Device

Transparent and conformal microcoil arrays for
spatially selective neuronal activation

Graphical abstract

Micromagnetic Stimulation (uMS)

2000 V/m?

1000

Anisotropic activating function
based on microcoil geometry.

Multiplexed microcoils on
flexible substrates.

Conformal bioelectronic
interfaces with tissue.

Highly localized neuronal
stimulation.

Highlights

cccccc
aaaaaaa

Micromagnetic stimulation enables neuronal activation with
high spatial resolution

Polymer-embedded coils eliminate metal-tissue interfaces
improving biocompatibility

The shape of the activating function is related to the geometry
of the microcoil

Multiplexed microcoils could enable high-acuity neural
interfaces

Develop

Prototype with demonstrated applications
in relevant environment

Authors

Vineeth Raghuram, Aditya D. Datye,
Shelley I. Fried, Brian P. Timko

Correspondence
brian.timko@tufts.edu

In brief

We demonstrate a flexible, transparent,
and conformal microcoil array that can
activate neurons by micromagnetic
stimulation. The shape and magnitude of
the stimulus (activating function) can be
controlled through the geometry and
spacing of the microcoils. These devices
achieved activation at the single-neuron
level in ex vivo brain cortex and retina
slices.

Raghuram et al., 2024, Device 2, 100290

April 19, 2024 © 2024 The Author(s). Published by
Elsevier Inc.
https://doi.org/10.1016/j.device.2024.100290

¢? CellPress


mailto:brian.timko@tufts.edu
https://doi.org/10.1016/j.device.2024.100290
http://crossmark.crossref.org/dialog/?doi=10.1016/j.device.2024.100290&domain=pdf

Device

¢? CellPress

OPEN ACCESS

Transparent and conformal microcoil arrays
for spatially selective neuronal activation

Vineeth Raghuram,’-%2 Aditya D. Datye,® Shelley I. Fried,"-%>* and Brian P. Timko™**
1Department of Biomedical Engineering, Tufts University, Medford, MA 02155, USA

2Boston Veterans Affairs Healthcare System, Boston, MA 02130, USA

3Department of Neurosurgery, Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114, USA

4Lead contact
*Correspondence: brian.timko@tufts.edu
https://doi.org/10.1016/j.device.2024.100290

THE BIGGER PICTURE

Neural stimulation devices could achieve many clinical functions, from mitigating

neurodegenerative disorders to providing visual or tactile cues from prosthetics. Conventional devices
include metallic electrodes that can cause cell damage from mechanical mismatches and prolonged elec-
trical stimulus currents. Here, we report magnetic stimulation devices that could address these issues. They
were composed of metallic microcoils embedded within bioinert polymer films. Magnetic fields pass
through polymers, and so we avoided direct metal-cell interfaces. The small radius of our coils allowed
us to achieve neural activation at the single- or few-neuron level. We also showed using models that the
shape of the activation region could be tuned via the coil shape, potentially allowing for specific activation
of aligned axons. Our studies open avenues for high-acuity bioelectronic stimulation in regions such as the
retina or cortex where functions are encoded at the single-neuron level.

SUMMARY

Micromagnetic stimulation (uMS) using small, implantable microcoils is a promising method for achieving
neuronal activation with high spatial resolution and low toxicity. Herein, we report a microcoil array for local-
ized activation of cortical neurons and retinal ganglion cells. We developed a computational model to relate
the electric field gradient (activating function) to the geometry and arrangement of microcoils and selected a
design that produced an anisotropic region of activation <50 um wide. The device comprised an SU-8/Cu/
SU-8 tri-layer structure that was flexible, transparent, and conformal and featured four individually address-
able microcoils. Interfaced with cortex or retina explants from GCaMP6-expressing mice, we observed that
individual neurons localized within 40 pm of a microcoil tip could be activated repeatedly and in a dose (po-
wer)-dependent fashion. These results demonstrate the potential of nMS devices for brain-machine inter-

faces and could enable routes toward bioelectronic therapies including prosthetic vision devices.

INTRODUCTION

Implantable devices that achieve localized neuronal activation
hold great potential in bioelectronic medicine, with applications
such as treating neurological or mood disorders as well as
restoring vision' or other sensory deficits.? Stimulation is typi-
cally achieved with multi-electrode arrays (MEAs), including
Michigan- and Utah-style arrays, which are fabricated on
rigid substrates and have been demonstrated intracortically.
Compared with noninvasive stimulation techniques such as
transcutaneous electrical nerve stimulation (TENS), these
implantable devices can better confine activation, e.g., tens to
hundreds of microns around the electrode site for implants vs.
hundreds of microns or millimeters for TENS. More recently,
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MEAs have been demonstrated on soft, stretchable, and
conformal substrates. Such an approach enables all electrodes
within the array to be in close proximity to complex 3D neuronal
structures, e.g., the innermost surface of the retina,® or
embedded within engineered tissues, which may serve a role
in disease modeling and regenerative medicine.*°
Conventional stimulation devices are composed of metallic
electrodes that activate neurons through capacitive currents.
While widely explored, this paradigm has several key draw-
backs. First, the metallic electrodes present a large mechanical
mismatch with brain tissue (Young’s modulus E > 10 GPa for
gold vs. 1 kPa for brain). This mismatch causes inflammation
and oxidative stress at chronic time points® as well as glial scar-
ring, which ultimately limits the lifetime of the device. Second,
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prolonged currents themselves can also cause neuronal dam-
age, with some stimulation regimes causing significant loss
within 60 um of the electrode after 30 days stimulation.” Finally,
these devices generate fields whose size and shape cannot be
readily controlled, especially in inhomogeneous or anisotropic
tissues, which cause irregular distribution of the electric field.®
While some studies have reported differences in activation
thresholds that can be exploited to selectively activate certain
neuronal sub-populations,®'" tissue-independent control over
the shape of the field to activate neurons in a certain orientation
would enable further selectivity. Taken together, these limita-
tions present significant roadblocks toward the widespread
adoption of commercial implants.'#"®

Microcoils that magnetically activate neurons could offer sig-
nificant advantages over conventional metallic devices. Since
magnetic fields readily permeate both tissues and biomaterials,
microcoils could provide for much more reproducible activation
in inhomogeneous tissues.'®'® They could also be completely
encapsulated in one or more biopolymer layers to avoid direct
neuron/metal interactions. These coatings could include me-
chanically distinct interlayers, which were recently used to
achieve bioelectronics with tissue-level moduli and minimal
foreign-body responses, '® or a bioactive layer to further enhance
tissue integration.'” Chronic magnetic stimulation has also been
shown to be minimally toxic to neurons.® Furthermore, magnetic
coils generate localized, spatially asymmetric electric field gradi-
ents whose shape can be tuned through the geometry of the mi-
crocoil. These asymmetric fields are thought to enable selective
targeting of specific neuronal sub-populations; for example,
vertically oriented pyramidal neurons while avoiding horizontally
aligned passing axon fibers.'® Such functionality allows for more
focal confinement of activation and thus could allow for the
restoration of high acuity vision or enable activation in specific
regions of the somatosensory cortex, e.g., to enhance feedback
as part of a brain-machine interface system.

Previous studies have reported single-microcoil devices that
could generate small, focal regions of activation'® and have
explored the effects of varying coil shape and design on both
the spatial selectivity and strength of activation.?® While devices
that consist of a single microcoil may be useful in targeting one
isolated region of the cortex, the ability to focally activate multi-
ple cortical columns, or specific cortical layers, either in syn-
chrony or in temporally modulated intervals (interleaved), would
improve the translational value for clinical applications where the
creation of multiple regions of neural activity is the goal.

In this study, we report a flexible, transparent, and conformal
bioelectronic device that includes an array of four micromagnetic
stimulation (uMS) elements. The components are composed of
copper coils and encapsulated within SU-8, a photo-crosslink-
able, bioinert material that has been demonstrated in chronic
bioelectronic recording studies.’'*> We develop a computa-
tional model to explore the relationship between the shape of
the microcoil and resulting activating function. We then demon-
strate localized activation in ex vivo tissue slices from the retina
and cortex, both of which are associated with vision and are
active areas of study for prosthetic devices that address blind-
ness. Our technology represents a general platform that could
be scaled to multiplexed arrays, broadened to incorporate other
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bioelectronics such as recording elements,”'2° and extended to

other substrate geometries to enable, for example, injectable
and minimally invasive devices.?’%°

RESULTS

Computational model for coil design
We started by developing a computational model”" (see experi-
mental procedures) to explore the interaction between the electric
fields induced by two adjacent coils (Figure 1). Such interactions
have not been well studied and so we set out to (1) explore the rela-
tionship between coil spacing and field strength with the goal of
determining an appropriate inter-coil spacing for the array and
(2) examine the influence of coil shape on the potential interactions
with neighboring coils. Figure 1A shows three representative tip
designs: rectangular, U-shaped (radius = 75 um), and V-shaped
(£ =15°). Similar to previous studies,'%*%*" the region surround-
ing the arrays was modeled as a homogeneous, isotropic medium
with the properties of gray matter. To isolate the effect of coil ge-
ometry, the distance between the vertical leads of the coils in each
array was fixed at 100 um and the rate of change of current
through the coils was maintained at di/dt = 1 A/ps.
Computational studies®*>* have shown that the strength of
the gradient of the electric field (the activating function®?) arising
along the length of a targeted axon is a good predictor of the
effectiveness of a given set of yMS conditions. Because the
axons of cortical pyramidal neurons are generally oriented in
the same direction (two representative cells/axons are depicted),
we started by determining the spatial gradient of the induced
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were calculated along a plane 10 um below the surface of the
array and are shown in the colormaps of Figure 1A. The
maximum gradient levels in the maps were fixed at +2,000
V/m? to facilitate comparisons across the three coil geometries;
saturated yellow and blue regions correspond to negative
(<—2,000 V/m?) and positive (>+2,000 V/m?) gradients, respec-
tively. Since the current waveforms i(f) used in our studies have
symmetric rising and falling phases, the positive and negative
phases of the activating function are equivalent.

When the coil shape was rectangular (Figure 1A, left), gradi-
ents were strongest at the two right-angle bends and decreased
radially with distance from the corner, thereby resulting in circu-
lar-shaped regions. The polarity of the gradient was dependent
on the direction of flow of the current in the vertical portions of
the microcoil (black arrows) and thus one gradient was positive
and the other negative. Narrowing the width of the coil (the space
between its ascending and descending vertical portions brought
the opposing field gradients close to each other and resulted in
reductions of the peak magnitude for each (not shown). How-
ever, because the electric current flowed in opposite directions
for the two adjacent coils, the polarity of the induced field
gradients was the same in the region between coils and thus
there was constructive interference, and the combined field
was broader and stronger. This is the same principle used
for figure-of-eight coils in transcranial magnetic stimulation
(TMS).%>*¢ The width of the region for which the gradient magni-
tude |dE,/dy| exceeded 2,000 V/m? was larger than the 100-um

electric field along the length of these axons (ﬁ) Gradients
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separation between coils. A qualitatively similar region of activa-
tion was produced when the bends in the coil tips were
U-shaped (Figure 1A, middle), along with a similar overlap in
the central region that both strengthened and broadened it.
When the coils were V-shaped (Figure 1A, right), the regions of
peak gradient were narrower, in part because the close proximity
of the ascending and descending branches at the tip resulted in
overlap of the positive and negative regions of field gradient. As a
result, the regions of peak gradient were narrowly confined to the
tip region of each coil and there was little overlap. Thus, even
though the sharper bend associated with V-shaped coils pro-
duces a stronger local field, the increased separation between
adjacent tips reduces the potential for overlap. Taken together,
these results suggest that the use of V-shaped coils may be
more effective in creating multiple, distinct regions of neural acti-
vation. In contrast, the expansive regions and overlap produced
by the rectangular and U-shaped designs might result in reduced
channel independence.

The relationship between coil geometry and the resulting re-
gion of field gradient was further explored by systematically
varying the radius of curvature of the coil bend at the tip, which
resulted in a gradual transition from a V- to U-shaped design
(Figure 1B). We again calculated the width of the region of acti-
vation where |dE,/dy| > 2,000 V/m2. Consistent with the results
of Figure 1A, a smaller bend radius was associated with a nar-
rower region of peak gradient. This pattern is analogous to the
relationship between the radii of coils utilized in TMS and their
induced fields; TMS coils with smaller dimensions generally pro-
duce electric fields with a smaller tangential spread.®” Because
our goal was to minimize the overlap between the adjacent coils,
while maintaining channel independence (Figure 1C), we chose
to proceed with V-shaped coil tips for subsequent physiological
experiments.
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Figure 1. Computational modeling of mi-
crocoil array geometries and experimental

2000 V/m?
schematic
1000 dE (A) Heatmaps depicting the induced electric
i i field gradient produced by rectangular, U- and
dy V-shaped geometries. Gradients are calculated on

-1000 aplane thatis 10 um below the bottom edge of the

array and with di/dt = 1 A/ps. Black arrows depict
the direction of current through the coils. Green
structures represent aligned neurons/axons.

(B) Left: schematic illustration of a microcoil with a
gradually increasing radius of curvature at its tip.
Right: relationship between bend radius of the tip
and width of the region of activation field strength |
dE,/dy| > 2,000 V/mZ.

(C) Schematic illustration of pyramidal neuron
axons (light green) interfaced with devices and
corresponding activation regions (red; adapted
from the yellow regions shown in (A). Axons
passing through regions of stronger gradient are
more likely to be activated (red); therefore, the
model predicts that V-shaped devices will offer
better spatial resolution.

-2000

Fabrication, assembly, and testing of microcoil arrays
We designed and fabricated an array with four adjacent micro-
coils, with the tips spaced 250 um apart (Figures 2A and 2B).
This distance was chosen to approximate the distance between
adjacent cortical columns.*® The device consisted of Cu coils
and interconnects encapsulated by two layers of SU-8, which
functioned both as flexible support substrate and passivation
layer. A series of eight copper pads, with each set of two adja-
cent pads corresponding to the signal and ground elements for
an individual coil, allowed the four coils to be individually ad-
dressed. A distance of 3.5 cm between the rectangular layers
of interconnects and the microcoils allowed for facile placement
of the functional portion of the coil onto the microscope stage as
well as sufficient distance between the base of the device and
the chamber slide on which the tissue slice would be placed.
Given that the width of a typical adult mouse cortical slice
explant is around 4.5 mm and the total length between the edges
of the substrate is about 1.3 mm, the multicoil array would
occupy only about 30% of the tissue width and could be easily
rotated to adapt to different slice orientations. Since a typical py-
ramidal neuron has a soma diameter of around 20-25 um, the
distance between the coils is suitable to visualize about 10 cells.
Tissue could be visualized through the device via optical micro-
scopy in both fluorescence and bright-field mode (Figure 2C),
demonstrating that our system would be suitable for simulta-
neous calcium imaging studies.

To ensure that the fabricated coils would achieve uMS as in-
tended, i.e., generally consistent with the model predictions,
we first characterized the electrical integrity of each coil. Coils
were submerged in a bath containing PBS solution and the integ-
rity of the SU-8 insulating layer was assessed by measuring the
resistance (DC impedance) between a lead connected to the coil
trace and a lead inserted into the bath but adjacent to the array.

Device 2, 100290, April 19, 2024 3
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Figure 2. Fabrication and assembly of flexible microcoil devices

(A) Schematic of multicoil array. Each pair of square pads addresses one coil.
Inset: expanded region of stimulation region with four microcoils.

(B) Photographs of (top) interconnect and (bottom) simulation regions.

(C) Microcoil array interfaced with cortical tissue in (left) fluorescence and
(right) bright-field mode. Inset: expansion of device and underlying tissue.

Resistance levels were typically above 200 MQ and often ex-
ceeded 1 GQ, implying few defects in the SU-8 layer, which
was necessary to minimize the possibility of direct electrical acti-
vation of neurons by the coil. Next, the integrity of each copper
trace was evaluated by measuring the resistance between the
input and output leads. These measurements were typically
<60 Q, indicating good integrity of the copper trace.

Validation of microcoils for uMS

We next sought to confirm that pMS stimulation could achieve
localized electric field gradients. Stimulus waveforms were
generated by a function generator and amplified (see experi-
mental procedures). For these validation studies we delivered
a burst of 10 half-sinusoidal pulses with amplitudes ranging
from 0 to 1,500 mV; the duration of each half sinusoid was
1 ms and there was a 4-ms interval between the offset of one
waveform and the onset of the next. A glass patch pipette was
positioned 5 um above the plane of the SU-8 to measure the
response in the bath resulting from the flow of current through
the coil (Figures 3A and 3B; see experimental procedures).
Voltage-clamp recordings from the pipette provided a qualitative
assessment of the induced electric field. The responses con-
sisted of a series of biphasic waveforms with positive and nega-
tive phases corresponding to the rising and falling elements of
the input pulse (Figure 3C), as reported previously for both
bent wire and fabricated coils.'® Consistent with theory, the
amplitude of the response was linearly correlated to the ampli-
tude of the stimulus current (Figure 3D).

Selective activation of central nervous system neurons

To evaluate the efficacy of uMS with our microcoil array, we per-
formed a series of physiological experiments using brain slices ob-
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tained from the visual cortex of Thy-1 GCaMP6f-expressing
mice.'®2% Inthese animals, a genetically encoded fluorescent cal-
cium indicator labels several neuronal populations within the cen-
tral nervous system, including pyramidal neurons in the cortex. The
fluorescence level of these neurons is positively correlated to the
extent of neuronal activation, enabling responses from multiple
neurons to be studied simultaneously.’®?° The microcoil array
was overlaid on the surface of the brain slice (ca. 300 pm thickness)
so that the response of layer 5 pyramidal neurons to magnetic
stimulation could be visualized (Figure 4A). We delivered a series
of stimuli, with each burst consisting of 20 half-sinusoidal pulses
with 1 ms duration (corresponding to 500 Hz), 4 ms interpulse inter-
val, and 500 ms interval between bursts (Figure 4Ai). These param-
eters were similar to those used in previous in vitro and in vivo mi-
crocoil studies.?*° In these preliminary experiments, we used an
arbitrarily large stimulus amplitude, 200 mA, to elicit calcium re-
sponses in response to nine consecutive bursts (Figures 4Aii and
4Aiii). For the experiment shown in Figure 4Aii (right), seven or eight
cells were consistently activated by the stimuli. Most were rela-
tively close to the soma, although some were as far as 80 um
away. Note also that, although some neuropil was activated, the
strength and extent of activation was much less than that for elec-
tric stimulation (Figure 4C, below).

To explore the generality of our pMS approach we also stimu-
lated retinal ganglion cells (RGCs) within a mouse retina explant
(Figure 4B). Here, stimulus bursts consisted of 100 triangular
pulses with 0.2 ms duration, 5 ms interpulse interval, and 1 s
interval between bursts (Figure 4Bi). For these experiments
we chose a pulse amplitude of 100 mA, which reliably stimu-
lated RGCs in response to each of six consecutive bursts
(Figures 4Bii and 4Biii). Similar to the case of cortex, we observed
stimulation of three to four RGCs in the vicinity of the tip.

We compared the responses generated by uMS to those gener-
ated in response to electric stimulation from microelectrodes by
repeating our experiments in the cortical slice using a single
10-kQ Ptlr microelectrode (Figure 4C). Stimuli consisted of 20
square wave pulses with 0.2 ms duration and 9.6 ms interpulse in-
terval.’®?° The amplitude was increased until responses were eli-
cited; in this case we used 70 pA (Figure 4Ci). The responses
observed (Figures 4Cii and 4Ciii) were significantly stronger and
more extensive than that from microcoils and included greater
activation of neuropil and somata, e.g., moderate levels of activa-
tion were observed in Figure 4Cii (right), well beyond 100 um.
Future studies will be necessary to investigate why the activation
patterns for electric vs. magnetic stimulation were so different
but we believe some of the difference arises from differences in
fields induced by electrodes vs. coils: the spatially symmetric fields
arising from microelectrodes result in field gradients that are similar
in all directions and thus activate all nearby neurons and neuronal
processes, regardless of orientation. In contrast, the spatially
asymmetric fields arising from coils are only effective for those
neurons or neuronal processes aligned in a specific orientation.

To further evaluate the efficacy of our microcoils, we studied
the relationship between the amplitude of pMS and the fluores-
cence change of cortical neurons (Figure 5A). Instead of simply
trying to elicit responses as in Figure 4, the amplitudes of individ-
ual waveforms were systematically varied to establish the mini-
mum level at which a calcium response was produced within
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Figure 3. Electrical validation of flexible mi-
crocoil devices

(A) Photograph of patch-clamp pipette positioned
5 um above one of the V-shaped microcoils in the
fabricated array.

(B) Schematic of the half-sinusoidal waveform
used to test electrical integrity.

(C) Top: voltage-clamp recording of the response
to three bursts of the waveform bursts shown in
(B). Bottom: expanded view of a single period.
(D) Plot of the peak-to-peak amplitude of the
response waveform as a function of the ampli-
tude of the device stimulus current. n = 3; error
bars represent SD.
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DISCUSSION

’ We designed and fabricated a flexible,
’ transparent, and conformal microcoil de-
/§ 1 vice array that could activate neurons by
4 uMS. We showed that the width of the
activating function was a monotonic func-
tion of the coil radius of curvature; thus by

$ using a coil with a sharp V shape we could

selectively activate neurons localized
within 40 pm of the tip. This resolution rep-
resents a significant advance over con-
ventional capacitively coupled electrodes

40
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individual cell bodies. Figure 5A is a representative example in
which a single cell located 14.9 um from the tip is activated.
Dose-response curves are shown for a total of 11 cells (Fig-
ure 5B), where the shaded error bars indicate the standard devi-
ation across repeated trials (n = 3). Following the approach uti-
lized by a previous study,’® we defined threshold as the
stimulus amplitude required to elicit 50% of the maximum fluo-
rescence change threshold (/so) (see experimental procedures).
The threshold for each cell was then plotted as a function of the
distance from the soma to the tip of the coil (Figure 5C). Some-
what surprisingly, there was only a mild correlation between
the distance from the coil and threshold (correlation
coefficient: r = 0.22). However, given the small number of cells
tested and potential confounding factors such as cell type and
morphology,”™"" and the relatively small distances evaluated
here, further experimentation is needed to better assess this
relationship. We note, however, that for these experiments the
change in fluorescence was confined to a small region near the
tip of the coil with the maximum distance at which a fluorescence
change could be observed was <40 um (Figures 5A and S1). We
did not attempt to determine why multiple cells, some at dis-
tances of ~80 um, could be activated in some instances (e.g.,
Figure 4Aii), but note that, in all cases, activation from
microcoil stimulation was much more narrowly confined than
that from microelectrode stimulation (Figure 4C).

Device Current (mA)

and could be used to selectively activate
individual neuronal pathways.

While the studies in this work were
confined to uMS via a single device, the
technology could be readily scaled up to
hundreds or thousands of channels, as has been achieved with
MEAs.*! Aside from achieving highly multiplexed, high-resolu-
tion inputs, uMS is advantageous in that the shape of the acti-
vating function can be tuned. We showed that our discrete de-
vices generated anisotropic fields that might be used to
selectively activate aligned axons. Previous studies using large
TMS coils for activation of peripheral axon bundles ex vivo esti-
mated field gradient thresholds of ~11,000 V/m?.* The corre-
sponding thresholds for microcoil-based activation of the prox-
imal axon of pyramidal neurons have not been well studied but
it seems reasonable to assume that they are on the same order
of magnitude. Computational models from earlier studies'® sug-
gest that field gradients from microcoils can exceed this level,
although further studies with our microfabricated devices are
warranted.

Systems that generate activating functions with reconfigura-
ble magnitudes and shapes would allow for therapies that could
be personalized to the patient and adapted over time. Devices
that generate wide activating functions, when multiplexed, are
likely to generate interference patterns, as we modeled for
square- and U-shaped coils in Figure 1A. These patterns might
be adjusted dynamically, by modulating the magnitude and
phase of current passed through each device. Magnetic interfer-
ence has been used to pattern continuous, complex geometries
into composite polymer systems*; similar techniques might be
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Figure 4. Stimulation and calcium fluorescence recording with ex vivo cortex and retina slices

(A) Cortex slice interfaced with microcoil stimulation device.
(B) Retina slice interfaced with microcoil stimulation device.
(C) Cortex slice interfaced with 10-kQ Ptlr microelectrode.

Sub-panels show (i) schematic of stimulus pulse bursts. Note that the x axis is not to scale to highlight the shape of the pulse. (i) Left: fluorescence image. Right:
heatmap of stimulated tissues. Both images represent peak fluorescence. (iii) Plot of fluorescence vs. time corresponding to the individual neurons indicated by

circles in (ii). Green arrows indicate the onset of each waveform burst.

applied to uMS to encode information at smaller pitch than
the electrodes themselves, to further increase the resolution of
the technique. Alternatively, future microcoils with dynamically
tunable shapes might be achieved by incorporating shape-shift-
able biomaterials®* or DNA origami,*>*® both of which have
enabled reconfigurable 3D structures on nano- to micro-length
scales. Analogous approaches have already been applied on
the macroscale to achieve reconfigurable electromagnetic com-
munications devices such as antennas.*’

Regardless of the shape of the activating function, it will be
necessary to understand the probability of neural activation for
each neuron at a given distance from the electrode. Our data
shown in Figure 5B show a mild correlation between the distance
from the coil and the threshold for neuronal activation (r = 0.22).
This variability is likely accounted for by heterogeneities in stim-
ulation thresholds across different neurons. Previous experi-
mental and modeling studies in rabbit RGCs found that the re-
gion of highest sensitivity (lowest threshold) for electric
stimulation was along the proximal axon, about 30 um from the
soma and corresponding to a region of densely packed sodium

6 Device 2, 100290, April 19, 2024

channels. This region is commonly referred to as the axon initial
segment (AIS). An analogous ex vivo study in brain slices showed
that the AIS also had the highest sensitivity to magnetic stimula-
tion in layer 5 pyramidal neurons from both V1 and M1."® The
length of the AIS as well as its distance from the soma can
vary considerably for different pyramidal neurons.*® Longer
AlSs have lower thresholds and, thus, the combination of vari-
able distance to the AIS as well as variable sensitivity across
AlSs can both contribute to variations in thresholds. We believe
that these factors account for some of the sensitivity differences
we observed. Furthermore, properties can vary significantly
across different neuronal cell types and can contribute to vari-
ability as well.

Achieving stable interfaces between devices and tissues has
been a major challenge in the bioelectronics field. Our demon-
stration that SU-8-encapsulated devices can achieve pMS
opens avenues for high-resolution bioelectronic stimulation
with minimal chronic inflammation. While SU-8 itself is much
stiffer than neural tissue, it can be achieved as thin, mesh-like
structures that are highly compliant because of their nonlinear



Device

¢? CellPress

OPEN ACCESS

100 200

Figure 5. Cortical neurons are sensitive to stimulus amplitude
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(A) Heatmap showing a single stimulated neuron (white circle and arrow) located 14.9 um away from the device tip. Inset: detail of the stimulated neuron.

(B) Dose-response curves relating fluorescence change of identified cortical neurons to amplitude of magnetic stimulation current. Each color corresponds to a
different cell (11 in total, 7 slices). Shaded error bars indicate the SD across repeated trials (n = 3). Inset: sigmoid fits for each normalized dose-response curve.
(C) Relationship between the distance from soma to coil tip and magnetic stimulation threshold, defined as the current required to elicit 50% of the maximum
fluorescence change as shown in (B). Linear regression (red) and analysis are shown. The black arrows in (B) and (C) highlight data corresponding to the neuron

shown in (A). See also Figure S1.

mechanical properties. Mesh-like bioelectronics composed of
SU-8 and metallic MEA recording elements have been implanted
into the retina®' and somatosensory cortex’® of live mice,
providing multiplexed readouts of single-unit (single-neuron) ac-
tivity after processing. The cortex implants*® were stable for at
least 8 months: they provided readouts from the same neurons
with little degradation of signal quality and caused minimal
inflammation. Since these bioelectronics contained both devices
and interconnects, it stands to reason that our uMS devices
might be constructed with similar architectures to also achieve
long-term interfaces with the same sets of neurons.

The pMS system reported here represents a platform tech-
nology that could interface with a wide variety of cell types,
in different configurations. Aside from tuning the coil and sub-
strate, we note several future directions. Conventional stimula-
tion electrodes, in addition to being rigid, have a lower size limit
since capacitive currents scale with surface area. Since the
magnitude of the activating function is dependent on the coil
radius, rather than device size, far smaller stimulation elements
are conceivable. To avoid invasive surgeries, these ultrasmall
microcoils might be loaded onto a catheter or other carrier
and delivered to the desired location through blood vessels,
as was recently demonstrated with injectable bioelectronic
recording devices that were implanted into arteries overlaying
the cortex and olfactory bulb.?’**® Biochemically functionalized
uMS coils could be designed to associate with specific cellular
sub-types,®® opening further avenues for selective neuronal
stimulation. Finally, pMS opens avenues for bioprobes that
incorporate both simulation and recording functionalities, since
the localized stimulating functions would be less likely to inter-
fere with recordings. Such systems would enable closed-loop
functionalities, which have been proposed for a wide variety
of neuromodulation functions.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Brian P. Timko (brian.timko@tufts.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The authors declare that all data supporting the findings of this study are avail-
able within the paper and its supplemental information. Additional information
can be requested from the lead contact.

Modeling
We developed a computational model to characterize the induced electric
fields arising from the flow of electric current in an array of microcoils con-
sisting of different coil geometries (rectangular, U-shaped, and V-shaped).
We utilized a charge-based boundary element fast multipole method (BEM-
FMM) toolkit to calculate the induced electric fields within the tissue. Unlike
the commonly applied finite element method (FEM), BEM-FMM operates
directly on tissue conductivity boundary surfaces, thus eliminating the
need for volumetric meshing.*° After the solution at the tissue boundaries
is determined through an iterative process, the magnetic and electric fields
from the flow of current through an insulated coil can be evaluated in 3D
space, similar to general-purpose FEM software. An important advantage
of the BEM-FMM approach is that it allows unconstrained numerical field
resolution near tissue interfaces, and thus the induced fields and their
spatial gradients can be calculated at a high resolution without the second-
ary interpolations required for volumetric FEM-based solvers. The BEM-
FMM approach is also more computationally efficient compared with exist-
ing software packages.®° The region surrounding the array (600 x 600 x
600 um cube) was modeled as a homogeneous, isotropic medium with
the properties of gray matter (electrical conductivity: ¢ = 0.276 S/m),”"
similar to the approach used earlier to characterize the spatial extent of in-
tracortical microcoil-based stimulation.?® After the modeling setup was
defined, the BEM-FMM toolkit was utilized to calculate the electric field in-
side the tissue (with a spatial resolution of 1 um) in response to an applied
AC current.

In the quasistatic limit, which is commonly used when modeling electromag-
netic fields in biological tissues and is considered valid for frequencies up to
~10 kHz,? the total induced electric field is given by:

E = (7%) +(—Vo)

where A is the magnetic vector potential and ¢ represents the electric po-
tential due to surface charge redistribution at tissue conductivity bound-
aries.”® The secondary field (— Vg) can be ignored if the primary field
(-%) is parallel to the air-tissue boundary®* as we have done here. The
primary field was obtained by discretizing the coil into small, straight ele-
ments of current j;(t) with orientation s; and center coordinate p;. The
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magnetic vector potential created by a current element at an observation
point ¢; is given by:

P (UL
Alent) = 7~ o —pl

where y, is the magnetic permeability of vacuum.*° The corresponding electric
field generated by the current element is:
6A(c,u, t)

Ee) = = =5 = "4 ot |o—p]

o Oit) s,

The contributions from each element of the coil are summed to find the total
electric field distribution. All calculations were performed at an instant in time
when the rate of change of current (di/dt) through the coil was 1 A/us, whichis a
representative value that has been utilized in previous computational studies
involving magnetic stimulation.®® Simulations were performed on an Intel
Core i7-6700 CPU (3.40 GHz, 32 GB RAM, 4 cores) with an average computa-
tion time of ~1 min for each simulated microcoil array.

Microfabrication protocol

All photoresists and developers were used as received from Kayaku Advanced
Materials (Westborough, MA). (1) A 50-nm sacrificial layer of germanium (Ge)
was sputtered onto silicon/silicon oxide substrates (300 nm, cat. no. 2525).
(2) The bottom passivation layer of the device was composed of 10-um-thick
SU8 (SU8 2010) that was spin coated, patterned with UV photolithography
(16 s at 15 mW/cm?) and developed with SU-8 developer for 1 min. (3) The
metal layer was defined using a LOR20B/S1813 bi-layer stack followed by
UV exposure (12 s at 15 mW/cm?), developed using CD-26, metallized with
a 1-um layer of copper deposited by thermal evaporation (LC Technology So-
lutions, Salisbury MA), and lifted off with Remover 1165 at room temperature.
(4) The top passivation layer of the device was composed of 20-pm-thick SU8
(SU8 2025) that was spin coated and patterned with UV photolithography (21 s
at 15 mW/cm?) with a develop time of 5 min. (5) Devices were lifted off by dis-
solving the Ge layer in deionized water at 80°C for up to 48 h. Next, the inter-
connect section (Figure 2B, top) was adhered onto a rigid plastic backing and
wires were attached to the exposed copper pads using silver epoxy paste
(CW2400, Chemtronics). The resistance of each device (including intercon-
nects) was 40-60 Q.

Magnetic and electric field generation

Magnetic fields were generated by delivering an alternating current through
the microcoil. The voltage delivered to the input lead was generated with a
stimulus generator in voltage mode (STG 4002, MultiChannel Systems) and
amplified (PB 717X audio amplifier, 1000 W, Pyramid) with a gain of 5.6 V/V
and a bandwidth of 70 kHz."® The ground lead of the microcoil was connected
to the ground pin on the amplifier. The voltage at the input lead was confirmed
using an oscilloscope and converted to current by dividing by the measured
resistance of the microcoil. Electrode stimulation was performed with the
same stimulus generator in current mode and a Ptlr electrode.?®

Patch-clamp validation

The pMS fields were measured at a position of z =5 um above the surface of
the microcoil using a glass pipette and a patch-clamp amplifier (MultiClamp
700B, Molecular Devices, San Jose, CA) operating in voltage-clamp mode
with a holding potential of 0 mV. The pipette was positioned using a precision
micromanipulator (MP-285, Sutter Instrument, Novato, CA). In brief, we first
slowly lowered the pipette until it touched the surface of the device, as de-
tected by a slight bend in the pipette tip and/or a dimple in the device surface.
We defined this position as z = 0 and then moved the tip 5 um in the positive
z direction. To generate the stimuli we delivered a series of 9 current bursts
through the microcoil, each consisting of 20 half-sinusoidal waveforms with
1 ms duration (corresponding to a 500 Hz sinusoidal frequency) and an interval
of 4 ms between waveforms (200 waveforms/s). The magnitude of the uMS
signal is proportional to the reported peak-to-peak amplitude of the current
recording.

8 Device 2, 100290, April 19, 2024

Device

Brain slice experiments

We isolated brain slices prepared from 30- to 50-day-old mice expressing Thy1-
GCaMP6f (strain no. 024339; The Jackson Laboratory), as described previ-
ously.'®?° The care and use of animals followed all federal and institutional guide-
lines, the Institutional Animal Care and Use Committees of the Boston Veterans
Affairs (VA) Healthcare System, and the Subcommittee on Research Animal
Care of the Massachusetts General Hospital. The mice were deeply anesthetized
with isoflurane and decapitated. The brains were removed immediately after
death, and a section of the brain containing the visual cortex V1 (0.5-1 mm ante-
rior from the lambdoid suture) was isolated onice in a 0°C to 5°C oxygenated so-
lution containing 1.25 mM NaH,PO,, 2.5 mM KCl, 25 mM NaHCO3, 1 mM MgCl,,
25 mM glucose, and 225 mM sucrose, equilibrated with 95% 0,-5% CO,
(pH 7.4). This cold solution, with a low sodium ion and without calcium ion con-
tent, improved tissue viability. In the same medium, 300- to 400-um-thick coronal
slices were prepared using a vibrating blade microtome (Vibratome 3000 Plus,
Ted Pella) and were incubated at room temperature in an artificial cerebrospinal
fluid (aCSF) solution containing 125 mM NaCl, 1.25 mM NaH,PO,, 2.5 mM KCl,
25 mM NaHCO3, 1 mM MgCl,, 2 mM CaCl,, and 25 mM glucose, equilibrated
with 95% O,-5% CO, (pH 7.4). After a 2-h recovery period, slices that contained
V1 were transferred and mounted, caudal side down, to a plastic recording cham-
ber (RC-27L, Warner Instruments) with a plastic slice anchor (SHD-27LP/2,
Warner Instruments). The chamber was maintained at 30°C + 2°C and continu-
ously superfused (3.3 mL/min) with oxygenated aCSF solution.

Fluorescence microscopy

Brain slices were prepared and maintained as described above and were then
incubated in a dark room at room temperature in aCSF solution. After a 2-h re-
covery period, slices that contained the primary visual cortex (V1) were trans-
ferred and mounted, caudal side down, to the plastic recording chamber (RC-
27L) with a plastic slice anchor (SHD-27LP/2). Imaging was performed with a
Nikon Eclipse FN1 microscope (Nikon Instruments) through a 20x 0.5 numer-
ical aperture objective (Nikon Fluor 20x/0.50 water immersion objective). The
excitation light source (X-Cite 120Q; Excelitas Technologies) was coupled to
the epifluorescent port of the microscope. Calcium fluorescence changes
were captured with a sCMOS camera (USB 3.1 Gen 1; 2,048 x 2,048; 30
frames/s; PCO.Panda 4.2). Images were recorded and then processed post
hoc using image analysis software (ImageJ/FIJI; National Institutes of Health).
Outlines around the somas of individual pyramidal neurons were defined to
create ROIls. The calcium fluorescence transients for individual neurons
were calculated as (AF /Fo) = (F — Fo)/Fo, where Fy was the baseline fluo-
rescence level calculated by averaging over 2 s before the onset of stimulation,
and subsequently normalized to max observed fluorescence change.

Data analysis

MATLAB’s “fitnim” function was utilized to fit each dose-response
curve with a four-parameter sigmoidal function defined by F (/) =
Frin+ (Frnax — Fran) / [1+ (s //)ﬁj ,where F' = (AF /Fo) and @ is the dynamic
range. Isq is the current amplitude required to elicit 50% of the maximum
fluorescence change; this was used as an estimate for the threshold of mag-
netic stimulation.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
device.2024.100290.
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