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Abstract
Cell behavior is intricately intertwined with the in vivo microenvironment and endoge-
nous pathways. The ability to guide cellular behavior toward specific goals can be
achieved by external stimuli, notably electricity, light, ultrasound, and magnetism,
simultaneously harnessed through biomaterial-mediated responses. These external
triggers become focal points within the body due to interactions with biomaterials, facil-
itating a range of cellular pathways: electrical signal transmission, biochemical cues,
drug release, cell loading, and modulation of mechanical stress. Stimulus-responsive
biomaterials hold immense potential in biomedical research, establishing themselves as
a pivotal focal point in interdisciplinary pursuits. This comprehensive review systemati-
cally elucidates prevalent physical stimuli and their corresponding biomaterial response
mechanisms. Moreover, it delves deeply into the application of biomaterials within the
domain of biomedicine. A balanced assessment of distinct physical stimulation tech-
niques is provided, along with a discussion of their merits and limitations. The review
aims to shed light on the future trajectory of physical stimulus-responsive biomateri-
als in disease treatment and outline their application prospects and potential for future
development. This review is poised to spark novel concepts for advancing intelligent,
stimulus-responsive biomaterials.
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 INTRODUCTION

With the continuous progress of science and technology,
people pay more and more attention to medical health and
promote the application of more biomaterials in the field of
biomedicine.[1] It is becoming increasingly clear that these
biomaterial systems are not just limited to the passive sup-
port of cells.[2] Through ingenious design and advanced
manufacturing methods, we can introduce the properties
of different biomaterials to manipulate cells across time
and space, thus achieving better control and application
in biomedical engineering. Many endogenous mechanisms
play a vital role in regulating cell behavior and the external
microenvironment.[3] Such as electrophysiological activities,
magnetic signals, growth factors, and signal molecules. These
factors regulate damage repair, immune response, and cel-
lular behavior.[4,5] Therefore, biomaterials with intelligent
responses can generate these signals through controlled
exogenous stimuli, enabling simpler and more appropriate
methods to manipulate cell behavior. Stimuli-responsive bio-
materials can respond to a wide range of external signals,
including light, electrical, ultrasonic, and magnetic stimuli,
and so on. However, the ideal stimuli-responsive bioma-
terials can convert external energy sources into meaning-
ful cellular signals with minimal design complexity.[6] One
advantage of utilizing this technique is that the stimula-
tion can be precisely regulated through specialized instru-
ments, allowing for accurate control of cell responses as
needed.
Moreover, by modifying the size of the external signal,

the degree to which the biomaterial responds can be cus-
tomized, granting greater control than a simple on/off switch.
While photoresponsive biomaterials have garnered significant
attention in the tissue engineering field, other types of stimuli-
responsive biomaterials remain unexplored in terms of their
potential to influence cell fate.[7,8] It has been noted that while
electrical stimulation is useful for nerve and muscle stimula-
tion, it may not be as effective in promoting pluripotent cell
differentiation.[9] Ultrasonic stimulation has unique advan-
tages due to its remarkable tissue penetration and remote
drive capabilities, which are often used to control drug
delivery in vivo, especially for penetrating the blood-brain
barrier. It shows potential as a multifunctional stimulation
for remote material operation.[10] Magnetically respon-
sive biomaterials are another interesting system that has
played a huge role in nanomedicine and has great prospects
for achieving multi-functional collaborative precision
medicine.[11]
In this review, we conducted a thorough review of physical

stimulation-related biomaterials used in biomedical engineer-
ing, as presented in Figure 1. First, we describe the various
types and modes of action of physical stimuli. Next, we
briefly analyze the principle of the different kinds of stimuli-
responsive biomaterials. Then, we divide the applications of
physical stimuli-responsive biomaterials into four categories:

electrical stimulation, light stimulation, ultrasonic stimula-
tion, and magnetic stimulation. Finally, a summary of the
physical stimuli-responsive biomaterials is given, and accord-
ing to the existing characteristics and existing problems, it
is hoped that by identifying the most promising biomateri-
als and external stimulation combinations for different tissue
types in the future, an accurate and controllable tissue engi-
neering platform can be designed and utilized to promote the
progress of biomedicine.

 COMMON TYPES OF PHYSICAL
STIMULATION

At present, the common physical stimulation in biomedical
engineering is mainly divided into electrical stimulation, light
stimulation, ultrasonic stimulation, andmagnetic stimulation.
The most appropriate stimulation method should be selected
for different application fields.

. Electrical stimulation

Electrical stimulation has several attractive advantages,
including non-invasiveness, high spatiotemporal controllabil-
ity, and rapid reversible induction.[20] Electrical stimulation
is mainly divided into bioelectrical stimulation, percutaneous
electrical stimulation, implantation electrical stimulation,
and radio stimulation.

2.1.1 Bioelectrical stimulation

Bioelectrical stimulation mainly refers to the use of endoge-
nous biological current for electrical stimulation, but the elec-
trical stimulation of this method is weak and uncontrollable,
and the stimulation effect is relatively limited.[21]

2.1.2 Percutaneous electrical stimulation

Percutaneous electrical stimulation systems include in
vitro programmable power generators (typically providing
adjustable low-frequency pulse currents), percutaneous out-
put wires, percutaneous electrodes, percutaneous electrical
stimulation systems, percutaneous radiofrequency ablation
systems, external radiofrequency ablation systems, and per-
cutaneous radiofrequency therapy systems.[22,23] Usually,
this method requires a percutaneous wire to be connected to
an external bulky electrical stimulation device, but it comes
with the risk of infection and a treatment schedule that is not
conducive to daily activities. At the same time, specialized
medical facilities and trained operators are required to per-
form daily electrical stimulation therapy, which is considered
to take up limited medical resources.[24]
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F IGURE  The application of physical stimulation biomaterials based on ultrasound, light, electricity, and magnetism in the field of biomedicine is
summarized, as electrical stimulation of nerve regeneration. Reproduced with permission.[12] Copyright 2019, JohnWiley & Sons. Electrical stimulation of skin
regeneration. Reproduced with permission.[13] Copyright 2022, Elsevier. Electrical stimulation of bone regeneration. Reproduced with permission.[14]
Copyright 2020, Elsevier. Photothermal/photodynamic. Reproduced with permission.[15] Copyright 2021, American Chemical Society. Ultrasound stimulated
tissue repair. Reproduced with permission.[16] Copyright 2023, Elsevier. Ultrasonic controlled release. Reproduced with permission.[17] Copyright 2023,
Elsevier. Targeting/controlled release. Reproduced with permission.[18] Copyright 2021, Elsevier. Magnetic stimulation tissue repair. Reproduced with
permission.[19] Copyright 2021, John Wiley & Sons.

2.1.3 Implanted electrical stimulation

The implanted electrical stimulation is mainly divided into:
1) internal battery-powered electrical stimulation; 2) inter-
nal bio-fuel electrical stimulation; and 3) internal physically
generated electricity stimulation.

(1) Batteries, as a stable power source, are often used to con-
struct implantable electrical stimulation systems for nerve
regeneration. But battery wear and lead leakage can lead
to second surgeries, increasing the financial burden on
patients and being serious or even life-threatening.

(2) Biofuel electrical stimulation mainly uses enzyme biolog-
ical reactions to carry out bioelectrochemical reactions in
vivo, converting biomass energy into electric energy used
in electrical stimulation.[25,26] The stimulation current is
formed in the chemical reaction of the Yin and Yang poles
in the body, avoiding cumbersome external equipment
like percutaneous electrical stimulation and the infection

problem that may exist during each electrical stimula-
tion. However, due to its inability to effectively control the
reaction occurrence and low electrical stimulation output
flow, its practical application is limited.

(3) The application of piezoelectricmaterials in the construc-
tion of a self-powered stimulation system in vivo has great
potential.[27] The biggest advantage is that the defects of
implantable battery replacement can be avoided, and the
amount of electrical stimulation is more stable and larger
than that of biofuel cells.[28]

2.1.4 Wireless electrical stimulation

The wireless electrical stimulation system allows pro-
grammable electrical stimulation by implanting tiny and
light-weight devices in the body, again avoiding percuta-
neous wires and bulky power supply units. Compared with
implanted electrical stimulation, it has higher controllability
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F IGURE  (A) Wireless electrical stimulation system. (i) Schematic diagram of wireless electrical stimulation; (ii) Electrode layer hidden under circuit
layer; (iii) Working principle of the system. Reproduced with permission.[29] Copyright 2021, John Wiley & Sons. (B) Principle of ultrasonic generation based
on inverse piezoelectric effect: (i) Schematic diagram of the inverse piezoelectric effect and (ii) finite element simulation of the sound field of piezoelectric US
transducer. Reproduced with permission.[37] Copyright 2023, Elsevier. (C) Schematic diagram of tissue penetration by light stimulation, ultrasonic stimulation,
and magnetic stimulation. Reproduced with permission.[11] Copyright 2021, Elsevier.

and greater accuracy. It is an ideal electrical stimulation
strategy, as shown in Figure 2A.[29]

. Light stimulation

Ultraviolet, visible, and near-infrared light exposure is known
as low-level laser therapy and is also known as photobiomod-
ulation therapy.[30]

When seeking to develop photoresponsive biomaterials, it
should be considered that material handling during synthesis
and utilization, including through processing in dark research
spaces, can minimize premature photoactivation of low-
energy photosensitive materials. In a variety of wavelengths

of light, near-infrared light is abundant across the entire range
of the solar spectrum and damages negligibly tissue, a unique
function that makes near-infrared light-responsive materi-
als ideal candidates for therapeutic agents and biological
tools for biomedical applications.[31] However, the low energy
endowed by near-infrared light also limits the high-energy
reaction. Visible light is more for the application of photo-
catalytic hydrolysis-related directions, simulating the catalytic
application in the natural environment of natural light.[32]
Near ultraviolet light and high-energy ultraviolet light can
cause a lot of damage to the surface of the material.[33] For
the development of functional azo-basedmaterials, the switch
must be triggered by ultraviolet light, which greatly damages
the corresponding surface, but the high scattering and weak
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penetration of short-wavelength ultraviolet light are very lim-
ited in application.[34] And long-term exposure to ultraviolet
light may be carcinogenic.[35] Although ultraviolet light is
more commonly used in sterilization, the choice of ultravi-
olet light needs to be more careful based on the theory that
risks must be balanced with beneficial effects. Light remains
a uniquely powerful stimulus that regulates the properties of
dynamic biomaterials. Continued innovation in the synthesis
of photosensitive biomaterials in response to low-energy light
will lead to increased opportunities for activation in vivo of
complex tissues and biologically relevant sites. Future oppor-
tunities for the conversion of this light-sensitive material
remain bright.[36]

. Ultrasonic stimulation

Ultrasonic stimulation can be divided into low-intensity ultra-
sound and high-intensity ultrasound. When piezoelectric
materials are subjected to an electric field applied along the
direction of their polarization, they deform. Once the elec-
tric field is removed, the deformation will disappear. This
phenomenon is known as the inverse piezoelectric effect, as
shown in Figure 2B. When a periodic alternating current
field is applied to the piezoelectric plate, the corresponding
periodic deformation produces vibration, which is propa-
gated in the acoustic medium in the form of sound waves.[37]
For low-intensity ultrasound, diagnostic and repair func-
tions dominate because the periodicmechanical waves, which
are inaudible to humans, are controllable, non-invasive, and
highly penetrating to tissues. For high-intensity ultrasound,
heating effects and sound cavitation dominate, meaning that
the cells are destroyed. Therefore, high-intensity ultrasound
is mainly used for killing cancer and removing bacteria.[38]
In addition, the boundary between high-intensity and low-
intensity ultrasound is not clear.[39]

. Magnetic stimulation

Magnetic stimulation is regarded as the key to achieving
non-invasive stimulation, and accurate, controlled release has
been widely used in tissue engineering therapy.[40] It is worth
noting that the mediation of magnetic stimulation on tis-
sue mainly depends on frequency, duration, and intensity.
In addition, whether it is different scales in the tissue, or
different patients, the parameters that regulate magnetic stim-
ulation can provide customized treatment.[41] The therapeutic
effect of magnetic stimulation alone is limited. Combining
magnetic stimulation with other strategies to synergistically
promote tissue repair is a promising strategy. At the same
time, compared with electricity, light, and ultrasound, mag-
netic stimulation has good penetration ability, which is also
used for deep treatment, as shown in Figure 2C.[11] In conclu-
sion,magnetic stimulation has a broad application prospect as
an adjunct therapy for tissue repair.

 RESPONSIVE BIOMATERIALS

From the perspective of the historical process of human devel-
opment, biological materials have made great contributions
to the healthy lives of human beings, laying the foundation
for the further development of modern bioengineering. With
the continuous progress of science and technology and the
continuous improvement of medical living standards, intel-
ligent response biomaterials have attracted more and more
researchers’ attention.

. Electrical responsive biomaterials

In general, electrical-responsive e-biomaterials are com-
posed of electroactive biomaterials consisting mainly
of organic biomaterials such as (polypyrrole (PPy),
poly(3,4-ethylenedioxythiophene) (PEDOT), poly(aniline)
macromolecule (PANI)[42–44]), inorganic biomaterials
(carbon nanotubes, reduced graphene oxide, graphene
oxide[45–47]), novel two-dimensional biomaterials (MXene,
black phosphorus),[48,49] and the common preparation
methods include hydrothermal method, high temperature
sintering, oxidation-reduction method, and so on. Electrical-
responsive biomaterials not only provide a growth scaffold
for cells but also reduce the current loss caused by the sur-
rounding medium. Electrical-responsive biomaterials can
adjust the biochemical and biophysical reactions of their
materials through external electrical stimulation, includ-
ing adjusting the mechanical properties of materials, redox
state, hydrophobic/hydrophilic energy, surface ligand con-
formation, and so on, to build different microenvironmental
conditions for cells or surrounding tissues. Electro-induced
mechanical force or electrical force responsive to the move-
ment of biomaterials can also be used for targeted therapy
and controlled drug release.[50] At the same time, it can also
affect cells, including the control of cell adhesion, migration,
and stem cell differentiation by electrically inducing cell
Arg-Gly-Asp (RGD) conformational changes,[51,52] cell mem-
brane deformation, ion channel activation, integrin-mediated
cytoskeleton remodeling and so on.[53] Therefore, electrical
stimulation based on electrical-responsive biomaterials can
provide a diversified platform for the application of tissue
engineering and intelligent response therapy in biomedicine.

. Ultrasonic responsive biomaterials

When ultrasonic waves travel through human tissues and
are used on biological materials, there are physical effects
that trigger ultrasound-mediated biological responses. The
ultrasonic response properties of biomaterials are influ-
enced by a variety of factors, including the composition and
shape of the biomaterial and, most importantly, the ability
to convert sound energy into more useful forms required
for tasks such as triggering drug release or mechanically
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initiating biological processes. It is mainly divided into inor-
ganic nanoparticles,[54–56] liposome,[57–59] microbubbles or
nanobubbles,[60–62] and so on.
The most studied principles of its response are the

piezoelectric and cavitation phenomena. Piezoelectric nano-
generators based on non-centrosymmetric crystal materials
deform under external mechanical forces to induce poten-
tial differences, so when sound waves act on the material,
internal polarization occurs and energy conversion is com-
pleted (sound energy is converted to electrical energy).
This change in properties is a widely used method in
fields such as anti-infection and osteogenesis, which deter-
mines the ultrasonic response of the material to mechanical
waves.[63]
Cavitation is an important mechanism of ultrasonic trans-

ducers. In this process, sound waves are set to oscillate,
causing bubbles to form and collapse. Due to the strong
response of the bubbles to ultrasonic waves, a large amount
of energy is converted into the movement of the bubbles,
thus providing powerful mechanical and thermal stimu-
lation. The plasma formed during the bursting of bub-
bles plays an important role in chemistry. Based on this,
some bubble-like nanomaterials can also produce a strong
response to ultrasonic waves through the cavitation effect.
Drug release can be achieved through ultrasound-induced
cavitation.[64] Which is a common method of controlling
release.

. Light responsive biomaterials

Common light responsive biomaterials are mainly divided
into two kinds. One is the photothermal material. The ideal
photothermalmaterial should have a strong absorption capac-
ity in the near-infrared region, and can effectively convert the
absorbed light energy into heat energy. Mainly some metal-
based materials and 2D nanomaterials. Due to the strong
surface plasmon resonance effect of metal-based materials,
the free electrons of metals can coherently oscillate around
the surface of nanoparticles by using laser irradiation reso-
nant with the frequency absorbed by the nanomaterial, and
the non-radiative extinction caused by absorption and scatter-
ing can be effectively converted into local heat by picosecond
electron–electron and electron–phonon relaxation.[65] Con-
sidering that metal nanomaterials have a plasmon resonance
band in the near-infrared region is ideal, the factors affect-
ing the surface charge density can be appropriately modified,
such as transforming the size, shape, structure, and dielec-
tric properties of the metal and the surrounding medium
to achieve the purpose.[66] At the same time, metal-based
materials also have good synthesis adjustability, so some
metal nanomaterials are considered to be simple and effec-
tive photothermal reagents with superior optical and pho-
tothermal properties.[67] In addition to metal photothermal
agents, some 2D nanomaterials are also candidates with good
photothermal effects because they have significant plasma
effects on near-infrared light irradiation. Compared with

other nanomaterials, two-dimensional nanomaterials have
the advantages of atomic layer structure, controllable optical
properties, easy preparation, a large specific surface area, and
convenient functionalization.[68]
The second type is light reactive materials. One of them,

known as the photodynamic effect, changes from a steady
state to an excited state when the material is irradiated by
light energy. However, the excited state is unstable and will
react in a steady-state direction, in which a large number
of reactive oxygen species will be produced.[69,70] However,
the photodynamic effect of this photocatalysis is limited by
the rapid charge recombination and the limited use of exoge-
nous stimulation of the catalyst, so it is necessary to fully
consider the selection of material properties and combina-
tions, similar to some special heterojunction structures with
extremely high photocatalytic efficiency.[71] In addition, pho-
toresponsive hydrogels are a very important photoreactive
biomaterial, including photocrosslinking, photodegradation,
etc. The micro-scale structure of hydrogels is controlled by
light stimulation to regulate their physical and chemical prop-
erties, which has also achieved rapid development in recent
years.[72,73] Among them, hydrothermal in-situ synthesis,
hydrogen bonding, electrostatic adsorption, chemical bond
breaking, and recombination are the most common synthesis
methods.

. Magnetically responsive biomaterials

Magnetically responsive biomaterials are composed of mag-
netically active materials and biomaterials, and common
magnetically active materials include iron oxide (Fe3O4

[74]

and Fe2O3
[75]), transition metal ferrite (CoFe2O4

[76] and
MnFe2O4

[77]) and transition metal alloys,[78] which are also
widely used in biomedicine. Usually, because themagnetically
active material is prepared in the organic phase, early surface
modifications are aimed at improving the biocompatibility
and chemical stability of the magnetically active material.
With the deepening of research, more advanced modifica-
tion methods for the surface of magnetic active materials
are emerging endlessly, and more functional designs are also
being brought in.

 APPLICATIONOF BIOMATERIALS IN
RESPONSE TO PHYSICAL STIMULATION

The basic physical mechanism of cell response to electri-
cal stimulation is currently under active investigation. A
few hypotheses have been proposed and are summarized
below: (1) structural water failure; (2) electro-seepage vol-
ume flow; (3) asymmetric ion flow and voltage-gated channel
opening; (4)mechanical sensation; (5) redistribution ofmem-
brane components and lipid rafts,[1] such as in Figure 3.
The proposed basic principle and mechanism provide the-
oretical support for the application of electrical-responsive
biomaterials.



 of 

F IGURE  Hypothesis of cell response to electrical stimulation. (A) Structural water damage. (B) Volume flow of electro seepage. (C) Asymmetric ion
flow and voltage-gated channel opening. (D) Mechanical sensation. (E) Redistribution of membrane composition and lipid rafts. Reproduced with
permission.[1] Copyright 2020, Elsevier.

. Application of biomaterials in response
to electrical stimulation

4.1.1 Electrical stimulation response
biomaterials for neural repair

Autologous or allogeneic nerve transplantation is the tradi-
tional method for nerve injury repair.[79] However, due to the
limited number of donors and the incomplete recovery func-
tion, the clinical therapeutic effect is not ideal.[80] Compared
with the central nervous tissue, the stronger reproducibility of
peripheral nervous tissue enables the regeneration and repair
of damaged and broken peripheral nervous tissue to get rid of
traditional surgical treatment.[81] However, the regeneration
of nerve tissue is limited, and the complex and uncontrollable
microenvironment makes the clinical application of periph-
eral nerve regeneration difficult, especially for long-distance
nerve tissue repair (larger than 5 cm), the possibility of self-
regeneration in the natural environment is very small.[82] As
the most common means of peripheral nerve repair, electri-
cal stimulation can accelerate the transfer to the injured site
for wound repair by improving the signaling pathways related
to the regeneration of the lower nerve under the action of
the electric field, including the regeneration factors, receptors
and related proteins, and endogenous reactions, as shown in
Figure 4A.[83]
A large number of studies on long-distance neural tissue

repair have focused on the construction of neural-guided
catheter models using electrical stimulation response
materials,[84] so high biosafety and high electrical stimu-
lation response abilities are particularly important. Huang
et al. prepared a composite hydrogel by combining modi-
fied chitin with PEDOT electrostatic force.[85] The active
site on the polypeptide-modified surface also increased the

proliferation and adhesion of Schwann cells, the main role of
nerve regeneration, and the expression of photogenic genes
and proteins. However, the neural guide catheter prepared
by this method is limited to 2D cell culture and cannot truly
simulate the real cell growth microenvironment in natural
human tissues and organs. Therefore, Tomaskovic–Croo
et al. constructed a neural catheter with a 3D cell microen-
vironment by using 3D tissue engineering technology.[86]
The stem cells were encapsulated in a 3D gel made of algi-
nate, chitosan, agar, and a microelectrode array was added.
Poly(3,4-ethylenedioxythiophene)/ poly(styrenesulfonate)
(PEDOT: PSS) electrical stimulation response coating was
prepared at the same time, as shown in Figure 4B. It greatly
aided the ion migration and differentiation of neural stem
cells. Scientists are also committed to the study of nerve
conduits for spontaneous electrical stimulation. The frozen
gel of fibroin protein prepared by Ma et al. by gradient
freezing uses a porous surface to bind PEDOT in situ, and
uses the piezoelectric properties of poly (vinylidene fluoride)
(PVDF) outside to transform its nerve catheter into sponta-
neous electrical stimulation under the action of mechanical
force.[87] In addition, to increase its biodegradability, poly(l-
lactide-co-caprolactone) (PLCL) is added without reducing
its piezoelectric ability. It is endowed with good biodegrada-
tion ability and is committed to not carrying out secondary
trauma to the wound site. At the same time, themulti-channel
bionic structure constructed by the authors is also conducive
to limiting the diffusion of axons and preventing the wrong
branch of axons. As a common material in response to elec-
trical stimulation, PEDOT’s poor biodegradation ability also
limits the development of its clinical application. Guarino
et al. prepared PANI in situ in a polyethylene glycol diacrylate
solution, thenmade it into a gel by ultraviolet crosslinking and
made a porous structure by leaching sodium chloride particles
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F IGURE  Application of electrical stimulation-response biomaterials for nerve repair. (A) Cell-level mechanism of electrical stimulation promoting
nerve repair. Reproduced with permission.[81] Copyright 2023, Elsevier. (B) 3D culture of electrical stimulation-response to nerve regeneration. Reproduced
with permission.[84] Copyright 2019, John Wiley & Sons. (C) Neural injury model and repair. Reproduced with permission.[89] Copyright 2020, American
Chemical Society. (D) Biobattery electrical stimulation system. Reproduced with permission.[42] Copyright 2019, John Wiley & Sons.

to ensure the response-ability of PANI to cells after electrical
stimulation.[88] Due to the absence of more internal chemical
links, the mechanical properties of the gel prepared by this
method are poor, and the PANI fiber film alone has poor
mechanical strength.[89] Thus, to meet the basic mechanical
requirements of nerve conduits, researchers need to introduce
more connections, such as hydrogen bonds, into the system.
Xu et al. synthesized PANI in situ from cellulose hydrogel by a
limited interfacial polymerization method.[90] However, this
simple synthesis could not effectively fix PANI in the gel, so
hydrogen bonds in phytic acid were used to fix PANI in the gel
to enhance its mechanical properties. The amide bond energy
of poly(acrylamide) (PAM) interacts with PANI to form a
hydrogel with excellent mechanical properties, which is a pre-
requisite for nerve conduit. Not only do PAM and PANI have
an electrical stimulation response, but the hydrogel mixed
with PAM and PANI could also respond to near-infrared
light, and its conductive ability can also become stronger with
the extension of irradiation time. The peripheral nerve injury
model was constructed, and it was found that the presence of
nerve conduits could replace the damaged nerves to achieve
the transmission of bioelectrical signals and the recovery of
secondary functions, as shown in Figure 4C.[91]
PPy has the same excellent biocompatibility and electrical

conductivity as PEDOTandPANI.As an electrospinning film,
it not only lacks mechanical properties but also biodegrad-
ability. Therefore, using the biodegradability of poly(lactic-co-
glycolic acid) (PLGA) and the good mechanical properties of

polycaprolactone (PCL) to modify it is expected to achieve
the best degradation rate.[92] To prevent the disadvantages of
secondary trauma and the increased risk of infection caused
by external electrical stimulation, piezoelectricity, and trigen-
eration have been extensively studied as common means of
self-generating electricity. The self-powered neural conduit of
glucose and oxygen consumption in vivo is a relatively new
research direction. Sun et al. used PPy to form a conductive
substrate by in-situ polymerization on bacterial cellulose and
deposited platinum nanoparticles on the anode for glucose
oxidation.[42] The cathode was loaded with nitrogen-doped
carbon nanotubes, as shown in Figure 4D. It is certain that
more research is needed in the future to explore the direction
of self-powered electrical stimulation.

4.1.2 Electrical stimulation response
biomaterials for skin repair

Wound repair is mainly divided into epidermal skin wound
repair and internal organ wound repair.[93] Due to the high
controllability of physical stimulation on the surface and
the advantages of visualization, most wound repair research
focuses on skin wound repair. During the period of skin
damage, external stimulation is more likely to directly harm
the body itself. The faster rate of skin repair means the
establishment of a safer human protective barrier, however,
due to the stress of the wound site or the problems of internal
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diseases such as diabetes or venous skin ulcers.[94] The rate
of skin repair is greatly reduced. At the same time, when the
epidermal barrier is damaged for a long time, the wound will
be further infected by bacteria to form a biofilm. The wound
is then unable to exit the inflammatory phase, so the wound
cells become senescent and less responsive to stimulation.[95]
Therefore, the use of external stimulation to accelerate the
healing of skin wounds is extremely important. Skin wound
healing mainly involves granulation, epithelialization and
vascularization, hair follicles, and inflammatory and immune
responses.[96] Condition optimization for the involved reac-
tions provides a positive driver for promoting skin wound
healing.
Some studies have proved that the construction of an appro-

priate amount of electrical stimulation in vitro can improve
the wound microenvironment, promote the proliferation and
differentiation of key cells at the cellular level, and accelerate
migration.[97–99] At the tissue level, the expression of inflam-
matory factors in the inflammatory period and the promotion
of the proliferation and differentiation of skin cells during the
proliferation period can promote wound healing, as shown
in Figure 5A.[94] However, for the complicated equipment
of external electrical stimulation and the limited range of
motion, the integrated equipment of the electrical stimulation
device and wound dressing is more flexible and convenient.
Using polymer piezoelectric materials such as poly(l-lactide)
(PLLA),[100] and PVDF[101] can enable the prepared mate-
rial to have the ability of spontaneous electrical stimulation.
Of course, because many metals and their oxides have excel-
lent electrical conductivity and piezoelectric ability, they are
often added to the construction of self-electric equipment, and
metal and their oxides slowly release metal ions or produce
reactive oxygen species during electrical stimulation, which
also gives them certain antibacterial and anti-infection abil-
ity, reducing the occurrence of inflammation and accelerating
the healing of wounds.[102,103] In addition, the presence of a
large number of free borax ions in borax hydrogels will trig-
ger the ionic conductive properties of the material to respond
to the stimulation of current signals, which can not only pro-
mote wound healing but also reduce bacterial infection to a
certain extent.[104]
At the same time, the concept of further real-time mon-

itoring of wounds based on wound recovery in response to
electrical stimulation will also have a place in future visual
medicine.[105] Yang et al. have prepared a flexible electronic
dressing that can be monitored in real-time and respond
to light and electrical stimulation at any time based on the
detection of biochemical markers of inflammation, as shown
in Figure 5B, and proved its feasibility through a mouse
model.[13]

4.1.3 Electrical stimulation response
biomaterials for bone repair

Piezoelectricity is one of the inherent characteristics of nat-
ural bone, mainly due to the piezoelectric effect of collagen

molecules.[106] However, a bone tissue defect or injury under
the condition of disease or trauma will reduce the potential
level of the injured site, which will affect the normal bioelec-
trical transmission of the body.[107] Researchers have found
that, in addition to endogenous electron fields, the electric
field generated by external electrical stimulation is also a key
factor in regulating metabolic activities such as fracture heal-
ing and structural remodeling.[108,109] Therefore, based on the
electrical cues of natural bone, researchers are focusing on
the development of bone tissue repair assisted by electrical
stimulation in response to biological materials.[110,111]
The potential difference exists inside and outside the

cell for ion transport. Changes in ion concentration inside
and outside the cell membrane in the presence of external
field electrical stimulation, especially Ca2+ ions, will lead to
changes in cell function.[112] Due to their natural negative
charge, the cells will also move toward the injured site and
compact under the action of the electric field to acceler-
ate bone tissue repair.[113] The time and strength of current
stimulation have a great influence on bone tissue repair. Long-
term electrical stimulation may make the current unstable,
and the effect of charge polarity on osteogenic differentia-
tion is difficult to determine. However, heterostructures with
good polarization performance can effectively improve such
a situation.[114] Appropriate electrical stimulation response
material can activate calmodulin, calcineurin, and NFAT
pathway up-regulation in vivo and enhance the osteogenic dif-
ferentiation ability of stem cells, as Figure 6A.[115] Researchers
also believe that appropriate electrical response materials that
can transmit electrical signals can not only promote the
directed differentiation of stem cells into osteoblasts but also
play a role of directed selection in immune regulation, pro-
mote the M2 process and reduce the M1 process, and to a
certain extent reduce the expression of inflammatory factors
and enhance the resistance of cells to oxidative stress, as shown
in Figure 6B.[116]
Although a single electrical stimulation response material

has shown good therapeutic effects in bone tissue engineer-
ing, the multi-angle composite collaborative repair will show
a faster, more flexible, and more comprehensive application.
For example, the load of growth factor hBMP-4, under current
stimulation not only enables the electro-responsive material
to transmit electrical stimulation signals but also controls the
release of hBMP-4, induces the formation of bone collagen,
promotes the differentiation of osteoblasts, and reduces the
formation of scar tissue trauma, as shown in Figure 7.[14]

. Application of biomaterials in response
to light stimulation

4.2.1 Light-responsive biomaterials
photothermal and photodynamic

Due to the limited light penetration ability, it is difficult to
carry out deep stimulation in the body, so the main appli-
cation scenarios of biological materials with light response
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F IGURE  Application of electrical stimulation in response to biomaterials in skin repair. (A) Electrical stimulation promotes improvement in skin repair
cell levels. Reproduced with permission.[92] Copyright 2021, John Wiley & Sons. (B) Visual monitoring of skin repair by electrical stimulation. (i) Electronic
bandage system; (ii) enlarged view of the entire system; (iii) operational flow chart of the electronic system; (iv) electronic bandage system application
sequence. Reproduced with permission.[13] Copyright 2022, Elsevier.
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F IGURE  Application of electrical stimulation-response biomaterial for bone repair. (A) The electrical stimulation response regulates related proteins
and enzymes to accelerate bone repair. (i) Schematic diagram of an electret-based host-coupling bio-nanogenerator implanted onto the bone injury in vivo. (ii)
Mechanism of bone repair. Reproduced with permission.[113] Copyright 2021, Elsevier. (B) Preparation of electrical stimulation response system (i). Accelerates
stem cell differentiation, regulates immunophenotype, reduces inflammatory expression, and reduces reactive oxygen species accumulation (ii). Accelerates
bone repair (iii). Reproduced with permission.[114] Copyright 2023, American Chemical Society.
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F IGURE  Application of electrical stimulation-response biomaterial for bone repair. Controlled release of growth factors to accelerate bone tissue
regeneration. Reproduced with permission.[14] Copyright 2020, Elsevier.

are in the surface tissue, and their biggest advantage is
convenient operation and easy control. Photothermal and
photodynamic are the most common behaviors of photore-
sponsive biomaterials and are widely used in tissue repair
due to their excellent biosafety and good antibacterial and
antitumor activities.[117,118] However, a single photothermal
or photodynamic process requires a higher temperature or
the production of more reactive oxygen species to play an
effective repair role. It may cause great side effects to the
normal body. Therefore, more researchers choose the syn-
ergistic treatment of photothermal and photodynamic for
rapid repair.[119] Local temperature increases in collabora-

tive therapy can enhance the membrane permeability of
bacteria or tumor cells and are more conducive to reac-
tive oxygen species invasion and disruption of internal
homeostasis. According to the latest research progress, pho-
toresponsive biomaterials are mainly classified into metal
compounds,[120–122] polydopamine groups,[123–125] carbon-
based materials,[126–128] and so on.
Metallic compounds are widely distributed and prepared by

various methods and have been proven to be promising pho-
tothermal agents. Among them, copper sulfide nanoparticles
(CuS NPs), as the most common metal sulfide photore-
sponsive particles, are P-type semiconductor materials with
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excellent photothermal and photodynamic catalytic proper-
ties, low biotoxicity, and a large near-infrared absorption
range. Researchers have used various means to disperse it in
various material carriers to exert its photo response-ability,
and it has been applied in skin repair.[129,130] With the continu-
ous deepening of research onphotoresponsivematerials,more
non-metallic photoresponsive materials have been developed.
Compared with the photoresponsive metal oxides and their
sulfide, non-metallic photoresponsive materials greatly avoid
the release of harmful metal ions and reduce the risk of bio-
logical toxicity. Carbon-based materials have high thermal
stability, and long-term laser irradiation will not cause perfor-
mance attenuation. They not only have strong light absorption
in the visible light to near-infrared region but can also inter-
act with biomolecules, cells, and even natural tissues, which
can not only achieve antibacterial ability but also promote
skin wound regeneration.[131] Carbon nanotubes benefit from
major biocompatibility and processability, and their prepara-
tion into different forms will benefit the healing of different
skin wounds. Sun et al. prepared the regular microneedles
into a microneedle patch. The regular array of micronee-
dles can guide the directional growth of fibroblasts, and the
photoresponse ability of carbon nanotubes can control the
microneedle to release corresponding drugs to assist wound
treatment.[132] Graphene oxide’s excellent light response and
ability to attach high nanomaterials due to its high specific
surface area make it widely used in skin repair.[133,134] Due
to its high electronegativity, graphene oxide can also form
complexes by condensation with cationic polymers through
electrostatic interactions. Guo et al. used this property to bind
it to electropositive chitosan quaternary ammonium salt to
control drug release through a photothermal response, thus
achieving the effect of eliminating bacteria.[135] In addition
to the above two types of materials, black phosphorus,[136]
MXene,[137] and polydopamine (PDA)[138] are often used as
new light-sensitive materials due to their high specific surface
area and excellent biocompatibility. Due to the properties of
semiconductor materials, it is easy to achieve the separation
of electrons and holes under light conditions.[139] The appli-
cation of a single semiconductor is limited by the problems
of fast recombination rates of electrons and holes, low light
conversion ability, and low photocatalytic efficiency. To solve
these problems, researchers further formed specific hetero-
junction structures between semiconductors, which reduced
the probability of electron and hole recombination and greatly
enhanced the photocatalytic ability.[140] The presence of het-
erojunction structures enhanced the synergistic ability of
photo heat and photodynamics and protected normal cells to
a certain extent.

4.2.2 Light responsive biomaterials controlled
drug release

The drug-controlled release is the most widely used photore-
sponsive biomaterial. According to the release principle, it is
mainly divided into six categories: photothermal, photooxi-

dation, photochemistry, photodissociation, photoisomerism,
and photopolymerization.[141] As ultraviolet light has certain
harm to normal biological tissue, near-infrared light is more
widely used in the biomedical field. Therefore, we mainly
review the photothermal and photooxidation systems using
near-infrared light as controlled release light.
The use of near-infrared light to stimulate the response of

biological materials is often accompanied by the generation
of a photothermal effect,[142] so this is a good control scheme
for temperature sensitive materials. The common method of
controlled release of biological materials in response to light
stimulation is based on the relatively common normal physi-
ological temperature of the human body. Thermally sensitive
gelmaterials usually exhibit a low critical solution temperature
near the physiological temperature, which ensures gel behav-
ior at normal human temperature. In addition, the hydrogel
state of the photothermal reaction can be rapidly transformed
into a non-flowing hydrogel state, resulting in controlled
release so that the treatment can meet the actual needs.
Poly(N-isopropyl acrylamide) (PNIPAM) monomer is

commonly used to prepare thermoresponsive hydrogels
because its critical solution temperature is about 32◦C, which
is close to the physiological temperature.[143] Thermorespon-
sive hydrogels based on PNIPAM have also been widely
reported. Mi et al. confirmed that when PNIPAMwas copoly-
merized with other monomers, the addition of hydrophilic
monomers increased the critical solution temperature, while
the hydrophobic monomer decreased the critical point.[144]
Instead, it has been reported that by reducing temperature
sensitivity, the stability of the hydrogel can be enhanced at
low temperatures. In addition, the hydrophobicity of PNIPAM
hydrogel increased with the increase in temperature, resulting
in a decrease in swelling rate.[145] Therefore, a thermosensi-
tive drug-release hydrogel dressing was prepared. In short, the
hydrogel undergoes hydrophobic contraction at physiological
temperatures above the critical solution temperature of PNI-
PAM, which then squelches out excess water and accelerates
drug release, but no drug release at room temperature.[146]
In addition to thermal response gels, it is also common

to use materials with low melting-points, such as agarose, as
controlled release systems. Intelligent light-controlled release
systems have been prepared using low melting-point agarose
and pegylated BPNS. Under the condition of light, the nanos-
tructure wrapped in the functional position changes from the
gel state to the sol state to release the load.[142] Controlled
temperature conditions can not only control the rate of drug
release but also control the effect on the cell membrane struc-
ture to a certain extent, which can be used to treat tumors or
bacterial infections. As shown in Figure 8A, Pd-C SAzyme and
camptothecin (CPT) are co-encapsulated in agarose hydro-
gel. When the hydrogel is stimulated with near-infrared light,
SAzyme can convert light into heat in response to the light
stimulation, resulting in local hyperthermia and reversible
hydrogel hydrolysis, releasing chemotherapy drugs.[147]
The controlled release system of photooxidation can pro-

duce singlet oxygen and hydroxyl free radicals in the process,
and this singlet oxygen (unpaired electron pair) is highly
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F IGURE  Photostimulation-responsive biomaterial drug controlled release. (A) Low melting point gel intelligent photo controlled release system.
Reproduced with permission.[145] Copyright 2022, John Wiley & Sons. (B) Photocatalytic release system for reactive oxygen species regeneration. Reproduced
with permission.[149] Copyright 2021, John Wiley & Sons. (C) Photocatalytic release systems in anoxic environments. Reproduced with permission.[150]
Copyright 2021, Elsevier.

reactive to most cells or molecular systems,[148] so it has
the advantage of synergistic treatment in tumor or bacterial
infection sites. However, one limitation of reactive oxygen
species response vectors is the need for large amounts of
reactive oxygen species to be consumed during the trigger-
ing of drug release. However, this problem can be solved
by photocatalysis of photoresponsive materials to produce
large amounts of reactive oxygen species.[149] However, due
to the lack of oxygen in tumor sites, the reaction conditions
for photocatalysis into reactive oxygen species are lacking,
and the controlled release system subject to reactive oxygen
species response will fail.[150] Therefore, a photodynamics-
chemical kinetics cascade strategy for drug delivery nanosys-
tem design is proposed. Coating the material in a self-
assembled photoresponsive polymer of poly(ethylene glycol)-
poly(lactic acid) (PEG-PLA) and poly(ethylene glycol)-(2-(1-
hexyloxyethyl)−2-devinyl pyropheophorbide-α)-iron chelate
(PEG-HPPH-Fe) in response to light stimulation via the pho-
tosensitization agent HPPH will effectively generate reactive
oxygen species, which further causes in situ oxidation of the

linoleic acid chain, resulting in peroxidation of linoleic acid
and changing the structural stability of the materials, allowing
the triggering of drug release. Then, catalyzed by HPPH-
Fe, reactive oxygen species will regenerate from linoleic acid
peroxide (LAP) through a Fenton-like reaction, as shown
in Figure 8B. Therefore, this photodynamic-chemical kinetic
cascade strategy does not require a large consumption of
reactive oxygen species.[151]
Photoactivated liposomes are used as reactive oxygen

species response drug-controlled release vectors because
unsaturated phospholipids in them can be reactive oxy-
gen species, which damage the integrity of the liposomes.
The researchers integrated the photosensitizer Ce6 and the
chemotherapeutic drug Pt (IV) into the photoactivated lipo-
some (Pt/Ce6-LP), based on a Pt (IV) system where H2O2
would decompose and produce oxygen during the reduc-
tion of Pt (IV) to Pt (II). The improvement of photodynamic
therapy efficiency and cisplatin resistance can also reduce
the immunosuppression of the pro-inflammatory M1-tumor-
associated macrophages phenotype through polarization, as
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shown in Figure 8C.[152] In addition, the incorporation of
polyvalent metals, such as Mn (IV) and Ce (IV), can also
decompose H2O2 into H2O and O2

[153–155] to alleviate the
dilemma of cancer hypoxia.
The development of photoresponsive biomaterials from the

earliest single function to the present multi-function. From
the earliest unconscious desire for a simple one-time solution
strategy to the realization that wound healing is a complex
process and the conditions around the wound are constantly
changing over time, which means that more strategies are
needed to implement wound management and monitoring.

. Application of biomaterials in response
to ultrasonic stimulation

Ideal ultrasound techniques and responsive biomaterials can
be used to achieve different aspects of treatment, such
as dose, space, and time, while ensuring accuracy and
effectiveness.[156] At the same time, among all diagnostic
imaging technologies, ultrasonic imaging has unique advan-
tages such as real-time, low cost, high safety, and easy access
to portable devices,[157] which can realize visual detection of
damaged areas while undergoing repair and treatment. There-
fore, ultrasonic stimulation response therapy has a natural
advantage in in vivo applications.[158]

4.3.1 Ultrasonic responsive biomaterials for
tissue repair

The functional biomaterials of the ultrasonic stimulation
response in terms of therapy and repair have the follow-
ing advantages: (1) high spatiotemporal targeting. (2) Deep
penetration of tissues and organs. (3) Image-guided therapy.
(4) High biosafety. (5) The miniaturization and portabil-
ity of ultrasound devices have been widely used in clinical
medicine.[159] The ultrasonic stimulation usually used for
treatment is low-intensity pulsed ultrasound.When the ultra-
sonic mechanical wave propagates in the body medium, the
piezoelectric material will generate a stimulating current,
and the size and specifications of the responsive material
implanted in the human body will be smaller than those of
conventional electrical stimulation.[160] Wu et al. prepared
an ultrasonic generator, that mainly used potassium sodium
niobate nanowires, PLLA, and poly(3-hydroxybutyrate-co-
3-hydroxyvalerate), three common degradable piezoelectric
materials, as degradable piezoelectric layer and packaged the
generator with PLA and PCL. Finally, the degradable Mg
electrode and Mo wire were used to complete the prepara-
tion of the ultrasonic response generator. The results show
that the controlled generator with ultrasonic response can
effectively promote nerve regeneration, and the whole system
will not degrade too quickly in the process of nerve repair,
resulting in implantation failure. However, the treatment sys-
tem that separates the generator and nerve conduit always
bringsmore risks and uncertainties.[161] Therefore, Chen et al.

implanted the neural guide catheter and ultrasonic response
generator, which not only saved the implantation space in
the body but also avoided the power loss caused by long
distances.[162] Other common piezoelectric materials such as
PVDF,[163] ZnO,[164] BaTiO3,[165] and other materials are also
commonly used in ultrasonic response materials, but due to
their poor biodegradation ability, they need to be removed
from the patient’s body after a secondoperation,which is often
criticized by researchers. In addition, low-intensity pulsed
ultrasound can also affect the directed differentiation of bone
marrow mesenchymal stem cells by enhancing the stromal
cell-derived factor-1/C-X-C chemokine receptor type 4 (SDF-
1/CXCR4) signaling pathway and is also widely used in bone
repair.[166]
The principle of sonodynamic therapy is similar to that of

photodynamic therapy, but sonodynamic therapy has a bet-
ter irradiation range. Zhang et al. used ultrasonic stimulation
in response to PtCu nanoparticles to produce reactive oxygen
species to kill bacteria around injured tissues and acceler-
ate tissue repair.[167] Similarly, sonodynamic therapy also has
an obvious killing effect on cancer cells. Its advantage is that
ultrasound therapy in the form of probes can accurately kill
tumor tissue, but has little damage to neighboring healthy
tissue.[168]

4.3.2 Ultrasonic responsive biomaterials for
controlled release

An accurate, controlled drug release system is conducive to
a more rational application of drugs. According to the char-
acteristics of ultrasonic stimulation, the controlled release
system under ultrasonic stimulation is divided into four
categories, as shown in Table 1.

(1) Micro/Nanobubbles

Microbubbles have been widely used as contrast agents for
ultrasonic imaging.[169] More importantly, when stimulated
by frequencies that approximate resonance, microbubbles
oscillate like cavitation bubbles and may eventually burst.[170]
Therefore, it is often used as a controlled release system.
Bai et al. wrapped phytoalexin in nano-bubbles, regulated
the release of phytoalexin in nano-bubbles by ultrasound,
and accurately suppressed excessive peak immune responses
within 24–48 h after injury, thus interfering in bone tis-
sue repair.[171] In addition to conventional drug-controlled
release,micro/nanobubbles are often used for drug-controlled
release that needs to cross the blood-brain barrier.[172] The
enhanced cavitation of the ultrasonic by injecting microbub-
bles also enables resonation-induced ultrasound between the
ultrasonic and microbubbles, increasing the permeability of
the blood-brain barrier andmaking it easier to pass the blood-
brain barrier.[173] Xiao et al. used high-intensity focused
ultrasound oscillations to break the nanobubbles, which at
the same time produced a transient impact on the blood-
brain barrier and allowed drugs to bypass it and reach the
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TABLE  Ultrasonic reaction system for controlling the release of substance.

Materials Drug Frequency Application Effectiveness Reference

Micro/Nanobubbles Phytoalexin/Chemotherapy
drug

650 KHz–7 MHz Bone repair/Tumor
therapy

Reducing the expression of
inflammatory factors (IL-1β,
TNF-α, IL-6)/ Tumor size was also
reduced by about 60 percent

[171, 174]

Liposomes Anticancer drug/Cell 237 KHz–1.3 MHz Tumor therapy/Stroke
treatment

The inhibitory activity of cancer
cells was 29.16%/ Accelerated
M2-type polarization of microglia/
Total survivability increased by 2.5
times

[57, 180, 199–201]

Micelles anticancer drug 500 KHz–1 MHz Tumor therapy The inhibitory activity of cancer
cells was 36.5%/ The tumor
inhibition ratio reached 93.84%

[190, 192]

Inorganic nanoparticles Anticancer drug 0.5 MHz –1.6 MHz Tumor therapy Apoptosis is obvious [197, 198, 202]

brain. FePt was transported to the brain together with dox-
orubicin (DOX) in the nanobubbles, which also enabled
long-term magnetic resonance imaging tracking and a high
signal-to-noise ratio. Effective imaging and tracking of brain
tumors.[174]

(2) Liposomes

Microbubbles are not suitable for tumor targeting and
storage retention due to their large size.[175,176] Therefore,
researchers have further studied and found nano-liposomes,
which have the advantages of small size, large specific surface
area, good pharmacokinetics, excellent targeting ability, acces-
sible surface functionalization, and so on,making themhighly
popular in controlled release.[177]
Liposomes loaded with indocyanine green and DOX can

enhance the delivery of DOX under ultrasonic stimulation,
and the reactive oxygen species produced can induce the oxi-
dation of tumor mitochondrial deoxyribonucleic acid (DNA)
and promote the transfer of oxidized tumor mitochondrial
DNA to antigen-presenting cells (APCs), to effectively activate
cGAS-STING signal transduction.[178] In addition, liposomes
induce effective anti-tumor T cell immunity in response to
ultrasonic stimulation, and tumor regression,[179] is shown
in Figure 9A. At the same time, hybrid liposome nanocar-
riers based on polyvinylidene-trifluoro ethylene, graphene
carbon quantum dots, and a hydrophobic drug can combine
controlled release drug delivery with fluorescence imaging
of cancer cells to achieve imaging therapy and significantly
enhance the effect of drug use.[180]
Although the volume of liposomes is significantly smaller

than that of microbubbles, liposomes still cannot directly
cross the blood-brain barrier into the brain, and cavita-
tion is still required to be induced by long-pulse ultrasound
(pulse length: > 1 ms) and microbubbles, resulting in the
temporary opening of the tight connection of the blood-
brain barrier to achieve liposomes delivery,[181] which is of
great significance in the treatment of brain diseases. Kim
et al. used focused ultrasound and microvesicles to suc-
cessfully transport DOX-loaded liposomes into the brain

across the blood-brain barrier to achieve efficient treatment of
glioblastoma.[182]
In addition to conventional liposomes, thermosensitive

liposomes are considered the second generation of liposo-
mal carriers. These liposomes are activated by heat and
release most of their contents in a temperature range of
40–43◦C.[183] Due to the destruction of themicrovascular net-
work in the focal area, effective drug delivery is hindered, and
chemotherapy-induced cell death is reduced.[184] Thermosen-
sitive liposomes containing the anti-cancer drug doxorubicin
combined with high-intensity focused ultrasound will deliver
targeted drugs to overcome the shortcomings of conven-
tional chemotherapy. The results showed that thermosensitive
liposome-mediated drug delivery led to a more than 100%
increase in cell death by providing high cycle times and
improved bioavailability. In addition, increasing sound power
can enhance the desired effect, namely heat necrosis in the
central area of the tumor, greatly improving the efficacy of
anti-cancer drugs.[183]
Image-guided thermosensitive liposomes can achieve

higher drug therapy efficiency. Thanou’s team previously
investigated dual-labeled magnetic resonance imaging and
near-infrared fluorescence tracking of heat-sensitive liposo-
mal loading systems that reach focal areas, enabling a rapid
response to focus-induced.[185] As the research progressed,
the team developed a more advanced visualization dual-drug
loading system. The clearance and distribution of the drug
loading system were controlled in mice after near-infrared
fluorescence and magnetic resonance imaging monitor-
ing, and the survival time of the mouse model was greatly
extended to 2.5 times.[57]
Although the targeting and controlled drug release abil-

ity of liposomes can improve the drug use effect, the current
poor acoustic response ability of liposome carriers leads to low
drug release efficiency, resulting in a certain degree of resource
waste. The release efficiency of carbon dioxide-carrying lipo-
somes synthesized by supercritical carbon dioxide (CO2) is
17.1 times higher than that of liposomes synthesized by the
conventional Bangham method. Meanwhile, the release effi-
ciency of CO2-bearing liposomes synthesized by supercritical
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F IGURE  Ultrasonic stimulation-response biomaterial for controlled release drugs. (A) liposomes loaded with indocyanine green and doxorubicin: (i)
activation of cGAS-STING signaling; (ii) induction of T cell immunity. Reproduced with permission.[177] Copyright 2023, Spring Nature. (B) Dual-response
controlled release system regulates macrophage activation and T cell immunity. Reproduced with permission.[190] Copyright 2022, American Chemical
Society. (C) Controlled release system of CT imaging based on double stimulus response. Reproduced with permission.[195] Copyright 2021, Royal Society of
Chemistry. (D) Blasting release system for ultrasound/magnetic resonance dual-mode imaging. Reproduced with permission.[196] Copyright 2021, Elsevier.
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CO2 and monoethanolamine is 19.8 times higher than that
synthesized by the Bangham method. These studies on the
efficiency of acoustic liposome release provide an alternative
liposome synthesis strategy for on-demand drug release by
ultrasound irradiation in future therapies.[186]

(3) Micelles

Supramolecular micelles are composed of non-covalent
bonds. Because of the properties of non-covalent bonds, the
function of micelles is more flexible and it have a wider range
of application scenarios.[187,188] Single-molecule micelles are
of interest as controlled-release systems because of their
higher stability compared to supramolecular micelles.[189]
The spirochaete micelles are made of a light-solidifiable and
biodegradable polyethylene glycol diacrylate-pentaerythritol
triacrylate with porous micellar surfaces that increase sur-
face area and facilitate drug release by a focused ultrasonic
beam, which increases its release by 2.5 times.[190] Free drugs
in the blood are easily removed or broken down, and PLGA
nanoparticles have been shown to have the sustained release
effect of encapsulated drugs.[191] To ensure the stability of
the nanoparticles’ properties in the blood circulation, the pH
and glutathione double-response nanoparticles weremodified
with PEG. Once exposed to a low-acidity tumor microen-
vironment, nanoparticles may break hydrazone bonds and
be exposed,[192] as shown in Figure 9B. To precisely tar-
get drug delivery, a new type of dendritic polyurethane
prodrug with a drug content of 18.9% was prepared by cou-
pling DOX to the end group of functionalized dendritic
polyurethane through acid-unstable imine bonds, which can
easily form a single-molecule micelle. Compared with non-
covalently loaded single-molecule micelles, it has stronger
drug binding energy, lower drug loss during transportation,
and exhibits excellent pH/ultrasonic dual trigger drug release
performance, with ultrasonic response attributed to its unique
strawberry topology. This characteristic gives them broad
potential for precise local drug delivery.[193]

(4) Inorganic nanoparticles

Liposomes, organic microvesicles, or micelles have
been used to improve the efficacy of focused ultrasound
therapy.[194,195] However, the weak rigidity and low thermal
resistance of organic carriers can easily lead to drug leakage,
and the large particle size also becomes a limitation of its clin-
ical application. Therefore, it is necessary to develop inorganic
nanoparticles as ultrasonic responsive load systems.[196]

For patients with inflammatory colorectal cancer, drug
therapy is extremely difficult due to the deep treatment
location and the restriction of the gastric acid environ-
ment. Meanwhile, due to the unique structural structure of
the gastrointestinal tract, the focal targeting of an organic
drug-loading system with weak stiffness is also very diffi-
cult. Therefore, the use of mesoporous silicon coated with
gold nanoparticles and loaded with chlorine and DOX, com-
bined with folic acid-modified phospholipid, can achieve

pH/ultrasonic dual response, step targeting, and precisely
controlled release of enteric-soluble particles. In addition,
gold nanoparticles in mesoporous silicon can be used for
CT imaging, which can guide treatment. It provides a new
approach for the treatment and diagnosis of in situ colorectal
cancer,[197] such as shown in Figure 9C. By coating the PLGA
surface with perfluorinated carbon hydrophobic anti-tumor
ruthenium complex and superparamagnetic Fe3O4, ultra-
sound/magnetic resonance imaging dual-mode imaging was
achieved. At the same time, perfluorinated carbon caused the
collapse of the ultra-thin silicon shell in response to the super
stimulus. Thus, the strong mechanical stress during blast-
ing was enhanced the therapeutic effect was enhanced, and
residual tumors induced by uneven high-intensity focused
ultrasound ablation were suppressed to the maximum extent,
as shown in Figure 9D.[198]

. Application of biomaterials in response
to magnetic stimulation

4.4.1 Magnetic stimulation response
biomaterials for tissue repair

Tissue repair applied by magnetic stimulation bioma-
terials mainly includes simple transfer behavior,[203]
magnetoelectricity,[11,204] and magnetothermal[205,206] as
shown in Table 2. Studies have shown that In the recovery
of muscle function health, the use of magnetic drive to
stimulate the orderly arrangement of muscle cells showed a
positive therapeutic effect[207,208] and the application of an
appropriate magnetic field at the site of nerve trauma can
also have a highly positive effect on its regenerative ability.
After implanting magnetic-responsive scaffolds covered with
magnets, the use of small magnetic stimulation in vitro
can achieve a good therapeutic effect.[209,210] In addition,
Wang et al. made use of the endocytosis make Fe3O4 into
Schwann cells, thus enabling Schwann cells to have the ability
of magnetic migration, and carrying out orderly migration
of Schwann cells by using external magnetic fields, greatly
promoting axon regeneration.[211]

1. Magnetoelectric effect: Compared with ordinary electric
stimulation, it can achieve a simpler and more conve-
nient treatment.[212] S-nitrosoglutathione and MoCx-Cu
are used to form a magnetic response octahedron, which
will trigger the release of nitric oxide (NO) and produce
magnetoelectric effects. Such implantable devices for acute
brain trauma repair provide NO and electron mobility on
demand to promote angiogenesis, nerve regeneration, and
functional recovery in vivo, as shown in Figure 10A.[213]
However, conventional magnetoelectricity is believed to
give limited electrical stimulation ability, so piezoelectric
materials are introduced to seek more significant electrical
stimulation ability.[214] It is worth noting that the injured
site of the patient is fixed and cannot move or move during
the actual clinical repair process, which means that there
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F IGURE   Application of magnetic stimulation-response biomaterials in tissue repair. (A) Collaborative regeneration of chemical and electrical signals
based on magnetic response. Reproduced with permission.[209] Copyright 2023, Elsevier. (B) Magnetic response electrical signals promote endogenous
response and promote bone regeneration. Reproduced with permission.[216] Copyright 2020, Elsevier. C. Magnetic response heat signal promotes endogenous
response to kill cancer cells. Reproduced with permission.[218] Copyright 2021, American Chemical Society. (D) Aggregation-capture-kill system based on
magnetic response. Reproduced with permission.[223] Copyright 2023, John Wiley & Sons.

is not enough stress to activate the piezoelectric material
to generate electrical signals.[215] Therefore, a magne-
tostrictive material that can move and rotate between
magnetic domains in response to an external magnetic
field, thus stretching and deforming the material in length
and volume, has beenwidely concerned.[216] The core-shell
nanoparticles were formed by the in situ growth of piezo-
electric BaTiO3 on magnetostrictive CoFe2O4. Among
them, the CoFe2O4 magnetic core can generate strain in
response to the magnetic field, and the resulting strain is
transferred to the BaTiO3 shell through interface coupling,
forcing the BaTiO3 domain to reverse, and finally inducing
the generation of electrical signals. Encouragingly, when
stimulated by amagnetic field, thematerial was able to gen-
erate a voltage of 100mV cm−1, putting it within the appro-
priate range of electrical stimulation (50–150mV cm−1). At
the same time, significant electrical signals change theCa2+
concentration and membrane charge balance inside and
outside the cell, The membrane tension changes activate
the mechanically sensitive ion channel component 1,[217]
transient receptor potential vanilloid 4 ion channel[218] and
the voltage-gated ion channel. The Ca2+ influx further reg-

ulates the protein kinase signaling pathway, accelerates the
release of osteopontin, and promotes cell differentiation. At
the same time, Piezo1 can also accelerate cell differentiation
by regulating the co-activation of runt-related transcrip-
tion factor 2 (RUNX2)-related proteins and transcrip-
tion processes.[219] In addition, the activation-dependent
dephosphorylation of activated nuclear factor NF-AT,
which affects transient receptor potential vanilloid 4-
mediated Ca2+ calcineurin, promotes cell proliferation
and differentiation, indicating the possibility of good bone
repair, as shown in Figure 10B.[220]

2. Magnetothermal effect: Magnetothermal is not limited by
penetration depth, nor is it attenuated by tissue, and the
ability to fine-control local temperature with nanoscale
spatial resolution in a remotely controlled manner is a
promising application in biomedical engineering.[221]

Researchers have synthesized a core-shell structure of Zn2+
doped Zn-CoFe2O4@Zn-MnFe2O4 nanoparticles.[222] Due
to the exchange coupling magnetic properties between the
core-shell and the doping of Zn2+, it has excellent control-
lable magnetic response hyperthermia performance and will
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inhibit the expression of heat shock protein 70,[223] while
enabling liver cancer cells to activate natural killer cells to clear
cancer cells by significantly upregulating the expression of
UL16-binding protein[224] as shown in Figure 10C. However,
in the routine process of tumor repair, the invasion of normal
cells by tumor cells leads to the occupation of normal tissues
by cancer cells. Therefore, in the process of killing cancer cells,
the defect of normal tissues will inevitably be caused. There-
fore, the treatment of tumors requires not only the removal
of cancer cells but also the repair of normal tissues.[225] A
composite scaffold (CS-MBG) was formed by combining the
high-porosity magnetic biology with calcium sulfate (CS)
bone cement. Under magnetic field conditions in vitro, CS-
MBG will release Ca2+ leading to cell death and calcium
overload. At the same time, the osteogenic activity of CS-MBG
can promote postoperative bone repair to kill two birds with
one stone.[226] Dai et al. constructed drug-carrying hollow
mesoporous ferrite nanoparticles with pomegranate struc-
ture and prepared them into calcium magnesium phosphate
cement. Interestingly, the positively charged gelatin can act as
a trap, andMgOcan effectively kill bacteria under the action of
an alternately magnetic field andmulti-directional synergistic
action. The collection-capture-kill system was constructed as
shown in Figure 10D.[227]

According to the characteristics of magnetically responsive
biomaterials, some researchers have proposed visualization
of the therapeutic process.[228] This dual synergistic function
of treatment and imaging will be the focus of future repair
research. However, the toxicity of magnetic nanoparticles is
the primary problem that needs to be solved. It is generally
believed that the toxicity of nanomaterials is determined by
many factors, such as size, surface area, surface modification,
and aggregation state.[229] As the magnetically responsive
biomaterials mostly function in vivo through intravenous
injection, most of the magnetic nanoparticles accumulate in
the liver and spleen. In addition, magnetic nanoparticles are
usually mediated by lysosomes and release ions. The release
of ions promotes the enhancement of the intracellular oxida-
tion reaction, and its balance is highly regulated by the internal
enzyme system and recrystallization is also associated, so their
biosafety needs further exploration, as shown in Figure 11.[206]

4.4.2 Magnetic stimulation response
biomaterials for targeting and controlled release

The ideal multifunctional nanocomposite response system
can provide clear biomedical applications in repeated space
and time and the ability to remotely control and regulate
cell behavior with high precision.[239] In this regard, mag-
netic nanomaterials have attracted much attention due to
their unique magnetic response applications, for example, the
transmission and release of deformation over time.[240] Most
materials are used in penetration fields, including the human
body, and can achieve precise spatial responses.[241]
Construction of a simple magnetic response controlled

release system. For example, Giron et al. constructed a
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F IGURE   Potential biosafety risks of nanoparticles: Acid
degradation and recrystallization. Reproduced with permission.[204]
Copyright 2020, American Chemical Society.

magnetic response gel containing nerve growth factor inside
the neural guide catheter to control the distribution and
degradation of growth factor inside the gel by controlling
the external magnetic field.[242] In addition to magnetically
responsive controlled release, the application of its targeting
ability is also essential. Huang et al. loaded growth factors
into magnetically responsive PLGA and used gels with sol-gel
conversion ability to achieve gradient release and target drive
under the control of magnetic field.[243] Due to its good para-
magnetization, Fe3O4 can be targeted to move to any position
under the action of the external magnetic field and can physi-
cally destroy biofilm during movement. The movement of a
large number of Fe3O4 nanoparticles can enhance its effect
and reduce bacterial adhesion. The •OH produced by Fe3O4,
which also has a higher specific surface area, is more con-
ducive to penetration into deeper layers of biofilms.[244] To
solve the problem of cytotoxicity of magnetic nanoparticles
mentioned above, researchers have reduced concerns about
the toxicity of biodegradable materials through the recycling
of materials,[245] as shown in Figure 12A.
Furthermore, creating a treatment platform by combining

various materials and organisms can help minimize harm-
ful side effects. Exosomes, a commonly occurring biomass,
are particularly effective in treating tumors due to their
excellent drug-carrying capabilities, natural tumor-targeting
abilities, and capacity to induce endogenous reactions.[246]
Fe3O4@PDA allows exosomes to target accumulation at
tumor sites under magnetic field action. Fe3O4@PDA can
strongly quench the fluorescence of molecular beacons, and at
the same time, specifically recognize microRNA-21, an intra-
cellular tumor diagnostic and prognostic marker.[247] The
fluorescence of molecular beacons is turned on again, and
fluorescence imaging and molecular, chemical, and chemi-
cal functions of microRNA-21 are performed simultaneously
by forming a double-stranded structure and inhibiting the
function of microRNA-21. Temperature triple synergistic
antitumor therapy[248] is shown in Figure 12B. Exosomes
of neutrophils can induce tumor cell apoptosis by deliv-

ering cytotoxic proteins and activating caspase signaling
pathways.[249] It can be modified by superparamagnetic iron
oxide nanoparticles to achieve a higher tumor-targeted ther-
apy effect and achieve effective tumor inhibition[250] as shown
in Figure 12C. This engineered design provides a powerful,
efficient, and safe nano platform for drug delivery for cancer
treatment.

 SUMMARY ANDOUTLOOK

In this review, we focus on the unique ability of externally
applied stimuli to influence the manipulation of engineered
biomaterials. Various types of stimulation, including electri-
cal, light, ultrasonic, andmagnetic, each have their advantages
and can be used as controlled triggers in different ways.

(1) Advantages and disadvantages of different physical stim-
ulation methods: Depending on the stimulating energy,
the development of therapeutic uses in vivo can take
different forms, each with its advantages and limita-
tions for use in vivo. Electrical stimulation, for example,
can be used as a preconditioning method before clin-
ical implantation, as it has been shown to influence
long-term differentiation with short periods of stimu-
lation. Although electric fields can be easily applied to
external settings, direct electrical stimulation requires
more invasive methods to connect to an electrically
responsive scaffold. Specific stimulation sites, such as con-
ductive materials, are typically used in bone and muscle
environments since these tissues can receive natural elec-
trical stimulation and tend to show better therapeutic
results. Light-responsive systems can deliver significant
results at shallower depths but have more limited sig-
nal penetration and focusing capabilities for transdermal
applications, which limits their use at non-shallow tis-
sue depths. Nevertheless, light-activated platforms still
have clinical potential in vivo, especially for surface sites,
where light-responsive systems can more finely control
intracellular reactions in terms of biochemical reactions.
Light-responsive systems also showhigh utility in regulat-
ing the mechanical properties of materials by regulating
chemical crosslinking or photo-mediated degradation. In
contrast, ultrasonic and magnetic systems benefit from
excellent tissue permeability and are therefore ideally
suited to drive materials remotely after implantation to
stimulate bioactive agent delivery or other therapeutic
effects in vivo with more frequent targeting, diagnostic,
and controlled release applications involving stimulated
emission from post-incorporation. Compared to ultra-
sonic systems, magnetically responsive biomaterials are
less capable of delivering drugs with spatial precision
because the stimulating energy is conducted throughout
the biomaterial or generated by external fields.

(2) The suitability and safety of responsive biomaterials:
In the field of responsive biomaterials, it is of utmost
importance to carefully deliberate the efficacy and
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F IGURE   Magnetic stimulation response biomaterial targeting and drug controlled release. (A) Recoverable magnetic response controlled release
system. Reproduced with permission.[241] Copyright 2021, John Wiley & Sons. (B) Fluorescence imaging based on magnetic stimulation response and triple
synergistic tumor therapy. Reproduced with permission.[244] Copyright 2020, Elsevier. (C) Magnetic stimulation in response to endogenous responses to
tumor therapy. Reproduced with permission.[246] Copyright 2022, American Association for the Advancement of Science.

appropriateness of materials for the specific site of usage.
In addition, biosafety and patient ethics are key factors
to consider in this field. The incorporation of metal ions
and their compounds in various stimuli-responsive bio-
materials requires meticulous experimentation to assess
whether degradation within the body could potentially
produce harmful heavymetal ions. Moreover, researchers
must exercise caution regarding the possibility of nan-
otoxicity, as these materials are often micro- or nano-
sized. It is crucial to take all these factors into account

to ensure the utmost safety and effectiveness of the
biomaterials in use.

(3) Clinical transformation: The medical and health plat-
forms are continuously evolving, and research and devel-
opment of biological materials that respond to physical
stimulation are underway. This field shows promising
results in tissue repair, drug delivery, and diagnostics.
Various manufacturing methods such as 3D printing,
microfluidics, electrospinning, and microencapsulation
are employed to prepare biomaterials that can sense and
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respond to physical stimuli. However, the challenge is
to move these materials from the lab to clinical applica-
tions, as successful laboratory results in vivo have not yet
been translated into the clinic. Despite great progress in
this area, much effort is still required to develop practical
applications for these materials.

(4) Development goals anddirections: The external stimulus-
response platform has a solid potential to drive biomedi-
cal advances, andwith the combination of various stimuli,
more responsivematerials can be built. Exciting possibili-
ties exist for synergistically combiningmultiple stimuli to
precisely control multiple environmental features. Estab-
lishing new personalizedmedical technology can provide
new goals and directions for future medical technology
development.
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