iranpoper = Downloaded from https://iranpaper.ir

Downloaded from https://www.pnas.org by KUNGLIGA TEKNISKA HOGSKOLAN KTH BIBLIOTEKET on May 14, 2023 from |P address 130.237.37.41.

dlio il gauass dozy

e Ol ol oy9e

https://www.tarjomano.com

CHEMISTRY
NEUROSCIENCE

PNAS

RESEARCH ARTICLE

s OPEN ACCESS
Check for
updates

Evidence for long-term potentiation in phospholipid membranes

. Dima Bolmatov®<', Peter T. Podar?
. and John Katsaras®®®’

Haden L. Scott®'
C. Patrick Collier®’

, Zening Liu®, Jacob J. Kinnun® Benjamin Doughty'

, Ralph Lydic®"¥, Robert L. Sacci'®@,

Edited by David Weitz, Harvard University, Cambridge, MA; received July 18, 2022; accepted October 30, 2022

Biological supramolecular assemblies, such as phospholipid bilayer membranes, have
been used to demonstrate signal processing via short-term synaptic plasticity (STP) in
the form of paired pulse facilitation and depression, emulating the brain’s efficiency and
flexible cognitive capabilities. However, STP memory in lipid bilayers is volatile and
cannot be stored or accessed over relevant periods of time, a key requirement for learning.
Using droplet interface bilayers (DIBs) composed of lipids, water and hexadecane, and
an electrical stimulation training protocol featuring repetitive sinusoidal voltage cycling,
we show that DIBs displaying memcapacitive properties can also exhibit persistent syn-
aptic plasticity in the form of long-term potentiation (LTP) associated with capacitive
energy storage in the phospholipid bilayer. The time scales for the physical changes
associated with the LTP range between minutes and hours, and are substantially longer
than previous STP studies, where stored energy dissipated after only a few seconds. STP
behavior is the result of reversible changes in bilayer area and thickness. On the other
hand, LTP is the result of additional molecular and structural changes to the zwitteri-
onic lipid headgroups and the dielectric properties of the lipid bilayer that result from
the buildup of an increasingly asymmetric charge distribution at the bilayer interfaces.

lipid bilayers | droplet interface bilayers | long-term potentiation | neuromorphic | plasticity

In neuroscience, synaptic plasticity—the ability to create new synapses and alter synapse
density over time in response to external stimuli—plays an important role in learning and
memory. This is as a result of its ability to modify synaptic strength through mechanisms
that include long-term potentiation (LTP), an important mechanism for learning and
memory in mammals and birds (1). Specifically, repetitive stimulation (i.e., tetanus) of
hippocampal excitatory synapses, at both high (2) and low frequencies (3), produces a
long-lasting increase in the strength of these synapses that persists over hours. LTP has
three important properties, namely: i) cooperativity—the need to stimulate multiple
afferent fibers to induce LTP; ii) input specificity—only activated signals contribute to
potentiation; and iii) associativity—different inputs converge to increase their signal
strength (4). Since its discovery in 1973 (1), LTP has been extensively used as a cellular
model for learning and memory and has redefined the field of neuroscience (5). However,
neuroplasticity and memory encoding by phospholipid membranes has yet to be seriously
explored, even though lipids constitute at least 50% of the brain’s dry weight (6).

The molecular mechanisms that govern LTP in vivo are currently under debate, but it
is generally accepted that membrane trafficking in postsynaptic cells is essential (7). Both
presynaptic and postsynaptic sites contain molecular machinery that link the two mem-
branes and enable them to carry out the signaling process. To address the role of the
membrane in UTD, we have used droplet interface bilayers (DIBs) (8—10). Briefly, when
two lipid-coated water droplets residing in a hydrocarbon solvent are brought into close
contact, they can spontaneously form a planar lipid bilayer (Fig. 14) which enables elec-
trical measurements (11-13). In addition, DIBs have also been used to construct asym-
metric bilayers (11, 14), complex droplet networks (15, 16), and bilayers with integral
peptides and proteins (17, 18). However, central to the work described herein, is the recent
study by Najem et al. that demonstrated that lipid-only DIBs are capable of memcapacitor
behavior (19).

Memcapacitors, two-terminal neuromorphic circuit elements whose charge depends
on their prior history and consist of different combinations of nonlinear electrical and/
or ionic responses. Of these, biological supramolecular assemblies, including phospholipid
bilayer membranes, offer the potential to better understand some of the underlying prin-
ciples that make learning and memory in the human brain possible. Specifically, meme-
lements with nonlinear electrical behavior—as first described by Chua (20)—offer the
possibility of colocating memory and signal processing to produce biological neuronal
models emulating the brain’s efficiency and flexible cognitive capabilities (21, 24, 25).
Importantly, low-dimensionality soft nanomaterials such as lipid bilayers are proving to
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be better mimics of biological neurons and synapses than their
solid-state counterparts (8, 19).

Using DIBs made from 1,2-diphytanoyl-sn-glycero-3-phospho-
choline (DPhPC)—lipids found in Archaea extremophiles—water
and hexadecane, Najem et al. showed evidence of short-term syn-
aptic plasticity (STP) associated with memcapacitance, which was
influenced not only by the frequency of the applied voltage wave-
form, but also the choice of hydrocarbon solvent in which the
lipid-coated aqueous droplets resided (19). STP in the form of
paired pulse facilitation and depression via successive voltage stim-
ulation was ascribed to reversible changes in bilayer area and thick-
ness (19). However, memory states associated with STP in DIB
memcapacitors are volatile and cannot be stored over extended
times—a key requirement for learning and memory (26).

Here, we report on the emergence of LTP in the same DIB
system studied by Najem et al. (19). The difference is that here,
we applied an electrical stimulation protocol for 1 hour (herein
termed “training”), which consisted of a low-frequency sinusoidal
voltage waveform. This electrical protocol induced a structural
rearrangement of the bilayer and its headgroups, enabling LTP to
manifest itself in a form that bears a striking resemblance to hip-
pocampal TP behavior observed in the brains of different species
of animals (26-29). Importantly, in the absence of training, LTP
above baseline levels was not observed, consistent with the results
of Najem et al. (19). However, when LTP was present, reversal of
the voltage stimulus polarity resulted in its erasure, with stored
energy values returning to pretraining levels. These results bring
into focus how different types of memory are stored in mammalian
brains, as well as informing the next generation of neuromorphic
devices.

Results

Fig. 1A shows a schematic of a DPhPC DIB in hexadecane
described by Najem et al. (19), where each lipid-coated water
droplet was suspended from a silver/silver chloride (Ag/AgCl)
electrode. When the bilayer was formed, the hexadecane in which
the droplets reside in, is, for the most part, excluded from the
bilayer region due to entropic depletion forces (19, 30). The drop-
let on one side of the membrane was electrochemically connected
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to the head stage electrode of a patch-clamp amplifier, while that
on the other side of the membrane was connected to the ground
electrode. When a sinusoidal voltage waveform of varying voltage
(both positive and negative) and fixed frequency was applied across
the Ag/AgCl electrodes, we observed pinched hysteresis in the plot
of charge (g, which is the time integral of the current) versus
voltage (V) (Fig. 1B and SI Appendix, Fig. S1B), the hallmark of
a memcapacitive system (20-23).

Using the DPhPC DIB system shown in Fig. 14, we applied
an electrical stimulation protocol (i.e., training) —analogous to
repetitive, high-frequency tetanic stimulation—consisting of a
low-frequency sinusoidal voltage waveform. Fig. 24 shows single
loops (ON, green stripes) of the low-frequency (0.01 Hz) sinu-
soidal voltage waveform (£0.12 V, in equal steps of 0.97 pV),
applied at the onset and conclusion of a 60-min OFF period (black
stripes), followed by increasingly longer OFF periods, separated
by single loop ON periods. The single loops, which bookend the
first 60-min OFF period, were used to establish the baseline for
the membrane-stored energy. Fig. 2B is like Fig. 24, except that
the sinusoidal voltage waveform in the first 60 min was applied
without interruption (training)—equivalent to tetanic stimulation
at low frequencies.

When plotting stored energies (10™% J or pJ) obtained from
the integrated areas of the Zone I pinched hysteresis loops (e.g.,
Fig. 1B) as functions of time, those from the untrained membrane
(green dots) show no statistically significant change over 240 min,
compared with the initial baseline values recorded during the first
60 min. (Fig. 2C). However, when the sinusoidal voltage wave-
form was applied continuously over the 60-min training period
(Fig. 2B, purple stripe), the stored energy versus time plot (Fig. 2C,
purple dots) for this bilayer was highly nonlinear and remarkably
different from the untrained membrane (Fig. 2C, green dots) (see
SI Appendix, Fig. S2 for Zones I and III integrated energy values).
Fig. 2C can thus be summarized as follows: i) stored energy
remains largely unaltered over the first 60-min period for both
untrained (green dots) and trained bilayers (purple dots); and ii)
trained bilayers exhibit LTP (i.e., an increase in membrane-stored
energy), while untrained bilayers do not (stored energy is largely
unaffected, also see ST Appendix, Fig. S2 Band C). After ~17 OFF
hours, membrane-stored energy dissipated and returned to
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Fig. 1.

Memcapacitance and DIBs. (A) Schematic of a DIB made from DPhPC, hexadecane (C,¢Hs,) and water droplets. The lipid bilayer (boxed region) spontaneously

forms when two lipid-coated water droplets suspended in hexadecane from silver/silver chloride (Ag/AgCl) electrodes (black lines and gray circles) are brought
into close contact. As the bilayer is being formed, the hexadecane in which the droplets reside is depleted in the bilayer region due to entropic interactions
(20-23). The water droplets are fractions of millimeters in diameter, while the lipid bilayer is ~4 nm thick. (B) Charge (the time integral of the current) versus
voltage (g-V) in response to a sinusoidal voltage waveform results in a pinched hysteresis loop, characteristic of a memcapacitive system (20,22). The numbered
arrows indicate the directionality of the voltage polarity, from positive to negative (purple arrows) or negative to positive (blue arrows). The frequency of the
sinusoidal voltage waveform is set to 0.01 Hz and varied in equal steps of 0.97 pV as follows: 0, 0.12, 0, -0.12, and 0 V (purple arrows) or 0, -0.12, 0, 0.12, and
0V (blue arrows). It takes 99 s to collect a complete pinched hysteresis loop. Zones | and Il correspond to the positive and negative pinched hysteresis lobes,

with Zone | integrated areas plotted in Fig. 2C (S/ Appendix, Fig. S2).
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Fig. 2. Alipid/oil/water system capable of LTP following electrical stimulation. (A) Temporal graphic showing that the sinusoidal voltage waveform is ON (green
stripe) (Fig. 1B, purple arrows) at the beginning and end of the first 1-hour period (the two data points at 0 and 60 min are denoted as no training). Following this,
voltage is intermittently ON in 99-s time blocks (one complete hysteresis loop), with intervening OFF periods (black stripes) increasing in duration as functions
of time (see S/ Appendix for details). (B) Temporal graphic showing when the sinusoidal voltage waveform is ON (purple stripes) or OFF (black stripes). The first
60 min (leftmost, solid purple stripe) denote the continuous electrical stimulation period (termed training). Following this, voltage is applied intermittently in
99-s time blocks (purple stripes), with OFF periods (black stripes) increasing in duration as functions of time (see S/ Appendix for details). (C) The scaled stored
energy values obtained from integrating the areas of the positive lobes of the g-V pinched hysteresis loops as functions of time in Zone |, for both the training
(purple dots) and no training (green dots) data (see Fig. 1B). There is a statistically significant increase in stored energy values (purple dots) after the training
period (first 60 min), whereas in the absence of training, stored energy values show no statistically significant increase (green dots). The Zone Ill training data are
plotted in S/ Appendix, Fig. S2C. For clarity, only representative training data are shown. All training data are provided in S/ Appendix, Fig. S2 B and C. Note, that
after an approximately 17-hour OFF period, the stored energy returns to baseline for the training data and decreases to a value slightly lower than the initial
measurement at 0 min for the no-training data. The data have been vertically scaled so that the initial 60-min period has an average relative stored energy of
1 to allow for a direct comparison between the training and no training data. ***P < 0.001.
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baseline values (Fig. 2C and S/ Appendix, Fig. S2 B and C).
Training invoking tetanic stimulation is, therefore, key to accessing
LTP in lipid bilayers and is the result of a repetitive structural
reconfiguration of the bilayer (see Discussion). We note that the
minimum training period needed to produce LTP is approxi-
mately 8.3 min or the equivalent 5 sinusoidal voltage waveform

cycles (SI Appendix, Fig. S5).

To better understand the molecular mechanism that gives rise
to LTP in a simple membrane system, we altered the way the
sinusoidal voltage waveform was applied. Fig. 34 shows the same
training protocol as in Fig. 2C (purple dots); however, this time
it was followed by equally spaced ON and OFF signals. The LTP
phase in Fig. 3B follows a trend similar to what is shown in Fig. 2C
(purple dots), with two exceptions: i) in the absence of any
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Fig. 3. Reversing the polarity of the applied voltage waveform alters the asymmetric charge distribution at the bilayer interfaces. (A) Temporal graphic like Fig.
2B, except the blue bars correspond to negative voltage directionality (0, -0.12, 0, 0.12, and 0 V in steps of 0.97 pV). The applied voltage protocol consists of an
initial 60-min training period (purple stripe) followed by a 60-min OFF period (black stripe). Subsequent 99-s ON periods (purple stripes) are followed by 60-min
OFF periods (black stripes). After approximately 360 min, the direction of the sinusoidal waveform is altered (blue stripes) (see S/ Appendix for details). (B) Stored
energy values obtained using the applied voltage protocol in A. The data reveal a similar trend as those in Fig. 2C (purple dots) but revert toward baseline values
when the direction of the voltage is reversed in a series of 10 min ON and 5 min OFF periods (blue dots). The increase in stored energy from training to LTP and
the decrease in stored energy from LTP to erasing are both statistically significant. (C) Temporal graphic showing when the sinusoidal voltage is ON (blue) or
OFF (black)—ON corresponds to the applied voltage sequence of 0, -0.12,0,0.12 and 0V, in equal steps of 0.97 pV (Fig. 1B, blue arrows) and differs from Fig. 2C
in that the initial applied voltage is negative, instead of positive. (D) Energy values obtained from the areas of the positive lobes (Fig. 1B, Zone 1) of g-V pinched
hysteresis loops as functions of time. Reversing the voltage scan direction reverses the behavior of the two lobes such that now the positive lobe displays only
half the increase in stored energy over baseline compared with the positive lobe in Fig. 2C (purple dots). Zone Ill data are shown in S/ Appendix, Fig. S3B and are
comparable to the data in Fig. 2C (purple dots). Stored energy values in Fig. 3 B and D are statistically different between training and LTP. ***P < 0.001.
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intermediate measurements, TP still shows an increase in stored
energy of 0.12 pJ—similar to Fig. 2C (purple dots); and ii) when
voltage polarity is reversed and applied continuously (i.e., negative
direction, Fig. 1B), LTP is eliminated, and the system’s stored
energy returns to baseline values (Fig. 3B, blue dots). It should be
noted that applying the voltage polarity in the reverse direction
using single loops of the sinusoidal voltage waveform does not
eliminate LTP (87 Appendix, Fig. S6). Fig. 3C follows the same
training protocol as in Fig. 2B, with the exception that the pinched
hysteresis loops started from negative instead of positive voltage
(Fig. 1B). Compared with Fig. 2C, the increase in stored energy
is less in Fig. 3D, but comparable with the increase observed in
SI Appendix, Fig. S3B (blue dots). This shows that the starting
polarity (+/-) of the sinusoidal waveform dictates whether the
hysteresis lobes in Zone I or Zone III of the 4-V plane exhibit a
larger area, corresponding to increased stored energy.

Discussion

Using DIBs, we show evidence of TP in a membrane system after
a sinusoidal voltage waveform is applied without interruption for
60 min. To understand this unexpected behavior, we refer to Fig.
4. Inidally, K" and Cl” ions present in the aqueous droplets are
equally distributed on both sides of the bilayer (Fig. 44). However,
over time, charge asymmetry of the membrane develops (Fig. 45)
due to energy considerations and the differential mobility of cat-
ions versus anions in the membrane (31, 32). Under positive
voltage (Fig. 1B, Zone I), K" ions preferentially partition to one
side of the bilayer, while the CI” counterions partition to the other
side, but at lower numbers due to a drop in voltage across the
highly resistive bilayer (Fig. 4B). In addition, zwitterionic phos-
phatidylcholine headgroups have different affinities for K" and
Cl ions, resulting in K" ions penetrating deeper into the bilayer
than CI ions (33, 34). Under negative voltage, the inverse takes
place. When the sinusoidal waveform is applied continuously for
60 min—equivalent to low-frequency tetanic stimulation—the
result is a progressively asymmetrically charged membrane.
Altering the membrane’s permeability to K* and Cl ions using
shorter alkane hydrocarbons (i.e., decane or dodecane) that are
incorporated in larger amounts in the membrane than hexadecane
results in progressively less asymmetrically charged membranes,
to the point that LTP becomes nonexistent in membranes assem-

bled in decane (SI Appendix, Fig. S7) (30).
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The process of an increasing asymmetric membrane can be
modeled as an RC equivalent circuit consisting of a capacitor with
progressively increasing capacitance in parallel to a high resistance.
During training, the increasingly charged membrane couples to
the ionic mobility in the membrane and/or intermolecular inter-
actions at the lipid headgroup—water interface, which further
amplify membrane charge asymmetry. Specifically, each cur-
rent-voltage cycle progressively increases the electric field (and
dipole potential) across the membrane, which in turn, increases
the stored capacitive energy during training. The increased electric
field orients the dipoles in the membrane, resulting in the further
accumulation of K" and ClI” ions on either side of the bilayer. LTP
is either not present in the absence of training (Fig. 2B, green dots)
or eliminated when reversing the sinusoidal waveform polarity
(Fig. 3B). Nevertheless, the fact that we observe LTP in a DIB
membrane is surprising, as lipid molecules and lipid bilayers expe-
rience a range of dynamics over a much smaller range of time (sub
ns-100 s of ns) and length (sub nm-100 s of nm) scales (35, 36),
while our measurements are on the millimeter length scale and
hours time scale.

We use Eq. 1 to phenomenologically describe the system.
Specifically, the integration of the 4-V hysteresis loops determines
the total energy supplied to the system and can be written as
follows (19):

q 2 C(V. 2 C
J qu=C(V) G +1J V2dc, [1]
0 2 2 2 )¢,

where the first two terms correspond to LTP and the capacitive
energy stored in the membrane, respectively. The third term in
Eq. 1 is the energy dissipation that drives the changes in capaci-
tance—C}, is the membrane capacitance at zero membrane poten-
tial (V). The memory terms are responsible for the inequivalence
between the supply energy (equivalent to a battery) and the energy
stored in the membrane. Importantly, the dissipated energy is
being continuously replenished during the training period as the
system is driven into a nonequilibrium steady state. This results
in progressive changes to the membrane capacitance (memory
terms) while the nonequilibrium steady state is maintained. The
stored energy persists even after the applied voltage has been
turned off and represents an energy term that depends on its
history, and which manifests itself as LTP. In the case of a sym-
metrically charged membrane prior to training, the stored

Fig. 4. Pre- and posttrained lipid bilayers. (A) Schematic of a pretrained or neat lipid bilayer showing an equal distribution of K (red spheres) and CI” (yellow
spheres) ions on both sides of the bilayer. (B) During training, using a low-frequency sinusoidal voltage waveform, K" ions preferentially associate with one side
of the bilayer, while the CI” counterions preferentially associate with the other side, but at lower numbers due to a drop in voltage across the highly resistive
bilayer and to different affinities of the zwitterionic DPhPC headgroups for the two ions. The result is an asymmetrically charged lipid bilayer that drives the
structural rearrangement of the lipids making up the bilayer, including their zwitterionic headgroups (blue spheres and ovals). Small amounts of hexadecane
(orange squiggles) are shown interspersed in the hydrophobic portion of the bilayer in both (A4) and (B).
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capacitive energy [Cy(V,) / 2] is equal to zero. However, after
training, the interface becomes increasingly asymmetrically
charged, creating additional potentials due to charge and dipolar
gradients being developed across the membrane. As such,
Cy(V,)) / 2 energies are no longer zero but increase continuously
as the charged interface becomes increasingly asymmetric.

It is interesting to note that the stored energies shown in Fig. 2C
(green and purple dots) in the time interval between 1,300 and
1,400 min are less than those at 0 min. This can be rationalized
using the dissipation term in Eq. 1. Of note, is that during the
OFF intervals (after training in Fig. 2C), the dissipative memory
term disappears, but not the stored energy, which continues to
restructure the bilayer, resulting in the sharp increases in the
potential energy after the training period ends. This is equivalent
to capacitive energy-harvesting mechanisms used in self-powered
nanogenerators that harness vibrational energy during movement
(37) or in the case of neural stimulation (2), driven by energy
harvesting from the movement of biological molecules in the envi-
ronment via LTP. However, when the membrane experiences an
extended OFF period over multiple hours, dissipation overtakes
the energy supply term, leading to a further drop in the base-
line-stored energy values.

The duration of the training period determines the amount of
accumulated charge at the bilayer interfaces, saturating after only
a brief period (87 Appendix, Fig. S5). In the brain, LTP (due to
high-frequency (ms) tetanic stimulation) is generated biochemi-
cally, via membrane receptors, neurotransmitters, and other sig-
naling biomolecules (38, 39), and can last anywhere from hours
to days. For our single lipid component DIBs, the analogous
molecular mechanism is the formation of an asymmetrically
charged membrane due to the continuous, low-frequency electrical
stimulation training protocol. Relaxation back to the symmetri-
cally charged configuration takes many hours, which suggests that
the bilayer remains highly insulative, and that small, thermally
activated leakage currents are primarily responsible for the disso-
lution of bilayer charge asymmetry overtime (40).

Our current results are consistent with dynamic electrochemical
impedance spectroscopy (dEIS) measurements on DPhPC DIBs,
which revealed that structural reorganization drives the long-term
memory behavior of lipid bilayer membranes (41). Time constant
analysis of the dEIS data from equivalent RC circuits distinguished
simple geometric changes responsible for memcapacitive behavior,
such as bilayer thickening, from hexadecane migration into the
hydrophobic core of the membrane during the molecular reor-
ganization of the lipid acyl tails that results in changes to the
intrinsic dielectric properties of the system (41).

In conclusion, the demonstration of LTP normally associated
with learning and memory in animals, but in a simple lipid/oil/
water system lacking peptides or proteins, presents us with a sim-
ple model for research aiming to understand the molecular basis
of biological memory. These research topics can be explored in
the future by changing the current chemical composition of the
DIBs, the inclusion of transmembrane peptides, and the integra-
tion of different energy-state DIBs in artificial neural networks
using crossbar nanoscale architectures.

Materials and Methods

Materials. DPhPC was purchased from Avanti Polar Lipids (Alabaster) and
D,0(99.9% D) from Cambridge Isotope Laboratories (Andover, MA). Both were
used as supplied. H,0 was produced using a High-Q water purification system
(Wilmette, IL). Buffering solution was prepared using 4-morpholinepropanesul-
fonicacid (MOPS, >99.5%) and potassium chloride (KCl, 99.0 to 100.5%), both
purchased from Sigma-Aldrich, St. Louis, MI). Solution pH or pD (~7.4 in both
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cases) was adjusted, respectively, using sodium hydroxide or sodium deuteroxide
(Sigma-Aldrich). A 125-um diameter silver wire (Goodfellow, Pittsburgh, PA) with
a ball-end formed through heating was bleached to produce silver/silver chloride
(Ag/AgCl) wires. The ball ends were then coated with 1% agarose (ThermoFisher
Scientific, Waltham, MA). Electrodes were used in pairs. Clear photopolymer resin
was purchased from Formlabs (Somerville, MA) and used to 3D printtransparent
reservoirs ("stadia”) filled with hexadecane (>99%, Sigma-Aldrich).

Methods.

Vesicle Preparation and DIB Fabrication. DPhPC multilamellar vesicles (MLVs)
were prepared by hydrating dried DPhPClipid films using 10 mM MOPS/500 mM
KCl buffer, prepared in H,0 or D,0 at pH or pD values, respectively, of ~7.4. MLVs
were sonicated for 30 min, followed by six freeze/thaw cycles (—80 °Cand 40 °C).
Lipid solutions were then extruded through polycarbonate membranes populated
with 100-nm diameter pores (31 passes) using an Avanti Mini Extruder (Avanti
Polar Lipids, Alabaster, AL), resulting in ~100-nm diameter large unilamellar
vesicles (LUVs) at a lipid concentration of 2 mg/mL.

DIBs were formed by submerging agarose-coated Ag/AgCl electrodes into
hexadecane-filled stadia using micro manipulators. 300-nL aqueous droplets
containing LUVs were pipetted onto the ball ends of the electrodes, forming a
lipid monolayer at the oil/water interface. After monolayer formation-which was
visually inferred through the sagging of the droplets on the electrodes-the drop-
lets were carefully brought together to form a bilayer (1)-note, that the DIBs reside
below a 4-mm-thick layer of hexadecane, isolating them from the atmosphere
and minimizing the possibility of evaporation (see S/ Appendix, Table S3). An
Evolve 512 camera (Photometrics, Tucson, AZ) mounted on a Nikon Eclipse TE300
inverted microscope (Melville, NY) was used to visualize the bilayer formation pro-
cess in real time-it was also monitored via an increase in membrane capacitance.

Electrical Measurements. Capacitance versus voltage (C-V) plots and charge
versus voltage (q-V) plots were determined by applying a 10 Hz, 10-mV triangular
wave to the electrodes with a function generator (Stanford Research Systems
DS345, Sunnyvale, CA), overlaid on a 10 mHz, 110-mV sinusoidal voltage
waveform (used in all experiments), using a custom script in LabView (National
Instruments, Austin, TX). Electrical measurements were recorded using Clampex
software from an Axon Instruments Axopatch 200B patch-clamp amplifier and
an Axon Instruments Digidata 15508 low-noise analog-digital signal converter
(Molecular Devices, San Jose, CA).To reduce extraneous electrical noise and phys-
ical vibration, all recordings were made with the entire DIB experimental setup
enclosed in a custom-made Faraday cage that was grounded to the building and
placed on an anti-vibration isolation table. All measurements were performed at
room temperature (~23 °C).

Data Analysis. The low-frequency, high-amplitude sinusoidal waveform drove
the changes in the membrane geometry and dielectric properties responsible
for the memcapacitive behavior in the device (e.g., electrowetting), while the
capacitance values were extracted from the square wave current responses of the
lipid bilayer from the high-frequency triangular voltage waveform with a custom
script in Igor (WaveMetrics, Portland, OR). The corresponding ionic charge was
determined from q = CV.The stored capacitive energies associated with learning
and memory were then determined from numerical integration of the areas of
the pinched hysteretic g-V loops (pJ) as functions of time (2) using the Igor script.

Statistical Analysis. Statistical analysis of stored energy values obtained from
the integrated areas of q-V pinched hysteresis loops as a function of time was
carried out to determine if the observed changes were statistically different. An
independent-samples ¢ test was used to determine if the initial baseline values
during the training phase (average of three different H,0 or D20 datasets) and the
final baseline values of the long-term memory phase (average of three different
H,0 or D,0 datasets) were statistically different. For Fig. 2 Band C, this was done
forthe single D,0 dataset plotted to show statistical significance. Levene's test was
used to test for equality of variances within the t test, where a P-value of <0.05
indicates statistically meaningful differences between baseline training stored
energy values and long-term memory values. Statistical analyses were performed
using SPSSv27 software (IBM Analytics, Armond, NY).

Data, Materials, and Software Availability. All study data featured are
included in the article and/or S/ Appendix and are available upon request.
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