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ABSTRACT: Providing Al platforms with perceptual capabilities at low energy cost is Monazomycm _’%
imperative to making them more human-like. This goal is contingent on developing stimuli-
responsive materials that closely emulate diverse synaptic functions needed to enhance
machine learning applications. Here a biomolecular device is reported, consisting of an
insulating lipid membrane doped with voltage-activated, ion channel-forming monazomycin
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(Mz) species, that display diode-like current—voltage characteristics and emulate short-term ¥
facilitation-then-depression on time scales relevant to habituation in human sensory systems. _ e

Subjected to a slow train of voltage pulses, devices show only facilitation upon Mz channel < 100} read . Read
formation. At higher pulse rates, faster facilitation creates later depression upon Mz £ £

inactivation. The device is integrated as a biomolecular synapse in an organic—inorganic S so E Aigmentation §
hybrid afferent model to demonstrate its ability to process sensory inputs and mimic
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bidirectional retinal adaptation and sensitization. These findings highlight the value of
instilling complex synaptic plasticity into engineered systems, which is useful for adaptive
neuroprosthetics and biosignal processing.

KEYWORDS: monazomycin, artificial synapse, neuromorphic, short-term plasticity, biomolecular, habituation, volatile memristor,
sensory processing

1. INTRODUCTION (milliseconds to minutes), activity-dependent changes of
synaptic strength, a principle response for enabling sensory
computing and perceptual learning.'® Importantly, variations in
synaptic strength during STP are not always unidirectional or
monotonic. For instance, synaptic connections can get stronger
at some firing frel%usnaes, but weaker at others—a form of
around them, leading to more streamlined integration, but it adaptive filtering. Other forms of complex STP include

adaptation and sensitization, dynamic gain control, and sensory

will also drastically reduce power consumption.”® Modern
Y . P b . . timing, where both amplitude and duration of stimulation
approaches to achieve this goal often leverage computing chips 16

that model the brain’s architecture for efficient signal rr?atter‘ With the many types .Of plasticity p o§51b1e 112
processing.4 Besides computing, brain-like sensory systems blologlcal neural networks and their l.o"fv.er metabc’)hc cost,
capable of extracting meaningful information from sparse data’ STP is central to both the sheer flexibility and high energy

. ; . efficiency of the brain.
and synapse-inspired materials such as memristors, whose

values of electrical (or ionic) resistance depend on both past STP occurs in a presynaptic terminal when two or more
and present applied biases, offer memory and learning abilities action potentials arrive in close succession.””” Two scenarios
at low power and footprint costs. In particular, materials that of response can arlse. facilitation (i.e, an 1nc?ease in synapse
exhibit transient, activity-dependent changes in their electrical conductance) resulting from prolonged elevation of presynap-
properties are deemed critical for supporting adaptive sensory
processing and perceptual learning tasks in robots.”’ Received: July 9, 2021

While many current memristors successfully emulate Published: September 16, 2021
features of long-term synaptic plasticity” '’ and stable memory
retention, few devices integrate one or more of the diverse
forms of short-term plasticity (STP), such as short-term
facilitation or depression.'”™"> STP refers to short-lived

Despite rapid adoption, Al still lacks the necessary perceptual
and cognitive abilities to perform human-like autonomous
operation, learning, and decision-making.' Next-generation
technologies based on materials with brain-like intelligence will
not only enable Al to better perceive and understand the world
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Figure 1. Mz-doped biomolecular synapses (MzBS) mimic STP in biological synapses. (a) A two-terminal, biomolecular synapse consisting of a
Mz-doped lipid membrane formed between two droplets of water in oil immobilized by inserted Ag/AgCl electrodes as seen from below. The
device area may be measured using techniques developed previously,” with typical zero-volt contact areas of ~0.07—0.1 mm> In the presence of
suprathreshold voltages, Mz (in the prechannel state with areal density P) inserts and oligomerizes to form conductive pathways (i.e., the channel
state with areal density C) across the membrane. At sufficiently high voltages, Mz channels translocate to the opposite side of the membrane (i.e.,
the inactive state, with areal density I), which reduces their density in the bilayer and leads to depression-like behavior in the measured current. (b)
Some biological synapses exhibit presynaptic STP that results from activity dependent alterations in the probability of neurotransmitter release (P,).
Low P, synapses are considered high-pass filters as they exhibit short-term enhancement in synaptic transmission (i.e., facilitation), while medium
and high P, synapses exhibit band-pass (i.e., facilitation-then-depression) and low-pass filtering (i.e., depression), respectively.36 (c) Representative
i—v relationships obtained on a 1:1 DOPC:DPhPC membrane containing Mz exhibit nonlinear threshold switching in response to a continuous
sinusoidal voltage. The pinched, hysteretic shapes indicate volatile memory resistance in MzBS. Arrows indicate the time course of voltage
stimulation. (d) Current induced by a train of voltage pulses applied to a MzBS constructed from DPhPC lipids exhibits synapse like short-term
paired-pulse facilitation, paired-pulse depression, and augmentation. Despite volatility, the augmentation at 70 s shows that a single voltage pulse
occurring shortly after the repeated voltage pulses from 30 to 45 s elevates the conductance of the membrane to a level significantly higher than
achieved during the initial pulse at § s.

tic calcium levels leading to an increase in neurotransmitter frequencies®”—mimicking a bidirectional form of STP (Figure
release after each action potential or depression (ie., a 1d) responsible for sensory signal processing in the brain.'” As
decrease in synapse conductance) caused by depletion of in nature but unlike most previously reported artificial
synaptic vesicles available for successive action potentials. As a synapses, these forms of STP can be triggered simultaneously
result, frequency-dependent dynamics in accumulation and with a fixed input. A bidirectional response to a single fixed
depletion of synaptic vesicles are responsible for STP in some stimulus has been reported in few other memristive
areas of the brain.'””' While the full picture of STP systems,””* neither of which use volatile memory properties
functionalities'** and efficiency”*** are still being unraveled, to process sensory information. This constitutes an important
what is known inspires the development of novel materials and gap in realizing engineering systems with a fuller repertoire of
devices for adaptive information processing at low energy cost. brain-like signal processing, learning, and memory, one that is
Herein, we report a biomolecular device consisting of an addressed by the complex short-term plasticity of MzBS.
insulating lipid membrane doped with monazomycin (Mz) Additionally, the device is inherently biocompatible due to its
(Figure 1a) that is capable of emulating multiple forms of STP phospholipid composition, allowing for potential biological
concurrently (Figure 1b)—including facilitation-then-depres- interfacing as well.
sion under constant stimulus frequency and augmentation”’ Through state-based modeling, we show that Mz accumu-
that persists after stimulation ends. Mz is a voltage-dependent, lation (channel formation) and depletion (channel inactiva-
pore-forming antibiotic (chemical formula: C,,H;3;3NO,,, tion) is responsible for STP exhibited in Mz-based
exact 3D conformation unknown)>® that forms ion channels biomolecular synapses (MzBS). To demonstrate its signifi-
through lépid membranes (3—$ nm thick) at suprathreshold cance, we built an organic—inorganic hybrid model of the
voltages.”*™*’ Collectively, the formation of Mz ion channels corneal afferent synapse that is capable of sensitization and
produces nonlinear, voltage-activated memristive ion currents adaptation to a real, physically transduced light signal. These
through the membrane (Figures 1c and Sla) that disappear in devices emulate how information processing, learning, and
its absence (Figure S1b). memory occur in biological neurons, which further motivates
Unlike alamethicin,®® Mz exhibits S-shaped current dynam- adaptive materials for applications in biological environments
ics closer to those exhibited by potassium channels® and such as interfacing with the brain or intrabody sensing and
facilitation-then-depression at certain voltage amplitudes and signal processing.
4449 https://doi.org/10.1021/acsaelm.1c00610
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Figure 2. Dynamic responses of MzBS to applied voltages. (a, b) The equivalence of DC steps and rectangular pulses through v,,. (a) Step
responses for a 2.36 mM 1:1 DOPC:DPhPC membrane with 20 ug mL™" of Mz. The initial rising portion of the current shifts left with increasing
voltage, indicating an increased facilitation rate. The peak current also increases with voltage. The inset shows the voltage step waveform. (b)
Pulsed voltage responses for a 2.36 mM 1:1 DOPC:DPhPC membrane with 20 ug mL™" of Mz for three OFF times. The top inset describes the
shape and time course of the voltage waveform, which varies by “off” time. A low OFF time corresponds to a higher frequency and a larger value of
Vys Vs Values are ~92.6 mV for 10 ms OFF, ~78.3 mV for 20 ms OFF, and ~57.5 mV for 50 ms OFF. The lower inset shows a brief section of the
graph to show the spike shapes. (c, d) The effects of composition on MzBS properties. (c) Step responses for three membrane compositions at 100
mV. BTLE shows the fastest facilitation and highest peak current, as well as largest percent inactivation; see Table 1 for values. (d) Exponential
relationship between the current facilitation rate and the transmembrane potential. Rates were determined by fitting a single-term exponential to
the first inflection point of the S-shaped current using MATLAB (Figure SS). (e, f) Augmentation and recovery in a 1:1 DOPC:DPhPC device with
20 ug mL™" of Mz after repeated 100 mV steps. In (e), the MzBS is stimulated with three 90 s duration and 100 mV steps with 10 min of rest at 0
mV between stimulations. In (f), the rest time is increased to 20 min.

2. RESULTS AND DISCUSSION sn-glycero-3-phosphocholine (DOPC) and 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC) lipids. These i—v relation-

ships show frequency-dependent, pinched hysteresis, the
defining characteristic of ideal memristors set forth by
Chua.*® Hysteresis is reduced at low frequencies and increases
at higher frequencies, where regions of negative differential
resistance (NDR) appear (Figure lc and Figure S3a). All
MzBS exhibit volatile memristance because the conductance

2.1. Device Properties. First, we probed each device with
a continuous sinusoidal voltage input and recorded the
induced ionic current to study the i—v characteristics of
MzBS. Positive current represents flow of positive ions from
the cis side of the bilayer to the trans side (ground). All two-
terminal MzBS systems were assembled and characterized as
described in the Exerimental Section and elsewhere.’”*” In this

work, we added Mz to both droplets such that Mz was state resets as voltage approaches 0.

available on both faces of the bilayer and could form ion Similar to alamethicin-based synapses in our prior work,*’

channels at both positive and negative cis potentials. This MzBS exhibit diode-like current responses and switching

choice resulted in symmetric current—voltage (i—v) relation- thresholds (vy,) in biologically relevant ranges (~25—120 mV).

ships, such as those shown in Figure 1c and Figure S3 for an In contrast, MzBS shows larger i—v hysteresis at similar

MzBS lipid bilayer formed with a 1:1 mol ratio of 1,2-dioleoyl- frequencies compared to membranes doped with alamethi-
4450 https://doi.org/10.1021/acsaelm.1c00610
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Table 1. Mz Facilitation Rates and Depression Percentages for Membrane Types

initial facilitation rate = ae®” G =G
GuCe) ()
membrane type a [pA um™2 s7'] b [mV~'] R? ek ) gomy
BTLE 5.56 X 1073 0.0627 0.998 35.52
1:1 DOPC:DPhPC 1.141 x 1073 0.06781 0.9995 25.15
DPhPC 14 x 107* 0.07304 0.999 11.96

cin—indicating longer retention of the facilitated conductive
state—and display more pronounced NDR at the higher
frequencies tested (Figure S3a). Moreover, i—v hysteresis is
maintained when nominal ionic current is normalized by real-
time bilayer area measurements (a unique capability of the DIB
method) to remove the effect of changes in device area caused
by electrowetting (denoted i above and hereafter).’® These
findings suggest that the i—v hysteresis is a direct product of
voltage-driven channel kinetics and not voltage-induced
membrane expansion, as was the case with alamethicin-based
synapses and constitutes a critical difference between them.*

Further, we discovered that MzBS stimulated by trains of
voltage pulses exhibited complex dynamic responses not
possible in most memristors. For instance, consider a
DPhPC MzBS device stimulated by a series of brief pulses in
between two reading pulses (Figure 1d). The first reading
pulse (500 ms, 150 mV) shows a peak current <20 nA. Then it
is stimulated with a high-frequency pulse series (50 ms on, 50
ms off 150 mV) that produces increasing current peak
amplitudes (paired-pulse facilitation), to more than 110 nA
within the first § s of the stimulus, that then decays to ~100 nA
as the pulses continue (paired-pulse depression). This
bidirectional behavior in response to a fixed voltage amplitude
and frequency has not been shown before in a biomolecular
device and is rare in other memristors.'°”'* In addition, the
peak current of ~40 nA induced by the final reading pulse
shows the MzBS retains higher conductance than observed
with the first reading pulse. This feature indicates a
remembered enhancement of synapse conductivity that
outlasts the excitation. This form of activity-dependent
adaptation in biological synapses is called augmentation
(Figure 1b), which occurs in MzBS due to slow ejection of
residual Mz from the bilayer when voltage is below vy,
eventually resulting in a complete reset back to prestimulus
conductivity."

We studied three different types of MzBS devices to explore
the impact of lipid type on device properties. While MzBS
assembled from either synthetic DPhPC lipids only or
naturally derived porcine brain total lipid extract (BTLE)
showed qualitatively similar i—v relationships and hysteresis
trends with respect to frequency (Figure S3), the choice of
membrane lipids strongly affects the switching threshold and
hysteresis shape given the same input. A DPhPC membrane
formed between droplets with 20 g mL™" Mz exhibits a higher
switching threshold (~110 mV) compared to one constructed
from porcine brain total lipid extract (BTLE) with only 1 ug
mL™" Mz in each droplet (~55 mV) (Figure S3b,c). Mz
insertion properties are documented to be highly concen-
tration and lipid dependent.”********! Mz in BTLE showed
permanent insertion and produced currents that were beyond
the measurement capabilities of our devices at 20 ug mL™’, so
1 pug mL™" was chosen to produce synapses with similar
current densities and insertion thresholds to the other devices.

The memristive and bidirectional changes in conductance
motivated us to understand the reasons for these dynamics and
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the contributions of Mz channels. To do so, we measured the
induced current density (i) to DC voltage steps on MzBS
assembled with different lipid types. The responses plotted in
Figure 2 and S4 are consistent with those obtained in prior
work.”" At applied potentials (v) above vy, Mz-doped
membranes exhibit an increase in ionic current whose rates
and shapes depend on the DC voltage, the RMS voltage for an
applied pulse train, and lipid composition (Figure 2a, 2b, and
2¢c, respectively). Figure 2a shows how the shape and
amplitude of current density through a DOPC:DPhPC
membrane changes for steps increasing from 70 to 130 mV.
These traces show that fast, bidirectional plasticity (similar in
rate and magnitude to that observed in BTLE bilayers at 100
mV) occurs at voltages above ~100 mV, while slow, saturating
responses occur at voltages between 60 and 80 mV. Similarly, a
DPhPC bilayer (which exhibited the slowest response in
Figure 2c) can exhibit fast, facilitating-then-depressing
responses at similar speeds and peak current densities as
obtained with BTLE (Figure S4), but only at voltages higher
than 120 mV.

Figure 2b displays responses of the same membrane type to
120 mV, 15 ms square pulses with various OFF times (10, 20,
and 50 ms). All types of MzBS devices exhibit facilitation-then-
depression when pulses are separated by short OFF times (10
ms, Figure S6). Longer OFF times (20 and 50 ms) only exhibit
facilitation, where peak current grew with successive pulses
until reaching a steady state (Figure 2b, Figure S6). Further,
the rate of facilitation for each device (Table 1, Figure S6) is
proportional to the frequency of the pulse wave, where higher
frequency (i.e., higher voltage RMS value) produces higher
rates of facilitation. Like their biological counterparts, higher
rates of facilitation can be followed by depression under
continued stimulus for certain synapses. Whereas this arises
from the depletion of vesicles in biological synapses,19 it stems
from inactivation of Mz in MzBS.*>

Figure 2c shows that membrane composition strongly
influences the voltage-induced current response. For example,
the current through a DPhPC bilayer rises slowly in an S-
shaped fashion to a stable density of 28 yA cm™?, whereas
induced currents at the same voltage (100 mV) through
DOPC:DPhPC and BTLE membranes exhibit progressively
faster and larger current responses that peak and decay. The
latter show bidirectional (facilitation-then-depression) time
courses similar to the response in Figures 1b and 2d generated
by pulsed inputs, indicating that v,,,, and not vl governs the
dynamic response. BTLE represents the most biologically
relevant composition herein. Devices assembled with it—and
with only 1-2 pg mL™" of Mz in the droplets—consistently
show higher peak current densities, faster rates of channel
formation, and larger percentage drops during depression
(Figure 2c,d). In contrast, MzBS formed from DOPC:DPhPC
or DPhPC membranes (with 20 yg mL™" Mz in the droplets)
exhibited slower, smaller increases in current at comparable
voltages. Table 1 compares facilitation rates, which were found
to rise exponentially with voltage (Figure 2d), and depression

https://doi.org/10.1021/acsaelm.1c00610
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amounts for the three lipid compositions. See Supplementary
Discussion for effects of lipid composition and membrane
fluidity on Mz.

In addition to complex and bidirectional forms of STP,
MzBS devices retain memories longer than alamethicin-based
synaptic membranes, which reset in less than a second.*
Specifically, we observed the MzBS maintain an increased
conductivity compared to a prefacilitated state for up to ~2—3
min after voltage is removed, as well as decreased peak
conductance for ~10—15 min between subsequent stimulation.
The results in Figure 2e and 2f demonstrate the Ilatter.
Currents are measured for successive applications of 100 mV
steps, with intermittent rest periods at 0 mV for either 10
(Figure 2e) or 20 min (Figure 2f). Maximum ionic current in a
1:1 DOPC:DPhPC MzBS decreases with sequential steps
when allowed a 10 min rest (Figure 2e), but initial
conductance restores with a 20 min rest (Figure 2f). The
recovery rate between applied voltages can also be tuned with
composition (Figure S4d), suggesting that memory duration is
influenced by the kinetics of Mz as discussed above. These
examples of memory duration can be explained by two
mechanisms, respectively: 1) Mz monomers remain in the
membrane (~2—3 min) before exiting when voltage drops
below vy, allowing continual but diminishing chances to
reoligomerize and 2) Mz inactivation depletes (~10—15 min)
the store of available channel-forming species on the cis side
after a depressing stimulation.

2.2. Modeling and Simulations. Past efforts to
mathematically model the voltage-dependent conductance
increases caused by Mz established a theoretical basis for
insertion and channel formation.”®**3*%*°~* However, far
fewer models™ have included the dynamics of facilitation-then-
depression (often referred to simply as “inactivation”) of
interest herein. As such, we chose to leverage an empirical,
kinetics-based approach solely for describing the dynamic,
synapse-like electrical behaviors of our devices. Instead of
describing the mechanisms of single channel transitions, this
approach uses measurements of ionic current and device
contact area to compactly model the aggregate channel density
in the membrane. Development of compact device models is
particularly common for understanding complex behaviors in
neuromorphic devices.**

Prior research establishes that voltage initiates Mz channel
formation via insertion and oligomerization®”**** and
inactivation occurs via either Mz translocation to the opposite
side of the bilayer’” or disaggregation of conductive
oligomers.43 We choose three states to describe the
distribution of Mz species in a bilayer. We categorize them
as nonconductive prechannels (P), conductive channels (C),
and inactived channels (I) (Figure 1a). Using this notation, the
current density, i, in a MzBS is described by eq 1:

i(t) = G,C(v, t) v(t) 1

where G, is the average unit conductance (~$ pS)*® of one Mz
channel and C represents the number of Mz channels per unit
area of the MzBS as a function of voltage, v, and time, t. The
product of G, and C represents the reciprocal of memristance.
To better understand the dynamic step responses and i—v
characteristics of MzBS, we developed a three-state model
described by the following molecular kinetic style schemes:
klu

P=C
ki,

@)
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k;
P+C=32C (3)
k2
Cal1
k, 4)
and
N(v)=P+C+1I (s)

where the P, C, and I represent the areal densities in the three
Mz states; parameters k;,, k;;, k1, k,, and k,, represent reaction
rate constants that govern transitions between states; and N,
represents the total number of active Mz species in the system.
As shown, Mz in the prechannel state may transition to the
channel state and Mz in the channel state may either return to
the prechannel state or be driven to the inactive state. We
consider both reactions to be reversible and that Mz
prechannels may form channels via either a noncatalytic (eq
2) or an autocatalytic (eq 3) pathway.*” These reactions are
described by first-order differential equations:

dp

E = —k; ;P — k,;,CP + k,,C ©)
dc

E == klaP + kleP - ker - kZC + kz,l (7)

and

dI

— =kC—-k

a TR (®)

Equations 6 and 7 introduce nonlinearities due to the products
of C and P. While the nominal values or reaction rate
parameters are unknown a priori, we expect them to be
functions of voltage of the form***'

kn(v) — kr([)eaqev/kBT

)

where K is the parameter value at 0 V, a is a factor dependent
on device composition (see supplementary discussion in the
Supporting Information), q is the average molecularity of the
Mz channel, e is the elementary electric charge, v is the applied
voltage, kg is the Boltzmann constant, and T is temperature.
Assuming the charge on Mz is +1, g is S, and the temperature
is 298 K, this reduces eq 9 to
kn(l)) — kr(l)eo.l946uv

(10)

To estimate k% and a values for each rate constant and
understand how voltage and device composition affect channel
kinetics, we extracted values of some parameters by employing
theoretical analysis of the kinetic model at three limiting cases
and then performed a series of constrained nonlinear
minimizations to fit numerical solutions of eqs 6—8 to
measured current responses induced by fixed voltage steps
(Figures 2 and S4) to determine the remaining unobservable
rate constants. First, in the limiting case where I is 0 and C is
small (i.e, at the onset of applied voltage), we can reduce the
linear terms in eq 7 containing C and I to 0. We do not reduce
the nonlinear term containing C to 0 because k;;, should be
much larger than ki..”" Therefore, any amount of C will cause
the autocatalytic term to dominate. We use this justification
further to set the k;, term to O, resulting in
dC

= =k, CP o
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Table 2. Parameter Voltage Trends and Values Used to Produce the Simulations in Figure 3g—i and Figure SS5c,d in the

Supporting Information

parameter values [units]

Ky [pA pm™* s7']

parameter voltage trends

_ 10 0.19455av
ky, = kype

a [mv™]
N, = Njel19455av N) [channels ym™2]
a [mv]
ky = k219455 kS [channels gm™ s7*]
a [mv™]
ky, = k9,0 19455 k3. [channels gm™2s ~']
a [mv]
ki [channels ym™2 s7']
ky, [channels ym™ s7']

BTLE 1:1 DOPC:DPhPC DPhPC
0.058 1.1 x 1073 1.4 x 107*
0.325 0.349 0.375
48 x 1073 1.0 x 107* 1.9 x 10™°
0.374 0.479 0.529
2.1 % 107° 1.5 x 107° 5.1 x 10712
0.514 0.422 0.862
34 %1078 1.1 x 107* 1.9 x 1077
0.406 0.249 0.469
3.7 %1073 4.4 x 107* 89 x 107*
0.0438 0.242 0.314

Because P is very large compared to C at times close to 0, we
treat the product k;,P as a constant and solve eq 11 for C,
yielding

C(t) = coek”’t (12)

Equation 12 is equivalent to the exponential model fitted to
the initial current facilitation rates as seen in Figure 2d and
Table 1. Therefore, this first constraint reveals that k;, is equal
to the rate constant for facilitation determined from the initial
rate of increase in i. Converting the parameters in Table 1 to a
form consistent with eq 10 results in the k;, values provided in
Table 2. Examples of facilitation rate fitting to the first
inflection point of current can be seen in Figure SSa.

Next, we consider the onset of depression, where C achieves
its peak value (Cp,). When C = C,,y, we assume that [ ~ 0
and dC/dt = —dI/dt. This leads to

dc

— = —k,C

dt g (13)
Solving for C results in

C(t) = cpe™ (14)

For small values of time past the peak, this can be
approximated as a line with the equation:

C(t) = _th + Cpeak (15)
We can therefore estimate k, by calculating the slope of C vs ¢
immediately following the onset of depression after achieving
Cpear- To standardize the fitted region, we use the first n points
of the inactivating current that corresponds to a 10% drop in C.
Example fits are shown in Figure SSb in the Supporting
Information.

The final constraint we impose allows us to estimate k.. We
know that at steady state, dI/dt = 0, which allows the
construction of the steady state relation between k, and k,, of
the form

(16)

where the subscript ss denotes the steady state values.
Following the same assumptions that led to eq 13, we know
that I can be accounted for by the difference between C,,
and C because I started at ~0. Substituting this into eq 16 and
rearranging yields

C

ky = ke
' Cpeak -G

(17)
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To summarize, we can estimate kj;, k,, and k,, directly from
the current traces obtained during increasing step voltages,
leaving N, k;,, and k;, to be fit by nonlinear minimization
between the full model and the measured current density
(details in Experimental Section). The results of our
estimations and their exponential voltage trends may be
found in Figure 3a—f. Also contained in Figure 3g—i are
generalized simulations of step responses for each MzBS
compositions whose respective parameters are generated from
the voltage-dependent expressions or using an averaged value
when no strong voltage dependence was determined. Exact
values for fit equations and static values used for these
simulations may be found in Table 2.

We find that all directly estimated parameters (k;;, k,, and
k,.) have strong exponential trends, while only N, showed a
strong trend from the remaining fitted parameters. As indicated
by the error bars (+1 standard deviation) in Figure 3a,b,d, the
fitting produced consistent values for the reaction rate
constants across all voltages. The voltage-generalized param-
eters predict the behavior of the steps in Figure 3g—i, where
the colored circles are the experimental data, and the black
lines are the outputs of model simulations. The divergence of
simulations at higher voltages in Figure 3i for a BTLE device
are likely affected by our estimation of C using the average
current obtained during the final 1Is of the step; clearly, the
BTLE devices have not reached steady state yet. We also find
that the parameters listed in Table 2 can be used to simulate
device current induced by a dynamic sinusoidal input, as seen
in Figure S5d.

2.3. Organic—Inorganic Hybrid Afferent Synapse.
Biological systems dynamically adapt their sensory networks
to effectively relay fluctuating sensory signals through
adaptation and sensitization.'® Both frequency-filtering func-
tions—exclusively conveyed through STP—allow visual
systems (Figure 4a) to increase dynamic range in response
to changes in contrast.**~*’ Additionally, synapses in the brain
adjust their weights through multiple mechanisms that span
multiple time scales to affect signal transmission.'>""~>"***®
MzBS show dynamics on multiple time scales that are
produced by a single input and are affected by device
stimulation history (Figure 2), as in biology. These properties
of MzBS suggest that it may be used as an adaptive element for
signal processing of sensory input to bring brain-like,
biologically relevant functionality to existing solid-state
systems.'® We investigated this implementation by assembling
an organic—inorganic hybrid afferent synapse consisting of a
photosensor-neuron system of 2 solid-state, leaky-integrate-
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Figure 3. Parameter fitting and step simulations across voltage and composition. Error bars for fitted parameters are +1 standard deviation from 20
simulations with randomized seed values for fitted parameters. Dashed lines correspond to an exponential fit in the form of eq 10. (a) Fitted N,
values. (b) Fitted k;, values. (c) Estimated k;;, values. (d) Fitted k;, values. (e) Estimated k, values. (f) Estimated k,, values based on the trend from
(e) and eq 17. (g—i) Step response ensembles using generalized parameters from panels a—f. (g) DPhPC only device, 20 ug mL™' Mz. (h) 1:1

DOPC:DPhPC device, 20 g mL™" Mz. (i) BTLE device, 1 yug mL™" Mz.

and-fire neurons previously developed by Weiss et al.*’
connected via a BTLE MzBS (Figure 4b and Figure S7).
Neuron 1 receives current from a biased photoresistor (PR),
whose resistance is modulated by light from five white LEDs.
At a fixed supply voltage, the intensity of light controls the
electrical current to neuron 1, dictating its spiking frequency.
The MzBS connects neuron 1 to neuron 2, such that their
potential difference controls the flow of ionic current through
the MzBS to induce firing of neuron 2. Figure 4c shows that

the firing frequency of neuron 1 depends on the level of light
and does not vary in time. High, medium, and low levels
correspond to S, 3, and 1 LED(s) acting on the PR, which
causes firing rates of 60, 57.5, and 5SS Hz in neuron 1 with
equivalent v,,,,; of 110, 107.4, and 105 mV, respectively. Figure
4d (left axis, open circles) shows the corresponding dynamic
currents through the Mz caused by these outputs from neuron
1. The overlaid triangles (right axis) show the dynamic
frequency at which neuron 2 fires in response. The
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Figure 4. Synaptic capabilities of MzBS between solid-state neurons. (a) A schematic of an afferent neuron and synapse connected to the eye. (b)
Hybrid afferent synapse, with a Mz-doped lipid bilayer acting as the connection between two solid state neurons. Full circuit diagram can be found
in Figure S7. (c, d): LEDs are switched on at time = 0 s. (c) Frequency of neuron 1 firing rate in response to high, medium, and low light levels.
Neuron 1 begins firing immediately and maintains a constant firing rate while the LEDs are on. (d) Left axis, open circles: Peak synapse currents of
a BTLE MzBS containing 1 yg/mL Mz at high, medium, and low light intensity responding the output voltage from neuron 1. Right axis, triangles:
the resulting firing frequency of neuron 2, determined from the interval between voltage pulses output by neuron 2, which had fixed widths of 15

ms as set by the neuron circuitry (Figure S7).

proportionality between the bidirectional ion current and the
firing frequencies of neuron-2 demonstrates that MzBS
plasticity adaptively filters the responses of neuron 1. The
reduced firing rate of neuron 2 (1—2.5 Hz) compared to
neuron 1 ($5—60 Hz) is caused by the high resistance of the
MzBS (~MQ), which limits the rate of neuron 2 charging and
firing.

If it is necessary, some ways to increase the firing rate of
neuron 2 are increasing synapse conductivity by increasing
bilayer area, increasing Mz concentration, changing lipid
composition, or modifying the circuitry to lower the
accumulation threshold of neuron 2. The important feature
is that the MzBS converts the frequency information from
neuron 1 into an adaptive current that controls the activity of
neuron 2. In contrast, in the absence of dynamic and history-
dependent ion channels in the synapse, the resistance of the
lipid membrane would be too high (>10 GQ) to allow for
enough current to charge neuron 2.

This demonstration shows that our biomolecular soft matter
device can directly interface with existing solid state neuro-
morphic hardware. Its processing capabilities require no
software or additional complicated circuit elements and
operate at very low voltages, thereby decreasing power
dissipation. We also show that it can respond directly to a
sensory stimulus, making it a feasible inclusion in robotic
systems requiring sensory processing and artificial intelligence
algorithms using time-varying inputs.
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3. CONCLUSION

A two-terminal device that exhibits concurrent forms of STP is
a boon for brain-like computing. Many devices have
demonstrated one or more forms of STP independently, but
only upon shifting the operating range or stimulus. The MzBS
reported here show multiple forms of STP without significantly
changing the mode or range of operation. Facilitation,
depression, and augmentation are key characteristics of neural
synapses and networks that must be understood well to make
advancements at the same pace as disciplines under the
umbrella of artificial intelligence. An MzBS, with its voltage-
dependent inactivation mechanism, opens possibilities in the
design space for other biomimetic systems and encourages the
review of what neuroscientists have already uncovered, so that
we may take inspiration from a phenomenon such as synaptic
vesicle depletion, for instance. Moreover, a biomolecular
approach is inherently biocompatible and low power; the
former being important in the field of biomedical engineering,
and the latter being useful in almost every application.

We envision networks of MzBS with tunable characteristics
that can be used as a first line of autonomic signal processing in
visual, haptic, or even olfactory sensors; systems which require
desensitization and slow “forgetting” to be effective in their
purpose of assessing novelty and importance of incoming
signals. The brain has evolved to be maximally efficient, and
these properties of sensory processing are key factors to realize
something similar in modern Al/robotics. We are certain
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continuing in this direction will yield new and interesting
results.

4. EXPERIMENTAL SECTION

4.1. Vesicle and Solution Preparation. Lipids were purchased
from Avanti Polar Lipids (Alabaster, AL). Dry lipid films were
produced by fully evaporating chloroform dissolved stock under
nitrogen stream and then additionally desiccated for an hour under
vacuum. Dry films were rehydrated in ultrapure water at a
concentration of 5 mg mL™" to make stock aqueous lipid solutions.
Lipid mixtures were made by mixing chloroform solutions of each
prior to desiccation. Stock solutions were frozen and thawed four
times and mixed well before being passed 11 times through a 100 nm
extrusion filter (Whatman). Lipid stocks were combined with NaCl
and 3-(N-morpholino)propanesulfonic acid (MOPS) from Sigma (St.
Louis, MO) and monazomycin from Cayman Chemical (Ann Arbor,
MI) to obtain final concentrations of 2 mg mL™" lipids, 100 mM
NaCl, 10 mM MOPS, and 1-20 ug mL™' Mgz, depending on lipid
type (1—2 for BTLE, 20 for others). Mz solution pH was consistently
measured to be near 6 and was not modified for device testing.

4.2, Membrane Electrical and Optical Measurements. Most
current measurements were performed using an Axopatch 200B patch
clamp amplifier and Digidata 1440A or 1550B data acquisition system
(Molecular Devices, San Jose, CA) at a sampling frequency of S kHz.
A Faraday cage was used to lessen noise from the environment,
resulting in <1 pA RMS noise. Voltages were output by the Axopatch
or an NI DAQ (National Instruments, Austin, TX) running custom
LabView script. The membrane area was assessed by analysis of
images obtained in brightfield using a QICAM (Q Imagining) or xiC
(Ximea) camera attached to an inverted microscope as outlined
previously.>® Measurements of synapse current in the hybrid neuron
setup were made using a Keithley DMM6500 with a sampling rate of
60 Hz. Neuron voltages were measured by the Digidata 1440A at S
kHz. All testing was performed at ambient room temperature (~23
C). Droplet volumes of 250—300 nL were used for all tests, resulting
in typical membrane areas between 0.07 and 0.1 mm?

4.3. Fitting and Simulations. To describe the current—voltage
(i—v) response of Mz-doped membranes, a memristive model and
kinetic molecular approach are combined. The dynamic density of
channels is defined using a kinetic model based on a simplified
“Insertion-aggregation” process theorized for channels that bind to the
membrane surface and oligomerize once inside the membrane***
and is represented by eqs 1—4. Parameters kj,, k, and k, were
estimated in accordance with eqs 12, 15, and 17 for each voltage level
and device. Current density up to the first inflection point calculated
numerically after LOESS smoothing using a 2 s window was used to
calculate k;;, examples of which can be seen in Figure SSa, as well as
linear fitting of eq 15 to the onset of depression in Figure S5b. Model
fitting was done iteratively by simulating the dynamic responses of eq
6—8 with ode4S (MATLAB) and minimizing the root-mean-square
error (RMSE) between the simulated channel densities, C, and
measured channel densities computed from raw current density (C,,qq
= i/(G,v)) using the nonlinear minimization function fminsearch in
MATLAB (Mathworks, Natick, MA). Initial guesses for reaction rate
constants not predetermined by eqs 12, 15, or 17 were randomized
between 0 and 1 at the start of each fit routine to reduce the
dependence of fitted parameters on initial guesses for their values.
Parameters that were pre-estimated were not changed. The initial
guess for N, was estimated from the peak channel density of each
response, typically twice the Cp, achieved.

To capture the voltage-dependent step behaviors of the MzBS in
Figure 3g—i, the voltage depenent reaction parameters and N;, need to
be generalized by finding their exponential voltage trends. Given three
freely changing parameters and only 1 measurable state, we
anticipated the possibility of nonunique solutions of parameters
yielding comparable fits. Therefore, nonlinear minimizations were
performed many times on each set of step responses for a given device
composition as presented in Figure 3. Parameter solutions from the
first 20 iterations that yielded simulated results with a final normalized
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value RMSE (divided by current density range) < 5% were accepted
for assessing voltage trends. Each marker represents fit results of an
individual step response (indicated by voltage) from the same device.
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