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ABSTRACT: The immune system plays a key role in the development
and progression of numerous diseases such as chronic wounds,
autoimmune diseases, and various forms of cancer. Hence, controlling
the behavior of immune cells has emerged as a promising approach for
treating these diseases. Current modalities for immunomodulation focus
on chemical based approaches, which while effective have the limitations
of nonspecific systemic side effects or requiring invasive delivery
approaches to reduce the systemic side effects. Recent advances have
unraveled the significance of electrical stimulation as an attractive
noninvasive approach to modulate immune cell phenotype and activity.
This review provides insights on electrical stimulation strategies employed
for regulating the behavior of macrophages, T and B cells, and neutrophils.
For obtaining a better understanding, two major types of electrical
stimulation sources, conventional and self-powered sources, that have been used for immunomodulation are extensively discussed.
Next, the strategies of electrical stimulation that may be applied to cells in vitro and in vivo are discussed, with a focus on
conventional and stimuli-responsive self-powered sources. A description of how these strategies influence the polarization,
phagocytosis, migration, and differentiation of immune cells is also provided. Finally, recent developments in the use of highly
localized and efficient platforms for electrical stimulation based immunomodulation are also highlighted.

1. INTRODUCTION
All cells have a membrane potential that is regulated by ion
channels. Traditionally, altering ion concentrations in the
extracellular milieu was used as a method to tune a cell’s
potential, but more recently, there is a growing appreciation of
the fact that the membrane potential may be tuned through
external electrical signals/fields, and this approach is termed
“electrical stimulation” (ES).1−5 ES based alterations in a cell’s
potential may be used to modulate that cell’s function. Indeed,
ES has been extensively used to accelerate the physiological
processes associated with wound healing and for bone, muscle,
and nerve regeneration.6−11 But it is believed that electrical
modulation of cellular function is not limited to these cell types
and is likely applicable to immune cells too. The goal of this
review is to present a comprehensive summary of the use of
electrical stimulation for modulating immune cell behavior for
applications ranging from wound healing to cancer therapy.
Immune cells possess electrical characteristics just like other

cells in the human body.12−17 Traditionally, it was thought that
immune cell functions were solely regulated by a plethora of
biochemical signals that they receive from their environ-
ment.18−21 However, in recent years, it has been suggested that
physical signals present in the cellular microenvironments are
also key determinants of immune cell activities. One such
potentially important physical cue is the electric field.14,22,23

This review exclusively highlights the effect of various external

ES approaches on immune cell activity such as polarization,
migration, differentiation, and phagocytosis (Figure 1).
Further, this paper aims to provide an extensive evaluation
of the advancements, potential applications, challenges, and
future perspectives of ES based approaches for immunomo-
dulation.

2. TYPES OF ELECTRICAL STIMULATION SOURCES
FOR IMMUNOMODULATION
2.1. Electrical Stimulation via Conventional Sources.

External electrical fields, referred to as electrical stimulation
(ES), when applied in a controlled manner have been shown to
regulate cellular functions. For example, ES has shown
promising results in wound healing, muscle regeneration,
nerve regeneration, and cancer therapy.14−17 Numerous
studies have also shown that ES can promote nerve
regeneration by enhancing the axon outgrowth across the
injury site, increasing the nerve fiber density, as well as by
improving the expression of neurotrophic factors for functional
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recovery. The regeneration is typically mediated by influencing
the ionic influx and membrane potential, which in turn affects
the intracellular signal transduction.18−22 Like nerve cells,
immune cells are also influenced by the application of external
electric fields. It has been reported that continuous as well as
pulsed electric fields can influence immune cells such as
macrophages by promoting their polarization, cytokine
secretion profiles, phagocytic behavior, migration, and differ-
entiation, summarized in Table 1. In addition to macrophages,
electric fields are also known to influence other immune cells

such as T and B lymphocytes by modulating their membrane
capacities and conductivities which further influence their
proliferation, migration, and cytokine profiles.23,24 On the basis
of the directionality, two sources of electrical stimulation,
namely direct current (DC) and alternating current (AC), have
been extensively employed for immunomodulation.25,26 In
addition, unidirectional and bidirectional pulsed currents
(PCs) which can generate current pulses of around 1 s have
been used for immunomodulation owing to lesser electro-
thermal side effects compared to DC.27,28

Figure 1. Schematic representation of different electrical stimulation strategies employed for immunomodulation and how they might affect the
processes of immune cells. Created with BioRender.com.

Table 1. Summary of Conventional ES Techniques Used for Immunomodulation

electrical device
electrode
material

stimulus
type

electric field strength
(mV/mm) immune cell model

effect on
immune cells applications ref

oscilloscope power − AC 58 THP-1 M2 polarization wound
healing

40

DC power supply copper DC 53 THP-1 M2 polarization wound
healing

41

DC generator platinum DC 100 J774A.1 macrophages M2 polarization osteogenesis 42
square wave pulse
electroporator

aluminum DC 15 × 104 THP-1, RAW 264.7 macrophages M1 polarization cancer
therapy

44

DC power supply platinum DC 192 human PBMCs migration wound
healing

48

DC power supply platinum DC 700 human PBMCs migration wound
healing

49

sinusoidal wave function
generator

silver
chloride

DC 200 human primary macrophages migration wound
healing

50

DC power supply silver
chloride

DC 3000−15000 human primary macrophages phagocytosis wound
healing

57

nanosecond pulse power
generator

stainless wire AC 4 × 105 THP-1 phagocytosis cancer
therapy

55

square wave pulse
electroporator

stainless
steel

DC 2.1 × 105 mouse B cell lymphoblast, J774A.1
macrophages

phagocytosis cancer
therapy

59
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2.1.1. Macrophage Polarization. Macrophages are an
important class of multifunctional immune cells that play key
roles in tissue repair, host defense, and homeostasis. Macro-
phages possess the ability to alter their functionality in
response to the cues from their microenvironment, which
ultimately leads to their polarization toward functional
phenotypes.6,29−31 Typically, there are two functional
phenotypes: M1 macrophages which are classically activated
and exhibit a pro-inflammatory response and M2 macrophages
that play a role in the anti-inflammatory or wound-healing
response.32,33 While it is well-established that biochemical
signals, such as bacterial components (such as lipopolysac-
charide) or cytokines such as IL-1β or IL-4, result in the
polarization of macrophages toward M1 or M2 phenotype, it is
now becoming apparent that electrical fields may also induce
such polarization.6,32,34

Several studies have reported that macrophages are
responsive to endogenous electric fields, suggesting that ES
may be an effective technique for modulating macrophage
polarization.33,35 ES with different voltages, currents, frequen-
cies, and waveforms has been utilized to induce macrophage
polarization. Especially for wound repair, the transition from
the inflammatory phase to the remodeling phase is determined
by the suboptimal polarization of the macrophages which can
be controllably tuned under ES application.36−38 In 1983,
Mccann et al. first reported that macrophages could be

polarized to the M2 phenotype when subjected to an electric
field of 12.7−30.5 V/s from a conventional DC source for 2 h
using glass microelectrodes.39 A gradual increase in intra-
cellular Ca2+ ion was observed after ∼2 min of ES with
repetitive Ca2+ dependent peaks which was related to the M2
polarization.
In 2022, Jia et al. also utilized AC electric fields with

capacitive characteristics for modulating the phenotype of
macrophages in a self-designed system.40 As shown in Figure
2A, cultured cells in Petri dishes were placed between two
parallel electrodes connected to the oscilloscope power for
generating homogeneous electric fields between the electrodes.
The frequency of the electric field was adjusted by use of an
AC/DC module. Interestingly, it was observed that the
frequency of the applied electric fields significantly influenced
the macrophage polarization from M1 to M2, with 10 and 60
Hz increasing the expression of CD206 markers which
validated the polarization.40 However, direct application of
ES to the cells or tissues using percutaneous electrodes is at
times associated with underlying challenges including micro-
bial contamination and secondary damages due to heat
generation. To combat this limitation, Xu et al. in 2022
proposed a noncontact electrical stimulation device based on
capacitive coupling to study its influence on the macrophage
behavior during the tissue repair process.41 During the
experiments, cells were placed between the two parallel copper

Figure 2. Different modules for conventional electrical sources used for immunomodulation. (A) AC electric fields with capacitive characteristics
applied to cultured cells via platinum electrodes at different frequencies for promoting M2 polarization. Reproduced with permission from ref 40.
Copyright 2022 Elsevier. (B) DC electric fields applied using L-shaped platinum electrodes to macrophages for modulating their phenotype toward
M2. Reproduced with permission from ref 42. Copyright 2019 Wiley-VCH. (C) PDMS microfluidic devices incorporated with platinum electrodes
connected to DC power supply for providing microcurrents to T cells in the microchannel. (i) Cell culture medium, (ii) platinum electrodes, (iii)
PDMS, and (iv) glass substrate. Reproduced with permission from ref 49. Copyright 2011 Royal Society of Chemistry. (D) Setup for the
nanosecond pulse generator for generating high electric fields across tumor cells for enhancing phagocytosis by macrophages. Reproduced with
permission from ref 55. Copyright 2014 Elsevier.
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electrode plates separated by 10 cm, which were connected to
the DC power supply for supplying the ES in the longitudinal
section. Under an electric field strength of 25 mV/mm, no
obvious change in expression of CCR7 (M1 marker) and
CD206 (M2 marker) was observed.41 However, when the
electric field was increased to 53 mV/mm, the expressions of
CCR7 and CD206 were significantly down- and upregulated,
respectively. Moreover, the number ratio of M2/M1 macro-
phages also increased, which clearly suggests that noncontact
ES of 53 mV/mm could successfully modulate the polarization
of macrophages toward M2 phenotypes, thereby improving the
immune response during the wound healing process.
The responses of macrophages under ES have also been

investigated in preosteoblasts to study its role in bone
regeneration. Srirussamee et al. in 2019 studied the effect of
ES on the response of macrophages (J774A.1) in promoting
bone regeneration by stimulating the cells with a DC voltage
and current of 2.2 V and 70 μA, respectively.42 The electric
field was applied to the macrophages with L-shaped platinum
electrodes arranged in a parallel circuit in a six-well plate
connected to a commercial DC generator (Figure 2B). The
results from their study showed the increased expression of
Spp1 mRNA, representing anti-inflammatory M2 phenotype,
under direct ES treatment for 2 h, hence verifying that
macrophages are indeed responsive to electrical cues. Similarly,
irreversible electroporation (IRE), which generates extremely
high electric fields across cells, has been shown to be useful in
stimulating macrophages, with applications in cancer ther-
apy.43,44 For instance, He et al. in 2021 explored the use of IRE
to instigate an antitumor immune response for treating
pancreatic ductal adenocarcinoma (PDAC).44 IRE induced
macrophage polarization was evaluated by placing a combina-
tion of tumor and immune cells between aluminum plate
electrodes and subjecting them an electric field strength,
frequency, and pulse duration of 500−1500 V, 1 Hz, and 100
μs, respectively. The expression of mRNA levels of M1 markers
including CCL2, IL-1β, and TNF-α elevated with the increase
in the electric field strength from 500 to 1500 V/cm, whereas
the mRNA levels of M2 markers did not show a continuous
increase. The authors suggested that these changes could result
from electroporation associated damage to tumor cells that
caused the release of damage associated molecular patterns
(DAMPs) such as HMGB1, which stimulated the M1
macrophage polarization by triggering the MAPK−p38
signaling pathway.
2.1.2. Proliferation, Migration, and Differentiation. Cell

migration is crucial for numerous physiological processes
including wound healing, bone regeneration, nerve regener-
ation, and cancer metastasis.6,17,45−47 An applied low intensity
electric field can initiate directional cell migration or
electrotaxis of cells.43 Based on their polarity, some cells
such as fibroblasts, keratinocytes, etc. migrate toward the
negatively charged terminal, whereas endothelial cells migrate
toward the positively charged terminal.46,47 Recently, electrical
stimulation has also been reported to promote the migration of
immune cells including neutrophils, lymphocytes, and macro-
phages.34,45 Lin et al. in 2008 successfully demonstrated the
DC electric field directed the migration of lymphocytes toward
the negatively charged terminal.48 Cells were seeded onto a
microfluidic device, and two platinum electrodes were placed
in parallel orientation to the cell medium which was later
connected to a DC power supply. Although all circulating
lymphocytes displayed electrotactic migration, the migration of

the T cells was highly directional and was comparable to the
widely used chemotaxis assays. In vivo results showed that the
T cells migrated randomly in the absence of electric fields;
however, when an electric field of 0.2−0.5 V/mm was applied
to the mice by placing the electrodes in the peripheral ear
tissue, the cells migrated 100 μm directionally toward the
cathode.48

To further improve the migration rate of lymphocytes,
microfluidic devices were integrated with an on-chip platinum
electrode array for highly controllable stimulation of
lymphocytes.49 Li et al. in 201149 reported a PDMS based
microfluidic device with two platinum electrodes inserted into
the medium reservoir for supplying the electric fields to the
microchannel through a DC power supply to stimulate T cells,
as shown in Figure 2C. Employing such an advanced electrode
orientation, the migration of T cells displayed significantly
better motility and directionality under an applied DC electric
field of 7 V/cm compared to the T cells subjected to
chemotactic gradients (100 nM CCL19). This study highlights
that lymphocytes do migrate in response to electric field lines,
which the authors attributed to the prevalence of higher
membrane potential at the cathode that causes the influx of
Ca2+ ions by activation of the Erk1/2 and Akt signaling
pathway. Utilization of DC electric fields for immune cell
migration, however, is often associated with cell death and
detachment from the substrates owing to its high intensity.
Oscillatory electrical signals are advantageous for cell migration
without causing cell death because they do not maintain a
continuous potential difference across the cell medium. In
2000, Cho et al. reported the directional migration of
macrophages in a direction perpendicular to the electric field
at a velocity of (5.2 ± 0.4) × 10−2 μm/mm when exposed to
an oscillatory electric field of 2 V/cm at a frequency of 1 Hz.50

Moreover, a change in the surface morphology to an elongated
shape from the rounded ones was also observed when they
were treated with an oscillating electric field. Unlike the static
electric fields, the oscillatory electric fields did not cause any
changes in the influx of Ca2+, instead resulting in the
rearrangement and redistribution of the microfilament
structures and cell surface receptors, respectively, leading to
cell movement. Further, Arnold et al. in 2019 showed that
human T cells migrate toward the cathode under electric fields
with directedness. The applied electric filed enhanced the
migration of T cells by 3-fold under 50 mV/mm EF, which
further increased to 6-fold under 150 mV/mm EF.51 These
findings suggest that the electric field can help position T cells
in the wound sites where epithelium is damaged in order to aid
in the healing process. Moreover, the stimulation of T
lymphocytes by electric fields reduced the secretion of IL-2
cytokine which impaired their proliferation after 18 h of
exposure by attenuating the STAT3 signaling pathways for
anticancer therapy.51 On the other hand, Zhang et al. in 2019
reported that the use of nanosecond pulsed EF increased the
number of T lymphocytes in the spleen of malignant mice
which activated their immune system to attack the tumor. An
EF of 30 kV/cm applied in 100 ns increased the killer T cells
such as CD3+CD4+ T cells and CD3+CD8+ T cells, whereas
the regulatory T cells decreased in number for improving the
cancer metastasis.52

In addition to migration, differentiation of immune cells
could also be modulated by an electrical stimulus.40,53,54 For
instance, AC, which induce bidirectional flow of currents, have
been used to promote the differentiation of circulating
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monocytes into macrophages.40,54 Jia et al. in 2022 showed
that AC EF of 58 mV/mm can significantly enhance the
efficiency of PMA induced differentiation of THP-1 cells into
macrophages by ∼50% compared to the control groups.40

Moreover, the macrophage viability decreased with the
increase in the frequency of AC EF with the highest viability
of 1.6 obtained at a frequency of 10 Hz which further
decreased when the frequency was escalated to 110 Hz,
signifying that the frequency of the electric field is an
important parameter governing the differentiation of immune
cells.
2.1.3. Phagocytosis. Phagocytosis is a key event of the

innate immune system, which is comprised of multiple cellular
processes involving recognition of the target cells, cellular
engulfment, and lysosomal digestion. Typically, resting macro-
phages are associated with low levels of phagocytic activity,
whereas their physiological activation by electric fields leads to
increased levels of phagocytosis.55 Hoare et al. reported that
macrophages exposed to electric fields of varying intensities
increased the phagocytic uptake against different targets such
as carboxylate microspheres, apoptotic neutrophils, and
pathogens such as Candida albicans.6 Electric-field-dependent
phagocytic behavior of macrophages against carboxylate
microspheres was observed with phagocytic index (PI)
enhancement of 4, 7, and 23% when they were exposed to
electric field strengths of 50, 100 and 150 mV/mm,
respectively. In addition, high EF of 150 mV/mm significantly
boosted the clearance efficiency of C. albicans and apoptotic
neutrophils by 16.9 and 35.5%, respectively. It has been
suggested that the electrical stimulation could induce the
clustering of mannose and scavenger receptors on the cell
surface, which causes the lowering of the threshold to trigger

phagocytosis. Studies have also speculated that electrical
stimulation regulates the expression of transient receptor
potential (TRP) ion channels in macrophages, which controls
macrophage functions such as phagocytosis.56,57 At the
molecular level, electrical stimulation activates the PI3K and
ERK signaling pathway causing intercellular influx of Ca2+,
resulting in enhanced phagocytic efficiency.
To increase phagocytosis in vivo, among the various types of

electric fields that may be provided, pulsed electric fields have
displayed promising advantages for tissue regeneration and
cancer therapy. Particularly nanosecond pulsed electric
stimulation, which can generate high voltage electric fields in
short durations in tumor microenvironments to change the
properties of the plasma membrane and result in apoptotic cell
death, has been widely reported for therapy by driving
phagocytosis. In a typical setup displayed in Figure 2D, a
pair of electrodes with the cathode placed on the tumor
periphery and the anode placed within the tumor is used to
deliver the nanosecond electric fields to the subcutaneous
tumors, which forms semicircular electric fields between the
electrodes.55 For instance, Ogura et al. reported that
nanosecond electric field treatment with acharging voltage of
3.2 kV and a number of pulses in the range 9000−15000
progressed the apoptosis of hepatocellular carcinoma (HCC)
cells from early stage to later stage, leading to enhanced
engulfment by macrophages.58 In another study, the
application of 18 electric pulses of 40 kV/cm for 100 ns
improved the phagocytosis of HCC cells by THP1 macro-
phage cells, as evidenced by the flow cytometry results. The
authors suggested that the electric field instigated the
externalization of phosphatidylserine (PS) on the cell
membrane, which is vital for phagocytic clearance of target

Table 2. Summary of Electroactive Materials and Devices Used for Immunomodulation

electroactive
materials/devices ES mechanism electrical parameters immune cell model

effect on immune
cells applications ref

GelMA−PPy hydrogel electrical conductivity conductivity:
1.3 × 10−4 S/cm

RAW 264.7 macrophages M2 polarization osteogenesis 61

BaTiO3/PLLA nanofibers piezoelectric output voltage: 50.33 mV RAW 264.7 macrophages M2 polarization osteogenesis 66
BaTiO3/β-TCP ceramics piezoelectric output voltage: 590 mV;

current: 300 nA
RAW 264.7 macrophages M2 polarization osteogenesis 69

bioinspired
PHBV/PHA/PBT polymer
matrix

piezoelectric output voltage: 11.2 V;
current: 4.3 μA

RAW 264.7 macrophages M2 polarization osteogenesis 71

MXene/silk fibroin
nanocomposite

piezoelectric output voltage: 100 mV RAW 264.7 macrophages M2 polarization osteogenesis 82

BaTiO3/Ti6Al4V scaffold piezoelectric/ultrasound current: 6.7 μA RAW 264.7 macrophages M2 polarization osteogenesis 83
P(VDF−TrFE) film piezoelectric output voltage:

500−1500 mV
BMDMs M2 polarization osteogenesis 87

TiO2 nanotubes−PVDF piezoelectric output voltage: 2 V;
current: 10 nA

RAW 264.7 macrophages M2 polarization,
phagocytosis

osteogenesis 97

GDFE hydrogel electrical conductivity conductivity:
4 × 10−4 S/cm

RAW 264.7 macrophages M2 polarization wound
healing

63

P(VDF−TrFE) piezoelectric output voltage: 2.3 V BMDMs M2 polarization wound
healing

80

BaTiO3 nanorobots piezoelectric/ultrasound output voltage: 35 mV RAW 264.7 macrophages M2 polarization,
phagocytosis

rheumatoid
arthritis

86

Fe/BiOCl NSs piezoelectric output voltage: 23.7 mV mouse primary
macrophages

M2 polarization,
phagocytosis

rheumatoid
arthritis

85

β-PVDF film piezoelectric/ultrasound output voltage:
10−100 mV

THP-1 M1 polarization cancer
therapy

88

Cu/PET/PTFE triboelectric
nanogenerators
(TENG)

output voltage: 4 V;
current: 28 nA

THP-1 M2 polarization wound
healing

90

Bi2Fe4O9 nanosheets pyroelectric output voltage: 7 mV;
current: 7 μA

J774A.1 macrophages M1 polarization cancer
therapy

71
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cells. In addition, electric fields also contributed to enhancing
the phagocytosis of B cells by macrophages in apoptotic
cellular microenvironments. Tekle et al. in 2008 showed that
when an electric field strength of 2.1 kV/cm was applied for
200 μs, it electroporated the B cell membrane to cause PS
externalization, which was recognized by macrophages for
apoptotic clearance.59 The macrophage uptake percentage was
30% for electroporated B cells compared to only 4% for control
(untreated) cells. The authors elucidated two possible
pathways for explaining the enhanced phagocytosis in the
presence of electric fields. First, the pathway suggested that
electric fields could drive the PS diffusion along the membrane
pores, causing lipid inversion. In addition, electric fields could
also lead to bleb formation which initiates the breakdown of
the inner and outer lipid membranes due to bleb curvature
induced lipid packing, resulting in PS externalization.
2.2. Electrical Stimulation via Electroactive Materials

and Self-Powered Devices. Although electrical stimulation
has been successfully applied for several clinical applications,

all of them are based on the utilization of conventional AC or
DC sources, which require extracorporeal power supplies to
operate. Apart from the power requirement, low portability,
high operational risk, and low flexibility of the devices, it
necessitates patient hospitalization.25,60 To resolve these
constraints, considerable efforts have been made to develop
smart platforms based on electroactive materials that have
intrinsic electroactive properties, which can alter bioelectric
fields and hence promote cell migration, differentiation, and
polarization (Table 2). Typically, electroactive materials are
conductive materials, which act as an assisted bioelectricity
conductor by providing a conductive pathway to the cell’s
intrinsic bioelectricity.61−63 Owing to their excellent con-
ductivity in the range 10−2−10−4 S/cm, biomaterials based on
3D hydrogels and graphene have emerged as promising
candidates for direct electrical stimulation of immune
cells.61−64

In addition, self-powered systems which possess the ability
to harvest energy from the environment and generate electrical

Figure 3. Electroactive materials and electrodes for generating exogenous electric fields for promoting macrophage polarization. (A) Synthesis
method of electrically active GDFE hydrogel with high conductivity for promoting M2 polarization. Steps 1−3 correspond to physical, photo, and
ionic cross-linking steps, respectively. Reproduced with permission from ref 63. Copyright 2021 Wiley-VCH. (B) Three-dimensional printing of
triply cross-linked gelatin−polypyrrole hydrogel for promoting M2 polarization for osteogenesis. Reproduced with permission from ref 61.
Copyright 2023 Elsevier. (C) Implantable bioelectrodes coated with heparin-doped polypyrrole (PPy/Hep) for altering the macrophage toward
anti-inflammatory M2 phenotype. (i) Recruitment of macrophages, (ii) M1 suppression, (iii) decreasing of scarring, and (iv) signaling process.
Reproduced from ref 76. Copyright 2022 American Chemical Society.
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signals have shown tremendous progress for immunomodula-
tion in recent years due to their excellent biocompatibility,
high output generation, wide variety of raw material selection,
and miniaturization. Among all energy sources, mechanical
energy is widely available in our daily lives either from human
motions such as walking and running or from nature such as
water flow, vibrations, and so on. To harvest these mechanical
energies, self-powered systems based on piezoelectric materials
have been developed, which can generate electric fields in
response to small mechanical deformations such as cell
movements, body motions, or external stimulation, to regulate
the membrane voltage and ion channel activity of immune
cells.65−71 Piezoelectric materials are noncentrosymmetric in
nature, which undergo deformation when subjected to external
force and lead to piezoelectric polarization, resulting in electric
charge generation across the edges. Electrical stimulation based
on piezoelectric materials such as poly-L-lactic acid (PLLA),
barium titanate (BaTiO3), polyvinylidene fluoride (PVDF),
etc. have emerged as effective immunomodulatory strategies
for controlling tissue regeneration.68,70 Although a few
piezoelectric materials are biologically active and can directly
influence the immune cell behavior, in section 2.2.1, we discuss
examples of piezoelectric materials that demonstrate electri-
cally driven immunomodulation which are also summarized in
Table 2. Another form of self-powered devices which can
harness mechanical energy are triboelectric nanogenerators
(TENG). TENG can generate electrical energy from friction
between two triboelectric layers or even from biomechanical
motions such as walking and running. Based on the synergistic
principle of contact separation and electrostatic induction,
TENG can generate an electric field, which is known to
influence the immune cell behavior, especially macrophage
polarization. Temperature is another stimulus which can
activate the self-powered devices and convert it into electricity
for modulating the immune cell microenvironments.71,73 In
particular, self-powered pyroelectric devices can generate
electrical fields due to small temperature changes, which lead
to electron−hole pair separations for catalytic reactions, which
are conducive for immunomodulation, especially for cancer
therapy.72,73

2.2.1. Macrophage Polarization. Electroactive biomaterials
have garnered immense attention for their exogenous electrical
stimulation ability. Among them, graphene based scaffolds
have been widely used for tissue engineering applications due
to their excellent biocompatibility, flexibility, simple function-
alization, and unique physiochemical properties.64,74 For
instance, Tu et al. in 2021 prepared injectable and self-healing
polydopamine-modified GO scaffolds by mixing polydop-
amine-modified GO scaffolds with polymer F127-EPL solution
through hydrophobic−hydrophilic interactions which pro-
duced a highly conductive polymer scaffold with conductivity
of 4 × 10−4 S/cm for directly stimulating the macrophage
toward M2 phenotype to facilitate the healing of diabetic
wounds (Figure 3A).63 The M2 polarization was validated by
the significant upregulation of the markers CD163, CD206, IL-
10, and Arg-1, whereas the expression of M1 markers such as
IL-1, iNOS, and TNF-α were remarkably decreased. Further,
in vivo studies revealed that M2a and M2c macrophages
decreased and increased, respectively, during days 7−14 of the
healing period, suggesting that M2 polarization is indeed
responsible for the anti-inflammatory effect during diabetic
wound recovery. Electrical stimulation based on other
hydrogels such as polypyrrole-grafted gelatin methacryloyl

(GelMA−PPy) have also been utilized for their macrophage
polarization potential for osteogenesis.61 Dutta et al. in 2023
fabricated a 3D printed electroactive GelMA−PPy hydrogel
scaffold with a high conductivity of 135 × 10−4 S/cm which
generated a microcurrent of 250 mV for stimulating the
macrophage toward the M2 phenotype, as shown in Figure
3B.61

For muscle regeneration, electroactive hydrogels and
nanocomposite scaffolds have been reported to induce the
M1 to M2 polarization by promoting the nuclear translocation
of STAT6 which elevated the expression of gene related anti-
inflammatory cytokines, as detected by the significant
expression of CD163.62,63,75 Apart from electroactive materials,
bioelectrodes prepared by functionalizing conductive polymers
on electrode surfaces have also been employed for applying ES
to macrophages for modulating its phenotypes. In this regard,
Lee et al. in 2022 fabricated biocompatible heparin-doped
polypyrrole (PPy/Hep) electrodes, which were implanted
subcutaneously to evaluate their in vivo macrophage polar-
ization behavior (Figure 3C).76 The authors observed a
decrease in the iNOS and Arg-1 expression with the increase in
the surface roughness of the electrode surfaces. Moreover, the
RNA profile of iNOS decreased significantly compared to Arg1
with the increase in the electrode roughness, causing a decrease
in the iNOS/Arg-1 ratios.76 In addition to the lower
impedance characteristics, the hydrophilic surface area of
high roughness electrodes contributed toward the down-
regulation of the pro-inflammatory genes leading to M2
polarization.
Due to their high biocompatibility and biodegradability,

piezoelectric polymers such as PVDF−TrFE and poly-
(hydroxybutyrate-co-valerate) (PHBV) have shown promising
results in transitioning the phenotypes of macrophages for the
systematic repair of wounds in a self-powered man-
ner.70,71,77−81 The modulation of macrophage behavior is
typically dependent on the material surface properties such as
surface potential, surface roughness, and hydrophobicity.70,81

Particularly for piezoelectric materials, the dynamic surface
potential generated at the cell−material interface is known to
influence the cell behavior significantly.79,80 For instance, Zhou
et al. in 2023 studied the influence of differing surface potential
generation from piezoelectric PVDF−TrFE films on macro-
phage polarization for accelerated wound recovery.79 The as-
prepared PVDF−TrFE films were first polarized with electric
field intensities of 50 V/μm (low polarized) and 100 V/μm
(high polarized), which generated surface potentials of 19 ± 13
and 232 ± 7 mV, respectively, and macrophages were seeded
on their surfaces. It was observed that the high surface
potential PVDF−TrFE films promoted the polarization of both
M1 and M2 macrophages, as evidenced by the enhanced
expression of CD206, IL-10 and TNF-α, IL-1β, respectively.
On the other hand, unpolarized PVDF−TrFE films did not
have any effect on the phenotypic alteration of macrophages,
suggesting that a high surface potential of piezoelectric
materials is crucial for macrophage polarization which could
facilitate the transition from the inflammatory to the
proliferative phase during wound healing.79

Relying on the fact that piezoelectric cues are inherent to
bones, biocompatible piezoelectric polymers, ceramics, and
scaffolds have been widely explored for providing a favorable
microenvironment for bone regeneration.82,83 Various studies
have reported that surface potential mediated piezoelectric
charge generation can play a vital role in polarizing the
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macrophage phenotypes for aiding bone repair. For instance, a
significant upregulation of M2 markers and genes was observed
with the increase in the charge density on PVDF−TrFE films,
suggesting that enhanced piezoelectricity could lead to M2
polarization.83 The presence of surface charges upregulated the
expression of the integrin related signaling pathway and
potassium ion channels which promoted the macrophage
polarization. The transition toward a M2 phenotype could be
related to the higher expression of integrin α5β1 compared to
αMβ2.83 Moreover, an enhanced immunomodulatory effect
was observed with positively charged piezoelectric materials
compared to their negative counterparts. Mao et al.69 in 2022
showed that positive charges on BaTiO3/β-TCP (BTCP)
favored the transition of macrophages toward the M2
phenotype which reduced the local inflammatory response
and facilitated osteogenesis. BTCP+ and BTCP− were
developed by orienting the polarization in the opposite
direction, and their surface potentials were measured to be
+107 and −175 mV, respectively.69 The output current and
voltage of the as-prepared BTCP films were 300 nA and 590
mV, respectively, which were like the endogenous electric
fields. Cytokine generation profiles showed enhanced
upregulation of M2 markers such as IL-10 and CD206 when
macrophages were seeded on BTCP+, suggesting that positive
charges are conducive for regulating macrophage behavior.
Besides, improving the electroactivity of piezoelectric

materials by fabricating composite materials has also been
shown to improve the M2 polarization for inducing the anti-
inflammatory effect during bone regeneration. Although
intrinsic electrical stimulation from piezoelectric materials has
displayed promising results in ameliorating macrophage

polarization, the electric field generated is not sufficient in
inducing in vivo macrophage polarization. Therefore, to
intensify the electric field generation especially for in vivo
models, piezoelectric materials are stimulated with external
sources such as ultrasound, cyclic loading, and other means to
convert the generated mechanical energy into electrical energy
for modulating immune cell behavior. Wu et al. in 2022
reported improved M2 polarization when piezoelectric
BaTiO3/Ti6Al4V (BT/Ti) scaffolds were subcutaneously
implanted and were stimulated by low intensity pulsed
ultrasound (US; frequency 1.5 MHz and pulse strength 30
mW/cm2), which generated a current of 6.8 μA in tissues.83 In
vivo results showed the BT/Ti scaffolds under US stimulation
enhanced the CD206 levels in tissues by 2-fold compared to
the only BT/Ti scaffold groups, suggesting that electrical
stimuli are essential for M2 polarization rather than the
untreated piezoelectric BT/Ti scaffolds. The authors specu-
lated that macrophages could sense the electric fields generated
by the ultrasound activated BT/Ti scaffolds and employ the
energy for ATP synthesis and oxidative phosphorylation by
inhibiting the MAPK/JNK signaling pathway. In another
study, 3D multifunctional piezoelectric material TiO2 nano-
tube functionalized PVDF layer was directly coated on the
surface of titanium implants to treat the implant related
inflammation for preventing osteogenic impairment. The in
vitro piezoelectric stimulation generated an output voltage and
current of 2 V and 20 nA/cm2, which repolarized the
macrophages from the M1 to M2 phenotype due to the
generation of piezoelectric potential, which triggered the
hyperpolarization of macrophages by influencing the NF-κB
and MAPK signaling pathways. Results from in vivo

Figure 4. Potential mechanisms of macrophage polarization driven by piezoelectric materials. (A) Synergistic effects of electrical stimulation and
material morphology for promoting M2 polarization. Reproduced from ref 87. Copyright 2023 American Chemical Society. (B) Electrical
stimulation influences influx of Ca2+ ions for driving the translocation of NF-κB which causes M1 polarization. Reproduced with permission from
ref 88. Copyright 2021 Wiley.
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subcutaneous and femoral condyle implantation models
revealed reduced expression of iNOS and increased expression
of CD206 cells, thus confirming the piezoelectric generated
electric field mediated macrophage polarization from M1 to
M2. Similarly, Wu et al. in 2023 prepared the self-powered
piezoelectric nanogenerator (PENG) based on PDA-modified
BaTiO3 nanoparticles into a chitosan/gelatin (Cs/Gel) matrix
which generated 0.8 V under 1 kPa pressure and resulted in
M2 polarization for enhancing bone regeneration.84

In addition, ultrasound activated piezoelectricity generation
has also been utilized to tune macrophage behavior for the
treatment of inflammatory diseases such as rheumatoid
arthritis.85,86 For instance, Li et al. in 2023 stimulated
piezoelectric nanosheets, Fe/BiOCl NSs, using ultrasound in
an in vivo articular inflammation model to study its effect on
macrophage polarization.85 From the results, it was observed
that CD80+ macrophages decreased by 12.3% and CD206+
macrophages increased by 3.5%, suggesting a successful M2
polarization. Upon US stimulation, Fe/BiOCl NSs generated
the electrons which led to the consumption of H+ in the
mitochondrial membrane causing the depolarization of the
mitochondrial membrane potential, hence induing mitophagy
which contributes to the anti-inflammatory effect by polarizing
the macrophages to the M2 phenotype. In another study, Jiang
et al. in 2023 developed piezoelectric BTO nanoparticles which
can be activated by ultrasound for generating electrical
stimulation for reprogramming the macrophage phenotype
toward M2 for improving the pro-inflammatory conditions for
the treatment of rheumatoid arthritis (RA).86 The obtained
results showed that electrical stimulation resulted in decreases
in the levels of FAP-α and TNF-α which altered the
macrophage phenotype from M1 to M2.
Although the mechanism behind the M2 polarizing ability of

piezoelectric materials is not well-defined, a few studies in the
recent years have suggested the synergistic roles of electrical
stimulation and morphology of piezoelectric materials for
driving M2 polarization. Gu et al. in 2023 reported that electric
fields upregulate the IL-4Rα and TLR4 receptors which
activate the ion channels such as TRPM7, triggering both M1
and M2 polarization.87 Nevertheless, the specific microstripe-
like morphology of the piezoelectric material modulated the
actin rearrangement and resulted in macrophage elongation,
thereby increasing the expression of IL-4Rα receptor which
ultimately altered the macrophages toward M2, as shown in
Figure 4A. Piezoelectric based electric fields have been
reported to regulate not only M2 but also M1 polarization,
which is vital for inhibiting tumor growth.88,89 Localized
electric fields were generated by activating β-PVDF film by
ultrasound (90 W, 80 kHz) which selectively enhanced the
expression of pro-inflammatory cytokines TNF-α and IL-1β,
leading to M1 polarization, which were 3-fold and 2-fold
higher than the untreated β-PVDF film, respectively.88 The
authors suggested that the generated piezoelectric potential
enabled the Ca2+ influx through the voltage-gated ion channels
and established the Ca2+−CAMK2A−NF-κB axis which
significantly promoted the secretion of pro-inflammatory
cytokines for inducing cytocidal effects on tumor cells, causing
M1 polarization (Figure 4B).
Recently, electric fields generated from mechanical force

have also been used to activate self-powered TENG for altering
the macrophage phenotype to promote wound healing. Luo et
al. in 2023 fabricated an electroactive dressing integrated with
PTFE/Al based TENG generated electric fields in the range of

which upregulated the expression of CD206 marker by ∼15%
compared to the unstimulated groups, thereby promoting M2
polarization.90 In another study, Qian et al. in 2023 developed
a microneedle based TENG platform for initiating immuno-
modulation for the treatment of autoimmune disease psoriasis.
The electrical field caused an increase in the levels of Arg-1
(M2) and a decrease in iNOS (M1) markers in psoriatic skin,
resulting in macrophage polarization by regulating the
intracellular calcium signaling.27 In addition to the mechanical
stimulus, temperature stimuli responsive self-powered pyro-
electric materials have shown promising results in modulating
the macrophage phenotype for antitumor immunity.71,74 Novel
immunomodulation strategies based on cold temperature
treatment of pyroelectric materials such as Bi2Fe4O9 nano-
sheets (NSs) and black phosphorus in the range 4−37 °C have
been used to repolarize the macrophages from the M2 to the
M1 phenotype for suppressing tumor metastasis.71 The
obtained results suggested that cold temperature based
pyroelectric treatment induced M1 polarization by influencing
the ROS generation through the IKK/NF-kβ signaling
pathways.

2.2.2. Migration and Differentiation. Recent studies have
highlighted that external electrical fields could provide
directional signals for stimulating the migration of immune
cells including macrophages and neutrophils. Biomaterials such
as ZnO nanorods (ZnO NRs)and hydroxyapatite nanocrystals,
which possess the inherent capacity to generate electric signals
or produce them under an external stimulus such as ultrasound
have been known to influence cell migration by converting
mechanical stresses into electricity.66,68,91−93 Upon application
of mechanical force, surface charges are developed on
piezoelectric materials, which causes the accumulation of
charged biomacromolecules via electrostatic interactions,
thereby inducing cellular responses including the migration
of immune cells. For wound healing applications, Bhang et al.
prepared a piezoelectric dermal patch functionalized with ZnO
NRs, which remarkably promoted migration and differ-
entiation of macrophages for enhanced wound recovery due
to the generation of piezoelectric potentials in the range 300−
900 mV across the wound bed which further activated various
electric field induced intracellular signaling pathways.92

Piezoelectric materials have also been reported to stimulate
the motility of macrophages and promote long-distance
displacements by triggering the opening of ion channels. For
instance, Murillo et al. in 2017 developed a PENG based on
2D ZnO nanosheets for improving the motility of macro-
phages.93 When cells were cultured on the surface of the
PENG, the electromechanical interactions between the ZnO
NRs and cells generated the local electric fields which triggered
the motility of macrophages that was around 18% higher than
that of the control group. Intracellular studies revealed that
Ca2+ influx increased for ∼64% of the cells which were
subjected to the electric fields generated by the PENG in
contrast to only ∼9% of cells belonging to the control group,
thereby suggesting that the intracellular Ca2+ transients are
indeed responsible for macrophage motility. Furthermore,
ultrasonic irradiation of piezoelectric materials has also shown
excellent efficiency in regulating the migration of immune cells.
For instance, BaTiO3 nanoparticles under US irradiation (1.5
W cm−2, 1 MHz) facilitated the migration of macrophages for
promoting wound repair by generating the surface charge
carriers induced by the electron−hole pair separation due to
the mechanical deformations.83
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2.2.3. Phagocytosis. Exogeneous electrical stimulation has
also been reported to enhance the phagocytic ability of
immune cells. Piezoelectric materials have been shown to
influence the phagocytosis of variety targets such as bacteria,
biofilms, cancer cells, and apoptotic debris by macro-
phages.90,94−99 For instance, Li et al. in 2023 have studied
the effect of piezoelectricity on phagocytic potential of
macrophages in immunosuppressive microenvironments gen-
erated by deep-tissue implant related bacterial infections.94

The authors developed a piezoelectric coating of barium
titanate (BTO) nanostructures on Ti implants which was
activated by ultrasound (1 MHz, 2 W cm−2) to generate the
piezoelectric potentials, and its effects on the phagocytosis of
Staphylococcus aureus bacteria as well as biofilms were
analyzed.94 Under US treatment, macrophages on piezoelectric
BTO displayed the highest phagocytosis rate compared to bare
Ti and BTO surfaces, which was confirmed by the increase in
the green intensity of the phagocytosed S. aureus bacteria
inside the cells. The phagocytotic efficiency under US
irradiation was attributed to the synergistic upregulation of
differentiated expressed genes (DEGs) such as Adgrb1 and
Treml4 in metabolism related signaling pathways as well as the
activation of FcγR receptors, which amplified the innate
immunity against S. aureus. Therefore, the electrical fields
generated on the activated macrophages at the piezoelectric
surface under US treatment facilitated a pro-inflammatory
response by triggering the PI3K−AKT2 and MAPK pathways
which further contributed to the phagocytosis behavior against
S. aureus. Recently, electrical stimulation has also been
reported to promote macrophage phagocytosis for relieving
the progression of rheumatoid arthritis (RA) by targeting the
tissue resident macrophage (TRM) receptors. Jiang et al. in
2023 employed ultrasound to trigger the piezoelectric
tetragonal BaTiO3 (BTO) for generating electric fields to
stimulate the TRM barrier across the joints in a noninvasive
manner.86 The ultrasound treatment generated negative
charges on the surface of BTO which caused the binding
between TREM2 TRM and BTO, patching the immunological
barrier. In another study, electric fields generated by 3D
printed piezoelectric hydrogels consisting of ZnO nanoparticle
modified PVDF/sodium alginate (SA) increased the expres-
sion of TNF-α for promoting neutrophil phagocytosis.95 Apart
from piezoelectric stimulation, a pulsed direct current of 9 μA
generated by TENG initiated the phagocytosis of dead cancer
cells by antigen-presenting cells, confirmed by the enhanced
expression of calreticulin (chaperone protein).96 This electri-
cally enhanced phagocytic behavior contributed to the release
of DAMPs, which activated the T cell mediated adaptive
immune responses for inhibiting the tumor growth. Moreover,
electric fields generated by pyroelectric materials such as Janus
BaTiO3 NPs have also been reported to modulate the
phagocytosis of cancer cells.99

3. ELECTRICAL STIMULATION COMBINED WITH
DRUG THERAPY

To further improve the efficacy of electrical stimulation for
immunomodulation, ES has been combined with chemical
drugs for adapting to clinical scenarios. Typically, this
combinatorial therapy is used for immunomodulation as a
single-step or two-step approach. Owing to its highly localized
effect, ES is used to release drugs to targeted sites for inducing
immunomodulation, which constitutes the single-step process.
Electrical parameters such as field strength, pulse type, polarity,

time, and frequency significantly influence the efficiency of
drug release which can be optimized for controllable release.
These electrically stimulative drug release platforms are based
on electroactive hydrogels which trigger the release in the
presence of electric fields. For instance, Naficy et al. prepared
the biopolymeric chitosan and single walled carbon nanotube
(CNT/SWNT) composite films loaded with dexamethasone
(DEX) which was stimulated by a negative potential.100 DEX is
a negatively charged anti-inflammatory drug for reducing
cerebral edema. Interestingly, it was observed that the polarity
of the electric potential influenced the rate of drug release. In
the presence of a negative potential of −0.8 V, the rate of DEX
release was significantly faster compared to the positive
potential of +0.15 V, which could only release 30% of the
drug, and its performance was similar to hose of the
unstimulated groups. The authors suggested that the electro-
static interactions between the SWNT and DEX was mainly
responsible for accelerating and retarding the DEX release.100

In another study, Wu et al. in 2023 fabricated a porous
network structure of polypyrrole/DEX (PPy/DEX) composite
films functionalized with extracellular matrix (ECM) which
was electrically stimulated with a negative pulse of −2 V at 1
Hz frequency for 60 min to controllably release the DEX,
which further promoted the secretion of anti-inflammatory
factors and inhibited the pro-inflammatory cytokines support-
ing osteogenic environments for bone regeneration.101 When
the film was subjected to negative voltage, PPy became
neutralized due to the electron absorption, thereby reducing its
electrostatic attraction to the drug, and as a result, the drug was
released to the targeted site owing to its hydrophilic nature
leading to electric-field-controlled drug release.
Recently, self-powered ES controlled drug delivery systems

have gained immense attention due to their ability to develop
into a completely wearable module. Qian et al. in 2023
developed a self-powered microneedle based drug delivery
platform which can generate electric fields from TENG for
simultaneously releasing multiple drugs such as tazarotene
(TAZ) and betamethasone (BM) for immunomodulation in
order to treat psoriasis.27 In contrast to the reported systems,
this self-powered device produced pulsed electrons from
TENG directly onto the tissues for increasing the penetration
of the drugs which initiated immunomodulation by activating
the Ca2+ signaling pathway. The obtained results showed that a
TENG output of 1 V resulted in complete release of the drug
within 2 h which inhibited the levels of macrophages and T
cells and resulted in a high inhibition efficiency closer to that of
normal skin, whereas the only ES group and drug group still
had 4.8 and 3.8% cells, respectively, hence validating the
efficiency of the combined therapy for alleviating skin
inflammation.27 In addition, ES modalities are also used to
deliver next-generation drugs such as short interfering RNAs
(siRNAs) which are becoming popular due to the increasing
problem of drug resistance with conventional drugs. For
instance, a self-assembled tannic acid−siRNA−PVA hydrogel
matrix was prepared and subjected to electric stimulation (0.05
mA, 1 Hz) for 30 min, which released the siRNA from the
matrix and caused cellular endocytosis of the hydrogel. This
combinatorial therapy reduced the MMP-9 levels and other
pro-inflammatory cytokines, thus promoting macrophage
polarization.102

On the other hand, in tumor microenvironments, electric
fields are first applied to permeabilize the cells, followed by
drug administration into the tumor site which can enter the
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target cells and cause immunomodulation, thereby resulting in
a two-step process. Although cell delivery based immuno-
therapies are becoming increasing popular for cancer treat-
ment, they are associated with limitations in terms of scale-up
potential and preservation of functional surface proteins on cell
membranes.103 Moreover, it is difficult to control the
characteristics of cell carriers with external stimuli for the
controllable release of drugs. Therefore, nanoparticle based
drug delivery vehicles which can respond easily to an electrical
stimulus owing to their surface charges have emerged as
promising alternatives for combinatorial therapy.103 In the
presence of electrical fields, these nanoparticle drug delivery
systems can release the drugs controllably and lead to
improved tumor penetration owing to their enhanced
permeability and retention effects.104 For instance, Yu et
al.103 in 2020 prepared iron oxide nanoparticles loaded with
indoleamine 2,3-dioxygenase (IDO) inhibitors which released
the drug under an electric field of 2000 V/cm at the tumor site
for irreversible electroporation (IRE) based cell killing and
immunomodulation by increasing the infiltration of tumor-
infiltrating T cells (CD3+).105

4. CONCLUSIONS AND FUTURE PERSPECTIVES
Immune cells are key players in numerous physiological
processes that are critical for disease prevention. Therefore,
controlling the behavior of immune cell subsets has emerged as
an important strategy in therapeutic applications for wound
healing, cancer therapy, and bone regeneration, among many
other diseases. Numerous methods to modulate immune
responses have been developed, and electrical stimulation
based modulation techniques are likely to be noninvasive and
hence possibly the easiest to translate. Herein, we have
reviewed the different strategies for electrically stimulating
immune cells, and their effects on different cellular processes
such as polarization, phagocytosis, migration, and differ-
entiation has been elucidated. Studies have shown that
immune cells including the macrophages, T cells, and B cells
are electrically excitable in nature due to the presence of
specific ion channels, which tune their membrane potentials in
the presence of endogenous and exogenous electric fields. A
systematic literature survey has revealed that stimulation of
macrophages by conventional DC sources has been successful
in altering the phenotypes of macrophages. In addition,
different electrical parameters such as the intensity of the
electric fields, frequency, and treatment time are critical in
regulating macrophage polarization, although these have not
been assessed systematically. For instance, application of lower
voltage appears to polarize the macrophages toward an anti-
inflammatory phenotype, which is desirable for wound healing
and bone regeneration. On the other hand, higher voltages
altered macrophages toward a M1 phenotype, which could be
used for anticancer applications. In addition, electric fields
influenced the migration rate of distinct immune cells with DC
electric fields and oscillating electric fields, enhancing the
migration of lymphocytes and macrophages, respectively.
Separately, pulsed electric fields alleviated the phagocytic
uptake of apoptotic debris and pathogens by immune cells,
specifically macrophages, by causing either lipid inversion or
bleb formation.
To address the limitations such as the requirement of

expensive instrumentation with a power supply, low portability,
and high operational cost associated with the conventional
electrical stimulation sources, researchers have started to utilize

smart platforms based on electroactive materials, bioelectrodes,
and piezoelectric materials. Highly conductive materials such
as graphene oxide and polypyrrole-grafted gelatin methacryloyl
(GelMA−PPy) hydrogels have shown a significant ability to
promote M2 polarization for wound healing and bone
regeneration. Owing to their ability to self-generate electric
fields under mechanical stimuli, piezoelectric materials such as
PVDF−TrFE, PHBV, and BaTiO3 have demonstrated macro-
phage polarization toward M1 as well as M2 phenotypes either
by self-stimulation or under ultrasound stimulus. Moreover,
inorganic piezoelectric nanomaterials including BaTiO3 and
ZnO modulated other cellular processes such as phagocytosis
and migration of immune cells by causing electron−hole pair
separations under electrical stimulus. Although several studies
have reported the successful use of electrical stimulation for
modulating the immune cell responses, there are still a few
bottlenecks associated with this approach. First, the electrodes
used for supplying the electrical stimulus to the immune cells
are metal based, which increases the in vivo toxicity issues.
Hence, designing biocompatible and biodegradable electrodes
for electrical stimulation is highly desired for improving the
reliability of such systems. Second, the stimulation sources
used currently are incorporated with several electrical
components such as rectifiers and capacitors, which increase
the size and complexity of the devices. Hence, miniaturizing
the system size is also necessary for practical applications.
Third, the efficiencies of the electrical stimulation systems
might vary among different individuals, which would require
fabricating sophisticated control circuits in the future for
realizing the preciseness of electrical stimulation. In addition,
the mechanism by which electrical stimulation influences the
functionality of the immune cells remains unclear. Various
studies have speculated that electric fields activate numerous
signaling pathways including NF-κB and STAT1, MAPK−p38,
and Erk1/2 and Akt; nevertheless the experimental studies
validating such hypotheses are missing. Therefore, detailed
investigations emphasizing the underlying mechanisms at the
cellular levels should be carried out to obtain better
understanding of ES for immunomodulation and improving
its therapeutic efficiency.
Further optimization in electrical parameters such as voltage,

frequency, waveform type, and directionality is also desirable in
the future for acquiring target-specific immunomodulation
depending on the immune cell types. Moreover, the safe range
of electrical stimulation for immunomodulation is not very
well-defined for animal as well as human studies. For the first
generation of electrical stimulation devices approved by the
FDA for nerve and brain stimulation, the safety was
determined in terms of charge density. For instance, 30 μC/
cm2 was approved for brain stimulation, which was based on
damage thresholds in animal studies. However, later it was
suggested that parameters such as electric field strength, charge
density, electrode surface area, stimulation waveform, pulse
frequency, duty cycle, time requirements, and type of tissue to
be stimulated (thickness and conductivity) play important
roles in determining the safe range of electrical stimulation not
only for immunomodulation but also for overall human use.
For a few cell types, these parameters have been optimized
individually such that they will not cause any damage to the
target as well as to the surrounding tissues. Pulsed electric
fields in the range 50−400 mV/mm have been reported to be
safe for human endothelial cells, whereas for the muscle cells a
20 mA pulsed current in the frequency range 10−50 Hz has
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been denoted safe. Only a few studies have indicated the
pulsed waveform and current below 0.5 mA is safe for
stimulation irrespective of the tissue type and without causing
any side effects; however, its effectiveness for immunomodu-
lation is yet to be determined. In addition to the electric field
strength, frequency is an important parameter for consid-
eration when assessing the safety of electrical stimulation
devices for immunomodulation. A lower frequency of 1 Hz can
stimulate cells for their growth through membrane depolariza-
tion, whereas frequencies higher than megahertz might cause
tissue heating and damage. As a result, it can be anticipated
that the safe range of electrical stimulation varies based on the
cumulative combinations of electrical parameters used and
type of tissue to be stimulated. Nevertheless, given the fact that
all these parameters are not well-studied and their role in tissue
damage is still unknown, it becomes quite difficult to define an
explicit range of safe electric field strength. Therefore, it is
imperative to conduct in-depth studies to analyze the effects of
different electrical parameters on immune cell types in order to
determine the safe range which will ease its clinical translation.
Further, the sources of ES for immunomodulation are

mostly based on electroactive polymer materials, which
electrically stimulate immune cells by cell−material inter-
actions at the interface. However, these materials are typically
insoluble in water, are highly cytotoxic, have low surface
wettability, and possess high impedance, which limit the
attachment of the cells to the material surface, and as a result
the immunomodulation effect decreases. Therefore, there is
also a need to develop device based platforms which can
directly supply the electric fields to the immune cells instead of
relying on the cell−material interactions for modulating the
cellular processes such that they can increase the therapeutic
efficiency and improve the controllability for localized
stimulation. In this regard, fabrication of stimuli-responsive
nanogenerator devices such as triboelectric nanogenerators
(TENG), piezoelectric nanogenerators (PENG), and pyro-
electric nanogenerators (PyNG) which can generate electric
fields upon self-activation by a ubiquitous stimulus, such as
mechanical force and temperature, can open promising
directions for future studies in immunomodulation for
regenerative medicine and anticancer therapy.
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Ibáñez, E.; Nogués, C.; Esteve, J. Electromechanical Nanogenerator−
Cell Interaction Modulates Cell Activity. Adv. Mater. 2017, 29 (24),
No. 1605048.
(94) Li, K.; Xu, W.; Chen, Y.; Liu, X.; Shen, L.; Feng, J.; Zhao, W.
W.; Wang, W.; Wu, J.; Ma, B.; Ge, S.; Liu, H.; Li, J. Piezoelectric
Nanostructured Surface for Ultrasound-Driven Immunoregulation to
Rescue Titanium Implant Infection. Adv. Funct. Mater. 2023, 33,
No. 2214522.
(95) Liang, J.; Zeng, H.; Qiao, L.; Jiang, H.; Ye, Q.; Wang, Z.; Liu,
B.; Fan, Z. 3D Printed Piezoelectric Wound Dressing with Dual
Piezoelectric Response Models for Scar-Prevention Wound Healing.
ACS Appl Mater Interfaces. 2022, 14 (27), 30507−30522.
(96) Li, H.; Chen, C.; Wang, Z.; Huang, Y.; He, G.; Liu, Y.; Jiang, P.;
Wang, Z. L. Triboelectric Immunotherapy Using Electrostatic-
Breakdown Induced Direct-Current. Mater Today. 2023, 64, 40−51.
(97) Sun, L.; Chen, X.; Ma, K.; Chen, R.; Mao, Y.; Chao, R.; Wang,
H.; Yu, B.; Wang, J.; Zhang, S. Novel Titanium Implant: A 3D
Multifunction Architecture with Charge-Trapping and Piezoelectric
Self-Stimulation. Adv. Healthc. Mater. 2023, 12 (11), No. 2202620.
(98) Kim, J. I.; Hwang, T. I.; Lee, J. C.; Park, C. H.; Kim, C. S.
Regulating Electrical Cue and Mechanotransduction in Topological
Gradient Structure Modulated Piezoelectric Scaffolds to Predict
Neural Cell Response. Adv. Funct. Mater. 2020, 30 (3), No. 1907330.
(99) Wei, J.; Liu, Y.; Li, Y.; Zhang, Z.; Meng, J.; Xie, S.; Li, X.
Photothermal Propelling and Pyroelectric Potential-Promoted Cell
Internalization of Janus Nanoparticles and Pyroelectrodynamic
Tumor Therapy. Adv. Healthc. Mater. 2023, 12, No. 2300338.
(100) Naficy, S.; Razal, J. M.; Spinks, G. M.; Wallace, G. G.
Modulated Release of Dexamethasone from Chitosan−Carbon
Nanotube Films. Sens Actuators A Phys. 2009, 155 (1), 120−124.
(101) Wu, C.; He, X.; Zhu, Y.; Weng, W.; Cheng, K.; Wang, D.;
Chen, Z. Electrochemical Deposition of Ppy/Dex/ECM Coatings and
Their Regulation on Cellular Responses through Electrical Controlled
Drug Release. Colloids Surf B Biointerfaces 2023, 222, No. 113016.
(102) Lei, H.; Fan, D. A Combination Therapy Using Electrical
Stimulation and Adaptive, Conductive Hydrogels Loaded with Self-
Assembled Nanogels Incorporating Short Interfering RNA Promotes
the Repair of Diabetic Chronic Wounds. Advanced Science 2022, 9
(30), No. 2201425.
(103) Yu, B.; Zhang, W.; Kwak, K.; Choi, H.; Kim, D.-H. Electric
Pulse Responsive Magnetic Nanoclusters Loaded with Indoleamine
2,3-Dioxygenase Inhibitor for Synergistic Immuno-Ablation Cancer
Therapy. ACS Appl Mater Interfaces 2020, 12 (49), 54415−54425.
(104) Zheng, Y.; Han, Y.; Sun, Q.; Li, Z. Harnessing Anti-Tumor
and Tumor-Tropism Functions of Macrophages via Nanotechnology
for Tumor Immunotherapy. Exploration 2022, 2 (3), No. 20210166.
(105) Ding, Y.; Wang, Y.; Hu, Q. Recent Advances in Overcoming
Barriers to Cell-Based Delivery Systems for Cancer Immunotherapy.
Exploration 2022, 2 (3), No. 20210106.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c06696
ACS Omega 2024, 9, 52−66

66

https://doi.org/10.1016/j.bioactmat.2022.03.027
https://doi.org/10.1016/j.bioactmat.2022.03.027
https://doi.org/10.1002/adma.202208395
https://doi.org/10.1002/adma.202208395
https://doi.org/10.1016/j.bioactmat.2020.12.020
https://doi.org/10.1016/j.bioactmat.2020.12.020
https://doi.org/10.1016/j.bioactmat.2020.12.020
https://doi.org/10.1002/adfm.201603497
https://doi.org/10.1002/adfm.201603497
https://doi.org/10.1002/adma.201605048
https://doi.org/10.1002/adma.201605048
https://doi.org/10.1002/adfm.202214522
https://doi.org/10.1002/adfm.202214522
https://doi.org/10.1002/adfm.202214522
https://doi.org/10.1021/acsami.2c04168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c04168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mattod.2023.02.026
https://doi.org/10.1016/j.mattod.2023.02.026
https://doi.org/10.1002/adhm.202202620
https://doi.org/10.1002/adhm.202202620
https://doi.org/10.1002/adhm.202202620
https://doi.org/10.1002/adfm.201907330
https://doi.org/10.1002/adfm.201907330
https://doi.org/10.1002/adfm.201907330
https://doi.org/10.1002/adhm.202300338
https://doi.org/10.1002/adhm.202300338
https://doi.org/10.1002/adhm.202300338
https://doi.org/10.1016/j.sna.2009.07.021
https://doi.org/10.1016/j.sna.2009.07.021
https://doi.org/10.1016/j.colsurfb.2022.113016
https://doi.org/10.1016/j.colsurfb.2022.113016
https://doi.org/10.1016/j.colsurfb.2022.113016
https://doi.org/10.1002/advs.202201425
https://doi.org/10.1002/advs.202201425
https://doi.org/10.1002/advs.202201425
https://doi.org/10.1002/advs.202201425
https://doi.org/10.1021/acsami.0c15679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c15679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c15679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c15679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/EXP.20210166
https://doi.org/10.1002/EXP.20210166
https://doi.org/10.1002/EXP.20210166
https://doi.org/10.1002/EXP.20210106
https://doi.org/10.1002/EXP.20210106
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

