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Mechanical force responsive drug delivery systems (in terms of mechanical force induced chemical bond

breakage or physical structure destabilization) have been recently explored to exhibit a controllable

pharmaceutical release behaviour at a molecular level. In comparison with chemical or biological

stimulus triggers, mechanical force is not only an external but also an internal stimulus which is closely

related to the physiological status of patients. However, although this mechanical force stimulus might

be one of the most promising and feasible sources to achieve on-demand pharmaceutical release,

current research in this field is still limited. Hence, this tutorial review aims to comprehensively evaluate

the recent advances in mechanical force-responsive drug delivery systems based on different types of

mechanical force, in terms of direct stimulation by compressive, tensile, and shear force, or indirect/

remote stimulation by ultrasound and a magnetic field. Furthermore, the exciting developments and

current challenges in this field will also be discussed to provide a blueprint for potential clinical

translational research of mechanical force-responsive drug delivery systems.
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1. Introduction

In recent years, smart drug delivery systems (DDSs) with the
ability to control drug release precisely in time, location, and
dosage, or with the ability to respond to physiological or
external stimuli, have been extensively studied.1 As a typical
example, endogenous disease-specic environments, in terms
of pH,2,3 redox,4,5 hypoxia6,7 and enzymes,8,9 or external signals,
in terms of light,10,11 temperature,12,13 ultrasound,14,15 and
magnetic elds16,17 have been widely explored to design intelli-
gent or safe targeted drug delivery systems.18 Among them,
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Fig. 1 Schematic diagram of a drug delivery system triggered by
different mechanical forces. (A and B) Drug release in response to
endogenous mechanical force. Reproduced with permission.1 Copy-
right 2016, American Chemical Society. (A) Drug release in response to
compressive or tensile force. (i) The deformation of the carrier under
compression causes the loaded drug to be released. (ii) Tension-
responsive particle deformation causes the release of the encapsu-
lated drug. (iii) The material will degrade when exposed to relevant
enzymes under tension strain. (B) Drug release can be triggered by (i)
aggregate dissociation or (ii) shear force caused by particle deforma-
tion. (C and D) Drug release in response to exogenous mechanical
force generated by ultrasound and magnetic field. Reproduced with
permission.28 Copyright 2020, Elsevier BV. (C) Ultrasound produces
a variety of mechanical effects, including push/pull, acoustic radiation
force, and microjets, which can cause the short opening of blood
vessels and control the release of drugs. (D) The magnetic field can
destroy the endothelial cell–cell connection to achieve controlled
drug release. (E) Drug release in response to cellular forces. Repro-
duced with permission.23 Copyright 2020, Royal Society of Chemistry.
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a DDS that responds to mechanical force stimuli, which has
a wide range of sources in organisms and is of great signicance
in life activities, has recently attracted a lot of interest.19 For
example, the compressive force of articular cartilage during
movement,20 the tensile force of muscles during exercise,21 and
the high shear force in the case of vascular disease22 can be
utilized to trigger the release of drugs in the DDS, as shown in
Fig. 1. Even with a very small mechanical force stimulus
(nanonewtons) upon cytotoxic T cell receptor activation by
a homologous antigen, controllable drug release can be trig-
gered to achieve more effective and precise treatment.23 Besides
the internal mechanical stimulation in organisms, mechanical
force could also be generated by using external ultrasound or
magnetic elds.24,25 In detail, ultrasound could generate
mechanical force stimuli similar to “push”, “pull”, shear force,
or radiation force through acoustic radiation.26 In the case of
a magnetic eld, it can be utilized to guide drug delivery and
release by interacting with magnetic particles to generate
physical forces.27

Compared with other traditional responsive drug delivery
systems (for example, a pH-responsive drug delivery system29 or
enzyme-responsive drug delivery system30), mechanical force-
responsive drug delivery systems have high probability for
clinical translation by endogenous stimulus (i.e., compressions,
tension, and shear) and external stimulus.31–36 More specically,
a DDS with ability to response to a compression stimulus could
deliver insulin to reduce the glucose levels in diabetics and
deliver VEGF (vascular endothelial growth factor) for induced
vascular proliferation by using a calcium-crosslinked hydrogel
as a carrier. Furthermore, a DDS with tension responsibility
could deliver drugs and proteins via stretchable hydrogels or
cross-linked micelles to treat diabetes and cancer. And micro-
particles or nanobers might release drugs via shear force-
activated triggers for cardiovascular use. Furthermore, external
mechanical responsiveness has compelling applications,
particularly ultrasonic triggers, which induce mechanochem-
ical activation to release drugs via polymer chain extension. In
this case, mechanically stimulated responsive drug delivery has
great potential for translational clinical applications, including
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© 2022 The Author(s). Published by the Royal Society of Chemistry
adjuvant therapy for cancer, cardiovascular disease, and
diabetes.37,38

In short, a mechanical force-responsive DDS could corre-
spondingly change mechanical properties (stiffness, viscoelas-
ticity, geometric constraints, etc.) or chemical bonds (covalent
bonds, hydrogen bonds, and ionic bonds) upon endogenous or
exogenous mechanical stimulation, while these changes could
serve as the source for controllable drug release.18,39 And
according to the stimulation sources, mechanical force-
responsive DDSs are divided into endogenous DDSs that
respond to mechanical forces from the body's internal
compression, tension, or shear forces,32,33,40–42 and exogenous
DDSs that respond to external magnetism or ultrasound.
Thanks to widespread and easily accessible mechanical stimuli,
a mechanical force-responsive DDS is expected to achieve high
precision and deep penetration level drug delivery at the desired
location and time.28 Actually, compared with chemical or bio-
logical response systems, mechanical force-responsive DDSs
can more easily predict the direction of drug delivery and
manage the drug concentration range.39 Thanks to these
advantages, mechanical force responsive DDSs have been
utilized in the treatments of cardiovascular disease,43 wound
healing,44 bone regeneration,20 or diabetes.45 For example,
ultrasound could serve as an efficient and non-invasive trigger
to generate exogenous forces through effects such as cavitation
Nanoscale Adv., 2022, 4, 3462–3478 | 3463
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Scheme 1 Schematic illustration of a mechanical force responsive
DDS, upon the stimulation of endogenous mechanical force
(compression, tension, and shear force) or exogenous mechanical
force (ultrasound and magnetism).
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and radiation, so as to achieve positioning and controllable on-
demand drug delivery or release.46 On the other hand, the
magnetic force induced by a magnetic eld can guide the
magnetically responsive particles to be transported to deep
tissues, and achieve the on-demand release of drugs upon
dissociation or morphological changes.47 Furthermore, ultra-
sound and magnetism can also control the release of drugs
through thermal effects, and are used as triggers for cancer
treatment.48–51 In this case, recent development in the eld of
a mechanical force responsive DDS is worth summarizing, in
terms of endogenous mechanical or exogenous mechanical
stimuli (Scheme 1), whichmight be helpful for the future design
of DDSs towards more safe and precise disease treatments.
2 Endogenous mechanical force
responsive DDS

The human body can generate endogenous mechanical forces
including compression, tension, and shearing force as a stim-
ulus to control the release of drugs in a DDS. In detail, tension
can be produced by muscle stretching (i.e., heart muscle,
smooth muscle, and skeletal muscle), skin, tendons, and bone
joints, while compression force can be observed in the stomach
and bones. Shear forces are mostly generated in the cardiovas-
cular system in vivo.39 At the cellular level, these mechanical
forces regulate growth, differentiation, shape changes, and
death by affecting the opening of ion channels, morphology of
matrix proteins, unfolding of cytoplasmic proteins, changes in
enzyme dynamics, and formation of chemical bonds.19,52,53 In
3464 | Nanoscale Adv., 2022, 4, 3462–3478
short, mechanical force exists extensively in the human body
and has a signicant effect on physiological behaviors. There-
fore, mechanical force might be worthy to be utilized as stimuli
resource to control the performance of DDS. More importantly,
when these mechanical forces change due to pathological
factors, this trigger could be designed to achieve on-demand
drug release for feedback therapy. In the following section,
a representative DDS that responds to these endogenous
mechanical forces is discussed in detail.
2.1 Compression force responsive DDS

Currently, the compression force responsive DDS developed is
based on hydrogels or microcapsules, which can be deformed
by stretching,20,44,54,55 with high biocompatibility or with high
similarity to the extracellular matrix, and with mechanical
responsiveness.56 As a typical example, Fang et al. designed
a tough and zwitterionic hydrogel, made of Pluronic F127 dia-
crylate micelles and N,N0-methylenebis (acrylamide) as cross-
linking agents, with mechanical responsibility.44 Upon the
application of external pressure, the polymer chain hydrogel
will deform, resulting in a decrease in the strength of the
hydrophobic interaction within the hydrogel core as well as the
release of encapsulated drugs. Furthermore, due to the revers-
ible characteristics of electrostatic interaction and hydrophobic
association, this hydrogel could quickly restore its original
shape without pressure stimulation. In order to control drug
release in a precise manner, the drug release of the hydrogel
under various mechanical strain stimuli and the penetration of
the drug into the skin tissue were characterized. The experi-
mental results showed that the drug release rate was 9.1%,
under a strain pressure close to that of human nger joints as
well as 250 stimulations at a rate of 6 s per cycle. More impor-
tantly, upon the application of compression force stimulation,
the released drug achieved deeper penetration into the tissue.
Therefore, this hydrogel might be useful in dynamic mechan-
ical environments such as acute wounds, which are frequently
deformed by various mechanical forces, to promote wound
healing.

As another example, microcapsules, which are self-assembly
core–shell composites,57,58 are also sensitive to external pres-
sure.59 Microcapsules can be designed to show a response to
enzymes, heat, pH, or even compression forces for controllable
drug release.50 For example, in a recent study Mohanraj et al.
have developed a mechanically activatable microcapsule
(MAMC) (Fig. 2A),20 whose thickness-to-diameter ratio (t/D)
within the shell can be adjusted by controlling the concentra-
tion of poly (D,L-lactide-co-glycolide) acid (PLGA) in the MAMC
and the ow rate of the uid phase in the preparation device.
The t/D of the microcapsule signicantly affected the response
rate of the microcapsule to pressure stimulation. In detail, at
a higher t/D, the MAMC will only break under a higher
compression force. However, under physiological conditions,
an MAMC with a higher concentration of PLGA can maintain
the structural integrity of the shell for up to 70 d, and can still
maintain the characteristics of pressure activation (as shown in
Fig. 2B). More interestingly, programmable drug release can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mechanical activity and stability of a mechanically activatable
microcapsule (MAMC). (A) The volume (confocal, scale bar ¼ 50 mm)
and shape (SEM, scale bar ¼ 50 mm) of fast-degrading MAMCs con-
taining dextran (green) with labeled shells (red) and illustration of the
rupture mechanism. (B) The stability and the mechanical activation
response at low pressure of slow degrading MAMCs from day 1 (D1) to
incubation for more than 70 days (D70). Fluorescent images scale bar¼
100 mm. (C) Typical confocal images of MAMCs in different stiffness
matrix hydrogels (matrix: blue, MAMCs: green, ruptured MAMCs with
loss of internal signal). Scale bar ¼ 200 mm. Reproduced with
permission.20 Copyright 2019, John Wiley & Sons.

Fig. 3 Correlation between the amount of drug released and exposed
region of the stretched film. (A)Scanning electron microscope (SEM)
images and energy dispersive X-ray spectroscopy images of the
stretched membranes at various tensile strains. (B) Profiles of the
relative released drug versus strain and the ‘ratio of the exposed region’
under experimental and theoretical conditions. Reproduced with
permission.67 Copyright 2018, Elsevier BV.
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established by combining microcapsules with different pres-
sure thresholds (as shown in Fig. 2C), which might be useful for
activatable drug release in the synovial space or embedding in
the repair site for on-demand tissue regeneration.20 In short,
this work introduced an MAMC as a programmable drug
delivery system and explored the relationship between the
mechanical properties of the MAMC and drug release, which
could be of great signicance for the subsequent design of
programmable mechanical response drug delivery systems. In
another study, Hansen et al. designed polyelectrolyte multilayer
(PEM) microcapsules, which were made of dextran, poly-l-lysine
(PLL), poly-l-glutamic acid (PLG), and brinogen (n) and
utilized to encapsulate drugs of pro-clotting biotherapeutic
factor VIII (fVIII).60 These PEM microcapsules could bind and
hybridize with platelets, while the platelets targeted the vascular
injury site. Upon platelet adhesion and activation, the platelets
might immediately produce contraction force, which created
a hole on the PEM capsule and accelerated the encapsulated
drug release. In comparison with systemic administration of the
same drug formulation, the use of drug-loaded PEM micro-
capsules could achieve faster (18 min faster) clot formation,
because of the fast response of this DDS immediately aer
platelet activation and release of local but high-dose drugs to
enhance hemostasis. Hence, there is no doubt that this
mechanically responsive DDS is a more aggressive method of
targeted drug delivery than other targeted systems relying on
diffusion release, chemical or enzymatic dissolution, or using
external equipment in the case of hemostasis.

In short, current reports have shown that it is promising to
achieve on-demand controlled drug release through
© 2022 The Author(s). Published by the Royal Society of Chemistry
endogenous compression forces. However, most of the current
research is conceptual verication, and further verication on
animal models might be necessary and a number of issues
including the preparation process or safety concerns might also
need to be resolved before clinical application.
2.2 Tension responsive DDS

Since a large amount of strain and stretch is usually required in
daily exercise, tension-responsive DDSs are considered to be
a design with an easy stimulus source.61 Currently, most of the
tension response systems are based on elastic materials or
composite materials that can produce cracks.57,62,63 These DDSs
could generally crack under the pulling force from tissues such
as bones or muscles, and the enclosed drug could be
released.64–66 Although these systems can be smartly designed, it
is still difficult to precisely control the amount of drug released,
which might affect the therapeutic effect. In order to solve this
issue, Jeon et al. reported a more precise dose control DDS
based on a lm composed of a polyurethane polymer layer
coated with a biocompatible titanium metal layer, which
generated microcracks under tensile strain.67 The
manufacturing process of this drug delivery system is simple,
with possible mass production potentials. More importantly,
there is a good linear correlation between the amount of drug
released and the physically exposed crack area of the metal layer
generated under different tensions (as shown in Fig. 3), which
showed an accurate control of drug release by this DDS. By
controlling the amount of tension, the crack area exposed by the
lm can be controlled, and the amount of drug released could
be tuned. However, this system had the problem of drug leakage
Nanoscale Adv., 2022, 4, 3462–3478 | 3465
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when there is no stretching force stimulation, and no corre-
sponding disease treatment model has been established.

In another study, Wei et al. designed a three-layer composite
DDS that can respond to tension and strain.65 In this system, the
outermost layer is a cera ava coating used to isolate external
solutions, and the middle layer is an elastic polycaprolactone
(PCL) electrospinning tub, while the innermost layer is an
electrospinning lm of PCL that wraps around the drug. Upon
stimulation by tensile force, the outermost layer might produce
a micro-mechanical door, which increased the wettability of the
electrospinning tube of the middle layer. In this case, the drug
could diffuse outward along the concentration gradient. In case
the external stretching disappeared, the micro-mechanical door
could be closed to stop drug release. Furthermore, in vitro
experiments and animal models were utilized to verify the
effectiveness of this composite structure. However, the tensile
response range of this composite structure and the drug release
amount is small. In order to solve this issue, a material with
a superhydrophobic structure was promising for tension-
responsive drug delivery.66,68 Generally speaking, such a system
could maintain the stability of trapped air for several weeks to
several months, and might effectively prevent drug release
without specic mechanical stimulation.69 For example, Wang
et al. recently designed a hydrophilic material containing the
drug as the core, and used superhydrophobic biomaterials as
coatings to prepare a multi-layer tension-responsive DDS.70 In
detail, this super-hydrophobic coating could shield the core
from the surrounding environment, and might form cracks on
the super-hydrophobic coating when subjected to tensile strain.
The crack formation could promote system wetting, and lead to
drug release. From experimental results, the release rate of the
small molecule drug cisplatin in the hydrophilic core was
positively correlated to the thicknesses of superhydrophobic
coatings, upon 10% increase of the mesh's original length.
Furthermore, because this superhydrophobic coating might
minimize the exposure of the contents, this DDS could even be
utilized to achieve controllable release of macromolecular active
therapeutic proteins, within 50% strain under tension.

In short, current reports have shown that it is feasible to
control the release of drugs through endogenous tension,
although it is still under exploration that the size and duration
of tension stimulation should be controlled by reasonable
designs to control the drug dosage and to meet the clinical
medication needs.
Fig. 4 Structure and drug release of shear-reactive polymer vesicles.
(A) Schematic diagram of the inner cavity of polymer vesicles with or
without shear stress. (B) Fluorescence microscope images of polymer
vesicles filled with sodium fluorescein with or without shear stress
obtained using a microfluidic device with multiple contractions from
left to right. (C) Fluorescein sodium is released from the shear-
responsive polymer vesicles with a shear flow (black) or in the absence
of a shear flow (red), and non-shear-responsive polymer vesicles with
a shear flow (blue). Reproduced with permission.22 Copyright 2021,
John Wiley & Sons.
2.3 Shear force responsive DDS

Shear force responsive drug delivery generally uses high shear
of blood vessels under pathological conditions as stimulating
conditions.71 It is worth mentioning that the magnitude of the
shear force is very different in a healthy arterial system and
a pathologically narrowed blood vessel. In detail, the shear
stress in a healthy arterial system is around 15 dynes cm�2 and
is quite stable, while the narrowed blood vessels might exhibit
a shear stress ranging from 150 to 1000 dyne cm�2.72 In the case
of the lipid bilayer of liposomes with a high degree of exibility,
the owing uid with low shear stress might come into contact
3466 | Nanoscale Adv., 2022, 4, 3462–3478
with the lipid bilayer of the liposome, and the liposome might
still be able to maintain its structure integrity. However, the
structure of the liposome might not remain intact if it comes in
contact with a uid environment with high shear stress, and its
payload could be released, which is the prototype of rst
generation shear-responsive liposomes.73–75 However, liposomal
drugs are generally considered foreign particles. In this case,
they might be attacked by the immune system, which caused
a complement activation-related pseudo-allergy (CARPA).76 In
order to explore this issue, Buscema et al. prepared 1,3-palmi-
toylamido-1,3-deoxy-sn-glycero-2-phosphatidylcholine (Pad-PC-
Pad) liposomes with shear responsiveness and focused on this
liposome CARPA risk.77 They found that the Pad-PC-Pad lipo-
somes might cause weak complement activation, but Pad-PC-
Pad exhibited fewer or similar CARPA risks in comparison with
Doxil (an Food and Drug Administration or FDA-approved
liposomal drug). In other words, Pad-PC-Pad liposomes might
have sufficient safety and are a promising targeted mechanical
response drug delivery system. Furthermore, inspired by dino-
agellates that emit light due to the movement of the
surrounding water, Rifaie-Graham et al. designed a polymer
vesicle, which was composed of two types of amphiphilic block
copolymers with adenine or thymine embedded in the hydro-
phobic region.22 This vesicle contained nucleobases. Upon
nucleobase pairing, the water-soluble compounds contained in
the vesicle are impermeable.

On the other hand, when the nucleobases are cleaved by
mechanical stimulation, the drugs within the vesicles might be
released osmotically (as shown in Fig. 4A). In order to verify this
concept, uorescein sodium was packed in the vesicles and the
vesicles were placed inmicrouidic channels of different widths
to simulate different intensities of shearing (as shown in
Fig. 4C). More interestingly, uorescence can be detected under
high shear stress. With the increase in intensity, 45% of the
drug was released at a ow rate of 70 mL min�1 and a detection
system width of 0.65 mm (as shown in Fig. 4B). Furthermore,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic illustration of the interaction between functionalized
polystryrene nanoparticles (as a vector targeting endothelial cells or
VCT) and endothelial cells under high shear stress. Schematic diagram
of (A) leukocytes and (B) VTC that mimics white blood cells activating
endothelial cells under the blood flow mediated by overexpression of
ICAM 1 and E-selectin. (C) In microfluidics, the channel controls the
flow of injection pump with ability to apply shear stress on endothelial
cells. Reproduced with permission.78 Copyright 2020, Wiley VCH.
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the shear force threshold range for drug penetration was at
a ow rate of around 15 mL min�1 through a detector with
a diameter of 0.65 mm. In this case, vesicles with a radius of
100–300 nm were subjected to a shear force, which exceeded the
shear force in normal tissues but was within the shear force in
the pathological range. However, the number of nucleobases in
such vesicles can not only affect the threshold of the shear force
response, but also the self-assembly of vesicles. Therefore,
further study could be conducted on more nucleobases which
were suitable for shear-responsive DDS designs.

As another example, platelets will be blocked at the injury
site upon occurrence of vascular injury, indicating that local
high shear stress is an important factor in platelet adhesion
and activation.79,80 In this case, platelets might be pathologi-
cally activated, leading to uncontrolled growth of thrombus,
thereby blocking blood vessels or embolism, and leading to
downstream ischemic events. However, it might also create
a possibility for novel shear-sensitive drug delivery platforms.43

For example, Yang et al. coated poly (DL-lactide-glycolic acid
copolymer) (PLGA) nanoparticles (PNPs) with a complete
platelet membrane to simulate platelet adhesion under high
shear stress.81 In the in vitro experiments, under different shear
stresses, PNPs showed stronger binding to platelet adhesion-
related proteins than the NP group only. Furthermore, PNPs
had the ability to bind to multiple sites of the sclerosing aortic
valve, which might be enriched in the sclerosing aortic valve
under high shear stress and increase the local drug concen-
tration. Therefore, PNPs are promising as a platform for the
treatment of cardiovascular diseases such as aortic stenosis.
However, this platform required natural platelet membranes,
which might be difficult to prepare and had large differences
between batches. In this case, more reliable production tech-
nology is required for clinical transformation. Similarly,
inspired by platelet shear activation, shear-activated mechan-
ically sensitive nanoparticle aggregates have also been devel-
oped.72 For example, Zukerman et al. designed functionalized
carboxylated polystyrene nanoparticles (VTC) with one or
a combination of the E-selectin binding peptide (Esbp) and
anti-ICAM-1 antibody with different densities to target endo-
thelial cells (as shown in Fig. 5).78 Esbp and the anti-ICAM-1
antibody are two common inammation ligands that can
adhere to vascular endothelial cells during inammation. It
was found that nanoparticles functionalized with Esbp or the
anti-ICAM-1 antibody might enhance adhesion to vascular
endothelial cells. More importantly, the adhesion ability of
functionalized nanoparticles might increase with shear force,
indicating that the targeting function of nanoparticles is
related to the density of functionalized substances and the
strength of shearing force.

In short, a shear force-responsive DDS could achieve targeted
and controllable drug release in a non-invasive manner.
However, shear-sensitive drug carriers remain largely unex-
plored.72 Many challenges such as no universally recognized
measurement method to characterize the shear activation
performance of drug carriers and the relatively short in vivo
circulation time of drug carriers still need to be solved.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Exogenous ultrasound responsive
DDS

Ultrasound (US) not only has a direct therapeutic effect on
diseases,82 but also the ability to serve as a physical trigger. On
the other hand, ultrasonic waves could produce thermal effects
and mechanical effects such as cavitation, which might also
help enhance drug delivery and release.28 In detail, recent
advances in ultrasound-responsive DDSs have been summa-
rized in Table 1. Herein, drug delivery in response to
mechanical effects was focused on “push” or “pull”, radiation
force, and shear-related acoustic current induced by
ultrasound.

3.1 Microbubble induced drug release

Not only serving as a useful drug carrier that can enhance the
permeability of drugs in cells and tissues, microbubbles have
high compressibility, which allows them to scatter ultrasound
with unique echoes which can be monitored by diagnostic
imaging.89 On the other hand, ultrasound can not only release
drugs from microbubbles through effects such as cavitation,
but also increase the permeability of the vascular system or
cell membranes through acoustic pore effects.90 Based on
these characteristics, a number of studies have reported
smart microbubble drug delivery systems based on the
ultrasound response.91–96 In addition, microbubbles can lower
the cavitation threshold by increasing the local permeability,
thus controlling the release of the drug.38 As a typical
example, Horsley et al. prepared sulfur hexauoride-lled
Nanoscale Adv., 2022, 4, 3462–3478 | 3467
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Table 1 Typical examples of the delivery of different types of drugs mediated by ultrasonic mechanical effects

Validation model; types of drug delivery systems
Mechanical effects of ultrasound; US
parameters Effect

In vitro release; poly (methyl acrylate) (PMA)
contains a furan-maleimide mechanical group
as the chain center14

Elongational forces; frequency: 20 kHz;
intensity: 8.2 W cm�2

US stimulation can successfully release
chemically bound small molecules. The highest
release is 87%, which can effectively predict the
release amount

Microuidic platform; microbubbles83 Acoustic radiation force; frequency: 107 kHz,
acoustic pressure: 41.7 kPa

Enhance the permeability of cell membranes;
reduce cell mortality

In vitro and in vivo experiments inmice; uorous
nanoemulsions72,84

Vaporization; acoustic pressure; intensity: 0.1–
2.0 W cm�2

Encapsulate the protein into the uorine
emulsion core and transport it into the cell

In vitro cell experiment; polyelectrolyte
multilayer microcapsules85

Acoustic pressure; frequency: 2.25 MHz,
Intensity: 115 mW cm�2

Release the drug only under ultrasound
induction

In vitro and in vivo experiments in mice;
polymeric micelles74,86

Cavitation; acoustic radiation force; frequency:
1.90 MHz, intensity: 0.4 W cm�2

Signicantly inhibited tumor growth

In vitro release; microcapsules based on
multiple emulsions87

Interface shear force; frequency: 1 MHz,
intensity: 1.9 W cm�2

Realize the coordinated delivery of hydrophilic
and hydrophobic payloads

Human bladder organoid model;
microbubbles88

Cavitation; acoustic radiation force; frequency:
1.1 MHz acoustic pressure: 2.5 MPa

Drug delivery increased 16-fold compared to the
control; no cell damage detected

Fig. 6 In vitro drug release experiment of US-responsive DOX–(TA/
PVPON-58)8 capsules. (A) On-off controllable drug release of ultra-
sound-responsive capsules of DOX–(TA/PVPON-58)8 capsules.
Arrows indicate the point at which the US was applied (ON). (B) The
dependence of capsule rupture (%) on the US power intensity (W
cm�2) under the condition of 20 seconds of US duration time, pH ¼
7.4. (C) In vitro anticancer activity of ultrasound-responsive DOX–(TA/
PVPON-58)8 capsules. (D) The dependence of capsule rupture (%) on
the time of ultrasonic treatment under the condition of a US intensity
of 14 W cm�1, pH ¼ 7.4. Reproduced with permission.85 Copyright
2017, American Chemical Society.
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bubbles (a popular clinical contrast agent) consisting of
biocompatible lipid shells for gentamicin encapsulation.88 By
using a human bladder organoid model, this microbubble
was validated to have comparable cytotoxicity with that of
conventional antibacterial therapy. More importantly, the
microbubbles activated by ultrasound could increase the
intracellular drug concentration which was two times higher
than that in the case of unstimulated microbubbles, and more
than 16 times in comparison with the free drug. In this case,
the gentamicin concentration for treatment was much lower
than the minimum inhibitory concentration in case of direct
administration, with a satisfactory inhibition effect to prevent
the recurrence of urinary tract infections. In another work,
Chen et al. designed a polymer microcapsule composed of
tannic acid and poly (N-vinylpyrrolidone) (TA/PVPON).85 In
detail, TA/PVPON capsules had good echo characteristics, and
could be imaged and positioned under a low-intensity ultra-
sound of 0.1 W cm�1. Under high-intensity ultrasound stim-
ulation that exceeded the threshold, the drug might be
released from the capsule. More interestingly, without ultra-
sound stimulation, the drug release could also be stopped
(Fig. 6A). Furthermore, the thickness of the capsule shell, the
intensity of the ultrasound, the duration of the ultrasound,
and the pH of the solution could serve as factors to control the
drug release behavior (Fig. 6B and D). And in vitro studies
showed that the TA/PVPON capsules could effectively release
drugs upon ultrasonic stimulation to achieve on-demand
administration (Fig. 6C). It is worth mentioning that the ratio
of the capsule shell thickness to the size might affect ultra-
sound sensitivity, while the composition of the capsule might
also affect drug release and safety issues. Furthermore,
Batchelor et al. also developed nested nanobubbles (nested-
NBs) as an ultrasound-responsive drug delivery system.97

Interestingly, when high-intensity focused ultrasound (HIFU)
in pulse mode was used to trigger the drug release of nested-
NBs, it was found that the structure of the liposomes was still
intact, although the liposome-encapsulated NBs were
3468 | Nanoscale Adv., 2022, 4, 3462–3478
destroyed. In this case, the drug could not be released. When
HIFU in continuous wave (CW) mode was used as the trigger,
NBs could undergo a phase change from liquid to gas. In this
case, the particle size became large enough to break the
liposomes, which was able to release the encapsulated drugs,
indicating the promising controllable drug delivery applica-
tion of microbubbles. More importantly, microbubbles could
also enable synergistic chemotherapy and photodynamic
therapy (PDT) by co-loading chemotherapeutics and
photosensitizers.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.2 Nanoemulsion based on peruorocarbons

Peruorocarbon (PFC) nanoemulsion is a type of carrier,
which has been extensively studied in the delivery of drugs in
response to ultrasound stimulation.98,99 Due to the weak
intermolecular forces caused by the low polarizability of
uorine and strong intramolecular C–F bonds, PFC could
respond to ultrasound for a liquid–gas phase transition.100

There are a number of studies on the mechanism of the
liquid–gas phase transition of PFC caused by ultrasound.98 For
example, the shear force101 and high excitation pressure102

generated by ultrasound might cause the liquid–gas phase
transition of PFC. Thanks to this unique feature, ultrasound-
responsive drug delivery systems based on PFC nano-
emulsions could be realized. As a typical example, Cao et al.
constructed a programmable chemotherapeutic drug delivery
nanoemulsion with phase change ability by using a low-
intensity focused ultrasound (3 W and 8 W ultrasonic power)
trigger.103 The in vitro release experiment showed that, when
the ultrasonic power reaches the threshold, sudden drug
release could be achieved. The in vivo experimental results
showed that low-intensity focused ultrasound radiation might
improve the efficiency of passive targeting of nano-droplets to
tumor tissues. It is also important that the bubble oscillation
produced by the phase transition of this nanoemulsion and
micro-shearing might cause microvascular system destruc-
tion, which further improved tumor growth inhibition efficacy.
However, this system had drug leakage aer only 4 h, indi-
cating that its stability needs might need to be further
improved.

In another study, Zhong et al. developed a US-responsive
polymeric peruoropentane nanoemulsion for clinical trans-
formation (Fig. 7A).104 Interestingly, this nanoemulsion could
Fig. 7 Polymer perfluoropentane nanoemulsion as an ultrasound-
responsive delivery system for encapsulating hydrophobic drugs. (A)
Schematic of polymer perfluoropentane nanoemulsion production
and ultrasonic drug uncaging. (B) Polydispersity index of per-
fluoropentane nanoemulsion loaded with propofol (PPF), nicardipine
(NIC), verapamil (VER), dexmedetomidine (DEX), ketamine (KET),
doxorubicin (DOX) or cisplatin. (C) Stability of perfluoropentane
nanoemulsion under frozen storage and thawing. (D) In vitro drug
release under ultrasound stimulation of perfluoropentane nano-
emulsion loaded with different hydrophobic drugs (650 kHz ultra-
sound treatment, 50 ms pulse repetition 60 times). Reproduced with
permission.104 Copyright 2019, Elsevier Ltd.

© 2022 The Author(s). Published by the Royal Society of Chemistry
maintain good stability aer as many as ve freeze–thaw
cycles, and the monodispersity difference of each batch was
quite small (Fig. 7B and C). More importantly, by encapsu-
lating drugs with different molecular weights and hydropho-
bicity, it was found that this nanoemulsion could widely
encapsulate small-molecule hydrophobic drugs (Fig. 7D). The
mechanism study showed that non-mechanical effects such
as heating generated by ultrasound were unlikely to have
a signicant impact on drug release, while the release
behaviour was closely related to the ultrasonic effect.
Furthermore, this nanoemulsion had not been found to cause
obvious toxicity in up to 100 mice experiments. The in vivo
experiment had also shown that the release of drugs from the
peruorocarbon nanoemulsion under the stimulation of
ultrasound could increase the local drug concentration and
produce substantial drug effects. However, this nano-
emulsion might only deliver small-molecule hydrophobic
drugs, which limited its application. In a study by Sloand
et al., another emulsion formulation, made of uoro-amphi-
philic chemical tags (FTags) with uorine masking ability,
was capable of delivering macromolecular proteins.84 In
detail, this design could adjust the number of uorine
molecules in peruorocarbon and the polarity, while the
macromolecular protein can be dispersed in the per-
uorocarbon emulsion. At the same time, due to the uorine–
uorine interaction, the biological activity of protein mole-
cules could be maintained. In order to prove this concept,
FTags were combined with green uorescent protein (GFP)
and were successfully dispersed in a peruorocarbon solvent,
where a peptide emulsier was further used to improve cell
targeting ability as the emulsion shell for successful prepa-
ration of a protein-loaded uorine nanoemulsion. More
interestingly, an ultrasonic power of 0.1 W cm�1 could cause
the uorine nanoemulsion to form bubbles or cavitation,
which in turn caused the cell membrane to form transient
pores. In this case, GFP could more easily enter the cell and
exhibit a 150 time intracellular concentration increase in
comparison with the control group without ultrasound. In
vivo experiments had also proved that this system could
deliver 7 times more antibodies to tumour cells compared to
the control group without ultrasound. Zhao et al. developed
an enzyme activity regulation system triggered by ultrasound,
describing the release and activation of enzymes by gold
nanoparticles (AuNPs) through ultrasound disassembly.35 In
addition, Zhou et al. designed a switch to control protein
activity by using the mechanical force of ultrasonic waves to
stretch and break polymer chains, and in turn remotely
controlling the bioactive molecule.36 In short, an emulsion is
a very attractive DDS for large molecules such as proteins, but
the stability and safety of this system might also need further
exploration.
3.3 Other ultrasound responsive DDSs

Recently, liposome and hydrogel delivery systems that respond
to ultrasound have also been reported.46,105,106 Furthermore,
a number of vesicles with ultrasound response have also been
Nanoscale Adv., 2022, 4, 3462–3478 | 3469
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encapsulated in liposomes.107 For example, Awad et al. synthe-
sized a PEGylated liposome and modied the liposome with
different targeting proteins.108 This liposome could be stimu-
lated by low-frequency ultrasound (20 kHz) with a power density
of 12W cm�1.2 It was found that 57.5% of the drug was released,
while only 22% of the drug was released from the non-PEGy-
lated liposome, indicating the importance of the amount of
polyethylene glycol (PEG) in this design. On the other hand,
hydrogels could also respond to power from external mechan-
ical stimuli, indicating its broad prospects as smart DDSs.15 For
example, Huang et al. designed a hydrogel in which dopamine
functionalized PEG was bonded to Fe3+.109 By using intra-
molecular hydrogen bonds or Fe3+ coordination bonds with
catechol, this hydrogel had an energy dissipation mecha-
nism.110 In this case, this hydrogel had mechanical stimulation
ability, and could restore its original state aer stimulation. The
in vitro experimental results showed that, at an ultrasonic
intensity of 43 W cm�2, the hydrogel showed close to 50%
disintegration. More interestingly, upon the disappearance of
ultrasonic stimulation, the generation of coordination bonds
could be re-observed. More importantly, by changing the
amount or ratio of catechol and Fe3+, the self-healing ability of
the hydrogel and the sensitivity to the ultrasound response
might be tuned. Therefore, it is expected to further improve the
performance of this water coagulation so that it might be
applied to embed an ultrasonic responsive DDS.

Recent endeavors have also shown that prodrug designs
could also be activated by ultrasound. As a typical case, Huo
et al. constructed a representative prodrug molecular frame-
work that can be activated by ultrasound in three ways.33 First,
the drug molecule was attached to the carbonate linker at the b-
position of the disulde bond within the polymer. Upon stim-
ulation by ultrasound, the disulde bond breaks and a series of
chemical reactions occur to release the drug from the carbonate
linker. The second method is to rely on the strong combination
between the RNA (ribonucleic acid) aptamer and drugmolecule,
for inactive prodrug design. Upon ultrasound stimulation, the
non-covalent interaction (such as a hydrogen bond or electro-
static interaction) was destroyed. When the additional depoly-
merization of the phosphodiester RNA backbone and the
breaking of the covalent bond occurred, the drug could be re-
activated. The third method is based on the supramolecular
binding between the drug molecule and its H-bond comple-
mentary peptide target sequence. Under ultrasound activation,
the hydrogen bond in multivalent hydrogen bond mechanical
group broke, thereby activating the drug, indicating the feasi-
bility of prodrug designs triggered by the mechanochemical
effect of ultrasound.

In short, as a non-invasive method, ultrasound could effec-
tively control drug release at a pre-determined location, time,
and dose by changing the exposure time and frequency.
However, current ultrasound-responsive DDSs are still mainly
limited to cell culture experiments and a small number of in
vivo studies in mice models. Before clinical transformation,
large animal models and further research on optimizing ultra-
sound parameters or the treatment process might be required.
3470 | Nanoscale Adv., 2022, 4, 3462–3478
4. Exogenous magnetic force
responsive DDS

Magnetically responsive nanocarriers have a satisfactory side
effect111 and highly controllable behavior.112 Usually, by graing
biocompatible polymers with target groups onto the surface of
magnetically responsive nanoparticles, the composite system
could not only show low toxicity, but also had the function of
magnetic targeting. Currently, a variety of DDSs such as lipo-
somes,113 vesicles,114 hydrogel beads115 and dendritic poly-
mers116 with magnetic response designs have been widely
reported. Most magnetically responsive DDSs usedmagnetically
guided targeting or magnetically generated heat for therapy or
controllable drug release.117 Herein, a DDS with magnetic force
was chosen as the main factor to control its drug release
behavior, although magnetic hyperthermia could also be
a useful approach.118 In the following section, recent reports on
magnetic response DDSs from the perspective of the external
magnetic eld and the magnet guidance system of the magnetic
implant will be discussed.
4.1 External magnetic eld responsive DDS

Generally, magnetic drug targeting can be guided by using
external electromagnetic coils or various types of permanent
magnets.112 A neodymium iron boron (NdFeB) magnet is one of
the most used magnetic navigation systems for magnetic tar-
geted DDSs, because it could provide a strongmagnetic eld per
unit volume.119–121 For example, Qiu et al. designed a magnetic
nano DDS with signicant uptake increase within endothelial
cells, through the magnetic force produced by the NdFeB
magnet, which is similar to the intracellular magnetic force.27

First, in microuidics, the induction of magnetic force was
veried to reversibly change the distribution of VE-cadherin in
endothelial cells and the cytoskeleton of actin, thereby
destroying the adhesion between cells and making the cells
more permeable. The cellular experimental results showed that
the nanoparticle uptake amount by magnetically guided cells
was 2.3 times more, in comparison with that in non-magneti-
cally induced cells. Furthermore, in vivo mice experiments also
proved that the location of particles could be controlled by
magnetic guidance, with enhanced permeability of blood
vessels.

Besides the ability to effectively control drug release,
magnetic force could also guide the designated location of
a DDS. For example, Li et al. prepared platelets coated with L-
arginine and g-Fe2O3 magnetic nanoparticles (PAMNs), with the
aim to precisely deliver PAMNs to the lesion site through both
active platelet transport and magnetic-guided targeting (as
shown in Fig. 8A).122 This hypothesis has been veried in a mice
model of cerebral cortex ischemic stroke. By placing a magnet
that generates a static magnetic eld above the lesion, the
PAMN amount at the lesion could be twice as high as that
without the guidance of a magnetic eld (as shown in Fig. 8B).
The analysis of immunohistochemical slices proved that
PAMNs could better reach the brain injury site under the action
of the magnetic eld, thereby signicantly reducing the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Magnetic response PAMN for in vivo verification of early
ischemic stroke. (A) Schematic diagram of the structure of PAMN and
the effect of in vivo magnetic targeted drug release. (B) Quantitative
analysis of the average DiR fluorescence signal intensity shows that the
magnetic field can increase the distribution of the drug in the lesion
area. (C) H&E staining and CD31 staining of normal brain (left) tissue
and ischemic lesion (right) tissue under different treatment conditions
(scale bar: 20 mm). Reproduced with permission.122 Copyright 2020,
American Chemical Society.

Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
2:

59
:1

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
symptoms (as shown in Fig. 8C). More importantly, when
guided by a magnetic eld, PAMNs could effectively reproduce
the dynamic blood ow of the diseased part and increase the
revascularization rate and blood ow. However, it is difficult to
locate areas below 5 cm under the skin by this kind of static
magnetic eld controlled drug release and targeting.123 There-
fore, the dynamic control of the magnet is required to deliver
the drug to a deeper site. For example, Shamsi et al. used
a theoretical model to explore the inuence of the magnetic
strength, tumor–magnet distance, andmagnetic particle size on
the dynamics of drugs reaching peritoneal tumors.124 By using
a simulation model, a strong enough magnetic force (2.5 T) can
transport nanoparticles to medium (R ¼ 5 mm) and large (R ¼
10 mm) tumors, via the capillary approach.125 Although it might
be difficult to deliver drugs to deep tissues by magnetic target-
ing alone, it could be combined with other methods to deliver
drugs to any part of the body inmultiple targeted directions. For
example, Qiao et al. developed a dual-targeted DDS guided by
the ability to bind bacteria and magnetic eld responsibility.126

By taking advantage of precise bacterial capture ability and
magnetic targeting, drugs can be effectively transported to deep
bone marrow tissues, indicating the potential to completely
eradicate methicillin resistant Staphylococcus aureus infected
osteomyelitis.

Micromotors and nanomotors are also considered to be
a new generation of targeted and personalized DDSs, which
have signicant advantages over passive (non-motion) DDSs.127

In terms of power to control the targeted propulsion of micro/
nano motors, magnetic force is a very promising candidate
because it does not require fuel and can make the motor adapt
to different environments due to its high controllability.128,129

For example, Sun et al. developed a pine pollen-based micro-
motor (PPBM) based on pine pollen encapsulated with
© 2022 The Author(s). Published by the Royal Society of Chemistry
magnetic particles and drugs.130 Due to the uniform packaging
of a large number of magnetic nanoparticles, PPBM has
superparamagnetism. Upon the application of different
external magnetic elds, PPBM exhibited three motion modes:
rolling, tumbling, and rotating. The propulsion ability of PPBM
was further evaluated, and it was found that the translation
speed of PPBM was proportional to the frequency of the
magnetic eld. Furthermore, PPBM was experimentally proved
to navigate to a specic destination effortlessly, along a pre-
determined route by adjusting the frequency and direction of
the external magnetic eld. The above results showed that
PPBM could be used as a magnetically controllable and effective
delivery system. Under a high-intensity magnetic eld, the
magnetic nanoparticles in PPBM converged into a magnetic
block, which acted as a magnetic rotor, generated a uid eld
and released the encapsulated drug. In another work, Ceylan
et al. designed a hydrogel-based magnetically driven micro-
motor.131 By using two-photon polymerization technology and
applying a continuous magnetic eld, a micromotor with
uniform distribution of magnetic particles and a size similar to
that of mammalian cells was successfully fabricated. A rotating
magnetic eld was realized by a six-coil electromagnetic design,
and it was found that the moving speed of this micromotor
increased linearly with the excitation frequency of the magnetic
eld. When driving the micromotor for long-distance motion at
a frequency of 5 Hz, their average moving speed could even
reach 3.36 � 0.71 mm s�1. More importantly, through magnetic
steering control, a small group of micromotors could be
controlled for directional movement. The targeted drug release
was achieved by the swelling of micromotor due to the
appearance of matrix metalloproteinases highly expressed at
the tumor site.
4.2 Internal magnetic implant responsive DDS

Magnetic targeted drug delivery usually requires an external
magnetic eld. However, applying an external magnetic eld
during a long period of treatment is cumbersome and expen-
sive.132 The magnetic eld generated by the internal magnetic
implant might be able to solve this problem, and it is also one
of the effective ways to transport drugs to deep tissues.133 For
example, Lee et al. developed an implantable magnetic pump
loaded with insulin that controlled the insulin release through
an external magnetic eld.134 As a next step, the magnetic
pump was further improved by incorporating an actuator as
the driver and reservoir with loading of exenatide.135 Each
plunger and barrel of the actuator was equipped with a magnet
for actuation. The plunger and barrel were embedded with
multiple magnets of different shapes and polarities like
a keyhole. By using a magnet with the same shape but opposite
polarity as a key, the drug release could be realized. More
importantly, this pump showed high stability, even aer
immersion in PBS (phosphate buffer saline) buffer for more
than 28 d. The dose per actuation was still reproducible, while
no drug leakage was observed within the detection limit of the
experiment (as shown in Fig. 9A). H&E (hematoxylin & eosin)
and MT (Masson Trichrome) staining were utilized to evaluate
Nanoscale Adv., 2022, 4, 3462–3478 | 3471
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Fig. 9 Implantable, battery-free magnetically responsive pump as
a validation of a drug delivery system. (A) In vitro performance test of
drug delivery stability of the magnetic response pump. (B) Testing the
biocompatibility of the magnetic response pump in different parts by
H&E and MT staining. The scale bars are 100 mm. (C) In vivo pharma-
codynamic experiment of insulin changes caused by in vivo adminis-
tration of exenatide-loaded magnetic response pump infusion per
actuation with up to 300 consecutive actuations. Reproduced with
permission.135 Copyright 2020, Elsevier.
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the formation of tissue brotic sacs (Fig. 9B). And the in vivo
experimental results showed that, although it will cause mild
inammation at the implantation site, the inammatory
markers in blood did not change, indicating that it might not
cause systemic adverse reactions. Furthermore, compared
with an injection, this systemic administration approach had
similar areas under the drug–time curves and basically the
same therapeutic effect (as shown in Fig. 9C). It is also worth
mentioning that this design was a semi-permanent and
implantable magnetic switch pump, which could be continu-
ously driven up to 300 times aer implantation, while the
replenishment of drugs and repeated use might be realized.
Therefore, this system might serve as a representative strategy
for on-demand drug delivery, with minimized needle injec-
tions. In another work, Wang et al. developed an intravitreal
implantable DDS, mainly consisting of a micro check valve
and magnetically actuated exible membrane component.136

Upon driven by an external magnetic force, the micro check
valve could be opened, which lead to drug release. By changing
the intensity of the applied magnetic eld and stimulation
number, the precise release of the drug at the nanoscale could
be adjusted. Furthermore, aer implanting this magnetic
3472 | Nanoscale Adv., 2022, 4, 3462–3478
micropump in rabbit vitreous, the drug could effectively reach
the macular area of rabbit eyes by the induction of a magnetic
eld.

In short, the application of an external magnetic force to
control the navigation of a DDS and on-demand release of drugs
is a promising strategy. However, most of the current magnet-
ically responsive DDS research remains in its infant state, while
it remains very difficult to design an effective magnetic eld-
controlled delivery system for precise delivery which is suitable
for clinical applications.

5. Conclusion and perspective

In this review, the current reports on mechanical force
responsive DDSs are summarized, mainly by considering the
source of force stimulus in terms of endogenous biomechanical
force and indirect mechanical force from in vitro sources. In the
DDS that responds to endogenous biomechanics, a DDS medi-
ated by endogenous compression force, tension, and shear
force has been discussed, with focus on the structural design or
biomimetic DDS. It is worth mentioning that a number of
exciting mechanical response DDSs have been reported, with
unique behavior such as long-term stability inside the body,20

controllable release of drugs,67 high safety without allergic
reactions,77 and targeting ability.126 However, most systems still
require further research before clinical practice, as most studies
only involve animal model studies or even an in vitro drug
release study only. Secondly, most of the current endogenous
mechanical response drug delivery systems are mainly focused
on mechanical forces, which are very important in the various
life activities of cells.18 However, due to the unclear specic
mechanism of mechanical forces affecting cell life activities and
the lack of methods to detect cellular level mechanical forces in
vivo,137–139 currently only one work from Lei and Tang have
veried this concept. In details, upon activation by homologous
antigens and T cell receptors (TCR), the binding force exerted by
T cells could be utilized to control the drug release from mes-
oporous silica particles in situ.23 In this case, the exploration of
this small but precise endogenous biomechanical force source
might be a key issue for the design of the next generation of
mechanically responsive DDSs. On the other hand, exogenously
responsive mechanically DDSs are more practical and prom-
ising to achieve precise delivery of drugs to deep parts of the
human body and accurately control drug release. One of the
effective methods is to implant the DDS into the lesion, while
external magnetic force or ultrasound could be designed to
control the on-demand release of the drug. However, this
method requires surgical intervention, and also requires high
safety, tissue compliance, or stability of the DDS. Furthermore,
by rational design of a magnetic navigation system through the
rst electromagnetic theory, it might be possible to accurately
guide the movement of the system and achieve precise posi-
tioning or drug delivery.118 For more precise positioning,
researchers have combined ultrasound and magnetic imaging
to combine ultrasound positioning, magnetic navigation, and
appropriate stimulation to achieve precise positioning and
release of drugs.140–142 More interestingly, on-demand drug
© 2022 The Author(s). Published by the Royal Society of Chemistry
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release could be controlled by changing the stimulus intensity
in a linear manner. Furthermore, a recent design of a micro-
motor could also serve as a new generation DDS, which could be
driven by external ultrasound or magnetic force to control its
autonomous movement. This DDS could be externally driven or
autonomously pushed for local drug delivery, at a pre-deter-
mined site through directional movement (i.e. Paul Ehrlich idea
of a “magic bullet”),143 rather than relying on local uid gradi-
ents or blood circulation.144,145 More interestingly, the micro-
motor could be designed to have board stimulation sources in
terms of ultrasound or magnetic force,17,119,146,147 indicating its
promising future as a next-generation drug delivery system.

In short, in the past few years, mechanically responsive DDSs
have been greatly expanded due to the introduction of novel
designs or biomaterials. The dynamic characteristics of the
human body are constantly subjected to forces, and these
mechanical forces are of great signicance to the development,
activation, migration and other life activities of tissues or cells.
Therefore, mechanically responsive drug delivery systems are
more widely used than other stimulus-responsive drug delivery
systems, while it has been validated in various disease models
such as cancer, diabetes, cardiovascular disease, wound heal-
ing, and urinary tract infection. As a typical example,
a mechanical force-responsive drug delivery system has great
potential in clinical translational applications, such as the
hybrid hydrogel construct with bacterial cellulose nanobers
(BCNFs) which are triggered by compressive stress to release
drugs on-demand and to control the dosage of drugs in clinical
applications.34 Therefore, although more and more efforts
should be made to use mechanical force to trigger the design of
a DDS both preclinically and clinically, using mechanical
stimulation as a drug delivery response trigger is a very prom-
ising approach.
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25 J. Thévenot, H. Oliveira, O. Sandre and S. Lecommandoux,
Magnetic responsive polymer composite materials, Chem.
Soc. Rev., 2013, 42(17), 7099–7116.

26 T. Boissenot, A. Bordat, E. Fattal and N. Tsapis, Ultrasound-
triggered drug delivery for cancer treatment using drug
delivery systems: From theoretical considerations to
practical applications, J. Controlled Release, 2016, 241,
144–163.

27 Y. Qiu, S. Tong, L. Zhang, Y. Sakurai, D. R. Myers, L. Hong,
W. A. Lam and G. Bao, Magnetic forces enable controlled
drug delivery by disrupting endothelial cell-cell junctions,
Nat. Commun., 2017, 8, 15594.

28 T. Sun, A. Dasgupta, Z. Zhao, M. Nurunnabi and
S. Mitragotri, Physical triggering strategies for drug
delivery, Adv. Drug Delivery Rev., 2020, 158, 36–62.

29 Y. J. Zhu and F. Chen, pH-responsive drug-delivery systems,
Chem. – Asian J., 2015, 10(2), 284–305.

30 M. Shahriari, M. Zahiri, K. Abnous, S. M. Taghdisi,
M. Ramezani and M. Alibolandi, Enzyme responsive drug
delivery systems in cancer treatment, J. Controlled Release,
2019, 308, 172–189.

31 K. Chida, T. Yoshii, K. Takahashi, M. Yamamoto,
K. Kanamaru, M. Ohwada, V. Deerattrakul, J. Maruyama,
K. Kamiya, Y. Hayasaka, M. Inoue, F. Tani and
H. Nishihara, Force-responsive ordered carbonaceous
frameworks synthesized from Ni-porphyrin, Chem.
Commun., 2021, 57(49), 6007–6010.

32 A. B. Cook and P. Decuzzi, Harnessing Endogenous Stimuli
for Responsive Materials in Theranostics, ACS Nano, 2021,
15(2), 2068–2098.

33 S. Huo, P. Zhao, Z. Shi, M. Zou, X. Yang, E. Warszawik,
M. Loznik, R. Göstl and A. Herrmann, Mechanochemical
bond scission for the activation of drugs, Nat. Chem.,
2021, 13(2), 131–139.

34 D. Park, J. W. Kim, K. Shin and J. W. Kim, Bacterial cellulose
nanobrils-reinforced composite hydrogels for mechanical
compression-responsive on-demand drug release,
Carbohydr. Polym., 2021, 272, 118459.

35 P. Zhao, S. Huo, J. Fan, J. Chen, F. Kiessling, A. J. Boersma,
R. Gostl and A. Herrmann, Activation of the Catalytic
Activity of Thrombin for Fibrin Formation by Ultrasound,
Angew. Chem., Int. Ed. Engl., 2021, 60(26), 14707–14714.

36 Y. Zhou, S. Huo, M. Loznik, R. Gostl, A. J. Boersma and
A. Herrmann, Controlling Optical and Catalytic Activity of
Genetically Engineered Proteins by Ultrasound, Angew.
Chem., Int. Ed., 2021, 60(3), 1493–1497.

37 Y. Sun, W. J. Neary, Z. P. Burke, H. Qian, L. Zhu and
J. S. Moore, Mechanically Triggered Carbon Monoxide
Release with Turn-On Aggregation-Induced Emission, J.
Am. Chem. Soc., 2022, 144(3), 1125–1129.

38 L. Tu, Z. Liao, Z. Luo, Y. L. Wu, A. Herrmann and S. Huo,
Ultrasound-controlled drug release and drug activation
for cancer therapy, Exploration, 2021, 1(3), 20210023.

39 P. Cai, B. Hu, W. R. Leow, X. Wang, X. J. Loh, Y. L. Wu and
X. Chen, Biomechano-Interactive Materials and Interfaces,
Adv. Mater., 2018, 30(31), e1800572.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00420h


Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
2:

59
:1

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
40 N. Arora, J. P. Hazra and S. Rakshit, Anisotropy in
mechanical unfolding of protein upon partner-assisted
pulling and handle-assisted pulling, Commun. Biol., 2021,
4(1), 925.

41 C. C. Parkins, J. H. McAbee, L. Ruff, A. Wendler, R. Mair,
R. J. Gilbertson, C. Watts and O. A. Scherman,
Mechanically matching the rheological properties of brain
tissue for drug-delivery in human glioblastoma models,
Biomaterials, 2021, 276, 120919.

42 Y. Yang, J.-j. Tian, L. Wang, Z. Chen and S. Pu, D-p-A type
carbazole and triphenylamine derivatives with different p-
conjugated units: Tunable aggregation-induced emission
(AIE) and mechanouorochromic properties, J. Photochem.
Photobiol., A, 2022, 429, 409–415.

43 A. Rana, E. Westein, B. Niego and C. E. Hagemeyer, Shear-
Dependent Platelet Aggregation: Mechanisms and
Therapeutic Opportunities, Front. Cardiovasc. Med., 2019,
6, 141.

44 K. Fang, R. Wang, H. Zhang, L. Zhou, T. Xu, Y. Xiao,
Y. Zhou, G. Gao, J. Chen, D. Liu, F. Ai and J. Fu,
Mechano-Responsive, Tough, and Antibacterial
Zwitterionic Hydrogels with Controllable Drug Release for
Wound Healing Applications, ACS Appl. Mater. Interfaces,
2020, 12(47), 52307–52318.

45 P. Y. Wang, Implantable reservoir for supplemental insulin
delivery on demand by external compression, Biomaterials,
1989, 10(3), 197–201.

46 R. Chandan, S. Mehta and R. Banerjee, Ultrasound-
Responsive Carriers for Therapeutic Applications, ACS
Biomater. Sci. Eng., 2020, 6(9), 4731–4747.

47 F. Li, Y. Qin, J. Lee, H. Liao, N. Wang, T. P. Davis, R. Qiao
and D. Ling, Stimuli-responsive nano-assemblies for
remotely controlled drug delivery, J. Controlled Release,
2020, 322, 566–592.

48 K. Saravanakumar, X. Hu, D. M. Ali and M. H. Wang,
Emerging Strategies in Stimuli-Responsive Nanocarriers
as the Drug Delivery System for Enhanced Cancer
Therapy, Curr. Pharm. Des., 2019, 25(24), 2609–2625.

49 A. Raza, T. Rasheed, F. Nabeel, U. Hayat, M. Bilal and
H. M. N. Iqbal, Endogenous and Exogenous Stimuli-
Responsive Drug Delivery Systems for Programmed Site-
Specic Release, Molecules, 2019, 24(6), 1117.

50 Z. Li, Z. Wang, X. Du, C. Shi and X. Cui, Sonochemistry-
Assembled Stimuli-Responsive Polymer Microcapsules for
Drug Delivery, Adv. Healthcare Mater., 2018, 7(11),
e1701326.

51 L. Zhu, Z. Zhou, H. Mao and L. Yang, Magnetic
nanoparticles for precision oncology: theranostic
magnetic iron oxide nanoparticles for image-guided and
targeted cancer therapy, Nanomedicine, 2017, 12(1), 73–87.

52 M. Maurer and J. Lammerding, The Driving Force: Nuclear
Mechanotransduction in Cellular Function, Fate, and
Disease, Annu. Rev. Biomed. Eng., 2019, 21, 443–468.

53 M. Valdivia, F. Vega-Macaya and P. Olgúın, Mechanical
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