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Sustainable brain-inspired electronics: digging into
natural biomaterials for healthcare applications

*bc

Jodo V. Paulin 2 *2 and Carlos C. B. Bufon

With traditional medical technologies shifting towards a more personalized point-of-view, current
semiconductor-based electronics may need high-performance computing capability for cognitive and
adaptive functions based on unspecific, multi-input, and complex tasks. Hence, developing electronic
devices with improved capabilities is of utmost interest. One option takes inspiration from the synapse
functionalities of the human brain. Due to their scalability and low power consumption, memristors and
electrolyte-gated transistors are ideal candidates for efficient brain-inspired applications. Additionally,
combining these device architectures with natural biomaterials (environmentally benign, biodegradable,
biocompatible, and mechanically conformable) represents a new horizon toward transient and
implantable synaptic devices. Here, we advertised the advances in artificial synaptic systems based on
natural biomaterials and how these devices can be integrated into sustainable and intelligent healthcare
systems. Our comprehensive review formulates the steps necessary for the next generation of
healthcare electronics to flourish.

The field of biomedical and bioelectronics is moving towards personalized approaches, which will require devices with enhanced cognitive and adaptive

capabilities. Taking inspiration from the functions of the human brain, integrating natural biomaterials into platforms such as memristors and electrolyte-gated
transistors holds great potential for sustainable and intelligent healthcare systems. Aligned with the United Nations' Sustainable Development Goals 3 (Good

Health and Well-being), 9 (Industry, Innovation, and Infrastructure), and 12 (Responsible Consumption and Production), this review focuses on the
advancements in artificial synaptic systems, utilizing environmentally friendly, biodegradable, biocompatible, and mechanically conformable natural

biomaterials, while promoting responsible consumption and production practices.

Introduction

The advances in electronics of the XX century have revolution-
ized the way we live. Electronics are the backbone in several
emerging areas, such as 5G/6G communication, automation,
industry 4.0, the internet of things, robotics, smart cities, virtual
reality, etc.' Another field garnering a crescent evolution is
intelligent and wearable electronics, which refers to portable
and personal devices designed to offer continuous assistance
and enhance humans' overall quality of life.*”

A significant advantage of the wearable platform is its
promise to shift the generic ‘one-size well-suited to all’ tradi-
tional medical technologies to a personalized version. Hence,
the medical system becomes more cognitive and adaptive,
focusing on unspecific, multi-input, and complex tasks
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(human-machine interaction, simultaneous local environment
analysis, and decision-making) while being robust and flexible
to support long-term wear.>*”?

The core of such a personal electronic system relies on
a high-performance computing capability. Nonetheless,
conventional semiconductor-based electronics face limitations
imposed by the von Neumann structure.®** The “classical” von
Neumann architecture consists of a central processing unit
(CPU) responsible for deciding and executing an instruction,
separated from the main memory, responsible for storing the
instructions and data, Fig. 1a.”> Although this separation can
perform satisfactory structural tasks and has been responsible
for all computing evolution in the past few decades, the high-
volume data and the limited transmission speed between CPU
and memory decrease the performance of the device when
dealing with the complex multi-input of real-life tasks (the von
Neumann bottleneck). Millions of interconnected processors
could be a potential solution to this problem. However, each
processor is still limited by its bottleneck, with a significant
additional increase in processing power.’ Take, for example, the
Tianhe-2 supercomputer. It has an average of 20 MW of energy
and power consumption of about 200 million kW h annually.”
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To overcome the von Neumann bottleneck, the scientific
community caught the eye of a natural supercomputer: the
human brain. Compared to traditional computers, the human
brain has the tremendous computational ability to perform 17
trillion multiple tasks per second, such as self-learning and
cognitive functions (e.g., abstract reasoning, linguistic
comprehension, memory management, motor control, and
visual imaging). It accomplishes this while consuming ~20 W
of power in a small occupation volume (~1200 cm®).**" In
comparison, IBM's TrueNorth chip, which utilizes 5.4 billion
transistors and a silicon-based complementary metal-oxide-
semiconductor circuit, emulates only about 1/1000th of the
human brain's functionality, equivalent to 1 million neurons
and 256 million configurable synapses.’” This suggests the
exceptional performance of biological machines.

The brain's high efficiency is attributed to the synaptic
communication activity within its neural network, which
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Fig. 1 Schematic comparison between the von Neumann (top) and
neuromorphic (bottom) computing architectures. (a) Traditional
computer structure. The red arrows indicate the von Neumann
bottleneck. (b) A general brain-inspired architecture. The CPU and
memory are co-localized across different neurons (represented by the
black gearwheel) and synapses (green and pink lines with different
thicknesses connecting the black gearwheels).

simultaneously stores and processes information in the same
synapse by adjusting the strength of the connection between
adjacent neurons, Fig. 1b."»'®" Accordingly, the bottleneck of
conventional computers is eliminated due to the impossibility
of distinguishing processing and memory — along with the
advantages of being highly parallel, fault-tolerant, and, most
importantly, highly efficient.>*>® Hence, developing electronic
devices with synaptic functions is of utmost interest for
personalized healthcare. These devices can assist in automated
diagnosis, predict treatments' benefits and side effects, enable
personalized drug delivery, and support neuro-prosthetics.
These challenges underpin two of the 14 grand challenges in
the XXI century elucidated by the United States National
Academy of Engineering:”** Advanced Health Informatics and
Reverse-Engineer the Brain.

In parallel to the health theme, the rapid growth in imple-
menting better and improved devices for biosensing, moni-
toring, and therapeutic interventions undeniably contributes to
a collateral rise in electronic waste (e-waste). E-waste is already
a major social challenge today due to the potential to be
hazardous to the environment and human health and the
limited availability of strategic mineral resources.”* In this
case, Mother Nature could also inspire a solution. Abundant
natural organic biomaterials, often environmentally benign,
biodegradable, and biocompatible with mechanical softness,
undeniably unveil a new horizon toward advanced sustainable
medical electronics.****** Furthermore, it is also a step toward

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the United Nations's Sustainable Development Goals: 3 (Good
Health and Well-being) and 12 (Responsible Consumption and
Production).*

In this context, we present a comprehensive review of the
rapid development of neuromorphic systems using natural
biomaterials for sustainable biomedical and bioelectronics
applications. The review is structured into background, appli-
cations, and conclusions. In the first section, we introduce the
essential characteristics of both natural and artificial synapses
and provide an overview of the primary features of these
devices. Next, we explore recent advances in artificial synaptic
devices based on biomaterials and discuss their integration into
intelligent healthcare systems. Finally, we address key chal-
lenges and opportunities in the field. This timely review
summarizes the latest advancements in biomaterial-based
neuromorphic applications and offers insights into potential
solutions for the next generation of sustainable biomedical
electronics.
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Fundamental characteristics
Biological synapse

A biological neural network can be formed by 10" neurons
connected by 10"® nanogap junctions (synaptic cleft), known as
synapses, and, in most cases, it is between 10 and 70 nano-
meters wide (see Fig. 2a).'®'’?**** Neurons are electrically
excitable cells consisting of soma, axons, and dendrites. They
play a crucial role in producing, processing, and transmitting
communication signals throughout the central nervous system
(CNS), including the brain and spinal cord, and the peripheral
nervous system (PNS), which encompasses sensory and motor
organs and nerves.

The soma accumulates the input signals collected from the
dendrites in the neural system. Above a certain threshold, the
presynaptic neuron generates an action potential that propa-
gates the valuable information towards the postsynaptic neuron
through the axon and eventually transmits information to
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(a) lllustration of a simple neuron network with a representation of the structure and component of a chemical synapse. (b) Schematic of

a memory model based on the STP to LTP transition. (c) Examples of a few STDP rules.
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organs.'*'%2%3%3% These synaptic transmissions only consume 1-
10 f] of energy each.” The action potential can trigger
chemical or electrical synapse signals between neurons, and the
synaptic strength is defined as the synaptic weight (w).*® Elec-
trical synapses involve a relatively straightforward synaptic
interaction between neurons, with minimal separation (around
3.5 nm synaptic cleft). They facilitate direct, rapid, and bidi-
rectional transmission of electrical neural signals between
neurons.'*'*** On the other hand, chemical synapses perform
more complex signal transmissions. They can precisely regulate
synaptic strength during learning, memory, and cognitive
functions, including emotion, sensory signal transmission, and
muscle activation.'*'®** They use neurotransmitters to trans-
port neural signals between neurons with wider synaptic clefts
(10 to 70 nm).****** In this case, the presynaptic membranes
release neurotransmitters dispersed across the synaptic cleft,
bind to receptors (ionic channels), and are transmitted into the
postsynaptic membrane (Fig. 2a). Changes in membrane
potential can result in either an excitatory postsynaptic poten-
tial (EPSP) or an inhibitory postsynaptic potential (IPSP). In the
case of an EPSP, the membrane is depolarized, allowing the
neuron to respond to the stimulus by passing the signal to the
next neuron. Conversely, with an IPSP, the membrane is
hyperpolarized, suppressing signal transmission.

Synaptic plasticity is defined by the variation of w over time.
It is classified into short-term plasticity (temporary change of w,
time scales of milliseconds to minutes) and long-term plasticity
(long change of w, from minutes to the brain lifetime -
LTP).!3 14164041 Qhort-term plasticity (STP) is the temporary
storage of processed information, which can be discarded once
it is no longer needed. This includes associative learning,
pattern recognition, and sound localization functions.®444243
In contrast, LTP is the permanent storage of processed infor-
mation.*****445 Therefore, the transition from STP to LTP
represents a crucial and gradual neural process associated with
human learning and memory (Fig. 2b).'****4

Changes in neuron topology, triggered by isolated, repeated,
frequent, or infrequent stimulations, lead to the transition from
STP to LTP.* Such a stimulus can be found in a potentiation or
depression state. A potentiation state occurs when there's an
increase in the postsynaptic potential, meaning that the same
stimulus triggers a more significant number of action poten-
tials. When action potentials become repetitive or frequent, the
concentration of neurotransmitters near the postsynaptic
membrane increases, leading to a corresponding growth in the
number of ionic channels. This amplifies the volume of
neurotransmitters that can be received, resulting in each
subsequent postsynaptic potential being higher than the
previous one for the same amount of chemical signal received
by the postneuron (refer to Fig. 1b, thicker lines). This
phenomenon is termed paired-pulse facilitation (PPF).****%” In
contrast, a depression state arises when a more significant
number of stimulations are required to elicit the same quantity
of action potentials as previously observed (known as paired-
pulse depression, PPD). In such instances, the concentration
of ionic channels decreases, resulting in the postneuron
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receiving a weaker postsynaptic potential than in the preceding
state (Fig. 1b, thin lines).

Following the Hebbian learning rule,”® w increases if
a synapse continuously produces action potentials on its post-
synaptic neuron. Hence, spike stimuli are an essential factor for
learning. Therefore, the Hebbian rule can be treated as spike-
timing-dependent plasticity (STDP) if the learning process
considers the temporal order of synaptic spike stimulation. The
STDP precisely modulates the connection strengths between
neurons depending on the relative timing (A¢) between pre- and
post-synaptic spikes.'>****> The post-synaptic spike can be
excitatory (resulting in excitatory post-synaptic current, EPSC)
or inhibitory (leading to inhibitory post-synaptic current, IPSC).
In this context, the absolute increase of At can induce potenti-
ation (At > 0, meaning a preneuron spikes before a postneuron)
or depression (At < 0, indicating a postneuron spikes before
a preneuron) responses to the same stimulus (Fig. 2c). None-
theless, depression does not contribute to learning and
memory. So, to alter the synaptic response mechanism, the
stimulus can be weighed with different spike frequen-
cies.****>% In this case, the adjustment of the EPSC average
effect is known as spike-rate-dependent plasticity (SRDP). In
addition, the order in which the spikes are fired and the
dendritic position also affect the synapse type and plasticity.*

Artificial synapse and synaptic behaviors

To surpass the von Neumann architecture, neuromorphic
electronics must emulate the brain's performance in signal
transmission and synaptic plasticity and achieve functionalities
related to learning and memory.**">***%” The essence of this type
of device is centered on memory behavior, making mobility (a
crucial parameter for other device applications) a noncritical
physical parameter. Applying the presynaptic signals to the
neuromorphic system alters the conductance (or resistance)
through mechanisms such as electron migration, ion migra-
tion, and phase transition. In response, the device generates
EPSC or IPSC electrical responses related to synaptic plasticity.
Synaptic behaviors like STP, LTP, PPF, STDP, and SRDP can be
achieved depending on the presynaptic stimulation.**>*%*

Artificial synaptic devices can be categorized into (a) two-
terminal (2-T) memristors, which operate based on electro-
chemical metallization, oxygen vacancies, charge-trapping,
phase-change, and ion migration mechanisms, and (b) three-
terminal (3-T) ion-migration electrolyte-gated transistors.
Readers are referred to the provided references for a complete
description of the other possibilities.?*?%34585

Memristors

The structure of a memristor consists of an active layer (ionic
conductor or insulant) sandwiched between the top (TE) and
bottom (BE) electrodes (Fig. 3a and b). These electrodes can be
metals or a combination of a metal and a metallic oxide (Table
1). To be classified as a memristor, the device must exhibit
a pinched hysteresis loop in its current-voltage (I-V) charac-
teristics when subjected to a voltage sweep (Fig. 3c)."> This
signature response, a hallmark of memristive behavior, is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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documented across various I-V profiles. These profiles encom-
pass both volatile and non-volatile, as well as unipolar and
bipolar memristive devices (Fig. 3d and e).'>'*

Volatile memristors are characterized by their inability to
retain stored information once the power supply is removed,
making them suitable for applications requiring temporary data
storage.'®>'** In contrast, non-volatile memristors preserve
information without power, a crucial feature for long-term data
retention and non-volatile memory applications.?>**>'** Mem-
ristive devices can be classified based on their response to
voltage polarity. Unipolar devices switch states under a single
polarity voltage, while bipolar devices necessitate alternating
polarities to transition between the high-resistance state (HRS)
and low-resistance state (LRS).?>10>1%

A memristor operating on the electrochemical metallization
(ECM) principle is governed by the migration and redox of metal
ions under an applied bias.>**'** When a voltage bias is applied
to the top electrode, oxidation reactions occur at its interface,
forming metal cations that diffuse into the dielectric layer
under the influence of the electric field. During diffusion, these
cations can interact with electrons or anions and undergo
reduction reactions, forming conductive particles. With suffi-
cient stimulus, these conductive particles can evolve into
a conductive filament between the cathode (TE) and the anode
(BE), Fig. 3b.****1% The current rapidly increases once the
conductive filament is formed, signifying the ON state.

Additionally, the device's conductivity can increase with
a continuous voltage application and modulation, thickening
the filament.?>**'> The ON state corresponds to LRS. However,
the metallic filament is unstable and can rupture by ionization,
Joule heating, spontaneous diffusion, or degradation over time.
In this situation, the current decreases, causing the device to
switch to HRS or OFF state.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Unipolar and Volatile

Bipolar and Volatile

(a) Schematic illustration of a 2-T memristor, (b) its electrochemical metallization operation mode, and (c) a typical pinched hysteresis

curves for various memristive mechanisms.

Expanding on this, a memristor operating based on oxygen
vacancies relies on changes at the interface between a metal
electrode and a metal oxide semiconductor.'®'*® The metal
oxide is initially in HRS and is sustained by an energy barrier.
When a voltage is applied, oxygen vacancies within the metal
oxide move due to the electric field, reducing the Schottky or
tunnel barrier. This reduction can lead to the formation of
conductive filaments, transitioning the device to LRS. When the
voltage is reversed, the oxygen vacancies return to their original
positions, or the conductive filaments break, restoring the
energy barrier and reverting the metal oxide to the HRS.

Similarly, charge-trapping-based memory exploits the
phenomenon where charges fill traps in insulating layers.
Initially, electron injection follows ohmic conduction, with
current proportional to the applied voltage. As more charges are
injected and occupy these traps, the conduction mechanism
shifts to a space-charge-limited current (SCLC) regime, where
injected carriers exceed thermally generated ones.'”**" In cases
where the metal electrode forms an ohmic contact with the
insulating layer without any traps filled, the current is governed
by space charge. Introducing charge-trapping nanoparticles
into the insulating layer enables voltage-induced trapping,
transitioning from ohmic to SCLC conduction."*®"** This
mechanism is fundamental to memristors' long-term memory
and learning/forgetting capabilities.

Phase-change memory leverages the reversible transition
between amorphous and crystalline states induced by Joule
heating.?»"*>"* The amorphous state corresponds to HRS,
whereas the crystalline state represents LRS. Applying current
raises the material's temperature to its crystallization point,
switching it to the LRS in a process known as the “set” opera-
tion. Conversely, raising the temperature to the melting point
and rapidly cooling it returns the material to its amorphous
state, the “reset” operation, thus reverting to the HRS. Repeated
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application of short, small voltage pulses generates heat that
creates unstable conductive filaments, which can easily break,
showing short-term memory characteristics.** Continuous
voltage pulses stabilize these filaments, resulting in long-term
memory properties.*

Lastly, ion migration mechanisms exploit the movement of
ions within the membrane's structure under an electric
field.>*7>**"* The low activation energy required for ion
migration induces hysteresis in I-V sweeps, utilized in various
memory devices and artificial synapses. The migration of ions
in response to a voltage pulse can change the device's resis-
tance, demonstrating synaptic behavior. The structure and
composition of the memristor significantly influence its oper-
ational mechanism and synaptic characteristics. Devices with
optimal ion migration properties can achieve low driving volt-
ages and reduced energy consumption per synaptic event,
enhancing their efficiency and performance.***

Electrolyte-gated transistor

An electrolyte-gated transistor (EGT) consists of source (S) and
drain (D) electrodes in contact with a thin semiconductor layer,
which is separated from the gate (G) electrode by a gating
dielectric. This material is electronically insulating but ionically
conductive (Fig. 4a). The S, D, and G electrodes can be made of
metals, metal oxides, or organic compounds (Table 2). Applying
a gate voltage causes ion migration at the electrode/electrolyte
and electrolyte/channel interfaces, leading to the accumula-
tion or depletion of charge carriers in the conducting
path.?>?%3%14° The key concept behind electrolyte gating is the
electric-double layer, with a capacitance typically on the order of
UF em ™. This high capacitance allows the EGT to operate at
relatively low gate voltages and achieve large charge carrier
densities in the conducting path. Additionally, the electrolyte
capacitance is virtually independent of the layer thickness,
enabling  thick  electrolyte layers for  low-voltage
Operation'22,23,54,149

Regarding operating mechanisms, EGTs can function
through electrical double-layer (EDL) and electrochemical (EC)
mechanisms. In the EDL case, the semiconductor's conducting
path is impermeable to the electrolyte ions, resulting in elec-
trostatic doping (Fig. 4b left and c). Conversely, in the EC case,
the semiconductor allows the ions to enter the film, leading to
a reversible electrochemical doping/de-doping process (Fig. 4b
I‘lght and d].22,23,54,149

As transistors, their electrical responses are characterized by
the transfer (Ip-Vs) and output (Ip-Vp) curves, where I, is the
drain current, Vp, is the drain voltage, and V is the gate voltage.
The left panels of Fig. 4c and d display the typical transfer
characteristics of EDL and EC transistors, respectively, while the
middle panels show the output characteristics.

The intrinsic amplification, known as transconductance
(gm), can be obtained from the slope of the linear region of the
transfer characteristic (Ip-Vg) and is indicated by the dashed
orange lines in Fig. 4c and d. The gy, value depends on the EGT
architecture (including the channel semiconductor and geom-
etry), the ionic species in the electrolyte, and bias conditions.'*®
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Fig. 4

(a) Schematic illustration of a 3-T electrolyte-gated transistor synaptic devices operating in (b) EDL and electrochemical doping modes

with (c and d) their electrical characteristics. In (c and d), the transfer characteristic with transconductance gy and threshold voltage V7 (left), the
output characteristic (middle), and a typical gm vs. Vg (right) are represented. The maximum of gu depends on Vg and Vp.

A typical gy curve as a function of Vg is shown in the right
panels of Fig. 4c (EDL transistors) and 4d (EC transistors).
Additionally, the intersection of the linear region of the transfer
characteristic with the Vg axis represents the threshold voltage
(V). This threshold voltage can indicate fixed charges into the
polymer (or molecular layers), the electrolyte's bulk ionic
concentration, the gate work function, and the semiconductor's
Fermi level.**®

To maintain coherence between the operating mechanisms
and their applications in neuromorphic systems, one needs to
consider how these underlying principles impact device
performance and scalability. Both EDL and EC mechanisms
influence key parameters such as stability, energy efficiency,

3242 | RSC Sustainability, 2024, 2, 3235-3263

and processing techniques, which are necessary conditions for
large-area applications and consistent functionality in complex
systems.”***** Understanding these mechanisms lays the
groundwork for exploring the broader implications of material
choices and device architecture on the practical deployment of
EGTs in neuromorphic computing.

The stability of EGT's performance is significantly influenced
by the choice of electrolyte and the materials used in the
device's architecture. Natural electrolytes, such as chitosan and
maltose, have been shown to provide stable operation due to
their favorable ionic conductivity. A well-chosen electrolyte can
significantly improve stability by minimizing ion migration and
leakage currents, which are known to degrade long-term

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Representation of a spike-dependent plasticity behavior for the
emulation of synaptic responses. (a) Single excitatory postsynaptic
current (EPSC). (b) Paired-pulse facilitation. (c) Long-term potentiation
triggered by n spikes.

process (Fig. 2c, left). This learning rule is characterized by the
relationship:**2*1?*

Ace At>0, A, >0
Aw =
AT
B_et At<0, B_<0

where A, and B_ denote the learning rates. AT represents the
temporal difference between pre- and postsynaptic spikes (AT =
tpost — tpre), Which adjusts w. 7, and 7_ define the time learning
windows (AT) during which potentiation and depression are
significant. When the presynaptic spike precedes the post-
synaptic spike (AT > 0), the synaptic weight increases (potenti-
ation, Aw > 0). Conversely, when the presynaptic spike follows
the postsynaptic spike (AT < 0), the synaptic weight decreases
(depression, Aw < 0). However, in cases where AT < 0, the
asymmetric Hebbian learning rule may not be suitable, as it
would undesirably strengthen the synapse. Instead, an asym-
metric anti-Hebbian learning rule (Fig. 2c, middle left) would be
more appropriate in such scenarios.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Synaptic potentiation and depression through artificial
n

, . A
synapses can also occur via SRDP, defined as the ratio 100 x =
1

where 4; and 4, represent the peak intensity of the first and the
nth synaptic currents, respectively (Fig. 5c). This parameter
depends on the spike rate'*®'** and the number of presynaptic
spikes, which can shift from STP to LTP.

With an increase in presynaptic spikes within a specific
timeframe, the parameter w increases. When spikes cease, w
gradually decays and stabilizes at a frequency threshold,
maintaining this state for an extended period (Fig. 5c).2*?*118:123
In such conditions, fewer signal stimuli can reinforce the
behavior, aligning retrieval and rehearsal steps in Fig. 2b. In
addition to STDP and SRDP, spike-voltage-dependent plasticity
and spike-duration-dependent plasticity have also been
observed, showing similarities in learning rules between
natural and artificial neural systems.*””

In evaluating synaptic devices, their performances should be
assessed based on STP, LTP, and spike-dependent plasticity. To
replicate natural brain function effectively, artificial synapses
must meet specific criteria: operating voltage below 1 V, power
consumption less than 10 nW, and switching energy below 1 pJ
per event.>**® Additionally, device size should not exceed 1 um?
for practical integration into compact arrays. Also, ideal oper-
ational parameters consider the write/read speeds faster than 1
us, retention times exceeding 1000 ms, and durability through
at least 10° training cycles for memory enhancement.>*'%®
Stability across varying temperatures is also crucial, influenced
by the device's architecture and materials.>*

2024 m First published in November 2023
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Fig. 6 Evolution of published research articles on biomaterial-based
neuromorphic devices until December 2023. Our survey was achieved
by using terms like "neuromorphic device’, “artificial synapses”,
“memristive synapses”, “synaptic transistor”, “biomaterial”, and “natural
material” in Web of Knowledge, Scopus, and Google Scholar data-
bases. Duplicated articles and articles without any evaluation of
synaptic function (i.e., reports evaluating only memory behavior) were
removed from our analysis.
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permission from B. Sueoka et al.”® Copyright 2022, AIP publishing. (c) A
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Reprinted under the Creative Commons Attribution (CC BY) license
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Biomaterial-based neuromorphic
devices

Natural biomaterials encompass a variety of materials found in
nature, such as polysaccharides (like alginate, cellulose, chito-
san, pectin, and starch), polypeptides (such as silk, collagen,
and reflectin), small molecules (including B-carotene, chloro-
phyll, indigo, and nucleobases) and macromolecules (such as
melanin, proteins, lipids, DNA, RNA, shellac and lignin). These
biomaterials are characterized by their environmental sustain-
ability and eco-friendliness, as well as their mechanical
robustness, flexibility, optical transparency, lightweight, and
semiconductivity or ionic conductivity. Their combination of
properties makes them highly attractive for developing greener
technologies.

In particular, these biomaterials show promise for integra-
tion into neuromorphic electronic devices, both as substrates
and in dielectric and active layers (see Tables 1 and 2). Exploring
their neuromorphic functionality is a relatively recent area of
research, as evidenced by the scarcity of studies before 2014
(Fig. 6). However, there has been a notable increase in pub-
lished articles over the past decade, indicating growing interest
and investment in exploring these applications.

As previously mentioned, evaluating the device's memory
properties is crucial. In a 2-T architecture, the memory behavior
is observed through I-V curves, which can exhibit either gradual
(analog) or abrupt (digital) resistive switching. In digital resis-
tance switching (Fig. 7a), memory behavior resembles binary
storage. Conversely, from an analog perspective, the gradual
change shown in Fig. 7b indicates multilevel data storage
similar to biological synapses.’® Interestingly, a chitosan
composite with SiO, and SWCNT demonstrates digital memory
behavior during a set of processes and analog behavior during
the reset process (Fig. 7¢).”” This behavior was ascribed to the
electrochemical reaction between the chitosan electrolyte and
mobile ions, with the SWCNT aiding the formation of a metallic
conductive filament (ECM). In a 3-T architecture, the electrical
response of a synaptic transistor is analyzed through its transfer
characteristics. The goal is to observe the response of the
postsynaptic current (Ips) to a presynaptic excitation (Vgs).
Analogous to memristors, memory behavior in this context is
analyzed by examining the variation in Ipg with the changes in
Vgs (Fig. 7d).

Once the resistive switching properties are obtained, the
synaptic properties (plasticity, pair-pulse facilitation, and spike-
dependent plasticity) can be verified. Unlike the electrical
response, 2-T and 3-T devices yield similar synaptic behavior.

One important neural information is the combination of all
the inputs the synaptic device receives. This is known as
synaptic integration'® and allows the integration of excitatory
and inhibitory signals at any moment to determine whether an

from J.-G. Min and W.-J. Cho.”® (d) Transfer characteristics of
a synaptic transistor using Dextran T500 as the dielectric layer.
Reprinted with permission from Y. Yang et al.**®* Copyright 2020, Royal
Society of Chemistry.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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action potential is generated. The traditional approach is the
temporal summation between neurons. Pulses of different
amplitudes and time intervals can emulate short-term synaptic
plasticity and PPF or PPD. For example, we present the work
of W. Qin et al., which studied maltose-ascorbic acid electrolyte-
gated synaptic transistors (MAEGST)."*¢

Fig. 8a depicts the EPSC response of MAEGST under varying
gate voltage amplitudes (0.3, 1, 2, and 3 V) applied to the elec-
trolyte for 10 ms intervals at Vg of 0.1 V. When a positive bias
(0.3 V) stimulates the system, ion migration and EDL formation
increase the channel conductance by ~4 pA. Upon removal of
the stimulus, conductance slowly returns to its initial value of
about 31 pA. Increasing the pulse amplitude (Vi) to 5 V raises
the EPSC to ~56 pA (Fig. 8b), with the amplitude not decaying to
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the initial value after that. Pulse duration similarly affects EPSC
response.

The pulse duration also changes the EPSC response. While
maintaining Vg at 1 V, the authors varied pulse duration from
10 to 60 ms. Fig. 8c and d demonstrate that as pulse duration
increases, the rise in EPSC amplitude slows down. This
behavior reflects the modulation of the channel's conductance
and the EDL formation, where ion motion at the MAE/ITO-
electrode interface saturates. These dynamics resemble those
observed in biological synapses, suggesting a transition from
STP to LTP.

Biomaterial-based neuromorphic devices can demonstrate
SNDP to replicate learning and forgetting processes. In Fig. 8e,
the EPSC increased with the number of spikes applied to the
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(a and b) EPSC using different gate voltage pulse amplitudes and same time interval (10 ms). (c and d) EPSC using 1V of gate voltage pulse

amplitude and different time intervals. (a—d) Adapted with permission from W. Qin et al.**¢ Copyright 2021, American Chemical Society. (e) EPSC
under different spike numbers. (f) The learning-and-forgetting patterns of an ITO/Albumen@CuO/Ag synaptic device by SNDP. (e and f)
Reprinted with permission from T. Guo et al.* Copyright 2022, John Wiley and Sons. (g) Based on Pavlov's dog experiment, change in synaptic
weight resulted from the associative learning process. Reprinted with permission from F. Yu et al.*?®* Copyright 2018, John Wiley and Sons.
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Fig. 9 Synaptic integration in a spatial summation configuration of an ITO/Honey/Ag 2-T neuromorphic device. Adapted with permission from

B. Sueoka et al.”® Copyright 2022, AIP publishing.

ITO/Albumen@CuO/Ag device.®* This behavior is illustrated in
Fig. 8f, where 25 of these devices, arranged in a 5 x 5 pixel
array, could encode a “Y” image.** As more spikes were used to
stimulate the array, the image's contrast, represented by the
darkening of the pink color, increased, mimicking the learning
process. Subsequently, the pink color faded after stimulation,
demonstrating the forgetting process. Higher spike counts
maintained the image contrast longer, suggesting, once more,
a transition from STP to LTP.

The learning process of a biomaterial-based neuromorphic
device was also evaluated by classical conditioning in

‘nafishtank N | - = l —

Fig. 10 (a) The degradation process of a chlorophyll-a/SWCNT
composite transistor in a natural environment. Reprinted with
permission from Q. Ou et al.**® Copyright 2021, John Wiley and Sons.
(b and c¢) The pectin-based synaptic transistor degradability. Reprinted
with permission from Y. Li et al.*** Copyright 2022, American Chemical
Society.
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physiology by F. Yu et al.**® This associative learning process
involves pairing a conditioned stimulus (CS) with a neutral
stimulus (NS) and/or unconditioned stimulus (US) through
repeated pairings. To clarify this association, F. Yu compared
his study to Pavlov's dog experiment, where an initial bell ring
(NS) does not cause any response, such as salivation, in the dog,
whereas food (US) does. By ringing the bell before feeding the
dog, an association formed between NS and US (now CS) trig-
gers salivation. However, the CS effect diminishes if the US is
not presented over the timer (Fig. 2b). In an artificial environ-
ment, such as the chitosan-based synaptic transistor proposed
by Yu, the synaptic weight can be adjusted by controlling the
timing between two pulses. Here, the applied pulse voltage (Vi)
represents the “bell ringing,” and the Vpg the “sight of food.”
When a Vps pulse is applied, the output response (w) increases
above the threshold (Fig. 8g), analogous to “salivation” in the
dog experiment. Without constant US stimulation, the ampli-
tude w can diminish over time.***

Another way to achieve synaptic integration is through
spatial summation. The spatial summation involves the addi-
tion of presynaptic positive or negative input voltage spikes,
which simulate excitatory or inhibitory postsynaptic potential
(EPSP or IPSP). The basic idea is that when two presynaptic
EPSPs coincide, the postsynaptic response should combine
these initial stimuli (Fig. 9a). It is important to note that, similar
to biological systems, where some energy is used to generate an
action potential, the current measured by the device is lower
than the mathematical sum of the inputs. IPSP also plays a role
in signal processing by suppressing unwanted signals and
limiting the flow of information (Fig. 9b). When EPSP and IPSP
co-occur, the result is dominated by the one with the highest
magnitude, or the postsynaptic remains silent (Fig. 9c). B.
Sueoka et al. demonstrate that a Honey-based neuromorphic
device could exhibit a spatial summation (Fig. 9).”

When considering a healthcare device, it's crucial to analyze
other characteristics. Unlike some synthetic biodegradable
materials that only partially disintegrate, biomaterials have
been part of the ecosystem for millions of years. Such a long
presence has allowed bacteria and fungi to develop enzymes
that efficiently degrade them.**'*'®* For instance, cellulose,
a common natural material used in soft electronics, can be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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degraded by cellulases, which are cellulolytic enzymes.'** The
complete fragmentation of these materials into water, carbon
dioxide, and other organic molecules makes them ideal for
transient electronics. These devices can alleviate environmental
concerns and are safe for in vivo applications.'**"¢

Transient electronics are systems designed to dissolve after
serving their purpose or when triggered by specific physical or
chemical conditions.*®>%163165167 Thijg feature is crucial for
advancing wearable sensors' sustainable and low-cost mass
production. In a biomedical setting, these devices offer
a significant advantage over traditional ones. They can be
absorbed within the body, avoiding traumatic and invasive
removal surgery and reducing (bio)e-waste.*?%16167

Biomaterial-based neuromorphic devices have demon-
strated potential for degradability.®9130132135139,148 Fjg 10a
illustrates a neuromorphic device that uses a chlorophyll/
SWCNT transistor configuration on a PVA substrate. This
device is placed on a green leaf and left in a rainy outdoor
environment to simulate the effect of natural degradation. The
PVA matrix swelled within the first five minutes, significantly
deforming the Au electrodes.”” The decomposition of the
system was observed over a week and compared to the natural
leaf. Photographs from days 1 to 7 show the apparatus deteri-
orating, confirming its degradability in a natural environment.
The authors noted that the metallic Au electrodes and the
SWCNT layer did not dissolve in the rainwater and would not
harm the environment."** However, they also point out that Au
is a finite and critical material for electronics.

Similarly, a transistor made from apple pectin completely
decomposed within 100 s when exposed to dripping water,
Fig. 10b."* When immersed in a fish tank, the same system
degraded in less than 20 s due to the water tension, and its
components either sank to the bottom or were eaten by the fish,
Fig. 10c.” The lifetime of biomaterial synaptic devices typically
ranges from a few minutes to a couple of hours, which can limit
its applications. To extend their lifespan, coating layers are used
to prevent the materials from coming into contact with dis-
solving agents. Additionally, degradable substrates like silk,
whose transient properties can be adjusted through chemical
treatment or thermal annealing, can last several months. These
coating layers are usually made from synthetic elastomers,
though some examples based on biomaterials do exist.'**'%°

The last transient example highlights another critical prop-
erty for healthcare applications: biocompatibility. Biocompati-
bility refers to a material's ability to perform its intended
function without causing reactive inflammatory responses on
the host biological system, both in short-term (transient) and
long-term interactions.>*** In the fish tank experiment, animals
maintained stable vital signs even after a week under the same
experimental conditions, demonstrating the system's non-
toxicity."*® To further evaluate the toxicity, the authors tested the
pectin solution in cell culture solutions for two days (Fig. 11a).
Fluorescent images of the stained cells showed normal prolif-
eration and high viability (low concentration of dead cells,
shown in red). In another example, the cytotoxicity of neuro-
morphic devices based on hyaluronic acid (HA) was compared
to a similar device based on PEDOT:PSS. The HA-based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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neuromorphic device showed no cell cytotoxic reaction, unlike
the PEDOT : PSS (Fig. 11b).** Fluorescence-activated cell sorting
was used to quantitatively assess cell viability between the
devices, revealing an average damaged cell ratio of about 5.7%
for the HA-based neuromorphic device, compared to 41.3% for
the PEDOT:PSS device.** This demonstrates the superior
biocompatibility of natural materials over standard synthetic
materials.

Similar to what has been demonstrated for other devices, the
mechanical properties of a neuromorphic device intended for
implantable and wearable applications are crucial for matching
the strength and elasticity of the body's native soft tissues."”**”*
Flexible, bendable, and stretchable substrates are usually
mandatory for these applications. Bio-based semiconductors
are also being considered for their suitable mechanical features.
Natural materials such as cellulose®'****¢ and silk fibroin®'7>
are integrated into flexible (Fig. 12a and b) and conformable
(Fig. 12¢) substrates for neuromorphic applications. Chitosan'*’
and sodium alginate™® are also used as substrates in these
settings. These materials offer softness, biocompatibility, and
biodegradability, advancing sustainable development in intel-
ligent healthcare applications. Additionally, Zein, extracted
from maize, has been used in the active layer of a flexible 2-T
device by Y. Kim and co-workers, demonstrating excellent
mechanical stability.’* Their device maintained recognition
accuracy even under bending mechanical stress (Fig. 12d).

(Ei) day 1

Pectin
day 2

Control

day 2

HA-Dased neuromorphic device

Fig. 11 (a) The pectin-based synaptic transistor biocompatibility.
Reprinted with permission from Y. Li et al.*** Copyright 2022, American
Chemical Society. (b) Optical images of a cytotoxicity test of HA-based
and PEDOT : PSS neuromorphic devices. The highlighted area in the
right panel shows the dead cell fragments. Adapted with permission
from J. H. Lee et al.®* Copyright 2021, John Wiley and Sons.
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In a direct example of biomimetic application, biomaterials
have been used as artificial organs capable of sensing light
signals as input. Light has been shown to enhance the STDP
and SRDP functions of artificial photonic synapses (Fig. 13a and
b), and it can be used for image recognition (Tables 1 and 2). C.
Zhang et al. advanced this concept further by constructing
a concave hemispherical artificial retina using orange peel
pectin as a dielectric layer in a 3-T device (Fig. 13c).**® Their 3D
artificial retina can mimic the human visual system's image
sensing and preprocessing function. It was designed with
a concave hemispherical device array to project an arrow image
in the four cardinal directions (north, south, west, and east), as
shown in Fig. 13d. The arrows were accurately mapped without
aberrations and vignetting, simulating a proper response of the
human eye.

Opportunities in healthcare

As mentioned in Section 2.1, the PNS in biological systems
recognize and respond to chemical, light, pressure, and sound
stimuli, transmitting this information to the CNS and the rest of
the body. Similarly, a neuromorphic electronic system that
mimics these functions could be used in various applications,
including brain-computer interfaces, biosensing, health moni-
toring, bioinformatics, computing, exoskeletons,
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Fig. 12 (a) The flexible collagen-based 2-T synaptic device. Reprinted

with permission from N. Raeis-Hosseini et al.”® Copyright 2018, John
Wiley and Sons. (b and c¢) The 3-T synaptic device is based on
biomaterials wrapped around a dandelion seed and is conformable to
a human brain model. Adapted with permission from Y. Yang et al.**?
Copyright 2020, John Wiley and Sons. (d) Inference and learning
feature of the ITO/Zein/Al synaptic device under different bending
conditions. Reprinted under Creative Commons Attribution 4.0
International License from Y. Kim et al.***

3250 | RSC Sustainability, 2024, 2, 3235-3263

View Article Online

Tutorial Review

neuroprosthetics, sensorimotor neural signal transmission,
and soft robotics. Developing artificial CNSs and PNSs requires
creating neuromorphic devices that can be integrated into
interconnected systems, detecting external stimuli and
responding to environmental changes.

Implementing such devices in healthcare requires excellent
mechanical compliance, including softness, conformability,
flexibility, and stretchability, as they are integrated directly into
biological bodies, human skin, or fabrics and must ensure
proper signal transmission.*”**"”” For instance, a knee can
stretch up to 55% of its initial size during motion, meaning that
a nearby device must support both bending and stretching
forces and allow joint activity.”*'*7% In this context, the
biocompatibility and mechanical flexibility of biomaterials
make them suitable for matching the biological environments
and tissues while maintaining low-power efficient computing.

Biomaterial composites have demonstrated their ability to
accurately and in real-time detect human electroencephalogram
(EEG),*®**%* electrocardiograph (ECG),"**** and electromyog-
raphy (EMG) signals."**** For example, an FDA-approved
naturally derived type-A gelatin (acid-treated collagen) has
been used as a paintable biogel for on-skin EEG detection due to
its water-solubility, biodegradability, good biocompatibility,
and large-scale production. To enhance its performance, this
biogel was combined with biocompatible functional compo-
nents such as sodium chloride, sodium citrate, and a water-
glycerol binary solvent system, improving its ionic conduc-
tivity, ionic cross-linking, and long-term stability."®® This
composite exhibited a thermo-dependent phase transition from
viscous fluid to viscoelastic gel (Fig. 14a), adhered well to the
skin (Fig. 14b), and provided a reliable interface with a hairy
scalp (Fig. 14¢). In its solid-like gel form, the biogel could detect
EEG alpha activity from the occipital region of a hairy head, with
no significant difference in signal shape, signal amplitude, and
power spectral density compared to commercially available EEG
paste (Fig. 14d).*®

Similarly, an electronic tattoo (e-tattoo) made from gra-
phene, Ca”®" ions, and silk fibroin demonstrated self-healing
and multi-stimulus sensing capabilities.'*® This e-tattoo could
detect changes in temperature and humidity while providing
a high signal-to-noise ratio for monitoring the heart's rhythm
and electrical activity (ECG signal). The quality of the ECG
signal remained consistent before and after the self-healing
process, indicating minimal disruption.’®® Additionally,
a composite material comprising a porous cellulose derivative
from grass and two-dimensional titanium carbide (TizC,Ty)
MXene could record muscle electrical activity (EMG signal),
simultaneously performing electrostimulation and electro-
thermal therapy.** This all-in-one muscle theranostic platform
exhibited good air permeability and sweat stability, ensuring
comfort for the patient.

Although the examples mentioned are not neuromorphic
platforms and are only partially sustainable due to their addi-
tives, they prove that natural biomaterials can integrate into
advanced healthcare systems. There is still significant room for
exploring innovative device and circuit concepts and identifying
new material options.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) EPSC response to spike number under fixed light width,
frequency, and intensity (1's, 5 Hz, and 56 pW cm™2, respectively). (b)
EPSC response as a function of the light intensity of a sequence of one
single spike (1 s light width) followed by ten spikes (1 s light width at
5 Hz frequency). (c) Concave spherical artificial retina based on orange
peel pectin conformable synaptic transistor array. (d) Response of the
3D artificial retina recognizing the four cardinal directions. Data
adapted with permission from C. Zhang et al**® Copyright 2022,
Elsevier.

Bioelectronic circuits**

sensing capabilities of OECTs, making them ideal for devel-
oping intelligent processing in on-body devices. These devices

are rapidly advancing alongside the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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can interact with users to effectively predict and communicate
general or specific information. However, in real-time health-
care applications, integrating biosensors, controlled drug
delivery, and tissue repair present a significant challenge for
biomaterials. This challenge arises from the need to interface
complex biological systems — dominated by membrane electric
potential gradients, local chemical reactions, and ionic gradi-
ents and currents — with traditional semiconductor devices that
typically operate in a manner that may be detrimental to natural
tissues.*'** Therefore, developing systems capable of accu-
rately translating ion signals into electronic signals (known as
iontronics) becomes crucial. One promising approach involves
OECTs, facilitating seamless integration between biological
systems and electronic devices. Alternatively, designing suitable
biomaterials could also address these challenges. However,
achieving effective electronic coupling between ions and elec-
trons remains a significant hurdle, which is not a common
property of natural or synthetic materials.***

In bioelectronics, biological processes transmit signals to
electronic devices, which can, in turn, initiate physiological
responses through chemical or electrical stimuli. Traditional
healthcare systems often rely on enzymatic reactions to modu-
late the current flow in biosensors. The measured level can be
managed by an external agent (Fig. 15a) or in a closed-loop
manner (Fig. 15b). These biosensors measure parameters like
glucose levels in diabetes management. For instance, in one
approach, a small blood sample reacts with the biosensor to
measure glucose, informing the patient to take medication as
needed. In contrast, a closed-loop system continuously moni-
tors glucose levels, automatically administering medication
when required. However, these approaches overlook dynamic
factors such as exercise and diet, which influence glucose levels
over time. Future healthcare systems must be adaptable and
responsive to multiple variables to address this, potentially
leveraging neuromorphic systems for enhanced performance
(Fig. 15¢).™°

Combining bioelectronic and neuromorphic platforms has
significant potential for autonomous healthcare applications.
In implantable devices, neuromorphic systems with adaptable
input variables could locally measure and process biologically.
This allows the platform to learn and respond to analyzed
behaviors in real-time. In contrast to traditional methods that
process biological signals remotely, which can risk losing crit-
ical information without high bandwidth, this approach inte-
grates artificial synapses and closed-loop systems.'*® These
innovations are promising for long-term applications such as
restoring sensory functions and treating neurodegenerative
diseases like Alzheimer's and Parkinson's. Such a technology
could enhance communication between organs and regulate
physiological processes by replacing biological neurons with
artificial neuronal cultures on multi-electrode arrays. Moreover,
it may stimulate cell regeneration in damaged tissues.*” %

Additional bioelectronic application prospects could also
rely on human-machine interactions (HMI), with human elec-
trophysiological or motion signals leading to the realization of
robot control, personal device control, and even virtual reality.
Silk protein-based electronics®***** and hydrogel® are
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Fig. 14 (a) The transition of the biogel between fluidic and solid-like
states at different temperatures. (b) On-skin painting and adhesion
capability of the biogel ink. (c) A good contact of biogel painted with
hairy scalp and its easy removal by hot water. (d) EEG alpha rhythms
(left) and power spectral density analysis (PSD, right) comparison
between the painted biogel (top) and a commercial past (bottom).
Adapted from Creative Commons Attribution 4.0 International License
from Chunya Wang et al.*®3

promising progress toward these HMI applications. For
instance, a silk-based system can collect an input signal from
human fingers processed by an artificial neural network and
transfer the output signal to a robotic hand (Fig. 16a). One
thousand twenty-four total gestures were obtained based on
different degrees of bending from the fingers of both human
and robot joints (Fig. 16b).>*°

Similarly, a silk-based wearable five-finger nanogenerator
showed promise in converting finger tapping into electrical
signals coded into 26 English letters. Jiarong Liu and collabo-
rators explored a direct healthcare application: overcoming the
communication barrier between doctors and patients who
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cannot speak. In this sense, the patient used the keyboardless
system to express their thoughts precisely by moving the fingers
following the code within the finger input interface.>**

In electroceuticals, wearable and implantable electrodes
(WIE) show great potential to enhance the lifespan and improve
quality of life, as they can decode the electrophysiology of cells
and tissues, opening up a range of therapeutic applications. For
example, a typical WIE can effectively address muscle spasms,
alleviate pain, improve rehabilitation after spinal cord injuries,
and promote the healing of chronic wounds through targeted
electrostimulation.?”*** Hence, combining WIE with neuro-
morphic systems makes the next generation of intelligent and
modern healthcare platforms flexible, discreet, comfortable,
portable, and remote. This could allow a connection between
precise in vivo monitoring of health conditions inside the body,
connection gadgets, and therapeutic response (closed-loop
system).

The WIE's wide application in sensing and therapeutic
applications relies on power sources for continuous opera-
tion.”* Ensuring long-term biocompatibility and biosafety is
crucial for their implementation in clinical applications.>*>*%*
Here, biomaterials also garner attention. In addition to the
environmentally friendly and economic features, biomaterials
also have inherent characteristics of shaping customization,
large surface area, and many active sites — essential attributes
for stable capacitance retention with a potential increase in the
electrode's specific capacitance.”*”>®

Opportunities in bio-based and hybrid
materials

The advanced technology mentioned above requires the devel-
opment of electro-active materials with multifunctional prop-
erties, such as being lightweight, having good mechanical
properties (flexibility and stretchability), and being a good
material for powering devices.

Among numerous candidates, one natural biomaterial
stands out: melanin. Melanin is a pigment that occurs naturally
across various life forms, ranging from viruses and fungi to
plants and mammals. In humans, melanin (especially its
subgroup eumelanin) is notably present in the hair, skin, inner
ear, eye, and brain.***% It plays critical roles, such as providing
pigmentation, acting as an antioxidant, and offering protection
against noise, UV light, and abrasion.**'° From a technological
perspective, melanin has hydration-dependent
conductivity*'** that can sustain protonic current,**?>'” proc-
essability into flexible substrates,”*®*** and transduce ionic
signals into electronic ones.*”**** Additionally, melanin
demonstrated memory-like behavior,”**** the propensity to
form electrochemical metallization bridges between metallic
electrodes,”®***® and photoconversion*® and energy storage
capabilities.”'®?*2*® In regards to powering electronics, the
melanin anode, in combination with the manganese oxide
cathode, was able to supply 5 mW of power for up to 20 h, while
the melanin cathode with a sodium-titanium phosphate anode

© 2024 The Author(s). Published by the Royal Society of Chemistry
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provided 18 mW for 16 h, which adequately fulfilled the power
needs of a variety of existing medical devices.***

Melanin's inherent biocompatibility****** and biodegrad-
ability,>**** combined with the development of flex-
ible,>18219235.236 gstretchable,”**® and self-healing®”*** devices,
represents a promising frontier in bioelectronics and sustain-
able healthcare technologies, particularly in wearable and
implantable applications. Notably, it has been demonstrated
that melanin can form dynamic networks capable of restoring
mechanical integrity after damage.?** This self-healing ability is
vital for the longevity and reliability of flexible devices, espe-
cially in scenarios where mechanical stress and strain are
frequent.

Collectively, all these features make melanin attractive for
neuromorphic and sustainable healthcare systems. Nonethe-
less, the potential use of melanin in medical settings is in the
early stages,>*?192323922 with no study yet exploring its
synaptic potential.

Although natural melanin is beginning to appear in the
literature, many proof-of-concept applications still rely on
synthetic melanin derivatives. This trend persists because
synthetic derivatives can be engineered to have properties
similar to natural materials but without the biological impuri-
ties that can hinder device efficiency.*® Synthetic melanin
eliminates these impurities and ensures more consistent and
reliable device performance.**® Additionally, the ability to tailor
its properties through chemical modifications and processing
techniques is crucial for achieving any desired function-
ality.’1?%?442%% Tajloring involves manipulating the molecular
structure or incorporating specific functional groups or exoge-
nous parts to enhance the material's performance, such as
increasing its electrical conductivity, mechanical strength, or
biocompatibility. This adaptability is critical to meeting the
diverse requirements of different health applications, from
wearable devices to implantable systems.

While natural materials like melanin offer exciting possi-
bilities, it is essential to acknowledge that not all natural or
biodegradable materials are sustainable, as sustainability
extends beyond biodegradability and encompasses the envi-
ronmental impact throughout a material's lifecycle - from
extraction and processing to end-of-life disposal.*” For
example, cellulose, a natural polymer derived from renewable
sources like wood pulp, is celebrated for its biodegradability
and eco-friendly characteristics.’*******” In contrast, although
natural latex does not degrade seamlessly, its processing and
disposal can still have environmental repercussions.**” This
highlights the importance of distinguishing between natural
and genuinely ‘green’ materials.

Natural materials are derived directly from biological sour-
ces, whereas green materials originate from renewable sources
and ensure minimal environmental harm during their entire
lifecycle. This distinction is crucial for advancing sustainable
technologies.

The quest for sustainable materials goes beyond biode-
gradability; it also involves ongoing innovation to find alterna-
tives that offer high performance without compromising the
environment. Scientists and engineers are continually exploring
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Fig. 15 Schematic of (a) open-loop and (b and c) closed-loop systems
based on bioelectronics sensing, inspired by.**® These systems (a and
b) are related to the traditional method of measuring the glucose level
without considering other parameters. In (c), the glucose level is
estimated considering multiple and interconnected variables.

new ways to combine desirable properties in efficient and eco-
friendly materials. This includes leveraging advanced technol-
ogies to modify natural materials and synthesize new
compounds that overcome the challenges faced by traditional
materials.>***** Combining specific physical and chemical
properties can lead to significant advancements in various
technological applications.

Hybrid materials, which combine organic and inorganic
components, are emerging as innovative solutions that can be
customized for diverse applications. These materials are
designed to unite the best of both worlds: the flexibility and
functionality of organic components with the robustness and
stability of inorganics. This enables the creation of complex
structures with adjustable properties, meeting any specific
needs. The tailorability of these hybrid materials opens new
frontiers in materials science, allowing the development of
more efficient and sustainable solutions.

In this context, advanced porous coordination polymers
such as metal-organic frameworks (MOFs) stand out as hybrid
materials combining metal ions with organic ligands to form
highly porous and customizable structures.>****> Due to their
superior design flexibility and the ability to be customized,
MOFs can be combined with various organic or inorganic
materials to meet specific functions and performance criteria,
which represents a significant innovation in the development of
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new advanced materials systems and offers vast possibilities for
the applications in environmental**®* biomedical***?*** and
electronics**** fields.

Building on MOFs' inherent versatility, these materials have
emerged as promising candidates for developing neuromorphic
devices.>***¢* Their ability to facilitate ionic and electronic
conductivity and their customizable pore structures make them
ideal for mimicking the complex signal-processing functions of
biological synapses.

Recently, a humidity-mediated MOF-based memristor was
built using an origami-like rolled-up metallic nanomembrane
electrode.®® The MOF-based rolled-up memristor exhibits
stable ambipolar resistive switching with low power require-
ments. This performance is attributed to structural defects
induced by water molecules, which introduce additional states
within the bandgap region.

However, the practical use of MOFs is challenging. A primary
challenge is achieving controllable resistance adjustments,
necessitating that MOFs possess inherent conductivity and
efficient electronic transport properties.>*® Moreover, they must
demonstrate robust stability and adaptability for program-
mable and non-volatile memory storage.”* To overcome these
issues, MOFs' tailorability comes into play. By precisely engi-
neering the composition and architecture of MOFs, it is
possible to modify their molecular structure and functional
groups to optimize their electronic transport properties and
pore configurations, thereby fine-tuning their material charac-
teristics and creating devices with improved performance to
emulate the dynamic and adaptive nature of neural networks.

As the field advances, there is a significant push toward
sustainability in MOF synthesis. Traditionally, MOFs are con-
structed from metal ions and organic components derived from
non-renewable petrochemical sources, which pose toxicity risks
and are unsuitable for healthcare applications.>*>*** This has

3254 | RSC Sustainability, 2024, 2, 3235-3263

View Article Online

Tutorial Review

led to the exploration of greener alternatives. Sustainable
synthesis methods now emphasize using ligands from biomass,
metals sourced through environmentally responsible practices,
and ecological solvents like water and ethanol.***?** By inte-
grating these sustainable practices, MOFs can be produced in
a more environmentally friendly manner, minimizing their
ecological footprint.

A notable advancement in this field is the development of
Biological Metal-Organic Frameworks (Bio-MOFs).>*>265266
These novel materials incorporate biomolecules such as amino
acids, peptides, nucleobases, and saccharides derived from
renewable and non-toxic sources. This innovation improves the
biocompatibility of MOFs and utilizes biodegradable, renew-
able raw materials. Biologically derived ligands offer multiple
coordination sites and functional groups that facilitate effective
binding with metal ions, resulting in flexible and functional
structures.”* The inherent properties of these bio-ligands, such
as easy availability, simplicity of synthesis, and inherent
chirality, make them highly advantageous for diverse
applications.

Polysaccharide-based bio-MOFs, for example, have gained
significant attention for their biocompatibility and structural
robustness, offering mechanical strength and flexibility.>*”>%
The interaction between metal ions and polysaccharides
enhances crystallinity, improving overall performance and
demonstrating potential for creating functional composites
suitable for various applications.

Recent studies have demonstrated the versatility of MOFs in
biological contexts. For instance, a MOF based on yttrium (Y)
and benzene tricarboxylic acid (BTYC), Y(BTC)(H,0)s, has been
utilized to isolate hemoglobin from human blood.”® This
application opens new avenues for protein separation and
medical diagnostics. Similarly, bio-MOFs derived from amino
acids like r-serine have been employed in solid-phase extraction
to detect and extract B vitamins.*”*

In biosensing, Pb-B-cyclodextrin-based bio-MOFs have
emerged as promising candidates due to their water solubility
and biocompatibility. These materials have been used to
develop electrochemiluminescence immunosensors for insulin
detection, highlighting their potential in medical diagnostics
and monitoring.””*> Bio-MOFs' ability to integrate with biological
systems further underscores their significance in advancing
healthcare applications.

Despite these advancements, MOFs still face challenges
related to stability. Traditional MOFs can hydrolyze in water or
acidic/alkaline environments, releasing toxic ligands into the
environment.?®® In addition to bio-MOFs, researchers have
explored using biomass as a sustainable alternative to tradi-
tional carbon nanomaterials.””**”* Being abundant, renewable,
and cost-effective, biomass provides a stable link with MOFs
through its rich hydroxyl and carboxyl content. This approach
enhances MOFs' stability and offers a low-cost and sustainable
strategy for preparing advanced functional materials. The rich
heteroatom content in bio-MOF and biomass-based MOF
derivatives enhances their electrochemical performance,
making suitable neuromorphic
applications.251,256,257,259,265,275

them for
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Opportunities in device architecture

As mentioned before, OECTs are profoundly significant in bio-
electronic and biomedical systems due to their ability to achieve
high signal amplification and effective biomolecule detection.
By optimizing the gate dielectrics, the performance and effi-
ciency of organic field-effect transistors can also be significantly
enhanced, further broadening the applications of these flexible
devices. For instance, recent research has highlighted that the
intrinsic gain of flexible OECTs can be notably affected by the
device's size reduction.?”® This research used strain-engineered,
extremely thin, self-supporting, and highly flexible nano-
membranes as flexible substrates to construct flexible liquid-
gated OFETs. These nanomembranes can be rolled into
microcylindrical shapes, allowing the transistor to be fully
incorporated within a hollow microtube (r-OECT), Fig. 17a. This
innovative setup achieved exceptionally high intrinsic gain
(>10") with superior signal output and amplification when
compared to a planar configuration (p-OECT, Fig. 17b, tran-
sistor placed on a glass substrate). Such a response was ascribed
to the dielectric confinement, enhanced electric field, and ion
diffusion within the self-rolled device.*”®

inside
the microtube

View Article Online
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In addition to improved performance, the r-OECT configu-
ration was employed as a dopamine biosensor, a biomarker
associated with neurological disorders.””® During cyclic vol-
tammetry testing in the dopamine solution, these devices
exhibited significant sensitivity levels (~3 uM), aligning well
with clinical concentrations expected in urine samples. This
demonstrates the potential of strain-engineered nano-
membranes as flexible substrates for developing healthcare
devices.

Advanced rolled-up nanomembrane technology also enables
the creation of susceptible pressure sensors. These devices
feature an innovative architecture that allows for the precise
adjustment of contact geometry and current injection at the
nanoscale level.>”” This flexibility ensures the devices can
effectively respond to mechanical forces applied to the top
electrode (Fig. 17¢), increasing the nanomembrane’s active area
without compromising the underlying semiconductor layer.
Consequently, variable-area transport junctions (VAT]s) exhibit
remarkable sensitivity to high-pressure detection, achieving up
to 480 kPa~' and rapid sensor response times.?”” Recent
advancements in synaptic transistors, with a sensitivity of 80
kPa~!, have shown significant potential in transforming
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(a) r-OECT and (b) p-OECT. (a and b) Represent each device configuration’s sketches (left), SEM image (middle), and output curves (right).

Adapted with permission from L. M. M. Ferro et al.?’¢ Copyright 2021, Wiley-VCH. (c) (Left) A lateral view of the VATJ and its electrical response
before and under a vertical nanomembrane compression. (Right) Current and injection area as a function of nanomembrane diameter
compression. Reprinted with permission from L. Merces, et al.?”” Copyright 2018, American Chemical Society.
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electrical signals from multiple sensors into postsynaptic
currents,”® replicating the sensory reception, signal trans-
mission, and processing functions of natural afferent nerves. As
a result, VAT] systems hold promise for mimicking the behavior
of a sensory nerve. Furthermore, they show great potential in
next-generation wearable health monitors that track vital signs
such as heart rate and respiration. These monitors provide real-
time data to healthcare providers, aiding in the early detection
of irregularities and enabling timely medical responses.

Strain-induced self-rolled-up nanomembranes also serve as
a device platform for micro-supercapacitors (MSC) in person-
alized healthcare. Their ultrasmall volume and robust self-
protection mechanical properties make them a cutting-edge
solution for tiny, intravascular implants and microrobots
operating within the human body.””” Indeed, PEDOT-based
tubular MSC achieved energy (7.73 uW h cm™?) and power
(17.8 mW cm ) densities and 94.1% capacitance retention
after 5000 cycles,”® which performs better than electrolytic
capacitors.”®>*** The incorporation of PEDOT:PSS, a well-
established biocompatible synthetic polymer, in these systems
can eliminate the need for toxic or corrosive materials typically
used in standard MSCs, ensuring complete biocompatibility for
the tubular nano-biosupercapacitor (nBSC).>** However, note
that this device can still cause adverse reactions that are
significantly higher than those caused by natural materials in
biological environments (Fig. 11).

Interestingly, the intrinsic bioelectrocatalysis in blood can
effectively counteract self-discharge tendencies, implying that
blood can be directly used as an electrolyte to power autono-
mously implantable devices.””®?** Additionally, using a PVA
proton exchange separator enhances bioelectrocatalytic reac-
tions in blood, effectively reducing self-discharge and
improving overall device performance.>***** The nBSC delivers
impressive specific capacitance, energy, and power densities
and maintains significant retention of capacitance (~70%) and
coulombic (~85%) efficiency over 5000 cycles.>®® These nBSCs
are designed to operate stably in blood flow, avoiding gas
evolution and withstanding various physiological pressures,
such as the intricate dynamics within blood vessels, osmotic
and hydrostatic pressures, and pressure-induced muscular
contractions. Their robust structure offers radial flexibility and
mechanical stability, which is crucial for intravascular
implants.>”® Nonetheless, despite significant advancements, the
energy storage capacity remains constrained.

Summary and future inspirations

The next generation of biomedical and bioelectronics elec-
tronics needs to replace the current semiconductor-based
electronics with a cognitive and adaptive high-performance
computing capability to function fully. Neuromorphic devices
(i.e., devices with synapse-like functionalities) have the poten-
tial to be the best option for raison d'étre. Therefore, this review
presents natural materials for sustainable and wearable neu-
romorphic devices.

By mimicking the synaptic functionalities of the brain,
natural biomaterials have demonstrated outstanding potential
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for logic operation, image and pattern recognition, implantable
systems, and transient devices, making them candidates for
future electronics. Specifically, we have shown that they can be
assembled into 2-T and 3-T device structures without losing
their biodegradability, biocompatibility, and mechanical
features. Although we have presented a few examples of flexible
devices and freestanding architectures, more detailed research
on the stability and accuracy of synaptic properties on
mechanical stress still needs to be completed. Moreover, up to
now, there are a small number of neuromorphic sensors
sensitive to light. Other external stimuli (e.g., chemicals, pH,
sound, temperature, touch, and pathogens) and biosignals are
necessary studies that need to be addressed to expand the
application of skin-attachable and implantable neuromorphic
electronics for wearable computing and health monitoring. In
such examples, the harsh conditions of the human body (or the
surrounding environment) make encapsulation a matter of
tremendous relevance to extend the lifetime of these devices.

Additionally, it requires decreasing power and energy
consumption, improving performance homogeneity, and
balancing the stability of the electrical and mechanical behavior
to achieve efficient and stable artificial synaptic devices
compatible with Nature. One realistic approach to reaching
such a goal would be fabricating small devices that can alleviate
the bending stress and allow excellent mechanical conform-
ability. Nonetheless, the downscale can open technological
dilemmas. For instance, the micro and nanoscale fabrication
processes involve top-down lithographic methodologies, which
use solid and toxic chemicals capable of negatively affecting soft
materials (like natural ones), decreasing the eco-friendliness of
the manufacturing process, and increasing harmful waste.
Hence, it is usually considered an indirect strategy of multiple
resists or solvent-less patterning methods that can result in
complex fabrication protocol, lift-off feasibility, and, most
importantly, poor resolution capabilities.”**>*® Fortunately,
biomaterials also prove to have the ability to provide satisfactory
technological advances for micro and nano geometric
patterning approaches with fewer processing steps while being
green.289,290

Under these circumstances, sustainable wearable artificial
synapses require a combination of the fabrication process for
smaller organic devices and their reliable synaptic abilities on
biological tissue, natural environments, or building fabric
without losing efficiency. Biocompatibility, minimal to no
environmental footprint, and mechanical flexibility with low
energy and power consumption (or even self-powered) are the
fundamental principles for the functional (bio)materials to
build such devices.

Another challenge associated with using this type of material
is large-scale production and commercialization, as it could have
high production costs associated with seasonal growth
constraints and the need for specialized expertise or equipment
to separate them from their natural source and remove any
impurities or contaminants. Nevertheless, a few natural mate-
rials, such as shellac,”**** lignin,***** and melanin,** are already
being produced at large scales, offering a promising model for
overcoming these limitations. A further solution to mitigate such

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a rise in cost is to add an economic significance to what is
commonly perceived as “waste” materials from the food and
agricultural sectors.******** For instance, by processing residues
like corn stover, coffee grounds, fruit peels, and sugarcane
bagasse, not only carbon-rich substances and natural extracts can
be extracted and used in many other applications, but it also
decreases the amount of incineration or improper disposal in
unplanned landfills. On one side, advances in materials science
and chemistry allow the optimization of the extraction and
purification procedures of these materials, but could, on the
other side, also offer an alternative to designing and engineering
natural-inspired materials with the necessary properties to any
specific needs.****** The enhanced adaptability and custom-
ization of material properties can lead to the device's improved
performance and efficiency.*®*** A further consequence of
adopting the synthetic approach is alleviating the exploitative and
harmful practices associated with animal-based materials.*

The combination of natural organic biomaterial properties
(environmentally benign, biodegradable, biocompatible, and
featuring mechanical softness) with the ones from the mem-
ristors and electrolyte-gated transistors in a brain-inspired
neuromorphic setup is a research theme that is in its infancy
and far from large-scale practical applications. It cannot be
denied today that there is a limited amount of work on the
subject; however, it already shows a taste of the potential
opportunity and diversity of applications. The fresh look dis-
played here unveils the association's power to become the
coming wave of sustainable biomedical and bioelectronic
technology.
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