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Physically defined long-term and short-term synapses
for the development of reconfigurable analog-type
operators capable of performing health care tasks

Yongsuk Choi', Dong Hae Ho?, Seongchan Kim**, Young Jin Choi®, Dong Gue Roe®,
In Cheol Kwak?, Jihong Min', Hong Han', Wei Gao'*, Jeong Ho Cho°*

Extracting valuable information from the overflowing data is a critical yet challenging task. Dealing with high
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volumes of biometric data, which are often unstructured, nonstatic, and ambiguous, requires extensive comput-
er resources and data specialists. Emerging neuromorphic computing technologies that mimic the data process-
ing properties of biological neural networks offer a promising solution for handling overflowing data. Here, the
development of an electrolyte-gated organic transistor featuring a selective transition from short-term to long-
term plasticity of the biological synapse is presented. The memory behaviors of the synaptic device were pre-
cisely modulated by restricting ion penetration through an organic channel via photochemical reactions of the
cross-linking molecules. Furthermore, the applicability of the memory-controlled synaptic device was verified
by constructing a reconfigurable synaptic logic gate for implementing a medical algorithm without further
weight-update process. Last, the presented neuromorphic device demonstrated feasibility to handle biometric
information with various update periods and perform health care tasks.

INTRODUCTION

In the era of big data, high volumes of biometric data are generated
and updated in real time by wearable devices (1-8). Processing the
aggregated data for personalized and precision health care is a major
challenge, requiring highly specialized human and computing re-
sources (9—11). While extensive efforts have been made toward de-
veloping bioelectronic devices such as wearable sensors (12-16),
implantable devices (17, 18), and wireless communication systems
(19, 20) for precisely acquiring large amounts of biosensor data,
there is a lack of sophisticated computing systems for processing
the data. Conventional computing systems based on von Neuman
architecture are impractical for processing large amounts of un-
structured data as the processor needs to communicate with the
memory to perform each operation, leading to wasted energy and
time resources (21-23). On the other hand, emerging neuromor-
phic computing systems that can perform parallel operations with
merged memory and processing units, such as the brain, serve as an
attractive solution (24-28).

Neuromorphic devices that electronically simulate the functions
of biological synapses in human neural networks have been report-
ed (29-39). These artificial synapses, characterized by their low
power consumption, small volume, and optimized analog signal
processing capabilities, have excellent potential to process overflow-
ing biometric data. Artificial synapses exhibit short-term plasticity
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(STP) and long-term plasticity (LTP), enabling the processing and
memorization of data throughout multiple periods and cycles. STP
is a temporal change in synaptic weight generated by updating
signals, enabling efficient computing functions in artificial neural
networks (ANNs) (Fig. 1A). On the other hand, LTP is a retentive
change in synaptic weights, which lasts longer and is responsible for
memory and learning abilities in ANNs (Fig. 1B). Various neuro-
morphic computing, artificial intelligence, and soft robotics
studies have been reported on the basis of artificial synapses that
display STP and LTP (30, 32, 34, 37, 40, 41). Most reported artificial
synapses exhibit STP on small input signals and LTP on higher
energy or repeated input signals. Therefore, to take advantage of
both STP and LTP in synaptic devices of an ANN and to provide
high-order functionalities such as artificial intelligence, ANNs
must be repetitively trained with numerous datasets (30, 37, 40,
42, 43). As a result, research on ANNS is highly dependent on soft-
ware algorithms and large volumes of qualified database resulting
vast and complex computing resources. Developing simplified
and functionally flexible neuromorphic processors that meet the in-
creasing demand for neuromorphic computing can be a differenti-
ated solution.

Here, we present the implementation of a simplified, function-
ally flexible analog-type operator by physically defining STP and
LTP in a crossbar synapse array. The synapses underlying the pro-
cessor are electrolyte-gated vertical organic transistors that contain
a photoreactive cross-linker to control the ionic permeability of the
channel. All synapses in the synaptic processor are fabricated simul-
taneously and then selectively exposed to ultraviolet (UV) light to
form short-term synapse (STS) and long-term synapse (LTS)
(Fig. 1C). In addition, the degree of photochemical cross-linking
is adjusted by changing the UV exposure time to precisely control
the memory properties of the synapses. Last, the applicability of the
neuromorphic processor consisting of STS and LTS is evaluated by
constructing a small-sized analog-type operator to conduct
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Fig. 1. Flexible analog-type operator enabled by selective definition of short-term synapse (STS) and long-term synapse (LTS). (A and B) Schematic illustration of
synaptic devices showing (A) STP and (B) LTP. (C) Selectively cross-linked organic synaptic channel via a photochemical reaction. (D) Schematic demonstration of a small-

sized analog-type operator consisting of an LTS and STS. PSC, postsynaptic current.

representative data-processing tasks for wearable health care devices
(Fig. 1D): (i) The processor based on synaptic devices implements
the biomedical algorithm for diagnosing metabolic syndrome in
hardware by performing the reconfigurable Boolean logic function
through the long-term synaptic switch. (ii) Static and nonstatic bio-
signals are processed on the basis of the memory and processing
functions of the LTS and STS to support human metabolism as a
wearable neuromorphic computer.

RESULTS

Demonstration of the synaptic devices

As an essential component of an ANN, the artificial synaptic device
with a vertical crossbar structure that is highly beneficial for three-
dimensional (3D) integration is shown in Fig. 2A. The vertical
synapse consists of an organic semiconductor [poly(3-hexylthio-
phene) (P3HT)] that is located at the intersection of the top elec-
trodes, bottom electrodes, and electrolytes surrounding the
channel. A voltage pulse applied through the gate electrode in
contact with the electrolyte evokes the penetration of ions into the
organic synaptic channel, resulting in synaptic current behaviors in
the crossbar synaptic device. The detailed mechanism of ion perme-
ability into vertical organic channels was discussed in previous
reports (42, 44, 45). Furthermore, the movement of ions penetrating
the organic channel is highly controllable by selectively binding the
cross-linking agent to the alkyl chain of P3HT (Fig. 2B). Figure 2C
shows the excitatory postsynaptic current (EPSC) behaviors of
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synaptic devices with different retention times. Typically, STP of
synaptic devices is defined as synaptic plasticity that disappears
within several seconds, while LTP refers to changes that persist
for tens of seconds or longer. Here, we define synaptic device that
exhibits STP under the fixed pulse stimulation as STSs and compo-
nents that exhibit LTP as LTS. The channels of the STS and LTS were
both composed of P3HT and ethane-1,2-diyl bis(4-azido-2,3,5,6-
tetrafluorobenzoate) (2Bx) cross-linker. The LTS was defined by in-
ducing cross-linking reactions of 2Bx under UV light. The ampli-
tude of the applied voltage pulses varied from —0.5 to —3 V and the
width of the pulses was fixed at 30 ms. The read voltage applied to
the postsynaptic terminal was set to —0.01 V. The postsynaptic
current (PSC) of the STS decayed rapidly to its original level due
to the high degree of freedom of ion movement through the abun-
dant free volume of P3HT (Fig. 2C, top). On the other hand, the
PSC of the LTS decayed slowly for over 10 s as the cross-linking
agent bound to the free volume of P3HT restricted the movement
of ions (Fig. 2C, bottom). The difference in retention characteristics
becomes more evident as the number of applied pulses increases.
Figure 2D plots the PSC of the STS (black line) and LTS (red line)
under 10 consecutive pulse sets of —3 V. After the application of the
pulses, the PSC of the STS peaked at 50 pA and immediately re-
turned to its baseline level within 60 s. On the other hand, the
LTS exhibited a relatively lower peak current of 37 uA and a clear
retention current of 5.3 A after the same time. On the basis of this,
we classify synaptic devices into STS and LTS, using 60 s as the cri-
terion for the duration of synaptic plasticity. Next, the cross-
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Fig. 2. The design and characterization of the ion gel-gated vertical crossbar synapse array. (A) Schematic diagram of ion gel-gated vertical crossbar transistor array
mimicking biological synapse. (B) Cross-sectional schematic of ion movement between organic channels and ion gel with and without a cross-linking agent. (C) Excitatory
postsynaptic current (EPSC) responses of the short-term synapse (STS) (top) and long-term synapse (LTS) induced by the application of varied Vyyc. (D) A real-time plot of
postsynaptic currents (PSCs) of STS (black line) and LTS (red line) under 20 consecutive potentiation pulses (Viyc = —3 V). (E) Cross-sectional schematic image of a small-
sized neural network consisting of LTS and STS. (F) The fabrication procedure of the small-sized neural network through a selective photochemical reaction. (G) The
output PSC response of the small-sized neural network device under the sequent update of LTS and STS.

sectional diagram of a crossbar synapse array consisting of an LTS
and an STS for simulating the integrated data processing property of
a biological neural network is presented in Fig. 2E. The fabrication
procedure of the crossbar array is described in Fig. 2F. A P3HT sol-
ution containing 5 weight % of 2Bx dissolved in chloroform at a
concentration of 5 mg/ml was spin-coated on the as-prepared sub-
strate that has 3/17-nm-thick Cr/Au bottom electrode lines. After
selectively exposing the LTS channel to UV light, the synaptic chan-
nels were defined by a conventional photolithography process.
Next, the top electrodes, ion gel, and gate electrodes were deposited
to form the electrolyte-gated synaptic transistor. Figure 2G plots the
output current behavior of the small-sized 2 x 1 synapse array as a
function of time. The base current of the synapse array was updated
by 10 consecutive pulses applied through the gate terminal of the
LTS. The lower base current was set by applying low-amplitude
pulses set of —1 V, while the higher base current was generated by
applying high-amplitude pulses of —3 V, as shown in the bottom
and top panels of Fig. 2G, respectively. After the stabilization of
the synaptic current, 10 consecutive pulses of —3 V were applied
to the STS. In both cases, the output PSC of the synapse array
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showed the transient spikes that lasted less than 1 min originated
from STS accumulated on the retention current lasting more than
several minutes. Overall, the retention characteristics of the synaptic
devices were successfully modulated by a simple UV exposure
process despite consisting of the same material and structure.
This represents a successful demonstration of photochemically con-
trolled ion penetration through a cross-linker in crossbar synaptic
devices and its consequent impact on synaptic characteristics. Fur-
thermore, the multiperiodic data processing capability of biological
neural networks was successfully implemented in an artificial
synapse array.

Optimization of retention properties

To achieve optimized long-term properties of LTSs for further data
processing applications, we precisely investigated varying degrees of
photoreactive cross-linking and corresponding synaptic properties.
Figure 3A showed the schematic illustration of the detailed P3HT
channel cross-linked by 2Bx and the underlying steps of the chem-
ical reaction (42, 46-48). The azide group of 2Bx is photolyzed to
produce inert nitrogen gas and highly reactive singlet nitrene (-1
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Fig. 3. Optimization of long-term plasticity (LTP) of the vertical synapse through photochemical reaction control. (A) Schematic illustration of the photochemical
cross-linking reaction between ethane-1,2-diyl bis(4-azido-2,3,5,6-tetrafluorobenzoate) (2Bx) and poly(3-hexylthiophene) (P3HT). (B) Excitatory postsynaptic current
(EPSC) responses of organic synapse under varied photochemical reaction time. (C) A plot of extracted peak postsynaptic current (PSC) and retention PSC values as a
function of the ultraviolet (UV) exposure time. (D) Long-term potentiation characteristics of cross-linking—controlled synaptic devices under the application of 50 po-
tentiation pulses. (Vyyc pulses with amplitudes of —3 V). (E) Plots of the dynamic range (Gmax/Gmin), [nonlinearity (NL)|, and effective number of states (NSef) as functions of
the reaction time. (F) Long-term potentiation and retention plot under the varied number of potentiation Vyyc values of LTS with 3-s photochemical reaction time. (G)
Long-term potentiation and depression (LTP/D) characteristics of the LTS over 50 cycles. Each cycle consists of 50 potentiation pulses (Viyc = —3 V), followed by 50
depression pulses (Vyyc = 2 V). (H) Cycle-to-cycle variations of LTP/D curve for 50 cycles. (I) Plots of extracted dynamic range (DR), NL, and NS¢ during the 50 LTP/D cycles.

N) under UV irradiation. The generated singlet nitrene is inserted
by preferentially reacting with the C—H bond in the alkyl chain
present in the P3HT. The photochemical reaction between 2Bx
and P3HT was confirmed by Fourier transform infrared spectro-
scopy under varying UV irradiation times (fig. S1). The specific vi-
brational peak of the azide group located at 2125 cm™" gradually
decreases as the irradiation time increases from 0 to 7 s, indicating
the photolyzing of the azide group. Figure 3B shows the EPSC re-
sponses of cross-linked P3HT vertical synapses exposed under
varying UV irradiation durations. Vertical synapses with varying
UV exposure times of 0, 3, 5, and 7 s were prepared simultaneously
on a single substrate. The voltage pulse having an amplitude of -3 V
and 30-ms width was applied through the gate terminal after 5 s
from the beginning of the measurement. The read voltage was set
to —0.01 V. While all vertical synapses displayed EPSC that spiked
and gradually decreased after excitation as a function of time, there
were noticeable differences in peak height and retention current.
Figure 3C plots the peak current (black) and retention current
(blue) as a function of the UV irradiation time. The retention
current was recorded 5 s after the application of the pulsed
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voltage. The synapse without UV irradiation showed the largest
peak current of 5.3 uA, and the peak current decreased rapidly as
the irradiation time increased. On the other hand, the retention
current of the synapse without UV irradiation was the smallest,
while the largest retention current was shown in the synapse
exposed to UV for 3 s. These trends in peak current and retention
behavior correspond to the difference between on current and hys-
teresis window of the transfer curves of synaptic transistors as
shown in fig. S2. As the photocrosslinking reaction progressed
with increasing the UV exposure time, the on-current of the synap-
tic transistor decreased, while the hysteresis window increased.
Here, the on-current of the transfer curves and peak current of
EPSC responses refer to the amount of ion penetration into the
P3HT channel. The increasing hysteresis window indicates inhibit-
ed ion mobility. The overall results indicate that 2Bx cross-linked to
P3HT by photochemical reactions controls the movement of ions
through the synaptic channel. The 2Bx molecules bind to the free
volume of the P3HT polymer chain and suppress the ion flow
between the P3HT and ion gel resulting decrease in peak PSC
while increasing the retention current.
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The effect of photochemical cross-linking on long-term poten-
tiation characteristics of the synapse was further analyzed.
Figure 3D shows the real-time PSC plots of synapses with varied
photochemical reaction times under 50 consecutive pulses. The
synapse without cross-linking displayed a log-linear PSC response
where the current increased after the initial pulse update and slowly
converted to a maximum conductance state. On the other hand,
photochemically cross-linked synapses showed a constant linearly
increasing curve after being suppressed during the initial pulses.
As key parameters for evaluating the data processing capability of
a synapse, dynamic range (Gpax/Gmin)> nonlinearity (NL), and the
effective number of states (NS.¢) were additionally analyzed from
the long-term potentiation curves as shown in Fig. 3E. The detailed
method for calculating the Gp,.x/Gnin, NL, and NS¢ are described
in figs. S3 and S4 and Materials and Methods. As the degree of pho-
tochemical reaction increased, the Gay/Gumin Of the long-term po-
tentiation curve decreased, and thus, the device without cross-
linking exhibited the largest Gpax/Gmin 0f 1.9 x 10°. However, in
terms of linear update characteristics, the performance of photo-
crosslinked synapses was superior as shown in NL and NS In
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particular, the synapse photocrosslinked for 3 s exhibited the
most excellent long-term potentiation characteristics, attaining a
desirable NL of 0.83 and an NS of 42 while maintaining a high
dynamic range over 1000. To confirm the stability of the photocros-
slinked synapse, we evaluated the retention properties for each
memory state (Fig. 3F). Beginning from the same base current,
each memory state was accessed by applying a varying number of
pulses ranging from 1 to 50. In the update region where the
pulses were applied through the gate terminal, deviations in
current were negligible. Furthermore, each current state formed
by varying the number of pulses remained parallel without overlap-
ping, showing a distinguishable difference between the states.

To further verify the reliability of the photocrosslinked synapse,
we repeatedly measured long-term potentiation and depression
(LTP/D) characteristics under 50 potentiation cycles, followed by
50 depression cycles. The potentiation and depression voltage for
the LTP/D curve was set to —3 and 2 V, respectively. The depression
voltage of 2 V was selected to have better reproducibility during the
repeated cycle test (fig. S5). The real-time PSC responses during 50
LTP/D cycles (a total of 5000 update pulses) are shown in Fig. 3G.
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Fig. 4. Reconfigurable Boolean logic implementing diagnosing algorithm for metabolic syndrome. (A) Schematic illustration of human metabolism. (B) Simplified
medical algorithm for diagnosing metabolic syndrome. (C) Proof-of-concept illustration of reconfigurable synaptic logic gate consists of long-term synapse (LTS) and
short-term synapses (STSs). (D and E) Circuit diagram (D) and optical microscope image (E) of the reconfigurable synaptic logic. The GRD indicates the ground, i.e. source.
(F) Real-time |postsynaptic current (PSC)| response of the reconfigurable synaptic logic under varied logic input at AND mode. (G) Output [PSC| response of the reconfig-
urable synaptic logic switched to OR mode via training the LTS. (H) The truth table of AND/OR logic gates for the reconfigurable synaptic logic gate.
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Our optimized long-term vertical synapse showed reliable LTP/D
characteristics without any sign of breakdown or errors.
Figure 3H shows the LTP/D plot of extracted PSC states as a func-
tion of the pulse number. The detailed method for extracting each
state from a real-time LTP/D curve is described in fig. S6. Represen-
tative LTP/D curves from the 50 cycles were overlapped to confirm
that the device has negligible cycle-to-cycle variation. In addition,
key parameters including Gy,.x/ Gmin» NL, and NS calculated from
the LTP/D curves remained constant during the repeatability test
(Fig. 31I). The reliability of the device during the potentiation and
depression process was further investigated under the application
of irregular pulse sets as shown in fig. S7. Overall, the presented ver-
tical organic synapse with optimized photochemical cross-linking
for 3-s UV exposure showed highly stable weight update and reten-
tion behaviors, comparable to that of other synaptic devices used for
neuromorphic computing tasks.

Biomedical application of the analog-type operator

Next, the development of an analog-type operator composed of STS
and optionally transformed LTS to be used as a computing tool for
biomedical applications is presented. To fully use the described fea-
tures of LTS and STS, we selected a biological task requiring inte-
grated processing of static and nonstatic biomarker data from
multiple sources: metabolic homeostasis sustained by the human
brain. Metabolism is the conversion of ingested food into chemical
energy that occurs at the cellular level, playing an important role in
the growth and maintenance of the body, as well as resistance to
environmental changes (Fig. 4A). Food intake and energy expendi-
ture of the body is precisely balanced through the homeostatic path-
ways located in the hypothalamus of the brain. Metabolic syndrome
is a condition in which the body’s metabolic homeostasis is dis-
turbed, leading to various complications. Many health organiza-
tions around the world are using various biomarkers to diagnose
metabolic syndrome. A patient that has three or more of the follow-
ing five symptoms is diagnosed with a metabolic syndrome: obesity,
hypertension, high triglyceride levels, reduced high-density lipo-
protein cholesterol, and elevated fasting glucose levels. Of the five
symptoms, three criteria including obesity, hypertension, and ele-
vated fasting glucose levels were considered when designing a sim-
plified algorithm for diagnosing metabolic disorders as shown in
Fig. 4B as they could be equally applied to either gender. In this al-
gorithm, synaptic devices were used as “AND" and “OR" Boolean
logic gates to diagnose metabolic syndrome for patients with two or
more of the three symptoms. By using synaptic devices, which are
analog-type processors, it is possible to easily implement reconfig-
urable AND/OR logic gates and switch between the functions of
AND and OR as needed. For obese people, having either high
blood pressure or elevated fasting glucose levels lead to the diagno-
sis of metabolic syndrome (OR). On the other hand, for nonobese
people, both symptoms needed to be present for the diagnosis of
metabolic syndrome (AND). A reconfigurable synaptic logic gate
based on the simple combination of one LTS and two STSs was de-
veloped to implement the diagnostic algorithm in the reconfigura-
ble synaptic logic (Fig. 4C). The LTS was used to modulate the base
current of the entire device via a preset Vyyc to determine the
whether the synaptic logic gate operates as an AND or OR gate.
At the same time, the two STSs were used for the logic computation
of real-time data. The connected Vyyc terminals serve as a logic
input port for the reconfigurable logic gate. The detailed circuit
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diagram and optical microscope image of the logic gate are shown
in Fig. 4 (D and E), where a reconfigurable synaptic logic gate con-
sisting of three synaptic transistors is connected in parallel between
the pre- and postsynaptic terminals. Vyyc; refers to the gate termi-
nal connected to the LTS that modulates the overall current of the
reconfigurable logic via Vi, ese to switch between the AND and OR
operations. Logic operations are performed through Vyyc pulses
applied to the gate terminals (Vyc, and Vyycs) of the two STSs.
Vwec pulses of 0 and —2 V were used for binary logic inputs of
“0" and "1," respectively. The output current of the reconfigurable
synaptic logic gate was compared against a threshold value (30 pA)
to distinguish whether the logic output is 0 or 1. |PSC]| values above
and below the threshold value were considered as logic values of 1
and 0, respectively. Figure 4F shows the real-time |[PSC| plot of the
reconfigurable synaptic logic gate when the weight of the LTS is at its
original state. When a logic value of 1 was input to only one of the
two STSs, the logic gate outputted a value of 0. On the other hand,
when a logic value of 1 was input to both STSs, the |PSC| exceeded
the threshold value and outputted a value of 1, indicating that the
reconfigurable synaptic logic operates as an AND gate. Next, 20
update pulses were input to the LTS to set the retention current
of the reconfigurable synaptic logic to 10 pA, and the same logic
inputs were applied to the STSs (Fig. 4G). For the synaptic logic
gate with a preset LTS, a logic value of 1 input to one or more of
the STSs resulted in a |[PSC| exceeding the threshold value, corre-
sponding to the OR operation. The truth table for the logic input
and output values for the reconfigurable synaptic logic gate is
shown in Fig. 4H.

To further investigate the feasibility of the reconfigurable synap-
tic logic for implementing the diagnostic algorithm, we inputted
various biomarker data from the human body. First, to convert
values of various biomarkers into Vyy¢ inputs for logic operations,
we precisely examined the peak |PSC| of the STS under varying Viyc
inputs as shown in Fig. 5A. Vyyc pulses with amplitudes varying
from 0 to —2 V in steps of —0.1 V were applied to STS. Figure 5B
plots the peak |PSC| extracted from the real-time graph as a function
of the input Vyyc amplitude. The peak PSC of the STS undergoes a
relatively minor change for Vyyc levels less than —1 V but then in-
creases rapidly for Vyyc levels above —1 V. In addition, the peak PSC
exceeded the predetermined threshold current of 10 pA fora Vyyc of
—1.8 V or higher. Next, Vyyc amplitudes corresponding to bio-
marker levels were set on the basis of statistical data. Figure 5C
shows statistical distributions of fasting blood glucose and blood
pressure levels for the Korean population in 2020 divided into
three main sections. In the case of fasting blood glucose, people
with common values below 100 mg/ml were labeled as “normal”
and classified as section 1 (green). People with fasting blood
glucose levels between 100 and 109 mg/ml, also called the “caution-
ary” level, were classified as section 2 (orange). People with fasting
blood glucose levels of 110 mg/ml or higher, which is the diagnostic
criterion for metabolic syndrome, were classified into section 3
(red). Similarly, concerning systolic blood pressure (SBP), normal
ranges below 120 mmHg were defined as section 1, higher ranges
from 120 to 129 mmHg were defined as the cautionary level
(section 2), and levels above 130 mmHg were defined as the meta-
bolic syndrome diagnostic criteria (sections 3 and higher). On the
basis of statistical data, a Vyyc of =1V, corresponding logic input of
0, was applied to the STS for the first section (normal level). For
sections 3 and above (“metabolic syndrome” level), a V¢ of —2
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Fig. 5. Confirmation of the reconfigurable synaptic logic with statistical data. (A) Excitatory postsynaptic current (EPSC) response of the short-term synapse (STS)
under varied pulse amplitude. (B) A plot of peak |postsynaptic current (PSC)| as a function of the amplitude of Vyyc. (€) Distribution status of systolic blood pressure (SBP)
and fasting blood glucose in the Korean population. The statistical graphs were plotted on the basis of the disclosed data from the National Health Insurance Service of
Korea. (D to F) Real-time |PSC| plots of the analog-type operator under varied case inputs: Case 1 simulated a normal person (D), case 2 simulated a person with normal
body weight but high SBP and fasting glucose levels (E), and case 3 simulated an overweighted person having one of high SBP or fasting glucose levels (F).

V, corresponding to a logic input of 1, was set as the input of the
STS. Furthermore, for section 2 (cautionary level), an input Viyc
of 1.5 V, which corresponds to a logical value of 0 but with a distin-
guishable PSC, was applied to the STS. Note that the use of an in-
termediate Vyyc that leads to a slightly elevated PSC that is still
below the threshold is to use the characteristics of a neuromorphic
device based on analog signal processing. The reconfigurable syn-
aptic logic only switches from an AND gate to an OR gate when the
LTS is set to have a retention PSC above 10 pA for the obese case
[body mass index (BMI) over 25; fig. S8]. Case 1 simulates a person
without metabolic syndrome, but with cautionary SBP and fasting
blood glucose levels. Cases 2 and 3 simulate the biometric profile of
people with metabolic syndrome. In case 2, the simulated person is
not obese but has SBP and fasting blood glucose levels that exceed
the threshold and classify as section 3 or above. The simulated
person in case 3 is obese but has either high SBP levels or high
fasting blood glucose levels, not both. For device operation, Viyc
values were first sequentially inputted to STS; and STS, to check
the reliability of individual devices, and then the Vyyc values were
simultaneously inputted to perform the logic operation. Figure 5 (D
to F) shows the real-time |PSC| plots of the analog-type operator for
the input sets of cases 1 to 3. In case 1, Vyyc inputs of —1.5 V were
applied simultaneously, but the PSC current remained under the
threshold value indicating the logic output of 0. In case 2, the
output PSC exceeded the threshold only when 1 was input to
both STSs simultaneously (logic input of “11" for the AND opera-
tion). Case 3 exhibited a |PSC| that exceeded the threshold with only
one 1 at the logic input due to the previously set LTS current
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(corresponding with the OR operation). Overall, the analog-type
operator was able to implement the diagnostic algorithm success-
fully to recognize metabolic syndrome in several simulated biomet-
ric profiles with high accuracy.

Last, to further verify the potential of the analog-type operator to
be used as a processor for a wearable health care device that needs to
process cascading data from multiple sensors with varied update
periods, we proposed an appetite control system for metabolic as-
sistance by integrating the operator with wearable sensors. Figure S9
shows the schematic diagram of how the hypothalamus integrates
peripheral signals to maintain metabolic homeostasis. The brain’s
specialized neural network controls the amount of food intake by
promoting or suppressing appetite based on metabolic data collect-
ed through various peripheral signal pathways. Representative pe-
ripheral data typically involved in appetite control include total
body fat, blood glucose levels, and gastrointestinal status. Fat cells
accumulated in the human body release a hormone called leptin
that suppresses appetite. In addition, the residual chemical energy
from metabolic processes is stored in fat cells and enhances the
release of leptin, resulting in the steady suppression of appetite.
On the other hand, the metabolic response to instantaneous
events such as food intake is driven by hormones such as insulin
and ghrelin. Increased blood glucose levels after a food intake stim-
ulate the secretion of insulin, which promotes the storage of blood
glucose in body cells and suppresses appetite. At the same time, an
expanded stomach due to food intake inhibits the release of ghrelin,
a hormone produced in the stomach that stimulates appetite. Con-
tinuously or temporarily secreted from peripheral organs, these
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hormones bind to respective receptors in the hypothalamus and
generate nerve signals. Furthermore, the generated neural signals
are integrated and processed through a neural network to properly
control appetite and sustain metabolic homeostasis. Figure 6A pre-
sents a schematic diagram of a data processing system integrating an
analog-type operator with wearable sensor data to simulate the
functions of a biological neural network. Two STSs are used to
process nonstatic biomarker signals such as blood glucose levels
and stomach status that are periodically updated, whereas a single
LTS is used to process BMI data that are rather static. Resistance-
based wearable physical and chemical sensors were simulated re-
spectively using electrospun conductive wires and oxide semicon-
ductors (fig. S10). The resistance change of the sensors modulates
the amplitude of the Vyyc inputs to the STSs through the voltage
divider circuit (figs. S11 to S13). Twenty consecutive Vi pulses
were applied to the STSs to sufficiently update the sensor data. A
PSC of the operator that exceeds a set threshold triggers an alert
that appetite suppression is required. To minimize energy con-
sumption, the PSC of the device was quickly measured through a
Vreap of —0.01 V for a short time after the weight update. The de-
tailed operation process of the sensor operator—integrated system is
illustrated in Fig. 6B. The base PSC level according to the BMI index
was first set by the retention current of the LTS. Then, stomach
status and blood glucose data were updated to the STSs, yielding a

combined signal at the output PSC of the analog-type operator. Last,
the operation of the wearable appetite control system was simulated,
where pre- and postmeal human body data were processed by the
operator, and the resulting PSC was compared against a threshold
value. Typically, human blood glucose levels are maintained at a
baseline level of around 100 mg/dl and gradually increase proceed-
ing carbohydrate absorption after the beginning of a meal, reaching
peak levels in about 60 min. After peaking, glucose levels gradually
decrease over a period of 2 to 3 hours and return to baseline levels.
The postprandial gastrointestinal changes and variations in blood
glucose levels were consulted from the medical reports (49-53).
On the basis of this data, the typical physiological changes occurring
after a meal were hypothesized over time and used as data for the
simulation. Gastric distention rate and blood glucose levels were set
by assuming fasting, eating, digestion, and postprandial activity
conditions in accordance with the postprandial blood glucose
change cycle as shown in Fig. 6C. PSCs of the analog-type operator
corresponding to simulated data from normal and obese people are
shown in Fig. 6 (D and E). The threshold level, which is the basis for
generating an appetite suppressant alert signal, was set to 10 pA.
The PSC of nonobese individuals increased from 0.19 to 9.52 pA
following meal intake and then gradually returned to initial levels.
In the case of obese individuals, the PSC, which was 3.54 pA before
meals, increased to a maximum of 19.49 pA after meals, under the
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Fig. 6. Evaluation of the sensor operator—-integrated system for metabolic monitoring. (A) Schematic illustration of the sensor operator—integrated system. (B) Proof-
of-concept illustration and operation plots of the sensor operator—integrated system. (C to E) Schematic illustration of the human stomach and blood glucose level during
a meal cycle (C) and the corresponding output currents of the sensor operator device under simulation of a normal person (D) and obese person cases (E). STS, short-term

synapse; LTS, long-term synapse.
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same Vyyc inputs. Figure S14 plots the retention current of the LTS
and reads PSC of the appetite control system in nonobese and obese
cases. In the case of a nonobese person, the PSC remained under the
threshold level, whereas an obese person generated a PSC exceeding
the threshold level for a long period. This indicates that the wearable
analog-type operator presented here has great potential to be used
as an appetite control device to help treat metabolic syndrome.
Moreover, the efficient computing performance of the synaptic pro-
cessors has demonstrated considerable potential to be used in the
future as a wearable health care device that can handle various
time-dependent biomedical information in combination with wear-
able biosensors.

DISCUSSION

In this study, we demonstrated a technique to selectively define STS
and LTS in a crossbar synapse array via a photochemical reaction.
The photoreactive cross-linking agent contained in the organic
channel successfully controlled ion migration through the electro-
lyte-gated vertical synapse, enabling the selective fabrication of STSs
and LTSs. The STS displayed a large change in synaptic current in
response to an input signal but recovered to its original state within
a few seconds. On the other hand, the LTS exhibited a long-lasting
PSC for more than a few minutes with the same input. In addition,
the memory properties of the synapse were modulated by control-
ling the UV exposure time and the resultant degree of photochem-
ical reaction. Last, selectively defined LTSs and STSs were combined
to implement a small-sized hardware neural network to be used for
various biomedical applications. The reconfigurable synaptic logic
gate, switchable between the AND and OR logic operations, was
successfully configured to implement an algorithm for diagnosing
metabolic syndrome. Furthermore, the potential for the synaptic
processor was demonstrated by verifying the feasibility of an appe-
tite control device for treating metabolic disorders through the in-
tegration of wearable sensors and reconfigurable synaptic logic. We
expect that implementing the analog-type operator constructed by
the selective definition of LTSs and STSs as presented above will not
only be used in various biomedical applications but also provide a
distinctive approach for developing neuromorphic computing.

MATERIALS AND METHODS

Materials

Processing solvents such as acetone, chloroform, and 2-propanol
were purchased from Sigma-Aldrich. P3HT (regioregular, average
Mn: 54,000 to 75,000), For photo-patternable ion gel, poly(ethylene
glycol)diacrylate monomer and 2-hydroxy-2-methylpropiophe-
none were also purchased from Sigma-Aldrich. 1-Ethyl-3-methyli-
midazolium bis(trifluoromethyl sulfonyl)imide ionic liquid was
purchased from TCI Chemicals. The azide cross-linker 2Bx was syn-
thesized and confirmed by the nuclear magnetic resonance spectro-
scopy as previously reported (42, 46—48). The electrical properties of
the vertical synaptic device and logic gates were measured using a
Keithley 4200 electrometer.

Device fabrication

P3HT solution dissolved in chloroform at a concentration of 5 mg/
ml was blended with 2Bx solution [2Bx (5 mg/ml) in chloroform] in
aratio of 19:1. The blended solution was spin-coated on the bottom
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electrode (thermally deposited Cr/Au with 1/17-nm thickness on
Si0,/Si"" wafer) at 1500 rpm for 30 s. The sample was dried for
12 hours in an Ar-purged glovebox. After fully drying the sample,
the P3HT channels were defined by conventional photolithography,
followed by reactive ion etching under O, plasma. After removing
the residual photoresist by acetone, the cross-linking reaction to
define LTS was performed under selective UV irradiation (254
nm and 1000 W/cm?) through a photo mask for varied times
from 1 to 7 s. Next, the top and gate electrodes (1/40 nm of Cr/
Au) were thermally deposited using a metal shadow mask. Last,
ion gel was patterned using a different UV source (365 nm, 100
mW/cm?) as previously reported (54).

Equations for nonlinearity calculation
The NL value of the LTP/D curve was calculated using the following
equations:

GLTP =B- [1 — exp(—P/Ap)} —+ Gmin (1)

B= (Gmax - Gmin)/[l - eXp(_Pmax/AP)] (2)

where Gprp is the conductance value of the LTP curve, P is the
number of applied pulses, A is a parameter representing NL, and
B is a fitting constant used to normalize the conductance range.
The A value was extracted from the experimental data using the
MATLAB code provided as an open source (55), and the corre-
sponding NL values were derived from tables provided by the
same source.

Supplementary Materials
This PDF file includes:
Figs. S1to S14
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