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Fig. S1. Point-of-care treatment scenario of the fatal epileptic medical emergency by using

the SID. Schematic illustrations of the scenario in which the SID is implanted subcutaneously

and wearable devices are put onto a patient for point-of-care treatment based on continuous
health monitoring. The loaded drug is subcutaneously released in case of fatal epileptic medical
emergencies such as status epilepticus.
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Fig. S2. Various types of wearable power transmitters depending on the location of SID.
(A) Schematic illustration and images of various types of wearable power transmitters such as
an armband-type (red dotted box) or a patch-type (green dotted box) device. (B) Photo that
shows the inside of the armband-type power transmitter. (C) Photo that shows the inside of the
patch-type power transmitter. Photo credit: Hyunwoo Joo, Seoul National University.
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Fig. S3. Flow chart and block diagram showing the overall system construction and
operation. (A) Flow chart for the (i) wireless device coupling and (ii) drug release process. (B)
Block diagram of the wearable EEG sensor showing the construction of its main circuit
components. (C) Block diagram of the wearable power transmitter showing the construction
of its main circuit components. (D) Block diagram of the SID showing the construction of its

main circuit components.
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Fig. S4. Circuit design and information of microchips for the wearable sensor. (A) Image
of the wearable EEG sensor. (B-D) Circuit layout on the flexible PCB for the wearable EEG
senor. (E) List of the chipsets used for the circuit construction. Photo credit: Hyunwoo Joo,
Seoul National University.
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Fig. S5. Circuit design and information of microchips for the wearable power transmitter.
(A) Image of the watch-type wearable power transmitter. (B) Image of the wearable power
transmitter assembled in the housing. (C) List of the chipsets used for the circuit construction.
(D-F) Circuit layout on the PCB for the wearable power transmitter. Photo credit: Hyunwoo
Joo, Seoul National University.
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Fig. S6. Fabrication of the front side of the SID. Step-by-step illustration for the front side
of the SID fabrication procedures such as the antenna fabrication, bonding with the drug
reservoir, and chip soldering. Fabrication of the drug reservoir is described in Methods.



2.5 MHz 40 MHz 640 MHz

A

1
-600 -600 -600 ' g
-400 -400 -400 08 &
1]
-200 -200 -200 3
o [v]
-~
x> 0 0 < 0 O g
0.4 3
200 200 200 -
[ S
400 400 400 02 B
c
600 600 600 ‘ =

-600-400-200 0 200 400 600 -600-400-200 0 200 400 600 -600-400-200 0 200 400 600
k k L
X X

1
0.8 g
3
-~
&
0.6 e
=3
04 &
>
c
02 ~

x (cm) x (cm) x (cm)

Fig. S7. Optimal electric current density. (A) Angular spectrums of the optimal current under
the operating frequency of 2.5, 40, and 640 MHz. (B) Spatial distributions of the optimal
current under the operation frequency of 2.5, 40, and 640 MHz.
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Fig. S8. Schematic diagram of the transmitter and receiver. The values of the matching
capacitors (Transmitter: C11, C12, Receiver: C1, C2) are finely adjusted through the
experiment to achieve minimum reflection coefficient (S11) at 40 MHz.
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Fig. S9. Layered tissue model. (A) Multilayer tissue model used for the numerical simulation.
(B) Nominal thickness, relative permittivity, and conductivity of each medium in the model at

the operating frequency of 40 MHz.
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Fig. S10. Lid resistance change depending on film thickness. Measurement results of the lid
resistance when the thickness of the fuse layer changes from 30 to 45 nm.
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Fig. S11. Output voltage depending on the lid resistance. Output voltage measured with
various input powers when the lid resistance is (A) 1 kQ, (B) 2 kQ, and (C) 10 kQ.
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Fig. S12. Fabrication process of the backside of the SID. Step-by-step illustration of
fabrication procedures for the backside of the SID such as the lid fabrication and drug injection.
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Fig. S13. Mechanical stability of the SID under bending. (A) Images (top and side view) of
bending experiments of the SID. (B) Resistance change of the lid of the SID under 100 bending
tests. No resistance increase was observed, which confirms that there was no mechanical
damage to the device. Photo credit: Hyunwoo Joo, Seoul National University.
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Fig. S14. Mechanical stability of SID under vertical pressure. (A) Schematic illustration of
the experimental setting for the mechanical pressing test. The SID containing a model drug
(Evans blue; for visualization) was placed on the porcine tissue and covered by the porcine
skin, on which a weight (i.e., pressure) was applied. (B) Images before and after the mechanical
pressing experiment. No sign of drug leakage was observed up to ~20 kPa of the applied
pressure. Photo credit: Hyunwoo Joo, Seoul National University.
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Fig. S15. Strain distribution analysis across SID under mechanical deformations. (A) FEA
result of strain distribution across the SID under bending. (B) FEA result of strain distribution
across the vertically pressed SID embedded under 1 mm thick skin.
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Fig. S16. Concentration of eluted metal ions from SID. ICPS results of the eluted metal ions
(Sn, Bi, Ag, and Cu) from the SID during 5 days of accelerated test at 80 °C
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Fig. S17. '"H NMR spectroscopy of diazepam before and after electrolysis. (A and B) 'H
NMR spectroscopy of diazepam (A) before and (B) after electrolysis. The samples were
dissolved in D,0. (C and D) 'H NMR spectroscopy of diazepam (C) before and (D) after
electrolysis. Extracts that were not dissolved in D>O were collected and dissolved in CDCls.
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Fig. S18. In vivo animal experiment set-up and the recorded EEG signals. (A) Schematic
illustration of the in vivo animal experiment set-up. (B) Image of the in vivo animal experiment
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credit: Hyunwoo Joo, Seoul National University.
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Fig. S19. Front panel and source code of the custom-made software. (A) Front panel of the
software displaying the real-time EEG signal, frequency analysis results, alarm for the seizure
onset, and elapsed time of the seizure. The right-bottom inset shows a dialogue window to the
user for the notice of the wireless triggering of the drug release from the SID. (B) Block
diagram (source codes) of the software written by LabVIEW.
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Fig. S20. Detailed explanation of the source code. (A) Necessary steps for detecting the
seizure signal from the EEG measurement data. (B) Detailed source code for the seizure
detection and measurement of the time duration of the continuous seizure. (C) Detailed source
code for the wireless triggering of the subcutaneous drug release from the SID.



SUPPLEMENTARY MOVIES
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Movie S1. Drug release from SID. Movie showing the bubble generation by water electrolysis
and the resulting drug release from the SID.
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Movie S2. System demonstration. Movie describing the overall system operation.



SUPPLEMENTARY TEXTS

Text S1. Wireless voltage induction
The optimization problem is formulated as follows. The receiver coil size is 20 X 4

mm to fully exploit the SID size, placed beneath the skin layer (zs= 2 mm distance apart from

the source) with its norm in Z—direction (fig. S8A). Human tissues are modeled as a
multilayered medium, in which the thickness of the layers are nominally given as (air, skin, fat,
muscle, and bone) = (1, 1, 2, 13, 15) in millimeters (fig. S8B). The dielectric permittivity is
assigned to each layer from Debye tissue model (50). We optimized the current J¢ in the
source plane to induce the maximum voltage across the receiver coil with a given power
dissipated in a lossy human tissue. In a mathematical formulation, it is equivalent to find the
current distribution that maximizes the efficiency defined in the main text.

The electric field E(r) and the magnetic flux density B(r) can be found from the
current sheet J¢(r") using the Green’s functions, Gg(r,r’) and Gg(r,r’), respectively. With
the bra-ket notation, E, B, and J; can be represented by functions |Y), |¢), and |&),
respectively (/, 2). In this operator formalism, we have |) = Gg|€) and |p) = Gg|¢),
where operators A to deduce the change rate of the magnetic flux through the coil area S and

¥ to present total dissipative loss in the tissue. Explicitly,

- (@)
A|qb)=j dr wB(r) - 2
s

(i1)
(1p|i|¢)=f dr we" |E(r)|?

tissue

Then, the optimization problem of the voltage gain can be re-formulated as a problem

that maximizes
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where A = A;FKTKGAB and CTC is the Cholesky decomposition of the Hermitian positive-

definite operator Gj £G, . The solution |&,,,) that maximizes 1 can be obtained from the
eigenvector V,p, that satisfies CT"1AC™vype) = Amax[Vope) 38 [€ope) = CT 1 vope)-

The numerical computation and optimization are performed in plane-wave basis,
which are the eigenfunctions of the Green’s function operator for the multilayer structure (35,
51). As numerical examples, under operating frequencies of 2.5, 40, and 640 MHz, the optimal
current sources |Eopt) are presented in the angular spectrum domain as shown in fig. S7A.
The white circles in fig. S7A have the radii of the wavenumber of medium, which is dominantly
muscle in this case. Because the receiver coil is only 2 mm apart from the transmit source, most
waves are excited in evanescent modes, kZ + k32, >» Re(kmeaium)? - Evanescent waves
efficiently maximize the induced voltage at closely located receiver while minimizing the
electric fields elsewhere.

The 2-dimensional Fourier transform of the optimal profiles in plane-wave basis yield
those in spatial domain (fig. S7B). The optimal profiles clearly resemble the circulating electric
current over similar dimension as the receiver coil for all the selected frequencies. Therefore,
the coil structure with comparable size to the receiver coil, which is prevalently used for
inductive coupling, is indeed optimal to induce the maximum voltage on the receiver in the

near-field region.

Text S2. Wearable sensor and power transmitter



Fig. S3 B to D show the block diagrams of the electronic circuits and their wireless
integration for the system construction and operation. The wearable electrophysiology sensor
unit (figs. S3B and S4) is designed as an 8-channel sensing device with a Bluetooth
communication module (52) on a flexible PCB to be worn around the head. The EEG signals
are collected through the electrodes connected to channels (fig. S4A (i)). The electrostatic
discharge (ESD) protection circuit (fig. S4A (ii)) protects the circuits from potential damages
by any unexpected high voltage inputs. The collected signals are then conditioned by passive
filters (fig. S4A (iii)) to minimize noises. Then the analog EEG signals are converted to digital
signals by an analog-to-digital converter (ADC) (ADS1299IPAGR, Texas Instruments Inc.,
USA; fig. S4A (iv)). A microcontroller unit (MCU) (PIC32MX250F128B-1/SS, Microchip
Technology Inc., USA; fig. S4A (v)) processes the acquired data at the sampling rate of 250
Hz and transmits them to external devices via a Bluetooth module (RFduino 22301, RFdigital
Corp., USA; fig. S4A (vi)). The MCU is bootloaded with the PICkit™3 in-circuit debugger
(Microchip Technology Inc., USA) via programming pins (fig. S4A (vii)). The Bluetooth
module is programmed with FTDI cable breakouts and serial pins (fig. S4A (viii)). Fig. S4 B
to D show the detailed PCB artwork of the wearable sensor unit, and fig. S4E shows the chipset
information.

The wearable power transmitter (figs. S3C and S5) receives the command signal from
the portable device, which processes the EEG data wirelessly sent from the sensor unit. The
wireless communications are performed via a Bluetooth module (RN42-I, Microchip
Technology Inc., USA; fig. S5A (i)). The portable device sends a string ($$$) that makes the
Bluetooth module on the wearable power transmitter to enter the command mode. As the
module enters the command mode, the GPIO pins could be controlled externally. The GPIO9

pin is connected to the ON/OFF pin of the 5 V regulator (fig. S5A (ii)), which provides power



to the VCO (CVCO55CL-0038-0042, Crystek Corporation®, USA; fig. S5A (iii)) and the RF
amplifier (BGA3023, NXP Semiconductors N. V., Netherlands; fig. SS5A (iv)). By turning the
GPIO9 pin to the ‘high’ state, a RF signal with the frequency of 40 MHz is generated. GPIO10
pin is connected to the control pin of the RF switch (PE42724A-Z, pSemi, USA; fig. S5A (v)).
By switching between the ‘high’ and ‘low’ state of the control pin input, high power RF signals
for drug release can be sent directly to the transmit antenna (fig. S5A (vi)) or low power RF
signals for device alignment can be sent after bypassing the attenuator (fig. SSA (vii)). The
generated RF signal is transmitted by the transmit antenna and provides power wirelessly to
the SID. Because LED indicators of the SID should be observed from outside, the transmit
antenna was fabricated separately on a transparent PDMS substrate for the see-through design.
Fig. S5B shows the entire power transmitter device. The housing of the PCB board was
fabricated by a 3D printer (Objet30 Pro, Stratasys Ltd., USA), and a watch silicon strap taken
from Samsung Galaxy watch (ET-YSU81MBEGKR, Samsung, South Korea) was used. Fig.
S5C shows the chipset information, and fig. S5 D to F show the detailed PCB artwork of the

wearable power transmitter.

Text S3. Finite element analysis of SID with mechanical deformation

The strain distribution across the SID is studied with finite element analysis (FEA) by
using commercial software (ABAQUS). To reduce computational cost, a 3D half-model is
employed to describe the device as illustrated in fig. S15. To be specific, the reservoir is
modeled as eight-node linear brick, hybrid elements (C3D8H) with a hyper-elastic material.
Four-node shell elements (S4) and eight-node brick elements (C3DS) are used to represent the
bottom and the top SU-8 layer, respectively, with the material property. E = 2 GPa,v = 0.22.

For a hyper-elastic material, Ogden model (53) with third-order strain energy potential is



employed with coefficients p; = 16.9 kPa, n, = 0.08 kPa,p; = 1.0 kPa,a; = 1.3,a, =
5.0,a3 = —2.0,D; = 1.156,D, = 0.0001, D5 = 0. For the bending simulation, the device is
bent until its radius of curvature is decreased up to 1.89 mm, which is beyond the
experimentally applied minimum radius of 2 mm. For the pressing test in fig. S14, the SID was
embedded between a layer of porcine skin and that of porcine neck tissue, which were modeled
as eight-node linear brick elements (C3D8) withEg;,, = 5.87 MPa, vg,in = 0.49, Etissye =
129.3 kPa, v¢issye = 0.49. The test is performed by applying the pressure up to 40 kPa on the
porcine skin. We also varied the thickness of the porcine skin to account for differences of the
skin thickness. To consider large deformation, geometric nonlinearity is considered for both
simulations.

The FEA results are displayed in Fig. 4, (C and D) and fig. S15. The simulation results
in Fig. 4C and fig. S15A reveal that although the reservoir is deformed significantly (e.g., up
to 70%, bent to a bending radius of 1.89 mm), the lid made of SU-8 (and the fuse made of gold)
experiences a maximum strain of 1.62%. The maximum strain in SU-8 is found to be 1.47%,
when the SID was bent to a bending radius of 1.96 mm. Taking the critical strain for rupture of
SU-8 to be 1.6%, we can find out that the resistance in the gold fuse exhibited negligible
changes during the bending test down to a radius of 2 mm. The simulation for pressing in Fig.
4D reveals that the SID implanted under the thicker skin experiences the less strain when
subjected to the same amount of the pressure. The strain distribution of the SID embedded
beneath the 1 mm-thick porcine skin is presented in fig. S15B. The maximum strain is found
in the gold fuse, where the film of SU-8 is thinnest. At the pressure of 20 kPa and 23 kPa, the
maximum strain is 1.42% and 1.60%, respectively. This finding is consistent with the pressing
test results shown in Fig. 4B in that the resistance of the gold fuse did not change up to a

pressure of 20 kPa.



Text S4. Custom-made software for detection of status epilepticus and wireless triggering
of drug release

In order to detect seizure and SE, the software should be able to acquire the EEG signals
from the wearable EEG sensor, distinguish the seizure from the normal EEG data in real-time,
count the elapsed time of seizure, and wirelessly trigger the wearable power transmitter once
the seizure turns into the SE for the elapsed time to exceed the designated threshold (5 min).
Fig. S17 A and B show the front panel and block diagram (source code) of the software written
with LabVIEW. Once the software starts to wirelessly acquire time series the EEG data from
the selected channel, the front panel of the software displays not only the measured EEG data,
but also the real-time analysis results of frequency components which are key references to
discriminate seizure from the normal EEG data. The software also measures the total duration
of time for which the seizure lasts to determine if the seizure develops into the SE. If the seizure
lasts longer than the designated period of time (5 min), the software will float a dialogue
window to let the user know that the wireless power transmitter will be triggered in designated
delay time (right inset of fig. S18A). The user can abort triggering of the power transmitter at
this moment if the situation is not urgent. If the designated delay time goes without any
responses from the user, the software wirelessly conveys the command signal to the wireless
power transmitter to send RF power to the SID wirelessly and thus release the drug from the
SID. Movie S2 shows how the software operates the system when the seizure is detected.

For such software operation, source codes were custom-made (fig. S18B). All source
codes were written with LabVIEW (National Instruments Corporation, USA). In the
initialization step, critical parameters for measurement of the EEG, such as a baud rate, COM

port, channels to be used, and grounding information, are wirelessly transferred to the wearable



EEG sensor before the measurement. The users can check whether the intended parameters are
correctly set by checking the console panel. The cut-off frequency and order of band-pass and
band-stop filters in the software are also adjustable. Fig. S20A shows the process of seizure
detection, and fig. S19B shows the enlarged view of the source code related to the seizure
detection and measurement of the duration of seizure. The filtered EEG data is analyzed via
the fast Fourier transform (FFT) algorithm. The power spectrum could be computed by using
the results of FFT for every single frequency band. The power of high frequency components
(> 10 Hz) in the EEG signal increased significantly when seizure occurs, whereas it decreased
under the normal condition. Therefore, the number of frequency bands whose power is larger
than a certain threshold was used as a criterion to judge between the seizure and normal EEG.
In particular, if the 1 s long EEG signal contains over 5 frequency bands whose power is over
than 5x107!2, the software will consider the EEG data as a seizure signal in mice. The reliability
of the seizure detection was investigated by using EEG data from 13 patients that include 32
seizure events. The results show that 90.6% of total event was successfully detected with a
positive predictive value of 77.8%. Future studies that employ commercial software and
algorithms used in the industry are needed to improve the reliability of the detection.

Once the seizure is detected, the software starts to measure the time duration of the
seizure, while it continues to analyze the EEG signal that was obtained for the next 1 s. When
the duration of seizure exceeds 5 min, the source code shown in fig. S19C will be executed to
trigger the drug release. Once this code is executed, the software will convey the command of
“$8$3$” to the Bluetooth module in the wearable power transmitter to get into the command mode
and the command of “s*,0202” to activate GPIO9 of the Bluetooth module to turn on the

wearable power transmitter.
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