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Hydrogels, soft 3D materials of cross-linked hydrophilic polymer chains with a high water content, have found
numerous applications in biomedicine because of their similarity to native tissue, biocompatibility and tuneable

properties. In general, hydrogels are poor conductors of electric current, due to the insulating nature of

commonly-used hydrophilic polymer chains. A number of biomedical applications require or benefit from an

increased electrical conductivity. These include hydrogels used as scaffolds for tissue engineering of
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electroactive cells, as strain-sensitive sensors and as platforms for controlled drug delivery. The incorporation
of conductive nanomaterials in hydrogels results in nanocomposite materials which combine electrical
conductivity with the soft nature, flexibility and high water content of hydrogels. Here, we review the state of

the art of such materials, describing the theories of current conduction in nanocomposite hydrogels, outlining
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their limitations and highlighting methods for improving their electrical conductivity.

1. Introduction
1.1 Hydrogels

Hydrogels are three-dimensional, viscoelastic networks of
hydrophilic polymer chains, cross-linked in an aqueous
environment. The water-polymer network is gelated through
the association of polymer chains to form a continuous struc-
ture, that immobilises water within it and becomes resistant to
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flow.! The association of polymer chains occurs through a
variety of mechanisms that can be classified into physical or
chemical. Mechanisms of physical cross-linking include the
physical entanglement of individual polymer chains, typically
induced by solubility alterations in response to temperature
changes; macromolecular self-assembly through non-covalent
bonding (hydrogen bonds, van der Waals forces, hydrophobic
interactions); crystallization, the formation of microcrystals
through a freeze-and-thaw process, which then act as a cross-
linking site; ionic gelation, polymer chains surround ions forming
a crosslinking site; and electrostatic interaction of polymer chains
with opposite charges.” Chemical cross-linking involves the
formation of covalent bonds between polymer chains through
mechanisms including radical polymerization, chemical reactions
of complementary groups (for example hydroxyl groups or amides
with carboxylic acids), high energy irradiation, addition of
chemical cross-linking agents (glutaraldehyde, epoxy compounds,
isocyanates, metal ions) and enzymatic reactions.> *°

Physically cross-linked hydrogels are reversible, easy to
produce and do not require the use of chemical cross-linking
agents.> Chemically cross-linked hydrogels generally have
higher mechanical strength and offer more possibilities for
control of the cross-linking process and customised design.>?
However, they often make use of toxic cross-linkers which then
have to be extracted to keep the hydrogel biocompatible. The
combination of physical and chemical cross-linking mechan-
isms offers the possibility for more precise control over the
hydrogels’ properties.”

Hydrogels can be further classified according to their polymeric
composition as: (1) single polymer networks (homo-polymers),
derived from one type of monomer unit; (2) copolymers, derived
from the cross-linking of two or more types of monomers, arranged
in alternating, block or random configuration on the polymer
chain; (3) semi-interpenetrating polymer networks, where a linear
polymer is contained within an independent, cross-linked polymer
network; and (4) interpenetrating polymer networks, derived from
two independent, cross-linked polymer networks interlocked
together.*>” In each case, at least one of the monomers must be
hydrophilic, to render the network water swellable.

Hydrogels are rich in water (typically 80 to 95% w/w but can
span almost all range), flexible with viscoelastic behaviour and
usually biocompatible.®'® These properties have fostered
numerous applications in the domains of biomedicine, soft
electronics and actuators.” Some of these properties can be
straightforwardly modified to fit a specific application. For
example, the rigidity and water content of hydrogels can be
tuned by adjusting the polymer concentration and the cross-
linking degree.'* In an aqueous environment, a dynamic equi-
librium exists between the interactions responsible for water
sorption (capillary, osmotic and hydration forces) and the
cross-linked polymer network resisting expansion.

In addition, hydrogels can be highly responsive to external
stimuli. Small changes in environmental conditions such as
temperature, pH, pressure, electric field or chemical agents can
induce unexpected and mostly reversible changes in hydrogel
properties such as volume, swelling degree, conductivity or

This journal is © The Royal Society of Chemistry 2023
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permeability.”* These stimuli-responsive or smart hydrogels
can be engineered to sense external stimuli and transmit an
electrical or optical signal, by modifying a readily readable
property such as electrical conductivity or colour.**'* Many
hydrogels used in motion sensing devices change their electrical
conductivity when strained, giving an electrical signal to the
device."® Hydrogel membranes can selectively allow the transfer
of molecules by swelling to open or block their pores, according
to biochemical signals."® More recently, 3D printing of hydrogels
has opened new possibilities for customized design.®

Despite their remarkable properties and several possible
applications, hydrogels have some important limitations. They
generally have limited mechanical strength and are susceptible
to irreversible deformation.'” In addition, hydrogels from com-
monly used polymers intrinsically have very low electrical
conductivity. These limitations make conventional hydrogels
unsuitable for applications that require robustness or electrical
conductivity.

1.2 Electrically conductive hydrogels

Electrical conductivity, in particular, is an important property of
hydrogels in biomedical applications. Applications of electrically
conductive hydrogels include hydrogels used as substrates for
the growth of electroactive cells, hydrogels which function as
flexible strain sensors for health monitoring and wearable
devices and drug-loaded hydrogels used for electro-stimulated
drug delivery.'® There are three approaches to prepare electri-
cally conductive hydrogels: (1) using a conducting polymer in the
hydrogel matrix, (2) increasing the ionic conductivity of the
aqueous phase and (3) incorporating a conductive material in
the hydrogel.

Conducting polymers are organic macromolecules with
intrinsic electrical conductivity. Conducting polymers commonly
used for preparing hydrogels are polypyrrole (PPy), polyaniline
(PANI) and poly-(3,4-ethylenedioxythiophene) (PEDOT).'®> They
cannot form hydrogels themselves but have to be combined with
a supporting polymer that provides hydrophilicity and mechan-
ical strength.'® They provide a conducting path of electronic
conductivity due to the delocalized pi electrons of their conju-
gated systems, and can also increase the ionic conductivity of the
aqueous phase by contributing ions.*>** Guo and Ma reviewed
materials for tissue engineering with conducting polymers,
including hydrogels®” and Stejskal reviewed conducting polymer
hydrogels with a focus on preparation methods."®

The ionic conductivity of the aqueous phase can be increased
by preparing and/or swelling the hydrogel in an ion-rich aqueous
solution. Free ions can be generated in water from acids, metal
salts or ionic liquids.”® Metal ions, in particular, can act both as
cross-linking agents for polymer chains and electrolytes of ionic
conductivity.>* The cross-linking mechanism is metal-ligand
interaction where the metal ions form coordinate covalent bonds
with chelating agents (N, O, S) in the polymer chain.® In high
concentrations, the free metal ions contribute to the ionic
conductivity of the hydrogel.>* Zhang et al. review the recent
advances in metal ion hydrogels for biological applications.>”
Non-ionic polymer chains may impair the ionic conductivity of
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hydrogels, compared to polyelectrolyte hydrogels.>® Polyelectro-
lytes are polymers which contain ionic and/or ionizable groups
in a substantial portion of their constitutional units.>” They can
be cationic, anionic or ampholytic (containing both negative and
positive charges; also called zwitterionic, commonly when the
positive and negative charges are located in the same pendant
group).”*”” In low concentration electrolyte solutions, polycatio-
nic and polyanionic hydrogels exhibit the highest ionic conduc-
tivity, due to high concentrations of mobile counterions. In high
concentration electrolyte solutions, polyzwitterionic hydrogels
promote fast ion dissociation and transport due to the highly
charged polar side groups.***® Wang et al. and Liu et al. reviewed
polyelectrolyte®® and polyzwitterionic®® hydrogels for biomedical
applications.

The incorporation of conductive materials aims to create a
continuous network of electronic conduction throughout the
hydrogel, through the dispersion of conductive nanomaterials
and/or other conductive materials, such as metal microwires or
carbon fibers, in the hydrogel framework.

The current review focuses on the incorporation of conduc-
tive nanomaterials in otherwise electrically insulating hydrogel
polymer matrices. Each section is accompanied by illustrative
examples of practical applications from the recent literature.
Electrically conductive hydrogels are widely researched for
applications in biomedicine and soft electronics including
tissue engineering, strain sensors and controlled drug release
(Fig. 1). In the following section, we present these practical
applications and underline the relevance of electrical conduc-
tivity in each case. Section 2 lists the conductive nanomaterials
commonly incorporated in hydrogels. In Sections 3-5 we delve
into the electrical properties of nanocomposite hydrogels by

Muscle tissue

Bone Y
tissue

P 3

Fig. 1 Main applications of hydrogels with electrically conductive nano-
materials: tissue engineering of electroactive cells, controlled drug delivery
and strain sensors for human motion monitoring.
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introducing electrical percolation, current conduction mechan-
isms and experimental electrical characterization techniques.
Lastly, section 6 includes a comprehensive table and graph of
conductive nanocomposite hydrogels and a discussion on some
processing methods that can improve electrical conductivity.

1.3 Applications

1.3.1 Tissue engineering. Tissue engineering aims to develop
artificial tissue and organs to restore functions of injured or
malfunctioning organs in vivo, by cultivating cells on suitable
substrates.”® Hydrogels are particularly adequate as substrates
because they can be biocompatible and biodegradable, have a
similar water content and stiffness as natural organs and their
porosity allows for sufficient nutrient transfer to the growing cells
(Fig. 2).>>** The substrate is responsible for cell adhesion, pro-
liferation and differentiation, functions physiologically performed
by the extracellular matrix, the scaffold that provides structural
and biochemical support to surrounding cells.**

Electrical conduction plays an important role in cell signal-
ling and affects the differentiation and proliferation of cells. In
particular, muscle and neural cells are excitable; they use rapid
changes in membrane potential for cell-to-cell communication.
Muscle tissue cells can contract, in response to electrical
signals. Thus, substrates with an electrical conductivity near
the conductivity of the native muscle deliver the most promis-
ing results.*

Navaei et al. developed a conductive, nanocomposite hydro-
gel to act as a cardiac tissue substrate for myocardial regenera-
tion and repair. They synthesized gold nanorods which were
incorporated into a methacrylated gelatin prepolymer solution
and cross-linked it through UV radiation. A concentration of
1.5 mg ml ™" of gold nanorods reduced the electrical impedance
of the hydrogel (measured by impedance spectroscopy) and
improved both cell-cell signalling and electrical signal propa-
gation on cells growing on the substrate, compared to the
pristine hydrogel. This resulted in an improved cardiac tissue
contractility with a lower excitation threshold (Fig. 3(A)).*®
Dong et al. reviewed the conductive biomaterials employed in
muscle tissue engineering®® while a review article of Li et al.

Implantation

Degradation/Proliferation

Regeneration

Fig. 2 Biodegradable hydrogel as a substrate for tissue regeneration. (A)
Stem cells seeded on hydrogel. (B) Hydrogel degrades while cells pro-
liferate and secrete their extracellular matrix. (C) Hydrogel has completely
degraded leaving in place a new tissue composed of tissue and extra-
cellular matrix. Reproduced from ref. 32 with permission from The Royal
Society of Chemistry.
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focused on the conductive biomaterials employed for cardiac

repair.*’
Nerve tissue is comprised of electroactive neural cells that
transmit electrochemical signals. Conductive scaffolds,

enhance the cellular activity and tissue regeneration of neural
cells, compared to non-conductive substrates.’® Liu et al. che-
mically cross-linked reduced graphene oxide (rGO) sheets and
carbon nanotube (CNT) poly(ethylene glycol) acrylate to
oligo(poly ethylene glycol) fumarate hydrogels, increasing their
electrical conductivity from2 x 10 *Sm " t07.9 x 10 *Sm ™.
The nanoengineered conductive hydrogel was biocompatible
and led to a higher proliferation of PC12 cells and increased
neurite development (Fig. 3(B)).*°

Bone regeneration and remodelling involves electrical fields
generated by intrinsic piezoelectric properties of the bone tissue.*?

View Article Online
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Additionally, bone cell tissue engineering requires scaffolds
with high mechanical strength to stimulate the differentiation
of osteocytes.’® Pelto et al. fabricated polylactide scaffolds to
serve as a substrate for osteogenic differentiation and coated
them with electrically conductive polypyrrole. The electrically
conductive scaffold increased significantly the differentiation
of human adipose stem cells compared to the insulating one.*"

1.3.2 Strain sensors. Flexible and soft strain sensors are
used in wearable devices that detect motion or pressure. This is
relevant in the fields of health monitoring, prosthetics, soft robotics,
electronic skin and human-machine communication.*> Stimuli-
responsive hydrogels are ideal materials for these applications
because of their flexibility, stretchability, self-healing ability and
biocompatibility.**** Electrical conductivity is a readily measurable
property of hydrogels and can be directly translated to electronic
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Fig. 3 Electrically conducting hydrogels for tissue engineering. (A) Gelatin methacrylate hydrogel with gold nanorods for myocardial regeneration. The
nanocomposite hydrogels illustrate highly packed cardiomyocytes with local alignment of fibers. A cell-loaded nanocomposite hydrogel displays
contraction of the full hydrogel. Adapted from ref. 36, Copyright 2016, with permission from Elsevier. (B) Oligo(poly ethylene glycol) fumarate hydrogel
with CNTs and rGO for neural tissue engineering. Fluorescent microscopy images and schemes of PC12 cells growing on plain and nanocomposite
hydrogel, showing that neural cells growing on conductive substrates exhibit increased neurite development. Adapted from ref. 39 with permission from
The Royal Society of Chemistry.
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signals. Thus, strain-sensitive, electrically conductive hydrogels are

extensively studied for their use as motion sensors."®

Xia et al. fabricated a conductive polyacrylamide/chitosan
hydrogel with carboxylated multi-wall CNTs that functions as a
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wearable, self-healable and adhesive sensor (Fig. 4(A)).** The
incorporation of 1% w/w CNTs increased the conductivity of the
hydrogel from 0.1 to 0.95 S m ' and more importantly
improved the strain sensitivity of the hydrogel (the ratio of
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Fig. 4 Conductive nanocomposite hydrogels used as strain sensors for monitoring human motions and health. (A) A polyacrylamide-co-lauryl
methacrylate/chitosan and carboxylated CNTs hydrogel changes its electrical resistance with strain. This property can be exploited to monitor
movements such as finger and elbow flexion or even heart pulse, talking and breathing. Adapted from ref. 44 with permission from The Royal Society
of Chemistry. (B) Polyvinyl alcohol/tannic acid—CNT hydrogel monitors joint movements such as neck bending and can also be used as an electrode for
electrophysiological measurements (EMG and ECG). Adapted from ref. 46 with permission from The Royal Society of Chemistry.
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resistance change over applied strain). The electrical resistance
of the hydrogel increased with increasing stress and recovered
fast (150 ms) after the stress was removed.*” The strained
hydrogel both reorganized the conductive nanomaterial net-
work decreasing its electronic conductivity and densified the
polymer network, restricting ion mobility and thus reducing
ionic conductivity.***> The hydrogel was tested for the mon-
itoring of movements of human articulations (finger, wrist,
elbow, knee) and was sensitive enough to monitor even subtle
strains such as talking, breathing and pulse, placed on the
neck, chest and inside of wrist, respectively (Fig. 4(A)).** He
et al. developed a highly-sensitive, freeze-resisting strain sensor
gel by incorporating tannic acid-CNTs into a polyvinyl alcohol
water/glycerol gel. The nanomaterials increased the electrical
conductivity from 0.19 to 5.13 S m ™" and the gels could be used
as strain sensors to detect joint movements and as flexible
electrodes for the detection of electrophysiological signals
(EMG and ECG, Fig. 4(B)).*® Coupled with a wireless transmit-
ter, such hydrogel materials can be useful in health and activity
monitoring.*> Three recent review publications summarised
the latest developments regarding hydrogels used as strain
sensors.'>**%3

Nanocomposite hydrogels used as biosensors are the ideal
candidates to bridge the gap between humans and machines,
in the context of biomedical engineering, diagnostics and
wearable and implantable devices.*” Both living organisms
and electronic devices use electric signals to coordinate their
activities. In living organisms, these signals are based on ionic
conduction in a soft and water-rich environment. Small ions
(Na*, K", C1~, Ca®) rapidly flow through channels in the plasma
membranes of cells, hyperpolarising and depolarising the
transmembrane potential. In machines, electric signals are
based on electronic conductivity in dry and rigid solids. Free
electrons flow through the metallic or semi-conducting compo-
nents of electronic devices. Nanocomposite hydrogels incorpo-
rate elements of both: they are viscoelastic materials with
adjustable mechanical strength, high water content and solid-
like behaviour, and the conduction mechanisms can combine
ionic and electronic conductivity. Yuk et al. have reviewed
conductive hydrogels in the interface between biology and
electronics.”’

1.3.3 Drug delivery. Conventional drug delivery has a
number of drawbacks including high dosages, limited bioavail-
ability, repeated administration and potential toxicity.*®
Controlling how, when and where drugs are available to cells
and tissues can increase the drug’s efficiency and reduce the
frequency and concentration of the doses, limiting the toxicity
and improving patient compliance and life quality. Hydrogels
are some of the most promising and widely considered
platforms for controlled drug delivery. They are hydrophilic,
biocompatible, have a large water retention capacity and can be
stimuli-responsive. Typical mesh sizes of hydrogels range from
10 to 100 nm.*® This means that most molecules can diffuse
freely within the porosity of the hydrogel network. The mesh
size can be decreased by increasing the polymer concentration
and cross-linking, to delay the release rate by steric hindrance.

This journal is © The Royal Society of Chemistry 2023
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To further reduce the release rate, active ingredients can form
covalent, electrostatic or hydrophobic interactions with the
polymer matrix.** Nanomaterials can also reduce the release
rate of active ingredients.*®*® Hydrophilic drugs can be readily
diffused within hydrogels while hydrophobic drugs can associ-
ate with hydrophobic domains (aliphatic chains, cyclodextrin)
in the polymer network or be encapsulated in nanovesicles.*®>°
Hydrogels can be engineered to release part of their water
content according to environmental stimuli.>® Pulsatile drug
release, in particular, can mimic the natural patterns of in vivo
release of endogenous chemicals such as insulin, growth hor-
mone and oestrogen.*®>> Externally applied electric fields can be
used to control the release rate of drugs from conductive
hydrogels. Servant et al. added ball-milled graphene nanosheets
to methacrylic acid hydrogels, to improve their mechanical and
electrical properties. A concentration of 0.2 mg ml~* of graphene
nanosheets increased the electrical conductivity of the hydrogel
from 2.9 x 10° to 107> S m ", The nanocomposite conductive
hydrogels demonstrated controlled, pulsatile release of a small
molecule (sucrose) upon the intermittent application of an
electrical field (Fig. 5(A)).>® Additionally, nanomaterials can
enhance electro-stimulated drug release. Liu et al. incorporated
rGO into poly(vinyl alcohol) hydrogels and loaded them with a
drug (lidocaine). With no external stimulation, the rGO nano-
materials acted as a barrier, retaining the drug within the
hydrogel, while the application of an electric field triggered the
release of the drug. The addition of rGO negatively charged
the polymer matrix, enhancing electro-osmosis. In contrast, a
control hydrogel without conductive nanomaterials did not
change the drug release profile with electric field application
(Fig. 5(B)).*® Merino et al. reviewed the field of nanocomposite
hydrogels for controlled drug delivery.>!

1.4 Electrical conductivity targets

1.4.1 Tissue engineering. The electrical conductivity values
aimed through the incorporation of conductive nanomaterials
depend directly on the application. Hydrogels used as sub-
strates for tissue engineering of electroactive cells require
conductivity values close to native tissues. The conductivity
values for tissues depend on the electrical measurement
method, investigated species and if it was measured in vivo or
ex vivo, and have been reported to range from 0.15 to 2.6 Sm ™"
for muscle tissue,*>>* 0.4 to 3 S m ™" for nerves;’** for bones the
values range from 9 x 107> S m™" (cortical bone) to 0.23 S m™*
(bone marrow).>® The electrical environment of cells plays an
important role in the development of healthy tissues. In
addition, conductive hydrogels used as substrates for tissue engi-
neering can serve as electrodes for the application of external
electrical stimulation to cells. Electric fields and currents affect
tissue and cellular behaviour in a number of ways including
interference in differentiation, migration, alignment, cytoskeleton
organization, neurite growth in neurons, calcification of osteoblasts,
collagen production from fibroblasts and wound healing.>”~>°

1.4.2 Strain
hydrogels function by measuring a resistance change and
correlating this change to a signal. The signal can be a motion,

sensors. Biosensors based on conductive
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Fig. 5 Conductive nanocomposite hydrogels for controlled drug delivery. (A) Electrical stimulation causes a methacrylic acid—graphene nanosheet
hydrogel to shrink, releasing drug. In vivo release profile of 1*C sucrose on the blood plasma of mice implanted with sucrose-loaded hydrogels. Hydrogels
with no nanomaterials (green), 0.2 mg ml=* CNTs (red) and 0.2 mg ml™* graphene (blue) were tested. A tension of 10 V DC is applied for 1 minute with a
time interval of 2 h. The graphene-loaded hydrogel (which also had the highest conductivity) demonstrated a pulsatile release of sucrose, controlled by
the electric field. Adapted, with permission, from ref. 53. Copyright 2014 Wiley. (B) Reduced graphene oxide nanomaterials retain lidocaine hydrochloride
within a polyvinyl alcohol hydrogel. Upon pulsatile electrical stimulation (on/off, 15 V DC) the nanocomposite hydrogels exhibit controlled drug release,
while the blank gel does not change release profile. Adapted from ref. 49 with permission from The Royal Society of Chemistry.

as in strain sensors for health monitoring (joints movements,
breath etc.) or a biosignal, such as the attachment of an antigen
on the hydrogel.*>*® The mechanism through which the resis-
tance of a conductive nanocomposite hydrogel changes with
strain is triple: firstly, a strain applied on the hydrogel changes
the hydrogel’s geometry, affecting the overall resistance. Secondly,
the polymer matrix densifies (or loosens), affecting ion mobility.
Thirdly, a strain changes the configuration of the conductive
nanomaterial network within the hydrogel, breaching or creating
electrical pathways. For this application, a hydrogel with a higher
conductivity ensures a more reliable signal. The nanomaterial
concentration ideally has to be maintained slightly higher than
the percolation concentration.i A very high nanomaterial concen-
tration risks to “saturate” the electrical network, resulting in
minor conductivity changes under strain: a highly percolating
network will remain percolated even with some elongation.

1.4.3 Drug delivery. In nanocomposite hydrogels for drug
delivery, two approaches are distinguished: electro-responsive
hydrogels that release a drug upon application of an external
electric field and conductive hydrogels used as electrodes for
transdermal drug delivery through skin electroporation.”>®!
Electro-responsive hydrogels shrink or bend upon the application

i More on electrical percolation in Section 3.
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of an external electric field. A loaded drug is released through the
contraction of the hydrogel as well as through electrophoretic
forces. The electrically-induced contraction of hydrogels occurs
through the combination of four mechanisms: (1) a stress gradient
in the hydrogel, (2) electro-osmosis of water coupled with electro-
phoresis, (3) local pH changes near the electrodes due to water
electrolysis and (4) a temperature gradient in the hydrogel due to
resistive heating.”" So far, there is no clear conductivity target for
electro-responsive hydrogels in controlled drug release, however,
the incorporation of conductive nanomaterials has been shown to
enhance drug release.*>> In the case of conductive hydrogels for
transdermal drug delivery, the hydrogel functions as an electrode,
for the application of pulsed electric field on the skin.®" A higher
conductivity ensures a more efficient distribution of the electric
field into the skin, a prerequisite for skin electroporation.®™*>
According to FEM simulations run on a skin model, a hydrogel
conductivity higher than 10™* S m™* ensures a critical distribution
of the pulsed electric field in the skin, for a side-to-side electrode
configuration and 300 V potential difference.*®

2. Conductive nanomaterials

The conductive nanomaterials incorporated in hydrogels to
increase their electrical conductivity fall into three categories:

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Commonly used conductive nanomaterials in nanocomposite
hydrogels.

carbon-based, polymeric and metals and metal oxides (Fig. 6).
Throughout this review, the ISO definitions of nanomaterials
and nanoparticles are used. A nanomaterial is defined as a
material with any external dimension, internal structure or
surface in the nanoscale, i.e. 1 to 100 nm. A nano-object is a
discrete piece of material with one, two or three external

View Article Online
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dimensions in the nanoscale while a nanoparticle has all three
external dimensions in the nanoscale range.®*

2.1 Carbon-based nanomaterials

Carbon-based nanomaterials have high mechanical strength,
electrical conductivity, surface area and chemical stability and
are available in a variety of allotropes and forms.®> They can
usually combine these properties, which is rather unique. The
carbon nanomaterials most commonly employed to increase
the electrical conductivity of hydrogels include carbon nano-
tubes (CNTs) and graphene-related materials (GRMs), and less
often carbon black and graphite.

2.1.1 Carbon nanotubes. CNTs are one-dimensional, long,
cylindrical nano-objects of sp>hybridized carbon atoms arranged
in hexagonal arrays, with nanoscale diameters (Fig. 7(A)). They can
be single-walled (SWNT) or multi-walled (MWNT), where multiple,
concentric nanotubes with increasing diameters are held
together by van der Waals forces. SWNTs can have diameters
of 0.4 to 4 nm with most of them being around 1.4 nm.®® Their
length can range from a few hundreds of nm up to centimeters,
with most nanotubes length on the micro scale.®” CNTs are
known to have remarkable physical properties, notably heat and
electrical conductivity, mechanical strength, optical properties
and a large surface area, with numerous potential applications
in electronics, biomedicine, optics, composite materials and
more.**%®

CNTs can be semi-conducting or metallic, depending on the
diameter and the helicity of the nanotube. The electrical con-
ductivity of isolated CNTSs can reach values of 10°~10% S m~*.%%7°

D o
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Conjugated systems

Metallic bonding

Fig. 7 Conductive nanomaterials. (A) Carbon nanotube; (B) graphene; (C) conducting polymer (polypyrrole); (D) metal (silver). A, B and C are conjugated
systems. The pi orbitals of their hybridized sp? bonds form a delocalized, overlapping and conducting pi electron orbital on a parallel plane over and
under the sigma bonds. This is conventionally represented by alternating single and double bonds. D forms metallic bonding. Conduction electrons from
the metal cations form a delocalized electron cloud all over the metal crystal structure. Software used: VMD®! and VESTA .82
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They are commonly implemented in nanocomposite hydrogels
to increase their electrical conductivity because of their high
intrinsic electrical conductivity, the ability to form percolation
networks even at low concentration thanks to their high aspect
ratio (typically from a few hundreds to tens of thousands) and
the compliance with many polymer matrices.® Additionally,
CNTs can also significantly reinforce the mechanical properties
of nanocomposite hydrogels.””*

Zhou et al. added SWNT into a gelatin hydrogel and cross-
linked them with glutaraldehyde. The hydrogel served as a
scaffold for engineered cardiac tissue, aimed to treat myocar-
dial infarction. Adding 0.15% w/w of SWNT into a hydrogel with
7.5% wiw gelatin and 2.5% w/w glutaraldehyde increased the
electrical conductivity from 3 x 10 %to 5 x 107> S m™ ' and the
shear modulus from 30 to 40 Pa. The SWNT concentration was
chosen as a compromise between conductivity and cytotoxicity;
hydrogel scaffolds with higher SWNT concentration significantly
decreased cardiac cell viability. The conductive SWNTs enhanced
the contractile muscle tissue function and the formation of gap
junction and globally improved heart function after myocardial
infarction, as tested on rats.”?

Spizzirri et al. added MWNTs into gelatin microgels by
emulsion polymerization, in the presence of sodium methacry-
late and N,N’-ethylenebisacrylamide. The microgels served as a
drug reservoir for electro-stimulated release on the skin surface.
It was found that 0.8% w/w MWNTs increased the hydrogel
conductivity from 1.3x 1077 to 2.6 x 1077 S m .
concentrations of MWNT had no effect on the conductivity,
indicating that a percolation network was not formed. The
microgels with MWNTs showed no significant cytotoxic effect
and increased the release rate of the drug, both with and without
an external electric field.”*

2.1.2 Graphene-related materials. Graphene is a two-
dimensional, flat, one-layer sheet of sp>-hybridized carbon
atoms arranged in a hexagonal lattice (Fig. 7(B)). The production
of pure, flawless graphene is complex and costly. Mechanical
exfoliation of graphite produces high-quality graphene sheets,
with a very low yield. Graphene has high mechanical strength
and electrical conductivity. The conductivity is affected by the
interactions of graphene sheets with its substrate; suspended
graphene sheets have a conductivity of up to 6 x 10> S m *.”°
Higher yields may be obtained at the cost of a lower selectivity in
terms of number of layers (shifting to thicker nano-objects),
ranging from few-layer graphene to multi-layer graphene and
finally graphene platelets.”®

Alternatively, the Hummers’ method is used to oxidise
graphite, which can then be exfoliated into graphene oxide (GO)
in solution.”” The covalent functionalization of graphene drasti-
cally reduces its conductivity to values around 2 x 10~ >Sm ™, but
GO has an easier production and can be dispersed in aqueous
solutions. Then, GO can be chemically or thermally reduced to
restore part of its electrical conductivity. Chemical reduction
with reducing agents reaches conductivity values of 6 x 10* S m™*
and thermal reduction with high annealing temperatures can
produce reduced graphene oxide (rGO) with conductivities up
to2 x 10°Sm~.7®

Lower
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GRMs are incorporated into hydrogels to increase their
electrical conductivity because of their high intrinsic conduc-
tivity and large aspect ratio, allowing for low percolation thresh-
olds. They also simultaneously improve the mechanical
properties of nanocomposite hydrogels.>?

Wang et al. added rGO to increase the conductivity and
mechanical resistance of a PVA-PDA (polyvinyl alcohol-poly-
dopamine hydrochloride) hydrogel. The hydrogel was devel-
oped as a strain-sensitive human motion sensor. Blending
in 5% GO/PVA slightly increased the conductivity from 1072
to2 x 107> S m™'. However, reducing GO for 1 hour by mixing
it with PDA and then adding the solution to the PVA hydrogel,
in concentrations 5% w/w GO/PVA and 7.5% w/w PDA/PVA
increased the conductivity of the hydrogel to 0.1 S m ™.
Increasing the reduction time to 4 hours further increased
the conductivity to 0.27 S m~'. The GO also increased the
tensile strength of the hydrogels though the rGO reinforced the
strength less than GO. This was attributed to the functional
oxygen groups in GO, which physically interact with the poly-
mer chains. The conductive hydrogels successfully changed
their conductivity according to strain, as tested on a human
wrist and knee joint.”

Alam et al. fabricated conductive, robust and pH-sensitive
hydrogels by adding graphene to polyacrylic acid. Graphene
was prepared from graphite powder, by oxidizing in an acidic
environment with simultaneous ultrasonication. A thin film of
the as-prepared graphene had a conductivity of 495 S m~ . The
composite hydrogels were prepared by in situ polymerization.
Adding 1% v/v graphene to the hydrogels increased their
electrical conductivity from 3 x 107 to 1.3 x 107> § m ™},
the compressive strength from 0.4 to 6.9 MPa and the Young’s
modulus from 1.6 to 19 MPa.*

2.2 Conducting polymers

Conducting (or conjugated) polymers are organic macromole-
cules with a backbone of alternating double and single bonds.
The delocalized pi electrons of the double bonds, in combi-
nation with a dopant ion that is added to carry charges, confer
them conducting or semiconducting properties (Fig. 7(C)).** The
most common conducting polymers are polypyrrole (PPy), poly-
aniline (PANI), polythiophene and their derivatives, notably ani-
line oligomers and poly-(3,4-ethylenedioxythiophene) (PEDOT).>>

Nanomaterials of conducting polymers can be prepared by
post-polymerization dispersion or direct polymerization in dis-
perse heterophase systems.®* PPy nanomaterials are spherical
with diameters ranging from 50 to 400 nm, depending on
the stabilizer used and have a conductivity of 10>-5 x
10*> S m".*%% PANI nanomaterials can have diameters as
small as 4 nm and up to 500 nm, in spherical or ellipsoid,
rice-grain shape and have a conductivity of 10-10" S m™".
PEDOT nanomaterials are often doped with anionic poly-
electrolytes, such as poly(sodium-4-stryenesulfonate) (PSS),
which serve as a charge balance. PEDOT:PSS nanomaterials
are water soluble and have spherical size with diameters 35—
100 nm and electrical conductivities of approx. 10° S m~*.84%°

This journal is © The Royal Society of Chemistry 2023
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Most conducting polymers can also be directly prepared by
electropolymerisation on conducting substrates.

Conducting polymers are added to hydrogels to increase
their conductivity, as an alternative to carbon-based or metal
nanomaterials. They are mostly inexpensive, easy to process
and biocompatible.”> Additionally, surface functionalization
and incorporation of dopant ions can further modulate their
electrical properties.®* However, conducting polymers are brit-
tle and may decrease the overall mechanical strength of nano-
composite hydrogels.®®

Li et al. synthesized a tough and conductive nanocomposite
hydrogel by in situ polymerization of N-hydroxyethyl acrylamide
in a solution containing PEDOT:PSS nanoparticles and LAPO-
NITE® nanoplatelets. The polymer nanoparticles were added to
increase the conductivity and the clay nanoplatelets to add
mechanical strength. Adding 0.5% w/v PEDOT:PSS to the
hydrogel increased the conductivity from 0.04 to 0.09 S m™".
The nanocomposite hydrogels exhibited strain-responsive con-
ductivity and self-healing capacity, making them ideal candi-
dates for applications in motion sensors.®”

Wang et al. prepared a gelatin methacrylate hydrogel and
integrated PPy nanoparticles into it with a dopamine cross-
linker. The electrical conductivity of the hydrogels increased
from 3.6 x 10*Sm ™" (with 1 mg ml~" PPy)t0 1.2 x 10 >Sm ™"
with 4 mg ml~" PPy nanoparticles. The conductive hydrogel was
then tested as an engineered cardiac patch to repair myocardial
infarction in affected rat models, enhancing the functionaliza-
tion of cardiomyocytes.*®

2.3 Metal and metal oxide nanomaterials

These nanomaterials are nanoscale entities of pure metals or
metal compounds, such as oxides (Fig. 7(D)). The most used
metal nanomaterials for increasing the electrical conductivity
of hydrogels are gold and silver nano-objects. Gold nano-
objects are mostly spherical or rod-shaped, have diameters
of 1-60 nm and a conductivity of 4.5 x 10" S m . Silver nano-
objects can be spherical with diameters of 4-120 nm or nano-
wires, with diameters of 10-200 nm and lengths of 5-
100 um.®>®® Silver has an electrical conductivity of 6.3 x
107 S m~'. Additionally, silver nano-objects are known to have
antimicrobial properties, which can prove useful for some
applications.’® One major drawback of metal nano-objetcs is
their propension to oxidation, leading to a decrease in perfor-
mance over time.

Baei et al. synthesized a thermosensitive, conductive hydro-
gel by embedding gold nanoparticles into a chitosan matrix.
The gold nanoparticles were spherical with an average diameter
of 7 nm. A hydrogel with 0.016% w/v gold nanoparticles had a
conductivity of 0.13 S m ™", close the conductivity of the native
myocardium (0.16 S m™ "), while the pristine chitosan hydrogel
was not conductive. The conductive nanocomposite hydrogel
stimulated the differentiation of mesenchymal stem cells into
cardiomyocytes and was deemed promising for use as an
injectable hydrogel to deliver cells and bioactive factors to the
infarcted heart.”*

This journal is © The Royal Society of Chemistry 2023
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2.4 MXenes

MXenes, two-dimensional sheets of transition metal carbides,
carbonitrides or nitrides, represent a more recent class of
conductive nanomaterials.”> MXenes are prepared by selective
chemical etching of the A element from MAX phases, layered
ternary solids with a general formula of M,,;;AX,, (n = 1-4) where
M is an early d-block transition metal, A is a main-group sp
element and X is C, N or both.”® They consist of sheets with a
thickness of few atomic layers (3 to 9 atomic layers) and up to
tens of microns in their lateral dimensions.”>** MXenes can
have semiconducting or metallic conductivities with the high-
est values reported being 2.4 x 10° S m™" for a Ti;C, MXene.”®
MXene surfaces are commonly terminated with oxygen or
hydroxyl groups, which render them hydrophilic.”>* Their
hydrophilicity, high electrical conductivity and large aspect
ratio make them suitable candidates for incorporation in
conductive nanocomposite hydrogels.’® For the moment, nota-
ble biomedical applications of MXene nanocomposite hydro-
gels have mostly focused on strain sensors.”*°® An important
limitation is that MXenes have a metastable character in
aqueous media, i.e. they are prone to degradation.’®®”

3. Electrical percolation
3.1 Percolation theory

Incorporation of a conducting filler in an insulating hydrogel
matrix, increases the conductivity of the nanocomposite, with
increasing filler concentration. Often, a point is observed where
a small increase in filler concentration leads to a steep increase
in conductivity, a shift of few orders of magnitude.®®® Further
increase in filler concentration has a limited effect on conduc-
tivity. The resultant graph of conductivity versus filler concen-
tration exhibits a sigmoidal shape (Fig. 8).

Percolation theory explains this jump-like transition. The
conductivity increases steeply when the filler forms a contin-
uous conducting network within the hydrogel. Individual clus-
ters of filler particles come into contact with each other, to
ultimately form a single cluster that extends throughout the
system.’® Electron transport takes place through the conductive
filler network and the system’s behaviour changes from insu-
lating to conducting (Fig. 8). The corresponding critical filler
concentration is called percolation threshold. The percolation
threshold of different nanocomposite hydrogels varies widely
and depends on the polymer matrix and the shape, size,
orientation and dispersion of the filler.®® Higher aspect ratios
and better dispersions lead to lower percolation thresholds.

The electrical percolation threshold is an important parameter
in percolating systems. Experimentally finding it and tuning it by
changing the properties of the system can lead to the develop-
ment of highly conductive nanocomposites with minimal filler
concentration and desirable properties. For a random distribution
of a well-dispersed filler, the statistical percolation theory can
model the conductivity of composites.®®°
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Fig. 8 Electrical conductivity vs. nanofiller content. Percolation has three
phases: initially the concentration of the nanomaterial is not enough to
form an interconnecting network and the conductivity remains low. As the
concentration increases, electrons can hop through the nanofillers with
tunnelling and the conductivity increases. When the concentration
reaches the percolation threshold, a network is formed throughout
the whole system and the conductivity reaches a high plateau. Adapted
from ref. 78.

where o is the electrical conductivity of the composite, g, the
electrical conductivity of the filler in its bulk form, @ the filler
volume fraction, @, the percolation threshold and ¢ the critical
power law exponent. The exponent ¢ depends on the system
dimensionality and takes values of ca. 1.3 for 2D systems and
ca. 2 for 3D.”%1% The electrical percolation threshold can be
determined experimentally or numerically.

Experimentally, the electrical percolation threshold can be
deduced from a graph of electrical conductivity with increasing
filler concentration. The threshold is the middle point of the
S-shaped part of the graph. It can also be calculated by fitting
eqn (1) to experimental data.

Numerically, there are various models with increasing
complexity for calculating the percolation threshold. The first
studies of percolation assumed a lattice organisation of parti-
cles where a set of predefined spatial positions may be covered
or be left empty.”® In materials science though, the results of
these studies can only be relevant for systems with a crystalline
structure. The continuum percolation models can be applied
for hydrogels, which have an amorphous structure and thus a
random distribution of particles. The simplest models simulate
the filler particles with interpenetrating objects. The electrical
percolation threshold is calculated as the point where the filler
particles form a continuous network, a cluster of particles that
extends through the simulation space.

The calculated percolation thresholds from the above method
can be higher than the experimental ones because it does not take
into account two phenomena: the filler particles cannot penetrate
into each other because of repulsive van der Waals interactions
and the electrical percolation threshold can occur before the
geometrical percolation, due to electron tunnelling.'®" Geometri-
cal percolation is when the filler particles form a network with
physical contact. Electrical percolation can occur at lower filler
concentrations, as electrons can be transferred through a thin
film of dielectric material that separates the filler particles. The
electron tunnelling distance is in the order of few nm."'*>

The hard-core, soft-shell simulation model is used to
represent more accurately the nanocomposite system. In this

2046 | J Mater. Chem. B, 2023, 11, 2036-2062
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model, the fillers are randomly distributed in a fixed space and
are represented by impenetrable hard cores. The soft shells can
overlap with the cores and with each other and represent the
tunnelling distance.®®'°* Another factor that differentiates
experimental from numerical results is the non-randomness
of real dispersions. In numerical models, the particles will be
randomly distributed within the system’s boundaries while in
experiments particles tend to agglomerate/cluster and align,
affected by particle interactions, the dispersion method and the
thermal or mechanical processing history of the material.'*®
This clustering and non-random alignment of nanomaterials
can have substantial effects on the percolation concentration of
the system.'®*"%4

3.2 Critical path approximation

Percolation models assume a sharp cut-off point of electrical
conductivity. Two individual particles are either electrically con-
nected or not. Subsequently, a cluster of particles passes from
disconnected (insulating) to percolated (electrically conductive),
when the percolation threshold is reached. Ambrosetti et al. argue
that this approach is well suited to explain the electrical con-
ductivity in the extreme cases of low filler concentration (particles
with no electrical contact) and high filler concentration (particles
“touching” each other throughout the system) but fails to account
for the conductivity changes in the intermediate regime, around
the percolation concentration.’® They model the conductivity
changes in nanocomposite systems by focusing on the tunnelling
conductance between conductive particles.'®'°® The tunnelling
conductance decays exponentially with distance, but does not
include a sharp cut-off. This model can be solved numerically by
simulating the conducting fillers as a network of particles that are
all connected to each other through tunnelling processes (Global
Tunnelling Network). An analytical solution for the conductivity o,
is given by the critical path approximation

2(SC(<p£, a, b)} @

o = 0)eXp {f

where 0, a constant, ¢ the characteristic tunnelling length and . a
critical distance, which depends on the filler concentration ¢ and
the geometric characteristics of the particles a and b (a/b is the
aspect ratio). The solution of eqn (2) reduces the conductivity of a
nanocomposite system to the calculation of the geometrical
parameter J. and is in good accordance with the numerical
solutions from the global tunnelling network model."**

The implications of the critical path approximation are that
the transition from insulating to conducting is no longer
described by a power law increase in conductivity after the
percolation threshold concentration, but rather as a crossover
between the insulating matrix conductivity and the interparti-
cle tunnelling conductivity.'%®

3.3 Percolation of carbon nanotubes

CNTs have a high aspect ratio (generally ca. 1000 or higher),
which allows for low percolation thresholds.®® Kovacs et al.
used the excluded volume concept to calculate a percolation

This journal is © The Royal Society of Chemistry 2023
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=0.1%w/w (3)
where 7 is the aspect ratio of CNTs.'” They argue that this
percolation threshold is universal for CNTs in insulating poly-
mer matrices (they reviewed solid nanocomposite polymers but
their results are useful in the case of hydrogels too). Deviations
with higher @, are attributed to poor dispersion and lower @,
are attributed to kinetic percolation, a state where the particles
are free to move through diffusion, convection, shearing or
external fields and form a conducting network at lower con-
centrations. The critical exponent ¢ for CNTs, calculated from
fitting the experimental data into eqn (1) ranged from 0.9 to 7.6,
peaking at ¢ = 2.1°°

CNTs can be modelled as capped cylinders for the numerical
simulations. The most sophisticated models take into account
the electron tunneling distance, the non-random alignment, as
well as the waviness of the nanotubes, which increases the
percolation threshold.*®”

3.4 Percolation of graphene-related materials

The high specific surface area and aspect ratio of GRMs allow
for low percolation thresholds. Zhang et al. compared the
percolation threshold of graphene and graphite nanocompo-
sites, to illustrate the influence of the aspect ratio and specific
surface. They measured the conductivity of PET/graphene and
PET/graphite with increasing filler concentrations and
obtained a percolation threshold of 0.47% v/v for graphene
and 3.5% v/v for graphite.'®®

Marsden et al. reviewed the electrical percolation threshold
of GRM nanocomposites and the average percolation threshold
was 0.5% v/v.”® A high standard deviation though (0.7% v/v)
indicates that the percolation threshold may vary widely according
to the dispersion, shape parameters of the filler (aspect ratio and
specific surface) and the polymer matrix.

3.5 Electrical percolation studies in hydrogels

Most conductive hydrogel studies presented in this review did
not report a percolation threshold. The ones commenting on
percolation threshold concentration are grouped here. Ferris
and Panhuis found a percolation threshold of 1.3% w/w for
gellan gum hydrogels containing multi-walled CNTs.'*® Mottet
et al. report a percolation threshold of 0.5% w/w for alginate
hydrogels with CNTs."'® Cui et al. report a percolation thresh-
old of 0.015% w/w for poly-ethyl acrylate hydrogels, with multi-
walled CNTs."'! Guillet et al. and Macdonald et al. found no
percolation threshold for agarose — double-wall CNTs hydrogels
for concentrations up to 1% w/w and for collagen - SWNTs for
concentrations up 0.008% w/w respectively.'*>*** Alam et al.
reported a percolation threshold of 0.4% v/v for graphene
incorporated in poly acrylic acid hydrogels.®® Sayyar et al. and
Qiu et al. both reported a percolation threshold of 0.1% w/w
for rGO fillers in chitosan and poly-isopropyl acrylamide
hydrogels.***

This journal is © The Royal Society of Chemistry 2023
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In contrast, in studies of solid nanocomposite polymers,
there are more publications reporting a clear electrical percola-
tion threshold. We explain this by four factors: (1) there are
fewer studies in total for nanocomposite hydrogels, (2) carbon-
based materials which generally exhibit low percolation thresholds
are highly hydrophobic resulting in the formation of aggregates
and poor dispersions in aqueous media, (3) polymer chains may
tend to wrap around nano-objects, limiting direct contact between
the conductive phase, and (4) hydrogels are more complex systems
consisting of at least three components (polymer matrix, water,
filler) and two conduction mechanisms (ionic and electronic). This
complicates the investigation of the percolation threshold. Rather
than a clear cut-off point of several orders of magnitude increase in
conductivity, many nanocomposite hydrogels present modest aug-
mentations with increasing nanofiller content.

3.6 Dispersion

Nanomaterials are introduced into nanocomposite hydrogels
using one of three possible approaches: (1) dispersion of
nanomaterials in an aqueous suspension of a monomer, fol-
lowed by gelation, (2) dispersion of a nanomaterial precursor in
an aqueous suspension of a monomer, followed by gelation and
nanomaterial synthesis within the polymerized matrix, and (3)
physical embedding of nanomaterials into a hydrogel
matrix.""*""” The nanomaterials can significantly alter the proper-
ties of the nanocomposite hydrogels, thanks to the multiple
physical and/or chemical interactions between the nanomaterials
and the polymer. These include hydrogen bonds, van der Waals
interactions and electrostatic interactions.*® The dispersion of
nanomaterials in the hydrogel network affects the system’s elec-
trical and mechanical properties. Poor dispersions, leading to
nanomaterial agglomeration undermine the property-enhancing
features of nano-engineering.

Carbon-based nanomaterials have highly hydrophobic surfaces.
They form agglomerates in aqueous suspensions and have low
interfacial compatibility with polymer matrices.'*®*® The sur-
face of carbon nanotubes and graphene sheets can be functio-
nalized with hydrophilic groups, such as -COOH and -OH,
facilitating their dispersion in water through electrostatic
repulsion (at slightly acidic pH and above, the carboxylic
function is present as a negatively charged carboxylate).'*
However, covalent functionalization disrupts the electronic
structure of pristine carbon-based nanomaterials, deteriorating
their electrical conductivity."'® Another route is the addition of
surfactants. Lastly, physical methods, such as polymer wrap-
ping and cellulose-assisted dispersion have also been devel-
oped. Polymer wrapping and surfactants improve dispersion
but also cover the surface of carbon nanomaterials and may
increase the distance between the nanomaterials, decreasing
electron tunnelling conductance and negatively affecting the
conductivity of the nanocomposite hydrogel."*®

Metal nanomaterials have high surface energy and strong
dipole-dipole attractions. They form aggregates and precipitate
in aqueous suspensions. Two approaches that achieve stable
dispersions with fewer aggregates are the in situ growth of
metal nanomaterials after gelation of the hydrogel and the use
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of metal nanomaterials as reactive cross-linking agents to
polymerize the hydrogel."*®

Conducting polymers are hydrophobic in their undoped
form.®* Nanoparticles of conducting polymer, stabilized with
a dopant, can be dispersed in aqueous solutions by stirring and
sonicating. PEDOT is a hydrophobic, positively charged con-
jugated polymer. It is usually doped with PSS, a hydrophilic,
negatively charged polyelectrolyte, to create stable water dis-
persions of PEDOT:PSS."*° PEDOT:PSS nanoparticles have fairly
good dispersibility in water.®” Similarly, PANI is hydrophobic in
its undoped form and hydrophilic when stabilized with a
dopant such as camphor sulfonic acid."*"'** Polypyrrole nano-
particles can be doped with iron(in) chloride or PSS and can be
easily dispersed in aqueous solutions.**1%4

4. Electrical conductivity and
conduction mechanisms
4.1 Conductivity

Electrical conductivity is an intrinsic property of materials
which measures how well they conduct electric current. It is
the reciprocal of resistivity, the resistance of a material to the
flow of electric current. When a potential difference is applied
to a sample, an electric field E is created, and charges inside the
sample have an electric force applied to them. For an isotropic
conductivity and a homogenous electric field, the current
density J that results, depends on the sample’s conductivity o.

J=oE (4)

Electric current is conducted by charge carriers, which can
be ions, electrons and holes. Electrical conductivity depends on
the product of charge carrier concentration and mobility.

4.2 Conduction mechanisms

When a sample is placed between two electrodes, charge is
injected in it through the interface of the sample with the
electrode materials, then passes through its volume and gets out
again from the interface of the sample with the other electrode.
Localised charge movements also result in a measurable current,
even if the charge carrier does not exit the sample. The limiting
conduction mechanism is the determining one and this can fall
into one of two categories: interface-limited (or electrode-
limited) and volume-limited (or bulk-limited)."**> Depending on
the nature of the material and the applied electric field, one or
more conduction mechanisms may contribute to the electric
current transport.

Interface-limited conduction mechanisms depend on the
electrical properties at the contact between the sample and the
electrode. The most important parameters are the energy
barrier height that the charge carrier has to overcome in order
to get injected into the sample and the effective mass of the
charge carriers.'*>"?® Volume-limited conduction mechanisms
depend on the electrical properties of the sample. The most
important parameter in volume-limited conduction are traps,
locations in solids which restrict the movement of charge
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Table 1 Conduction mechanisms in solids and equations**212”
Volume-limited Interface-limited
Ohmic  J=0E Schottky ("’0*/&@)

J=AT%\ kT

Tonic — J sinh glE\ Fowler-Nordheim- (7&)
(Hopping) J = Josin kT ) Tunneling effect J = AE% £
Poole- L0—PpryE
Frenkel J =Joe #8T

carriers. Trap energy level, trap spacing and concentration all
affect volume-limited conduction. Other parameters include
the electrical mobility, the dielectric relaxation time and the
density of states in the conduction band.'*>'*® Table 1 sum-
marizes the conduction mechanisms in solid materials and
their equations, where J the current density, ¢ the conductivity,
E the electric field, J, the zero-field current density, g the
electric charge, /; the ion jump distance from one potential
well to another, kg the Boltzmann constant, T the temperature,
@, the barrier height and A and f constants.

4.3 Ionic conduction

Ionic conduction occurs when the charge carriers are ions. It is
the dominant conduction mechanism in electrolyte solutions
but also contributes to the electrical conductivity of solids. Fast
ion conductors and solid electrolytes are examples of solid
materials where ionic conduction is the main conduction
mechanism."*® The ionic conduction mechanism consists of
a series of jumps over potential barriers from one site to
another."® Ions are several orders of magnitude bigger and
heavier than electrons and consequently ion mobility, reduced
by steric effects, is much lower than electron mobility. Ionic
conduction depends on ion concentration, temperature, ion
size and valency, electrical field magnitude, viscosity (in the
case of solutions) and the height and spacing of potential
barriers (in the case of solids).

4.4 Electric current

The movement of charge carriers under the influence of an
electric field is the conduction current. There are two more
current types that can be measured. The diffusion current is
created by the movement of charge carriers under the influence
of their concentration gradient. The displacement current is a
transitory current due to the variation of the electric field and is
not linked to a charge movement inside the sample. It includes
the polarisation current, a transitory current that arises from
the orientation of dipoles with the electric field. The total
current can be written as the sum of the above current types

Diffusion Polarisation
i(®) = qn(x, ) W(E, t) E(x, t) — gD, 20

n atx
Conduction

9E 0P
+ & 7 S T
Displacement

(5)

where j is the current density, g the elemental charge, n the
charge carrier concentration, u the charge carrier mobility, £
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the electric field D, the diffusion constant of the charge
carriers, &, the permittivity of vacuum and P is polarisation.

4.5 Hydrogel water content and electrical conductivity

Nanocomposite hydrogels are complex systems consisting of at
least three components: water, which comprises the largest part
of the hydrogel, a cross-linked polymer network and the filler
nanomaterials. The role of each constituent in the electrical
conductivity of the system is still poorly understood. Deionised
water is used for the fabrication of most hydrogel samples.
Nevertheless, some ions will always be present, introduced to
the system from the polymer, the nanomaterials and other
impurities, the contact with air and labware and due to the
non-perfect deionisation of water. These free ions contribute to
the electrical conductivity of nanocomposite hydrogels by ionic
conduction. However, the mobility of ions in hydrogels is
restricted by the porous network of the polymer. The ion
mobility inside a hydrogel depends on the concentration and
charge of the polymer and the pore size and distribution and is
significantly lower than the ion mobility in an aqueous
solution. The total amount of water within hydrogels can be
classified into three types, according to phase transition beha-
viour: (1) non-freezing (bound) water, in the primary hydration
shell of the hydrophilic polymer chains, (2) freezing bound
water, in the secondary hydration shell and (3) freezing free
water, which does not interact with the polymer matrix.">*"*°
These different states of water within the hydrogel framework
can be distinguished through differential scanning calorimetry
(DSC)."** Tonic mobility is expected to be much lower in the
bound water fraction.’*>'** Therefore, the ionic conductivity is
mostly affected by the free water in the hydrogel matrix. The
polymer network consists of electrically insulating polymer
chains. The conduction mechanisms through it are expected
to be equivalent to conduction through non-crystalline dielec-
tric solids. Lastly, the nanomaterials studied in this review are
embedded in hydrogels because of their metallic conduction
properties. When they are present in a critically high concen-
tration, they form a percolating network through the hydrogel
allowing for a steep increase in the system’s conductivity. The
conduction mechanism through a percolating network of con-
ductive nanomaterials is ohmic conduction.""

The water content of nanocomposite hydrogels directly
affects their electrical conductivity. Lower water contents
decrease ionic conduction by densifying the polymer network,
leading to smaller pores and lower ion mobility. At the same
time, a decrease in water content with the subsequent densifi-
cation of the hydrogel, increases the volume fraction of the
nanomaterials and thus the chances of forming a percolating
network. Ferris and Panhuis measured the electrical conduc-
tivity of a gellan gum hydrogel embedded with multi-walled
CNTs and a control gellan gum hydrogel (without nanomater-
ials), upon drying. They inserted the hydrogels between two
electrodes, put it on a mass balance and placed all the system in
a heated chamber, with the temperature increasing from 20 to
60 °C, over time. The device allowed for simultaneous mass and
conductivity measurements. The initial conductivity for both
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Fig. 9 Conductivity of gellan gum hydrogels with CNTs (circles) and with-
out (squares), over decreasing water content. The loss of water content
densifies the polymer network restricting ion mobility but simultaneously
increases the nanomaterial volume fraction and leads to percolation.
Adapted from ref. 109 with permission from The Royal Society of Chemistry.

hydrogels was 107% S m ™. At 95% water content the conductivity
of the nanocomposite hydrogel increased to 107> S m™* while
the conductivity of the control hydrogel decreased dramatically
to 10> Sm * (Fig. 9)."” The initial hydrogel conductivity can be
attributed to ionic conduction, while the differences in the
behaviours for decreasing water content can be explained on
the basis of electrical percolation of the CNTs and ion mobility
restriction in the control hydrogel.

5. Measuring electrical properties

The electrical conductivity of hydrogels can be measured from
the relation between voltage and current. First, the sample
hydrogel is placed between two electrodes. Then, an electrical
stimulus is applied to the electrodes (known voltage or current)
and the response of the system is observed. The electrical
response of the system depends on the transport of charges
within the material and the transfer of electrons to or from the
atoms and ions of the sample at the electrode-sample interface.
The total current flow will depend on the resistance of the
sample and the reaction rates at the interface between the
sample and electrodes. In addition, the electrical response will
be affected by impurities on the sample and electrodes, possi-
bly leading to oxidation or reduction reactions. Typically, these
measures apply low voltages to the sample (50 mV to 1 V). Care
has to be taken to not apply over 1.23 V for an extended time
period, which would lead to electrolysis of water molecules
(oxidation, release of oxygen) and affect the results.

5.1 Two-point and four-point probe methods

The measuring device can be connected to the electrodes via a
two-point or four-point system. Two-point probes are easier to
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Fig. 10 Circuit diagrams of (A) two-point probe and (B) four-point probe
method.

handle but also measure the contact resistance, i.e. the resis-
tance at the interface between the cables and the electrodes
(Fig. 10(A)). A four-point system measures directly the resis-
tance of the sample. The electrical stimulus is applied through
two probes and the sample’s response is measured through the
two other probes, avoiding the contact resistance (Fig. 10(B)).
However, in most cases of nanocomposite hydrogels, the sam-
ple’s resistance is several orders of magnitude higher than the
contact resistance, so the choice of a two- or four-point probe is
of negligible impact.

5.2 Direct current

5.2.1 Ohmmeter. An ohmmeter calculates the resistance R
of a sample by applying a fixed DC current of few mA and
measuring the corresponding voltage.

vV

R=— 6
f (6)

where V is the measured tension and I the applied current.
For an isotropic conductivity and a homogenous electric
field, and with a simple sample geometry, the conductivity is
calculated as the reciprocal of resistivity.

/
c=—"-
A

)

x| =

1
G =—
p
where p the resistivity, [ the length and A the surface of the
sample. DC conductivity measurement with a multimeter is the
most simple and straightforward way to measure the conduc-
tivity of a sample hydrogel. However, it doesn’t provide any
information about capacitive and inductive behaviour. Most
works reviewed here use this measurement, since they only
seek to demonstrate an increased electrical conductivity
through the incorporation of nanomaterials.

5.2.2 Chronoamperometry. In chronoamperometry, the
electrical stimulus applied to the electrodes is a square-wave
potential. The electrical response of the system is the current as
a function of time I(¢). By applying a step potential difference on
a hydrogel sample, a peak of current will be measured. This
peak corresponds to the sum of the conduction current and the
polarisation current, ie. the orientation of water and other
polar molecules in the direction of the electric field. The
polarisation current exponentially decays and the current then
reaches a plateau corresponding to the conduction current, i.e.
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Fig. 11 Double-pulsed, controlled potential chronoamperometry. A
square wave voltage initially causes a current peak, due to polarisation.
The current then exponentially decays to the conduction current. The
removal of the voltage may cause a brief reversed current peak.

the movement of ions and electrons within the hydrogel. When
the step voltage is removed, the measured current may briefly
exhibit a reverse peak, before decaying to zero. This reverse
current is the result of the return of the electric dipoles (polar
molecules) to a random orientation, after the removal of the
electric field (Fig. 11).

From eqn (4), we have ¢ = — and for a simple geometry with

the normal of the electric field perpendicular to it

J IjA_ 11

TETVI VA4 (8)

where V is the tension, I the current, / the length and A the
surface of the sample hydrogel.

To calculate the conductivity, the conduction current (the
time-invariant part of the I(¢) graph) is inserted into eqn (8).
Chronoamperometry also gives additional info about the sam-
ple’s RC time constant.

Guillet et al. studied the conduction mechanism of agarose/
CNTs nanocomposite hydrogels through chronoamperometry.
They applied increasing voltage from 50 mV to 1.3 V and
measured the current passing through the sample, vs. time.
By plotting the conduction current density vs. the electric field
(applied voltage divided by sample thickness) and comparing
the graph with known equations of conduction mechanisms
(Table 1), they suggested that pristine agarose hydrogels are
dominated by an ionic conduction type, while nanocomposite
hydrogels with CNTs most possibly exhibit a Poole-Frenkel
conduction type.'?
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5.3 Alternating current

5.3.1 Impedance spectroscopy. In impedance spectroscopy,
the electrical stimulus applied to the sample is a sinusoidal
alternating voltage, over a range of frequencies (commonly
between 0.1 and 10°® Hz). The measured response of the system
is the resulting current and the phase difference between signal
and response.”* For an electrical stimulus of v(f) = V,-sin(wt),
with a frequency f= w/2x, the resulting current i(t) = I,,-sin(wt + 0)
is measured (for a linear behaviour). Here, 6 is the phase shift
between the voltage and the current. It is equal to 0 for a purely
resistive behaviour, m/2 for a purely inductive and —n/2 for purely
capacitive. The conductive nanomaterials incorporated in hydro-
gels have a metallic conductivity, therefore phase shifts close to 0
degrees. In pristine hydrogels, ionic conductivity dominates and
the values of 0 are near —30 to —40 degrees.

From the amplitude and phase shift measurement, a
complex impedance Z is deduced with Z’ the real part (resis-
tance) and Z” the imaginary part (reactance). Impedance
expands the notion of resistance by taking reactance into
account. While resistance leads to the dissipation of energy
as heat, reactance stores energy and releases it after m/2.
Capacitive reactance stores energy in the form of an electric
field and inductive reactance stores energy in the form of a
magnetic field.

The analysis of impedance spectroscopy data provides infor-
mation about the electrical properties of the sample hydrogel.
Different excitation frequencies will elicit different electrical
responses from the material. For example, in low frequencies,
electrons, ions and dipoles of different sizes will all move
responding to the electric field. In higher frequencies ions
and bigger dipoles do not have the time to move; only electrons
respond to a rapidly changing electric field. Plotting the impe-
dance data into a Nyquist plot (Fig. 12) allows the visualization
of electrical phenomena and the modelling of an equivalent
circuit, i.e. a simplified theoretical model that retains all the
electrical characteristics of the original, complex circuit."*> The
y-axis represents the negative of the imaginary part and the
x-axis represents the real part of the complex impedance.
The intersection of the curve with the x-axis designates the

R
CT Warburg
A B RCT element
Increasing c C
Frequency
C AT
R(«l- Z' RS R:RS+R(‘T Z'
Fig. 12 Impedance spectroscopy results can be visualised with a Nyquist

plot. (A) Typical Nyquist plot of simple RC circuit with one resistor and one
capacitor in parallel. (B) Typical Nyquist plot of resistance in series with the
parallel combination of a capacitance with a resistance and a Warburg
diffusion element (also known as Randles circuit).
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resistance of the hydrogel."*®
lated from eqn (7).

In the case of nanocomposite hydrogels, the equivalent
circuit seems to include a Warburg impedance element in
series with a resistor.''>'*”'*® The Warburg element models
diffusion processes and is recognizable by a straight line with
45° slope, at low frequencies (Fig. 12(B)).

Warren et al. used impedance spectroscopy to investigate
the percolation behaviour of CNT-loaded gellan gum
hydrogels."*” They prepared the hydrogels by dissolving gellan
gum powder into warm (80 °C) deionised water, dispersing
CNTs in the solution through sonolysis and then cross-linking
with Ca®" ions. By varying the length of the hydrogel, they were
able to distinguish between the sample’s resistance and the
contact resistance: the sample’s resistance increases linearly
with length, while the contact resistance remains invariable.

The conductivity is then calcu-

|
— 4+ Reontac 9
Jsample A + contact ( )

Rmeasured =

where 6g,mple the conductivity of the sample (hydrogel), [ the
length and A the cross section.

Three different carbon nanomaterials were employed,
single-wall CNTs, multi-wall CNTs and vapour-grown carbon
nanofiber. The impedance analysis for all three carbon nano-
materials in a 0.9% v/v concentration showed a similar modest
increase in conductivity (final value 0.12 S m™"; the original
conductivity of gellan gum is not mentioned here but is
reported as 10°° S m™" in previous studies’®®). This concen-
tration was deemed too low to have an effect on the conduction
mechanism. The carbon filler concentration was further
increased by selectively removing a part of the water content
of the hydrogel, at a rate of 0.43 ¢ h™', in a controlled
temperature and humidity chamber. It was reported that at
MWNT concentration of 1.4% v/v the impedance was no longer
dependent on frequency and the Warburg coefficient value
rapidly decreased, witnessing the formation of a percolating
network and the transition between transport dominated by
ions to transport dominated by electrons."?’

5.3.2 Conductivity meter. Another way to measure the
electrical conductivity of hydrogels is the use of a conductivity
meter with an adequate probe. These devices are optimized for
fast conductivity measurements of aqueous, ionic solutions but
can also work in the case of hydrogels. In conductivity meters,
the electrical stimulus applied is a single-frequency alternating
current (or voltage) and the produced voltage (or current) is
read. The conductivity meters are calibrated with solutions of
known conductivity and their output is directly the conductivity
value. Koppes et al. used a conductivity meter to evaluate
changes in conductivity induced by the incorporation of
singe-wall CNTs into collagen type I hydrogels. For the mea-
surements, they submerged the conductivity meter probe in the
hydrogel precursor solution, cross-linked the hydrogel and then
measured the conductivity. A concentration of 0.01% w/w of
CNT increased the conductivity of collagen hydrogels from 1.4
to 2.4 Sm "
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5.4 Hall effect

A Hall effect measurement system can be also used to measure
a hydrogel’s conductivity. When a sample is traversed by an
electric current in one direction, and a magnetic field perpendi-
cular to this direction is applied simultaneously, a potential
difference will be produced along the sample.*>'*® This
potential difference is called the Hall voltage. The Hall effect
measurement also provides information about the charge
carrier concentration and mobility."*® Bu et al. prepared a
sodium alginate and carboxymethyl chitosan hydrogel to use as
a substrate for peripheral nerve regeneration. They doped the
hydrogel with conductive PPy (In this case, not strictly a nano-
composite but a hybrid hydrogel) and measured its conductivity
through a Hall effect testing system. The conductivity of the
hydrogel increased from 7.35 x 107® to 8 x 10°° S m ' by
increasing the PPy mass ratio from 0.02 to 0.4, but no information
was given on the charge carrier concentration and mobility.*®

5.5 Conductive atomic force microscopy

Conductive atomic force microscopy (C-AFM) is a mode in AFM
that allows for simultaneous measurement of the topography of
a material and the electric current flow at the contact point of
the probe with the sample."*" In nanomaterials engineering, it
can be used to evaluate the property-enhancement and dispersion
of conductive nanomaterials on the surface of a sample. Annabi
et al. fabricated an elastic, conductive hydrogel based on a human
recombinant protein and GO. They dispersed 2 mg ml™' GO
nanomaterials in a methacryloyl-substituted tropoelastin prepoly-
mer solution and then initiated UV photocrosslinking to obtain a
biocompatible, highly elastic hydrogel for the regeneration of
electroactive tissue. They conducted C-AFM measurements on a
pristine and a nanocomposite hydrogel (Fig. 13). Impedance
spectroscopy, C-AFM and excitation threshold measurements all
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confirmed the higher electrical conductivity of the nanocomposite
hydrogel."*>

6. Discussion

6.1 Measured electrical conductivities of nanocomposite
hydrogels

Conductive nanocomposite hydrogels are a relatively recent but
rapidly expanding field of research. Virtually all publications
covered in this review were published in the last 10 years. The
main application that drives research are electrically conductive
scaffolds for tissue engineering of electroactive cells. Other
applications include strain sensors, biosensors, drug delivery,
artificial skin, electrocardiography gel and electromagnetic
interference shielding.”*'**"'*> Table 2 presents a comprehen-
sive summary of nanocomposite electrically conductive hydro-
gels, along with the nanomaterial concentrations employed and
the highest conductivity value measured.

Impedance spectroscopy graphs give impedance or conduc-
tivity values over a range of AC frequencies. In some cases,
when the low-frequency end of the graph forms a straight line,
a DC conductivity value can be extrapolated (by expanding the
line at 0 Hz). In most cases though, DC conductivity cannot be
compared with AC impedance. Table 3 presents the nanocom-
posite hydrogels studied by impedance spectroscopy.

Some hydrogel studies incorporate conductive materials
which are not strictly defined as nanomaterials, e.g. hydrogels
with conductive oligomers. We provide a short table of such
hydrogels as ESIt (Table S1). It contains hydrogels with the
incorporation of aniline oligomers, hybrid hydrogels with poly-
pyrrole polymer incorporation and metallic microwires.

The nanomaterial concentrations in hydrogels can be
described in many ways: mg ml™*, % w/w, w/v, v/v on the total
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Fig. 13 Conductive atomic force microscopy (C-AFM) and impedance spectroscopy of methacryloyl-substituted tropoelastin (MeTro) — rGO hydrogel.
Surface topography and spatial conductivity of (A) pristine and (B) nanocomposite hydrogel. The nanomaterial affected both the topography and the
electrical conductivity of the hydrogel. Current spikes are visible on the nanomaterials’ locations. (C). Impedance spectroscopy of pristine (green) and
nanocomposite hydrogel (red). Reduced GO decreased impedance in all of the frequency range studied. Adapted with permission from ref. 142.
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Table 2 Electrical conductivity of nanocomposite hydrogels

View Article Online

Journal of Materials Chemistry B

Hydrogel
Nanomaterial cond. g,
Nanomaterial ~ Polymer matrix Application conc. (Sm™) Omax (S M™') Notes Ref.
CNT OPF oligo(poly(ethylene Neural tissue 10 mg ml™* 3.7x107*  2.04 x 107° 72
glycol)fumarate) engineering (at 1 mg ml™*
CNT)
CNT PAM/PAA poly- Biosignals/skin 0.36% w/v 0.25 8 Glycerol + water hydrogels. 146
aclrylamide/polyacrylic protection CNTs functionalized with
acid dopamine
CNT Gelatin Skin treatment 0.4% w/w 2.5x 1072 7.2 x 107> CNTs functionalized with 147
dopamine
CNT (SW) Gelatin Muscle tissue 1.5 mg ml™* 3x1078 5x 107° Gelatin cross-linked with GA 73
engineering glutaraldehyde
CNT (SW) Collagen type I Tissue engineering 4% w/w polymer 0.3 0.7 CNTs carboxylated. Collagen 113
seeded with HDF human der-
mal fibroblast cells
CNT (SW) Collagen type I Neural tissue 0.01% w/w 1.4 2.4 CNTs oxidized. 139
engineering Measured cond. in prepolymer
solution form
CNT (SW) Collagen type I Muscle tissue 2% w/w polymer 0.25 0.61 148
engineering
CNT (SW) Agarose Motion sensor 15% w/w 0.1 (at5% 0.3 CNTs functionalized with 145
polymer CNT w/w of dopamine
polymer)
CNT (DW) Agarose Drug delivery 40% wiw 74 x10* 27 x10? 112
polymer
CNT (MW) Agarose Neural tissue 0.1% w/w 0.94 1.46 Hydrogels lyophylized and 149
engineering then placed in a PBS solution
before conductivity
measurements
CNT (MW) Gellan gum Tissue engineering 0.1-0.5% w/v 1073 1072, up to 109
increased with 0.53 with
drying decreasing
water content
CNT (MW) Gelatin Drug delivery 8 mg ml™* 1.3 x107" 2.6 x 107" 74
CNT (MW) Alginate Probe microbe Percolation at 0.5% w/w 110
electro-activity
CNT (MW) PNIPAM poly N- Motion sensor 4mg ml! 0.13 CNTs carboxylated. LAPO- 150
isopropyl acrylamide NITE®™ nanoclay added for
mechanical strength
CNT (MW) PAM/CS poly- Motion sensor 0.125% w/v 0.1 0.95 CNTs carboxylated 44
acrylamide/chitosan
CNT (MW) PAM polyacrylamide  Artificial skin, Elec- 1% w/w 0.1 0.85 CNTs dispersed with cellulose 143
tromagnetic inter- nanofiber
ference shielding
CNT (MW) poly(EA-MAA) ethyl 1% wiw 4 %1077 3 111
acrylate — methacrylic
acid
CNT (MW) PEG polyethylene glycol Neural tissue 0.1% w/v 1.14 1.6 151
engineering
CNT (MW) PEG polyethylene glycol Neural tissue 1.2% w/v 1.14 2 152
engineering
CNT (MW) PEG/DFA polyethylene Tissue engineering 6% w/w polymer 2.4 x 10 1.6 x 107>  CNTs oxidized 153
glycol/dimer fatty acid
CNT (MW) + GO OPF oligo(poly(ethylene Neural tissue 10 mg ml™' rGO 2 x 107* 7.9 x 107" CNTs functionalized with 39
glycol) fumarate) engineering 10 mg ml~' CNT PEGA poly(ethylene
glycol)acrylate
Carbon black ~ PGMA poly(glycerol Bioelectronics 0.005% w/w 107* 0.1 154
methacrylate)
Carbon black  PEGMA poly(ethylene  Bioelectronics 0.005% w/w 9.3 x107° 1.8 x 1072 154
glycol) dimethacrylate
Carbon black PDEGMA Bioelectronics 0.005% w/w 89 x107° 1.2x 107 154
poly(diethylene glycol)
dimethacrylate
Carbon Chitosan Muscle tissue 1% wiv 0.03 0.04 155
nanofibers engineering
GO Chitosan Tissue engineering 0.05% w/w 57 x 1072 1.22 x 107" GO functionalized with 119
dopamine
GO Chitosan Neural tissue 3% w/w polymer 10~° 4 %10 156
engineering
GO Chitosan Tissue engineering 3% w/w polymer 10~* 0.13 GO reduced 115

This journal is © The Royal Society of Chemistry 2023
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Table 2 (continued)
Hydrogel
Nanomaterial cond. g,
Nanomaterial ~ Polymer matrix Application conc. (Sm™) Omax (S M™') Notes Ref.
GO PVA/PEG poly(vinyl ECG acquisition 1.2% wiw 85x10* 51x10° 144
alcohol)/polyethylene
glycol
GO + PU polyurethane Neural tissue 14% w/w GO + 0.13 (at 2%  0.62 Liquid crystals of reduced GO 157
PEDOT:PSS engineering PEDOT:PSS w/w GO + + PEDOT:PSS
PEDOT:PSS)
GO OPF oligo(poly(ethylene Muscle tissue 1 mg ml™* 0.09 0.42 158
glycol) fumarate) engineering
GO PVA poly(vinyl alcohol) 0.5% w/w PVA  10~* 0.27 GO reduced and functiona- 79
lized with dopamine.
GO Sodium polyacrylate 10% wiw 59 x10°*  3.7x10° GO reduced 159
polymer
GO PNIPAM poly N- 0.23% v/v 0.7 (at 0.05% 9 (at 100 Hz) A reduced GO aerogel (mono- 114
isopropyl acrylamide v/v, 100 Hz) lith) is mixed with the polymer
GO PAM polyacrylamide ~ Muscle tissue 0.3% w/v 1.8 x 107® 1.3 x 107> GO reduced 160
engineering
GO PAM polyacrylamide 4% wiw polymer 2.5 x 107> 10 GO reduced and functiona- 161
lized with dopamine
Graphene PAM polyacrylamide 2% w/w polymer - 107° 162
Graphene PAA poly(acrylic acid) 1.25% v/v 3x10 " 1.6 x 107° 80
Ag nanowires  Agarose Motion sensor 50 mg ml™* 0.01 (at 10 300 Patterned silver nanowires 163
mg ml~ ' Ag
nanowires)
Ag Collagen Tissue engineering 2.7 x 10~ % w/w 4 x 10~ 8 x 1077 164
Au Collagen Tissue engineering 4.9 x 10~ 7% w/w 4 x 10’ 1.3 x10°° 164
Au Chitosan Muscle tissue 1.5 w/w polymer 0.08 0.13 91
engineering
PANI PAA poly(acrylic acid) Muscle tissue 4.65% w/w 0.14 Doped with CSA camphor sul- 122
nanofibers engineering phonic acid
PANI PVP poly(N-vinyl-2- 0.06% w/w 5x10°* 1073 138
pyrrolidone) N
PEDOT:PSS GelMA gelatin Motion sensor 0.5% w/v 0.03 0.09 LAPONITE"™ nanoplatelets 87
methacrylate added for mechanical strength
PPy GelMA gelatin metha- Muscle tissue 4 mg ml™! 3.6 x 1072 (at 1.2 x 1072 88
crylate + PEGDA engineering 1 mg ml™*
poly(ethylene glycol) Ppy)

diacrylate

mass of the nanocomposite hydrogel or as a ratio over the
polymer concentration, for example 5% CNT w/w of gelatin.
Nanomaterial concentration expressed as a ratio over the total
hydrogel mass or volume (water + polymer + nanomaterial)
is more relevant for the electrical properties of the system
(electrical percolation, for example, depends on the % v/v
concentration) but does not remain stable over different
conditions, since the water content of hydrogels may change
due to evaporation or swelling. Nanomaterial concentration
expressed as a ratio over the polymer concentration has the
advantage of remaining stable on different conditions but is
less relevant for the properties of the system as a whole. In the
following tables, we have chosen to keep the nanomaterial
concentration as reported by the original authors, due to a lack
of sufficient data that would allow us to homogenize the
concentrations (notably polymer concentrations and/or water
content).

6.2 Processing methods to increase electrical conductivity

6.2.1 Nanomaterial alignment. Nanomaterials with high
aspect ratios, such as nanotubes, nanosheets and nanowires
can be aligned within the polymer matrix to further increase

2054 | J Mater. Chem. B, 2023, 11, 2036-2062

the conductivity in the alignment orientation. The conductive
nanomaterial alignment introduces an anisotropic conductivity
to the hydrogel, a property which can be exploited in specific
applications such as biosensing and bioelectronics.’”*"*
Oriented nanomaterials on scaffolds for tissue engineering
can also allow to direct the growth and differentiation of
skeletal cells."”"'”*> For example, mesenchymal stem cells on
a substrate with aligned CNTs stretch along the direction of the
CNTs. According to Namgung et al. the elongated stem cells
have higher cytoskeletal tension which triggers mechanotrans-
duction pathways translating into increased proliferation and
differentiation when compared with cells growing on a sub-
strate with randomly distributed CNTs."”?

embedded in hydrogels can be aligned through mechanical
174

Nanomaterials

strain,"”* with electrospinning"”® or through the application of
an external AC electric field, a technique known as
dielectrophoresis.'®>'7°

6.2.2 Dielectrophoresis. In dielectrophoresis, an AC elec-
tric field exerts a force on dielectric particles, due to the charge
polarisation on the particles and the surrounding medium."®®
It can be used in hydrogel nanoengineering, to orientate
nanomaterials within a polymer matrix.

This journal is © The Royal Society of Chemistry 2023
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Table 3 Nanocomposite hydrogels characterized by impedance spectroscopy

Nanomaterial
Nanomaterial Polymer matrix Application conc. Conductivity Notes Ref.
CNT GelMA gelatin Muscle tissue 0.3 mg ml~' Impedance decreased with increased CNTs carboxylated and 165
methacrylate engineering CNT content. Even more for aligned aligned with
CNTs dielectrophoresis
CNT (MW) GelMA gelatin Muscle tissue 5 mg ml™" Increasing CNT content decreases CNTs carboxylated 166
methacrylate engineering, impedance
actuator
CNT (MW) GelMA gelatin Muscle tissue 1 mg ml™* Impedance decreased with increased CNTs carboxylated and 167
methacrylate engineering CNT content. Aligned CNTs aligned with
decreased impedance even at lower  dielectrophoresis
concentration (0.25 mg ml™")
GO GelMA gelatin Tissue 2mgml™" 1 mgml " GO did not affect impe- 168
methacrylate engineering dance. 2 mg ml~" GO decreased
impedance
GO Methacryloyl-substituted ~ Muscle tissue 2 mg ml™* GO decreased impedance. rGO even 142
tropoelastin engineering more
Au nanorods GelMA gelatin Muscle tissue 1.5 mg ml™* Impedance decreased with increasing Gold nanorods aspect 36
methacrylate engineering gold nanorod content ratio 3.15
PEDOT:PSS  PHEA poly(N-hydroxyethyl Muscle tissue 0.3% w/v Impedance decreased with increasing 169
acrylamide) engineering PEDOT:PSS content

Small and Paunov elaborated an agarose - silver nanowire
composite gel with anisotropic electrical conductivity.®® They
dissolved 0.5% w/v agarose in hot water (70 °C) and added
0.5% w/v 50 nm long silver nanowires. An AC electric field of 50
to 300 V cm " and frequency of 5 kHz was applied to assemble
and align the nanowires into percolating microwires in the
direction of the applied field, while the temperature was kept at
55 °C. When the silver nanowires had aligned, the temperature
was lowered to allow the agarose to form a gel, thus entrapping
the nanowires. In a subsequent study by the same authors, the
silver nanowires were functionalised with an antibody (thio-
lated biotin) and the electrically anisotropic hydrogel was used
as a proof of concept for biosignal detection (Fig. 14(A)). An
antigen (streptadivin) that binds on the antibody, induces
tighter packing of the silver nanowires and limits their Brow-
nian motion leading to an increased conductivity.®°

Ramon-Azcon et al. prepared a gelatin methacrylate hydro-
gel with 0.3 mg ml~' CNTs. An AC electric field of 20 V,,, and
frequency of 2 MHz was applied to dielectrophoretically align the
CNTs (Fig. 14(B)). The gelatin methacrylate was polymerised
after aligning the CNTs, thus freezing their orientation.’®® In
further work, they showed how the nanocomposite hydrogel with
aligned CNTs enhanced the cardiac differentiation of mouse
embryoid bodies. An externally applied electric pulse stimulation
(1 Vv, 10 ms, 1 Hz) significantly increased the beating frequency
of embryoid bodies on the nanocomposite hydrogels with
aligned CNTs, as compared to the pristine hydrogels or the
nanocomposite hydrogels with randomly distributed CNTs."®”

6.2.3 Mussel-inspired dopamine-coating of nanomaterials.
Efficient dispersion of nanomaterials is essential for their property-
enhancing features. In particular, a substantial increase in electrical
conductivity of nanocomposite hydrogels can only take place once
the filler particles have formed a percolative network, and the
agglomeration of nanomaterials dramatically increases the percola-
tion threshold concentration.

Polydopamine coating is inspired by adhesive proteins secreted
by mussels to attach to wet surfaces. Dopamine is a simple

This journal is © The Royal Society of Chemistry 2023

structural mimic of Mytilus Edulis foot protein 5 (Mefp-5).""" In
an alkaline solution, it self-polymerizes into a thin surface-adherent
polydopamine film through oxidation by dissolved oxygen.'*”'”®
Polydopamine adheres to a large number of varied surfaces
through covalent (Michael reaction of catechol with an amine
or thiol) and non-covalent (hydrogen bonds and n-n stacking)
interactions.’”® In nanocomposite hydrogels, polydopamine
coating is used to facilitate nanomaterial dispersion and to confer
self-healing and adhesive properties to the hydrogel."**'*!

Han et al. exploited the surface properties of polydopamine
to fabricate a conductive and adhesive nanocomposite hydro-
gel. They coated CNTs with polydopamine and noted that the
coating facilitated the dispersion of CNTs in an aqueous
suspension. Next, they dissolved aclrylamide and acrylic acid
monomers in the suspension, before adding glycerol to form a
glycerol-water binary solvent that allows the gel to be manipu-
lated in a very wide range of temperatures (—20 °C to 60 °C).
The glycerol-water gel was then formed in situ by UV-initiation
of polyacrylamide/polyacrylic acid copolymerization. The gels
with polydopamine coated CNTs showed a significant increase
in electrical conductivity compared to gels without dopamine
(from 5 to 8.2 S m™* for hydrogels with 10% w/w of polymer
CNTs). The resulting hydrogel can find applications in adhesive
bioelectronics to detect biosignals.'*®

Jing et al. conceived a self-healing, adhesive and conductive
nanocomposite hydrogel for cardiac tissue engineering. They
used a chitosan polymer, reinforced with 0.5 mg ml™" GO.
Dopamine was added to cross-link the chitosan gel, partially
reduce the graphene oxide (the oxidative polymerization of
dopamine releases electrons) and facilitate its dispersion by
coating it (Fig. 14(C)). The nanocomposite hydrogel showed a
twofold increase in electrical conductivity (from 0.06 S m ™" to
0.12 S m* for chitosan-dopamine hydrogels) and enhanced the
viability and proliferation of human stem cell-derived
9 Zhang et al. drew on the previous work and
proposed a flexible, wearable sensor consisting of a poly(vinyl
alcohol) hydrogel matrix embedded with GO. Dopamine was

cardiomyocytes.
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Fig. 14 Processing methods to increase electrical conductivity of nanocomposite hydrogels. (A) Functionalized silver nanowires in warm water—agarose
solution aligned through dielectrophoresis (DEP). After cooling down, agarose gelation occurs and a hydrogel with anisotropic electrical conductivity is
formed. The conductivity increases in the presence of antigen due to the tighter packing of the functionalized silver nanowires. Reproduced from ref. 60
with permission from The Royal Society of Chemistry. (B) Nanocomposite hydrogel with chitosan, polydopamine and reduced GO. Self-healing
mechanism attributable to the electrostatic interactions between GO and chitosan and the non-covalent bonding of catechol groups. Adhesiveness as a
result of the catechol groups of polydopamine. Electrical conductivity through the reduced GO. Reprinted from ref. 119, Copyright 2016, with permission
from Elsevier. Dielectrophoretic alignment of CNT between electrode bands. Phase images of CNT dielectrophoretic alignment over time. SEM images of
dielectrophoretically aligned CNTs between two electrodes. Reprinted from ref. 167, Copyright 2017, with permission from Elsevier. (D) Graphene
monolith — poly-N-isopropylacrylamide hydrogel. Photos of nanocomposite (dark and rigid) and pristine (transparent) hydrogel and SEM images of
graphene monolith and freeze-dried nanocomposite hydrogel. Reprinted with permission from ref. 114. Copyright 2014 Wiley.

added to reduce and facilitate the dispersion of GO and the
resulting hydrogel had a conductivity of 0.5 S m™~". Small-scale
movements of the human body (from joint movements to
breathing) applied strain to the hydrogel, changing its electrical
conductivity."”®

Other applications of mussel-inspired conductive hydrogels
include a patch to repair myocardial infarction,*® wound dressing
to promote the regeneration of infected skin,"*”"**® a self-rolling
hydrogel film biosensor’®" and an implantable biosensor for
health monitoring."®*

6.2.4 Monolith (aerogel) conductive network. Qiu et al
fabricated a cork-like, mechanically stable, elastic, graphene
monolith (or aerogel) by freeze casting.'®® In following work,
they developed a conductive hydrogel by inserting an aqueous
solution of N-isopropylacrylamide monomers and polymerizing
in situ (Fig. 14(D)). In contrast to conventional graphene
nanocomposite hydrogels, where the percolation threshold is
between 0.2 and 2% v/v, they reported a very low percolation
threshold of 0.045% v/v. Additionally, no surface modification
of graphene is required with this technique. Conventional
nanocomposite hydrogels have a random distribution of

2056 | J Mater. Chem. B, 2023, 11, 2036-2062

nanomaterials which also tend to form aggregates. The gra-
phene monolith hydrogel was polymerized within an already
percolated structure of graphene sheets."**

6.2.5 Limitations of processing methods. The above pro-
cessing methods can increase the electrical conductivity of
nanocomposite hydrogels by aligning the nanomaterials,
improving their dispersion, and polymerizing a hydrogel within
an already formed conductive network of nanomaterials.
However, they do have some practical limitations. Alignment is
only relevant for nanomaterials with high aspect ratios. It pro-
duces anisotropic conductivity, increasing the electrical conduc-
tivity in the direction of alignment and decreasing it in the
perpendicular direction."”* This may prove useful in some appli-
cations but disadvantageous for others. Polydopamine coating
improves dispersion of hydrophobic nanomaterials but coating
the surface of conductive nanomaterials with a polymer also
decreases the electron tunnelling conductance. Lastly, not all
nanomaterials can form self-standing 3D structures. CNTs and
graphene are known to form monoliths which can then be
vacuum-filled with a monomer solution and polymerized in situ.
This may also be possible with metal nanowires but not with

This journal is © The Royal Society of Chemistry 2023
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spherical metal nanoparticles or conducting polymer nanomater-
ials. In addition, the precursor solution must have adequately low
viscosity to enter the porous monoliths.

6.3 Comments and comparisons of electrical conductivities

Electrical conductivity of nanocomposite hydrogels varies by
several orders of magnitude. The conductivity vs. nanomaterial
concentration graph (Fig. 15) brings together the DC electrical
conductivity values of nanocomposite hydrogels vs. nanomaterial
concentration. It was compiled from the available literature
data’44,72774,87,88,91,109,1117115,119,144,146,147,151,152,1557160,164,183 When
enough information was available. Some observations can be
made from these graphs and Table 2.

Nanomaterial concentrations employed to increase the con-
ductivity of hydrogels were mostly within the range of 0.01 to
1% w/w. Some higher concentrations seen in the graph repre-
sent studies where nanocomposite hydrogels were partially
dried, thus importantly increasing nanomaterial concentration.

Nanocomposite hydrogels can be classified as semi-
conductors with their electrical conductivity spanning 6 orders
of magnitude, from 107 to 10 S m™~'. The conductivities of
hydrogels of different polymers, without nanomaterials, already
show an important variability. We can distinguish two main
groups. Firstly, the more insulating hydrogels, with conductivities
of 107° up to 2 x 107* S m~". These are hydrogels made from
agarose, alginate, hyaluronan, poly(vinyl alcohol), oligo(poly-
(ethylene glycol) fumarate) and polyacrylic acid. A second group
of hydrogels have higher conductivities, even without nanomater-
ials, with values ranging from 2 x 107> up to 1.4 S m™". They are

View Article Online
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made from polymers including chitosan, polyethylene glycol,
collagen, gelatin and poly(ethyl acrylate). Some of these differ-
ences (though not all) can be explained on the basis of polymer
material chemistry. Polymers with ionisable functional groups
(like amines and carboxylic acids) will confer a higher ionic
conductivity to the hydrogel and polymers with conjugated chains
have free electrons that contribute to the electronic conductivity of
the polymer. Different measuring methods and conditions also
contribute to the observed variability. A third group, not presented
here, concerns hydrogels of conducting polymers. Conducting
polymers include PPy, PANI, polythiophene, aniline oligomers
and PEDOT. The hydrogels formed from these polymers are
conductive but are brittle, have poor mechanical properties and
are not biodegradable.>”

The majority of nanocomposite hydrogels use carbon-based
nanoparticules. GRMs and CNTs combine superior mechanical
strength and electrical conductivity with high aspect ratios, lead-
ing to low percolation thresholds. By plotting the conductivity vs.
concentration of these two nanomaterials in separate graphs, a
different story emerges. GRMs show a relatively linear relationship
between concentration and conductivity, on a log-log graph
(Fig. 15(C)). Higher concentrations lead to higher conductivities.
In the case of CNTs, there is no dominant trend on the graph
(Fig. 15(B)). This is accentuated by some hydrogels that have high
conductivity even without nanomaterial percolation (collagen and
polyethylene glycol) but even by removing them, the relationship
between concentration and conductivity is less straightforward.

Our hypothesis is that CNT agglomeration partly explains
this difference. CNTs are highly hydrophobic and tend to form
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Fig. 15 Nanocomposite hydrogel electrical conductivity vs. nanomaterial concentration. (A) All, (B) CNTs, (C) GRMs. A nanomaterial concentration of 0
represents the electrical conductivity of the pristine hydrogels (without conductive nanomaterials). OPF: oligo(poly(ethylene glycol) fumarate); PAM:
polyacrylamide; PEG: polyethylene glycol; PU: polyurethane. Data extracted from ref. 44, 72-74, 87, 88, 91, 109, 111-115, 119, 144, 146, 147, 151, 152,

155-160, 164 and 183.
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agglomerates in aqueous suspensions. Hydrogels where the
CNTs form bundles instead of uniformly dispersing in the
hydrogel matrix do not form a percolation network, even in
high concentrations. At the same time, CNTs have high aspect
ratio (approximately 1000 or higher) and can, on the principle,
form a percolating network even at low concentrations, if they
are well dispersed. We maintain that, concerning the electrical
conductivity of CNT-loaded hydrogels, dispersion is a para-
meter at least as important as concentration, if not more. In
GRMs, hydrogels with rGO dominate the graph. GO is well
dispersed in aqueous suspensions. The hydroxyl and carboxylic/
carboxylate groups are hydrophilic, facilitating GO dispersion. GO
has a much lower conductivity than graphene, but GO reduction
can restore part of it. Better dispersions lead to a straightforward
relationship between concentration and conductivity. We did not
find in literature a sufficient number of hydrogels with polymer
and metal nanomaterials to extend this reasoning.

7. Conclusion — perspectives

Nanocomposite hydrogels are complex, polyphasic materials,
consisting of at least three components: water, a polymer
matrix and the nanomaterials. In most cases additional com-
ponents are also present: hybrid hydrogels with a second
polymer, cross-linkers, dispersants and other impurities. All
these components contribute to the electrical properties of the
hydrogel through adding charge carriers (ions and electrons)
and restricting or facilitating their mobility.

Moreover, nanocomposite hydrogels are dynamic systems.
In aqueous environments they reach a dynamic equilibrium
and their mass remains constant. When removed from an
aqueous environment, and if the atmosphere is not saturated
with water vapours, hydrogels lose over time a part of their
water content. The kinetics of drying depend on the nature of the
polymer, the nanomaterials and the environmental conditions
(temperature, humidity), but can be quite rapid for most hydro-
gels even in ambient conditions. Electrical characterization
equipment is mostly adapted to either solid materials or liquids.
Hydrogels are viscoelastic materials with a high water content,
falling between these two categories. The water loss affects
electrical conductivity in a number of ways. Water loss changes
the organisation of the hydrogel, densifying the polymer matrix.
This directly reduces ion mobility, decreasing ionic conductivity.
At the same time, the concentration of all components increases,
due to the water loss. The nanomaterial configuration changes
and can lead to a more connected network, increasing electronic
conductivity. An example of this complexity is that despite all the
efforts that have been undertaken, the percolation studies for
nanocomposite hydrogels fail to reproduce the clear cut-off
values found in studies of solid nanocomposite materials.

Hydrogels find numerous applications in biomedicine
thanks to their biocompatibility, high water content and resem-
blance to native tissues. Materials scientists have been working
on tailoring their properties, such as mechanical strength, water
absorption capacity, porosity, adhesiveness and self-healability

2058 | J Mater. Chem. B, 2023, 11, 2036-2062
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to custom fit specific applications. In parallel, hydrogels can be
made stimuli-responsive, reacting to environmental cues like
temperature, pH, antigen presence, electromagnetic fields, and
more. The incorporation of conductive nanomaterials can confer
electrical conductivity to—otherwise insulating—hydrogels,
expanding their field of application. These nanocomposite con-
ductive hydrogels are widely used in tissue engineering, strain
sensors and drug delivery where their electrical properties play a
crucial role. Their applications will continue to expand as we
further understand the link between the materials, the proces-
sing methods and their electrical properties.
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