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native tissue. However, hydrogels typically exhibit poor conductivity due to their hydrophilic
polymer structure. Electrical conductivity provides an important enhancement to the
properties of hydrogel-based systems in various biomedical applications such as drug
delivery and tissue engineering. Consequently, researchers are developing combinatorial
strategies to develop electrically responsive “SMART” systems to improve the therapeutic

efficacy of biomolecules. Electrically conductive hydrogels have been explored for various
drug delivery applications, enabling higher loading of therapeutic cargo with on-demand
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Electrically conductive hydrogels delivery. This review emphasizes the properties, mechanisms, fabrication techniques and

On-demand drug delivery recent advancements of electrically responsive “SMART” systems aiding on-site drug

delivery applications. Additionally, it covers prospects for the successful translation of these
systems into clinical research.
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and promising transport system among these systems
owing to their high drug-loading capacity, prolonged drug
release, ease of fabrication, unique viscoelastic behavior, and
biocompatibility [9-11].

Hydrogels possess a unique supramolecular interaction
and hydrophilic 3D structural organization, which enables
them to exhibit high loading capacity [12,13]. Among the
various hydrogels developed, one of the most effective ones
that came into clinical use is a copolymer of 2-hydroxyethyl
methacrylate and ethylene di-methacrylate, as prepared by

1. Introduction

Recently, polymers have undergone extensive exploration
for various biomedical applications, especially in tissue
engineering and drug delivery [1,2]. Nanotechnology has
significantly advanced the study of numerous drug delivery
systems (DDS), such as hydrogels, nanogels, self-assembled
nanoparticles, micelles, dendrimers, and polymer brushes
[3-8]. Hydrogels have emerged as the most advanced
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Wichterle et al. [14]. These hydrogels are particularly suitable
for drug delivery applications due to their distinct properties,
including regulated swelling behavior, flexibility, elasticity,
permeability, and the ability to mimic biological tissue’s
physical, chemical, and electrical activities [15]. A wide
range of potential materials for hydrogel synthesis, including
dextran, chitosan, alginate (Alg), hyaluronic acid, gelatin,
cellulose, collagen, guar gum, nucleic acid from natural
sources, and poly (lactic co-glycolic) acid (PLGA), poly lactic
acid (PLA), polycaprolactone (PCL), acrylates, and poly (N-vinyl
pyrrolidone) from synthetic sources, are accessible. These
materials offer biocompatibility, minimal cytotoxicity, high
drug-encapsulating capability, and controlled and sustained
drug-release behaviors, making them ideal candidates for
developing hydrogels of biological relevance [16].

Hydrophilic functional groups, such as -CONH,-, -OH,
-SO3H, -CONH- when judicially attached to a polymeric
network, can exhibit both covalent (chemical) and
non-covalent (physical) interactions at both intra and
intermolecular levels, particularly when exposed to specific
stimuli [17,18] Covalent interactions are formed through
various mechanisms, including radical polymerization,
chemical reactions involving complementary groups, high-
energy radiation, and interactions with chemical crosslinking
agents like glutaraldehyde, epoxy compounds, isocyanates,
metal ions, and enzymatic reactions, among others [19,20].
These covalent interactions contribute to the formation of
hydrogels and maintain their enduring stability [21].

The swelling of hydrogels is a diffusion-driven process [22]
that primarily occurs in three phases: (1) Water molecules
interact with the hydrophilic groups: In the initial phase,
water molecules are drawn to and interact with the
hydrophilic functional groups present within the polymeric
network of the hydrogel. These hydrophilic groups have
a high affinity for water, leading to water absorption
into the hydrogel. (2) Interaction between water molecules
and hydrophobic groups of the polymer network: As the
hydrogel continues to absorb water, the hydrophobic groups
within the polymer network come into performance. These
hydrophobic regions repel water and balance the hydrophilic
and hydrophobic forces, contributing to the overall swelling
process. (3) Water occupies the void spaces of swollen
hydrogels at equilibrium swelling: The swelling process
continues until the hydrogel reaches equilibrium swelling,
where the water occupies the void spaces within the
polymer network, resulting in a swollen and gel-like structure
[23].

Factors like crosslinking density and polymer
concentration influence the degree of hydrogel swelling. As
the crosslinking density increases, the swelling rate decreases
[24]. This often occurs because a higher crosslinking density
or polymer concentration restricts the movement of water
molecules, making it more challenging for water to penetrate
and swell the hydrogel. A delicate balance between capillary,
hydration, and osmotic forces must be maintained throughout
the swelling process. These counterbalancing forces are
crucial to preserve the characteristics and structural integrity
of the hydrogel. If the forces are not balanced properly, it
can lead to undesirable effects, such as the disintegration or
deformation of the hydrogel structure [25].

Hydrogels employ three mechanisms for dispensing
biomolecules through various delivery systems, such as
transdermal, oral, nasal, ocular, parental, and intravenous,
namely [26]. (1) Diffusion controlled: This mechanism follows
Fick’s diffusion theory. It relies on the porosity and tortuosity
of the hydrogel. The diffusion rate depends on factors like the
size of the drug molecules, the concentration gradient, and
the hydrogel’s porous structural characteristics; (2) Swelling
controlled: This mechanism follows the zero-order kinetic
model. It occurs when the rate of swelling of the hydrogel is
slower than the rate of diffusion of the active pharmaceutical
ingredients. As the hydrogel absorbs water and swells, the
drug release rate increases proportionally to the extent of
hydrogel swelling. This mechanism can be advantageous
for achieving controlled and sustained drug release; (3)
Chemically controlled: The enzymatic or hydrolytic cleavage
of hydrogel structure triggers the release of actives. This
cleavage can occur either through bulk or surface erosion of
the hydrogel matrix. As the polymeric bonds break down, the
drug molecules are released. This mechanism allows precise
control over the delivery rate and on-demand drug delivery
[27].

Each of these mechanisms provides specific advantages
and can be customized to meet the needs of various drug
delivery applications. By understanding and utilizing these
mechanisms, hydrogels can efficiently deliver medications
through various routes, offering targeted and controlled drug
release for improving therapeutic outcomes [28]. Hydrogels
can be categorized based on various factors, each of which
plays a significant role in determining their properties and
potential applications (Fig. 1) [29] such as size (macroscopic,
microscopic and nano gels), sources (natural, semi-artificial
and synthetic), composition (homopolymer, copolymer,
semi-interpenetrating polymer and interpenetrating polymer
network), physical structure (crystalline, amorphous and
semi-crystalline), (physical and chemical
crosslinking) and ionic charges (cationic and anionic).

The selection of materials for the development of
hydrogels plays a significant role in various biomedical
applications. Certain properties like biocompatibility,
biodegradability, enzymatic stability, and swelling behaviour
are imperative in contexts of controlled drug delivery.
Natural polymers such as Alg, chitosan, gelatin, hyaluronic
acid are suitable for these applications. Moreover, collagen
and silk fibroin have extensive use in tissue engineering
because of their low immunogenicity, porous structure, and
good permeability [30]. However, these natural materials
have limitations like wuncontrolled degradability and
inferior mechanical properties. Hence, synthetic polymers
like polyethylene glycol (PEG) derivatives, ethylene vinyl
acetate (EVA), poly(N-isopropyl acrylamide) (PNIPAM),
polyamidoamine (PAMAM), etc., are commonly used for
biomedical applications [31]. The combination of natural
and synthetic polymers for the development of hydrogel
increases its gel strength and durability and stability in
the biological environment. Natural hydrophilic polymers
are often combined with synthetic hydrophobic polymers
in hydrogel preparation. These hybrid hydrogels exhibit
long-term and sustained drug release kinetics, excellent
mechanical resilience, biocompatibility, and resistance to

crosslinkers
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Fig. 1 - Classification of hydrogels.

protein absorption. These attributes render them suitable for
a range of applications, including tissue engineering, wound
dressing, and bone prostheses [32].

With the advancement in hydrogel research, various
specialized hydrogel systems have been extensively
studied in biomedical applications, to name a few [33,34]
smart hydrogels (respond to specific internal or external
stimuli, such as changes in pH, temperature, enzymes,
electromagnetic fields, electric and magnetic fields, light,
or sound) which includes supramolecular hydrogels; shape
memory hydrogels, hydrogel scaffolds; injectable hydrogels;
self-healing hydrogels. The ability of intelligent hydrogels to
respond to specific triggers and stimuli has gained significant
attention, making them promising candidates for various
biomedical applications where controlled and targeted drug
release or tissue engineering is required [15].

1.1.  Electrically conductive hydrogels (ECH)

The journey of hydrogel research has taken an intriguing
turn toward the realm of intelligent materials, giving rise
to the emergence of conductive hydrogel systems. The
conductive hydrogels can be classified based on their modes of
conduction, such as ionic conductive hydrogels, metal-based
conductive hydrogels and ECH (Table 1).

Ionic conductive hydrogels with positive and negative
charged groups within the three-dimensional structure
consisting of pores that facilitate ion movement and

enable conductivity within the hydrogel systems [35].
However, biocompatibility and self-healing properties
limit their applications [36,37]. Fundamentally, metals

possess exceptional electrical conductivity and mechanical
properties. Hence, the metal-based hydrogel systems impart
good conductivity and mechanical strength that can be

applied in various biomedical applications. However, a
significant challenge lies in the crosslinking between the
metallic particles and polymer chains, which limits the
effectiveness of metal-based conductive hydrogels [38].
Moreover, integrating electroconductive polymeric materials
in ECH facilitates diverse properties, including elastic
mechanical characteristics, exceptional optical features,
robust electrical conductivity, and biocompatibility [39-41].
These remarkable systems have two integral components:
a hydrophilic segment endowed with excellent mechanical
resilience and swelling capacity and a conducting counterpart
that imparts exceptional electrical ability. This marriage
of attributes empowers it to undergo reversible physical
metamorphoses like size, shape, swelling efficiency, and
permeability. Researchers like Guiseppi-Elie et al. first
illuminated these systems’ unique and enduring properties,
tracing back to the late 1990s, notably introducing the concept
of ECHs [42].

The cellular electrochemical environment plays a pivotal
role in both the development of healthy tissues and the
maintenance of vital functions. Essential processes such as
generating action potentials, polarization, and depolarization
rely on intricate electrical signaling pathways for proper
cellular functioning [43]. Furthermore, nowadays, these ECHs,
used as substrates for tissue engineering, serve as electrodes
for administering external electrical stimulation to cells.
Electric fields have diverse effects on tissue and cellular
processes, such as influencing differentiation, migration,
alignment, organization of cytoskeletal components,
promotion of neurite growth in neurons, facilitation of
osteoblast calcification, collagen production, and wound
healing [44]. The subsequent exploration of ECHs has
opened several application dimensions, like e-skins,
tissue engineering, bio actuators, wearable sensors, and
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Table 1 - Types of conductive hydrogels.

Conductive Conductive part Examples Application Ref.
hydrogels
Metal based AgNPs, Au@PDA. Cu OSA/CMCS/AgNPs, Wound dressings, biosensors, [144,161]
PDA/PAM, Ag@Cu electronic skins, biomedical
engineering.
Carbon based  CNT, GO, MXene, rGO CNT/Gel/CS/PDA, Biomedical engineering, [162,163]

GO/Cellulose, HA-DA,

wound-healing dressings, E-skin.

MXene/Cellulose
Polymer PPy, PANI, PEDOT: PSS PPy-PAAm, Electrically-stimulated [141-143,159,164]
based PAM/SHA/PANI, drug-release systems, infected
PEDOT/PSS/GG/HA chronic wound healing, wearable
electronic devices.
Ion based Bioionic liquid, NaCl, KCl, LiCl, PBA-IL-PAM, CS/LiCl Biomedical engineering, [35-37]

boric acid, etc. Polyelectrolytes
such as Alg, CS, HA, PAA,
polymethacrylic acid (PMAA)

NaSS/ DMAEA-Q

wound-healing dressings, E-skin,
drug-release systems.

revolutionizing the treatment of various diseases [45]. At
this current juncture, the evolution of ECHs has taken an
exhilarating trajectory toward pharmaceutical advancement.
This new horizon facilitates the fabrication of novel stimuli-
responsive (particularly involving electrical stimulus) DDS for
precisely delivering therapeutic agents [46].

The fabrication mechanism of ECHs is involved in three
ways: (1) adding a conducting polymer in a conventional
hydrogel matrix, (2) transporting more ions to the system to
increase the ionic conductivity, and (3) adjoining a conducting
material like graphene oxide (GO), carbon nanotube (CNT) in
hydrogel systems [47]. The addition of conducting polymers
such as polypyrrole (PPy), polyaniline (PANI), and poly-
(3,4-ethylene dioxythiophene) (PEDOT) is preferred over
other methods because they combine the conducting
property of metals with the advantageous mechanical
attributes of nonconducting polymers without altering
the cellular functions [48]. The presence of ions in their
structure helps to boost the ionic conductivity in biological
media, and the presence of delocalized pi electrons in the
conjugated structures provides a conductive channel that
induces electronic conductivity [49]. Polyelectrolytes are
another significant class of polymers utilized [50]. They
may be cationic, anionic, or amphiphilic. Ionic groups
on polyelectrolytes can interact -electrostatically with
other groups of molecules and biopolymers. The most
prevalent bio-macromolecules, such as proteins and complex
polysaccharides, contain charged species on their backbone
and interact with oppositely charged lipid bilayers of cellular
and subcellular membranes, making them an outstanding
candidate in biomedical applications [51].

Drug loading in ECH relies on the size and charge of
the drug molecules. Charged drugs establish electrostatic
interactions with the segments of the
hydrogel network. Existing literature outlines two distinct
methodologies: passive and active approaches. Passive
loading in ECHs involves a diffusion-swelling mechanism,
while loading employs doping during post-
electropolymerization [52]. Moreover, osmotic pressure
governs the release dynamics of the active moiety, driven by

conductive

active

the interplay of three factors: elasticity of the polymer chains,
affinity between the component polymers, drug molecules,
and the surrounding environment, and ionic pressure inside
the hydrogels due to the movement of ions within and
through them. This interplay induces volume changes in the
hydrogel, reaching equilibrium when the osmotic pressure
matches that of the surrounding aqueous solution [53].
Upon electrical stimulation, ionic movement or transport
occurs within the charged gel, leading to an increased
internal osmotic pressure differential and subsequent drug
release from the hydrogels [54]. The electrolysis-induced
pH gradient alteration in the extracellular environment
further contributes to the release of bioactive molecules
from polyelectrolyte hydrogels. Upon application of electrical
stimulation, the generation and migration of ions towards
the respective electrodes cause a pH gradient to form within
the hydrogel matrix, ultimately influencing the drug release
mechanism from ECHs [55].

The response of an ECH in the presence of an electric
field depends upon an electron hopping process in which
electrochemical charges move through the polymer during
the oxidation or reduction of electroactive polymers (EAPs).
Researchers can measure the rate of this process in terms
of diffusion coefficient [56]. Using cyclic voltammetry (CV)
or chronoamperometry (CA), researchers can employ this
coefficient to quantify the effectiveness of charge percolation
through the polymer. The electric field-driven diffusion
mechanism alters the system’s membrane potential and
redox state. These factors trigger a pulsatile response
mechanism in the presence of a repetitive electric field
potential [57]. Overall, the pulsatile responsiveness of ECHs
allows for the “on-off” drug release mechanism through
(1) charged ion-initiated diffusion of drug molecules,
(2) conformational changes that take place during redox
switching of EAPs, and (3) electroerosion [42].

Recently, researchers have employed conductive hydrogels
in various scalable devices, including actuators, soft
electronics, touch panels, energy storage devices, tissue
engineering, wearable sensors, biomedicine, and artificial
electronic skins. It may be a top choice as a reliable
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drug delivery system because of its self-healing capacity,
superior mechanical properties, and stimulus-responsive
switch on-off mechanism [43]. While ECHs are a viable
candidate for drug delivery, they have several drawbacks,
including sluggish stimulus-response, burst drug release,
a non-specific mechanism for drug release, potential
toxicity, limited hydrophobic drug delivery, and low drug
encapsulation. Additionally, the electrical conductivity of
intrinsically conductive polymer hydrogels is relatively low,
the movement of drug molecules in the presence of an
electric field depends upon the charges present in their
chemical structure, and the electrochemical release profile
readily depends upon the ion exchange mechanism between
charged drug molecules and surrounding media [44]. These
all limit the application of ECHs in drug delivery. Despite
these limitations, continuous attempts have been made to
create novel hydrogel designs with the excellent qualities of
hydrogels in mind to address these problems. The current
review aims to draw attention to the critical characteristics of
ECH. The current review also concentrates on polymerization
techniques and manufacturing processes to create unique
conductive hydrogels and know how the various mechanisms
of delivery of biomacromolecules, recent research updates
on ECH, and its application in different facets of on-demand
DDS.

2, Drug delivery mechanism through ECH

ECH consist of a conducting polymeric backbone within the
structure which imparts electrochemical properties into the
system. The continuous and ordered pi-conjugated structure
makes them electrically conductive. When the conductive
part gets oxidized, the influx of positive charges reshuffles
the = bond distribution along the backbone chains. The
electrons get removed in this process, and “holes” are
created along the backbone. The conjugated double bond
structure provides a path for electrons to move freely through
these “holes,” which accounts for their conductivity. ECH
can switch their redox states reversibly and change their
volume, charge, and conductivity. The volume change is due
to the reversible changes in the polymeric composition [41].
During oxidation, the strong van der Waals interaction within
the polymer network undergoes conformational changes to
provide space for the balancing counter anions from the
solution that affect the compactness of the polymer structure.
By exploiting these properties, researchers can control the
drug release rate from conducting polymers (CPs). The
release of actives from ECH follows three ways: deswelling,
swelling, and erosion, which are described subsequently [45].
Electro-stimulated hydrogels release charged and uncharged
guest molecules through diffusion, electrophoresis, forced
convection, and drug liberation upon erosion. Different drug
release mechanisms are discussed below [46] (Fig. 2).

2.1.  Forced convection of drug in response to gel
swelling-deswelling

ECH swell anisotropically when an electric field exceeds
a threshold value, with anionic gels shrinking at the

anode and cationic gels shrinking at the cathode. The
deswelling equilibrium is slow, resulting in a slower gel
response that may be linear but deviated at higher voltages,
depending upon the charge transported and applied voltages.
The main mechanisms involved in drug delivery through
hydrogel deswelling are drug release through stress gradient
established within the hydrogel, change in pH around the
electrode, and electroosmosis and electrophoresis [48].

Drug release from a gel occurs due to its shrinking and
combined response to electrical stimulation. The slope of the
curve (drug release vs voltage/current) usually decreases at
higher voltages/currents and follows a nonlinear behavior.
Drug back-flow occurs via convection, causing gel swelling
and absorbing some release medium [58,59] Moreover, the
molecular size of drug molecules is crucial, as pores in
the polymeric gel network prevent the diffusion of larger
molecules through ECHs. In an electric field, the charge
induced on the drug molecules (drug electrophoresis) also
plays an essential role in the release mechanism. Charged
pharmaceuticals can be electro-released from hydrogels
by moving in opposite directions. Neutral medications are
released through forced convection and deformation of the
hydrogel matrix at the working electrode. In contrast,
charged edrophonium ions are released through ion
exchange, swelling/deswelling/bending (deformation), and
electroosmosis [59].

2.2 Drug release by erosion of gel

Researchers also reported unique electrically induced
polyelectrolyte gels that erode in the presence of electric
field. The electroerosion of ECHs is due to the movement of
ions following the change in pH [20]. Surface erosion follows
the stepwise electrical stimulation profile, and disintegration
occurs through surface erosion and loss of gel mass. Gel
erosion is an applied electric field-dependent phenomenon
but does not always show linearity. The rate of gel erosion
remains unchanged with time and cycles of electrical
stimulation, mainly when 15 and 20 mA fields are applied
[60]. Stimulation of an electrode causes gel erosion, leading
to the dissolution of a polymer complex and the subsequent
release of actives encapsulated within the gel matrix. This
gradual release of actives continued until 70 % of the loading
was discharged, with significant variations due to uneven
disintegration caused by flaws in the gel matrix [61].

Various factors, including the polymer’s thickness and
density, the composition of the release medium, and the
type of electrical stimulation applied, can influence drug
release from ECHs. While polymer films with more thickness
are expected to hold more drugs, the relationship between
polymer thickness and drug release is not necessarily
linear [62,63]. Films with more thickness exhibit lower
electroactivity that affects the drug release profile. The tissue
microenvironment, such as pH, ionic strength, polarity, and
hydrophobicity, plays an important role in drug release.
For instance, ion transport is influenced by the pH of
the biological fluids, with anionic movements prevailing
in low pH environments, while cationic movements occur
at neutral pH. The drug delivery depends mainly on the
physiological conditions of the fluid. For example, a buffer
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Fig. 2 - Schematic representation of drug release mechanism through ECH.

solution with pH 7.4 would be suitable if the objective
is to deliver drugs to extracellular fluid. Additionally, the
nature of electrical stimulation affects the drug release
profile. The release mechanism involves a combination of
electrochemical, chemical, and mechanical actions within
CPs, leading to swelling and deswelling that facilitates the
drug release profile [63,64].

3. Preparation procedure

The preparation strategy for imbuing conductivity into
next-generation ECHs can be classified into four groups
based on how it can be achieved: in situ polymerization,
copolymerization, post-polymerization modification, and
composite methods.

3.1.  In situ polymerization

In this one-step preparation method, the oxidant, such as
ammonium persulfate (APS) or sodium persulfate (SPS), and
the monomer of the conducting polymers, such as PPy or
PANI, are subsequently added to the hydrogel matrix followed
by gelation (Fig. 3A). The addition of crosslinked water-
soluble polymer matrix, such as chitosan, hyaluronic acid,
gelatin, Alg that expands in water, or an electrolyte solution,

has been reported by a few authors to contain conducting
polymer. The water-soluble ECHs can be synthesized by
simply dissolving the monomer in an aqueous polymer
solution in the presence of a suitable stabilizer, which is
the first step of synthesizing water-soluble ECHs. Next, the
monomer is oxidized or polymerized using the appropriate
oxidants. This results in an ECH where the conducting
unit gets physically entangled with its non-conducting
counterpart. The hydrogen bonding and chain entanglements
between the constituent units give a dense crosslinked
network structure. Incorporating conductive polymers into
the hydrogel matrix necessitates modifying their solubility
because these polymers are inherently insoluble [65].

For instance, Xu et al. [66] improvised the Schiff base
reaction to create a self-healing conductive hydrogel.
Chitosan, pyrrole, and these substances were combined
and stirred before oxidizing in an ice bath to create the in
situ polymerized PPy [66]. Using in situ polymerization of
aniline, Zhao et al. [67] developed an ECH network by grafting
aniline oligomers to quaternized chitosan. They crosslinked
the system by adding oxidized dextran as a dynamic
Schiff base crosslinker. The ECH exhibited a conductivity
of 0.43 mS/cm with favourable antimicrobial activity. It was
demonstrated that the conductive hydrogel created using this
method fosters cell proliferation and maintains cell viability
[67].
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3.2. Copolymerization

3.2.1. Direct copolymerization

Direct copolymerization is essential in producing conductive
hydrogels by combining monomers in various proportions
and pouring them into hydrogel precursors. The reaction
is then triggered by feeding a gelling agent or altering the
micro-environment. Controlling monomer concentration in
the copolymers to get the desired hydrogel characteristics
is a simple but effective way of production for ECHs [68],
as shown in (Fig. 3B). To meet the suitable mechanical
properties of hydrogels, Jiang et al. created an ECH by utilizing
copolymerization of hydrophobic HEMA (hydroxyethyl
methacrylate) and hydrophilic AA (acrylic acid) [68]. Such
a hydrogel has excellent promise for use in biomedical
applications because of its tunable mechanical and
conductive capacity. Conductive hydrogels with exceptional
mechanical properties can form crosslinks (physical and
chemical) between polymeric networks through direct
copolymerization. The resulting hydrogel coins the properties
of both constituents. Wang et al. synthesized a mechanically
robust ECH by adding PANI into a biocompatible P(AAm-co-
HEMA) copolymer hydrogel network [69]. Long et al. described
the method for preparation of a PDA-PAM crosslinked
hydrogel network consisting of PDA, acrylamide (AM),
N, N’-methylene bisacrylamide copolymers and tetramethyl
ethylenediamine (TMEDA) [70]. Liu et al. prepared PEG/PAMAA
conductive hydrogel by simply polymerizing AM and AA
monomers on the PEG Gly template to control the growth of
the crosslinking network precisely. Due to its high sensitivity
and capacity for self-healing, it has become a promising
candidate for applications involving medication delivery [71].

3.2.2.  Copolymerization by grafting

Grafting is another essential method for creating conductive
hydrogels due to the porous nature of hydrogel networks,
which makes the hydrogels more pliable and softer. Grafting,
instead of traditional copolymerization techniques, can
increase crosslinking efficiency and entice secondary
interactions between constituent polymer networks [72].

Chen et al. developed a novel grafting strategy that
grafted acrylonitrile and acrylamide copolymers onto a
novel cellulose-based conductive hydrogel. It improves
mechanical properties like ultra-stretchability, toughness,
and anti-freezing capabilities because of the formation
of secondary interactions between the polymer chains.
The mechanical and electrical properties of ECH can be
improved considerably by grafting conductive oligomers like
aniline tetramer (AT) and PPy onto polymer chains and the
formation of nanocomposites by adding conducting fillers
like GO and CNTs [72]. Zhao et al. created a reasonably
conductive injectable hydrogel using a thermal-gelling
technique. They graft AT onto a copolymer of PEG and PCL to
create an amphipathic AT-PCEC hydrogel with outstanding
biocompatibility, anticipated to be a strong contender
for biomedical applications [73]. Wang et al. produced a
PPy-grafted methyacrylated-gelatin conductive hydrogel
network. They improved the system’s conductivity using
ferric ions with a synergistic improvement in the hydrogel’s
biocompatibility and capacity for self-healing characteristics.
The hydrogel’s capacity for self-healing makes it a viable
substance for drug delivery [74].

3.3.  Post-polymerization modification

The polymerization modification can be done by adding
a monomer into the hydrogel matrices and subsequently
adding an oxidant solution into it. An oxidant-hydrogel
mixture can be added to a monomer solution, as shown
in Fig. 3C. This procedure offers the chance to induce
additional conductivity to the previously created hydrogel.
Concurrently, researchers can modify this method as a
substitute coating process for various polymers [74]. However,
this procedure may need help due to the potential diffusion
constraint responsible for the inhomogeneous distribution
of the conducting phase over the entire matrix. This
method primarily relies on the diffusion of monomer or
oxidant solution within the produced hydrogel. Therefore,
to achieve a homogeneous conductive hydrogel using this
method, optimization of the material used and process
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parameters is compulsory [75]. Wu et al. used the post-
polymerization method to synthesize gelatin methacrylate
(GelMA) based conductive hydrogel [76]. APS, an oxidant,
was infused into the manufactured hydrogels to polymerize
aniline monomers and develop a conducive PANI-GelMA
hydrogel. They used CV to confirm the conductivity of the
resultant disk-shaped PANI-GelMA hydrogel, which has a
thickness of 1.62 mm. In vitro cell tests were used to evaluate
biocompatibility.

3.4.  Composite strategy

This method often entails mixing conductive particles
into the hydrogel precursor, such as metals, carbon (CNTs
and graphene), and conductive polymers [77]. When
these conductive particles are homogeneously dispersed
in hydrogel matrices, the resultant hydrogel owns the
conductive properties as shown in Fig. 3D. By varying the
amount of mixed conductive particles, it is possible to
modify the hydrogel’s conductivity to a certain extent [78,79].
Dopants are essential because they enhance conductive
hydrogels’ mechanical stability and conductivity. Contrary to
conventional ECHs, hydrogels with conductive dopants have
more controlled chemical and morphological characteristics.
Among them, polymer dopants have become more significant
due to the three-dimensional programmable network that
has attracted great interest as one of the most significant
methods for modifying conductive hydrogels [80-82].

Researchers have found that the conductivity of chitosan
composite hydrogel might rise significantly after adding
more chemically modified graphene to the system. Maharjan
et al. fabricated GelMA-Au/SiO, composite hydrogel to induce
conductivity in the GelMA hydrogel by incorporating Au/SiO,
NPs into the hydrogel matrix. Here, GelMA matrix was
combined with gold/silica (Au/SiO,) hybrid NPs to create a
physically robust and electrically conductive GeIMA hydrogel
for use in biomedical applications. The compressive strength
test, conductivity/resistivity measurement, and field emission
scanning microscopy (FESEM) were used to characterize
the as-prepared GelMA-Au/SiO, hydrogels. Thus, the in
vitro biocompatibility assay was carried out in rat cardio
myoblast HIC2 cells to assess the cell compatibility of the as-
prepared conductive hydrogel. The outcomes demonstrated
that the composite hydrogel maintained GelMA hydrogel’s
advantageous characteristics, such as its porous shape
and biocompatibility, while having improved compressive
strength and conducting capabilities [83].

When the hydrogels are directly added to an electrolyte
medium like biological fluids, the ions in it (i.e, Nat,
HCO3~, Ca?>* and Cl7) are diffused through it, giving
the hydrogel an inherent ionic conductive property [84].
Meanwhile, incorporating ions into the hydrogel improves
both gelation time and elasticity. For instance, to improve
the mechanical properties, Odent et al. developed a collection
of ionomer hydrogels by mixing anionic -SO3H groups
modified NPs and cationic NRy" bonded polymer network
that interact electrostatically to produce dynamic and
reversible coulombic interaction [84]. PPy is utilized as a
dopant to prepare a novel conductive hydrogel based on
sodium Alg and carboxymethyl chitosan that shows excellent

biocompatibility, as demonstrated by Bu et al. Moreover,
by changing the dopant concentration, the mechanical and
electrical properties of the hydrogel can be altered [85].
Zhao et al. recently created a robust and flexible hydrogel
using chitosan networks, polyacrylic acid (PAA), and Fe3*with
significant self-healing behaviour. The hydrogel showed
enhanced conductivity when doped by PPy particles added
into the pre-hydrogel network [86].

Wu et al. synthesized a poly (N-acryloyl glycinamide-co-
2-acrylamide-2-methylpropanesulfonic) based conductive
hydrogel. It exhibited comparatively high conductivity,
excellent self-healing properties, thermal processability, and
flexibility when doped with PEDOT: PSS [87]. Additionally,
Spencer et al. created a gelatin methacryloyl (GelMA)-based
conductive hydrogel doped with PEDOT:PSS. It can have
extensive biomedical applications, especially in electrically
responsive drug delivery and tissue engineering. Conductivity
can be further improved by adding acid dopants as they
protonate and thus provide conducting ions. By adjusting
the concentrations of acid dopants used, the conductivity of
the hydrogel can be tuned [88]. Das et al. developed a folic
acid crosslinked, PANI-doped hybrid ECH. The conductivity
of the ECH was further enhanced with the addition of
AgNPS nanoparticles [89]. Chakraborty et al. developed
a novel Fmoc-FF-PANI hydrogel by doping PANI into N-
fluorenyl methoxycarbonyl diphenylalanine hydrogel. It
shows improved conductivity and biocompatibility and
has exciting prospects in biosensing and biomedicine
[82].

Wang et al. developed a thermo-sensitive poly (N-isopropyl
acrylamide) (PNIPAAm) based injectable hydrogel for drug
delivery and crosslinked it by adding phytic acid doped PANI
into it [81]. Zhou et al. prepared a biocompatible PPy ECH
utilizing tannic acid as a doping and crosslinking agent [90].
Zhang et al. reported an injectable PEDOT:PSS ECH doped with
DBSA that enhances its ionic conductivity due to protonation
and the formation of ions on the polymer backbone. Due to its
self-healing and flexible nature, it has potential applications
in soft bioelectronics [91]. Ding et al. made a heparin-doped
PANI-based conductive hydrogel network by crosslinking in
the presence of methacrylate. Due to its good conductive and
biocompatible nature, it has potential use in drug delivery
applications [92].

4. Important properties of ECH for controlled
and sustained drug delivery

Recently, ECHs have found various applications in drug
delivery. It may be an in-situ injectable hydrogel, transdermal
patch, or microneedle-based technique. However, most
research is based on implantable or TDD delivery systems.
Successful implantation of this system in vivo experiments
requires fulfilling some essential characteristics like
morphology, electrical behaviours, biocompatibility, and
mechanical behaviour (Fig. 4). As ECHs are composed of two
distinct components, assessing individual components and
their synergy is essential. The description highlights the
important properties that need consideration to render ECHs
suitable for drug delivery applications.
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Fig. 4 - Properties of ECH for drug delivery application in brief. Materials used in ECH and different DDS (e.g., microneedles,
patches, particles, injectable hydrogels, etc.) with optimal pre-requisite parameters.

4.1.  Electrochemical properties

The primary rationale behind using ECH in drug delivery
is its capacity for the pulsatile release of actives in an
electric field [93]. It is due to the delocalization of conjugated
7 backbone present in their structure that facilitates the
formation of a conductive pathway for electron transportation
[94]. In addition, the further addition of ionic dopants
leads to oxidation and reduction of CP chains that create
a microporous pathway that promotes ion diffusion [95].
Conductivity can be induced by either electronic or ionic
means [96]. The former is developed by adding CPs, metals,
CNTs and GO, and the latter by adding ionic salts and
liquids [97,98]. Electronic conductivity happens due to
the electronic tunnelling effect, in which the conductive
path and resistance change after deformation [99]. lonic
conductivity entirely relies on the presence of ions that
move in their respective electrode upon application of an
electric field depending on the area and length of the
conducting path, which causes the change of resistance and
conductivity simultaneously [100]. Recently, double network
hydrogels in the form of interpenetrating polymer networks
(IPN) have caught the attention of researchers because of
their high toughness, elasticity, and customized chemical
functionality. They consist of one densely crosslinked, highly
elastic, and rigid network and another network is sparsely
crosslinked, facilitating covalent or non-covalent bonding
between them [101]. High conductivity in the range of
10-5 S/cm to 30 S/cm (in case of IPN) and 0.1 S/cm to
40 S/cm (pure ECHs) are desirable in any drug delivery
devices as this causes no harm in surrounding tissue [100].
Researchers prepared a CNTs/SA/PAA ECH through Ca?t
gelation, exhibiting significantly high conductivity (22.5 S/cm)
[100]. PVA/CNT/graphene ECH has been developed to show
superior mechanical properties because of forming an ’island

bridge structure’, a conductive network structure formed
by graphene and CNTs [102]. The network structure shows
a reversible formation when stress is applied. Upon the
application of stresses, the separated 'island’ and ’bridge’
units increase the resistance and recover again when they get
removed.

One of the valuable strategies to improve the conductivity
of ECHs is the addition of metal ions. However, modifying the
surface with hydrophilic groups is necessary to achieve the
desired dispersion and conductivity, as they tend to aggregate
and influence conductive and mechanical properties [103].
Ag-PAM/SA ECHs were prepared to have a conductivity of
>350 S/ cm because of the reduction of spacing between
Ag flakes due to partial localized dehydration [102]. Recently,
researchers widely used CPs to prepare ECHs. Some examples
are PDA-doped PPy nanofibers in PAM hydrogels, PA-doped
PANI network, and PEDOT:PSS ECHs [104,105]. Researchers also
synthesized FeCl; crosslinked P(AM-co-AA) ECHs, exhibiting
an ionic conductivity of 0.31 S/m at room temperature and
0.01 S/m at —20 °C, along with a healing efficiency of
98.7 % [106]. CV and electrochemical impedance spectroscopy
(EIS) characterize the ECHs. CV measures the reversible
electroactivity of an ECH in terms of oxidation and reduction
cycles. The charge storage capacity (CSC) of the ECHs can be
determined by measuring the height of redox peaks obtained
from the CV cycle. It involves measuring the total availability
of charge from the peak of the current vs. time curve [106].
The more the CSC of the ECH, the more drug release can occur
more efficiently and in a controlled way. Kim et al. compared
the CSC value of Alg/PPy hybrid and PPy-polystyrene sulfonate
(PPy/PSS) and found the former has a three times higher CSC
value [107].

Similarly, Cui et al. developed PEDOT NTs-Alg-based drug
delivery devices and observed a significant increase in the
CSC compared to PEDOT nanotubes. This is because of the
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increase in surface area due to hydrogel coating on electrodes,
which thus increases the CSC of CP-coated electrodes [108].
Kleber et al showed that the PDMAAP/PEDOT ECHs exhibit
2.5 times more CSC values than the conventional hydrogels,
along with electrical and mechanical stability, even after
1000 CV cycles [109]. EIS measures the charge transfer across
various frequencies determined from the Bode or Nyquist
plot. For drug delivery from ECHs, the impedance is measured
at the electric field frequency that triggers the drug release
without affecting its electrical and mechanical stability [110].
The long-term electrical stability of ECH at a particular
frequency can be derived from the impedance values. Several
reports have been published encompassing the coating of
conducting polymers, which increases the electrochemical
surface area of the electrode and decreases the impedance
values. PPy/PSS grown in an Alg scaffold exhibited a much
lower impedance of 7 KQ compared to 120 KQ for PPY/PSS
film, as the former has a higher surface area than the latter
[107].

4.2.  Biochemical properties

The biological properties of ECH crucial for biomedical
applications are antibacterial, hemostatic properties, and
stimuli-responsiveness. The strategy for the preparation
of antibacterial hydrogels, as per relevant literature, can
be broadly classified into two broad areas, e.g., (1) killing
bacterial cells by making them interact with the metal ions
(e, Agt, Zn?tand Cu?*), by applying antibiotics, cationic
polymers and metal NPs and (2) adding enzymes to induce
antibacterial property within ECHs due to formation of the
reactive oxygen species by catalytic reaction, and adding
charged polymers as one of the components [111]. Guo
et al. developed several polysaccharide-based conductive,
antibacterial hydrogels with several properties, including
photothermal responsiveness, adhesion, antioxidant, and
self-healing abilities that have excellent potential in the
biomedical fields, i.e., tissue engineering, drug release, and
wound healing [112,113]. Li et al. prepared a molybdenum
disulfide-polydopamine (MoS,-PDA) nanozyme composite
hydrogel (MPH) by copolymerizing acrylamide, N-isopropyl
acrylamide, acryloyl Ppluronic 127 and MoS2-PDA that
has both adhesive and antibacterial properties [114]. They
developed four different types of hydrogels, namely hydrogels
without functional components (H), hydrogels with MoS,
added (MH), hydrogels with PDA added (pH), and hydrogels
with MoS,-PDA added (MPH). Quantitative evaluations of
the antibacterial efficacy of these hydrogels against E. coli
and S. aureus were made both in the presence and absence
of NIR. These findings demonstrated that the synthetic
MPH severely negatively impacts S. aureus and E. coli. Using
quaternized chitosan-g-polyaniline (QCSP), Zhao et al. created
a quaternized chitosan-based conductive hydrogel for wound
dressings with excellent in situ antibacterial activity even in
non-acid conditions [115].

It has enhanced cutaneous wound healing through
endogenous and exogenous antibacterial mechanisms
due to the addition of AgNPs [116-118]|. The addition of
cationic polymers, anion, metal, silicon-based compounds
and polyphenols to the structure of conductive hydrogels

may improve the haemostasis effect by sealing the wound
and absorbing the wound extracts, thus enhancing the
coagulation factors [93]. Conductive hydrogels made of gelatin
had an effective haemostatic activity. In the work of Han et al.
created a GelDA/GO ECH using the horseradish peroxidase
catalytic system where dopamine-grafted gelatin (GelDA)
was poured with a mixture of 1,4-phenylenebisboronic acid
and GO. Applying this to the rat hepatic haemorrhage model
demonstrated outstanding tissue adhesion and haemostatic
characteristics [118]. The stimulation-responsive hydrogels
can release the actives due to changes in size or shape under
various external stimuli like electric field, magnetic field, pH,
temperature, glucose and light. After adjusting the pH of ECH,
it showed the release of amoxicillin from its capsules. The
study also revealed how applying an electrical field might
release hydrophobic ibuprofen and hydrophilic amoxicillin
[54].

For successful in vivo implantation, the ECHs should be
biocompatible. Different ECHs have been reported for drug
delivery applications, demonstrating the biocompatibility
of the ECHs hybrids. Kim and coauthors reported the in
vivo biocompatibility of PEDOT/Alg hybrids. When loaded
with brain derived neurotrophic factor, it showed a non-
cytotoxicity and anti-inflammatory response that makes it
suitable for in vivo and in vitro experiments in drug delivery
applications [94].

4.3. Mechanical properties

Highly tough hydrogels with tensile stress ranging from 0.1 to
1.0 MPa and fracture energy 102-103 J/m? are crucial in various
biomedical applications [119-121]. ECH having superior
mechanical properties resembling tissue-like structures
minimize the discrepancies between tissue and hydrogel.
Therefore, it reduces inflammatory responses. Conventional
hydrogels follow no pathways to dissipate energy effectively
and thus have inferior mechanical properties, including
low stretchability. Thus, developing mechanically robust
ECH remains a significant challenge [121]. Researchers have
developed a strategy to increase the strength of hydrogels
by forming dual network hydrogels with covalent and non-
covalent interactions, forming slip ring structures. Adding
ions and crosslinking agents further improves mechanical
properties by forming dense crosslink structures that help
dissipate energy along the networks [123,124]. They are
typically composed of two networks; one is brittle, and the
other is ductile. After interlocking, they form a network
structure that improves the mechanical characteristics of
the ECHs and opens avenues for effective energy dissipation
[124]. Sun et al. developed a synergetic network hydrogel
using PAAm and PEDOT: PSS, providing an ultra-wide sensing
range for ECHs [124]. Dynamic bonds, such as hydrogen bonds,
act as reversible “sacrificial bonds” for energy dissipation.
After stretching, they are likely to break, guaranteeing a
quick recovery to their initial forms. Through fine-tuning
between PEDOT and other polymers, Xu et al. created
a polysaccharide-based ECH that enhances mechanical
behaviour [99]. Zhi et al. prepared double IPN hydrogel with
superior toughness and efficient energy dissipation capacity,
superior tensile modulus, fracture energy, and shape retention
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behaviour compared with PAAm and Alg/PAAm hydrogel
[122].

The mechanical properties of ECHs were also varied with
the swelling ratio of the hydrophilic hydrogel networks [124].
Swelling leads to a change in the pore size that influences the
loading of actives, diffusion of drug molecules, and interaction
with the surrounding tissues [125]. Resistance to swelling is
crucial for conductive hydrogels, as it prevents conductive
fillers from diffraction, causing degradation of electrical
properties and structural deformation [126]. Researchers
construct anti-swelling hydrogels by combining a rigid
polymer meshwork, protonating zwitterionic polymers, and
making superhydrophobic modifications to the hydrogels
[127]. Excellent swelling resistance is achieved using a
hydrogel electrode made from acrylate copolymer having
amphiphilic characteristics filled with choline-based bio-
ionic liquid (BL) [125]. The hydrophobic part repels the
aqueous media, prevents the conducting ions diffused out
from ECH, and enables stable conducting properties. It also
shows excellent adhesion properties due to non-covalent
interactions between a hydrophilic portion of the exposed
substrate and functional groups of BL and TA. In addition,
modified PAA in the presence of dodecyl methacrylate
(LMA) and surfactant cetyltrimethylammonium bromide
(CTAB) shows superior anti-swelling behaviour due to the
electrostatic interactions between CTAB and P(AA-co-LMA)
[126]. The hydrophobic contact causes the polymer chains to
constrict and agglomerate, giving the hydrogel considerable
swelling resistance. The formed gel maintains its integrity
even at 25 °C for 15 d However, it starts to swell around 60 %
and 150 % when exposed at temperatures of 45 °C and 65 °C,
respectively, due to the faster dissociation of interactions
between the polymer chains.

During swelling, the network relaxation and volume
expansion due to solvation get counter-balanced by the effect
of elasticity of the polymer chains between the crosslinked
points and helps to maintain a swelling equilibrium. To
retain the anti-swelling feature of hydrogels, it is therefore
advantageous to restrict the relaxation of molecular chains
by forming a high crosslink density [128]. For example,
gelatine methacrylate/acryloyl-B-cyclodextrin and reduced
graphene oxide composite hydrogels have modest swelling
properties because of their high crosslink density, which
is greatly influenced by the host-guest interaction of the
aromatic moieties. In the meantime, with the increase of
rGO levels, the crosslink density also increases, decreasing
the hydrogel’s pore size, which alters the hydrogel’s swelling
characteristics [126]. Excellent anti-swelling capabilities can
be found in an IPN hydrogel created using a cartilage-inspired
method. In comparison to hydrogels not impregnated with
FeCls, the HP(AM/AA)-CS Fe** hydrogel shows a highly dense
crosslinked network formed due to the presence of Fe3+ ions
that form crosslinks when react physically with functional
groups present in CS and AA exhibits outstanding anti-
swelling type capabilities [100].

While unrestricted crosslinking may cause ECH to lose
electrical sensitivity, more hydrophobicity can make them
brittle [128]. Managing swelling behaviour while maintaining
mechanical properties and electrical conductivity has been a
challenge till now.

5. Drug delivery through ECH

Depending upon the application, drug delivery devices can be
fabricated in many ways, like ECH patches for transdermal
delivery, electrically stimulated on-site DDS, and coatings on
electrodes for neural implants are some of the examples
[129]. The release of drugs mainly depends upon the charges
present on the CP component. When an electrical stimulus
is applied, the charges change their respective position,
causing the alteration of pore size and volume of the IPN
structure, resulting in the release of the drug. Additionally,
the polymer structure, CP concentration, drug content, the
interaction between drug and polymer chains, polymer-
polymer interaction, and degree of crosslinking have also
influenced it [130]. The following subsections discuss various
DDS based on ECHs (Table 2).

5.1.  Electrically stimulated on-site drug delivery

ECHs can release various kinds of actives like anti-
inflammatory drugs, antibiotics, and
drugs using active and passive targeting. Due to the leaky
vasculature and inadequate lymphatic drainage of the tumour
microenvironment, the enhanced permeability and retention
(EPR) effect plays an essential role in passive targeting. As an
alternative, active targeting uses conjugated ligands (such as
peptides or antibodies) to the surface of NPsthat bind and
recognize tumour tissue by way of overexpressed cellular
surface receptors on the tumour cells (Fig. 5). Numerous
ligands have shown improved intracellular accumulation,
increased accumulation in the tumour microenvironment,
and increased therapeutic potency. These include aptamers,
transferrin, folic acid, DNA oligonucleotides with receptor-
binding capabilities, and antibody therapies.

Perez-Martinez et al. reported a unique strategy to
incorporate the drug into PANI fibres and then reinforce it
into PAAM hydrogels to form an IPN. The application of a
negative potential in a range of —3 to —5 V, the hydrogels
contract and result in the release of the drug. The release
of the drug depends upon its loading and redox states of
the conducting polymers [131]. Lira et al. reported a semi-IPN
PAAM/PANI hydrogel. They showed the release of different
types of drugs, e.g, a cationic drug, safranin, an anionic
drug, pyrocatechol and a neutral drug- tetracycline. The
hydrogel network showed the release of drugs depending
upon the potential. When it shifts from a negative to a
positive potential (—0.2 V, +0.4 V and +0.6 V), the hydrogel
transitions from a reduced to semi-oxidized state to an
oxidized state. The release of the drug increased from 0.035 to
0.045 and 0.052 pmol, respectively [132]. Kleber et al. reported
pulsatile release of anionic actives like dexamethasone (Dex)
and fluorescein from PDMAAP/PEDOT hydrogel networks. The
release of drugs depends upon the interaction between the
components. When a negative potential of —0.5 V was applied
for 60 s, it showed a burst release, but if performed under CV
sweeps, it showed a sustained and stepwise release pattern
[133].

Niu et al. reported TMH@Gel ECH, which has temperature
and NIR-II sensitivity, displayed enhanced antibacterial

anti-cancerous
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Table 2 - Recent advancements in electrically conductive hydrogel for on-demand drug delivery.

ECH Preparation Drug loading method Inferences Ref.
Techniques
Collagen-PANI In situ Passive loading of Co-polymerization with PCL increases [35-37]
Polymerization hydrocortisone by thermal stability and Young’s Modulus,
diffusion through pores uniform pore size distribution volume
conductivity of 1.1 x 10~ mS/cm stepwise
drug release pattern varied from 60 % to 90 %
in the range of 1.5V to 3 V.
PAAM-PPV In situ Salicylic acid doped PPV The release of drug depends upon crosslink [159]
polymerization added in PAAm hydrogel density, pore size, electric field and drug size.
PAAM- PANI Co- Passive loading of Drug release from the semi IPN structure is [163]
polymerization safranin higher in open circuit potential condition and
in oxidized (0.4 V and 0.6 V) form of hydrogel
compared to its reduced form (—0.1 V and
—0.2V).
PAAM-PANI-APS In situ Amoxicillin loaded PANI Diffusion led burst drug release due to [164]
polymerization added into hydrogel erosion of hydrogel in the presence of
precursor potential of -3 to -5 V, random distribution of
nanofibers,
PEG-PEDOT Electrochemical Single emulsion method Increased physiochemical adhesion, [131]
polymerization with simultaneous decreased impedance with increased CDC,
polymerization of ECH. long term biocompatibility.
GeIMA-PEDOT-PSS In situ Passively loaded Conductivity increased from 6.1 x 10~3 [165]
polymerization 5-fluorourocil by to1x10~2 S/cm with increase of CP (1 to 1.5
diffusion that occupies wt%), cell proliferation of L929 cells was good
the pores, when mixed without any toxic effects, drug releases by
with hydrogel. deswelling of ECH and increased from 18.2 %
to 23.3 % upon application of 1.5 V to
GelMA-PEDOT/PSS
PDMAA PEDOT: PSS Electrochemical Actively loaded Dex and Passive release of F at 0.6 V potential and [133]
polymerization fluorescein (F) were shows a burst release with a slow release for
added during electro 28 d and during active release at —0.5 V for
polymerization of CP 60 s resulted in 133.0 + 5.4 mg of F release.
component. The release of Dex was higher in the case of
microspheres than from coatings.
PVA-PEDOT: PSS In situ Passively loaded NGF by When ECH functionalized with sericin it got [166]
polymerization diffusion that occupies uniform nodularity and higher CSC
the pores, when mixed compared to when gelatin modification
with hydrogel results in larger nodular size, increased cell
proliferation in BaF3cells, nitrite growth is
higher in drug loaded cells.
Fe3*PAAM/chitosan- Co- Dex doped into PPy Fracture energy 12,000 J/m? and compression [167]
PPy polymerization chains forming modulus 136.3 MPa, high conductivity of 0.3
electrostatic S/m due to formation of a conductive path
interactions formed by IPN network.

effects against Gram-positive and Gram-negative bacteria due
to photothermal and chemodynamic therapy synergistically
[134]. Ganguly et al. synthesized pH and electrically responsive
BIS crosslinked PAA-graphene ECH that showed enhanced
rubber-like elastic behaviour with excellent biocompatibility
and efficient cell adhesion properties [135]. Mongkolkitikul
et al. reported a poly(3-methoxydiphenylamine)/pectin ECH
crosslinked by FeCl, and citric acid. The release of ibuprofen
from the ECH follows the following four models: Fickian
diffusion, Anomalous transport, Case-II transport and Super
case II transport. When the electric field of 5 V was applied,
the system showed a two-fold increase in release rate
due to electrostatic repulsion between the electrode and
ibuprofen and owing to the increase of the mesh size [136].
Moreover, Cheah et al. synthesized GelMA/ PEDOT/para-

toluene sulfonate (pTS) ECH for the delivery of bovine serum
albumin (BSA). The research demonstrated a notable increase
in BSA release when a voltage of —0.6 V was applied for
over 200 min. Moreover, a 21-d release profile revealed that
alternating the voltage between +0.6 V at a frequency of
0.1 Hz for one h per d significantly influenced the release
rate compared to passive release. The cell viability analysis
showed excellent cytocompatibility effects with PEDOT/pTS
[137,138]. Furthermore, Puiggali-Jou et al. studied the potential
of stimuli-responsive DDS to deliver curcumin (CUR), a
hydrophobic drug. Without electrical stimulation, the release
of CUR was slow and minimal (3 %) due to the hydrophobic
nature of the drug and its bonding with the matrix. However,
25% of CUR was released within 2 h in the presence of the
electric field. Electrochemical stimulation involved applying
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Fig. 5 - Schematic representation of electrically stimulated on-site drug release mechanism in cancer cells through ECH.
Targeting of cancer cells by (A) passive and (B) active ways and release of drug in the presence of tumor microenvironment.

voltage of +1.0 or —1.0 V for 2 h to PEDOT/Alg and Alg. After
1 h stimulation, the release of CUR from PEDOT/Alg and Alg
was 3.6% + 1.0% and 7.1% + 1.0%, respectively [139]. The
limited drug release was attributed to CUR’s hydrophobicity.
So, the release medium was switched to ethanol, resulting
in an increased release of CUR from PEDOT/Alg and Alg to
12.9% + 1.7 % and 9.1 % =+ 1.4 %, respectively. Negative voltage-
controlled drug release exhibited higher levels compared to
positive or passive release mechanisms.

The primary limitation of using PPy in ECH fabrication
is its limited capacity for carrying drugs. Bansal et al
[140] developed a conducting polymer hydrogel comprising
GelMA and PPy to address the issue. Biocompatibility study
was done on undifferentiated human neuroblastoma cell
line (SH-SYS5Y), neurons revealed that exposure to the
extract for 24 h had minimal impact on cell viability, with
average viabilities of 94.3% + 2.94%, 91.7% =+ 6.27 %, and
90.0% =+ 3.73% for GeIMA/Glu, PPy/Glu and GelMA/PPy/Glu,
respectively, compared to the control group’s viability of
954% + 490%. The CSC and electrochemical stability
of the system were studied by CV. Glutamate (Glu), an
anionic drug, was loaded into GeIMA/PPy and PPy through
electropolymerization at +0.9 V. PPy, in its oxidized state,
due to constant oxidizing potential, formed electrostatic
interactions with negatively charged Glu. The porous network
of GelMA/PPy/Glu facilitated higher drug loading. Both
systems were applied to a gold electrode (1 cm?) to assess
passive and active drug release profiles. Without stimulation,
Glurelease from GelMA/PPy/Glu, PPy/Glu, and GelMA hydrogel
was 25.0 + 6.82 pg, 7.2 + 1.59 pg, and 2.1 + 0.53 pg,
respectively. GelMA/PPy/Glu exhibited a 14-fold increase in
Glu release compared to conventional PPy/Glu films. Electrical

stimulation (—0.6 V) resulted in a fivefold increase in Glu
release compared to passive release. Application of constant
CV sweeps yielded a total Glu release of 20.7 + 5.50 pg over
4 h, with no significant difference observed between different
types of electrical stimulation (CV + 0.6 V at 100 mV/s and
constant oxidation at +0.6 V). However, constant reduction
potential at —0.6 V increased Glu release from GelMA/PPy/Glu
compared to PPy/Glu (106.8 + 7.48 pg vs. 7.20 + 1.59 pg).
The study also showed that reduction-driven drug release
was six times higher than oxidation and five times higher
than unstimulated release, indicating that negatively charged
molecules exhibit increased release under negative potential
due to electrostatic repulsion forces. Conversely, positive
potential promotes electrostatic attraction between the
anionic drug and CP chain, potentially driving drug release
through diffusion.

Researchers have explored Hhyaluronic acid-based
hydrogels with PANI or rGO to fabricate ECH [142].
Interestingly, combining PANI and rGO showed a synergistic
effect, increasing conductivity by one order of magnitude
to 10> S/cm. Moreover, sustained voltage over 140 min
enhanced cumulative ibuprofen release, with release
percentages of 35 %, 60 % and 86 % for 0, 1 and 3 V, respectively
[58]. Sun et al. developed an ECH hybrid film (D@G/P-CD) made
of PEDOT and dopamine-graft-chitosan (CD) for controlled
drug release and delivering external electrical signals to
neuronal cells. GO nanocomposites were initially loaded
with the neuroprotective drug 7,8-dihydroxyflavone (7,8-
DHF) through n-7 stacking. Subsequently, the drug-loaded
nanocomposites were deposited within a PEDOT film. The film
was coated with CD to enhance biocompatibility. This hybrid
system effectively delivered signals, including electrical and
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nano topographical signals via GO and the drug, to neural
cells. This resulted in neuronal mitochondrial biogenesis,
confirmed through immunofluorescence staining and gene
expression analysis. Despite the potentially damaging effects
of extreme electrical stimulation on conductive films, such as
delamination and cracking, the D@G/P-CD film maintained its
structural integrity even after 200 release stimulations [143].
5.2. Transdermal delivery system

The first experiment regarding the development of a
transdermal drug delivery system started in the 1970s,
but it was in the 1980s when, finally, the technology was
commercialized. Transdermal delivery of actives means
delivery through the skin and directly introducing it into the
blood circulation system (Fig. 6). It has several advantages as
it does not require passing through the harsh environment
of the intestine and hepatic cells and easily bypasses their
first-pass effect.

The transdermal delivery system also improves the
stabilization and durability of active drugs in blood and
improves patients’ compliance. However, the lipophilic nature
and compact construction of cells in the skin make it
challenging to deliver macromolecules like peptides and
proteins [145,146]. Therefore, researchers have been trying to
enhance its performance by various means. Hasan and co-
authors reported the binding of liposomes by iontophoresis,
in which the applied electric field induces penetration by
promoting endocytosis and disturbing the compactness of the
cells. Oktay and co-authors reported on a transdermal drug

delivery system composed of GelMA and PEDOT: PSS. They
showed the release of 5-fluorouracil, the most common topical
agent used to cure superficial basal cell carcinoma.

5.2.1. Transdermal patches (TP)

TP delivers the drug by iontophoresis, electro-thermal
effect, and electroporation. The characteristics important for
delivery through patches are the peeling effect, adhesion,
and structure. Iontophoresis facilitates the delivery of ionic
and polar molecules through the skin in a non-invasive way
[146]. Applying an electrical stimulus of <0.5 mA/cm? current
density improves the migration of the macromolecules
instead of increasing the permeation without causing any
physiological harm. The main issue regarding delivery by
patches is the composition of the first layer of skin, stratum
corneum (SC). It is the most insulating layer, having a degree
of hydration of around 15%, and consists of sweat glands,
hair follicles, and sebaceous glands [147]. Every component
contributes to drug delivery in the presence of an electric field
(Fig. 6A).

A group of researchers reported the transdermal delivery
of 8-arginine vasopressin. They compared the penetration
of actives through follicles and sweat glands in human
skin with animal skin having compact SC. They reported
that the mediation of actives in the former is far greater
than in the latter, proving that the former has inferior
electrical resistance. The macromolecules having a size of
<100 nm can mediate the compactness and rigidity of
SC. Otherwise, the electrical stimuli activate the trans-
appendageal pathway through follicles and glands on the
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skin, providing an alternate route for transdermal delivery.
The trans appendageal delivery can deliver the drug into
the hypodermal region of the skin as it uses the long-
interconnected channel of follicles and glands [148].

Electro-thermal DDS can change the shape and volume of
the ECH and release the drug from the system that is thermo-
sensitive [149]. Bagherifard et al. reported a transdermal patch
in which the PNIPAM microparticles, prepared by microfluidic
technique, were incorporated into Ca-Alg hydrogel, and
micropatterned gold heating elements were placed on it. The
system has a potential application in wound healing as it can
deliver various drugs and growth factors in the presence of
electric field-driven heating [150].

In electroporation, a high-energy electric field enhances
the cell membrane permeability to absorb the actives. This
technology has been explored the most because of reversible
pore formation and less damage to the surrounding tissues.
The lipophilic nature of the skin allows the diffusion of
hydrophobic drugs by adjusting the diffusion rate with the
applied electric field [151]. Wei et al. reported a TP for the
delivery of nucleic acids by electroporation. The patch was
prepared by placing gold electrodes closely on the perylene
substrate. The nanomachine can deliver the actives deep into
the skin layers and help in cancer silencing when applied in a
mice mode [152]. Zhao et al. reported that phosphate solutions
and PEG-based ionic circuits can be achieved using the
iontophoresis principle to deliver micro and nanoparticles. It
can safely deliver the nano and microparticles when a high
electric field of 87 mA/cm? is applied to the eyes without
causing any damage [153].

5.2.2. Microneedles (MNs)

Microneedle conductive patch (MCP) is one of the transdermal
DDS systems that has caught the attention of many
researchers recently (Fig. 6B). A microneedle is a set of
many microprojections supported by a base with a millimeter
length and micrometer diameters [154]. They have some
unique advantages that make them different from others,
like non-invasive techniques, the delivery of drugs to any
layer of skin where patients feel no pain, and easy-to-

take activities in proper time. It was first proposed by
Gerstel and Plac in 1971. Since then, it has been modified
several times. Researchers have reported the combination
of microneedles with ECH and its working principles, which
include iontophoresis and electroporation [155]. Jeong et al.
reported polyvinylpyrrolidone (PVP)-based MCP crosslinked
by gamma rays. Then, PVP- polysaccharide (PVPS) blended
GO is used to induce the release of the drug through
electrical stimulation. This MCP has effective mechanical
properties (rigidity, toughness) when it enters the skin.
By applying the electrical field of 5 V, the release of
the drug increases by twofold in comparison with PVPS
alone [156]. Bok et al. reported a dual-responsive MCP of
hyaluronic acid (HA) that releases the drug quickly due to the
synergistic effect of ultrasound and iontophoresis [157]. Yang
et al. developed innovative patches for electrically controlled
and on-demand transdermal drug delivery to enhance
drug penetration through the skin barrier. This system
comprises conductive (MNs) and a two-electrode microneedle
patch (t-EMNP). Two types of MNs were fabricated using
polylactic acid platinum (PLA-Pt) and polylactic acid platinum
PPy (PLA-Pt-PPy) [158]. The model drug, fluorescein, was
loaded onto the MNs through polymerization, with drug
loading influenced by both the polymerization time and
fluorescein concentration. Longer polymerization times (1,
2 and 3 h) increased drug loading due to thicker PPy film
formation; however, excessively thick films hindered MN
penetration into the skin. Fluorescein concentration also
affected drug loading, with higher concentrations leading
to more significant drug deposition on the MNs. Drug
release studies used an electrochemical workstation with a
three-electrode system and phosphate-buffered saline (PBS)
as the working solution. Electrical stimulation-controlled
fluorescein release, altering release rates by varying applied
potentials. The initial rapid release was followed by an
equilibrium state, with approximately 80 %—90 % of the drug
released under electrical stimulation and 10 %—20 % released
by diffusion alone. Adjusting the applied voltage influenced
drug release efficiency, with higher release observed at
—1.5 V due to increased charge transfer and reduction of
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Table 3 - Recent advancements in electrically conductive injectable hydrogel for biomedical application.

Injectable ECH Preparation Crosslinking method Inferences Ref.
Mechanism

Cationic Guar In situ Electrostatic interaction, Injectable and self-healable ECH with conductivity of [168]

Gum-PEDOT: PSS polymerization hydrogen bonding 0.22 S/m and cell viability of 100 % with excellent

PEDOT:S-Alg-Ad and
Poly B-cyclodextrin
PEDOT: heparin and
Aldehyde HA, GC
DA-PPy andGeIDA

Post polymerization

and 7 —x stacking
In situ Schiff base reaction,
polymerization

Post polymerization  Catechol-Fe3*

coordination
PMNT/PIC Composite strategy 7-n stacking, hydrogen
bonding
PDA@Ag NPs, PANI, Composite strategy Boronic acid
and PVA esterification

self-assembly

Host-guest interaction

electrostatic interaction

wound healing characteristics.

ECH shows conductivity of 0.16 S/cm with self-healable  [169]
and stiffness of 100-3,000 Pa and cell viability of 90 %

Excellent self-healing, cell adhesion, biocompatible [170]
with conductivity of 2.7 S/cm

ECH shows good adhesive strength and conductivity of ~ [171]
2.85 x 10* S/cm

Thermal reversibility and biocompatibility, [172]
photodynamic antimicrobial activity
Enhanced and controlled mechanical and conductive [173]

properties, easy processability, good self-healing ability
as well as good adhesiveness with adhesive strength of
29 kPa

the PPy backbone. On-off testing demonstrated minimal
drug release without electrical stimulation and linear release
profiles when stimulation was applied. The system exhibited
superior electrochemical and mechanical properties with
high drug-loading capacity. Further, researchers incorporated
glucocorticoids into these electrically conductive MN patches
for atopic dermatitis, and results showed a significant
reduction in inflammatory cell infiltration and inflammatory
factors [159,160].

5.3.  Injectable hydrogels

Injectable hydrogels are formed by in situ gelation using
the physiological environment inside the human body. It is
the most efficient and non-invasive way to deliver the drug
directly into our blood (Fig. 7). To date, very few studies have
reported drug delivery using injectable conductive hydrogels
[144]. Qu et al. introduced an OD crosslinked chitosan-PANI
ECH that releases a hydrophilic drug-amoxicillin, and a
hydrophobic drug-ibuprofen, in the presence of an electric
field at a suitable pH. They showed that gelation time varies
inversely with the increase in OD concentration. The release
of amoxicillin increases from 69 % to 82 % by varying potential
from 1 to 3 V within 60 min compared to 34% release in
140 min in the absence of electric stimuli. However, ibuprofen
released around 35 % in 140 min in the presence of an electric
field of 3 V compared to 15% released in the absence of an
electric field [102]. The electric field-driven drug release can
be related to ions’ movement in oxidized or reduced ECH
networks. Various ECH-based injectable hydrogels and their
applications have been discussed in Table 3.

6. Conclusion and future prospects

The above discussion illustrates that conductive polymer
hydrogels can generate various release patterns by adjusting
the voltage stimuli, including pulsatile and delayed release.
This offers the potential for real-time modulation of
drug release after administration, thus allowing for dose

adjustment according to the patient’s requirements. While
this technology is still in its early stages, several different
DDS have been investigated, such as TP, injectables and
transcranialmethods. These systems exhibit desirable traits,
including continuous delivery, biodegradability, compatibility
with a wide range of drugs, and versatile preparation methods,
which collectively show promise. Stimuli-responsive
materials, including ECHs, are garnering increasing attention
in research and have been shown to offer improved precision
compared to non-responsive counterparts. Examples such
as pH- and thermoresponsive polymers utilize the body’s
physiological conditions to release drugs in response
to specific external stimuli. However, fluctuations in
the microenvironment due to disease states can lead to
unintended off-target release. Additionally, careful control
of storage conditions is necessary for thermoresponsive
polymers to prevent premature degradation. In contrast, the
release mechanism of voltage-responsive polymers is more
resilient to changes in the microenvironment.

Nowadays, most of the ECH is prepared by combining
the properties of a conventional polymer hydrogel and a
conducting material like conducting polymer or conducting
fillers so that the electric responsiveness can induce the
conventional hydrogel. Despite many biomedical applications
like tissue engineering, wound healing, and biosensors, the
application of ECH in drug delivery still needs to be improved.
Although started a long ago, several problems, such- as a
high amount of drug encapsulation, on-site drug release
without affecting other organs, especially hepatic tissues,
highly controlled drug release, and in vivo study, long-term
release with good mechanical and self-healing properties, still
need to be solved.

Most of the literature has reported short-term delivery
of actives. However, several diseases require long-term
medication therapy, even for a few months. Therefore,
researchers have reported the release of drugs from
implantable drug-loaded devices. ECH should be appropriately
tuned to deliver the drug on-site and with proper dosage for
a very long time. For implanted bioelectronics, prolonged in
vivo treatments pose a significant challenge for conductive
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hydrogels, potentially leading to the leakage of salts or
electrolytes, compromising their conductivity, and posing
risks to human organs. Moreover, the body’s immune response
to foreign materials must be noticed. Therefore, there is an
urgent need for biocompatible conductive hydrogels focused
on developing bioabsorbable or highly effective biodegradable
materials. Incorporating biodegradable components into
conductive hydrogel systems represents a promising
approach, aiming to minimize postoperative complications
and facilitate broader clinical use. Most studies have reported
the in vitro study of the ECH, but it is required to perform an in
vivo test before its clinical trial. The tests should be conducted
in proper psychological conditions, with an electrical voltage
of —0.6 V to +0.8 V, as it does not cause any harm or alter the
psychological environment. However, the choice of a proper
ECH material is application-specific. Mechanical properties
like toughness and flexibility are a prior concern for tissue
engineering applications.

Likewise, biocompatibility is a significant concern for
drug delivery applications as most of the conducting
polymers are not biodegradable. After the degradation of
the other part, they choose the way of renal clearance.
Therefore, the excretion pathways of these conducting
parts of ECH should be appropriately investigated. However,
the efficacy of electrical stimulation in promoting cellular
growth and enhancing on-site drug delivery has been
established. However, the outcomes can vary unpredictably,
depending on the intensity and frequency of the stimulation.
Given the lack of clear standards for electrical stimulation
parameters such as intensity, frequency, and duration,
it is crucial to address the standardization of electrical
stimulation protocols to minimize the effects of electric fields
or currents on cells and tissues. Currently, the available ECH
formulations are compatible with the loading of positively
charged actives, and further investigation is needed to
confirm their compatibility with neutrally charged drugs.
Such research would significantly broaden their clinical
applications. Similarly, more research is needed to expand
their drug loading capacity, as achieving high drug loading
(>90%, w/w) remains a challenge. Moreover, the integration
of DDS with wearable medical devices is still a challenging
task. For example, CPs have been investigated as biosensors
for drug monitoring. Researchers are working on integrating
the biosensors with the DDS. CPs are extensively studied
in other fields like electronic skin grafts, biosensors, tissue
engineering, wound healing, etc. However, the application of
ECH in DDS is still in the infant stage.

The integration of CPs with other electronics has the
potential to facilitate an Internet of Things (IoT) infrastructure
in healthcare. IoT enables seamless communication between
different products, offering real-time data for enhanced
clinical decision-making. CPs can connect healthcare
products to electronic devices, aligning with IoT techniques.
However, ECHs undoubtedly possess many advantages, like
biocompatibility and the capability of delivering hydrophobic
and hydrophilic drugs formed in nanosized form that are
readily acceptable to pathogens by their passive route.
Most of the studies have reported the route of formation
of IPN structures, monomer modification, and conducting
filler modification for better adhesion that can improve its

performance. If the promises can be adequately translated,
this can be proved to be an effective stimuli-responsive drug
delivery system. Also, clinical studies should be promoted
by collaborating with pharmaceutical companies to produce
it in bulk by solving its complex chemistry and response
behaviour and adopting a facile preparation strategy.

Conflicts of interest

The authors report no conflicts of interest. The authors alone
are responsible for the content and writing of this article.

Acknowledgments

SG and NK both contributed equally for the paper, in terms
of review, collection of scientific data. We used the Biorender
student license (BioRender.com) for the illustrations in this
article. We would like to acknowledge the Ministry of Human
Resource and Development (MHRD) Government of India for
funding.

REFERENCES

[1] Asghari F, Samiei M, Adibkia K, Akbarzadeh A, Davaran S.
Biodegradable and biocompatible polymers for tissue
engineering application: a review. Artif Cells Nanomed
Biotechnol 2017;45:185-92.

[2] Prajapati SK, Jain A, Jain A, Jain S. Biodegradable polymers
and constructs: a novel approach in drug delivery. Eur Polym
J 2019;120:109191.

[3] Kesharwani P, Bisht A, Alexander A, Dave V, Sharma S.
Biomedical applications of hydrogels in drug delivery
system: an update. ] Drug Deliv Sci Technol 2021;66:102914.

[4] Mauri E, Perale G, Rossi F. Nanogel functionalization: a
versatile approach to meet the challenges of drug and gene
delivery. ACS Appl Nano Mater 2018;1:6525-41.

[5] Mitchell M]J, Billingsley MM, Haley RM, Wechsler ME,
Peppas NA, Langer R. Engineering precision nanoparticles for
drug delivery. Nat Rev Drug Discov 2021;20:101-24.

[6] Kapare HS, Giram PS, Raut SS, Gaikwad HK, Paiva-Santos AC.
Formulation development and evaluation of Indian propolis
hydrogel for wound healing. Gels 2023;9:375.

[7] Xu L, Cooper RC, Wang J, Yeudall WA, Yang H. Synthesis and
application of injectable bioorthogonal dendrimer hydrogels
for local drug delivery. ACS Biomater Sci Eng 2017;3:1641-53.

[8] Shukla A, Singh AP, Maiti P. Injectable hydrogels of newly
designed brush biopolymers as sustained drug-delivery
vehicle for melanoma treatment. Signal Transduct Target
Ther 2021;6:63.

[9] Madolia H. Preparation and evaluation of stomach specific
IPN hydrogels for oral drug delivery: a review. ] Drug Deliv
Therap 2013;3(2).

[10] Fang Y, Tan J, Lim S, Soh S. Rupturing cancer cells by the
expansion of functionalized stimuli-responsive hydrogels.
NPG Asia Mater 2018;10:e465.

[11] Hoffman AS. Hydrogels for biomedical applications. Adv
Drug Deliv Rev 2012;64:18-23.

[12] Omidian H, Park K. Swelling agents and devices in oral drug
delivery. ] Drug Deliv Sci Technol 2008;18:83-93.

[13] Patel A., Mequanint K. Hydrogel biomaterials. In: Fazel-Rezai
R, editor. Biomedical engineering-frontiers and challenges.
IntechOpen; 2011. Chapter 14.


http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0001
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0002
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0003
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0004
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0005
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0006
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0007
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0008
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0009
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0010
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0011
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0012

18 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 20 (2025) 101007

[14] Mondal S, Das S, Nandi AK. A review on recent advances in
polymer and peptide hydrogels. Soft Matter 2020;16:1404-54.

[15] Lodhi BA, Hussain MA, Sher M, Haseeb MT, Ashraf MU,
Hussain SZ, et al. Polysaccharide-based superporous,
superabsorbent, and stimuli responsive hydrogel from
sweet basil: a novel material for sustained drug release. Adv
Polymer Technol 2019;1:9583516.

[16] Zhang YS, Khademhosseini A. Advances in engineering
hydrogels. Science 2017;356:eaaf3627.

[17] Moeller M, Matyjaszewski K. Polymer science: a
comprehensive reference. Newnes. Amsterdam: Elsevier;
2012.

[18] Varaprasad K, Raghavendra GM, Jayaramudu T, Yallapu MM,
Sadiku R. A mini review on hydrogels classification and
recent developments in miscellaneous applications. Mater
Sci Engineering: C 2017;79:958-71.

[19] Li J, Mooney DJ. Designing hydrogels for controlled drug
delivery. Nat Rev Mater 2016;1:1-17.

[20] Sun Y, Nan D, Jin H, Qu X. Recent advances of injectable
hydrogels for drug delivery and tissue engineering
applications. Polym Test 2020;81:106283.

[21] GibasI.,Janik H. Synthetic polymer hydrogels for biomedical
applications 2010.

[22] Holback H., Yeo Y., Park K. Hydrogel swelling behavior
and its biomedical applications. In: Rimmer S, editor.
Biomedical hydrogels: biochemistry, manufacture and
medical application. Woodhead Publishing; 2011, p. 3-24.

[23] Okay O. General properties of hydrogels. In: Gerlach G, Arndt
KF, editors. Hydrogel sensors and actuators: engineering and
technology. Springer Berlin, Heidelberg; 2010, p. 1-14.

[24] Roorda WE, Boddé HE, de Boer AG, Junginger HE. Synthetic
hydrogels as drug delivery systems. Pharm Weekbl
1986;8:165-89.

[25] Sun Z, Song C, Wang C,HuY, Wu J. Hydrogel-based controlled
drug delivery for cancer treatment: a review. Mol Pharm
2019;17:373-91.

[26] Ghasemiyeh P, Mohammadi-Samani S. Hydrogels as drug
delivery systems; pros and cons. Trends Pharmaceutical Sci
2019;5:7-24.

[27] Silva AKA, Richard C, Bessodes M, Scherman D, Merten OW.
Growth factor delivery approaches in hydrogels.
Biomacromolecules 2009;10:9-18.

[28] Ullah F, Othman MBH, Javed F, Ahmad Z, Akil HM.
Classification, processing and application of hydrogels: a
review. Mater Sci Engineering: C 2015;57:414-33.

[29] Das S, Kumar V, Tiwari R, Singh L, Singh S. Recent advances
in hydrogels for biomedical applications. Asian J Pharm Clin
Res 2018;11:62-8.

[30] Gyles DA, Castro LD, Silva JOC. Ribeiro-Costa RM. A review
of the designs and prominent biomedical advances of
natural and synthetic hydrogel formulations. Eur Polym J
2017,88:373-92.

[31] Nur M, Vasiljevic T. Can natural polymers assist in delivering
insulin orally? Int J Biol Macromol 2017;103:889-901.

[32] Cicha I, Detsch R, Singh R, Reakasame S, Alexiou C,
Boccaccini AR. Biofabrication of vessel grafts based on
natural hydrogels. Curr Opin Biomed Eng 2017;2:83-9.

[33] Kulkarni R.V,, Inamdar S.Z.,, Das KJK. Biradar M.S.
Polysaccharide-based stimuli-sensitive graft copolymers
for drug delivery. In: Sabyasachi Maiti S, Jana S, editors.
Polysaccharide carriers for drug delivery. Woodhead
Publishing; 2019, p. 155-77.

[34] Kumar N, Ghosh B, Kumar A, Koley R, Dhara S,
Chattopadhyay S. Multilayered “SMART” hydrogel systems
for on-site drug delivery applications. ] Drug Deliv Sci
Technol 2023;80:104111.

[35] Li CY, Zheng SY, Hao XP, Hong W, Zheng Q, Liang Wu
Z. Spontaneous and rapid electro-actuated snapping

of constrained polyelectrolyte hydrogels. Sci Adv
2022;8:eabm9608.

[36] Wen X, Zhang Y, Chen D, Zhao Q. Reversible shape-shifting
of an ionic strength responsive hydrogel enabled by
programmable network anisotropy. ACS Appl Mater
Interfaces 2022;14:40344-50.

[37] Wu S, Wang TW, Du Y, Yao B, Duan S, Yan Y, et al
Tough, anti-freezing and conductive ionic hydrogels. NPG
Asia Mater 2022;14(1):65.

[38] Fan Q,MiaoJ,Liu X, Zuo X, Zhang W, Tian M, et al. Biomimetic
hierarchically silver nanowire interwoven MXene mesh for
flexible transparent electrodes and invisible camouflage
electronics. Nano Lett 2022;22:740-50.

[39] Liu D, Zhou H, Zhao Y, Huyan C, Wang Z, Torun H,
et al. A strand entangled supramolecular Pani/Paa hydrogel
enabled ultra-stretchable strain sensor. Small 2022;18(47):
2203258.

[40] Chen H, Xu H, Luo M, Wang W, Qing X, Lu Y, et al
Highly conductive, ultrastrong, and flexible wet-spun
PEDOT:pSS/ionic Liquid fibers for wearable electronics. ACS
Appl Mater Interfaces 2023;15:20346-57.

[41] Pei D, Yu S, Liu P, Wu Y, Zhang X, Chen Y, et al
Reversible wet-adhesive and self-healing conductive
composite elastomer of liquid metal. Adv Funct Mater
2022;32(35):2204257.

[42] Dispenza C, Fiandaca G, Presti C Lo, Piazza S, Spadaro G.
Electrical = properties of  y-crosslinked  hydrogels
incorporating Organic conducting polymers. Radiat Phys
Chem 2007;76:1371-5.

[43] Balint R, Cassidy NJ, Cartmell SH. Conductive polymers:
towards a smart biomaterial for tissue engineering. Acta
Biomater 2014;10:2341-53.

[44] Gaharwar AK, Peppas NA, Khademhosseini A.
Nanocomposite hydrogels for biomedical applications.
Biotechnol Bioeng 2014;111:441-53.

[45] Stejskal ]J. Conducting polymer hydrogels. Chem Papers
2017;71:269-91.

[46] Chen ], Peng Q, Thundat T, Zeng H. Stretchable, injectable,
and self-healing conductive hydrogel enabled by multiple
hydrogen bonding toward Wearable electronics. Chem Mater
2019;31:4553-63.

[47] Malti A, Edberg J, Granberg H, Khan ZU, Andreasen JW, Liu X,
et al. An organic mixed ion-electron conductor for power
electronics. Adv Sci 2016;3(2):1500305.

[48] Kam KR, Desai TA. Nano- and microfabrication for
overcoming drug delivery challenges. ] Mater Chem B
2013;1:1878-84.

[49] Justin G, Rahman ARA, Guiseppi-Elie A. Bioactive
hydrogel layers on microdisk electrode arrays: cyclic
voltammetry experiments and simulations. Electroanalysis
2009;21:1125-34.

[S0] Dubois P, Rosset S, Koster S, Stauffer J, Mikhailov S, Dadras M,
et al. Microactuators based on ion implanted dielectric
electroactive polymer (EAP) membranes. Sensors Actuators
A: Physical 2006;130-131:147-54.

[51] De Alvarenga G, Hryniewicz BM, Jasper I, Silva R],
Klobukoski V, Costa FS, et al. Recent trends of micro
and nanostructured conducting polymers in health and
environmental applications. ] Electroanalytical Chem
2020;879:114754.

[52] Ku CC, Liepins R. Electrical properties of polymers. Hanser
publishers Munich; 1987.

[53] Abu-Thabit N., Umar Y. Electrically conductive
polyacrylamide-polyaniline superabsorbing  polymer
hydrogels. 1st International electronic conference on
materials (ECM), Montreal, Canada, 2014.

[54] Lyons M.E.G. Charge percolation in electroactive
polymers. In: Lyons MEG, editor. Electroactive polymer


http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0014
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0015
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0016
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0017
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0018
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0019
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0020
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0024
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0025
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0026
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0027
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0028
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0029
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0030
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0031
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0032
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0034
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0035
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0035
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0036
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0037
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0038
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0039
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0040
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0041
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0042
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0043
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0044
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0045
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0046
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0047
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0048
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0049
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0050
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0051
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0052

ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 20 (2025) 101007 19

electrochemistry: part 1: fundamentals, Springer; 1994, p.
1-235.

[55] You JO, Auguste DT. Conductive, physiologically responsive
hydrogels. Langmuir 2010;26:4607-12.

[56] Witkowski M. Special section on TAROS-06. Bioinspir
Biomim 2007;2:E01.

[57] Kulkarni RV, Biswanath SA. Electrically responsive smart
hydrogels in drug delivery: a review. ] Appl Biomater Biomech
2007,5:125-39.

[58] Aycan D, Karaca F, Koca A, Alemdar N. Electro-stimulated
drug release by methacrylated hyaluronic acid-based
conductive hydrogel with enhanced mechanical properties.
Int ] Biol Macromol 2023;231:123297.

[59] Luo H, Wu K, Wang Q, Zhang TC, Lu H, Rong H, et al. Forward
osmosis with electro-responsive P (AMPS-co-AM) hydrogels
as draw agents for desalination. ] Memb Sci 2020;593:117406.

[60] Chen S, Renny MNC, Tomé L, Olmedo-Martinez JL, Udabe E,
Jenkins EPW, et al. Reducing passive drug diffusion from
electrophoretic drug delivery devices through co-ion
engineering. Adv Sci 2021;8:2003995.

[61] Zhang Y, Wang R, Hua Y, Baumgartner R, Cheng J.
Trigger-responsive poly (B-amino Ester) hydrogels. ACS
Macro Lett 2014;3:693-7.

[62] Paramshetti S, Angolkar M, Al Fatease A, Alshahrani SM,
Hani U, Garg A, et al. Revolutionizing drug delivery and
therapeutics: the biomedical applications of conductive
polymers and composites-based systems. Pharmaceutics
2023;15(4):1204.

[63] Uppalapati D, Boyd BJ, Garg S, Travas-Sejdic J, Svirskis D.
Conducting polymers with defined micro- or nanostructures
for drug delivery. Biomaterials 2016;111:149-62.

[64] Tandon B, Magaz A, Balint R, Blaker JJ, Cartmell SH.
Electroactive biomaterials: vehicles for controlled delivery of
therapeutic agents for drug delivery and tissue regeneration.
Adv Drug Deliv Rev 2018;129:148-68.

[65] Qu J, Zhao X, Liang Y, Xu Y, Ma PX, Guo B. Degradable
conductive injectable hydrogels as novel antibacterial,
anti-oxidant wound dressings for wound healing. Chem
Engineering ] 2019;362:548-60.

[66] Xu T, Chu M, Wu Y, Liu J, Chi B, Xu H, et al. Safer cables
based on advanced materials with a self-healing technique
that can be directly powered off and restored easily at any
time. New ] Chem 2018;42:4803-6.

[67] Zhao X, Li P, Guo B, Ma PX. Antibacterial and
conductive injectable hydrogels based on quaternized
chitosan-graft-polyaniline/oxidized dextran for tissue
engineering. Acta Biomater 2015;26:236-48.

[68] Jiang L, Gentile C, Lauto A, Cui C, Song Y, Romeo T, et al.
Versatile fabrication approach of conductive hydrogels via
copolymerization with vinyl monomers. ACS Appl Mater
Interfaces 2017;9:44124-33.

[69] Wang Z, Chen ], Cong Y, Zhang H, Xu T, Nie L, et al
Ultrastretchable strain sensors and arrays with high
sensitivity and Linearity based on super tough conductive
hydrogels. Chem Mater 2018;30:8062-9.

[70] LongY,Chen Y, LiuY, Chen G, Guo W, KangX, et al. A flexible
triboelectric nanogenerator based on a super-stretchable
and self-healable hydrogel as the electrode. Nanoscale
2020;12:12753-9.

[71] Liu S, Oderinde O, Hussain I, Yao F, Fu G. Dual ionic
cross-Linked double network hydrogel with self-healing,
conductive, and force sensitive properties. Polymer (Guildf)
2018;144:111-20.

[72] Chen D, Zhao X, Wei X, Zhang J, Wang D, Lu H, et al.
Ultrastretchable, tough, antifreezing, and conductive
cellulose hydrogel for Wearable strain sensor. ACS Appl
Mater Interfaces 2020;12:53247-56.

[73] Zhao X, Guo B, Ma PX. Single component thermo-gelling

electroactive hydrogels from poly (caprolactone)-poly
(ethylene glycol)-poly (caprolactone)-graft-aniline tetramer
amphiphilic copolymers. ] Mater Chem B 2015;3:8459-68.

[74] Wang S, Lei ], Yi X, Yuan L, Ge L, Li D, et al. Fabrication of
polypyrrole-grafted gelatin-based hydrogel with conductive,
self-healing, and injectable properties. ACS Appl Polym
Mater 2020;2:3016-23.

[75] Yang], Choe G, Yang S, Jo H, Lee JY. Polypyrrole-incorporated
conductive hyaluronic acid hydrogels. Biomater Res
2016;20:31.

[76] Wu Y, Chen YX, Yan J, Quinn D, Dong P, Sawyer SW, et al.
Fabrication of conductive gelatin methacrylate-polyaniline
hydrogels. Acta Biomater 2016;33:122-30.

[77] Sayyar S, Gambhir S, Chung J, Officer DL, Wallace GG.
3D printable conducting hydrogels containing chemically
converted graphene. Nanoscale 2017;9:2038-50.

[78] Sayyar S, Murray E, Thompson BC, Chung J, Officer DL,
Gambhir S, et al. Processable conducting graphene/chitosan
hydrogels for tissue engineering. ] Mater Chem B
2015;3:481-90.

[79] Distler T, Boccaccini AR. 3D printing of electrically
conductive hydrogels for tissue engineering and
biosensors-a review. Acta Biomater 2020;101:1-13.

[80] Liu D, Huyan C, Wang Z, Guo Z, Zhang X, Torun H,
et al. Conductive polymer based hydrogels and their
application in wearable sensors: a review. Mater Horiz
2023;10(8):2800-23.

[81] Wang Z, Zhou H, Chen W, Li Q, Yan B, Jin X, et al. Dually
synergetic network hydrogels with integrated mechanical
stretchability, thermal responsiveness, and electrical
conductivity for strain sensors and temperature alertors.
ACS Appl Mater Interfaces 2018;10:14045-54.

[82] Chakraborty P, Guterman T, Adadi N, Yadid M, Brosh T,
Adler-Abramovich L, et al. A self-healing, all-organic,
conducting, composite peptide hydrogel as pressure
sensor and electrogenic cell soft substrate. ACS Nano
2018;13:163-75.

[83] Maharjan B, Kumar D, Awasthi GP, Bhattarai DP, Kim JY,
Park CH, et al. Synthesis and characterization of gold/silica
hybrid nanoparticles incorporated gelatin methacrylate
conductive hydrogels for H9C2 cardiac cell compatibility
study. Compos B Eng 2019;177:107415.

[84] OdentJ, Wallin TJ, Pan W, Kruemplestaedter K, Shepherd RF,
Giannelis EP. Highly elastic, transparent, and conductive
3D-printed ionic composite hydrogels. Adv Funct Mater
2017;27:1701807.

[85] Bu Y, Xu HX, Li X, Xu WJ, Yin Y, Dai H, et al. A conductive
sodium alginate and carboxymethyl chitosan hydrogel
doped with polypyrrole for peripheral nerve regeneration.
RSC Adv 2018;8:10806-17.

[86] Zhao L, Li X, Li Y, Wang X, Yang W, Ren J. Polypyrrole-doped
conductive self-healing composite hydrogels with
high toughness and stretchability. Biomacromolecules
2021;22:1273-81.

[87] Wu Q, Wei ], Xu B, Liu X, Wang H, Wang W, et al. A robust,
highly stretchable supramolecular polymer conductive
hydrogel with self-healability and thermo-processability.
Sci Rep 2017;7:41566.

[88] Spencer AR, Primbetova A, Koppes AN, Koppes RA,
Fenniri H, Annabi N. Electroconductive gelatin
methacryloyl-PEDOT:PSS composite hydrogels: design,
synthesis, and properties. ACS Biomater Sci Eng
2018;4:1558-67.

[89] Das S, Chakraborty P, Mondal S, Shit A, Nandi AK.
Enhancement of energy storage and photoresponse
properties of folic acid-polyaniline hybrid hydrogel by in
situ growth of Ag nanoparticles. ACS Appl Mater Interfaces
2016;8:28055-67.


http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0055
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0056
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0057
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0058
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0059
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0060
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0061
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0062
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0063
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0064
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0065
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0066
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0067
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0068
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0069
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0070
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0071
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0072
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0073
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0073
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0074
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0075
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0076
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0077
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0078
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0079
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0080
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0081
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0082
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0083
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0084
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0085
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0086
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0087
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0088
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0089

20 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 20 (2025) 101007

[90] Zhou L, Fan L, Yi X, Zhou Z, Liu C, Fu R, et al. Soft conducting
polymer hydrogels cross-Linked and doped by tannic acid for
spinal cord injury repair. ACS Nano 2018;12:10957-67.

[91] Zhang S, Chen Y, Liu H, Wang Z, Ling H, Wang C, et al.
Room-temperature-formed PEDOT:PSS hydrogels enable
injectable, soft, and healable Organic bioelectronics. Adv
Mater 2020;32:1904752.

[92] Ding H, Zhong M, Kim Y], Pholpabu P, Balasubramanian A,
Hui CM, et al. Biologically derived soft conducting hydrogels
using heparin-doped polymer networks. ACS Nano
2014,;8:4348-57.

[93] Fuchs S, Shariati K, Ma M. Specialty tough hydrogels
and their biomedical applications. Adv Healthc Mater
2020;9:1901396.

[94] Ji D, Park JM, Oh MS, Nguyen TL, Shin H, Kim JS, et al.
Superstrong, superstiff, and conductive alginate hydrogels.
Nat Commun 2022;13:3019.

[95] Xiong Y, Han J, Wang Y, Wang ZL, Sun Q. Emerging iontronic
sensing: materials, mechanisms, and applications. Research
2022;2022:9867378.

[96] Yuk H, Lu B, Zhao X. Hydrogel Bioelectronics. Chem Soc Rev
2019;48:1642-67.

[97] Green RA, Baek S, Poole-Warren LA, Martens PJ. Conducting
polymer-hydrogels for medical electrode applications. Sci
Technol Adv Mater 2010;11:014107.

[98] Hu Y, Du Z, Deng X, Wang T, Yang Z, Zhou W, et al. Dual
physically cross-Linked hydrogels with high stretchability,
toughness, and good self-recoverability. Macromolecules
2016;49:5660-8.

[99] Xu ], Jin R, Ren X, Gao G. Cartilage-inspired hydrogel
strain sensors with ultrahigh toughness, good self-recovery
and stable anti-swelling properties. ] Mater Chem A Mater
2019;7:25441-8.

[100] Ren J, Liu Y, Wang Z, Chen S, Ma Y, Wei H, et al. An
anti-swellable hydrogel strain sensor for underwater motion
detection. Adv Funct Mater 2022;32:2107404.

[101] Wei], Xie ], Zhang P, Zou Z, Ping H, Wang W, et al. Bioinspired
3D printable, self-healable, and stretchable hydrogels with
multiple conductivities for skin-like wearable strain sensors.
ACS Appl Mater Interfaces 2021;13:2952-60.

[102] Qu ], Zhao X, Ma PX, Guo B. Injectable antibacterial
conductive hydrogels with dual response to an electric field
and pH for localized “SMART” drug release. Acta Biomater
2018;72:55-69.

[103] Ohm Y, Pan C, Ford MJ, Huang X, Liao ], Majidi C.
An electrically conductive silver-polyacrylamide-alginate
hydrogel composite for soft electronics. Nat Electron
2021;4:185-92.

[104] Han L, Yan L, Wang M, Wang K, Fang L, Zhou ],
et al. Transparent, adhesive, and conductive hydrogel
for soft bioelectronics based on light-transmitting
polydopamine-doped polypyrrole nanofibrils. Chem Mater
2018;30:5561-72.

[105] Ma Y, Gao Y, Liu L, Ren X, Gao G. Skin-contactable and
antifreezing strain sensors based on bilayer hydrogels. Chem
Mater 2020;32:8938-46.

[106] Liu H, Wang X, Cao Y, Yang Y, Yang Y, Gao Y, et al
Freezing-tolerant, highly sensitive strain and pressure
sensors assembled from ionic conductive hydrogels
with dynamic cross-links. ACS Appl Mater Interfaces
2020;12:25334-44.

[107] Kim D, Abidian M, Martin DC. Conducting polymers grown
in hydrogel scaffolds coated on neural prosthetic devices. ]
Biomed Materials Res Part A 2004;71:577-85.

[108] Cui X, Hetke JF, Wiler JA, Anderson DJ, Martin DC.
Electrochemical deposition and characterization of
conducting polymer polypyrrole/PSS on multichannel
neural probes. Sens Actuators A Phys 2001;93:8-18.

[109] Kleber C, Bruns M, Lienkamp K, Rithe ], Asplund M. An
interpenetrating, microstructurable and covalently attached
conducting polymer hydrogel for neural interfaces. Acta
Biomater 2017;58:365-75.

[110] Abidian MR, Martin DC. Multifunctional nanobiomaterials
for neural interfaces. Adv Funct Mater 2009;19:573-85.

[111] Lei K, Wang K, Sun Y, Zheng Z, Wang X. Rapid-fabricated
and recoverable dual-network hydrogel with inherently
anti-bacterial abilities for potential adhesive dressings. Adv
Funct Mater 2021;31:2008010.

[112] Liang Y, Li M, Yang Y, Qiao L, Xu H. Guo B. pH/glucose
dual responsive metformin release hydrogel dressings with
adhesion and self-healing via dual-dynamic bonding
for athletic diabetic foot Wound healing. ACS Nano
2022;16:3194-207.

[113] Liang Y, He ], Guo B. Functional hydrogels as wound
dressing to enhance Wound healing. ACS Nano 2021;15:
12687-12722.

[114] LiY, Yu P, WenJ, Sun H, Wang D, LiuJ, et al. Nanozyme-based
stretchable hydrogel of Low hysteresis with antibacterial
and antioxidant dual functions for closely fitting and
wound healing in movable parts. Adv Funct Mater 2022;32:
2110720.

[115] Zhao X, Wu H, Guo B, Dong R, Qiu Y, Ma PX. Antibacterial
anti-oxidant electroactive injectable hydrogel as self-healing
wound dressing with hemostasis and adhesiveness for
cutaneous w ound healing. Biomaterials 2017;122:34-47.

[116] Cao Z,Luo Y,LiZ, Tan L, Liu X, Li C, et al. Antibacterial hybrid
hydrogels. Macromol Biosci 2021;21:2000252.

[117] DongY, Sun X. Antibacterial mechanism of nanosilvers. Curr
Pharmacol Rep 2019;5:401-9.

[118] Han K, Bai Q, Wu W, Sun N, Cui N, Lu T. Gelatin-based
adhesive hydrogel with self-healing, hemostasis, and
electrical conductivity. Int J Biol Macromol 2021;183:
2142-2151.

[119] Zhang X, Xiang ], Hong Y, Shen L. Recent advances in design
strategies of tough hydrogels. Macromol Rapid Commun
2022;43:2200075.

[120] Zhao X. Multi-scale multi-mechanism design of tough
hydrogels: building dissipation into stretchy networks. Soft
Matter 2014;10:672-87.

[121] Shao C, Chang H, Wang M, Xu F, Yang ]. High-strength,
tough, and self-healing nanocomposite physical hydrogels
based on the synergistic effects of dynamic hydrogen bond
and dual coordination bonds. ACS Appl Mater Interfaces
2017;9:28305-18.

[122] Liu Z, Liang G, Zhan Y, Li H, Wang Z, Ma L, et al. A soft
yet device-level dynamically super-tough supercapacitor
enabled by an energy-dissipative dual-crosslinked hydrogel
electrolyte. Nano Energy 2019;58:732-42.

[123] Louf JF, Lu NB, O’Connell MG, Cho HJ, Datta SS. Under
pressure: hydrogel swelling in a granular medium. Sci Adv
2021;7:eabd2711.

[124] Sun C,Luo],Jia T,Hou C,LiY, Zhang Q, et al. Water-resistant
and underwater adhesive ion-conducting gel for
motion-robust bioelectric monitoring. Chem Engineering J
2022;431:134012.

[125] Qi C, Dong Z, Huang Y, Xu J, Lei C. Tough, anti-swelling
supramolecular hydrogels mediated by surfactant-polymer
interactions for underwater sensors. ACS Appl Mater
Interfaces 2022;14:30385-97.

[126] Kuang], Yuk KY, Huh KM. Polysaccharide-based superporous
hydrogels with fast swelling and superabsorbent properties.
Carbohydr Polym 2011;83:284-90.

[127] Liang Q, Gao F, Zeng Z, Yang J, Wu M, Gao C, et al
Coaxial scale-up printing of diameter-tunable biohybrid
hydrogel microtubes with high strength, perfusability, and
endothelialization. Adv Funct Mater 2020;30:2001485.


http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0090
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0091
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0092
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0093
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0094
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0095
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0096
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0097
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0098
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0099
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0100
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0101
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0102
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0103
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0104
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0105
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0106
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0107
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0108
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0109
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0110
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0111
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0112
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0113
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0114
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0115
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0116
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0117
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0118
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0119
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0120
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0121
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0122
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0123
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0124
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0125
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0126
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0127

ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 20 (2025) 101007 21

[128] Kuang X, Zhang YS. Leveraging synthesis-swelling
relationship to precisely engineer synthetic hydrogels.
Matter 2021;4:2676-8.

[129] Bansal M, Dravid A, Agrawe Z, Montgomery ], Wu Z,
Svirskis D. Conducting polymer hydrogels for electrically
responsive drug delivery. ] Controlled Rel 2020;328:192-209.

[130] Svirskis D, Travas-Sejdic ], Rodgers A, Garg S.
Electrochemically controlled drug delivery based on
intrinsically conducting polymers. ] Controlled Rel
2010;146:6-15.

[131] Pérez-Martinez CJ, Chavez SDM, del Castillo-Castro T,
Ceniceros TEL, Castillo-Ortega MM, Rodriguez-Félix DE, et al.
Electroconductive nanocomposite hydrogel for pulsatile
drug release. React Funct Polym 2016;100:12-17.

[132] Lira LM, De Torresi SIC. Polymeric electro-mechanic devices
applied to antibiotic-controlled release. Sens Actuators B
Chem 2008;130:638-44.

[133] Kleber C, Lienkamp K, Riithe J, Asplund M. Electrochemically
controlled drug release from a conducting polymer hydrogel
(PDMAAP/PEDOT) for local therapy and bioelectronics. Adv
healthc Mater 2019;8:1801488.

[134] Niu N, Yang N, Yu C, Wang D, Tang BZ. NIR-II
absorbing charge transfer complexes for synergistic
photothermal-chemodynamic antimicrobial therapy and
wounds healing. ACS Mater Lett 2022;4:692-700.

[135] Ganguly S, Ray D, Das P, Maity PP, Mondal S, Aswal VK,
et al. Mechanically robust dual responsive water
dispersible-graphene  based conductive elastomeric
hydrogel for tunable pulsatile drug release. Ultrason
Sonochem 2018;42:212-27.

[136] Mongkolkitikul S, Paradee N, Sirivat A. Electrically
controlled release of ibuprofen from conductive poly
(3-methoxydiphenylamine)/crosslinked pectin hydrogel.
Eur J Pharmaceut Sci 2018;112:20-7.

[137] Cheah E, Bansal M, Nguyen L, Chalard A, Malmstrém J,
O’Carroll SJ, et al. Electrically responsive release of
proteins from conducting polymer hydrogels. Acta Biomater
2023;158:87-100.

[138] Alkahtani ME, Elbadawi M, Chapman CAR, Green RA,
Gaisford S, Orlu M, et al. Electroactive polymers
for on-demand drug release. Adv Healthc Mater
2024;13(3):2301759.

[139] Puiggali-Jou A, Cazorla E, Ruano G, Babeli I, Ginebra MP,
Garcia-Torres ], et al. Electroresponsive alginate-based
hydrogels for controlled release of hydrophobic drugs. ACS
Biomater Sci Eng 2020;6:6228-40.

[140] Bansal M, Raos B, Aqrawe Z, Wu Z, Svirskis D. An
interpenetrating and patternable conducting polymer
hydrogel for electrically stimulated release of glutamate.
Acta Biomater 2022;137:124-35.

[141] Saravanakumar K, Park SJ, Santosh SS, Ganeshalingam A,
Thiripuranathar G, Sathiyaseelan A, et al. Application
of hyaluronic acid in tissue engineering, regenerative
medicine, and nanomedicine: a review. Int ] Biol Macromol
2022;222:2744-60.

[142] Zamboni F, Wong CK, Collins MN. Hyaluronic acid
association with bacterial, fungal and viral infections:
can hyaluronic acid be used as an antimicrobial polymer for
biomedical and pharmaceutical applications? Bioact Mater
2023;19:458-73.

[143] Sun X, Li L, Tan Z, Li ], Hou Y, Wang X, et al. On-demand
release of the small-molecule TrkB agnist improves
neuron-schwann cell interactions. ] Controlled Rel 2022;343:
482-491.

[144] Pourjavadi A, Doroudian M. Synthesis and characterization
of semi-conductive nanocomposite based on hydrolyzed
collagen and in vitro electrically controlled drug release
study. Polymer (Guildf) 2015;76:287-94.

[145] Oktay S, Alemdar N. Electrically controlled release of
S-fluorouracil from conductive gelatin methacryloyl-based
hydrogels. ] Appl Polym Sci 2019;136:46914.

[146] Chen X, Zhu L, Li R, Pang L, Zhu S, Ma ], et al
Electroporation-enhanced transdermal drug delivery:
effects of logP, pKa, solubility and penetration time. Eur J
Pharmaceutical Sci 2020;151:105410.

[147] Dabrowska AK, Spano F, Derler S, Adlhart C, Spencer ND,
Rossi RM. The relationship between skin function, barrier
properties, and body-dependent factors. Skin Res Technol
2018;24:165-74.

[148] Kajimoto K, Yamamoto M, Watanabe M, Kigasawa K,
Kanamura K, Harashima H, et al. noninvasive and persistent
transfollicular drug delivery system using a combination
of liposomes and iontophoresis. Int ] Pharm 2011;403:
57-65.

[149] Choi MK, Park OK, Choi C, Qiao S, Ghaffari R, Kim J, et al.
Cephalopod-inspired miniaturized suction cups for smart
medical skin. Adv Healthc Mater 2016;5:80-7.

[150] Bagherifard S, Tamayol A, Mostafalu P, Akbari M, Comotto M,
Annabi N, et al. Dermal patch with integrated flexible
heater for on demand drug delivery. Adv Healthc Mater
2016;5:175-84.

[151] Feng S, Zhu L, Huang Z, Wang H, Li H, Zhou H, et al.
Controlled release of optimized electroporation enhances
the transdermal efficiency of sinomenine hydrochloride for
treating arthritis in vitro and in clinic. Drug Des Devel Ther
2017:1737-52.

[152] Wei Z, Huang Y, Zhao D, Hu Z, Li Z, Liang Z. A pliable
electroporation patch (Ep-Patch) for efficient delivery of
nucleic acid molecules into animal tissues with irregular
surface shapes. Sci Rep 2015;5:7618.

[153] Zhao F, Fan S, Ghate D, Romanova S, Bronich TK, Zhao S.
A hydrogel ionic circuit based high-intensity iontophoresis
device for intraocular macromolecule and nanoparticle
delivery. Adv Mater 2022;34:2107315.

[154] Fonseca DFS, Vilela C, Silvestre AJD, Freire CSR. A
compendium of current developments on polysaccharide
and protein-based microneedles. Int ] Biol Macromol
2019;136:704-28.

[155] Martin CJ, Allender CJ, Brain KR, Morrissey A, Birchall JC.
Low temperature fabrication of biodegradable sugar glass
microneedles for transdermal drug delivery applications. ]
Controlled Rel 2012;158:93-101.

[156] Jeong JO, Lim YM, Lee JY, Park JS. Polyvinylpyrrolidone
based graphene oxide hydrogels by radiation crosslinking
for conductive microneedle patches. Eur Polym ]
2023;184:111726.

[157] Bok M, Zhao ZJ, Jeon S, Jeong JH, Lim E. Ultrasonically and
iontophoretically enhanced drug-delivery system based on
dissolving microneedle patches. Sci Rep 2020;10:2027.

[158] Yang Y, Chen BZ, Zhang XP, Zheng H, Li Z, Zhang CY, et al.
Conductive microneedle patch with electricity-triggered
drug release performance for atopic dermatitis treatment.
ACS Appl Mater Interfaces 2022;14:31645-54.

[159] Yu C, Yao F, Li J. Rational design of injectable conducting
polymer-based hydrogels for tissue engineering. Acta
Biomater 2022;139:4-21.

[160] Wang M, Feng X, Wang X, Hu S, Zhang C, Qi H. Facile gelation
of a fully polymeric conductive hydrogel activated by liquid
metal nanoparticles. ] Mater Chem A Mater 2021;9:24539-47.

[161] Eivazzadeh-Keihan R, Noruzi EB, Chidar E, Jafari M,
Davoodi F, Kashtiaray A, et al. Applications of carbon-based
conductive nanomaterials in biosensors. Chem Engineering
] 2022;442:136183.

[162] Anjali ], Jose VK, Lee JM. Carbon-based hydrogels: synthesis
and their recent energy applications. ] Mater Chem A Mater
2019;7:15491-518.


http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0128
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0129
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0130
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0131
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0132
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0133
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0134
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0135
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0136
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0137
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0138
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0139
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0140
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0141
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0142
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0143
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0144
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0145
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0146
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0147
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0148
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0149
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0150
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0151
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0152
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0153
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0154
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0155
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0156
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0157
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0158
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0159
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0160
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0161
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0162

22

ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 20 (2025) 101007

[163] Niamlang S,  Sirivat A.
release of salicylic acid
vinylene)/polyacrylamide
2009;371:126-33.

[164] Lira LM, de Torresi SIC. Conducting polymer-hydrogel
composites  for electrochemical release  devices:
synthesis and characterization of semi-interpenetrating
polyaniline-polyacrylamide networks. Electrochem
Commun 2005;7:717-23.

[165] Heo DN, Song SJ, Kim HJ, Lee YJ, Ko WK, Lee §SJ,
et al. Multifunctional hydrogel coatings on the surface of
neural cuff electrode for improving electrode-nerve tissue
interfaces. Acta Biomater 2016;39:25-33.

[166] Cheong GLM, Lim KS, Jakubowicz A, Martens PJ,
Poole-Warren LA, Green RA. Conductive hydrogels with
tailored bioactivity for implantable electrode coatings. Acta
Biomater 2014;10:1216-26.

[167] Gan D, Han L, Wang M, Xing W, Xu T, Zhang H, et al.
Conductive and tough hydrogels based on biopolymer
molecular templates for controlling in situ formation
of polypyrrole nanorods. ACS Appl Mater Interfaces
2018;10:36218-28.

[168] Li S, Wang L, Zheng W, Yang G, Jiang X. Rapid fabrication of
self-healing, conductive, and injectable gel as dressings for

Electrically  controlled
from poly (p-phenylene
hydrogels. Int ] Pharm

[169]

[170]

[171]

[172]

[173]

healing wounds in stretchable parts of the body. Adv Funct
Mater 2020;30:2002370.

Xu Y, Cui M, Patsis PA, Giunther M, Yang X, Eckert K,
et al. Reversibly assembled electroconductive hydrogel via
a host-guest interaction for 3D cell culture. ACS Appl Mater
Interfaces 2019;11:7715-24.

Xu Y, Patsis PA, Hauser S, Voigt D, Rothe R, Glinther M,
et al. Cytocompatible, injectable, and electroconductive
soft adhesives with hybrid covalent/noncovalent dynamic
network. Adv Sci 2019;6:1802077.

Wu T, Cui C, Huang Y, Liu Y, Fan C, Han X, et al
Coadministration of an adhesive conductive hydrogel patch
and an injectable hydrogel to treat myocardial infarction.
ACS Appl Mater Interfaces 2019;12:2039-48.

Yuan H, Zhan Y, Rowan AE, Xing C, Kouwer PHJ. Biomimetic
networks with enhanced photodynamic antimicrobial
activity from conjugated polythiophene/polyisocyanide
hybrid hydrogels. Angewandte Chem Int Edition
2020;59:2720-4.

ZhaoY,LiZ,SongS, YangK, Liu H, Yang Z, et al. Skin-inspired
antibacterial Conductive hydrogels for epidermal sensors
and diabetic foot Wound dressings. Adv Funct Mater
2019;29:1901474.


http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0163
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0164
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0165
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0166
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0167
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0168
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0168
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0169
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0170
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0171
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0172
http://refhub.elsevier.com/S1818-0876(24)00124-7/sbref0173

	Electrically conductive “SMART” hydrogels for on-demand drug delivery
	1 Introduction
	1.1 Electrically conductive hydrogels (ECH)

	2 Drug delivery mechanism through ECH
	2.1 Forced convection of drug in response to gel swelling-deswelling
	2.2 Drug release by erosion of gel

	3 Preparation procedure
	3.1 In situ polymerization
	3.2 Copolymerization
	3.2.1 Direct copolymerization
	3.2.2 Copolymerization by grafting

	3.3 Post-polymerization modification
	3.4 Composite strategy

	4 Important properties of ECH for controlled and sustained drug delivery
	4.1 Electrochemical properties
	4.2 Biochemical properties
	4.3 Mechanical properties

	5 Drug delivery through ECH
	5.1 Electrically stimulated on-site drug delivery
	5.2 Transdermal delivery system
	5.2.1 Transdermal patches (TP)
	5.2.2 Microneedles (MNs)

	5.3 Injectable hydrogels

	6 Conclusion and future prospects
	Conflicts of interest
	Acknowledgments
	References


