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Abstract: In the field of tissue engineering, conductive hydrogels have been the most effective
biomaterials to mimic the biological and electrical properties of tissues in the human body. The main
advantages of conductive hydrogels include not only their physical properties but also their adequate
electrical properties, which provide electrical signals to cells efficiently. However, when introducing
a conductive material into a non-conductive hydrogel, a conflicting relationship between the electrical
and mechanical properties may develop. This review examines the strengths and weaknesses of the
generation of conductive hydrogels using various conductive materials such as metal nanoparticles,
carbons, and conductive polymers. The fabrication method of blending, coating, and in situ
polymerization is also added. Furthermore, the applications of conductive hydrogel in cardiac
tissue engineering, nerve tissue engineering, and bone tissue engineering and skin regeneration are
discussed in detail.
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1. Introduction

A hydrogel, which can stimulate the function of native tissues, has been an increasingly essential
issue in the field of tissue engineering resulting from aging, injuries, or diseases [1,2]. It can provide
a 3D hydrated polymeric network that can be synthesized in various shapes and sizes because of
its unique physical properties. Mimicking a complex tissue structure and providing an essential
cellular microenvironment are essential elements that need to be considered to manage the formation
of functional tissue in a fabricated hydrogel. However, cell guidance to the differentiated cells is still
a challenge.

Metal nanoparticles and carbon-based materials are widely reported in tissue engineering
applications due to their electrical properties [3,4] but their long-term cytotoxicity and homogeneous
distribution have restricted their wider use. Conductive hydrogel is one of the most effective materials
with which to replicate the electrical and biological characteristics of biological tissues that require
the most conductivity [2,5,6]. The combination of a soft hydrogel and a conductive polymer is known
as a conductive hydrogel. Conductive materials such as polypyrrole (PPY), polyaniline (PANi),
polythiophene (PT), poly(3,4-ethylene dioxythiophene) PEDOT, and poly(p-phenylene vinylene) PPV
are widely used biomaterials. These materials enhance cell adhesion, proliferation, and differentiation
with or without electrical stimulation [7,8].

The advantage of a conductive hydrogel is that it can provide both physical and electrical
properties, in which the former is the unique property of the hydrogel and the latter is the conductivity
performed by the conductive materials [2,9]. There have been many studies of designed biomaterials
with controlled electrical properties that would be useful for promoting the formation of functional
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tissues [10,11]. To provide a cell-effective conductive environment, conductive hydrogels have been
synthesized via various techniques and with conductive materials that either obtain biocompatibility or
effectively provide an electrical cue to cells for restoring the functions of cellular tissues and satisfying
the demanding needs of biomedical applications.

In this review, we first focus on detailed introductions of the types of conductive hydrogels;
in particular, we focus on emerging trends in conductive materials such as metal nanoparticles,
conductive polymers, and carbons. Details are provided of the methods for synthesizing conductive
hydrogels based on a blending process, in situ process, and coating process. We also address biomedical
applications in the cardiac and neuronal fields, which have been actively studied in the field of tissue
engineering using conductive hydrogels. Then, we discuss the future perspective of conductive
hydrogels in the field of tissue engineering.

2. Types of Conductive Hydrogels

The conductive hydrogel can implement a variety of fabrication systems depending on the type
of materials or fabrication methods.

2.1. Materials

2.1.1. Metal Nanoparticles

Metal nanoparticles are nanometer-sized ultrafine particles and behave differently depending on the
type, shape, and size of the material (Figure 1) [12,13]. The optical characteristics, as well as the conductivity
of metal nanoparticles, are dependent on the particle size [14]. By functionalizing nanoparticle surfaces,
the interaction between polymers and nanoparticles can be strengthened [15–17]. Various types of metal
nanoparticles have been used in the production of nanocomposite hydrogels in the field of biomaterials
including gold [18], silver [19], and other noble metal nanoparticles, while metal oxide nanoparticles such as
iron oxide [20] and zirconia [21] have also been used. Since metal and metal oxide nanoparticles possess the
desired electrical conductivity, magnetic properties, and antibacterial properties, nanocomposite hydrogels
that contain metal or metal oxide nanoparticles are widely used in conductive scaffolds, electronic switches,
actuators, and sensors [22–25] (Table 1).

Figure 1. Nanoparticles behave differently depending on the size and shape of the material. This figure
shows the difference between the Rayleigh light-scattering properties of silver nanoparticles (reproduced
from [12] with permission, copyright Wiley, 2005).
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Table 1. Properties of Metal Nanoparticles.

Kinds of
Nanoparticles Size (nm) Shape Advantages Disadvantages Application

Gold
Nanoparticles

(AuNPs)
1–60

Spherical
Rod

Polygonal
Floral

High stability
Low cytotoxicity in

initial step
Possibility of high
scale production

Relatively weak
optical signal

Long-term
cytotoxicity
High price

Labelling and
visualization,
diagnostics,
therapeutics,

catalysis, cancer cell
treatment

Silver
Nanoparticles

(AgNPs)
4–120

Spherical
Wire
Oval

Polygonal
Rod

Anti-microbacterial
High optical signal

Cytotoxicity
Low stability before

surface treatment
High price

Anti-microbial,
gas/vapor sensing,
water sterilization,

cancer cell treatment

Platinum
Nanoparticles

(PtNPs)
10–100

Spherical
Cuboidal

Floral

Catalysis
High optical-signal

High stability

High price
Cytotoxicity

Biosensing of
molecules,

enhancement of bone
strength, detection of

cancer cells

Iron Oxide
Nanoparticles 4–45

Tube
Spherical
Cluster

Super-paramagnetic
property

Low cytotoxicity
Economical

Weak strength
Low stability
Toxic solvent

is needed

Gas sensing,
magnetic

resonance imaging

Zinc Oxide
Nanoparticles 20–600

Flower
Rod
Wire
Sheet

Piezo- and
pyroelectric

Wide range of UV
absorption

High optical signal
Economical

Anti-bacterial effect

Cytotoxicity
Low stability
Toxic solvent

is needed

Photocatalyst,
absorber of UV

radiation, biosensors,
gas sensing

Gold nanoparticles (AuNPs) are one of the most essential metal nanoparticles actively used in
biomedical fields. Methods for synthesizing AuNPs generally include nanoscale lithography and
chemical, electrochemical, photochemical, and thermal reduction techniques [26], and have led to the
creation of various shapes and sizes of AuNPs. They have been utilized in various visualization and
bioimaging techniques [27], photothermal therapy for targeting the injury of tumor tissue sites [28–31],
antigen detection, and immunostaining research used in radioactive labeling [32]. In addition, gold
metals can provide electrical conductivity. Conductive hydrogels can be developed so that they
can provide both hydrogels and additional attributes of AuNPs. Although AuNPs are weak optical
signals, they have long-term cytotoxicity [33]. Baei et al. synthesized a thermosensitive conductive
hydrogel by combining AuNPs with chitosan (Figure 2) [34]. The gelation and conductivity of
the hydrogel were controlled by the concentration of the AuNPs and supported the metabolism,
viability, migration, and proliferation of myocardial cells. Chitosan was fabricated to thermoresponsive
hydrogel, through the simple addition of polyol salts such as glycerol phosphate, and kept at 37 ◦C
until gelation.

Silver nanoparticles (AgNPs) have also commonly been used in biomedical applications because
of their inherent characteristics of unique optical, electronic, and antibacterial properties. Synthesizing
techniques for AgNPs include laser cutting, gamma irradiation, electron irradiation, chemical reduction,
photochemical methods, microwave treatment, and biological synthesis methods [35]. Based on
these techniques, the adjustment of size and the agglomeration of AgNPs can control antimicrobial
activity [36–40]. Silver nanostructures are used for imaging and bio-diagnostics due to their optical and
photo-thermal properties [41,42]. AgNPs are promising materials that can be utilized in the production
of conductive hydrogels and provide unique factors including strong antibacterial effects, optical
properties, and conductivity. The excessive antibacterial effect or the excessive agglomeration of silver
nanoparticles sometimes lead to cell death. Nevertheless, it is expected that AgNPs can be used in
conductive hydrogels to control conductivity and optical/antibacterial properties.
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Figure 2. Thermosensitive conducive hydrogel by combining AuNPs with chitosan. The potential of
AuNPs as a material of conductive hydrogel was confirmed (reproduced from [34] with permission,
copyright Elsevier, 2016).

Platinum nanoparticles (PtNPs) are promising versatile metal nanoparticles that have been applied
in various research applications in recent years. Various synthesis methods have been devised for
PtNPs, including chemical reduction using chemical solutions and physical synthesis using electron
beam evaporation [43]. PtNPs have been used as catalysts, biosensors, and in many other biomedical
applications because of their unique catalytic and optical properties. In particular, detection using
PtNPs showed excellent catalytic properties and has been used for the electrochemical analysis of
living bodies [44,45]. In addition, research results have reported that PtNPs can be used as biocatalysts
through various shapes of PtNPs, such as nanotubes and nanofibers [46]. Despite successful results,
PtNPs have limited applicability in the field of biomedical research. However, conductive hydrogels
with PtNPs have been expected and studied as a bioreactor because of the catalytic property of PtNPs.

Metal oxides are known to exhibit interesting nanomorphisms or functional biocompatibility,
non-toxicity, and catalysis. These materials have high electron transfer kinetics or strong adsorption
ability that can provide an environment that is suitable for the immobilization of biomolecules and can
impart improved electron transfer and biosensing characteristics. Iron oxide nanoparticles have been
used in many in vivo applications including the enhancement of magnetic resonance imaging contrast
and treatment, tissue repair, immunoassay, fluid decontamination, and cell sorting [47,48]. Zinc oxide
nanoparticles are metal oxides with a wide range of applications and possess unique optical, chemical
sensing, antibacterial [49,50], electrical conductivity, and piezoelectric properties [51]. In addition,
research results have shown that TiO2 [52] and ZrO2 [53] nanoparticles enhance the strength and
conductivity of supported substrates.

2.1.2. Conductive Polymers

Conductive polymer (CP) is an organic an electronically conjugated polymer material loosely fixed
on a backbone with electro-optic properties similar to those of metals [54]. Since pi-electrons move freely,
they can form electrical pathways of mobility charge carriers [55,56]. The usage of conducting polymers
allows a hydrogel to provide electrical stimulation locally and enhance the physical properties of the hydrogel
as a template to accurately control the extent and duration of external stimulation [57–59]. Conductive
materials such as polypyrrole (PPy), polyaniline (PANi), polythiophene (PT), and poly(3,4-ethylene
dioxythiophene) (PEDOT) have been widely used in conductive hydrogels (Figure 3, Table 2).
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Table 2. Bulk Properties of Conductive Polymers.

Kinds of
Conductive
Polymers

Conductivity
(mS·cm−1) Advantages Disadvantages Application

Polypyrrole
(PPy) 103~5 × 104

High conductivity
High stability

Biocompatibility
High mechanical strength

Easy to Fragile
Susceptible to

irreversible oxidation
Insoluble in water

Biosensors,
antioxidants, drug

delivery,
neural prosthetics,
tissue engineering

Polyaniline
(PANi) 102~108

High conductivity
High stability

High conductivity
Water solubility

Lack of plasticity
Poor cell adhesion

and growth
Low solubility

Biosensors,
antioxidants,
drug delivery,

bioactuators, food
industry,

tissue engineering

Polythiophene
(PT) 10−1~10−4

Good optical property
Biocompatibility

Can obtain various
functions according to

the reactions

Low conductivity
Low stability

Low solubility

Biosensors,
food industry,

tissue engineering

Poly (3,4-ethylene
dioxythiophene)

(PEDOT)
3 × 105~5 × 105

High stability
High conductivity
Biocompatibility

High mechanical strength
Water solubility (doped

with PSS)

Relatively low
mechanical strength

Antioxidants,
drug delivery,

neural prosthetics
electrode

Poly(p-phenylene
vinylene)

(PPV)
1~1 × 105

Its precursors can be
manipulated in

aqueous solution
Good optical properties

High stability

Insoluble in water
Doping is essential to
increase conductivity

Biosensors
light-emitting

diodes
Photovoltaic devices

Figure 3. Chemical structures of various conductive polymers.

As the most studied conductive polymer, PPy has been synthesized by chemical oxidation
using a radical initiator with an appropriate electrolyte solution [60,61] or by electrochemical
oxidation of pyrrole with an electrolyte solution on a platinum-coated electrode [62]. PPy has been
reported to promote focal adhesion and the growth of various cell types associated with endothelial
cells [63,64], neurons, supporting cells (DRG) [65–67], and rat pheochromocytoma (PC12) cells [67–70].
Yang et al. devised conductive hydrogels of hyaluronic acid and PPy that enhanced mechanical and
conductive properties [71] (Figure 4). In this study, PPy/hyaluronic acid hydrogels were 5-fold
of Young’s modulus compared to uncoated hyaluronic acid hydrogels and had 7.3 mS·cm−1 of
conductivity. However, the unreformed and straightforward form of PPy can be synthesized to have
an additional small biological anion (Cl−) as a dopant to confer additional biological properties or
to improve the stability of PPy. It can be innovated to support growth of various cell types and to
encourage specific aspects of wound healing by simply changing the dopant [72–74]. Furthermore,
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it is essential to consider controlling the mechanical properties. Since unchanged PPy, like most other
CPs, is crystalline, fragile, and susceptible to irreversible oxidation [75], there is no ideal candidate for
tissue support materials. Therefore, to overcome such disadvantages, the development of dopants and
PPy analogs is continuously being researched [76].

Figure 4. PPy/hyaluronic acid hydrogels; (a) various PyHA-PPy hydrogels and (b) SEM images of
PyHA-PPy hydrogels. Scale bars are 50 µm. (reproduced from [71] under open access license).

Another frequently used CP is PANi, which is a substance polymerized chemically or electrochemically
with monomeric aniline. Several strategies have been proposed on the development of PANi with excellent
cardiac and PC12 cell compatibility [77], conductivity, and mechanical properties. As a result of studying
the in vivo response of PANi in various oxidation state implants, it was confirmed that severe inflammation
did not occur in the implant site in general [78]. Although several studies report that PANi is not overtly
cytotoxic, it needs to be better modified for better cell adhesion and proliferation [79]. For these reasons,
various methods have attempted to physically fabricate hydrogel with the desired electrical properties of the
material and PANi [80,81]. For example, PANi-PEG conductive hydrogel was prepared by the precipitation
of PANi in a polyethylene glycol diacrylate (PEGDA) solution; then, crosslinking of polymer chains occurs
under UV irradiation (Figure 5) [80]. The hybrid material improved conductivity with its hydrophilic
nature and showed that optimization of 3 wt.% PANi improved the biological reaction of PC12 and human
mesenchymal stem cells (hMSCs) in an in vivo study. In another study, PANi was grafted to the gelatin
backbone by genipin at body temperature. The conductivity of the hydrogel increased with the increased
content of PANi and exhibited non-cytotoxicity with BMSC and C2C12 cells [81]. Dong et al. synthesized
chitosan-g-PANi (QCSP) hydrogel, in which PANi was grafted to the QCS backbone. The hydrogel
showed self-healing properties, antibacterial properties, and similar conductivity to the native cardiac tissue
(~10−3 S cm−1). In addition, the hydrogel showed good biocompatibility with the C2C12 myoblast cells
and H9C2 cardiac cells [82].

For the purpose of tissue engineering, various CPs including PT and new CP were sought in
addition to the most studied PPy and PANi for conductive hydrogels. PT is synthesized with various
cross-coupling reactions using transition metal, nickel and palladium catalysts, oxidative polymerization,
electrochemical polymerization, and biocatalyzed polymerization. PTs can easily acquire various functions
by the organic reaction of substituted thiophene monomers, and new properties can be obtained through the
polymerization of these functionalized monomers [83]. Although the shortcomings of conductive stability
and mechanical integrity have been a problem for long-term performance deficiencies, the functionalized
PT of the optimized structure can be used to alleviate the problems of existing materials.
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Figure 5. (a) In situ CSA-PANi synthesis in PEGDA solution and (b) preparation of PANi/PEGDA
microporous hydrogels (reproduced from [80] with permission, copyright Wiley, 2012).

PEDOT is utilized in various studies, because it has biocompatibility characteristics similar to
those of polythiophene derivatives and melanin, which are natural biological substances [84–86].
Another advantage of PEDOT is that its monomer is hydrophilic, thus enabling it to be soluble
in water and making its composition easy-to-tailor by blending with different materials in the
synthetic aqueous system of other polymers [87,88]. In general, PEDOT has been doped into
poly styrene sulfonate (PSS) to obtain excellent film-forming ability and hydrophilic polyelectrolyte
system [89]. Spencer et al. prepared composite conductive hydrogels from PEDOT-PSS dispersed
within photo-crosslinkable gelatin methacryloyl (GelMA) hydrogels (Figure 6) [90]. The doped
PEDOT-PSS adjusts the band gap to improve conductivity and provide excellent stability in the
doping state [91]. In addition, the advantages of PEDOT: PSS film are its compatibility and stability
with most organic solvents during the manufacturing process [92].

PPV is a conductive material that can be processed into a highly ordered crystalline film.
Well-doped PPV is synthesized as a conductive polymer with appropriate conductivity, which has
nonlinear optical properties, electroluminescence, and high electric conductivity [93]. It is insoluble in
water, but the precursor can become soluble and react in aqueous solution. Most PPV-based conductive
hydrogels can change their density depending on the strength and conductivity of the electric field,
so they have been often used as materials for drug delivery and release systems [94,95].
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Figure 6. Study of GelMA/PEDOT:PSS hydrogels (a) scheme of GelMA/PEDOT:PSS hydrogel
synthesis and (b) representative LIVE/DEAD images and quantification of cell spreading from
C1C12 cells encapsulated in different amounts of PEDOT:PSS (reproduced from [90] with permission,
copyright American Chemical Society, 2018).

2.1.3. Carbons

Graphene and carbon nanotubes (CNTs) applied as a conductive material of a biomatrix can
enhance cell attachment and proliferation (Table 3). Graphene is a single layer mineral graphite that
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has variety of physical and chemical properties, which include superconduction, high surface area,
excellent thermal conductivity, and high mechanical strength [95–97].

Graphene can be mass-produced by decomposing SiC wafers under graphene oxide (GO)
chemistry, mechanical exfoliation, chemical vapor deposition, and liquid-phase exfoliation [94]. In the
laboratory, although the yield is low, highly pyrolyzed graphite is repeatedly peeled off graphite
to produce a graphene sheet [98]. Mechanical strength is one of the several advantages of using
graphene and can be changed by adjusting the graphene concentration. Therefore, the preparation
of hydrogel-containing graphene has been applied to various fields including energy storage [99],
catalysts [100], and sensors [101]. Lee et al. showed that graphene film improved MSC proliferation
and differentiation when compared to a polydimethylsiloxane (PDMS) film. The graphene film acts as
a reserve platform for bone formation inducers and advances the growth of MSCs in the osteogenic
lineage because of their strong non-covalent binding [102]. However, adjacent graphene sheets can
interfere with applications [103] because of their serious aggregation owing to pi–pi interactions and
cytotoxicity. Nevertheless, they are expected to be used in the production of conductive hydrogels
through graphene surface modification, mixing with other materials, and hydrogel encapsulation to
provide excellent conductivity.

GO, a representative oxide of graphene, is a mixture of sp2 and sp3 hybridized carbon atoms with a thin
layer of graphite covalently attached to oxygen-containing functional groups [104]. Functional groups that
consist of oxygen have the advantage of being easily dispersed in water and are capable of interacting with
different inorganic and organic materials [105]. Several studies have confirmed that synthesized GO shows
excellent biocompatibility, cell adhesion, and proliferation [106,107]. However, depending on the ambient
humidity and proportion of oxide, the conductivity and physical properties of the GO can be restricted.
To overcome these shortcomings, researchers have adopted the reduced form of GO (rGO) to partially
recover the physical and electrical properties. rGO is superior to GO in conductivity and biocompatibility in
the process of detecting enzyme-based reactions [108]. Although GO and rGO are very likely to be utilized
in the field of tissue engineering as the main material adopted for synthesizing the conductive hydrogel for
specific biocompatibility and conductivity, the relatively low conductivity and physical properties of GO
and rGO can be a challenge in practical applications.

CNTs are cylindrical carbon tubes with nanometer diameters with a large aspect ratio. CNTs are
generally manufactured by laser cutting, arc discharge, or chemical vapor deposition. Nitric acid-containing
oxidants are used to remove catalysts in the refined process of CNT, which can regulate the chemical
composition of CNT surfaces by making carboxylic acid groups at the terminal CNT end.

Table 3. Bulk Properties of Carbon Materials.

Kinds of Carbons Conductivity
(mS·cm−1) Advantages Disadvantages

Graphene 108~109
High mechanical strength

High conductivity
Easy synthesis

Oxidative stress
Serious aggregation

Toxicity Hydrophobicity

Graphene
Oxide

Depend on oxidation
and humidity
(10−1~10−5)

Biocompatibility
Hydrophilicity

Interacting with various inorganic and
organic materials

Controllable electrical/optical properties

Low conductivity (or even insulator)
Sensitive to humidity

Weak mechanical strength

Carbon
Nanotube

(CNTs)
107~108

High mechanical strength
High conductivity
Magnetic property

Oxidative stress
Toxicity

Hydrophobicity
Additional synthesis step

CNTs are commonly utilized in biomedical applications (Figure 7) because of their high aspect
ratio, low density, and electrical and physical properties [109–114]. Zhang et al. investigated the
interaction between cells and modified multi-walled carbon nanotubes (MWCNTs) for biomedical
applications [115]. In this study, the cell viability of human osteoblast MG-63 cells was increased by up
to 67.23%. According to the results of several in vitro studies, however, CNTs can have cytotoxicity
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because of their inducement of oxidative stress [116] and their structure [117]. It has been reported
that HeLa cells treated with functionalized single-walled carbon nanotubes (SWCNTs) and MWCNTs
reduced the number of cells by 50% [118]. Nonetheless, approaches to mitigating toxicity have been
discussed to exploit the advantages of CNTs. CNTs are still a promising material for producing
conductive hydrogels, because they increase their strength and conductivity.

Figure 7. CNTs are suitable for strength reinforcement. (a) SEM image of surface of an Al–2 wt.%
CNT and TEM image of an Al–2 wt.% CNT showing dispersed CNTs (indicated by arrows) within
the Al matrix. (b) Effect of CNT content and estimated modulus values in the indentation modulus of
investigated composites (reproduced from [112] with permission, copyright Elsevier, 2010).

2.1.4. Hybrid Materials

The conducting polymer is used, together with another polymer, to increase conductivity and
mechanical strength. The hybrid materials improve conductivity more than a single conductive
material. For example, it has been confirmed that a specific composition of CNT:graphene hybrid
material has a higher conductivity than a 100% CNT or graphene material [119].

Wang et al. synthesized PPy-PT-Au with multifunctional conductive hydrogels in glucose
oxidase for the high sensitivity detection of tumor markers (Figure 8) [120]. In this experiment,
a label-free amperometric immunoassay for neuron-specific enolase (NSE) was identified by binding to
a hydrogel and resulted in a high detection limit ranging from 100 to 1 pg·mL−1. Li et al. synthesized
a cylindrical Au/graphene hydrogel under hydrothermal conditions. The self-assembly catalyst
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reduced 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) that is about 90 times higher than the
AuNP sponge type and 14 times higher than the polymer-supported Au nanoparticles catalyst [121].
It promoted electron absorption by 4-NP molecules through the high adsorption power of graphene
4-NP and electron transfer of graphene to AuNPs.

Figure 8. Schematic illustration of synthesized PPy-PT-Au with multifunctional conductive hydrogel
for detection of tumor markers (reproduced from [120] with permission, copyright Elsevier, 2018).

To provide both conductivity and biocompatibility, research has been conducted to hybridize
multiple substances and to confirm their effects [122,123]. A CNT-CP composite material can impart
conductivity and show superior synergistic conductivity compared with CP and CNT, according to the
results of a recent research for developing a conductive hydrogel [124]. Nevertheless, these materials
have been widely used because of the high charge characteristics of CP or CNTs [125]. Conductive
hydrogels composed of two or more conductive materials are expected to open the new possibilities in
the tissue engineering field.

2.2. Synthesis Process

Many researches have studied the combination of hydrogels with conductive materials. To provide
conductivity to a hydrogel, methods such as agitation of the synthesized conductive materials in the
hydrogel-forming process, synthesis in situ within the hydrogel, and coating of the surface of the
hydrogel have been performed [126] (Table 4). Since the conducting environment provided to each cell
differs depending on the method of introduction of the conductivity of the hydrogel [58], it is essential
to select a method that is suitable for each cell and application.

2.2.1. Blending Process

Many experiments have been carried out on conductive hydrogels in the form of conductive
components dispersed in a hydrogel. Generally, pre-fabricated conductive materials are added to a polymer
solution before the formation of a hydrogel. It is essential that the conductive component achieves
homogeneous mixing so that the conductive path is generated in a nonconductive hydrogel network.
It is important that the metallic particles incorporated in hydrogels form interconnecting pathways of
particles for electron transfer without compromising the physical properties of the hydrogel [127].

For example, metallic materials including micro/nanoparticles and wires made of a metal, such
as gold or silver, are introduced inside the hydrogels to impart electrical properties. Although it is
difficult for a network of nanowires to control uniform distribution [128–134], conductive hydrogels
with nanowires can be fabricated for a wide range of tissue engineering fields, such as pressure sensors,
biosensors, and electrophysiological catheters [135–137].
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Xiao et al. synthesized conductive hydrogels with high mechanical strength and electrical
conductivity using polyvinyl alcohol, polyethyleneglycol (PEG), and GO nanoparticles (Figure 9) [138].
During the freezing process of the GO solution in the mixed solution, crosslinking occurred for high
mechanical performance. After the 3D network structure was successfully synthesized, the polymer
network formed by the dense hydrogen bonds showed high strength and elasticity.

Table 4. Technique of Conductive Hydrogels.

Methods Advantages Disadvantages

Blending synthesis

Easy and simple process
No additional techniques

High reproducibility
High stability of conductivity

Low conductivity of hydrogel
Weaken hydrogel mechanical strength

Difficulty of gelation
Heterogeneous conductivity

In situ synthesis

Homogeneous conductivity in hydrogel
Enhance hydrogel strength

Uniform processability
High conductivity of hydrogel
High stability of conductivity

Additional techniques are needed
Additional step can be needed

Low reproducibility

Coating process
Simple process

Giving conductivity easily in various
shapes of hydrogel

Potential for coating damage
Low stability of conductivity
Heterogeneous conductivity

Meanwhile, in the process of synthesizing a conductive hydrogel based on a blending method,
there are production difficulties with the heterogeneous aggregation of the conductive material
formed in the hydrogel. For example, since CNTs tend to aggregate together because of their
hydrophobic nature, it is possible that heterogeneous regions may exist in the CP and CNT in
the hydrogel of the polymerized procedure [139]. Although CNTs grown in PANi showed high
initial conductivity of 2.946 × 103 mS·cm−1 [140], the reduced electrical properties of the composite
because of agglomeration are still a major issue. In addition, conductive materials, such as CNT
and graphene, can cause structural defects when mixed with polymers in the development of
conductive hydrogels [125,141].

Limitation of agglomeration in the blending technique leads the in-situ process. This technique
improves the interaction between conductive and non-conductive polymers, which provide higher
mechanical strength and the highest degree of flexibility of design [126].

Figure 9. Polyvinyl alcohol/PEG/GO hydrogels blending with GO using the freezing thawing method
(reproduced from [138] under open access license).
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2.2.2. In Situ Process

The in-situ growth mechanism was introduced to provide conductivity by polymerizing the
conductive component in a nonconductive hydrogel. Since such approach provides the enhanced
integration of two components; it is essential to adjust the balance between the material properties,
and this requires the process to be optimization for combining the new material properties. For the
development of conductive hydrogels growing in situ, some techniques including the growth of
metal nanoparticles in bulk hydrogels [142,143], the deposition of CNTs through chemical vapor
deposition [113], and the polymerization of conductive polymers have been performed [144].

The process of forming an in situ conductive material in a hydrogel is dependent on the type of
materials. Metal particles tend to grow into nanoparticles mainly from the form of ions. Before the
conductive particles are formed in the hydrogel, the degree of ion dispersion can be an important factor
for producing a hydrogel with homogeneous conductivity. Zhao et al. reacted Fe3O4 nanoparticles
preferentially mixed with a hemicellulose solution in the state of Fe3+ or Fe2+ ions and homogeneously
produced with a NaOH solution at 60 ◦C to form a hydrogel (Figure 10) [145]. The content of
the Fe3O4 nanoparticles controlled the thermal stability, macroscopic structure, swelling behavior,
and magnetization of the hydrogel. The in situ preparation of CNTs and polymer composites
homogeneously distributes CNTs throughout the hydrogel and increases the weight fraction of
the CNTs without impairing the mechanical strength of the hydrogel and enables excellent mixing.
For example, the force transfer from the CNTs to the polymer constituting the hydrogel is affected
by the homogeneity of the CNTs [141,146,147]. Thus, conductive hydrogels synthesized by in situ
techniques can have uniform conductivity, improved reliability, and increased strength of hydrogels.

Figure 10. Fe3O4 nanoparticles synthesized in situ. (a) Proposed fabrication of magnetic field-responsive
hemicellulose hydrogels in basic media. (b) Prepared hemicellulose hydrogel (M-0) and magnetic-responsive
hemicellulose hydrogel (M-15) (reproduced from [145] under open access license).

Incorporating additional substances can further enhance the conductivity in the process of in
situ synthesis of conductive hydrogels. Kim et al. synthesized PEDOT-PEGDA hydrogels with high
conductivity and moisture contents using PSS-PEDOT (Figure 11) [148]. The incorporation of PSS in
a PEG hydrogel promoted the in-situ synthesis of PEDOT in the hydrogel to produce a hydrogel with
increase in conductivity that was further enhanced by H2SO4 treatment.
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Figure 11. Conductive PEDOT-PEGDA hydrogels using PSS-PEDOT (a) scheme of synthesizing conductive
hydrogels and (b) surface morphology of PEG hydrogel, PEG-PEDOT, PEG-PEDOT:PSS, and PEG-
PEDOT:PSS treated with H2SO4 (reproduced from [148] with permission, copyright Elsevier, 2016).
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Nevertheless, in order to grow and synthesize conductive polymers in hydrogels different from
blending synthesis, additional techniques and steps may be required to account for the effects of ambient
hydrogels. The increase in the synthesis steps can result in reduced reproducibility. Continuous research
is necessary to solve the problem of devising a stable material with high reproducibility.

2.2.3. Coating Process

One method that can easily provide conductivity to a hydrogel is to coat the surface of the
hydrogel. This method makes it possible to produce electrically conductive hydrogels with appropriate
customized physicomechanical properties by utilizing the flexible manufacturing and processing
techniques used for the polymers making up the hydrogel. The surface coating is conducted by various
chemical reaction methods including click chemistry, reversible split chain transfer, and spinner vision
on the surface of the hydrogel material.

Surface coatings have essential advantages of bioactive interface and drug delivery. Conductive layers
bonded to the surface are available for surfaces that are exposed to cells that require biomolecules, such
as growth factors and cell adhesion proteins. These are integrated with the materials that make up the
biocompatible hydrogel, and diffusion may then be transmitted to cells. Luo et al. developed a method
for producing PPy by using controlled nano-porous structures to release controlled dexamethasone in
response to an electric current [149]. Wang et al. prepared an electrodeposited AuNP conductive hydrogel
by adopting a crosslinking method using 1,3,5-benzenetricarboxylic acid as a ligand and Fe3+ as a metal
ion (Figure 12) [150].

Figure 12. AuNPs electrodeposited conductive hydrogel by adopting a crosslinking method using
1,3,5-benzenetricarboxylic acid as a ligand and Fe3+ as a metal ion was synthesized. The immunosensor
of the synthesized conductive hydrogel had a wide linear detection range of 1 pg·mL−1 to 200 ng·mL−1

and had excellent immunoassay (reproduced from [150] with permission, copyright Elsevier, 2017).

However, the substances constituting the hydrogel and the components of the coating material
act somewhat independently, so it is possible that components with low elasticity may peel off or
crack [151]. It is therefore crucial that the polymer coating has sufficient interaction and bonding with
the two components at the upper interface to prevent peeling. Xie et al. showed that by forming
a hydrogel fiber bundle, it is possible to form a conductive air guiding structure by coating a conductive
polymer on its surface [152]. In this experiment, since there was sufficient mechanical bonding between
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the surface of the fiber nanoscale mat and PPy, peeling off of the coating was not indicated, and the
electrochemical properties were similar to those of PPy macromolecules.

Conductive coatings have a variety of advantages associated with the delivery of drugs, including
bioactive agents. However, they have limitations in terms of peeling and mechanical differences
associated with the interface between the coating and the hydrogel. Therefore, studies should be
conducted to overcome this problem.

3. Biomedical Applications for Tissue Engineering

It is important that hydrogels used in tissue engineering are provided with additional characteristics
such as physical strength or antimicrobial properties, depending on the type of tissue, as well as the
conductivity. Conductive hydrogels have been actively studied and utilized in the fields of cardiac, nerve,
bone, and skin-tissue engineering (Table 5).

3.1. Cardiac Tissue Engineering

Cardiovascular diseases such as myocardial infarction and heart attack occur with abnormal electrical
function because of the severe loss of myocardial cells. Compared to other tissues such as bones and skins,
the cardiac muscle has a markedly limited regenerative capacity. When myocardial tissue becomes damaged,
it forms a fibrotic scar tissue with a permanent loss of myocardial tissue. Many researchers have explored
application plans that mimic cardiac tissue [153,154]. Since cardiomyocytes and related progenitor cell
populations have been shown to grow exponentially and migrate well by electrophysiological stimulation,
conductive hydrogels have been introduced into the applications of tissue engineering to mimic the intrinsic
properties of such a cardiac cell environment.

Yang et al. developed a homogeneous electron conducting dual network (HEDN) consisting of
a rigid hydrophobic conductive network of chemically crosslinked poly (thiophene-3-acetic acid) and
a flexible hydrophobic network of photographic crosslinking methacrylated aminated gelatin [155].
PTAA was synthesized via oxidation-coupling polymerization of 3-thiophene ethylacetate in the
presence of FeCl3. After the DN hydrogel was formed, the PTAA monomer was introduced into
the double network hydrogel by diffusion. Thereafter, a chemically crosslinked PTAA network and
a methacrylate aminated gelatin network photocrosslinked to UV were formed at the same time.
In this experiment, the Young’s modulus of the HEDN conductive hydrogel was adjustable from
22.7 to 493.1 kPa according to the network ratio. Furthermore, the conductivity had a 10−1 mS·cm−1,
similar to the reported conductivity range of myocardial tissue. Their biological assessment confirmed
that brown adipose-derived stem cells survived and proliferated on the HEDN-conducting hydrogel
and improved cardiac differentiation efficiency. Jing et al. synthesized a chitosan-dopamine-GO
composite conductive hydrogel by oxidizing a mixture of chitosan, GO, and dopamine [156]. In the
crosslinking process of dopamine, the chitosan-dopamine-GO crosslinking network was formed.
Chitosan-dopamine-GO hydrogel showed three times more adhesive strength than chitosan-dopamine
hydrogel. The cell culture results demonstrated that the conductive chitosan-dopamine-GO hydrogel
improves cell viability and proliferation of human embryonic stem cell-derived fibroblasts and
myocardial cells. Sun et al. revised the CNT/Collagen hydrogel to confirm promoting cell-cell
integrity and enhance the functional tissues [157]. In this study, CNTs were added into the collagen
solution for gelation. The incorporation of CNTs showed no toxicity and reinforced cell adhesion and
elongation of myocardial cells.

In general, composites composed of conductive hydrogels need to promote tissue formation
under mechanical stimulation while providing appropriate electrochemical signals in a variety
applications of cardia tissue engineering [158]. The design of a conductive hydrogel that mimics
natural extracellular matrix (ECM) characteristics requires consideration of both electrical activity and
mechanical strength. In particular, the conductive hydrogel studied in cardiac tissue engineering has
been focused on improving the elasticity. Hosseinzadeh et al. evaluated polyacrylic acid (PAA)-based
conductive hydrogel using aniline polymerization based on Au nanoparticles homogeneously [159].
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The Young’s conductive gels were more similar to myocardium, and neonatal rat cardiomyocytes
showed an increased expression of connexin 43. Jo et al. synthesized a graphene conductive hydrogel
comprised of reduced GO and polyacrylamide (PAAm) [160]. For the preparation of GO-incorporated
PAAm conductive hydrogel, the acrylamide/bis-acrylamide solution, the GO solution, and the initiator
APS solution were mixed and polymerized at 60 ◦C. In addition, GO was reduced by treating I-ascorbic
acid solution. Reduced hydrogel (r(GO-PAAm)) has an elastic modulus of approximately 50 kPa,
which is the same strength as muscle tissue. In addition, an in vitro experiment of C2C12 myoblast
showed a significant increase in proliferation and root differentiation compared to a PAAm hydrogel.
To provide a mixture of conductivity and bioactivity, Annabi et al. devised a conductive hydrogel
integrated with GO nanoparticles and a highly elastic methacryloyl-substituted tropoelastin-based
hydrogel [161]. In this experiment, GO nanoparticles imparted conductivity while improving the
toughness and elasticity of the treated hydrogel. The improved elasticity of GO particles occurred
because of polymer chains and hydrophobicity, hydrogen bonds, and electrostatic interactions
between the polymer chains and GO nanoparticles. In addition, the synthesized conductive hydrogel
supported active growth and maturation, encouraging the growth and functionality of neonatal
rat cardiomyocytes. Many studies have confirmed that conductive hydrogel is biocompatible by
successfully transplanting it into rats without causing high inflammatory reactions.

Metal nanoparticles have been practically utilized as a conductive hydrogel for cardiac tissue
regeneration for improving mechanical properties and biocompatibility. Metal nanoparticles can easily
tune the mechanical and electrical properties of a hydrogel depending on their concentration and materials.
It is important for myocardial research to synthesize these tunable conductive hydrogels because of
the similarity of myocardial cell surroundings. Ahadian et al. devised a conductive GelMA using
a palladium-based metallic glass submicron line (PdMGSMW) to increase the mechanical strength [162].
Conductive GelMA-PdMGSMW hydrogel can be varied depending on the concentration of the submicro
lines in a hydrogel, which allows for more effective adhesion of C2C12 cells and root canal formation
contraction. Navaei et al. developed a GelMA conductive hydrogel containing a UV-crosslinked
gold nanorod (GNR) with improved biological and mechanical properties for cardiovascular tissue
engineering (Figure 13) [163]. GNR improved the mechanical strength and conductivity of hydrogels.
In addition, myocardial cells seeded with GNR-GelMA hydrogel showed excellent cell retention,
cell adhesion, and viability. GNR-GelMA also supported myocardial cell beating at concurrent tissue
levels. Hosoyama et al. revised collagen-gold biomimetic matrices for cardiac tissue engineering [164].
The collagen-gold conductive hydrogel was prepared by mixing gold nanoparticles in a collagen
solution and through thermal crosslinking. The incorporation of gold nanoparticles increased the
mechanical strength 5-fold of the conductive hydrogel and improved the healing properties by favoring
the migration of progesterone M2 macrophages. Liu et al. developed the PEGylated chitosan hydrogel
dispersed with TiO2 nanoparticles [165]. To produce spherical TiO2 nanoparticles in the hydrogel, TiO2

nanoparticles incorporated PEG-chitosan hydrogel was formed by adding Titanium isopropoxide solution
to the PEG-chitosan matrix and reacting. The synthesized hydrogel showed improved expansion
behavior, and the cell retention activity and adhesion of myocardial cells were improved by the
nanoparticle network.
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Figure 13. (a) Synthesis and characterization of GNR and GNR-GelMA hybrid hydrogels and (b) nuclei
alignment and F-actin cytoskeleton organization of cardiomyocyte in GelMA only and GelMA-GNR
hydrogels (reproduced from [163] with permission, copyright Elsevier, 2016).

CNTs can be aligned in a gelatin methacryloyl (GelMA) hydrogel by using a dielectriophoresis
method [162] that allows the hydrogel to provide accurate and adjustable electrical pulse stimulation to
cells and tissues. Mouse embryoid bodies were cultured in microwells containing conductive hydrogels
with CNTs. This conductive hydrogel enhanced the cardiac differentiation of embryoid bodies
when compared to a GelMA only and a random CNT-GelMA hydrogel. Therefore, the conductive
hydrogel can provide an electrically efficient and adjustable cell growth platform. In addition,
CNTs can be applied to electron-emitting fibrous polymers to improve mechanical strength [166].
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Shin et al. synthesized functional cardiac patches by seeding neonatal rat cardiomyocytes on
CNT-incorporated photo crosslinkable gelatin methacrylate (GelMA) hydrogels (Figure 14) [167].
In this study, electrically conductive networks within a porous gelatin framework utilized by CNTs
showed an improvement in cell-cell coupling and adhesion of cardiac cells. These results proved that
the incorporation of CNTs into biomaterials can be exploited to create multifunctional cardiac scaffolds
for therapeutic purposes and in vitro studies.

For the study of myocardial tissue, it is necessary to consider a conductive hydrogel that can satisfy
both the mechanical strength and the conductivity that mimic the cardiac circumstances and withstand
the heartbeat. Conductive hydrogels used in myocardial tissue should be considered for mechanical
strength enhancement, such as tensile, and various conductive materials can be incorporated into the
hydrogel to meet the need for conductivity.

Figure 14. Cont.
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Figure 14. (a) Successfully synthesized CNT-GelMA conductive hydrogel and (b) improved cardiac cell
adhesion and alignment on CNT-GelMA. In this study, CNTs improved cell-cell coupling and cardiac cell
adhesion (reproduced from [167] with permission, copyright American Chemical Society, 2013).

3.2. Nerve Tissue Engineering

Damaged nervous tissue can be treated artificially if the depth of injury is so deep that it is
difficult to recover by self-sustenance and will permanently damage a body’s function. Researchers
have studied nerve tissue lesions using various strategies. The commercialized treatment method for
treating nerve tissue defects is to transplant autografts, allografts, or xenografts to lesions. However,
these treatment methods can increase the prevalence of the donor site and evoke an immune-rejection
reaction. Therefore, researchers have devised hydrogels that can be used for tissue engineering for
nerve tissue regeneration to complement the disadvantages of existing transplantation treatments.
Various studies have demonstrated that a conductive environment promotes neuronal proliferation
and differentiation by providing an environment around nerve tissue of electrical signal exchange and
conduction properties.

In addition, it is essential to test the biocompatibility and conductivity of various conductive
hydrogels in nervous tissue engineering applications. Shi et al. prepared an in situ PPy conductive
nanoporous cellulose hydrogel [168]. The NCG-PPy conductive hydrogel was prepared by in situ vapor
phase polymerization of pyrrole monomers by simply mixing nanoporous cellulose gel (NCG) prepared
from aqueous alkali/urea solution with pyrrole monomers in liquid phase and oxidant. The resulting
NCG-PPy conductive hydrogel showed a conductivity of 80 mS·cm−1. In vitro studies have shown
that adhesion of PPy to NCG improved adhesion and proliferation of PC12 cells and showed that the
PPy-NCG hydrogel induced neurite outgrowth and had excellent biocompatibility. Bu et al. introduced
a method of synthesizing conductive sodium alginate, PPy, and carboxymethyl chitosan (CMCS) polymer
hydrogels to aid in peripheral nerve regeneration (Figure 15) [169]. The calcium ion crosslinked sodium
alginate/CMCS hydrogels provided by the sustained release system consisting of D-glucono-D-lactone
and ultrafiltered calcium carbonate (CaCO3) were coated with PPy particles. The swelling ratio, gelation
time, elastic modulus, and porosity of the conductive hydrogel were adjusted according to the content of
PPy. The conductivity of the synthesized sample was 2.41 mS·cm−1. The prepared conductive hydrogel
showed high biocompatibility and cell adhesion and proliferation by culturing PC12, RSC96, and bone
marrow-derived mesenchymal stem cells (BMMSCs). In vivo studies confirmed that conductive hydrogel
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has biocompatibility through subcutaneous inflammatory reactions and can act as a supplement in the
nerve conduit. Yang et al. synthesized a conductive PPy/alginate hydrogel by polymerizing PPy chemically
in an ionically crosslinked alginate hydrogel [170]. In this study, the alginate hydrogel was immersed in
a pyrrole solution to allow the pyrrole monomer to diffuse into the hydrogel. PPy polymerization was
initiated by the addition of a chemical oxidant (FeCl3) to form PPy within the hydrogel. The cell adhesion and
growth of human bone marrow-derived mesenchymal stem cells in PPy/alginate hydrogel were promoted.
In addition, the PPy/alginate hydrogels enhanced the expression of neural differentiation markers of
human bone marrow-derived mesenchymal stem cells, including Tuj1 and MAP 2 relative to control groups.
This study showed that conductive hydrogel can be useful in providing mechanical and electrical signals
to stem cells and nerve cells. Imaninezhad et al. prepared MWCNT-PEG conductive hydrogel by mixing
polyacrylamide (PA), polyethylene glycol (PEG), and MWCNT [171]. In this study, the nanocomposites
composed of 20% w/v PEG and 0.1% w/v MWCNT showed the longest neurite outgrowth and average
neurite length and increased by 2 and 1.8 times, respectively by electrical stimulation.

Neuronal cells can also induce cell growth and elongation by being provided with adequate mechanical
strength. Jafarkhani et al. characterized the mechanical property by synthesizing GO/chitosan hydrogel
and analyzed adhesion and proliferation of nerve cells [172]. After mixing the aqueous graphene solution
and chitosan powder, lactic acid was added and reacted to produce the GO/chitosan hydrogel. In this
study, GO addition induced pore structure and enhanced the mechanical strength of the hydrogel.
In addition, the GO/chitosan hydrogel improved growth of nerve cells up to 20%. Zhao et al. developed
polyacrylamide/GO/gelatin/sodium alginate hydrogel to enhance peripheral nerve regeneration [173].
The solution of polyacrylamide, GO, gelatin, and sodium alginate was transferred into the mold and heated
at 60 ◦C to synthesize the composite hydrogels. In addition to the physical properties that can be controlled
by the amount of GO, the complex hydrogel improved adhesion and proliferation of Schwann cells.

Figure 15. Cont.
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Figure 15. Conductive sodium alginate, PPy, and CMCS hydrogels to aid in peripheral nerve regeneration.
(a) Sodium alginate/CMCS/PPy hydrogel was successfully synthesized; (b) PC12 cells on sodium
alginate/CMCS and sodium alginate/CMCS/PPy hydrogel. PC12 cells grew well and adhered to sodium
alginate/CMCS/PPy more effectively compared to the control sample (reproduced from [169] under open
access license).

Neurons can induce higher nerve expansion in an environment where orientation is guaranteed.
The orientation in the hydrogel can increase the efficiency of nerve regeneration by providing physical
cues to neurons. Rose et al. synthesized a matrix by using rod-shaped magnetoceptive microgel to
provide structural guidance to neuron cells [174]. The microgels were doped with a small amount of
FeO2 nanoparticles, allowing alignment to an external magnetic field. In cell experiments, dorsal root
ganglions were shown to expand in parallel, demonstrating that hydrogels based on FeO2 nanoparticles
are capable of forming a variety of microenvironments for neuronal cell growth.

The nerve ECM has various conductivities from peripheral nerve tissues to cerebral cortex
tissues [123]. In neural tissue engineering, research has shown the necessity of producing conductive
hydrogels that can easily change conductivity corresponding to the different electrical environments of
nerve tissues. Xu et al. synthesized a conducting complex nerve conduit with PPy and poly(D,L-lactic
acid) (PDLLA) and evaluated its capability to carry the differentiation of rat pheochromocytoma
12 (PC 12) cells in vitro, which determined the ability to encourage nerve regeneration in vivo [175].
After PDLLA, pyrrole, and sodium dodecyl sulfate solution were mixed, FeCl3 solution was added
to initiate oxidative polymerization to PPy. Depending on the PPy content of the produced nerve
conduit, the conductivity was in the range of 15.56–5.65 mS·cm−1. PC12 cells were seeded in the
conduits and showed an increase in both the neurite-bearing cell proportion and central neurite length.
Liu et al. devised an rGOaCNTpega-OPF-MTAC hydrogel with a positive charge and conductivity
that passed the positive charge to 2-(methacryloyloxy) ethyltrimethylammonium chloride (MTAC)
and chemically crosslinked it to GOa and CNTpega in an oligo (poly(ethylene glycol) fumarate)
(OPA) hydrogel [176]. The conductivity of the hydrogel increased step by step during the process of
synthesizing the hydrogel. The final conductivity was approximately (5.75 ± 3.23) × 10−2 mS·cm−1.
Biological evaluation also showed a spread of PC12 cells on the conductive hydrogel, which was
confirmed by the strong neurite outgrowth of cells on the conductive hydrogel induced during
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the differentiation process after growth factor treatment. A polyurethane hybrid composite was
devised using PSS-doped PEDOT and liquid crystal GO, a polyether-based liner polyurethane and the
conductive hydrogel obtained high biocompatibility, conductivity, and flexibility [177]. PEDOT:PSS and
polyether hydrogel was synthesized by solution casting formulation. The synthesized polyurethane
hybrid composite conductive hydrogel showed 10-times higher conductivity, 1.6-times higher tensile
modulus, and 1.56-times the yield strength than a control group. It also supported human neural stem
cells growth and the differentiation of neurons. It was confirmed that the produced hydrogel secured
biocompatibility, high flexibility, and conductivity.

Conducting hydrogels used in neural tissue studies require physical properties such as aligned
morphology and mechanical strength, biocompatibility, and the ability to control the conductivity
of the surrounding neural tissues. Conductive hydrogels of neural tissues need to focus on different
conductivities depending on the location of various neurological lesions.

3.3. Bone Tissue Engineering

Bone tissue engineering undergoes a process initiated by the migration and recruitment of
bone origin cells. It is then followed by proliferation, differentiation, and matrix formation [178].
Generally, bone tissue engineering materials require high mechanical strength of osteoconductive
characteristics [179]. However, hydrogel has a low mechanical strength and needs to improve its
mechanical properties to mimic bone tissue.

The conductive material in a hydrogel should be able to increase the effect of bone conduction and
mechanical strength. Gold nanoparticles (GNPs) are known to be the most promising substances for bone
tissue regeneration, because they promote osteogenic differentiation of MSCs [180]. Heo et al. synthesized
biodegradable hydrogel using GNPs and regenerated bone tissues [181]. The hydrogel contained GNPS in
a gel via UV-induced chemical crosslinking using GelMA. The cell experiment showed that the conductive
GNP hydrogel significantly increased activity, proliferation, and bone formation, especially in animal
experiments. To increase the elastic modulus, roughness, and conductivity, the incorporation of conductive
fibers using graphene nanoparticles and PANi into a hydrogel was devised [182]. In cell experiments,
the conductive hydrogel-fiber complex retained similar cell adhesion, proliferation, and morphology
to human osteoblasts as the non-conductive hydrogel. Ezazi et al. developed a skeletal hydrogel
containing hydroxyapaptite, gelatin, and mesoporous silica [183]. This hydrogel was conjugated with
PPy macromolecules to confer conductivity, and a model antibiotic (vancomycin) was loaded. The support
containing PPy showed superior mechanical properties and a higher proportion of protein than that of the
nonconductive support. Even the in vitro experiments confirmed that the osteoblastic cells were contained
in gelatin matrix and had survived for 14 days.

Bacterial adhesion to living tissue implanted in the vicinity of bone tissue can disrupt the surface
of the graft site and cause infection of the biomaterial. In bone tissue engineering, hydrogels have
been studied that can provide antimicrobial properties to prevent bacterial attachment and tissue
integration. Ribeiro et al. synthesized the in situ incorporation of local synthetic AgNPs and AuNPs
utilizing a tyrosine amino acid in a hydrogel of silk fibroin/nanohydroxyapatite [184]. The synthesized
hydrogel proved to be effective for antibacterial activity without damaging the behavior of osteoblasts
in AgNPs of 0.5 wt.% or less and AuNPs of all concentrations.

To fabricate a conductive hydrogel to be utilized in bone tissue engineering, it is easy to
provide an increase in strength and conductivity by coating the already-hardened hydrogel surface.
Pelto et al. demonstrated that PPy-coated PLA scaffolds promote cell growth of adipose-derived stem
cells for bone tissue regeneration via physiochemical signaling [185]. A symmetric biphasic pulsed DC
voltage of 0.2 V for 4 h at 1 Hz significantly enhanced an adipose-derived stem cell in vitro culture after
14 days. Therefore, the supply of intrinsic conductivity and electrical stimulation of a CNT material
provides an overall effect that promotes the osteogenic differentiation of stem cells and regulates the
activity of cells indispensable for the regeneration of bone tissue.
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However, to provide conductivity for regenerating bone tissue, research has been conducted
to simultaneously improve mechanical strength and conductivity of biodegradable hydrogels using
conductive materials. Lu et al. synthesized a multilayered graphene hydrogel as a reference to utilize
in bone regeneration (Figure 16) [186]. It was proved that the chemically synthesized, graphene-based
hydrogel properly maintained osseous space and promoted early osteogenesis. In addition, the graphene
hydrogel improved the mechanical strength, flexibility, and adhesion of osteoblast and bone tissues.
Chen et al. developed a conductive nano-PLA scaffold with well-dispersed PANi nanostructures that
promoted osteogenic differentiation and combined the properties of 3D matrices [187]. The scaffold
structure and content of polyaniline nanoparticles formed in situ were confirmed, and bone MSCs derived
after three weeks were cultured on a composite support. As a result, it was confirmed that expression levels
of alkaline phosphatase, osteocalcin, and runt-related transcription factors of bone MSCs on the composite
support increased.

As mentioned above, the conductive hydrogel in the osteocyte study investigated the porous
structure by securing adequate conductivity and providing the same environment as osteocytes.
This could be a key factor of research on conductive hydrogels to significantly promote osteogenic
differentiation by providing an environment of structural conductivity.

Figure 16. Cont.
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Figure 16. (a) Multilayered graphene hydrogel reference for bone regeneration. (b) Graphene hydrogel
improved the physical properties of mechanical strength and flexibility, and showed improved adhesion
on osteoblast and bone tissues (reproduced from [186] with permission, copyright Wiley, 2016).

3.4. Skin Tissue Engineering

Skin is the largest organ of the human body that protects the internal environment from the
outer environment. Artificial skin regeneration is an emerging substitute to traditional wound
healing strategies. Conducting polymers have been reported to support the growth of fibroblasts
and keratinocytes [188]. In addition, their antibacterial properties [189,190] make them a promising
biomaterial for wound healing. The CSH hydrogel synthesized by free radical polymerization of AA
and conductive polymer (Dch-PPy) in presence of FeCl3 mimic human skin [191]. The reversible ionic
interaction between carboxylic groups of PAA and NH group of PPY and ferric ion leads to a double
network hydrogel with mechanical and electrical self-healing properties and ultrastretchability (1500%).
Deng et al. prepared hybrid cryogel of PPy, and PANi exhibited photothermal property, elasticity shape
memory, and cytocompatibility to the L929 cell [192]. Another injectable conductive hydrogel prepared
by chitosan-g-polyaniline and poly (ethylene glycol-co-poly (glycerol sebacate) (PEGS-FA) exibited
electroactivity, biocompatibility, and antibacterial activity. The hydrogel with 1.5 wt.% crosslinker
showed excellent in vivo clotting, collagen deposition by upregulating the expression of wound healing
growth factors such as VEGF, EGF, and TGFβ [193].
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Table 5. References of Tissue-Engineering Applications.

Application Category Synthesizing Method Conductive Materials References

Cardiac Tissue
Engineering

In situ Process poly (thiophene-3-acetic acid), TiO2NPs, CNTs [155,162,165,167]
Blending Process AuNPs, rGO-PAAm, GO, CNTs, GNR [153,157,159–161,163,164]

Nerve Tissue
Engineering

In situ Process PPy, rGO-CNTs [168,170,175,176]
Coating Process PPy [169]
Blending Process CNTs, GO, FeO2, PSS-PEDOT, GO [171–174,177]

Bone Tissue Engineering
In situ Process AuNPs, AgNPs, PANi [184,187]

Coating Process PPy [185]
Blending Process GNPs, Graphene, PANi, PPy, Graphene [181–183,186]

Skin Tissue Engineering Blending Process PPy, PANi [191,193]
In situ Process PANi, PPy [192]

4. Conclusions and Future Perspectives

This review focused on performing a variety of assessments of conductive materials, manufacturing
methods of the conductive hydrogel, and applications for the biomedical area based on studies reported in
various papers. Most initial studies on conductive hydrogels focused on evaluating whether conductive
materials can be adequately used in the biomedical field. Conductive materials with low mechanical
properties, low processability, and bad biocompatibility that are not compatible in vivo were adopted for
use in hydrogel manufacturing technology using existing verified materials, resulting in the synthesis
of a conductive hydrogel that simultaneously possessed the strength of a hydrogel and conductivity.
The importance of an electrically conductive material combined with a proper blending technique and
manufacturing method is the key to developing a useful composite hydrogel suitable for applications in the
biomedical field. Although this approach can solve the processability and mechanical properties of reduced
electrical conductivity and interactions between hydrogels and conducting polymers, the application range
of these hydrogels is restricted.

In many reported studies, the biocompatibility and biodegradability testing of conductive
hydrogels has been limited to in vitro screening. It is necessary to develop a material constituting
conductive hydrogels so that it can be applied to actual patients through proper functional animal
research before being used in the field of clinical applications. It is apparent that this is a promising
application field, since conductive hydrogels synthesized via a conductive material can be provided to
tissue that requires electrical stimulation in the body such as nerve detection and stimulation, and to
the regeneration of muscular cells; they can also be used as a biological electrodes in the body.

Artificial skin is an alternative for autologous skin grafting and wound healing. Self-healing
and electrical conductivity are the two most crucial properties in the advancement of artificial skin.
Conducting polymers with high conductivity and stretchable properties may hasten the development
of skin substitution. Moreover, their antibacterial properties make them suitable for wound healing.
Conductive polymers in 3D printing may take tissue engineering applications to the next level in
the near future. This method may enhance processability, mechanical properties, biocompatibility,
and tissue function. Carbon-based nanomaterials play an important role in the generation of conductive
polymer, which is expected to stimulate the growth and activity of the electrically excitable cells.
Subsequently, coupling of graphene in 3D printing technology has extended their applications.

However, many technical challenges have yet to be solved in this field, and many opportunities
are available for researchers to develop hydrogels with strength and conductivity that are suitable
for use.

Funding: This research was supported by the Bio & Medical Technology Development Program of the National Research
Foundation (NRF) & funded by the Korean government (MSIT) (2017M3A7B4041798 and 2018M3A9E2024583).

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2018, 10, 1078 27 of 36

References

1. Atala, A.; Kasper, F.K.; Mikos, A.G. Engineering Complex Tissues. Sci. Transl. Med. 2012, 4, 160rv112.
[CrossRef] [PubMed]

2. Gaharwar, A.K.; Peppas, N.A.; Khademhosseini, A. Nanocomposite hydrogels for biomedical applications.
Biotechnol. Bioeng. 2014, 111, 441–453. [CrossRef] [PubMed]

3. Harrison, B.S.; Atala, A. Carbon nanotube applications for tissue engineering. Biomaterials 2007, 28, 344–353.
[CrossRef] [PubMed]

4. Shevach, M.; Fleischer, S.; Shapira, A.; Dvir, T. Gold nanoparticle-decellularized matrix hybrids for cardiac
tissue engineering. Nano Lett. 2014, 14, 5792–5796. [CrossRef] [PubMed]

5. Balint, R.; Cassidy, N.J.; Cartmell, S.H. Conductive polymers: Towards a smart biomaterial for tissue
engineering. Acta Biomater. 2014, 10, 2341–2353. [CrossRef] [PubMed]

6. Kloxin, A.M.; Kloxin, C.J.; Bowman, C.N.; Anseth, K.S. Mechanical properties of cellularly responsive
hydrogels and their experimental determination. Adv. Mater. 2010, 22, 3484–3494. [CrossRef] [PubMed]

7. Mawad, D.; Stewart, E.; Officer, D.L.; Romeo, T.; Wagner, P.; Wagner, K.; Wallace, G.G. A Single Component
Conducting Polymer Hydrogel as a Scaffold for Tissue Engineering. Adv. Funct. Mater. 2012, 22, 2692–2699.
[CrossRef]

8. Kaur, G.; Adhikari, R.; Cass, P.; Bown, M.; Gunatillake, P. Electrically conductive polymers and composites
for biomedical applications. RSC Adv. 2015, 5, 37553–37567. [CrossRef]

9. Yang, X.; Qiu, L.; Cheng, C.; Wu, Y.; Ma, Z.F.; Li, D. Ordered gelation of chemically converted graphene for
next-generation electroconductive hydrogel films. Angew. Chem. Int. Ed. 2011, 50, 7325–7328. [CrossRef]
[PubMed]

10. Dhandayuthapani, B.; Yoshida, Y.; Maekawa, T.; Kumar, D.S. Polymeric Scaffolds in Tissue Engineering
Application: A Review. Int. J. Polym. Sci. 2011, 2011, 290602. [CrossRef]

11. Straley, K.S.; Foo, C.W.P.; Heilshorn, S.C. Biomaterial Design Strategies for the Treatment of Spinal Cord
Injuries. J. Neurotrauma 2010, 27. [CrossRef] [PubMed]

12. Mirkin, C.A. The beginning of a small revolution. Small 2005, 1, 14–16. [CrossRef] [PubMed]
13. Campelo, J.M.; Luna, D.; Luque, R.; Marinas, J.M.; Romero, A.A. Sustainable preparation of supported metal

nanoparticles and their applications in catalysis. ChemSusChem 2009, 2, 18–45. [CrossRef] [PubMed]
14. Abdullah, M.; Khairurrijal, K.; Rajak, A.; Murniati, R.; Yuliza, E. Effect of Particle Size on the Electrical

Conductivity of Metallic Particles. In Proceedings of the 2014 International Conference on Advances in
Education Technology, Bandung, Indonesia, 16 October 2014.

15. Otsuka, H.; Nagasaki, Y.; Kataoka, K. PEGylated nanoparticles for biological and pharmaceutical applications.
Adv. Drug Deliv. Rev. 2012, 64, 246–255. [CrossRef]

16. Ayush, V.; Francesco, S. Effect of Surface Properties on Nanoparticle–Cell Interactions. Small 2010, 6, 12–21.
17. Skardal, A.; Zhang, J.; McCoard, L.; Xu, X.; Oottamasathien, S.; Prestwich, G.D. Photocrosslinkable

hyaluronan-gelatin hydrogels for two-step bioprinting. Tissue Eng. Part A 2010, 16, 2675–2685. [CrossRef]
[PubMed]

18. Xing, R.; Liu, K.; Jiao, T.; Zhang, N.; Ma, K.; Zhang, R.; Zou, Q.; Ma, G.; Yan, X. An Injectable Self-Assembling
Collagen–Gold Hybrid Hydrogel for Combinatorial Antitumor Photothermal/Photodynamic Therapy.
Adv. Mater. 2016, 28, 3669–3676. [CrossRef] [PubMed]

19. Xu, L.; Li, X.; Takemura, T.; Hanagata, N.; Wu, G.; Chou, L.L. Genotoxicity and molecular response of silver
nanoparticle (NP)-based hydrogel. J. Nanobiotechnol. 2012, 10, 16. [CrossRef] [PubMed]

20. Paquet, C.; de Haan, H.W.; Leek, D.M.; Lin, H.-Y.; Xiang, B.; Tian, G.; Kell, A.; Simard, B. Clusters
of Superparamagnetic Iron Oxide Nanoparticles Encapsulated in a Hydrogel: A Particle Architecture
Generating a Synergistic Enhancement of the T2 Relaxation. ACS Nano 2011, 5, 3104–3112. [CrossRef]
[PubMed]

21. Zare, M.; Ramezani, Z.; Rahbar, N. Development of zirconia nanoparticles-decorated calcium alginate hydrogel
fibers for extraction of organophosphorous pesticides from water and juice samples: Facile synthesis and
application with elimination of matrix effects. J. Chromatogr. A 2016, 1473, 28–37. [CrossRef] [PubMed]

22. Shi, X.; Gu, W.; Li, B.; Chen, N.; Zhao, K.; Xian, Y. Enzymatic biosensors based on the use of metal oxide
nanoparticles. Microchim. Acta 2014, 181, 1–22. [CrossRef]

http://dx.doi.org/10.1126/scitranslmed.3004890
http://www.ncbi.nlm.nih.gov/pubmed/23152327
http://dx.doi.org/10.1002/bit.25160
http://www.ncbi.nlm.nih.gov/pubmed/24264728
http://dx.doi.org/10.1016/j.biomaterials.2006.07.044
http://www.ncbi.nlm.nih.gov/pubmed/16934866
http://dx.doi.org/10.1021/nl502673m
http://www.ncbi.nlm.nih.gov/pubmed/25176294
http://dx.doi.org/10.1016/j.actbio.2014.02.015
http://www.ncbi.nlm.nih.gov/pubmed/24556448
http://dx.doi.org/10.1002/adma.200904179
http://www.ncbi.nlm.nih.gov/pubmed/20473984
http://dx.doi.org/10.1002/adfm.201102373
http://dx.doi.org/10.1039/C5RA01851J
http://dx.doi.org/10.1002/anie.201100723
http://www.ncbi.nlm.nih.gov/pubmed/21714048
http://dx.doi.org/10.1155/2011/290602
http://dx.doi.org/10.1089/neu.2009.0948
http://www.ncbi.nlm.nih.gov/pubmed/19698073
http://dx.doi.org/10.1002/smll.200400092
http://www.ncbi.nlm.nih.gov/pubmed/17193343
http://dx.doi.org/10.1002/cssc.200800227
http://www.ncbi.nlm.nih.gov/pubmed/19142903
http://dx.doi.org/10.1016/j.addr.2012.09.022
http://dx.doi.org/10.1089/ten.tea.2009.0798
http://www.ncbi.nlm.nih.gov/pubmed/20387987
http://dx.doi.org/10.1002/adma.201600284
http://www.ncbi.nlm.nih.gov/pubmed/26991248
http://dx.doi.org/10.1186/1477-3155-10-16
http://www.ncbi.nlm.nih.gov/pubmed/22548743
http://dx.doi.org/10.1021/nn2002272
http://www.ncbi.nlm.nih.gov/pubmed/21428441
http://dx.doi.org/10.1016/j.chroma.2016.10.071
http://www.ncbi.nlm.nih.gov/pubmed/27810103
http://dx.doi.org/10.1007/s00604-013-1069-5


Polymers 2018, 10, 1078 28 of 36

23. Gutiérrez-Sánchez, C.; Pita, M.; Vaz-Domínguez, C.; Shleev, S.; De Lacey, A.L. Gold Nanoparticles as
Electronic Bridges for Laccase-Based Biocathodes. J. Am. Chem. Soc. 2012, 134, 17212–17220. [CrossRef]
[PubMed]

24. Arvizo, R.R.; Bhattacharyya, S.; Kudgus, R.A.; Giri, K.; Bhattacharya, R.; Mukherjee, P. Intrinsic therapeutic
applications of noble metal nanoparticles: Past, present and future. Chem. Soc. Rev. 2012, 41, 2943–2970.
[CrossRef] [PubMed]

25. Prasanthkumar, S.; Gopal, A.; Ajayaghosh, A. Self-assembly of thienylenevinylene molecular wires to
semiconducting gels with doped metallic conductivity. J. Am. Chem. Soc. 2010, 132, 13206–13207. [CrossRef]
[PubMed]

26. Shah, M.; Badwaik, V.; Kherde, Y.; Waghwani, H.K.; Modi, T.; Aguilar, Z.P.; Rodgers, H.; Hamilton, W.;
Marutharaj, T.; Webb, C. Gold nanoparticles: Various methods of synthesis and antibacterial applications.
Front. Biosci. (Landmark Ed.) 2014, 19, 1320–1344. [CrossRef] [PubMed]

27. Cho, I.-H.; Bhunia, A.; Irudayaraj, J. Rapid pathogen detection by lateral-flow immunochromatographic
assay with gold nanoparticle-assisted enzyme signal amplification. Int. J. Food Microbiol. 2015, 206, 60–66.
[CrossRef] [PubMed]

28. Chung, U.S.; Kim, J.-H.; Kim, B.; Kim, E.; Jang, W.-D.; Koh, W.-G. Dendrimer porphyrin-coated gold
nanoshells for the synergistic combination of photodynamic and photothermal therapy. Chem. Commun.
2016, 52, 1258–1261. [CrossRef] [PubMed]

29. Rengan, A.K.; Bukhari, A.B.; Pradhan, A.; Malhotra, R.; Banerjee, R.; Srivastava, R.; De, A. In vivo analysis of
biodegradable liposome gold nanoparticles as efficient agents for photothermal therapy of cancer. Nano Lett.
2015, 15, 842–848. [CrossRef] [PubMed]

30. Kennedy, L.C.; Bickford, L.R.; Lewinski, N.A.; Coughlin, A.J.; Hu, Y.; Day, E.S.; West, J.L.; Drezek, R.A. A new
era for cancer treatment: Gold-nanoparticle-mediated thermal therapies. Small 2011, 7, 169–183. [CrossRef]
[PubMed]

31. Kang, Z.; Yan, X.; Zhao, L.; Liao, Q.; Zhao, K.; Du, H.; Zhang, X.; Zhang, X.; Zhang, Y. Gold nanoparticle/ZnO
nanorod hybrids for enhanced reactive oxygen species generation and photodynamic therapy. Nano Res.
2015, 8, 2004–2014. [CrossRef]

32. Nossier, A.I.; Eissa, S.; Ismail, M.F.; Hamdy, M.A.; Azzazy, H.M.E.-S. Direct detection of hyaluronidase in
urine using cationic gold nanoparticles: A potential diagnostic test for bladder cancer. Biosens. Bioelectron.
2014, 54, 7–14. [CrossRef] [PubMed]

33. Sabella, S.; Galeone, A.; Vecchio, G.; Cingolani, R.; Pompa, P. AuNPs are toxic in vitro and in vivo: A review.
J. Nanosci. Lett. 2011, 1, 145–165.

34. Baei, P.; Jalili-Firoozinezhad, S.; Rajabi-Zeleti, S.; Tafazzoli-Shadpour, M.; Baharvand, H.; Aghdami, N.
Electrically conductive gold nanoparticle-chitosan thermosensitive hydrogels for cardiac tissue engineering.
Mater. Sci. Eng. C 2016, 63, 131–141. [CrossRef] [PubMed]

35. Iravani, S.; Korbekandi, H.; Mirmohammadi, S.V.; Zolfaghari, B. Synthesis of silver nanoparticles: Chemical,
physical and biological methods. Res. Pharm. Sci. 2014, 9, 385. [PubMed]

36. Durán, N.; Nakazato, G.; Seabra, A.B. Antimicrobial activity of biogenic silver nanoparticles, and silver
chloride nanoparticles: An overview and comments. Appl. Microbiol. Biotechnol. 2016, 100, 6555–6570.
[CrossRef] [PubMed]

37. Johnston, H.J.; Hutchison, G.; Christensen, F.M.; Peters, S.; Hankin, S.; Stone, V. A review of the in vivo and
in vitro toxicity of silver and gold particulates: Particle attributes and biological mechanisms responsible for
the observed toxicity. Crit. Rev. Toxicol. 2010, 40, 328–346. [CrossRef] [PubMed]

38. Rai, M.; Deshmukh, S.; Ingle, A.; Gade, A. Silver nanoparticles: The powerful nanoweapon against
multidrug-resistant bacteria. J. Appl. Microbiol. 2012, 112, 841–852. [CrossRef] [PubMed]

39. Meng, M.; He, H.; Xiao, J.; Zhao, P.; Xie, J.; Lu, Z. Controllable in situ synthesis of silver nanoparticles on
multilayered film-coated silk fibers for antibacterial application. J. Colloid Interface Sci. 2016, 461, 369–375.
[CrossRef] [PubMed]

40. Xiang, D.; Zheng, Y.; Duan, W.; Li, X.; Yin, J.; Shigdar, S.; O’Connor, M.L.; Marappan, M.; Zhao, X.; Miao, Y.;
et al. Inhibition of A/Human/Hubei/3/2005 (H3N2) influenza virus infection by silver nanoparticles
in vitro and in vivo. Int. J. Nanomed. 2013, 8, 4103–4114. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/ja307308j
http://www.ncbi.nlm.nih.gov/pubmed/23004683
http://dx.doi.org/10.1039/c2cs15355f
http://www.ncbi.nlm.nih.gov/pubmed/22388295
http://dx.doi.org/10.1021/ja1068195
http://www.ncbi.nlm.nih.gov/pubmed/20812693
http://dx.doi.org/10.2741/4284
http://www.ncbi.nlm.nih.gov/pubmed/24896353
http://dx.doi.org/10.1016/j.ijfoodmicro.2015.04.032
http://www.ncbi.nlm.nih.gov/pubmed/25955290
http://dx.doi.org/10.1039/C5CC09149G
http://www.ncbi.nlm.nih.gov/pubmed/26610400
http://dx.doi.org/10.1021/nl5045378
http://www.ncbi.nlm.nih.gov/pubmed/25554860
http://dx.doi.org/10.1002/smll.201000134
http://www.ncbi.nlm.nih.gov/pubmed/21213377
http://dx.doi.org/10.1007/s12274-015-0712-3
http://dx.doi.org/10.1016/j.bios.2013.10.024
http://www.ncbi.nlm.nih.gov/pubmed/24240162
http://dx.doi.org/10.1016/j.msec.2016.02.056
http://www.ncbi.nlm.nih.gov/pubmed/27040204
http://www.ncbi.nlm.nih.gov/pubmed/26339255
http://dx.doi.org/10.1007/s00253-016-7657-7
http://www.ncbi.nlm.nih.gov/pubmed/27289481
http://dx.doi.org/10.3109/10408440903453074
http://www.ncbi.nlm.nih.gov/pubmed/20128631
http://dx.doi.org/10.1111/j.1365-2672.2012.05253.x
http://www.ncbi.nlm.nih.gov/pubmed/22324439
http://dx.doi.org/10.1016/j.jcis.2015.09.038
http://www.ncbi.nlm.nih.gov/pubmed/26414419
http://dx.doi.org/10.2147/IJN.S53622
http://www.ncbi.nlm.nih.gov/pubmed/24204140


Polymers 2018, 10, 1078 29 of 36

41. Austin, L.A.; Mackey, M.A.; Dreaden, E.C.; El-Sayed, M.A. The optical, photothermal, and facile surface
chemical properties of gold and silver nanoparticles in biodiagnostics, therapy, and drug delivery.
Arch. Toxicol. 2014, 88, 1391–1417. [CrossRef] [PubMed]

42. Jeyaraj, M.; Sathishkumar, G.; Sivanandhan, G.; MubarakAli, D.; Rajesh, M.; Arun, R.; Kapildev, G.;
Manickavasagam, M.; Thajuddin, N.; Premkumar, K. Biogenic silver nanoparticles for cancer treatment:
An experimental report. Colloids Surf. B Biointerfaces 2013, 106, 86–92. [CrossRef] [PubMed]

43. Stepanov, A.; Golubev, A.; Nikitin, S.; Osin, Y. A review on the fabrication and properties of platinum
nanoparticles. Rev. Adv. Mater. Sci. 2014, 38, e175.

44. Lee, S.; Kwon, D.; Yim, C.; Jeon, S. Facile detection of Troponin I using dendritic platinum nanoparticles and
capillary tube indicators. Anal. Chem. 2015, 87, 5004–5008. [CrossRef] [PubMed]

45. Li, M.; Bo, X.; Mu, Z.; Zhang, Y.; Guo, L. Electrodeposition of nickel oxide and platinum nanoparticles on
electrochemically reduced graphene oxide film as a nonenzymatic glucose sensor. Sens. Actuators B Chem.
2014, 192, 261–268. [CrossRef]

46. Hikosaka, K.; Kim, J.; Kajita, M.; Kanayama, A.; Miyamoto, Y. Platinum nanoparticles have an activity
similar to mitochondrial NADH: Ubiquinone oxidoreductase. Colloids Surf. B Biointerfaces 2008, 66, 195–200.
[CrossRef] [PubMed]

47. Xie, J.; Liu, G.; Eden, H.S.; Ai, H.; Chen, X. Surface-Engineered Magnetic Nanoparticle Platforms for Cancer
Imaging and Therapy. Acc. Chem. Res. 2011, 44, 883–892. [CrossRef] [PubMed]

48. Xu, Q.; Li, J.; Li, S.; Pan, H. A highly sensitive electrochemiluminescence immunosensor based on magnetic
nanoparticles and its application in CA125 determination. J. Solid State Electrochem. 2012, 16, 2891–2898.
[CrossRef]

49. Li, M.; Zhu, L.; Lin, D. Toxicity of ZnO nanoparticles to Escherichia coli: Mechanism and the influence of
medium components. Environ. Sci. Technol. 2011, 45, 1977–1983. [CrossRef] [PubMed]

50. Zhang, H.; Chen, B.; Jiang, H.; Wang, C.; Wang, H.; Wang, X. A strategy for ZnO nanorod mediated
multi-mode cancer treatment. Biomaterials 2011, 32, 1906–1914. [CrossRef] [PubMed]

51. Fan, Z.; Lu, J.G. Zinc oxide nanostructures: Synthesis and properties. J. Nanosci. Nanotechnol. 2005, 5,
1561–1573. [CrossRef] [PubMed]

52. Genchi, G.G.; Nuhn, H.; Liakos, I.; Marino, A.; Marras, S.; Athanassiou, A.; Mattoli, V.; Desai, T.A. Titanium
dioxide nanotube arrays coated with laminin enhance C2C12 skeletal myoblast adhesion and differentiation.
RSC Adv. 2016, 6, 18502–18514. [CrossRef]

53. Zheng, H.; Mathe, M. Enhanced conductivity and stability of composite membranes based on poly(2,5-
benzimidazole) and zirconium oxide nanoparticles for fuel cells. J. Power Sources 2011, 196, 894–898.
[CrossRef]

54. Gerard, M.; Chaubey, A.; Malhotra, B.D. Application of conducting polymers to biosensors. Biosens. Bioelectron.
2002, 17, 345–359. [CrossRef]

55. Mozafari, M.; Mehraien, M.; Vashaee, D.; Tayebi, L. Electroconductive nanocomposite scaffolds: A new
strategy into tissue engineering and regenerative medicine. In Nanocomposites-New Trends and Developments;
InTech: Rijeka, Croatia, 2012.

56. Rylie, A.G.; Sungchul, B.; Laura, A.P.-W.; Penny, J.M. Conducting polymer-hydrogels for medical electrode
applications. Sci. Technol. Adv. Mater. 2010, 11, 014107.

57. Sajesh, K.M.; Jayakumar, R.; Nair, S.V.; Chennazhi, K.P. Biocompatible conducting chitosan/polypyrrole–
alginate composite scaffold for bone tissue engineering. Int. J. Biol. Macromol. 2013, 62, 465–471. [CrossRef]
[PubMed]

58. Kai, D.; Prabhakaran, M.P.; Jin, G.; Ramakrishna, S. Polypyrrole-contained electrospun conductive
nanofibrous membranes for cardiac tissue engineering. J. Biomed. Mater. Res. Part A 2011, 99, 376–385.
[CrossRef] [PubMed]

59. Ghasemi-Mobarakeh, L.; Prabhakaran, M.P.; Morshed, M.; Nasr-Esfahani, M.H.; Baharvand, H.; Kiani, S.;
Al-Deyab, S.S.; Ramakrishna, S. Application of conductive polymers, scaffolds and electrical stimulation for
nerve tissue engineering. J. Tissue Eng. Regen. Med. 2011, 5, e17–e35. [CrossRef] [PubMed]

60. Chougule, M.A.; Pawar, S.G.; Godse, P.R.; Mulik, R.N.; Sen, S.; Patil, V.B. Synthesis and characterization of
polypyrrole (PPy) thin films. Soft Nanosci. Lett. 2011, 1, 6–10. [CrossRef]

61. Brezoi, D.V. Polypyrrole films prepared by chemical oxidation of pyrrole in aqueous FeCl3 solution. J. Sci. Arts
2010, 1, 53–58.

http://dx.doi.org/10.1007/s00204-014-1245-3
http://www.ncbi.nlm.nih.gov/pubmed/24894431
http://dx.doi.org/10.1016/j.colsurfb.2013.01.027
http://www.ncbi.nlm.nih.gov/pubmed/23434696
http://dx.doi.org/10.1021/acs.analchem.5b00921
http://www.ncbi.nlm.nih.gov/pubmed/25892572
http://dx.doi.org/10.1016/j.snb.2013.10.140
http://dx.doi.org/10.1016/j.colsurfb.2008.06.008
http://www.ncbi.nlm.nih.gov/pubmed/18653320
http://dx.doi.org/10.1021/ar200044b
http://www.ncbi.nlm.nih.gov/pubmed/21548618
http://dx.doi.org/10.1007/s10008-012-1719-2
http://dx.doi.org/10.1021/es102624t
http://www.ncbi.nlm.nih.gov/pubmed/21280647
http://dx.doi.org/10.1016/j.biomaterials.2010.11.027
http://www.ncbi.nlm.nih.gov/pubmed/21145104
http://dx.doi.org/10.1166/jnn.2005.182
http://www.ncbi.nlm.nih.gov/pubmed/16245516
http://dx.doi.org/10.1039/C6RA00716C
http://dx.doi.org/10.1016/j.jpowsour.2010.09.028
http://dx.doi.org/10.1016/S0956-5663(01)00312-8
http://dx.doi.org/10.1016/j.ijbiomac.2013.09.028
http://www.ncbi.nlm.nih.gov/pubmed/24080452
http://dx.doi.org/10.1002/jbm.a.33200
http://www.ncbi.nlm.nih.gov/pubmed/22021185
http://dx.doi.org/10.1002/term.383
http://www.ncbi.nlm.nih.gov/pubmed/21413155
http://dx.doi.org/10.4236/snl.2011.11002


Polymers 2018, 10, 1078 30 of 36

62. Song, Y.; Liu, T.Y.; Xu, X.X.; Feng, D.Y.; Li, Y.; Liu, X.X. Pushing the Cycling Stability Limit of Polypyrrole for
Supercapacitors. Adv. Funct. Mater. 2015, 25, 4626–4632. [CrossRef]

63. Huang, Z.-B.; Yin, G.-F.; Liao, X.-M.; Gu, J.-W. Conducting polypyrrole in tissue engineering applications.
Front. Mater. Sci. 2014, 8, 39–45. [CrossRef]

64. Stewart, E.M.; Liu, X.; Clark, G.M.; Kapsa, R.M.I.; Wallace, G.G. Inhibition of smooth muscle cell adhesion
and proliferation on heparin-doped polypyrrole. Acta Biomater. 2012, 8, 194–200. [CrossRef] [PubMed]

65. Huang, J.; Lu, L.; Zhang, J.; Hu, X.; Zhang, Y.; Liang, W.; Wu, S.; Luo, Z. Electrical stimulation to conductive
scaffold promotes axonal regeneration and remyelination in a rat model of large nerve defect. PLoS ONE
2012, 7, e39526. [CrossRef] [PubMed]

66. Abidian, M.R.; Daneshvar, E.D.; Egeland, B.M.; Kipke, D.R.; Cederna, P.S.; Urbanchek, M.G. Hybrid Conducting
Polymer–Hydrogel Conduits for Axonal Growth and Neural Tissue Engineering. Adv. Healthc. Mater. 2012, 1,
762–767. [CrossRef] [PubMed]

67. Runge, M.B.; Dadsetan, M.; Baltrusaitis, J.; Knight, A.M.; Ruesink, T.; Lazcano, E.A.; Lu, L.; Windebank, A.J.;
Yaszemski, M.J. The development of electrically conductive polycaprolactone fumarate-polypyrrole
composite materials for nerve regeneration. Biomaterials 2010, 31, 5916–5926. [CrossRef] [PubMed]

68. Zou, Y.; Qin, J.; Huang, Z.; Yin, G.; Pu, X.; He, D. Fabrication of Aligned Conducting PPy-PLLA Fiber Films
and Their Electrically Controlled Guidance and Orientation for Neurites. ACS Appl. Mater. Interfaces 2016, 8,
12576–12582. [CrossRef] [PubMed]

69. Tian, L.; Prabhakaran, M.P.; Hu, J.; Chen, M.; Besenbacher, F.; Ramakrishna, S. Synergistic effect of topography,
surface chemistry and conductivity of the electrospun nanofibrous scaffold on cellular response of PC12
cells. Colloids Surf. B Biointerfaces 2016, 145, 420–429. [CrossRef] [PubMed]

70. Zhang, H.; Wang, K.; Xing, Y.; Yu, Q. Lysine-doped polypyrrole/spider silk protein/poly(L-lactic) acid
containing nerve growth factor composite fibers for neural application. Mater. Sci. Eng. C 2015, 56, 564–573.
[CrossRef] [PubMed]

71. Yang, J.; Choe, G.; Yang, S.; Jo, H.; Lee, J.Y. Polypyrrole-incorporated conductive hyaluronic acid hydrogels.
Biomater. Res. 2016, 20, 31. [CrossRef] [PubMed]

72. Wang, W.; Jayatissa, A.H. Comparison study of graphene based conductive nanocomposites using poly(methyl
methacrylate) and polypyrrole as matrix materials. J. Mater. Sci. Mater. Electron. 2015, 26, 7780–7783. [CrossRef]

73. Björninen, M.; Siljander, A.; Pelto, J.; Hyttinen, J.; Kellomäki, M.; Miettinen, S.; Seppänen, R.; Haimi, S.
Comparison of Chondroitin Sulfate and Hyaluronic Acid Doped Conductive Polypyrrole Films for Adipose
Stem Cells. Ann. Biomed. Eng. 2014, 42, 1889–1900. [CrossRef] [PubMed]

74. Bendrea, A.-D.; Cianga, L.; Cianga, I. Review paper: Progress in the Field of Conducting Polymers for Tissue
Engineering Applications. J. Biomater. Appl. 2011, 26, 3–84. [CrossRef] [PubMed]

75. Thomas, C.; Zong, K.; Schottland, P.; Reynolds, J. Poly(3,4-alkylenedioxypyrrole)s as highly stable
aqueous-compatible conducting polymers with biomedical implications. Adv. Mater. 2000, 12, 222–225.
[CrossRef]

76. Thompson, B.C.; Moulton, S.E.; Richardson, R.T.; Wallace, G.G. Effect of the dopant anion in polypyrrole on
nerve growth and release of a neurotrophic protein. Biomaterials 2011, 32, 3822–3831. [CrossRef] [PubMed]

77. Chen, M.-C.; Sun, Y.-C.; Chen, Y.-H. Electrically conductive nanofibers with highly oriented structures and
their potential application in skeletal muscle tissue engineering. Acta Biomater. 2013, 9, 5562–5572. [CrossRef]
[PubMed]

78. Humpolicek, P.; Kasparkova, V.; Saha, P.; Stejskal, J. Biocompatibility of polyaniline. Synth. Met. 2012, 162,
722–727. [CrossRef]

79. Borriello, A.; Guarino, V.; Schiavo, L.; Alvarez-Perez, M.; Ambrosio, L. Optimizing PANi doped electroactive
substrates as patches for the regeneration of cardiac muscle. J. Mater. Sci. Mater. Med. 2011, 22, 1053–1062.
[CrossRef] [PubMed]

80. Guarino, V.; Alvarez-Perez, M.A.; Borriello, A.; Napolitano, T.; Ambrosio, L. Conductive PANi/PEGDA
macroporous hydrogels for nerve regeneration. Adv. Healthc. Mater. 2013, 2, 218–227. [CrossRef] [PubMed]

81. Prabhakaran, M.P.; Ghasemi-Mobarakeh, L.; Jin, G.; Ramakrishna, S. Electrospun conducting polymer
nanofibers and electrical stimulation of nerve stem cells. J. Biosci. Bioeng. 2011, 112, 501–507. [CrossRef]
[PubMed]

http://dx.doi.org/10.1002/adfm.201501709
http://dx.doi.org/10.1007/s11706-014-0238-8
http://dx.doi.org/10.1016/j.actbio.2011.07.029
http://www.ncbi.nlm.nih.gov/pubmed/21843664
http://dx.doi.org/10.1371/journal.pone.0039526
http://www.ncbi.nlm.nih.gov/pubmed/22737243
http://dx.doi.org/10.1002/adhm.201200182
http://www.ncbi.nlm.nih.gov/pubmed/23184828
http://dx.doi.org/10.1016/j.biomaterials.2010.04.012
http://www.ncbi.nlm.nih.gov/pubmed/20483452
http://dx.doi.org/10.1021/acsami.6b00957
http://www.ncbi.nlm.nih.gov/pubmed/27172537
http://dx.doi.org/10.1016/j.colsurfb.2016.05.032
http://www.ncbi.nlm.nih.gov/pubmed/27232305
http://dx.doi.org/10.1016/j.msec.2015.06.024
http://www.ncbi.nlm.nih.gov/pubmed/26249628
http://dx.doi.org/10.1186/s40824-016-0078-y
http://www.ncbi.nlm.nih.gov/pubmed/27708859
http://dx.doi.org/10.1007/s10854-015-3424-2
http://dx.doi.org/10.1007/s10439-014-1023-7
http://www.ncbi.nlm.nih.gov/pubmed/24823653
http://dx.doi.org/10.1177/0885328211402704
http://www.ncbi.nlm.nih.gov/pubmed/21680608
http://dx.doi.org/10.1002/(SICI)1521-4095(200002)12:3&lt;222::AID-ADMA222&gt;3.0.CO;2-D
http://dx.doi.org/10.1016/j.biomaterials.2011.01.053
http://www.ncbi.nlm.nih.gov/pubmed/21353699
http://dx.doi.org/10.1016/j.actbio.2012.10.024
http://www.ncbi.nlm.nih.gov/pubmed/23099301
http://dx.doi.org/10.1016/j.synthmet.2012.02.024
http://dx.doi.org/10.1007/s10856-011-4259-x
http://www.ncbi.nlm.nih.gov/pubmed/21373812
http://dx.doi.org/10.1002/adhm.201200152
http://www.ncbi.nlm.nih.gov/pubmed/23184787
http://dx.doi.org/10.1016/j.jbiosc.2011.07.010
http://www.ncbi.nlm.nih.gov/pubmed/21813321


Polymers 2018, 10, 1078 31 of 36

82. Dong, R.; Zhao, X.; Guo, B.; Ma, P.X. Self-healing conductive injectable hydrogels with antibacterial activity
as cell delivery carrier for cardiac cell therapy. ACS Appl. Mater. Interfaces 2016, 8, 17138–17150. [CrossRef]
[PubMed]

83. Sista, P.; Ghosh, K.; Martinez, J.S.; Rocha, R.C. Polythiophenes in biological applications. J. Nanosci. Nanotechnol.
2014, 14, 250–272. [CrossRef] [PubMed]

84. Rad, A.T.; Ali, N.; Kotturi, H.S.R.; Yazdimamaghani, M.; Smay, J.; Vashaee, D.; Tayebi, L. Conducting
scaffolds for liver tissue engineering. J. Biomed. Mater. Res. Part A 2014, 102, 4169–4181.

85. Karagkiozaki, V.; Karagiannidis, P.; Gioti, M.; Kavatzikidou, P.; Georgiou, D.; Georgaraki, E.; Logothetidis, S.
Bioelectronics meets nanomedicine for cardiovascular implants: PEDOT-based nanocoatings for tissue
regeneration. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2013, 1830, 4294–4304. [CrossRef] [PubMed]

86. Luo, S.-C.; Mohamed Ali, E.; Tansil, N.C.; Yu, H.-H.; Gao, S.; Kantchev, E.A.; Ying, J.Y. Poly(3,4-
ethylenedioxythiophene)(PEDOT) nanobiointerfaces: Thin, ultrasmooth, and functionalized PEDOT films
with in vitro and in vivo biocompatibility. Langmuir 2008, 24, 8071–8077. [CrossRef] [PubMed]

87. Strakosas, X.; Wei, B.; Martin, D.C.; Owens, R.M. Biofunctionalization of polydioxythiophene derivatives for
biomedical applications. J. Mater. Chem. B 2016, 4, 4952–4968. [CrossRef]

88. Wang, G.-X.; Qian, Y.; Cao, X.-X.; Xia, X.-H. Direct electrochemistry of cytochrome c on a graphene/poly(3,4-
ethylenedioxythiophene) nanocomposite modified electrode. Electrochem. Commun. 2012, 20, 1–3. [CrossRef]

89. Groenendaal, L.; Jonas, F.; Freitag, D.; Pielartzik, H.; Reynolds, J.R. Poly(3,4-ethylenedioxythiophene) and its
derivatives: Past, present, and future. Adv. Mater. 2000, 12, 481–494. [CrossRef]

90. Spencer, A.R.; Primbetova, A.; Koppes, A.N.; Koppes, R.A.; Fenniri, H.; Annabi, N. Electroconductive Gelatin
Methacryloyl-PEDOT:PSS Composite Hydrogels: Design, Synthesis, and Properties. ACS Biomater. Sci. Eng.
2018, 4, 1558–1567. [CrossRef]

91. Schweizer, T.M. Electrical Characterization and Investigation of the Piezoresistive Effect of PEDOT: PSS Thin
Films. Master’s Thesis, Georgia Institute of Technology, Atlanta, GA, USA, 2005.

92. Courté, M.; Alaaeddine, M.; Barth, V.; Tortech, L.; Fichou, D. Structural and electronic properties of
2,2′,6,6′-tetraphenyl-dipyranylidene and its use as a hole-collecting interfacial layer in organic solar cells.
Dyes Pigments 2017, 141, 487–492. [CrossRef]

93. Niamlang, S.; Buranut, T.; Niansiri, A.; Sirivat, A. Electrically controlled Aloin from poly(p-phenylene
vinylene)/polyacrylamide hydrogel system. In Proceedings of the 9th Eco-Energy and Materials Science and
Engineering Symposium, Chiang-Rai, Thailand, 25–28 May 2011; Intellectual Repository of Rajamangala
University of Technology Thanyaburi: Pathum Thani, Thailand, 2011.

94. Niamlang, S.; Buranut, T.; Niansiri, A.; Sirivat, A. Controlled aloin release from crosslinked polyacrylamide
hydrogels: Effects of mesh size, electric field strength and a conductive polymer. Materials 2013, 6, 4787–4800.
[CrossRef] [PubMed]

95. Lee, G.-H.; Cooper, R.C.; An, S.J.; Lee, S.; van der Zande, A.; Petrone, N.; Hammerberg, A.G.; Lee, C.;
Crawford, B.; Oliver, W.; et al. High-Strength Chemical-Vapor–Deposited Graphene and Grain Boundaries.
Science 2013, 340, 1073–1076. [CrossRef] [PubMed]

96. Novoselov, K.S.; Fal′ko, V.I.; Colombo, L.; Gellert, P.R.; Schwab, M.G.; Kim, K. A roadmap for graphene.
Nature 2012, 490, 192. [CrossRef] [PubMed]

97. Mayorov, A.S.; Gorbachev, R.V.; Morozov, S.V.; Britnell, L.; Jalil, R.; Ponomarenko, L.A.; Blake, P.;
Novoselov, K.S.; Watanabe, K.; Taniguchi, T.; et al. Micrometer-Scale Ballistic Transport in Encapsulated
Graphene at Room Temperature. Nano Lett. 2011, 11, 2396–2399. [CrossRef] [PubMed]

98. Shao, Y.; Wang, J.; Wu, H.; Liu, J.; Aksay, I.A.; Lin, Y. Graphene based electrochemical sensors and biosensors:
A review. Electroanalysis 2010, 22, 1027–1036. [CrossRef]

99. Xu, Y.; Lin, Z.; Huang, X.; Wang, Y.; Huang, Y.; Duan, X. Functionalized Graphene Hydrogel-Based
High-Performance Supercapacitors. Adv. Mater. 2013, 25, 5779–5784. [CrossRef] [PubMed]

100. MacHado, B.F.; Serp, P. Graphene-based materials for catalysis. Catal. Sci. Technol. 2012, 2, 54–75. [CrossRef]
101. Hoa, L.T.; Chung, J.S.; Hur, S.H. A highly sensitive enzyme-free glucose sensor based on Co3O4 nanoflowers

and 3D graphene oxide hydrogel fabricated via hydrothermal synthesis. Sens. Actuators B 2016, 223, 76–82.
[CrossRef]

102. Lee, W.C.; Lim, C.H.Y.X.; Shi, H.; Tang, L.A.L.; Wang, Y.; Lim, C.T.; Loh, K.P. Origin of Enhanced Stem Cell
Growth and Differentiation on Graphene and Graphene Oxide. ACS Nano 2011, 5, 7334–7341. [CrossRef]
[PubMed]

http://dx.doi.org/10.1021/acsami.6b04911
http://www.ncbi.nlm.nih.gov/pubmed/27311127
http://dx.doi.org/10.1166/jnn.2014.9111
http://www.ncbi.nlm.nih.gov/pubmed/24730262
http://dx.doi.org/10.1016/j.bbagen.2012.12.019
http://www.ncbi.nlm.nih.gov/pubmed/23291427
http://dx.doi.org/10.1021/la800333g
http://www.ncbi.nlm.nih.gov/pubmed/18588322
http://dx.doi.org/10.1039/C6TB00852F
http://dx.doi.org/10.1016/j.elecom.2012.03.029
http://dx.doi.org/10.1002/(SICI)1521-4095(200004)12:7&lt;481::AID-ADMA481&gt;3.0.CO;2-C
http://dx.doi.org/10.1021/acsbiomaterials.8b00135
http://dx.doi.org/10.1016/j.dyepig.2017.03.002
http://dx.doi.org/10.3390/ma6104787
http://www.ncbi.nlm.nih.gov/pubmed/28788360
http://dx.doi.org/10.1126/science.1235126
http://www.ncbi.nlm.nih.gov/pubmed/23723231
http://dx.doi.org/10.1038/nature11458
http://www.ncbi.nlm.nih.gov/pubmed/23060189
http://dx.doi.org/10.1021/nl200758b
http://www.ncbi.nlm.nih.gov/pubmed/21574627
http://dx.doi.org/10.1002/elan.200900571
http://dx.doi.org/10.1002/adma.201301928
http://www.ncbi.nlm.nih.gov/pubmed/23900931
http://dx.doi.org/10.1039/C1CY00361E
http://dx.doi.org/10.1016/j.snb.2015.09.009
http://dx.doi.org/10.1021/nn202190c
http://www.ncbi.nlm.nih.gov/pubmed/21793541


Polymers 2018, 10, 1078 32 of 36

103. Yang, X.; Zhu, J.; Qiu, L.; Li, D. Bioinspired effective prevention of restacking in multilayered graphene
films: Towards the next generation of high-performance supercapacitors. Adv. Mater. 2011, 23, 2833–2838.
[CrossRef] [PubMed]

104. Loh, K.P.; Bao, Q.; Eda, G.; Chhowalla, M. Graphene oxide as a chemically tunable platform for optical
applications. Nat. Chem. 2010, 2, 1015–1024. [CrossRef] [PubMed]

105. Gao, W.; Alemany, L.B.; Ci, L.; Ajayan, P.M. New insights into the structure and reduction of graphite oxide.
Nat. Chem. 2009, 1, 403–408. [CrossRef] [PubMed]

106. Liu, Y.; Yu, D.; Zeng, C.; Miao, Z.; Dai, L. Biocompatible graphene oxide-based glucose biosensors. Langmuir
2010, 26, 6158–6160. [CrossRef] [PubMed]

107. Yang, K.; Gong, H.; Shi, X.; Wan, J.; Zhang, Y.; Liu, Z. In vivo biodistribution and toxicology of functionalized
nano-graphene oxide in mice after oral and intraperitoneal administration. Biomaterials 2013, 34, 2787–2795.
[CrossRef] [PubMed]

108. Zhou, M.; Zhai, Y.; Dong, S. Electrochemical Sensing and Biosensing Platform Based on Chemically Reduced
Graphene Oxide. Anal. Chem. 2009, 81, 5603–5613. [CrossRef] [PubMed]

109. Han, L.; Liu, K.; Wang, M.; Wang, K.; Fang, L.; Chen, H.; Zhou, J.; Lu, X. Mussel-Inspired Adhesive and
Conductive Hydrogel with Long-Lasting Moisture and Extreme Temperature Tolerance. Adv. Funct. Mater.
2018, 28, 1704195. [CrossRef]

110. Joung, Y.S.; Ramirez, R.B.; Bailey, E.; Adenekan, R.; Buie, C.R. Conductive hydrogel films produced
by freestanding electrophoretic deposition and polymerization at the interface of immiscible liquids.
Compos. Sci. Technol. 2017, 153, 128–135. [CrossRef]

111. Samanta, S.K.; Pal, A.; Bhattacharya, S.; Rao, C. Carbon nanotube reinforced supramolecular gels with
electrically conducting, viscoelastic and near-infrared sensitive properties. J. Mater. Chem. 2010, 20, 6881–6890.
[CrossRef]

112. Esawi, A.; Morsi, K.; Sayed, A.; Taher, M.; Lanka, S. Effect of carbon nanotube (CNT) content on the
mechanical properties of CNT-reinforced aluminium composites. Compos. Sci. Technol. 2010, 70, 2237–2241.
[CrossRef]

113. Wong, K.K.H.; Zinke-Allmang, M.; Hutter, J.L.; Hrapovic, S.; Luong, J.H.; Wan, W. The effect of carbon
nanotube aspect ratio and loading on the elastic modulus of electrospun poly(vinyl alcohol)-carbon nanotube
hybrid fibers. Carbon 2009, 47, 2571–2578. [CrossRef]

114. Cellot, G.; Toma, F.M.; Kasap Varley, Z.; Laishram, J.; Villari, A.; Quintana, M.; Cipollone, S.; Prato, M.;
Ballerini, L. Carbon Nanotube Scaffolds Tune Synaptic Strength in Cultured Neural Circuits: Novel Frontiers
in Nanomaterial–Tissue Interactions. J. Neurosci. 2011, 31, 12945–12953. [CrossRef] [PubMed]

115. Zhang, F.; Weidmann, A.; Nebe, J.B.; Burkel, E. Osteoblast cell response to surface-modified carbon nanotubes.
Mater. Sci. Eng. C 2012, 32, 1057–1061. [CrossRef]

116. Shvedova, A.A.; Castranova, V.; Kisin, E.R.; Schwegler-Berry, D.; Murray, A.R.; Gandelsman, V.Z.;
Maynard, A.; Baron, P. Exposure to carbon nanotube material: Assessment of nanotube cytotoxicity using
human keratinocyte cells. J. Toxicol. Environ. Health Part A 2003, 66, 1909–1926. [CrossRef] [PubMed]

117. Yan, L.; Zhao, F.; Li, S.; Hu, Z.; Zhao, Y. Low-toxic and safe nanomaterials by surface-chemical design, carbon
nanotubes, fullerenes, metallofullerenes, and graphenes. Nanoscale 2011, 3, 362–382. [CrossRef] [PubMed]

118. Davide, P.; Ravi, S.; David, M.; Mathieu, E.; Jean-Paul, B.; Maurizio, P.; Kostas, K.; Alberto, B. Functionalized
Carbon Nanotubes for Plasmid DNA Gene Delivery. Angew. Chem. Int. Ed. 2004, 43, 5242–5246.

119. Shim, W.; Kwon, Y.; Jeon, S.Y.; Yu, W.R. Optimally conductive networks in randomly dispersed CNT:graphene
hybrids. Sci. Rep. 2015, 5, 16568. [CrossRef] [PubMed]

120. Wang, H.; Ma, Z. A cascade reaction signal-amplified amperometric immunosensor platform for
ultrasensitive detection of tumour marker. Sens. Actuators B Chem. 2018, 254, 642–647. [CrossRef]

121. Li, J.; Liu, C.-Y.; Liu, Y. Au/graphene hydrogel: Synthesis, characterization and its use for catalytic reduction
of 4-nitrophenol. J. Mater. Chem. 2012, 22, 8426–8430. [CrossRef]

122. Vaitkuviene, A.; Ratautaite, V.; Mikoliunaite, L.; Kaseta, V.; Ramanauskaite, G.; Biziuleviciene, G.;
Ramanaviciene, A.; Ramanavicius, A. Some biocompatibility aspects of conducting polymer polypyrrole
evaluated with bone marrow-derived stem cells. Colloids Surf. A Physicochem. Eng. Asp. 2014, 442, 152–156.
[CrossRef]

http://dx.doi.org/10.1002/adma.201100261
http://www.ncbi.nlm.nih.gov/pubmed/21557338
http://dx.doi.org/10.1038/nchem.907
http://www.ncbi.nlm.nih.gov/pubmed/21107364
http://dx.doi.org/10.1038/nchem.281
http://www.ncbi.nlm.nih.gov/pubmed/21378895
http://dx.doi.org/10.1021/la100886x
http://www.ncbi.nlm.nih.gov/pubmed/20349968
http://dx.doi.org/10.1016/j.biomaterials.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23340196
http://dx.doi.org/10.1021/ac900136z
http://www.ncbi.nlm.nih.gov/pubmed/19522529
http://dx.doi.org/10.1002/adfm.201704195
http://dx.doi.org/10.1016/j.compscitech.2017.10.018
http://dx.doi.org/10.1039/c0jm00491j
http://dx.doi.org/10.1016/j.compscitech.2010.05.004
http://dx.doi.org/10.1016/j.carbon.2009.05.006
http://dx.doi.org/10.1523/JNEUROSCI.1332-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21900573
http://dx.doi.org/10.1016/j.msec.2010.07.007
http://dx.doi.org/10.1080/713853956
http://www.ncbi.nlm.nih.gov/pubmed/14514433
http://dx.doi.org/10.1039/C0NR00647E
http://www.ncbi.nlm.nih.gov/pubmed/21157592
http://dx.doi.org/10.1038/srep16568
http://www.ncbi.nlm.nih.gov/pubmed/26564249
http://dx.doi.org/10.1016/j.snb.2017.07.135
http://dx.doi.org/10.1039/c2jm16386a
http://dx.doi.org/10.1016/j.colsurfa.2013.06.030


Polymers 2018, 10, 1078 33 of 36

123. Liu, X.; Miller Ii, A.L.; Park, S.; Waletzki, B.E.; Terzic, A.; Yaszemski, M.J.; Lu, L. Covalent crosslinking of
graphene oxide and carbon nanotube into hydrogels enhances nerve cell responses. J. Mater. Chem. B 2016, 4,
6930–6941. [CrossRef]

124. Huyen, D. Carbon Nanotubes and Semiconducting Polymer Nanocomposites. In Carbon Nanotubes-Synthesis,
Characterization, Applications; InTech: Rijeka, Croatia, 2011.

125. Gupta, N.D.; Maity, S.; Chattopadhyay, K.K. Field emission enhancement of polypyrrole due to band bending
induced tunnelling in polypyrrole-carbon nanotubes nanocomposite. J. Ind. Eng. Chem. 2014, 20, 3208–3213.
[CrossRef]

126. Patton, A.J.; Poole-Warren, L.A.; Green, R.A. Mechanisms for Imparting Conductivity to Nonconductive
Polymeric Biomaterials. Macromol. Biosci. 2016, 16, 1103–1121. [CrossRef] [PubMed]

127. Mietta, J.L.; Tamborenea, P.I.; Negri, R.M. Anisotropic reversible piezoresistivity in magnetic–metallic/polymer
structured elastomeric composites: Modelling and experiments. Soft Matter 2016, 12, 422–431. [CrossRef] [PubMed]

128. García, M.; Batalla, P.; Escarpa, A. Metallic and polymeric nanowires for electrochemical sensing and
biosensing. TrAC Trends Anal. Chem. 2014, 57, 6–22. [CrossRef]

129. Gong, S.; Schwalb, W.; Wang, Y.; Chen, Y.; Tang, Y.; Si, J.; Shirinzadeh, B.; Cheng, W. A wearable and highly
sensitive pressure sensor with ultrathin gold nanowires. Nat. Commun. 2014, 5, 3132. [CrossRef] [PubMed]

130. Hsu, P.-C.; Kong, D.; Wang, S.; Wang, H.; Welch, A.J.; Wu, H.; Cui, Y. Electrolessly deposited electrospun
metal nanowire transparent electrodes. J. Am. Chem. Soc. 2014, 136, 10593–10596. [CrossRef] [PubMed]

131. Kim, A.; Won, Y.; Woo, K.; Kim, C.-H.; Moon, J. Highly transparent low resistance ZnO/Ag nanowire/ZnO
composite electrode for thin film solar cells. ACS Nano 2013, 7, 1081–1091. [CrossRef] [PubMed]

132. Langley, D.; Giusti, G.; Mayousse, C.; Celle, C.; Bellet, D.; Simonato, J.-P. Flexible transparent conductive materials
based on silver nanowire networks: A review. Nanotechnology 2013, 24, 452001. [CrossRef] [PubMed]

133. Zhang, D.; Wang, R.; Wen, M.; Weng, D.; Cui, X.; Sun, J.; Li, H.; Lu, Y. Synthesis of ultralong copper nanowires
for high-performance transparent electrodes. J. Am. Chem. Soc. 2012, 134, 14283–14286. [CrossRef] [PubMed]

134. Lee, J.; Lee, P.; Lee, H.; Lee, D.; Lee, S.S.; Ko, S.H. Very long Ag nanowire synthesis and its application in
a highly transparent, conductive and flexible metal electrode touch panel. Nanoscale 2012, 4, 6408–6414.
[CrossRef] [PubMed]

135. Yuan, T.; Zhang, L.; Li, K.; Fan, H.; Fan, Y.; Liang, J.; Zhang, X. Collagen hydrogel as an immunomodulatory
scaffold in cartilage tissue engineering. J. Biomed. Mater. Res. Part B Appl. Biomater. 2014, 102, 337–344. [CrossRef]
[PubMed]

136. Lu, X.; Zhang, W.; Wang, C.; Wen, T.-C.; Wei, Y. One-dimensional conducting polymer nanocomposites:
Synthesis, properties and applications. Prog. Polym. Sci. 2011, 36, 671–712. [CrossRef]

137. Gouma, P.; Kalyanasundaram, K.; Bishop, A. Electrospun single-crystal MoO3 nanowires for biochemistry
sensing probes. J. Mater. Res. 2006, 21, 2904–2910. [CrossRef]

138. Souier, T.; Stefancich, M.; Chiesa, M. Characterization of multi-walled carbon nanotube–polymer
nanocomposites by scanning spreading resistance microscopy. Nanotechnology 2012, 23, 405704. [CrossRef]
[PubMed]

139. Zhang, J.; Jiang, D. Influence of geometries of multi-walled carbon nanotubes on the pore structures of
Buckypaper. Compos. Part A Appl. Sci. Manuf. 2012, 43, 469–474. [CrossRef]

140. Yang, J.; Wang, X.; Wang, X.; Jia, R.; Huang, J. Preparation of highly conductive CNTs/polyaniline composites
through plasma pretreating and in-situ polymerization. J. Phys. Chem. Solids 2010, 71, 448–452. [CrossRef]

141. Xiao, X.; Wu, G.; Zhou, H.; Qian, K.; Hu, J. Preparation and Property Evaluation of Conductive Hydrogel
Using Poly(Vinyl Alcohol)/Polyethylene Glycol/Graphene Oxide for Human Electrocardiogram Acquisition.
Polymers 2017, 9, 259. [CrossRef]

142. Lai, J.; Zhang, L.; Niu, W.; Qi, W.; Zhao, J.; Liu, Z.; Zhang, W.; Xu, G. One-pot synthesis of gold nanorods using
binary surfactant systems with improved monodispersity, dimensional tunability and plasmon resonance
scattering properties. Nanotechnology 2014, 25, 125601. [CrossRef] [PubMed]

143. Harada, M.; Tamura, N.; Takenaka, M. Nucleation and growth of metal nanoparticles during photoreduction
using in situ time-resolved SAXS analysis. J. Phys. Chem. C 2011, 115, 14081–14092. [CrossRef]

144. Dang, Z.-M.; Yuan, J.-K.; Zha, J.-W.; Zhou, T.; Li, S.-T.; Hu, G.-H. Fundamentals, processes and applications
of high-permittivity polymer–matrix composites. Prog. Mater. Sci. 2012, 57, 660–723. [CrossRef]

145. Zhao, W.; Odelius, K.; Edlund, U.; Zhao, C.; Albertsson, A.-C. In situ synthesis of magnetic field-responsive
hemicellulose hydrogels for drug delivery. Biomacromolecules 2015, 16, 2522–2528. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C6TB01722C
http://dx.doi.org/10.1016/j.jiec.2013.11.067
http://dx.doi.org/10.1002/mabi.201600057
http://www.ncbi.nlm.nih.gov/pubmed/27188690
http://dx.doi.org/10.1039/C5SM02268A
http://www.ncbi.nlm.nih.gov/pubmed/26477664
http://dx.doi.org/10.1016/j.trac.2014.01.004
http://dx.doi.org/10.1038/ncomms4132
http://www.ncbi.nlm.nih.gov/pubmed/24495897
http://dx.doi.org/10.1021/ja505741e
http://www.ncbi.nlm.nih.gov/pubmed/25019606
http://dx.doi.org/10.1021/nn305491x
http://www.ncbi.nlm.nih.gov/pubmed/23330971
http://dx.doi.org/10.1088/0957-4484/24/45/452001
http://www.ncbi.nlm.nih.gov/pubmed/24121527
http://dx.doi.org/10.1021/ja3050184
http://www.ncbi.nlm.nih.gov/pubmed/22813082
http://dx.doi.org/10.1039/c2nr31254a
http://www.ncbi.nlm.nih.gov/pubmed/22952107
http://dx.doi.org/10.1002/jbm.b.33011
http://www.ncbi.nlm.nih.gov/pubmed/24000202
http://dx.doi.org/10.1016/j.progpolymsci.2010.07.010
http://dx.doi.org/10.1557/jmr.2006.0353
http://dx.doi.org/10.1088/0957-4484/23/40/405704
http://www.ncbi.nlm.nih.gov/pubmed/22995850
http://dx.doi.org/10.1016/j.compositesa.2011.11.016
http://dx.doi.org/10.1016/j.jpcs.2009.12.008
http://dx.doi.org/10.3390/polym9070259
http://dx.doi.org/10.1088/0957-4484/25/12/125601
http://www.ncbi.nlm.nih.gov/pubmed/24571958
http://dx.doi.org/10.1021/jp203119a
http://dx.doi.org/10.1016/j.pmatsci.2011.08.001
http://dx.doi.org/10.1021/acs.biomac.5b00801
http://www.ncbi.nlm.nih.gov/pubmed/26196600


Polymers 2018, 10, 1078 34 of 36

146. Ma, P.-C.; Siddiqui, N.A.; Marom, G.; Kim, J.-K. Dispersion and functionalization of carbon nanotubes for
polymer-based nanocomposites: A review. Compos. Part A Appl. Sci. Manuf. 2010, 41, 1345–1367. [CrossRef]

147. Siddiqui, N.A.; Li, E.L.; Sham, M.-L.; Tang, B.Z.; Gao, S.L.; Mäder, E.; Kim, J.-K. Tensile strength of glass
fibres with carbon nanotube–epoxy nanocomposite coating: Effects of CNT morphology and dispersion
state. Compos. Part A Appl. Sci. Manuf. 2010, 41, 539–548. [CrossRef]

148. Kim, Y.S.; Cho, K.; Lee, H.J.; Chang, S.; Lee, H.; Kim, J.H.; Koh, W.-G. Highly conductive and hydrated
PEG-based hydrogels for the potential application of a tissue engineering scaffold. React. Funct. Polym. 2016,
109, 15–22. [CrossRef]

149. Luo, X.; Cui, X.T. Sponge-like nanostructured conducting polymers for electrically controlled drug release.
Electrochem. Commun. 2009, 11, 1956–1959. [CrossRef] [PubMed]

150. Wang, H.; Han, H.; Ma, Z. Conductive hydrogel composed of 1,3,5-benzenetricarboxylic acid and Fe3+ used
as enhanced electrochemical immunosensing substrate for tumor biomarker. Bioelectrochemistry 2017, 114,
48–53. [CrossRef] [PubMed]

151. Kurniawan, D.; Nor, F.; Lee, H.; Lim, J. Elastic properties of polycaprolactone at small strains are significantly
affected by strain rate and temperature. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2011, 225, 1015–1020.
[CrossRef] [PubMed]

152. Xie, J.; Macewan, M.R.; Willerth, S.M.; Li, X.; Moran, D.W.; Sakiyama-Elbert, S.E.; Xia, Y. Conductive
Core-Sheath Nanofibers and Their Potential Application in Neural Tissue Engineering. Adv. Funct. Mater.
2009, 19, 2312–2318. [CrossRef] [PubMed]

153. Choi, Y.-J.; Yi, H.-G.; Kim, S.-W.; Cho, D.-W. 3D Cell Printed Tissue Analogues: A New Platform for
Theranostics. Theranostics 2017, 7, 3118–3137. [CrossRef] [PubMed]

154. Pati, F.; Jang, J.; Ha, D.-H.; Kim, S.W.; Rhie, J.-W.; Shim, J.-H.; Kim, D.-H.; Cho, D.-W. Printing
three-dimensional tissue analogues with decellularized extracellular matrix bioink. Nat. Commun. 2014, 5,
3935. [CrossRef] [PubMed]

155. Yang, B.; Yao, F.; Hao, T.; Fang, W.; Ye, L.; Zhang, Y.; Wang, Y.; Li, J.; Wang, C. Development of Electrically
Conductive Double-Network Hydrogels via One-Step Facile Strategy for Cardiac Tissue Engineering.
Adv. Healthc. Mater. 2016, 5, 474–488. [CrossRef] [PubMed]

156. Jing, X.; Mi, H.-Y.; Napiwocki, B.N.; Peng, X.-F.; Turng, L.-S. Mussel-inspired electroactive chitosan/graphene
oxide composite hydrogel with rapid self-healing and recovery behavior for tissue engineering. Carbon 2017,
125, 557–570. [CrossRef]

157. Sun, H.; Zhou, J.; Huang, Z.; Qu, L.; Lin, N.; Liang, C.; Dai, R.; Tang, L.; Tian, F. Carbon nanotube-incorporated
collagen hydrogels improve cell alignment and the performance of cardiac constructs. Int. J. Nanomed. 2017,
12, 3109–3120. [CrossRef] [PubMed]

158. Gajendiran, M.; Choi, J.; Kim, S.-J.; Kim, K.; Shin, H.; Koo, H.-J.; Kim, K. Conductive biomaterials for tissue
engineering applications. J. Ind. Eng. Chem. 2017, 51, 12–26. [CrossRef]

159. Hosseinzadeh, S.; Rezayat, S.M.; Vashegani-Farahani, E.; Mahmoudifard, M.; Zamanlui, S.; Soleimani, M.
Nanofibrous hydrogel with stable electrical conductivity for biological applications. Polymer 2016, 97,
205–216. [CrossRef]

160. Jo, H.; Sim, M.; Kim, S.; Yang, S.; Yoo, Y.; Park, J.H.; Yoon, T.H.; Kim, M.G.; Lee, J.Y. Electrically conductive
graphene/polyacrylamide hydrogels produced by mild chemical reduction for enhanced myoblast growth
and differentiation. Acta Biomater. 2017, 48, 100–109. [CrossRef] [PubMed]

161. Annabi, N.; Shin, S.R.; Tamayol, A.; Miscuglio, M.; Bakooshli, M.A.; Assmann, A.; Mostafalu, P.; Sun, J.-Y.;
Mithieux, S.; Cheung, L.; et al. Highly Elastic and Conductive Human-Based Protein Hybrid Hydrogels.
Adv. Mater. 2016, 28, 40–49. [CrossRef] [PubMed]

162. Ahadian, S.; Yamada, S.; Ramon-Azcon, J.; Estili, M.; Liang, X.; Nakajima, K.; Shiku, H.; Khademhosseini, A.;
Matsue, T. Hybrid hydrogel-aligned carbon nanotube scaffolds to enhance cardiac differentiation of embryoid
bodies. Acta Biomater. 2016, 31, 134–143. [CrossRef] [PubMed]

163. Navaei, A.; Saini, H.; Christenson, W.; Sullivan, R.T.; Ros, R.; Nikkhah, M. Gold nanorod-incorporated
gelatin-based conductive hydrogels for engineering cardiac tissue constructs. Acta Biomater. 2016, 41, 133–146.
[CrossRef] [PubMed]

164. Hosoyama, K.; Ahumada, M.; McTiernan, C.; Bejjani, J.; Variola, F.; Ruel, M.; Xu, B.; Liang, W.; Suuronen, E.;
Alarcon, E. Multi-functional thermo-crosslinkable collagen-metal nanoparticle composites for tissue
regeneration: Nanosilver vs. nanogold. RSC Adv. 2017, 7, 47704–47708. [CrossRef]

http://dx.doi.org/10.1016/j.compositesa.2010.07.003
http://dx.doi.org/10.1016/j.compositesa.2009.12.011
http://dx.doi.org/10.1016/j.reactfunctpolym.2016.09.003
http://dx.doi.org/10.1016/j.elecom.2009.08.027
http://www.ncbi.nlm.nih.gov/pubmed/20160915
http://dx.doi.org/10.1016/j.bioelechem.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28064043
http://dx.doi.org/10.1177/0954411911413059
http://www.ncbi.nlm.nih.gov/pubmed/22204123
http://dx.doi.org/10.1002/adfm.200801904
http://www.ncbi.nlm.nih.gov/pubmed/19830261
http://dx.doi.org/10.7150/thno.19396
http://www.ncbi.nlm.nih.gov/pubmed/28839468
http://dx.doi.org/10.1038/ncomms4935
http://www.ncbi.nlm.nih.gov/pubmed/24887553
http://dx.doi.org/10.1002/adhm.201500520
http://www.ncbi.nlm.nih.gov/pubmed/26626543
http://dx.doi.org/10.1016/j.carbon.2017.09.071
http://dx.doi.org/10.2147/IJN.S128030
http://www.ncbi.nlm.nih.gov/pubmed/28450785
http://dx.doi.org/10.1016/j.jiec.2017.02.031
http://dx.doi.org/10.1016/j.polymer.2016.05.013
http://dx.doi.org/10.1016/j.actbio.2016.10.035
http://www.ncbi.nlm.nih.gov/pubmed/27989919
http://dx.doi.org/10.1002/adma.201503255
http://www.ncbi.nlm.nih.gov/pubmed/26551969
http://dx.doi.org/10.1016/j.actbio.2015.11.047
http://www.ncbi.nlm.nih.gov/pubmed/26621696
http://dx.doi.org/10.1016/j.actbio.2016.05.027
http://www.ncbi.nlm.nih.gov/pubmed/27212425
http://dx.doi.org/10.1039/C7RA08960K


Polymers 2018, 10, 1078 35 of 36

165. Liu, N.; Chen, J.; Zhuang, J.; Zhu, P. Fabrication of engineered nanoparticles on biological macromolecular
(PEGylated chitosan) composite for bio-active hydrogel system in cardiac repair applications. Int. J. Biol. Macromol.
2018, 117, 553–558. [CrossRef] [PubMed]

166. Kharaziha, M.; Shin, S.R.; Nikkhah, M.; Topkaya, S.N.; Masoumi, N.; Annabi, N.; Dokmeci, M.R.;
Khademhosseini, A. Tough and flexible CNT–polymeric hybrid scaffolds for engineering cardiac constructs.
Biomaterials 2014, 35, 7346–7354. [CrossRef] [PubMed]

167. Shin, S.R.; Jung, S.M.; Zalabany, M.; Kim, K.; Zorlutuna, P.; Kim, S.B.; Nikkhah, M.; Khabiry, M.; Azize, M.;
Kong, J. Carbon-nanotube-embedded hydrogel sheets for engineering cardiac constructs and bioactuators.
ACS Nano 2013, 7, 2369–2380. [CrossRef] [PubMed]

168. Shi, Z.; Gao, H.; Feng, J.; Ding, B.; Cao, X.; Kuga, S.; Wang, Y.; Zhang, L.; Cai, J. In situ synthesis of robust
conductive cellulose/polypyrrole composite aerogels and their potential application in nerve regeneration.
Angew. Chem. Int. Ed. Engl. 2014, 53, 5380–5384. [CrossRef] [PubMed]

169. Bu, Y.; Xu, H.-X.; Li, X.; Xu, W.-J.; Yin, Y.-X.; Dai, H.-L.; Wang, X.-B.; Huang, Z.-J.; Xu, P.-H. A conductive
sodium alginate and carboxymethyl chitosan hydrogel doped with polypyrrole for peripheral nerve
regeneration. RSC Adv. 2018, 8, 10806–10817. [CrossRef]

170. Yang, S.; Jang, L.; Kim, S.; Yang, J.; Yang, K.; Cho, S.W.; Lee, J.Y. Polypyrrole/alginate hybrid hydrogels:
Electrically conductive and soft biomaterials for human mesenchymal stem cell culture and potential neural
tissue engineering applications. Macromol. Biosci. 2016, 16, 1653–1661. [CrossRef] [PubMed]

171. Imaninezhad, M.; Pemberton, K.; Xu, F.; Kalinowski, K.; Bera, R.; Zustiak, S. Directed and enhanced neurite
outgrowth following exogenous electrical stimulation on carbon nanotube-hydrogel composites. J. Neural Eng.
2018, 15, 056034. [CrossRef] [PubMed]

172. Jafarkhani, M.; Salehi, Z.; Nematian, T. Preparation and characterization of chitosan/graphene oxide
composite hydrogels for nerve tissue Engineering. Mater. Today Proc. 2018, 5, 15620–15628. [CrossRef]

173. Zhao, Y.; Wang, Y.; Niu, C.; Zhang, L.; Li, G.; Yang, Y. Construction of polyacrylamide/graphene
oxide/gelatin/sodium alginate composite hydrogel with bioactivity for promoting Schwann cells growth.
J. Biomed. Mater. Res. Part A 2018, 106, 1951–1964. [CrossRef] [PubMed]

174. Rose, J.C.; Cámara-Torres, M.; Rahimi, K.; Köhler, J.; Möller, M.; De Laporte, L. Nerve cells decide to orient
inside an injectable hydrogel with minimal structural guidance. Nano Lett. 2017, 17, 3782–3791. [CrossRef]
[PubMed]

175. Xu, H.; Holzwarth, J.M.; Yan, Y.; Xu, P.; Zheng, H.; Yin, Y.; Li, S.; Ma, P.X. Conductive PPY/PDLLA conduit
for peripheral nerve regeneration. Biomaterials 2014, 35, 225–235. [CrossRef] [PubMed]

176. Liu, X.; Miller, A.L.; Park, S.; Waletzki, B.E.; Zhou, Z.; Terzic, A.; Lu, L. Functionalized Carbon Nanotube
and Graphene Oxide Embedded Electrically Conductive Hydrogel Synergistically Stimulates Nerve Cell
Differentiation. ACS Appl. Mater. Interfaces 2017, 9, 14677–14690. [CrossRef] [PubMed]

177. Javadi, M.; Gu, Q.; Naficy, S.; Farajikhah, S.; Crook, J.M.; Wallace, G.G.; Beirne, S.; Moulton, S.E. Conductive
Tough Hydrogel for Bioapplications. Macromol. Biosci. 2018, 18. [CrossRef] [PubMed]

178. Bose, S.; Roy, M.; Bandyopadhyay, A. Recent advances in bone tissue engineering scaffolds. Trends Biotechnol.
2012, 30, 546–554. [CrossRef] [PubMed]
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