purchased from
Orient Bio (ORIENT BIO Inc., Seongnam, South Korea). All mice
were housed in a specific pathogen-free (SPF) facility with 60%
humidity at 23 �C under a 12 h light/dark cycle and were fed
food andwater ad libitum. For the experiment, we used 10week
old mice and weighed eachmouse (average weight = 35�40 g)
before the procedure. The mice were positioned in the stereo-
taxic apparatus (David Kopf Instruments, CA, USA) and anaes-
thetised with 1�3% isoflurane (BK Pham, Goyang, South Korea)
initially and maintained with 1.5% isoflurane through the res-
piratory system and then were prepared for surgery. The skull
covering the right and left cortical hemispheres from bregma to
lambda was removed with a craniotomy using a dental drill
(MICROTORQUE II, NJ, USA), and the epi-durawas exposed. After
the surgery, we covered the intact dura mater of the curved
hemispheres with the graphene stimulator. During experi-
ments, heart rate (250�300 beat/min), arterial pulse (80�
100 mmHg), and saturation percentage of O2 (SpO2; >85%) were
monitored by pulse oximeter (MedAssociates Inc., VT, USA). After
the experiment, the brain was extracted surgically in a clean
hood, fixed with 4% paraformaldehyde, and stored at 4 �C.

Optical Recording Intrinsic Signal (ORIS) Imaging. The ORIS ima-
ging was obtained by the Optical Imager 3001 system (Optical-
Imaging, Inc., Jerusalem, Israel), and the exposed epi-dural
cortex covered by the GEFS was illuminated with two optic
fibers through a halogen lamp illuminator. Reflected light was
collected by tandem lenses and was filtered with 570 or 610 nm
band-pass filters depending on the oxygenation state of the
hemoglobin absorption spectra. An isosbestic wavelength of
570 nm is sensitive to both oxygenated and deoxygenated
hemoglobin absorption, and 610 nm is sensitive to the deox-
ygenated hemoglobin absorption.21,26 The cerebral blood vol-
ume (CBV) change is measured by the total hemoglobin

absorption with the 570 nm band-pass filter. The focal plane of
the image was 500 μm below the cortical surface with a CCD
camera (Adimec-1000m, Adimec, Eindhoven, Netherlands), and
the images were acquired with 1000 frames for 10 min of
recording. The time from 0 to 1 min before the stimulation was
designated as the baseline, and values from 1 to 10 min were
divided by this baseline for normalization. All experimental
events, such as the electrical stimulation andORIS, were digitized
by Power 1401 (CED, Cambridge, UK) andwere recordedwith the
Spike-2 software system (CED, Cambridge, UK).

Direct Current Stimulation (DCS). After exposing the epi-dura of
the mouse brain, a bipolar (2-channel) electrode (Plastics One,
Roanoke, VA, USA) was placed in the subregion of the primary
somatosensory cortex. The electrode tip was located 1.5 mm
caudally from the bregma, approximately 3.0 mm laterally from
the midline at an angle ranging from 45 to 60�. The experi-
mental setting for DCS is shown in Figure S3 (Supporting
Information). The electrode was connected via 2 stimulus
isolators (ISO-Flex, A.M.P.I., Jerusalem, Israel) that are controlled
by a programmable power generator (Master-8, A.M.P.I., Jeru-
salem, Israel). All experiments had twomain parts, ORIS imaging
and inter-recording (no recording), and each experiment was
repeated five times. ORIS and inter-recording were performed
with 10 min breaks between. ORIS imaging was composed of
three parts: pre-stimulation (base recording), stimulation, and
post-stimulation (resting or response recording). For all trials,
pre-stimulation included CCD recordings for 1 min before
stimulation. Stimulation was performed for 15 s at 0.1 mA,
and cortical hemodynamic changes were recorded with ORIS
imaging. The DCS stimulation parameters were selected after
conducting a series of DCS experiments with varying amplitude
and duration (0.01 and 0.03mA; n = 3, 0.1 mA; n = 4, 1mA; n = 5)
(Figure S5, Supporting Information). As a result, we selectedDCS
parameters that could bring similar CBV changes (within 10%
variation ranges of nEF stim responses) with nEF stimulation of
the selected parameters.

Noncontact Electric Field Stimulation (nEFS). The graphene stimu-
lator was placed on the epi-dura of the mouse brain (Figure 2A).
Two graphene electrodes were chosen for generation of
the EF (Figure 1E,F) and were positioned on a specific blood
vessel in the cortex. Two Cr contact electrodes extending
from the patterning graphene electrodes for generating the
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EF (Figure 1F) were connected by þ/� wire with contacting
electrodes (Figure 2A,C). The contacting electrodes delivered
the þ/� voltage using an 8-channel programmable power
stimulator (Master-8, A.M.P.I., Jerusalem, Israel) and were con-
trolled by two stimulus isolators (ISO-Flex, A.M.P.I. Jerusalem,
Israel). A constant electric fieldwas applied to the GEFS for 2min
with the voltage strength of 0.09 mV/mm to 9 V/mm. The
stimulation was delivered 5 times for each mouse with optical
recording for 10min followed by a 10min break and stimulation
with nonoptical recording.

Immunohistochemistry and Microscopy. After delivering 5 rounds
of nEF or DCS stimulation, thewhole brain extracted carefully by
microsurgical procedure after the perfusion of mouse with
isotonic sodium chloride solution (Dae-Han Pharmaceutical
Co. Ltd., Ansan, South Korea) and 4% paraformaldehyde (PFA)
solution (Biosesang, Seongnam, South Korea). The brain was
fixed with 4% PFA and then sectioned by acryotome to 20 μm
thick slices and were mounted onto slides with mounting
medium (Dako, CA, USA). The brain tissues were stained with
hematoxylin and eosin (H&E) or were subjected to a terminal
deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL)
assay (in situ cell death detection kit; TMR Red; Roche Diagnos-
tics GmbH, Mannheim, Germany). We examined the slides
with a fluorescence microscope (AF6000B, Leica Microsystems
GmbH, Wetzlar, Germany) at a wavelength of 688 nm or using
bright-field microscopy.

Cerebral Blood Volume (CBV) Data Analysis. We used a modified
form of the Beer�Lambert law for calculating the CBV and
oxygenation of hemoglobin from recorded images in the
570 and 610 nm band-pass filters, respectively. One minute
before the stimulation was designated as the baseline phase,
and the images recorded after the stimulation were divided by
this baseline for signal normalization. We set the area of the
applied electric field as the region of interest (ROI; 2 � 2 pixels,
one pixel: 100 � 100 μm2) and compared it with other non-
stimulated areas for 10 min. We chose only trials that showed
significant changes in CBV between baseline and stimulation
for further analysis. Additionally, we investigated the changes
in the CBV in the arterial blood vessel connected with the ROI
and in the vertically surrounding tissue. To compare spatiotem-
poral changes for 10min, we created time-series images in each
whole hemisphere (strip image display in Figure 3H). Each pixel
(size: 28 � 28 μm2) value in the vertical line (91 points) was
obtained by summing horizontal pixel values of intensity
in Figure 3D with nEF stimulation and Figure 3G with DCS.
All data were analyzed using custom-written Matlab software
(The Mathworks, MA, USA).

Laser Doppler Flowmetry (LDF). CBF was continuously recorded
by the PeriFlux System 5000 (wavelength 780 nm, Perimed,
Sweden) simultaneously during the stimulation.31 A small
probe-type straight LDFwas placed on the GEFS and positioned
at the artery within the stimulation area. We measured LDF
changes with and without nEF stimulation. For the DCS experi-
ment, the probe-type LDF was kept at the same position as
GEFS. We inserted the DCS electrode onto the sensory cortical
area through a slit at the GEFS film. A detailed experimental
scheme is provided in Figure 5A. LDF data were acquired at
33 Hz with a 0.03 s time constant. We analyzed and displayed
the data after binning.

Local Field Potential (LFP) Recording and Analysis. LFP was re-
corded from the SA using standard electrophysiological re-
cording setting. The glass pipet filled with 0.9% saline was
inserted into the cortical layer 2�3 and was connected to an
amplifier A-M Systems (World Precision Instruments) and the
CED Power 1401/Spike 2 system (Cambridge Electronic Design)
for amplification, filtering and fast Fourier transformation (FFT)
analysis of LFP. FFT allows frequency analysis of neural firing of
pre- and post-stimulation. The experiments were performed 2
animals for control (not shown data) andmore than 3 animals for
each nEFS (3 trials) and DCS (2 or 3 trials) experiment.
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