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ABSTRACT 
Memristors are solid-state devices that exhibit voltage-

controlled conductance.  This tunable functionality enables the 

implementation of biologically-inspired synaptic functions in 

solid-state neuromorphic computing systems.  However, while 

memristors are meant to emulate an intricate signal transduction 

process performed by soft biomolecular structures, they are 

commonly constructed from silicon- or polymer-based materials.  

As a result, the volatility, intricate design, and high-energy 

resistance switching in memristive devices, usually, leads to 

energy consumption in memristors that is several orders of 

magnitude higher than in natural synapses.  Additionally, solid-

state memristors fail to achieve the coupled dynamics and 

selectivity of synaptic ion exchange that are believed to be 

necessary for initiating both short- and long-term potentiation 

(STP and LTP) in neural synapses, as well as paired-pulse 

facilitation (PPF) in the presynaptic terminal.  LTP is a 

phenomenon mostly responsible for driving synaptic learning 

and memory, features that enable signal transduction between 

neurons to be history-dependent and adaptable.  In contrast, 

current memristive devices rely on engineered external 

programming parameters to imitate LTP.  Because of these 
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fundamental differences, we believe a biomolecular approach 

offers untapped potential for constructing synapse-like systems.  

Here, we report on a synthetic biomembrane system with 

biomolecule-regulated (alamethicin) variable ion conductance 

that emulates vital operational principals of biological synapse. 

The proposed system consists of a synthetic droplet interface 

bilayer (DIB) assembled at the conjoining interface of two 

monolayer-encased aqueous droplets in oil.  The droplets contain 

voltage-activated alamethicin (Alm) peptides, capable of 

creating conductive pathways for ion transport through the 

impermeable lipid membrane.  The insertion of the peptides and 

formation of transmembrane ion channels is achieved at 

externally applied potentials higher than ~70 mV.  Just like in 

biological synapses, where the incorporation of additional 

receptors is responsible for changing the synaptic weight (i.e. 

conductance), we demonstrate that the weight of our synaptic 

mimic may be changed by controlling the number of alamethicin 

ion channels created in a synthetic lipid membrane.  More 

alamethicin peptides are incorporated by increasing the post-

threshold external potential, thus leading to higher conductance 

levels for ion transport. The current-voltage responses of the 

alamethicin-based synapse also exhibit significant “pinched” 
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hysteresis—a characteristic of memristors that is fundamental to 

mimicking synapse plasticity.  We demonstrate the system’s 

capability of exhibiting STP/PPF behaviors in response to high-

frequency 50 ms, 150 mV voltage pulses.  We also present and 

discuss an analytical model for an alamethicin-based memristor, 

classifying that later as a “generic memristor”.  

 
INTRODUCTION 

Neuromoprhic computing usually refers to sophisticated, 

solid-state electronic circuitries that emulate neuro-biological 

architectures found in the nervous system [1].  These circuitries 

have traditionally relied on analog or software-controlled very-

large-scale integration (VLSI) models [2], or neuromorphic 

hardware such as memristors [3], and transistors [4], to perform 

brain-like computational operations.  Memristors, in specific, 

have become ubiquitous in neuromorphic systems due to their 

ability to exhibit voltage-controlled conductance [3].  In its 

simplest form, a memristor (a concatenation of “memory 

resistor”) is best described as a two-terminal device that is 

capable of adaptively regulating the flow of electrical current in 

a circuit as a function of voltage [5].  Unlike a resistor, the 

resistance in a memristor (i.e. memristance) is variable, and thus, 

it exhibits a “figure 8” shaped or “pinched” hysteresis loop in the 

voltage-current plane in response to a periodic voltage input, as 

opposed to a linear non-hysteric response in the case of a resistor 

[5].  Memristors are considered to be subsets of a more general 

class of memristive devices and could generally be classified into 

three families identified as Ideal Memristors, Generic 

Memristors, and Extended Memristors [6].  The existence of 

memristors as a concept dates back the 1971 when Leon Chua 

hypothesized, in a famous study [7], that  a fourth circuit element 

(i.e. the memristor) is missing.  However, and despite multiple 

experimental attempts (a couple examples are [8] and [9]), it was 

not until 2008 that the first commercial and physical memristor 

was realized by HP [10].  That first memristor consisted a thin-

film of insulating titanium oxide (TiO2) sandwiched between two 

platinum (Pt) layers.  Ever since the metal/oxide/metal type 

memristors dominated the neuromorphic scene.  Various two-

terminal and three-terminal, metal-oxide memristors have been 

heavily employed to emulate synaptic dynamics [11].  The 

switching behavior (i.e. conductance change) in these devices is 

based on a thin-film Metal-Insulator-Metal (MIM), where the 

insulator layer is composed of one or more metal oxides with 

semiconducting properties [11].  These devices usually exhibit a 

range of internal resistive states, which are tunable in a quasi-

stable manner.  However, while they do bear limited similarity to 

biological synapses at the mechanism level, they fail to mimic 

the basic transport properties of biological neural networks.  As 

a result, solid-state/silicon-based systems require far more power 

to achieve computational capabilities similar to biological 

systems.  In an effort to close the gap between the MIM-based 

memristors and actual biological synaptic processes, multiple 

types of ionic-drift-based memristors (drift-type) have been 

designed and built [12-14].  However, even though drift-type 

memristors are a step closer to natural processes, they remain 

very far from exact replication of their biocounterparts, mainly 

due to their fast switching and non-volatility.    

To better understand the difference between both the 

biological and the synthetic systems a closer look on neural and 

synaptic processes is required.  Processing information and 

generation of intelligent behavior in living organisms is highly 

distributed across billions of neurons.  Each neuron is connected 

via membrane-separated synaptic junctions to multiple other 

neurons.  Information travels across neurons in the form of action 

potentials that are generated by the active accumulation and 

dissipation of ionic charge. When this traveling potential exceeds 

a specific threshold, a neuron initiates the release of chemical 

neurotransmitters across one or more synapses to communicate 

with other neurons.  Memory is co-localized with processing in 

a 3D architecture that interweaves synaptic connections between 

many neurons. The strength or “weight” of a synaptic 

communication between neurons relies on the time-dependent 

concentrations of neurotransmitters, ions and other signaling 

molecules released from the presynaptic neuron, relative to that 

absorbed by the postsynaptic neuron located directly across the 

synaptic cleft.  The weight of a synapse is also highly adaptable, 

where changes in receptor sensitivity can amplify or attenuate 

signaling between the pre- and postsynaptic neurons. This 

enables adaptability in neuron-to-neuron communication, called 

plasticity [15, 16], which allows for memory retention over 

lifetimes from learning that occurs in seconds.  Two types of 

plasticity behaviors occur at the synaptic level: 1) Short-Term 

Potentiation (STP), and 2) Long-Term Potentiation (LTP) [17].  

STP refers to a transient enhancement in synaptic transmission, 

that could be, usually, attributed to an increase in vesicle release 

(neurotransmitters) probability.  On the other hand, LTP is a 

persistent enhancement which is attributed to an increase in Ca
2+

 

in the post-synaptic site which leads to increase in the AMPA 

receptors in the post-synaptic site (i.e. early-phase LTP which 

lasts a few hours), or, if significant enough, to an increase in the 

conductance of the AMPA receptors along with the creation of 

new synapses, via increase in transcription factors resulting in 

gene expression and synthesis of new proteins (i.e. late-phase 

LTP which lasts from 24 hours up to a lifetime).  Another type of 

synaptic enhancement is paired-pulse facilitation (PPF) which 

occurs only in the presynaptic terminal.  PPF is a form of short-

term plasticity which is caused by two presynaptic spikes that are 

evoked in close succession.  Therefore, the dynamics of Ca
2+

 

influx and extrusion in the pre- and post-synaptic sites play 

intricate roles in initiating plasticity in biological synapse, and 

electronic emulators remain nowhere near close to replicating 

these dynamics.  In a recent study [18] a Ag-in-oxide memristor 

with a temporal response similar to the of that of the synaptic 

Ca
2+

 dynamics, was presented.  While the proposed memristor 

represents a major leap toward more biomimetic synaptic 

dynamics, it is still solid-based and consumes energy levels 

orders of magnitudes larger than what is required in its biological 

counterparts.   

To address all the aforementioned limitations and uncover 

new insights into the role of tunable ion transport and synapse-

neuron organization on complex computation in the brain, we 
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