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Electroconductive hydrogels (EHs) are promising composite biomaterials of hydrogels and conductive electroactive polymers,
incorporating bionic physicochemical properties of hydrogels and conductivity, electrochemistry, and electrical stimulation (ES)
responsiveness of conductive electroactive polymers. *e biomedical domain has increasingly seen EHs’ application to imitating
the biological and electrical properties of human tissues, acclaimed as one of the most effective biomaterials. Bone’s complex
bioelectrochemical properties and the corresponding stem cell differentiation affected by electrical signal elevate EHs’ application
value in repairing and treating bone, cartilage, and skeletal muscle. Noteworthily, the latest orthopedic biological applications
require broader information of EHs. Except for presenting the classification and synthesis of EHs, this review recapitulates the
advance of EHs application to orthopedics in the past five years and discusses the pertinent development tendency and challenge,
aiming to provide a reference for EHs application direction and prospect in orthopedic therapy.

1. Introduction

*e past few decades have seen a dramatic increase in the
demand for more efficient and complex biomaterials, of
which hydrogels began to excel. Hydrogels are porous three-
dimensional network structures with high water content
obtained by physical or chemical cross-linking of hydro-
philic polymer chains. Hydrogels incorporate many merits
of adjustable physical and chemical properties, the ability to
imitate extracellular matrix, injectability, self-healing, bio-
compatibility, biodegradability, low toxicity, the ability to
encapsulate cells, growth factors, and drugs, and others [1].
*e current materials for hydrogel manufacturing primarily
fall into natural polymers and synthetic polymers. *e
natural polymers cover fibrin, hyaluronic acid, chitosan,
gellan, gelatin, collagen, alginate, and others. In contrast, the
synthetic polymers include polylactide (PLA), poly(ethylene
glycol) (PEG), poly(vinyl alcohol) (PVA), poly(2-hydrox-
yethyl methacrylate) (PHEMA), poly(lactic-co-glycolic
acetic acid) (PLGA), polycaprolactone (PCL), poly(glycerol
sebacate), and polyurethane (PU) [2–6]. Most of these
polymers are nonconductive. However, common knowledge

proves that the survival of cells, tissues, and organs is in-
separable from bioelectrical signals [7, 8]. Hydrogels in
biomedical applications are critical to the generation, con-
duction, utilization, and conversion of electrical signals [9].
Opportunely, the concept of EHs comes from attempts in
the 1990s of scientists to introduce conductive material into
hydrogels [10, 11]. Currently, conductive materials used in
hydrogels primarily are conductive polymers, including
polyaniline (PAn), polypyrrole (PPy), polythiophene (P*),
poly(phenylene vinylene) (PPv), their copolymers, and de-
rivatives. Besides, various metal nanoparticles and carbon-
based nanoconductive materials like graphene and carbon
nanotubes (CNTs) have seen application to hydrogels
[12–17]. *e addition of various conductive active materials
will produce advanced composite material of EHs with
controlled conductive phase morphology. In recent years,
the clinical medicine domain of electroactive cell and tissue
engineering has seen an in-depth development and extensive
application of EHs, such as skin, muscle, nerve, heart, bone,
and cartilage [4, 18–20].

*is review first classifies electroconductive hydrogels by
composition: (i) conductive polymer hydrogels; (ii)
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conductive metallic nanoparticle hydrogels; (iii) conductive
graphene and CNTs hydrogels. Except for the brief intro-
duction of the synthetic methods for the above electro-
conductive hydrogels, this review emphatically analyzes EHs
for biomedical applications in orthopedics, covering EHs as
cell culture medium, scaffolds in tissue engineering, delivery
application of drugs, or growth factors. To provide a ref-
erence for EHs treating orthopedic disorders in the future,
this review finally discusses the opportunities and challenges
for developing biomedical applications, particularly EHs in
orthopedics.

2. The Classification of EHs

2.1. Conductive Polymer Hydrogels. π-Conjugated polymers
of PANi, PPv, PPy, polythiophene (PT), poly(3,4-ethyl-
enedioxythiophene) (PEDOT), and others have witnessed an
extensive application in EHs [12], seen in Figure 1. *e
delocalized π electrons move freely in their unsaturated
main backbone, constructing an electrical pathway for
mobile charge carriers [21]. π-Conjugated polymers are easy
to synthesize and process, acclaimed as a class of organic
materials with unique electrical and optical properties
similar to those of inorganic semiconductors and metals.
Also, their electrical properties and biological responsive-
ness are more stable and controllable than those of other
materials, and their long covalent chains provide better
mechanical properties for the whole system.

EHs with conductive polymers compatible with other
hydrogel substrates have demonstrated excellent biocom-
patibility and applications in the biomedical domain, seen in
Table 1. Conductive polymers need to combine with ideal
supporting materials to cover up their instability and sus-
ceptibility to oxidation. Lately, Wang et al. [22] prepared
polypyrrole-grafted gelatin-based hydrogels with conduc-
tivity, self-healing, and injectability. *ey first grafted
methacrylate anhydride (MA) onto the gelatin to form a
double bond functional gelatin (GelMA) through a physical
cross-linking network. *en, they grafted PPy to GelMA by
reacting with the double bond to form a PPy-GelMA graft
(PPy-GelMA). Later, they added iron ions to the PPy-
GelMA solution to form the hydrogel. Due to reversible ion
action, the resulting hydrogels are self-healing and present
excellent blood and cellular compatibility. In treating
myocardial infarction, the self-adhesive conductive hydrogel
patch formed based on the ion-ligand binding between Fe3+
inducing dopamine-gelatin (GelDA) conjugate and dopa-
mine-functionalized DA-PPy could significantly improve
myocardial function in combination with the injectable
hydrogel [23]. Notably, the monomer or cross-linking agent
left in the hydrogel system may be toxic to cells and tissues,
and scientists are looking for natural biological cross-linking
agents to solve this problem [27]. Besides PPy, PANi is also
one of the conductive polymers most widely studied in
biomedicine.

Bagheri et al. [27] utilized the biodegradability and
fabricability of aniline oligomers to synthesize self-gelling
electroactive hydrogels based on chitosan-aniline oligomers/
agarose to deliver drugs in neural tissue engineering. *eir

team also demonstrated that gelatin’s introduction to these
EHs significantly promoted motor neuron-like cell differ-
entiation of human olfactory ectomesenchymal stem cells
[28]. A hydrogel prepared by simple grafting of gelatin and
PANi is also applicable to deliver bone marrow stromal cells
(BMSCs), significantly improving the behavior in mice with
Parkinson’s disease and the neurotrophic factor levels in the
substantia nigra [29]. Except for PPy and PANi, complex
biomedical purposes keep seeking other conductive poly-
mers. From a conducting polymer complex, poly(3,4-eth-
ylenedioxythiophene): polystyrene sulfonate (PEDOT : PSS)
dispersed within a photo-cross-linkable naturally derived
hydrogel, gelatin methacryloyl (GelMA), Spencer et al. [31]
prepared electroconductive hydrogels with adjustable
properties and mechanical flexibility, which supports C2C12
myoblasts’ viability and proliferation. Importantly,
PEDOT’s monomers are hydrophilic and soluble in water,
facilitating biodegradation and elimination. In the study of
nerve tissue regeneration, the incorporation of PEDOT-
hyaluronic acid nanoparticles into chitosan/gelatin (Cs/Gel)
matrix can improve the electrical and mechanical properties
while reducing the porosity, water absorption, and biode-
gradability, and PC12 cells cultured in scaffolds exhibited a
higher expression of synaptic growth genes [32].

2.2. Conductive Metallic Nanoparticle Hydrogels. Strong
electrical conductivity in metals inspires an effective way to
synthesize EHs by doping metal nanoparticles into the
hydrogel matrix. *e higher corrosion resistance of gold,
silver, platinum, and other precious metals in the physio-
logical environment enhances their utilization in EHs [33].
Regarding their low bioactivity, dose- and time-dependent
cytotoxicity, modification, and compounding are applicable
to maintain their homeostasis, enhance their interaction
with the biological environment, improve their biocom-
patibility, and prolong their existence in vivo [34, 35]. Be-
sides their electrical conductivity, these metal nanoparticles
present surprising functions and properties, respectively,
such as antibacterial property, catalytic, imaging, and drug
delivery [36–38].

Conductive metallic nanoparticle hydrogels have dem-
onstrated usefulness in biomedicine, seen in Table 2. For
example, Pourjavadi et al. prepared injectable and ther-
mosensitive chitosan/κ-carrageenan hydrogel designed with
au nanoparticles [39]. *ey first loaded Au nanoparticles
with an average size of 50–70 nm onto the chitosan surface
through a green method to enhance the conductivity. *en,
they synthesized injectable and thermosensitive hydrogel
through two steps with the effect of radical polymerization
and static electricity, the chitosan loaded with Au nano-
particles, κ-carrageenan, and poly(N-isopropylacrylamide)
(PNIPAM). In addition to the scaffold’s electrical conduc-
tivity and injectability, MG-63 cells’ proliferation and at-
tachment greatly improved, showing a promising
application hope of tissue engineering in vivo. Evidence
suggests that AuNPs stimulates primary osteoblast and
mesenchymal stem cell differentiation by activating the
extracellular signal-regulated kinase (ERK)/mitogen-
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activated protein kinase (MAPK) and p38 MAPK pathways,
respectively [45, 46]. Also, Ag nanoparticles’ (AgNPs)
unique optical, electrical, and antibacterial properties make
them widely used in EHs synthesis. Makvandi et al. [41]
prepared Ag nanoparticles in a completely biocompatible
and nontoxic solvent-free process using corn silk extract
CSE in the water-based agent by a microwave-assisted
method. *ey then coated the Ag nanoparticles in pluronic/
hyaluronic acid/β-tricalcium phosphate/CSE hydrogels,

creating hydrogels that gelled at temperatures close to those
of humans and presenting ideal antibacterial activity while
promoting high bone differentiation in MSC cells. Inter-
estingly, AgNPs can also induce actin polymerization and
increase cytoskeletal tension and activate RhoA to promote
the osteogenic differentiation of urine-derived stem cells
[47]. A recent study modified silk protein/nano-
hydroxyapatite hydrogels with in situ synthesized Ag and Au
nanoparticles (AgNP and AuNP) using tyrosine amino acids
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Figure 1: Chemical structures of various conductive polymers [12].

Table 1: Some application of conductive polymer hydrogels in biomedicine.

Hydrogel
matrix

Conductive
polymer Major outcomes Cells References

GelMA PPy Self-healing, good blood, and cell compatibility C2C12 cells [22]
Dopamine-
gelatin PPy Combination therapy improves myocardial function after

myocardial infarction
L929 cells and H9C2
myocardial cells [23]

Tannic acid
(TA) PPy Relatively high electrical conductivity can activate endogenous

neural stem cell differentiation in the lesion area Neural stem cells [24]

PVA PPy

*e electrochemical redox properties of conductive polymers
and their swelling capacity associated with PVA networks and
molecular diffusivity bind to stimulate response to drug

delivery

— [25]

Collagen PPy *e gel is based on collagen and PPy-b-PCL for the
bioprinting of neural tissue constructs PC12 cells [26]

Chitosan Aniline
oligomers

*e glass transition temperature and thermal properties of
aniline oligomers were adjusted to reduce the swelling rate;

drug delivery of nerve tissue
PC12 cells [27]

Chitosan gel Aniline
oligomers

Significantly promoted motor neuron-like cell differentiation
of human olfactory ectomesenchymal stem cell

Human olfactory
ectomesenchymal stem cell [28]

Gel PANi
*e BMSC hydrogel could significantly improve the behavior
of PD mice and the level of neurotrophic factors in the

substantia nigra
BMSCs [29]

PEG Aniline
oligomers

*e conductivity of hydrogel is close to natural heart tissue,
suitable for encapsulating C2C12 myoblasts and H9c2 heart

cells to repair the heart

C2C12 myoblasts and H9c2
heart cells [30]

GelMA PEDOT : PSS Mechanically flexible and conductive hydrogels with
adjustable properties C2C12 cells [31]

Cs/gel PEDOT Improves electrical and mechanical properties while reducing
porosity, water absorption, and biodegradability PC12 cells [32]
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[43]. Nanocomposite hydrogels exhibited enhanced me-
chanical stiffness due to the presence of NP. *ese materials
also allow osteoblasts to attach and spread.

2.3. Conductive Graphene and CNTs Hydrogels. Graphene as
biological matrix graphene, its derivatives of conductive
materials, and carbon nanotubes (CNTs) have led to
nanomaterial research upsurge over the past few decades.
*e high mechanical strength, effective surface area, and
high electrical conductivity have made mixed hydrogels
based on carbon-based materials attract much attention.*e
excellent characteristics of carbon-based materials (such as
high cellular absorption, high stability, and electromagnetic
behavior) make them one of the most promising nanofillers
for various applications [48, 49]. However, some factors
hinder the random distribution of nanomaterials in polymer
networks. *e wet-spinning method is one of the solutions
of scientists’ efforts overcoming these barriers. Wet-spin-
ning, as an efficient and straightforward assembly technique,
can convert carbon-based nanomaterials into fibers with a
highly ordered structure, and of all the carbon-based
nanomaterials, the liquid crystal behavior makes graphene
optimum for making wet spun fibers.

Sepehr Talebian et al. [50] employed graphene nano-
crystals and highly biocompatible alginates to build com-
posite fibers by mature wet-spinning technique. *e
composite fiber incorporates adequate flexibility, high-level
C2C12 myoblast compatibility, and mechanical strength,
which becomes a promising alternative in tissue engineering.
Analogously, CNTpresents a low solubility in a water-based
environment, resulting in poor dispersion. Due to the at-
tractive interaction of Van der Waals’ force between the
tubules, this structural pattern of agglomeration occurs,
making CNT insoluble in most organic solvents [51]. Surface
coating or functionalization of other functional groups

serves as the primary solution at present. In a recent study,
Liang et al. [52] designed and successfully synthesized
gelatin-grafted-dopamine (GT-DA) and polydopamine-
coated carbon nanotubes (CNT-PDA). Antibacterial, ad-
hesive, antioxidant, and conductive Gt-DA/chitosan/CNT
hydrogels designed by oxidative coupling of the catecolic
groups can serve as the multifunctional bioactive dressings
for infected wound healing. Another study functionalizes the
CNT by using the formononetin (Ft), a bioactive isoflavone
found in the hydroalcoholic extract of red propolis, to
prepare nanocomposite [53]. Incorporating the nano-
composite in a gelatin methylacryloyl prepolymer formula
formed the biocompatible hydrogel under ultraviolet light,
which can be a carrier of anti-inflammatory molecules to
treat spinal cord injury by in situ injection. *ere are more
applications of conductive graphene and CNTs hydrogels in
biomedicine, seen in Table 3.

3. EHs Synthesis

*e cross-linking mechanism classifies EHs synthesis into
physical-cross-linking, covalent-cross-linking, and supra-
molecular-cross-linking [56]. Physical-cross-linking mixes
conductive and nonelectrically active materials into glue by
physical action. However, the mechanism has the limitation
of the uncontrollability of the reaction process and condi-
tions. Covalent-cross-linking refers to covalent bonds’ re-
action between components, which can enhance the
chemical activity by incorporating different functional
groups. *e covalent reaction can elevate hydrogels’ me-
chanical properties and stability. At the same time, the
special covalent reaction monomer also limits the applica-
tion scope of this method. Nevertheless, special covalent
reactive monomers also narrow the covalent-cross-linking
application scope. Supramolecular interactions include
hydrophobic interactions, electrostatic interactions, host-

Table 2: Some application of conductive metallic nanoparticle hydrogels in biomedicine.

Hydrogel matrix Conductive metal
nanoparticles Major outcomes Cells References

Chitosan/κ-carrageenan Au nanoparticles Au nanoparticles act as a conductive component to
enhance cell growth and adhesion MG-63 cells [39]

poly(serinol hexamethylene
urea)-co-PNIPAM Au nanoparticles Myocardial cells improved in long-term viability,

cardiac marker expression, and increased Cx43 area
Cardiac fibroblasts;
ventricular myocyte [9]

GelMA Au nanoparticles
Improved compressive strength and mechanical
modulus, degradation and swelling behavior, and

uniform cell proliferation arrangement
H9C2 heart cells [40]

Hyaluronic acid Ag nanoparticles Nontoxic, antibacterial activity, and promoting
osteogenesis L929 cells [41]

Agar, fumaric acid Ag nanoparticles Antibacterial, promoting wound healing, and
angiogenesis 3T3-L1 fibroblast [42]

Fibroin/
nanohydroxyapatite

Au and Ag
nanoparticles

Showing strong antibacterial activity and the
properties of antifixation and antiplankton, which
can reduce the adhesion and further accumulation

of bacteria

MG63 cells [43]

Chitosan/PEG Fe3O4
nanoparticles

Magnetic hydrogels significantly increased the
temperature under magnetic field and effectively
improved the differentiation of MSC into bone

MSC [44]
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guest complexation, π-π superposition, hydrogen bonds,
and a combination of their various reactions. *e supra-
molecular cross-linking mechanism has seen an extensive
application and increasing popularity in EHs synthesis of
carbon-based materials. *e conductive material category
can divide the specific technique into in situ generations,
doping blending, grafting, self-assembly, coating, and
others, with referents in the following review.

Doping befitting cross-linkers, the conductive materials’
dispersion uniformity, and the coating adhesion fastness are
the critical problems in the synthesis. Synthetic inter-
penetrating polymer network (IPN) conductive hydrogels by
mutual and continuous osmosis of conductive polymer
chains and hydrogel matrix chains at the molecular level
could achieve the uniform electrical and mechanical
properties of conductive hydrogels, suggesting a method for
polymerizing conductive polymers in situ in hydrogel matrix
[57]. Natural polymers such as chitosan, gelatin, cellulose,
and hyaluronic acid have seen application to preparing
conductive hydrogels to remove the limitation of the uni-
form distribution of hydrophobic conductive polymers in
conventional hydrogel matrix [58–62]. *e good affinity of
natural polymers’ molecular structure for conductive
polymers is conducive to integrating conductive polymers
and hydrogel networks. Besides, a report came of a strategy
that is reducing the distribution of ionic form of metal
nanoparticles in hydrogel matrix could advantage the uni-
form dispersion of conductive metal nanoparticles in
hydrogel matrix [63]. *e uniform distribution of carbon-
based conductive materials can refer to the wet-spinning
technique mentioned above and the colloidal chemistry-
based method. A strong recommendation is to read the
following reviews for a deeper acquisition of the synthesis
and classification of conductive hydrogels [12, 14, 56, 64].

4. Electroconductive Hydrogels for Biomedical
Applications in Orthopedics

Repairing irreversible damage of naturally healthy bone
caused by trauma, cancer, surgery, congenital malforma-
tions, and others has been a world-class problem [65]. *e
origin and economic problems of autograft and allograft
have turned the focus of bone and surrounding tissue

repair into engineering materials. To date, several attempts
have been made to adapt conventional biomaterials to bone
regeneration and integration into surrounding tissues [66].
Acknowledgedly, biomaterials’ ultimate goal shall be to
replace or restore tissue function, rebuild the body’s
damaged parts, assist in healing and beautifying, and others
[67]. Biomaterials involve not only the bone tissue but also
the reconstruction and repair of cartilage, ligaments,
muscles, blood vessels, and others. Hence, further im-
provement is necessary for the ability of various materials
to selectively guide and influence the function of cells and
tissues which need implantation at specific sites. Evidence
of increasing angiogenesis and bone conductivity in bone
repair models suggests hydrogels as one promising alter-
native for forming such composites [68]. Many polymers
that form hydrogels are the main components of the ex-
tracellular matrix of bone or other tissues, such as hya-
luronic acid and collagen. Except for cell culture and tissue
engineering scaffolds, hydrogels present the merits to
control drug and soluble factor release, injectability, and
self-healing, elevating them with an inviting bioengineer-
ing tool for bone defects in different locations, sizes, and
shapes. Besides the eminent suitability for bone’s piezo-
electric property, EHs also have the electrical activity in
biological performance, facilitating the transformation and
communication of bioelectrical signals between cells. It is
convincing that EHs can better accomplish the goal of
orthopedic biology application.

4.1. Cell Culture Matrix. How cell culture matrix can sim-
ulate the microenvironment of cells in vivo to the maximum
has been the most critical issue with ongoing energetic
research. Excellent biocompatibility, stable 3D structure,
enough water for cell movement, and the ability to maintain
communication between cells are all essential. *e porous
microstructure of EHs, ion type and concentration, me-
chanical modulus, electrical properties, specific molecules,
and external stimuli will affect cell growth, proliferation,
adhesion, and differentiation [69].

Hydrogel film is a common matrix morphology in cell
culture. Jiang et al. [70] designed a photo-induced bio-
compatible self-rolling conductive hydrogel film by com-
bining dopamine cross-linking agents, multiwalled carbon

Table 3: Some applications of conductive graphene and CNTs hydrogels in biomedicine.

Hydrogel matrix Conductive carbon-based
nanomaterials Major outcomes Cells References

Alginate Graphene Flexibility, mechanical strength, excellent electrochemical
level, and biocompatibility

C2C12
fibroblasts [50]

Gelatin CNT Antibacterial, adhesive, antioxidant, and electrical
conductivity

L929
fibroblasts [52]

GelMA CNT Stable hydrogel was formed in situ to treat spinal cord injury;
anti-inflammatory substance carrier

L929
fibroblasts [53]

GelMA Graphene oxide Electrical conductivity, flexibility, mechanical stability, and
permeability, improving peripheral nerve regeneration PC12 cells [18]

N-Carboxyethyl
chitosan CNT In vivo photothermal antibacterial, good hemostasis, and

biodegradability
L929

fibroblasts [54]

Agarose CNT Promoting the proliferation and differentiation of bone
mesenchymal stem cell lines BMSCs [55]
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nanotube (MWCNT), and poly(ethylene glycol) diacrylate
(PEGDA). Michael addition reaction of dopamine andN’N’-
methylene diacrylamide synthesizes cross-linking agent, the
approach of which introduces the double bond to dopamine
and further cross-links dopamine to the main chain of the
structure, namely, PEGDA. When culturing BMSC cells in
the hydrogels as mentioned above, the real-time PCR
method demonstrated expression increases of osteoblasts
such as bone sialoprotein (BSP), alkaline phosphatase (ALP),
and osteopontin (OPN) with the increase of MWCNT
concentration, which was also confirmed by cytoskeleton
staining, seen in Figure 2. Besides EHs morphology, their
mechanical strength and the addition of specific molecules
also affect its ability to grow cells. Wang et al. [71] used
L-cysteine to reduce graphene oxide (GO), in which
L-cysteine ACTS worked as a cross-linking agent while
reducing the overall toxicity of the material and bridging the
GO nanosheets to form porous hydrogels. *e resulting
composite hydrogels also presented an electrical conduc-
tivity increase of four to five orders of magnitude compared
to GO alone. *e good adhesion and growth of osteoblasts
on this hydrogel indicated that this hydrogel has the po-
tential to be the matrix for cell culture and electrical
stimulation to change cell behavior. Currently, external
electrical stimulation has assisted EHs in making achieve-
ment in cell culture. A recent study tried to introduce
magnetoelectric composite spheres of CoFe2O4/PVDF into
methacrylated gellan gum (GGMA) to prepare injectable
EHs, with Young’s modulus of 20 kPa, and the activity of
MC3T3-E1 preosteoblasts better than 80% [72].*e external
magnetic field could trigger a dynamic electrical response to
improve cell regeneration.*e external electrical stimulation
could also induce the osteogenic differentiation of stem cells
[73, 74]. Evidence shows that small scaffolds for graphene
cellulose could facilitate the osteogenic differentiation of
adipose-derived stem cell (ADSC), which is applicable for
cell culture and engineering approach [75].

Extensive muscle damage and complex joint lesions
frequently occur in orthopedic diseases, requiring a cell
culture matrix that guides muscle cells and chondrocytes’
behavior. Recently, scientists have developed microfluidi-
cally self-assembled graphene-polysaccharide nano-
composite fiber hydrogel films. *e addition of graphene to
the fibrous hydrogel film could improve its wettability,
electrical conductivity, tensile strength, and toughness. *e
arranged fibrous film structure and enhanced electrical
conductivity would lead to myoblasts’ differentiation to
form multinucleated myotubes [76]. Srisuk et al. proposed
PANi-GG electroactive spongy-like hydrogels as potential
materials to modulate myoblast biological response. *e
results demonstrated that C2C12 myoblasts adhered to
PANi-GG electroactive spongy-like hydrogels, showing a
strong ability to proliferate and differentiate into muscle
tubes, seen in Figure 3 [77]. In terms of cartilage formation,
recent studies have found that GO flakes absorb trans-
forming growth factor β3 (TGF-β3) and then blended them
into collagen hydrogels. Encapsulating humanmesenchymal
stem cells (hMSCs) in the same hydrogel found higher
chondrogenic gene expression and chondrogenic

extracellular matrix deposition, and the effect lasted for one
month [78].

4.2. Scaffold for Tissue Engineering. Tissue engineering
technology is expected to treat human tissue loss success-
fully, and full-featured scaffold material is the foundation of
successful tissue engineering [54]. Excellent biocompati-
bility, intercellular information exchange involving electrical
signals, and porous network structuremake EHs appropriate
support for cell formation of tissues and organs, as well as a
template to guide the growth and construction of new tissues
[79].

Hydrogel/fiber composites are a promising approach to
overcome the inherent limitations of the original hydrogel or
fiber scaffold [80]. Fiber coated by hydrogel matrix can
improve the inherent cellular migration of fibers and the low
mechanical properties of hydrogels [81], seen in the anal-
ogous attempt of EHs preparation. *e introduction of the
precursor solution, consisting of alginate oxide, hyaluronic
acid oxide, gelatin, and graphene, into the electrospinning
PCL/PANi fibers could prepare hydrogel/fiber composite
material which exhibited enhanced elastic modulus,
roughness, and electrical conductivity and also better sup-
ported human osteoblasts’ adhesion, proliferation, and
morphology [82]. In skeletal muscle tissue engineering, EHs
composed of coaxial electrospinning polymerization
(ε-caprolactone), multiwalled carbon nanotubes, polyvinyl
alcohol, and polyacrylic acid (PCL-MWCNT-H) can in-
crease the formation of myoblast myoblasts by electrical
stimulation [83]. However, the mechanical strength is
slightly higher than that of muscle, which needs further
optimization. Guo et al. demonstrated that self-healable
conductive injectable hydrogels based on dextran-graft-
aniline tetramer-graft-4-formylbenzoic acid and N-car-
boxyethyl chitosan could be synthesized at physiological
conditions [84]. Hydrogels represent sufficient in vivo in-
jection capacity and biodegradability, and it can encapsulate
various types of cells with sufficient vitality into hydrogels.
*e release of C2C12 cells from hydrogels exhibits that the
released cells still could proliferate continuously. *ese self-
repair conductive hydrogels promote the regeneration of
skeletal muscle in the volume muscle loss injury model.

*e uniform distribution of conductive materials in EHs
has always been a broad concern, which appears in the
simple blending process [85]. A recent study illustrated that
independent graphene/hydroxyapatite hydrogels by collo-
chemistry unprecedented homogeneity in their 3D structure
[86]. Hydrogels exhibit excellent mechanical properties,
high electrical conductivity, high specific surface area, and
good cellular compatibility, making them an excellent
candidate for bone tissue engineering applications.

Injectable conductive hydrogels have attracted significant
attention from orthopedic tissue engineering and regenerative
medicine [87] because injectable conductive hydrogels can
repair tissue defects of any shape and avoid invasive surgery.
Zhao et al. [88] found that introducing polyaniline into QCS
copolymers could significantly reduce the cytotoxicity of QCS
and enhance the antibacterial activity of QCS through

6 Advances in Materials Science and Engineering



synergistic action. *e antibacterial tests of Escherichia coli
and Staphylococcus aureus in vitro verified the excellent
antibacterial activity of antimicrobial conductive biodegrad-
able hydrogels prepared by the method mentioned above.
Moreover, subsequent in vitro experiments showed that this

hydrogel had no cytotoxicity to ADMSC and promoted C2C12
myoblasts’ proliferation, which can serve as a new bioactive
scaffold for skeletal muscle tissue engineering.

EHs coating on metal implants is also a form of tissue
engineering. Tan et al. [89] bonded the methacrylate gelatin/

Dopamine-PEG
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(a)
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Five days
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Figure 2: BMSCs were cultured on hydrogels with different concentrations of MWCNTto examine the effect of MWCNTconcentration on
cell morphology. Green represents the cytoskeleton and blue represents the nucleus [70].
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polypyrrole conductive hydrogels coating to the titanium
surface through a UV-initiated radical thiol-ene click
reaction. *e hydrogel coating on the surface presented
the desired properties of high electrochemical activity and
high mechanical stability. Bone mesenchymal stem cells
cultured on hydrogel matrix showed high cell viability.
However, the fastness of similar coatings requires further
verification. Tendon and cartilage bind to bone at a very
strong interface, but such a highly ductile interface has not
yet found achievement between the porous surfaces of
synthetic hydrogels and engineered solids. One current
design strategy is to covalently anchor long-chain polymer
networks of tough EHs to nonporous concrete surfaces,
which can achieve by silanizing these surfaces [90]. *ey

designed the synthetic hydrogels, which contain 90%
water, to tough, transparent, and electrical bindings,
conductive to adhere to the porous surfaces of various
solids, with an interfacial toughness that was superior to
that of tendon-bone and cartilage-bone interfaces. *e
electrical conductivity provides the basis for the reliability
between the hydrogel ion conductor and the metal elec-
trode in the future, making many future research direc-
tions and applications possible, such as biosensors and
robot structure.

4.3. Drug/Growth Factor Delivery. Response to electrical
stimulation is a significant advantage of EHs over con-
ventional biomedical hydrogels. *e mixing of conductive

24h 48h 96h
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Figure 3: (a) C2C12 cells morphology cultured on GG (A), (B), and (C) and PANi-GG spongy-like hydrogels (D), (E), and (F). (b) C2C12
immunostaining with antimyosin after 7 days of culture on GG (A) and PANi-GG spongy-like hydrogels (B) [77]. Copyright © 2018,
American Chemical Society.
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materials and hydrogels provides the potential to extend
drug delivery scope and quantity, thus creating new op-
portunities for more excellent use value [91]. *e combi-
nation of EHs and electroresponsive drug delivery is an
attractive method for locally adjustable drug release to meet
therapeutic requirements [92]. Controlled by external
electrical stimulation, EHs produced an “on-off” precise
drug delivery system [93]. Orthopedic EHs are also working
on this. Jin et al. [94] designed a biocompatible, biode-
gradable conductive hydrogel system with electric response
characteristics by blending dextran and electroactive aniline
tripolymers with hexamethylene diisocyanate as cross-
linking agents to prepare a hydrogel network, which is a
new type of intelligent drug delivery system. Fibroblast
culture and subcutaneous implantation demonstrated good
biocompatibility. Moreover, when applying an external
voltage, hydrogels could rapidly release more dexameth-
asone, preliminarily realizing the precise concept of “on-

off” drug release. Similarly, Qu et al. [95] successfully
synthesized antibacterial conductive hydrogels based on
CP copolymer and OD polymer and demonstrated their
application as drug carriers with a dual response to electric
field and pH to achieving on-off local slow release. Qian
et al. [96] developed a novel electrophysiological CNT gel
scaffold based on the Wats-Crick base-pairing mechanism
through the intermolecular hydrogen bond between thy-
mine and adenine, which targets explicitly BMP-2 delivery
and ASC’s osteogenic effect. In combination with electrical
stimulation, ASC’s inoculation into CNT gel scaffolds
demonstrated a strong spontaneous and stimulating syn-
chronous osteogenesis.

Currently, EHs applied to release drugs or growth factors
without external electrical stimulation exist in many cases of
orthopedic biomedical application. Aparna et al. [97] syn-
thesized a new injectable, conductive, and thermosensitive
gel composed of chitosan/chitosan-grafted polyaniline (Chi-
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G-PANi). In vitro cell culture with MC3T3-E1and C2C12
cells demonstrated that these gels were suitable for cell
adhesion and proliferation. Culturing MC3T3-E1cells with
the gel would enhance the significant osteogenic markers
(such as ALP and calcium generation). Synchronously, the
MC3T3-E1 could continue to release vancomycin for 28
days, a promising material for osteomyelitis and bone re-
generation. Also, scientists have recently synthesized new
injectable CNT and black phosphorus (BP) gels, seen in
Figure 4 [4]. *e gels employed biodegradable oligo(po-
ly(ethylene glycol) fumarate) (OPF) polymer as the cross-
linked substrate, with the addition of a cross-linked CNT-
poly(ethylene glycol)-acrylate (CNTpega) to provide me-
chanical support and electrical conductivity. *e infusion of
two-dimensional (2D) black phosphorus nanosheets was to
assist tissue regeneration through the steady release of
phosphate. Experiments showed that this newly developed
BP-CNTpega-gel can enhance the adhesion, proliferation,
and osteogenic differentiation of MC3T3 preosteoblasts. By
electrical stimulation, the expression of several critical os-
teogenic pathway genes further enhanced osteogenesis. BP-
CNTpega-gel showed excellent in situ gelation and cross-
linking, filling the femur defect, the vertebral cavity, and the
posterior lateral spine fusion site in rabbits. Besides, poly-
lactic acid particles loaded with H2O2 were prepared in some
research to solve the problem of insufficient oxygen content
before vascularization in the defect. *en, gelatin-grafted
polypyrrole with different pyrrole contents and pectin ox-
idized by periodate were synthesized to obtain injectable
conductive hydrogel/particulate scaffolds in which catalase
was implanted and captured. *e scaffold gains the ad-
vantages of electrical conductivity, injectability, compati-
bility, and continuous oxygen release [98].

Unfortunately, no experimental evidence of drug or
growth factor release in vivo supports the application of the
above delivery system, which also needs further exploration
of the therapeutic dose range and sustained long-term re-
lease. More importantly, in conjunction with external
electrical stimulation to construct intelligent systems for
electrically responsive drug delivery, are future orthopedic
applications.

5. Conclusion

From the perspective of biological applied materials de-
sign objectives, EH can be an ideal platform for cell
culture, tissue engineering scaffolds, drug/growth factor
delivery, and others. In EHs, the combination of con-
ventional biomedical hydrogels and conductive materials
can produce a system with a 3D porous structure, high
water content, biocompatibility, stable mechanical
properties, excellent electrochemical performance, mul-
tistimulus response, and other advantages. However,
some disadvantages remain, such as uneven dispersion of
conductive materials, biotoxicity of some conductive
materials, low degradation, unstable electrochemical
properties in the biological environment, proton con-
ductivity, and electron conductivity identification. Cur-
rently, determining the parameters that match the best

conductivity and electrical stimulation for different ap-
plications requires more in vivo and clinical data. *e
intersection of electricity and medicine is an approach to
treat orthopedic diseases in the future. It is convincible
that the materials and biomedicine domain’s joint efforts
can achieve a breakthrough in the development and re-
search of EHs.
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