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1. Introduction

Drug delivery systems triggered by physical sources offer several ad-
vantages due to their unique abilities of spatial targeting, spatiotempo-
ral control, and minimal invasiveness [1,2]. These features may be
desirable in enhancing the therapeutic efficacy of drug delivery where
the on-demand control release is needed. In addition, designing
targeted delivery systems based on the intrinsic biophysical properties
of the disease site can be challenging due to the heterogenous nature
of the vasculature or other physiological factors [2]. Adding spatial
targeting of physical triggering can greatly simplify the design of drug
carriers without compromising the targeting ability [1].

Physically triggered systems could allow a broad range of drug re-
lease patterns, depending on the adopted energy source, physiological
properties of targeted cell/organ, physical and biochemical properties
of the drug carriers and the site of administration. Although various re-
views have been published focusing on each physical triggering system
itself and/or its stimuli-responsive materials [3-6], the drug delivery
field currently lacks an up-to-date review covering both recently re-
ported preclinical efforts and clinical progress. Additionally, a high-
level comparison across different physical triggers for drug delivery ap-
plications is needed for the research community to select, design and
optimize drug delivery system for specific application.

In this review, we discuss four main physical triggering strategies
that have been actively used in drug delivery - ultrasound, light, electric
and magnetic fields. We describe the governing physical mechanisms of
each triggering system, offer representative systems developed, and ex-
tend the discussion to the clinical needs and translational challenges. In
addition, we highlight the growing efforts in multi-modality, multi-
functional theranostic systems. Finally, we discuss the advantages and
limitations for each trigger in different applications, and provide an out-
look for the field.

2. Ultrasound

As mechanical longitudinal waves, ultrasound (US) waves produce
compression/rarefaction and the pressure change when traveling
through a medium. US can be transmitted as continuous sinusoidal
waves, or in the pulsed mode as repetitive sinusoidal bursts with pre-
defined length and repetition [7]. In the context of medical applications,
US has been widely used as a non-invasive imaging modality in the
clinic [8-10]. Such imaging applications primarily employ frequency
ranging from 2 MHz and beyond. Over the decades, application of US
in the range of 20 KHz-2 MHz has gained significant attention for ther-
apeutic applications. These include tumor or neurological ablation,
sonodynamic therapy, thrombolysis, osteoporosis, angioplasty,
lipoplasty, hemostasis, pain palliation of metastatic bone cancer, and
healing skin wounds, bone fractures and damaged nerves, among others
[10-12].

Apart from the above-mentioned direct therapeutic effects, US has
also been used as a physical trigger to facilitate drug and gene delivery
across biological barriers. Several mechanisms including thermal and
mechanical effects have been postulated to contribute to the

enhancement of drug transport [10,13]. Propagating ultrasonic waves
result in tissue displacements. With each ultrasonic cycle, a portion of
sound energy is absorbed by the tissue, leading to local thermal deposi-
tion. The degree of energy absorption is dependent on not only the
acoustic properties of the tissue, but also on the US frequency [14].
This local heating can ultimately be used to release drugs from heat
activatable vehicles to targeted areas. Another family of US drug deliv-
ery relies on the mechanical effects arising from the US itself, or more
popularly from biologically inert and pre-administrated acoustic en-
hancers (typically but not limited to microbubbles) [13,14]. These ap-
proaches benefit from the enhanced mechanical effects induced by
cavitation inside the blood vessels. In addition to the direct “pushing”
and “pulling” forces exerted onto the vessels during bubble oscillations,
cavitating microspheres near a boundary can also induce radiation
force, shear-related acoustic streaming, or even microjetting once bub-
ble collapses [10]. These effects may be beneficial in delivering agents
across the biological barriers.

In this section, we discuss these mechanisms and focus on the ad-
vances made in US-mediated drug delivery, namely (i) sonophoresis,
(ii) sonopermeation and (iii) hyperthermia.

2.1. Sonophoresis

Sonophoresis refers to the application of US (20 kHz-1 MHz) in
permeabilizing skin for improving transdermal drug delivery [15,16].
This is typically performed in the absence of acoustically responsive
agents. Several key mechanisms have been known to contribute to
US-mediated transdermal drug delivery. These include cavitation and
acoustic streaming as a result of bubble oscillation, both of which are
known to temporarily permeabilize the membranes of stratum
corneum and enhance the convective transport of drugs (Fig. 1A)
[15,16].

Sonophoresis was initially employed with higher US frequencies
ranging between 20 kHz and 16 MHz, however since 1990s, several
studies highlighted that low frequency US, i.e. 20-100 kHz, can be
more effective in delivering drugs across the skin [16]. These initial find-
ings formed the basis for several preclinical studies to enhance the de-
livery of several small and large size therapeutics including lidocaine,
tetraphenylporphyrin, gemcitabine, cisplatin, methotrexate, insulin, in-
terferon gamma, erythropoietin, heparin and tetanus toxoid across dif-
ferent skin models [17-22]. Recently, sonophoresis has been used to
improve the skin penetration of nanomedicine, such as gold nanoparti-
cles and Doxil-like liposomes in pig skin models [23,24]. Taking a step
forward, sonophoresis has been combined with other physical perme-
ation enhancers, such as iontophoresis and microneedle to achieve
much greater skin permeabilization and drug penetration [25-27]. In
the case of former, Park et al. reported a new device that was capable
of performing both iontophoresis and sonophoresis simultaneously.
They reported that the simultaneous application was superior to ionto-
phoresis or sonophoresis treatment alone and demonstrated enhanced
skin penetration of various cosmeceuticals including niacinamide,
arbutin, caffeine, glutamic acid, retinol, alpa-bisabolol and minoxidil
[25]. Another study used surface-enhanced Raman spectroscopy to
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Fig. 1. Ultrasound-mediated drug delivery. Sonophoresis: (A) Low frequency ultrasound induces cavitation and acoustic streaming which can disrupt the stratum corneum of the skin and
enhance transdermal drug delivery. (B) Microneedle application enhanced the skin penetration of fluorophore-labelled siRNA (left panel) and that penetration can be further amplified by
a combination treatment of microneedle and sonophoresis (right panel). (C) A patient suffering from solar lentigo as shown by the dark spots (left panel) underwent sonophoresis in
conjunction with depigmenting emulsion to achieve lightening of the skin (right panel). Sonopermeation: (D) Combination of ultrasound and acoustic responsive agent can result in a
number of effects including push/pull, microstreaming, acoustic radiation force, microjets and together these can result in transient opening of blood vessels and improved drug
delivery. (E) Intravenously administered polymeric nanocarriers did not cross the blood-brain barrier (left panel), however upon microbubble-mediated sonopermeation these
nanocarriers extravasated and penetrated into deep compartments of the brain (right panel). (F) A patient with glioblastoma multiforme undergoing multiple sonopermeation and
carboplatin treatments resulted in tumor volume reduction in the sonicated spots. Hyperthermia: (G) Ultrasound induces local rise in tumor temperature which can result in
vasodilation, improved blood flow and drug delivery. (H) Repetitive hyperthermia treatment facilitates triggered release of Hycamtin® from temperature sensitive liposomes in mice
bearing tumors. (I) A patient with chest wall recurrence of breast cancer (left panel) goes on to achieve partial response after two cycles of ThermoDox® administration followed by
hyperthermia treatment (right panel). (Adapted and taken permission from [26,30,65,68,106,116,135].)

demonstrate the superiority of synergistic effect of iontophoresis and
sonophoresis in transdermal delivery of oxaprozin [27]. In the case of
the latter, Fig. 1B shows that fluorophore-labelled siRNA penetrated
into the skin upon microneedle application (left panel), and that skin
penetration levels were further enhanced by using a synergistic treat-
ment of microneedle and sonophoresis (right panel) [26]. Apart from
combining with physical permeation enhancers, sonophoresis has
been employed with cavitation seeds to also achieve higher levels of
skin permeability. In this regard, perfluorohexane core was adapted as
a cavitation seed so that due to gravity it would concentrate on the
skin surface and upon US activation the liquid core would convert into
gas cavity thereby inducing biophysical effects that can enhance skin
permeability. Indeed, by employing this technique, the authors reported
an enhanced skin penetration of FITC-dextran by several folds [28]. Such
combination approaches may increase the degree of complexity for ease
of translation. However, it holds promise in delivering large size thera-
peutics to deeper layers of skin. One limitation in the above-

mentioned preclinical setups is the need for duty cycles and fluid re-
placement to minimize the temperature rise in the coupling fluid
when it is exposed to US. To overcome this issue, Robertson et al. de-
vised a circulating thermoelectric system that was able to maintain
the temperature of the coupling fluid between 10 °C and 16 °C when ex-
posed to US, and at the same time, also enhanced the transdermal trans-
port of drugs [29]. Since such setups do not require duty cycle and
manual replacement of the coupling fluid, they end up saving time
and hence can be useful in running multiple sets of repetition experi-
ments for reliability.

In addition to the vast number of preclinical studies, efforts have also
been made to advance and implement sonophoresis into the clinics. For
instance, in the case of cosmetic skin disorders, sonophoresis enhanced
the therapeutic responses of pharmaceutical intervention in patients
with alopecia areata, melasma or solar lentigo [30]. Fig. 1C shows a pa-
tient suffering from solar lentigo with a patch of darkened skin (left
panel), while the application of sonophoresis in conjunction with
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depigmenting emulsion resulted in enhanced lightening of the skin
(right panel) [30]. Another anti-aging study in Poland assessing the ef-
ficacy of retinol and sonophoresis suggested that the combination ther-
apy improved the overall skin condition with increased moisture level,
less wrinkling and corrected skin discoloration [31]. Low frequency
sonophoresis has also been used in patients for alleviating pain. These
clinical setups used SonoPrep®, a proprietary US device of Echo Thera-
peutics Inc., at frequencies of 53-56 kHz. In the first study, skin was
pretreated with US followed by eutectic mixture of local anesthetics
(EMLA) cream, a co-formulation of lidocaine and prilocaine. Overall,
the treatment was well tolerated and resulted in reduced pain as com-
pared to the placebo arm, which was examined by pricking the skin
site using a 20-gauge needle [32]. Similarly, Becker et al. also showed
that pretreating the skin with US followed by 4% liposomal lidocaine
cream can dramatically reduce pain perception in patients [33]. Apart
from applications in cosmetic skin disorders and analgesia,
sonophoresis has also shown promise in the treatment of malignant
pleural effusion. A study that recruited 110 patients suffering from ma-
lignant pleural effusion was performed to test whether sonophoresis
could enhance the delivery of interleukin-2 (IL-2). It was found that
the patients receiving sonophoresis and IL-2 treatment had a higher ob-
jective remission rate and an improved quality of life compared to pa-
tients receiving the IL-2 administration alone [34]. The same team also
demonstrated the safety and efficacy of sonophoresis in treating pa-
tients with refractory metastatic malignant bowel obstruction [35].
Overall, sonophoresis offers painless (without the use of injections)
form of administration by enhancing topical delivery of a wide range of
therapeutics. A large body of studies has demonstrated the safety and
efficacy of sonophoresis in many animal models and clinical trials.

2.2. Sonopermeation

Contrary to sonophoresis, sonopermeation (also known as
sonopermeabilization) typically applies US in the higher frequency
range, i.e. 200 KHz-1 MHz [10]. Additionally, sonopermeation normally
utilizes acoustically responsive agents for enhancing the acoustic effects
locally to the targeted areas [36]. For the majority of sonopermeation
applications, US can be delivered using focused ultrasound (FUS) trans-
ducers to achieve spatial targeting. The beam focusing can be achieved
using curved transducers, plane transducers with acoustic lenses, or
phase arrays with electronic focusing [7,37]. Transmitted sound waves
induce a time-varying sinusoidal pressure perturbation on to these
acoustic responsive agents, leading to the cavitation behavior that is ei-
ther gentle, repetitive oscillation or violent, transient motion [38]. Cav-
itation is thus normally classified as either stable or inertial cavitation.
Both stable and inertial cavitation can trigger aforementioned biophys-
ical effects such as microstreaming, acoustic radiation force, micro-
jettings and free radical formation, which have been confirmed to tem-
porarily open up cellular membranes and enhance the delivery of drugs,
genes and nanomedicine formulations (Fig. 1D) [10,39,40]. Based on the
type of acoustic responsive agents, sonopermeation can be employed ei-
ther using (i) microbubble, (ii) acoustic cluster therapy or (iii)
nanobubble and nanodroplet.

2.2.1. Microbubbles

Microbubbles (MB) are routinely used as US contrast agents in the
clinic. They are 1-10 pm hollow gas-filled particles whose outer shell
is made of lipids, proteins or polymers. Commercially available MB in-
clude Definity®, SonoVue® and Optison™ and their shell is made of
lipids or proteins, while house-made MB are generally made of lipids
or polymers. Additionally, their outer shell can be functionalized with
drugs, targeting ligands or nanoparticles [41,42]. MB were introduced
into therapeutic US due to their well-accepted acoustic enhancing abil-
ity and safety profile. Due to their relatively large size, intravenously ad-
ministered MB are typically confined to blood vessels. Therefore, the
oscillating MB activated by US causes the nearby endothelial cells to

transiently permeabilize thereby improving drug delivery across vascu-
lar barriers (Fig. 1D) [39].

One of the most studied applications in MB-based sonopermeation is
the blood-brain barrier (BBB) opening for drug delivery to the brain
[7,37,39,43,44]. MB-mediated sonopermeation has been widely con-
firmed to transiently, locally, and reversibly open the BBB through
paracellular and/or transcellular trafficking [45-48]. Fluorophores such
as Trypan Blue or Evans Blue, and gadolinium-based MR contrast agents
were commonly used for visualizing sonopermeation-assisted drug de-
livery across the BBB [36,49,50]. Several therapeutic molecules includ-
ing antibodies [51-53], viruses [54,55], neurotrophic factors [56],
neurotransmitter [57], chemotherapeutics [58,59], nanotherapeutics
[60,61], and other therapeutic particles [62-64] have also been deliv-
ered across the BBB for the treatment of brain cancer and neurodegen-
erative disorders. As an example, Fig. 1E shows that intravenously
injected polymeric nanocarriers did not cross the BBB (left panel),
while upon sonopermeation, these nanocarriers extravasated and pen-
etrated deep into the brain (right panel) [65]. Other than disrupting the
BBB, sonopermeation has also shown to selectively permeabilize and
transfect brain endothelium without detectable signs of BBB disruption
and extravascular transfection. This was achieved by using a very low
peak negative pressure, 0.1 MPa, resulting in sonoselective transfection
of brain endothelium without any detectable signs of inflammatory re-
sponses. However, increasing the pressure resulted in BBB opening and
extravascular transfection. This novel approach may be useful in certain
indications where BBB disruption may be contraindicated [66].

Such promising preclinical outcomes have also advanced to multiple
clinical trials for BBB opening using both implantable and external FUS
transducer. A Phase I clinical trial was recently performed in France
using an implanted FUS device, SonoCloud, to open the BBB in recurrent
glioblastoma multiforme (GBM) patients. Upon intravenous adminis-
tration of SonoVue® and FUS application under MRI guidance,
carboplatin was non-invasively delivered to the brain tumor without
any evidence of acute hemorrhage, ischemia or edema. Overall, the
treatment was found to be safe and well tolerated in patients [67]. The
same group extended these efforts to assess the efficacy of the treat-
ment. Results showed that repeated sonication led to a reduction in
tumor volume in the sonicated area (Fig. 1F), although the sonication
volume was insufficient to cover the entire tumor. Furthermore, it was
found that patients showing clear signs of BBB opening had relatively
higher response rates with a median progression-free survival (PFS)
and median overall survival (OS) of4.11 and 12.94 months respectively;
while patients with no evidence of BBB opening had PFS and OS of 2.73
and 8.64 months respectively [68]. These promising findings highlight
the potential of MB and SonoCloud for the treatment of GBM patients.
More recently, two BBB sonopermeation trials based on an incision-
free and external FUS setup were initiated by Hynynen and colleagues.
In the first trial, five patients suffering from high-grade glioma
underwent MRI-guided FUS along with systemic administration of
Definity® and Temozolomide or Doxil. The treatment was well toler-
ated and no signs of adverse events were reported. T1-weighted MRI
did confirm BBB opening in sonicated spots and furthermore biochem-
ical analysis also supported chemotherapy localization in these spots
[69]. In another trial, the same group also demonstrated the safety and
feasibility of MRI guided BBB sonopermeation in the motor cortex of
amyotrophic lateral sclerosis patients [70]. These preliminary findings
by Hynynen and colleagues demonstrate that sonopermeation can be
used as an effective tool to safely permeabilize BBB in patients, and its
efficacy results are awaited.

Sonopermeation has also made remarkable advances in improving
drug delivery to pancreatic cancer, which is a highly stromal tumor
with high degrees of vessel compression, poor tumor perfusion and in-
effective drug delivery [71]. For example, it has been shown that
sonopermeation treatment enhanced the accumulation and penetration
of fluorophore-labelled liposomes to a BXPC-3 pancreatic tumor model
[72]. In a more recent study using the same model, intravenously
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administered Abraxane® in conjunction with sonopermeation treat-
ment significantly inhibited tumor growth [73].

Sonopermeation treating pancreatic cancer has also been imple-
mented in the clinics. Dimcevski and colleagues initiated a phase I clin-
ical trial wusing gemcitabine and SonoVue® microbubbles.
Sonopermeation resulted in doubling of the median survival when com-
pared to a historical control of gemcitabine alone treatment. This anti-
tumor response can be explained by the cavitation effects of SonoVue®,
causing the previously collapsed vessels to decompress and thus im-
proving the perfusion of gemcitabine into pancreatic tumors [74].

Similarly, in the case of other tumor types e.g. breast cancer, colorec-
tal cancer, hepatocellular carcinoma, sonopermeation has also shown to
enhance therapeutic efficacy at preclinical stages [75-77]. However, no
clinical trials have yet been initiated and efforts need to be invested in
order to validate the feasibility, safety and efficacy of the treatment in
such tumor types.

Apart from improving drug delivery and efficacy in brain and several
tumor types, sonopermeation has also attracted attention in treatment
of other indications. For example, Kohane and colleagues showed that
high frequency US in conjunction with MB can deliver tetrodotoxin (a
site 1 sodium channel blocker) to enhance nerve blockade [78,79]. In
the case of urinary tract infection, it was shown that US activation of
MB-liposome conjugate at the apical surface of the bladder significantly
enhanced the delivery of gentamicin into urothelial cells in a human
urothelial organoid model [80]. In the context of inner ear drug delivery,
Liao et al. showed that filling the tympanic bulla with MB and exposing
US transcanally and transcranially could enhance the delivery of biotin-
FITC, a model drug, and gentamicin into cochlear and vestibular hair
cells in guinea pigs [81]. These preliminary findings will form the basis
of follow-up experiments that will be needed to assess the potential of
sonopermeation in the treatment of medical indications other than
brain disorders and tumors.

2.2.2. Acoustic cluster therapy

Acoustic cluster therapy (ACT) refers to a co-formulation produced
by the electrostatic attraction of negatively charged MB and positively
charged microdroplet. Exposing US to these intravenously administered
clusters enable vaporization of the liquid in the microdroplet core into
gas phase. Consequently, the ACT gas bubbles expand in size and thus
reducing the distance between the ACT bubble and vessel wall. Further
US application causes the ACT bubble to oscillate and collapse resulting
in enhanced vessel permeability and improved drug delivery (Fig. 1D).
Since ACT bubbles are relatively closer to the vessel wall than MB,
they can be particularly useful in permeabilizing large vessels [82,83].

These concepts laid the basis for several preclinical studies. For in-
stance, Davies and colleagues showed that ACT treatment in a human
prostate adenocarcinoma mouse model resulted in liquid-to-gas phase
shift, thus localizing 20-30 pm size bubbles in the vasculature. Further
US treatment confirmed the feasibility of ACT in improving the delivery
of a near infrared fluorophore, which was used as a model drug [84]. The
same research group also showed that ACT treatment can greatly en-
hance the therapeutic efficacy of paclitaxel and Abraxane® in the
same prostate cancer mouse model [85]. Using similar setups, studies
have also shown to enhance the efficacy of irinotecan and Doxil® in dif-
ferent tumor models [86,87]. Other than enhancing tumor drug deliv-
ery, ACT has also shown to enhance BBB permeability in healthy rats
and as expected this resulted in an increased extravasation of MRI con-
trast agent gadodiamide and fluorophore labelled polymer [88].

These encouraging preclinical findings were followed up by a first-
in-human phase I trial (NCT04021277) which will recruit up to 37 pa-
tients suffering from liver metastasis in order to study the safety and
feasibility of ACT in delivering standard of care chemotherapy. However,
unlike MB, ACT bubbles are not commercially available and thus addi-
tional regulatory steps may be required to approve and implement the
treatment protocol in the clinics. Nonetheless, it will be exciting to see

if these initial clinical efforts can demonstrate safety and efficacy of
ACT in a large patient cohort.

2.2.3. Nanobubbles and nanodroplets

In contrast to MB and ACT bubbles, which are confined to intravascu-
lar compartment thus permeabilizing blood vessels, nanobubbles (NB)
and nanodroplets (ND) have primarily been used to permeabilize extra-
vascular cells, e.g. tumor cells. NB are 50-300 nm sized air-filled parti-
cles whose outermost shell is made of lipids or polymers. The nano-
size dimension allows NB to accumulate in tumors and other inflamma-
tory lesions by Enhanced Permeability and Retention (EPR)-mediated
passive targeting [89]. Consequently, NB accumulation in tumors can in-
crease the permeability of the surrounding stromal and tumor cells
when exposed to US. Furthermore, drugs can also be encapsulated
into the NB, thus facilitating triggered drug release upon US exposure.
Together, these notions have led to several preclinical studies and
have shown that the combined use of US and NB can facilitate the de-
livery of chemotherapeutics and siRNA into tumor cells in vivo
[90-92], revert hypoxia programming to enhance chemotherapy
[93] and mediate the FUS-induced BBB opening [94]. However, un-
like MB and ACT bubbles, NB are very small in size and encapsulate
very little air volume, rendering inefficient imaging contrast, oscilla-
tion and permeabilization [89].

To address this shortcoming, ND have been employed in
sonopermeation [89]. ND are nanosize material whose core contains
perfluorocarbon liquid, and upon intravenous administration ND can
also passively accumulate at tumors due to the EPR effect. As a result
of ND accumulation, US activation can cause the liquid in the ND core
to vaporize into gas and form micron-sized gas bubbles in the tumor,
also known as acoustic droplet vaporization (Fig. 1D). Furthermore,
these bubbles can oscillate and collapse into fragments in an US field,
thus releasing the therapeutic payload and improving drug delivery
into tumor cells [95]. In this regard, pioneering work has been done by
Rapoport et al. where they synthesized a polymeric micelle co-
encapsulating perfluoropentane and doxorubicin and showed that ap-
plication of US caused the nanodroplets to vaporize into large bubbles.
Additionally, the authors demonstrated that this technique could effi-
ciently deliver doxorubicin and inhibit tumor growth in a breast cancer
xenograft model [96]. Several follow-up studies have also demonstrated
promising findings in delivering various therapeutics including doxoru-
bicin, curcumin and siRNA into cells [97-99]. ND has also been used to
mediate the targeted delivery of anesthetics into the brain [100].

Despite the advances made at the preclinical level, no NB and ND-
mediated sonopermeation have been investigated in the clinic. In fu-
ture, it will be vital to assess the feasibility, safety and efficacy of these
treatment methods in a large cohort of patients.

In summary, sonopermeation has been employed either using MB,
ACT bubbles, NB or ND. MB-based sonopermeation and ACT have been
vastly used to permeabilize blood vessels and improve drug delivery
across brain and tumors. On the contrary, NB and ND-based
sonopermeation have been employed to permeabilize tumor cells and
enhance drug uptake. In terms of clinical translation, MB-based
sonopermeation are arguably easier to translate and implement in the
clinic due to the availability of off-the shelf MB, their clinically accept-
able acoustic properties and their promising clinical findings for the
treatment of cancer and other brain diseases.

2.3. Hyperthermia

In comparison to sonophoresis and sonopermeation, hyperthermia
uses high frequency US, typically in the range of 1-5 MHz [10]. Hyper-
thermia is based on thermal effects and is widely used as an anti-
cancer treatment. With each propagating ultrasonic cycle, a portion of
sound energy is absorbed by the tissue, leading to local thermal deposi-
tion. The degree of energy absorption is dependent on not only the
acoustic properties of tissue, but also the ultrasound frequency. This
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local heating can induce a local rise in tumor temperature ~ 43 °C which
results in vasodilation, enhanced tumor perfusion and improved drug
delivery from within heat activatable vehicles to targeted area
(Fig. 1G) [101].

Several studies have demonstrated the improved efficacy of various
nanomedicine formulations upon US-mediated mild hyperthermia. For
instance, Centelles and colleagues used a fluorophore-labelled
Herceptin®, an antibody that blocks HER2 signaling in breast cancer,
to non-invasively image biodistribution and tumor accumulation after
US-assisted mild hyperthermia. The treatment protocol induced a rise
in tumor temperature to 42 °C leading to enhanced accumulation of
Herceptin® [102]. Similarly, Wu et al. used FUS-induced hyperthermia
to improve the delivery of larger nanomedicine formulation, i.e. 100
nm sized Doxil®, across brain metastasis of breast cancer [103].

Another important application of US induced mild hyperthermia is
the use of temperature sensitive liposomes (TSL). TSL are made of a
temperature sensitive lipid bilayer which melts above its phase transi-
tion temperature (Tm) thereby releasing the encapsulated drug. This
is particularly used in cancer therapy where the lesion is treated to hy-
perthermic conditions above the transition temperature, triggering
drug release from TSL either in the intravascular or extravascular
tumor compartment [104]. Wood and co-workers demonstrated that
hyperthermia triggered the release of 50% doxorubicin from TSL
whereas no doxorubicin could be detected from the control group.
The higher tumor accumulation observed in treated group was consid-
ered to result from the rapid release of small molecular weight drug
doxorubicin after hyperthermia-triggered release. On the other hand,
the lower tumor accumulation of the NTSL (non-TSL) was likely due
to the limited extravasation of the 100 nm intact liposomal doxorubicin
[105]. In another study, it was shown that hyperthermia triggered the
release of Hycamtin® from TSL in tumors and that second hyperthermia
application 60 mins later further enhanced Hycamtin® release in tu-
mors (Fig. 1H) [106]. Similarly, other studies have also highlighted the
potential of hyperthermia treatment for TSL delivery to and into tumors
[107-109].

Recently, hyperthermia-mediated TSL delivery has also been used in
combination with immunotherapy for tumor therapy. In a pioneering
study, intravenously administered TSL was activated by US to trigger
the release of doxorubicin and this led to immunogenic cell death and
cross-presentation of tumor antigen. Furthermore, when TLR9 agonist
and PD-1 immunotherapy were administered for 1 week followed by
hyperthermia-mediated TSL delivery in three different tumor models,
the combination treatment resulted in the highest response rate than
other treatment protocols. This strategy shows the potential of chemo-
immunotherapy in improving anticancer treatments [110].

Hyperthermia is generally integrated with MRI as it helps in treat-
ment monitoring by providing anatomical information of target tissues
and temperature mapping in real time. Moreover, it also enables real
time monitoring and quantification of in-vivo drug release from TSL.
This was shown by Griill and colleagues, where they monitored local
doxorubicin delivery from TSL under MR image guidance in tumor bear-
ing rats. Specifically, the TSL were co-encapsulated with doxorubicin
and an MRI contrast agent [Gd(HPDOsA)(H,0)], which were released
at the tumor site upon US mediated hyperthermia treatment. MRI en-
abled real time monitoring of local temperature rise as well as visualiza-
tion of the released doxorubicin in tumors by co-relating it to the T1
mapping of the released MRI contrast agent [111]. Similar studies
have been performed to image, monitor and improve drug targeting
to tumors in various animal models [112,113].

Recently, high intensity focused ultrasound (HIFU) and TSL have also
been used in combination treatment with ablation. This is especially
useful in tumor therapy where ultrasound ablation at the tumor core
can potentially destroy necrotic areas which are either less vascularized
or poorly perfused, while the induced local hyperthermia in the
vascularized tumor regions can be treated with TSL. An example of

this combination treatment regime was shown by Ferrara and col-
leagues, where they first insonified the tumor to 42 °C prior to intrave-
nous administration of doxorubicin encapsulated TSL, subsequently
followed by a second treatment of tumor ablation to temperatures
greater than 65 °C under MRI guidance. Peripheral tumor accumulation
was confirmed by PET-CT imaging upon labelling the liposomes with
54Cu. The combination treatment of hyperthermia with TSL and ablation
significantly suppressed tumor growth and improved survival rates as
compared to other groups in both NDL and 4 T1 tumor models [114].
Similar findings have been reported in rats bearing tumors where the
combination treatment of hyperthermia and TSL followed by ablation
showed the most promising therapeutic outcome, while free doxorubi-
cin and Caelyx, a non-thermosensitive liposome, showed only modest
efficacy with or without hyperthermia treatment [115].

Apart from pre-clinical findings, clinical progresses have also been
made in hyperthermia-based treatments in combination with
ThermoDox®, a clinical grade TSL formulation marketed by Celsion Cor-
poration. For instance, in a phase I clinical trial, 29 women with chest
wall recurrences of breast cancer were treated with six cycles of
ThermoDox® followed by hyperthermia. Fig. 11 clearly shows a patient
with tumor margins prior to the treatment (left panel), while after two
cycles of treatment the patient had achieved partial response (right
panel). The combination treatment led to an overall response rate
of 48% with 5 patients achieving complete responses and 9 having
partial responses [116]. Recently, targeted doxorubicin study was
initiated with an aim to assess the feasibility, safety and therapeutic
efficacy of US-mediated hyperthermia for delivery of ThermoDox®
to solid liver tumors. In a phase I cohort of 10 participants, it was
demonstrated that without using real time thermometry, US models
guided by B-mode imaging can be feasible for planning hyperther-
mia treatments and for facilitating triggered drug release in a safe
and efficient way [117].

Taken together, US has been used as a physical trigger to induce cav-
itation and thermal effects in tissues. These effects have primarily con-
tributed to the enhanced delivery of drugs, genes, nanomedicines and
other therapeutics across hard-to-reach biological barriers such as
skin, brain and various tumor types.

24. Clinical challenges

Despite the large number of clinical trials implemented in US-
mediated drug delivery (see Table 2), several limitations and challenges
exist for expanding and improving the clinical translation of this tech-
nique. Firstly, there is a lack of clinically established online treatment
monitoring tool for nonthermal applications. This is particularly vital
for (1) brain applications where vascular damage is less tolerable [7],
(2) nonthermal cavitation-based systems where heat cannot be moni-
tored through MRI [118], and (3) other applications that fast monitoring
tools, such as diagnostic US, are not available or compatible. Recently,
there are growing efforts in developing passive cavitation imaging
[7,119-124] and cavitation-based feed-back controlling approaches
[118,125-134] to address this issue. We envision these US-based mon-
itoring techniques, together with the established MR- and CT-based
treatment guidance tools, will expedite the translation of US-mediated
drug delivery and advance the technical development in the whole
field. Secondly, even though preclinical systems such as NB, ND and
ACT may offer several advantages, it needs to undergo additional regu-
latory procedures before clinical applications. In this front, it may be
more pragmatic to employ off-the shelf systems such as Definity®,
Optison®, SonoVue™ and ThermoDox® for fostering clinical transla-
tion. Finally, a clearer understanding of the biophysical effects involved
in US-mediated drug delivery (i.e. disrupting cellular membranes vs
disrupting intercellular junctions) may help scientists in designing US
protocols for specific applications.
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3. Light

Light is another form of physical trigger that has been extensively
applied in therapeutic interventions. As a form of electromagnetic radi-
ation, light is typically described by its amplitude and wavelength. The
unique nature of light is often known as the wave-particle duality,
which describes light as a collection of particles known as photons be-
having like waves. A light-interacting molecule can absorb quantized
energy from photons. The excessive energy absorption may sometimes
cause molecules dissociation through breakage of weaker bonds. Light
can generate heat, degenerate/degrade light sensitive molecules or
change their chemical structures, bleach a light sensitive fluorescence
dye, and induce luminescence [136-138]. These unique properties
have been extensively utilized in biomedical research for disease diag-
nosis and treatment [139-141]. With superior targeting precision but
typically shallow penetration, light-mediated therapeutic strategies
have recently emerged as a promising tool for topical therapy to pre-
cisely treat skin diseases such as psoriasis, acne vulgaris, eczema,
wound healing and cancer [142,143]. The therapeutic spectrum of
light significantly depends on the absorption wavelength. Studies have
shown that ultraviolet and visible light can only penetrate the epidermis
and upper dermis, whereas the near infrared light has displayed advan-
tages in deep penetration toward the lower dermis layer of skin [144].
Near infrared light has several advantages over ultraviolet and visible
light that include minimal photodamage and deep tissue penetration
[145-147].

Light can directly affect the tissue as a direct therapeutic interven-
tion or through photosensitive agents for enhanced therapeutic effects.
Based on the availability of the photosensitive mediators, light-based
drug delivery can be classified into two groups: direct light triggering
systems and light triggered systems via photosensitizing particles. Di-
rect light triggering systems include photocleavage and
photoisomerization, = whereas upconversion, photodynamic,
photothermal and photoacoustic approaches are within the group of
photosensitizer mediated drug delivery systems.

3.1. Direct light triggering systems

3.1.1. Photocleavage

Photocleavage refers to light-induced disassembly or cleavage of
molecules for biomedical applications [148,149]. For example, vascular
endothelial growth factor (VEGF) plays a vital role in tumor vasculature
growth. Tumor growth can be inhibited by killing the tumor cells
through inhibiting the binding of adenosine triphosphate with VEGFR-
2, a main receptor function in tumor angiogenesis mediating almost
all of the known cellular responses to VEGF [149]. Compounds with
oxazole and porphyrins like structures have shown effectiveness in
cleaving the VEGFR-2 gene in the presence of light that interferes with
binding between the gene and ATP.

The photocleavage technique has been utilized in drug delivery
through breaking down the covalent bonds directly or by photochemi-
cal reactions [150]. The carrier molecule undergoes dissociation via ab-
sorption of sufficient amount of energy from the light. The dissociation
of the carrier then results in an enhanced release of the drug payload.
This technique has been utilized for designing a formulation for on-
demand drug release as well. The absorption of sufficient light energy
facilitates breaking the covalent bonds to release doxorubicin [151]. In
addition to covalent bonds, otro-nitrobenzyl groups, coumarin, and
pyrene derivatives that contain esters bond also have the potential as
photocleavage molecules [152-154]. Ester bonds readily undergo cleav-
age even in the presence of ultraviolet light irradiation. As an alternative
to ultraviolet light, two-photon absorption [155], triplet-triplet annihi-
lation [156], second harmonic generation [157], and near infrared pho-
tosensitizers [158] have also been used for photocleavage in drug
delivery systems (Fig. 2A). For example, Sodano et al. reported a novel
polymeric platform that enhances the release of an anticancer drug

(doxorubicin) and nitric oxide to improve cancer therapy [159]. The
polymeric carrier was designed in combination of nitric oxide photo
donor and amphiphilic block-copolymer that enhances the release of ni-
tric oxide as well as doxorubicin in presence of light. The photo-released
doxorubicin and nitric oxide synergistically enhanced the therapeutic
effect for treating lung, intestine and skin cancers observed in cell
lines [159-161]. Light mediated drug delivery systems remain as one
of the most popular methods that disrupt the lysosomal bilayer stability
and facilitate drug release [162]. The incorporation of photosensitizers
such as gold, graphene, and pheophorbide within the formulation trig-
gers drug release upon irradiation with light [163-165].

3.1.2. Photoisomerization

Light is known to induce cis-trans isomerization, a phenomenon
known as photoisomerization [166]. A series of thorough reviews on
photoisomerization-based drug delivery has been reported by Kamaly
et al. [166], Karimi et al. [167], Rwei et al. [168], and Zhou et al. [169].
Photoisomerization of molecules is reversible. For example, azobenzene
transforms from an apolar trans to a polar cis isomeric form when irra-
diated by UV light and vice versa (Fig. 2B) [170]. The transition upon UV
light irradiation of azobenzene results in a change in hydrophilicity and
facilitates disintegration of the carrier that triggers the release of encap-
sulated drug molecules [171]. In another study, spiropyran and 2-diazo-
1,2-naphthoquinone molecules that can transform from hydrophobic to
hydrophilic, have also been utilized for drug delivery [172]. Though the
photoisomerization strategy shows promise in improving drug delivery
controlled by light, their clinical applications are limited due to the lack
of tissue penetration ability and possibility of significant toxicity gener-
ated from absorption of the UV light by the biological molecules [173].

Additionally, light mediated isomerization of polymeric vehicle has
potential for biologic delivery. For example, 3-Cyclodextran has been
used for siRNA delivery through hot-guest interaction that can lead to
complex formation. The incorporation of azobenzene with p-
Cyclodextran facilitated a strong interaction and entrapment of the
siRNA [170]. However, upon near-infrared irradiation the trans-
azobenzene complex transforms into a cis-azobenzene complex that re-
sults in changes in polarity and steric hindrance. The polarity changes
facilitate destabilization of the interaction and up to 85% of the loaded
siRNA can be released within 20 min of irradiation [170].

3.2. Photosensitizer mediated drug delivery

3.2.1. Upconversion

Upconversion nanoparticles are a comparatively new class of light
triggered materials that have shown potential in drug delivery
[174-176]. The materials absorb two or more relatively low energy pho-
tons and upconvert to emit a single but relatively higher energy photon.
Upconverting nanoparticles have been widely investigated for photo-
triggered and photo-controlled release of therapeutics and diagnostics
[174]. Upconverting nanoparticles have also been utilized for prodrug
delivery. As an example, a hybrid formulation composed of
adamantane-modified camptothecin, adamantane-modified photosen-
sitizer and cyclodextrin-hyaluronic acid was tested in breast cancer
bearing mice [177]. Upon light activation, the photosensitizer generates
reactive oxygen species, which facilitate the breakage of the thio-ketal
linker and trigger the release of free camptothecin within the tumor.
The upconversion based pro-drug delivery systems were found to be
safe and have demonstrated significant potential for controlled drug de-
livery. Mesoporous silica shell (mSiO;)a highly biocompatible carrier,
has been widely used for drug delivery [178,179] (Fig. 2C).
Upconversion mSiO, nanoparticles can be utilized for light triggered
on-demand drug release, resulting in 78% doxorubicin release from
mSiO, upconversion nanoparticles [180]. Near infrared light responsive
upconversion nanoparticles can be easily functionalized with therapeu-
tic reagents/biomolecules to improve cancer treatments through syner-
gistic effect of chemotherapy and phototherapy [181,182]. Near infrared
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Fig. 2. Light-mediated drug delivery. Light has a dynamical application in drug delivery via donating energy to the carrier molecules through, (A) cleavage of PEG-PUTe-PEG based carrier
that facilitates the release of therapeutic molecules for efficient tumor therapy [237], (B) by isomerization of the carrier molecules that enhance deep tissue penetration of the therapeutic
molecule to silencing the gene expression, Adapted with permission from [170], and (C) by upconversion of the carrier molecules that enhances siRNA delivery to the nucleus for enhanced
cancer therapy in vivo [158]. A photosensitize materials can be used for (D) photodynamic therapy for treating cancer by generating toxic oxygen [190], (E) by photothermal therapy that
can produce enough heat to kill the tumor cell through photoablation [165], and (F) by photoacoustic therapy upon laser irradiation with a specific light source applied exogenously [238].

Adapted with permission from Elsevier and American Chemical Society.

regions can also absorb photoenergy, increasing the temperatures in the
surroundings which triggers the rapid release of the drug molecules. For
example, Evans et al have reported a photo-activated NO releasing moi-
ety and co-delivered it with Nd®>*-doped upconverting nanoparticles by
loading into PLGA microparticles [183]. Near infrared light triggered NO
release was observed within a 3D tumor spheroid, suggesting the po-
tential application of this upconversion nanoparticle as therapeutics
and diagnostics.

3.2.2. Photodynamic

Photodynamic therapy is one of the four clinical modalities that are
currently used for cancer treatment along with surgery, radiotherapy,
and chemotherapy [184]. Photodynamic therapy involves a mechanism
that generates cytotoxic reactive oxygen (Singlet oxygen or 0,) spe-
cies, derived from ozone oxygen (triplet oxygen or 0,). Unlike triplet
oxygen, a singlet oxygen is toxic enough to kill a cancerous cell
[185-188]. Photosensitizers such as porphyrin, phthalocyanines,
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fluoresce graphene, and bacteriochlorin derivatives have been widely
considered as photodynamic therapeutic agents over the decades.
Photofrin, Temoporfin, Motexafin, Palladium, Purlytin, Verteporfin,
Talaporfin are some of the examples of photodynamic agents that are
currently being used in the clinic or are currently undergoing clinical
trials [189].

Hybrid nanostructures composed of gold nanoparticles are also a
promising photodynamic agent for cancer treatment. Hybridization of
the photodynamic agent pheophorbide A with gold nanoparticles has
shown to trigger a therapeutic effect in tumor bearing mice [190]
(Fig. 2D). Masking the hybrid particle with a polysaccharide has been
shown to further improve stability, non-specific toxicity and aqueous
solubility. The same group has further improved the formulation with
the incorporation of magnetic particles and superparamagnetic iron
oxide nanoparticles, for bimodal imaging and therapy of cancer in vivo
[191]. Recently, Wang et al. has designed a photodyanamic nanosystem
that consists of perfluorohexane for simultaneous tumor imaging and
therapy. The upconversion particles with Rose Bengal and
perfluorohexane promote generation of singlet oxygen under low in-
tensity focused ultrasound and laser irradiation which led to ovarian
cancer treatment and imaging non-invasively. According to the record
from ClinicalTrials.gov, more than 250 trials have been completed and
nearly 70 clinical trials are in active/recruiting/enrolling status for vari-
ous photodynamic modalities (see Table 2 for selected clinical studies).
Among several photodynamic therapeutic agents, aminolevulinic acid
and its derivatives have shown great potentials for clinical translation
and there are more than 20 undergoing clinical trials according to
ClinicalTrial.Gov. Aminolevulinic acid has been used for the treatment
of oral cancer, acne, Crohn's disease, brain tumor, brain neoplasms,
and glioblastoma [192-194].

3.2.3. Photothermal

In the photothermal therapy, a photosensitizer converts the photo
energy to thermal energy and produces adequate heat to kill the sur-
rounding tissues [195-198]. Therefore, the materials that have
photothermal properties hold promise in therapeutic applications for
various cancer types, such as melanoma, skin, head, neck, and breast
cancers [195]. Among various inorganic materials, gold nanomaterials
have shown the capability to absorb light in near infrared region and
convert the absorbed energy to heat. Various delivery systems have
been designed, such as liposomes, mesoporous silica shells, and red
blood cells, based on the properties of gold nanomaterials that can ab-
sorb light and produce photothermal conversion [142]. Apart from
photothermal therapy, photothermal materials have also been shown
to improve controlled drug delivery by destabilizing the vehicles. The
destabilization of the carriers greatly influences on-demand drug re-
lease [199,200]. Hybridization of photothermal strategy with chemo-
phototherapy [201] and immune-phototherapy has shown improved
therapeutic effects in vivo [202]. Gold nanoparticles can be modified
with thermosensitive polymers which can absorb near infrared light
and produce photothermal conversion. Gold nanoparticles and gold
nanostars have been used for delivery of immunomodulators for en-
hanced therapeutic effects [142]. The combination of photothermal ma-
terials with immunotherapy significantly enhances therapeutic effect
by the synergy of cellular uptake induction and cellular death through
photoablation [143]. The immune-phototherapy also prevents tumor
recurrence and inhibits previously reported metastasis [203-206].
Among several clinical studies with gold-based photothermal formula-
tions [207], Rastinehad and his colleagues have investigated the thera-
peutic feasibility of silica-coated gold nanoparticles in 16 prostate
cancer patients [208]. Implementation of high precision laser ablation,
to silica-coated gold nanoparticle infused patients, resulted in the re-
duction of prostate volume from 49 cm? to 42 cm? at 3 months of
post treatment, measured by multi-parametric magnetic resonance im-
aging. This finding provides significant information toward clinical
translation of laser ablation device and photothermal therapeutic

materials. Apart from inorganic nanomaterials, various 2D
nanomaterials, including graphene oxide [165,209], boron nitride
[210,211] and molybdenum sulfide [212,213] have showed potential
as photothermal therapeutic agents [214,215] (Fig. 2E). These 2D
nanomaterials have shown promising photothermal effects and feasi-
bility as a cancer therapeutic agent in rodent models [216-218]. Further
development with hybrid nanocomposites, including 2D nanomaterials
with gold, silver and iron oxide, demonstrated the enhanced
photothermal effects [214,215]. Given the progress in preclinical and
clinical studies, photothermal therapeutic modality shows great poten-
tial in cancer treatment and holds significant promise in clinical
translation.

3.2.4. Photoacoustic

Serving traditionally as a unique imaging modality, photoacoustic
technology has also shown potential in drug delivery applications
[219-221]. Photoacoustics is defined as the formation of an acoustic
wave in media upon absorption of light [222]. Photoacoustic technology
incorporated with photoacoustic contrast agents facilitates the transfor-
mation of energy within light, heat and sound (Fig. 2F). Upon light irra-
diation, the photoacoustic contrast agents trigger the thermoelastic
expansion of tissues to enhance drug penetration and transportation
[223-225]. More importantly, photoacoustic approach significantly im-
proves the penetration depth of traditional light-based techniques. The
biophysical effects can be delivered with a penetration depth up to 6 cm
in tissue, unlike other light-mediated modalities that can only penetrate
tissue up to a few millimeters [226].

There are a range of materials from both inorganic (Au and Pd) and
organic (WS,, and TiS,) groups that were found to have photoacoustic
properties. The recent thorough review has summarized potentials
and perspectives of photoacoustic modality in drug delivery [227,228].
Meanwhile, a formulation comprised with perfluorocarbon droplets
and gold nanorods was well utilized for photoacoustic mediated drug
delivery [229]. The release of loaded paclitaxel controlled upon laser im-
plementation showed significant suppression of tumor growth in vivo.
In addition to organic and inorganic metal particles, porphyrin contain-
ing polymeric nanoparticles have also shown photoacoustic properties.
The self-assembled porphyrin bilayer nano-vesicle shows photothermal
properties together with the photoacoustic properties that undergo bio-
degradation, and release the payload within the biological system upon
laser irradiation [230].

Photoacoustic drug delivery systems bear intrinsic theranostic na-
ture. Therefore, in addition to the improvement in drug delivery, photo-
acoustic technique has also been used for controlling the drug release
from the carrier and real-time monitoring [230]. Moon et al. have co-
loaded hydrophilic organic dyes, Methylene blue/Rhodamine 6 g, with
1-tetradecanol and monitored the release profile of the dye at 38 °C, a
temperature that facilitates 1-tetradecanol melting. Zhang et al. recently
reported on synthesis of a hybrid hollow microsphere that has potential
for photoacoustic imaging and treating tumor through chemo-
photothermal ablation, when being exposed to 808 nm wavelength
near infrared laser [231]. Upon transformation of the light to heat depo-
sition, the carrier molecule starts to melt, triggering the release of the
loaded chemotherapeutics. It is suggested that those hybrid formula-
tions may enhance therapeutic efficacy due to bimodal properties,
such as  photoacoustic-photothermal and  photoacoustic-
photodynamic approaches.

3.3. Clinical challenges

Despite having significant progress in the clinical translation of var-
ious light mediated drug delivery applications, several toxicity related
issues still hinder the wide availability of many highly effective systems
clinically. A common tradeoff is the phytotoxicity, penetration depth
and chemical effects of the light source. Some low energy systems,
such as near-infrared systems, have potential of deep tissue penetration
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and are able to reach the critical organs located inside body such as liver,
pancreases, kidney etc. However, the chemical effects of near-infrared
light on molecules are limited [232]. The UV light typically has desirable
chemical effects, but can be difficult to be applied deeply in a noninva-
sive fashion due to the poor tissue penetration ability [232]. The clinical
translation of the visible light sensitive systems is hindered because of a
higher risk of light toxicity. There are various biological pigments in
human body that also absorbs the visible light and cause inflammation,
irritation and cell damage in severe cases [233,234]. Another clinical
challenge of some light sensitive materials is the lack of biocompatibility
and biodegradability properties. Hydrophobic properties of many of the
light sensitive materials also significantly limit their bioavailability
[235,236]. However, various strategies have been implied to improve
the biocompatibility using micelles, liposomal and particle-based
formulations.

4. Electric field

As another important physically based approach, electrically based
drug delivery has been widely investigated in the both pre-clinical
and clinical settings [239,240]. Over the decades, several electrically
based technologies including iontophoresis and electroporation have
been developed for enhancing drug delivery across multiple biological
barriers [241-244]. These technologies have particularly found great
utility in transdermal and ocular drug delivery, with applications

being extended to other areas such as oral drug delivery [245-247].
Along the same line, being another important category of electrically
based drug delivery approaches, materials that are responsive to electri-
cal triggers are being extensively explored to navigate the transport of
drugs and to control the release of drug payloads at target sites
[1,248]. Here, we introduce the fundamental mechanisms underlying
electrically based drug delivery, discuss different electrically based
drug delivery technologies, highlight the recent advances and summa-
rize the translational concerns.

4.1. Iontophoresis

lontophoresis is a non-invasive technique that applies small electric
current to enhance the transport of ionic and charged molecules into the
tissue [243,247,249]. lontophoresis follows the basic principle of physics
- “like poles repel and unlike poles attract”. When an electric current is
applied to an electrolytic solution, positive ions are attracted to the neg-
ative electrode while negative ions move toward the positive electrode
[250]. Therefore, the mechanism of iontophoresis relies on the “Nernst-
Planck effect” that ionized molecules are transported into the target tis-
sue by electro-repulsion (Fig. 3A) [251]. Positively charged drugs are
driven into the tissue at the anode while negatively charged molecules
are transported at the cathode. The delivery of neutral molecules can
also be enhanced by iontophoresis and the mechanism underlying this
is the “electroosmotic flow” [240,252]. The bulk flow of the solvents
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delivery of dextran-fluorescein into hard-to-transfect HL-60 cells. Adapted with permission from [279]. (F) Electroporation, in combination with iontophoresis significantly improved
the plasma insulin concentration following transdermal administration. Adapted with permission from [290]. (G-I) Electrically responsive carriers for drug delivery. (G) Mechanism of
drug release from electrically responsive nanocarriers. (H—I) Release of fluorescein from an electro-responsive nanoparticle, polypyrrole nanoparticle, can be controlled by electric

stimulus in vitro (H) and in vivo (I). Adapted with permission from [307].
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occurring when a voltage difference is generated drives the neutral mol-
ecules into the tissue. Moreover, “damage effect” of an electric current
that causes increase of tissue permeability is another mechanism to en-
hance drug penetration into the target tissues [242,249].

Due to its ease of implementation, iontophoresis has been widely
studied for drug delivery across the skin [242,249,251]. Transdermal
drug delivery provides a non-invasive way to deliver therapeutics lo-
cally or systemically and thus has been regarded as a promising ap-
proach for better patient compliance [253]. lontophoresis has been
developed as an important approach for transdermal drug delivery. Ion-
tophoresis was first explored for transdermal delivery of small mole-
cules, including agents for pain management, agents for
dermatological conditions and skin cancer, antiviral agents, cardiovas-
cular agents, steroids, and many others [243]. As an example, Mannem
et al. studied iontophoresis mediated transdermal delivery of amoxicil-
lin and cefuroxime, two oral antibiotics for treatment of skin bacterial
infections [254]. lontophoresis was performed using constant currents
of different densities for 60 min in a rabbit model. They found that ion-
tophoresis enhanced the delivery of these antibiotics to the skin and
achieved therapeutically effective skin concentrations when using a
high current density [254]. Transport efficiency of transdermal ionto-
phoresis has shown to be associated with the applied current density.
Delgado-Charro et al. studied the effect of current density on iontopho-
resis delivery of nafarelin [255]. They found that the transport flux was
enhanced with the increase of current density. Particularly, out of all the
tested current densities (0.16, 0.31,0.47, and 0.63 mA/cm?), the highest
current density led to a ~ 4-fold enhancement as compared to the low-
est density [255]. Similarly, Lopez-Castellano and co-workers found that
a higher current density (0.50 mA/cm?) resulted in a significantly in-
creased iontophoresis influx (2.4-fold) of sumatriptan compared to a
lower density (0.25 mA/cm?) [256]. lontophoresis can be used with
other transdermal techniques for synergistically delivering drugs across
the skin [257]. Murthy and co-workers investigated the feasibility of
transdermal delivery of propofol phosphate via iontophoresis assisted
with chemical permeation enhancers [257]. Their in vitro experiments
on rat skins suggested that cathodal iontophoresis in combination
with 0.1% sodium dodecyl sulfate (SDS) significantly improved the
transport flux of the drug. Their in vivo study in a rat model further val-
idated that the combination of iontophoresis and SDS significantly im-
proved the plasma concentration of the drug which was within the
therapeutically relevant levels [257]. As another example, Hellmann
etal. investigated transdermal delivery of treprostinil, a prostacyline an-
alog for healing of microvascular skin ulcers, in healthy and diabetic pa-
tients [258]. They observed that transdermal iontophoresis of 250 uM
treprostinil improved the microvascular blood flux in the malleolus
area of healthy and diabetic patients. In addition, no systemic or local
side effect was observed, suggesting treprostinil iontophoresis could
be a promising local therapy for treating diabetic ulcers [258].

Apart from small molecules, iontophoresis has also been explored
for transdermal delivery of large molecules (peptides and proteins), in-
cluding insulin, human hormone, LHRH analogs, somatostatin analogs,
vasopressin analogs, and somatorelin analogs [243,251]. Peptide/pro-
tein molecules with a molecular weight of ~10-15 kDa are ideal for ion-
tophoresis delivery. In addition, because the skin has a negatively
charged surface, anodal iontophoresis can be more effective than cath-
odal iontophoresis for peptide/protein delivery [251]. Moreover, mole-
cules with a high isoelectric point generally achieve higher delivery by
iontophoresis because they are positively charged in the formulation
and can avoid precipitation of the molecules in the skin [251]. Further-
more, iontophoretic delivery of peptides/proteins is more challenging
than that of small molecules due to their high degrees of molecular
and structural complexities. Pillai et al. performed serial studies on fun-
damental understanding of iontophoretic delivery of insulin [259-263].
In their first few studies, they found that the delivery efficiency of insu-
lin is largely affected by electrode selection, electronic parameters (cur-
rent, duration, and mode of applications), and formulation properties

(formulation pH, peptide concentration, buffer type and concentration)
[259-261]. In their following studies, they further demonstrated that
iontophoresis mediated transdermal delivery of insulin can be en-
hanced by combination with the use of permeation enhancers
[262,263]. Particularly, they found that permeation enhancers that act
on intercellular lipids such as ethanol, dimethyl acetamide, and ethyl ac-
etate could synergistically enhance the delivery efficiency of insulin by
iontophoresis [263]. As another example, Medi et al. studied the effect
of iontophoresis on transdermal delivery of human parathyroid hor-
mone on a porcine skin model. They investigated the transport flux of
the hormone through porcine skin at different iontophoresis current
(0.2-0.5 mA/cm?). They found that delivery flux of the hormone was
enhanced by ~3-fold when using a higher current of 0.5 mA/cm? [264].

In recent decades, researchers have started to investigate the poten-
tial of iontophoresis for transdermal delivery of nanoparticles such as
polymeric nanoparticles, liposomes, lipid nanoparticles and gold nano-
particles [265-268]. Tomoda et al. demonstrated that iontophoresis im-
proved the delivery of indomethacin loaded PLGA nanoparticles
through the mouse skin in vivo when iontophoresis was conducted at
0.05 mA/cm?. This enhanced delivery of PLGA nanoparticles improved
the indomethacin drug concentrations in the muscle and plasma
(Fig. 3B) [269]. Labala et al. investigated the transdermal delivery of
gold nanoparticles carrying a chemotherapeutic drug (imatinib) and
anti-STAT3 siRNA for melanoma treatment. Payload-carrying gold
nanoparticles were prepared by layer-by-layer assembly. They demon-
strated that iontophoresis significantly improved the accumulation of
nanoparticles in the melanoma tumor. Meanwhile, they found that ion-
tophoresis mediated delivery of nanoparticles led to a significant tumor
volume reduction and the efficacy was comparable to intratumoral ad-
ministration [270]. As another example, Bernardi et al. studied ionto-
phoresis enhanced transdermal delivery of antigen nanoparticles for
transcutaneous immunization. They showed that cathodal iontophore-
sis significantly improved the penetration of antigen-loaded liposomes
and silver nanoparticles by 92-fold, which subsequently induced potent
antibody production and differentiation of immune-competent cells
in vivo [271].

In parallel to transdermal drug delivery, applying the similar mech-
anism, iontophoresis has also been studied for overcoming the ocular
barrier for local as well as systemic delivery of various drugs
[247,272]. Recently, new research directions have been proposed to ex-
tend the application of iontophoresis to other drug delivery areas be-
yond transdermal and ocular delivery. One such area is oral drug
delivery. In a recent study, Banerjee et al. applied the iontophoresis
technology to tackle the intestinal barrier. Specifically, they investigated
whether iontophoresis across the intestine could be used to improve
oral delivery of insulin. They found that iontophoresis led to opening
of tight intestinal junctions and improved the paracellular transport of
insulin by 3-fold in vitro. They further demonstrated that iontophoresis
resulted in significant hypoglycemia (Fig. 3C) without causing detect-
able damages to the intestinal tissue when using an insulin-loaded
mucoadhensive patch, highlighting the promise of iontophoresis for
oral drug delivery [245].

Due to its outstanding advantages (Table 1), including non-
invasiveness, versatility and adaptability to cargo molecules, and easy
control over the delivered dose and rate, iontophoresis has been inves-
tigated in the clinic, particularly for topical/transdermal and ocular drug
delivery (Table 2). Currently, several transdermal/topical iontophoresis
products have been approved by FDA, including lonsys® (transdermal
fentanyl), Zecuity® (transdermal sumatriptan), and Lidosite® (trans-
dermal lidocaine and epinephrine). More than 50 clinical trials have
been completed or are ongoing for iontophoresis mediated drug deliv-
ery that covers a range of indications (representative examples shown
in Table 2). For example, iontophoretic delivery of treprostinil has
been investigated for promoting wound healing in diabetic foot skin ul-
cers (NCT03654989) and systemic sclerosis digital ulcers
(NCT03120533). In addition, iontophoresis is being tested for ocular
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Table 1
Physical triggers for drug delivery: advantages, limitations, and the corresponding applications.
Physical Advantages Limitations Application
trigger
Ultrasound < High spatiotemporal targeting  Drug delivery to lungs remain an obstacle due to mismatch < Increased permeability of stratum corneum, vascular
precision facilitating drug deliv- in acoustic impedance. endothelium and extravascular cells for drug delivery
ery at desired location and time < Tissue necrosis and edema at high ultrasound power across biological barriers such as the blood-brain barrier

« Deep tissue penetration  Online treatment monitoring during cavitation-based sys-  + Enhanced tumor perfusion

* Clinically established image-- tems remains challenging « Triggered drug release
guided drug delivery: Ultrasound « Enhanced drug accumulation and penetration through
and/or MRI guidance augmented extracellular agent trafficking

« Clinically established ultrasound
responsive agents: Definity®,

Optison™, SonoVue®,
ThermoDox®

Light = Very high spatiotemporal « Shallow tissue penetration « Photodegradable materials have potential as vehicle/-
targeting precision « Absorption of UV and short wavelength light may cause carrier for light-controlled drug release and delivery.

» Many light sensitive materials can unavoidable damage in tissue « Photosensitizing materials can be used as therapeutic
be used both as therapeutic and  * Some photosensitizing materials may induce toxicity due to mediators themselves for photothermal and photody-
diagnostic agents non-biocompatibility and non-biodegradability namic therapies.

* Clinically established light sensi-
tive agents: Photofrin®, Foscan®, . . L . X
Purlytin®, Laserphysin® . Elologlcal' applications of some hydrophobic materials are

inconvenient
Electric * High temporal control over the « Safety concern: potential damage to target tissue and cells. « lontophoresis for transdermal, topical, ocular delivery of
fields administered drug dose and the Cutaneous adverse events are sometimes associated with therapeutics
delivery rate of drugs iontophoresis and electroporation. « Electroporation for intracellular delivery of therapeutics

* Versatility and adaptability to « Some systems are not truly non-invasive due to the « Electroporation for transdermal delivery of therapeutics
cargo molecules involvement of implanted devices « Electro-responsive materials for programmed drug

* Clinically established products: « Low cost-effectiveness: relatively expensive compared to release
lonsys®, Zecuity®, Lidosite®, non-device-based formulations
NanoKnife® (for research
purpose)

Magnetic  + High spatiotemporal targeting « Although magnetic triggering itself is considered safe « Enhanced magnetic hyperthermia
fields precision can be achieved clinically, the safety profile of SPIONs or other MRPs are in ~ * Triggered drug release

Deep tissue penetration
Clinically established magneti-
cally responsive agents:
ferumoxytol

debate. Many of the previous FDA-approved SPIONs used in
medical imaging are discontinued (except for ferumoxytol).
Customized magnetic device design can be complicated

Magnetically control the cell/tissue mechanobiology via
SPIONs-seeded cells

MRI monitoring capability for theranostic and/or multi--
stimuli responsive systems

delivery of dexamethasone and analogs for eye indications such as dry
eye (NCT01129856) and uveitis (NCT00694135).

4.2. Electroporation

Electroporation is another electrically based strategy for overcoming
biological barriers for effective drug delivery [246,273]. Electroporation
involves the physical rearrangement of cellular membranes under elec-
tric pulse. The KT energy associated with fundamental thermal fluctua-
tions and electrical energy associated with elevated transmembrane
voltage lead to the stochastic creation of microscopic pores [274]. As
such, the fundamental mechanism of electroporation mediated drug de-
livery involves the transient, reversible formation of aqueous pores
across biological barriers such as cell membrane and stratum corneum
of the skin when a short duration of a high voltage electric pulse is ap-
plied (Fig. 3D) [244]. The creation of aqueous pores facilitates the trans-
port of molecules by various mechanisms depending on the properties
of the delivered molecules such as size, charge, and hydrophobicity.
While small molecules typically reply on simple diffusion across the
pores, transport of large molecules involves additional mechanisms
such as electrophoretic driven movements [241,273].

Overcoming the cellular membrane barrier is a significant applica-
tion which electroporation has found great utility in [244,273]. Conven-
tional electroporation for intracellular delivery involves the use of a bulk
electroporation setup. This electroporation process is typically done in a
cuvette-style parallel plate setup. In this setup, molecules of interest and
cell suspension are mixed in a conducting buffer solution between two
electrodes [273]. Despite having advantages such as ease of operation
and excellent versatility, bulk electroporation suffers from two distin-
guished drawbacks including uncontrollable cell membrane disruption

and difficulty in controlling delivered cargo dose [244,273]. In recent
two decades, advances in the field of macro—/nano-fabrication have
driven the design of the new generation of electroporation setups. Par-
ticularly, the emerging concept of micro—/nano-electroporation and
microfluidic-based electroporation are being explored with potential
to solve the challenges faced by bulk electroporation [273]. Electropora-
tion was first invented for DNA transfer into cells [275]. Early attempts
were focused on small molecules, DNA, proteins, and mRNA [273]. For
example, small molecules such as ascorbic acid and mannitol could be
efficiently delivered into human erythrocytes by electroporation [276].
As another example, electroporation has been proven to be a powerful
strategy for intracellular delivery of protein antigens or antigen-
encoding mRNAs into dendritic cells, which have found great utilities
in developing dendritic cell based vaccines for cancer and other diseases
[277,278]. With the rapid development of cell-engineering molecules,
electroporation is being investigated for intracellular delivery of these
novel molecules. Representative categories of these novel molecules in-
clude siRNA, genome editing agents, molecular probes, and even nano-
particles [273]. Meyer and co-workers designed a high-throughput
suspended-drop electroporation (SDE) method for intracellular deliv-
ery of siRNA into hard-to-transfect cells [279]. This electroporation de-
vice consisted of an array of 96 suspended electrode pairs. Samples of
small volume were top-loaded, electroporated, and bottom-ejected
into a 96-well plate. They demonstrated that siRNA could be delivered
into a hard-to-transfect cell (differentiated HL-60 cell) by this method
(Fig. 3E) to knock down the expression of lamin A/C (a nuclear envelop
protein) with a high efficiency of ~70% [279]. In a recent study by Roth
et al., the authors reported an electroporation-mediated intracellular
delivery of a designed CRISPR-Cas9 genome-targeting system into pri-
mary human T cells [280]. This strategy allowed efficient, site-specific
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Table 2
Clinical progress of physically triggered drug delivery systems.
Physical Drug delivery systems Disease indication ClinicalTrials.gov Status
trigger Identifier
Ultrasound Sonophoresis:
Lidocaine 4% w/w and SonoPrep Pain NCT00126932 Phase 4
NCT00126919
Methylprednisolone or cyclosporine Alopecia areata N/A (Ref [30])
Depigmenting emulsion Melasma, Solar lentigo
Retinol Anti-aging therapy N/A (Ref [31])
Herbal gel formulation Malignant pleural effusion N/A (Ref [34])
Hydrogel Refractory metastatic malignant N/A (Ref [35])
bowel obstruction
Sonopermeation:
SonoVue® and chemotherapy Colorectal cancer NCT03458975 Phase 2
Hepatic metastases
SonoVue® and chemotherapy Colorectal neoplasms NCT03477019 Phase 1
Breast neoplasms Phase 2
SonoVue® and FOLFIRINOX Pancreatic ductal carcinoma NCT04146441 Phase 2
Blood-Brain Barrier (BBB) opening using FUS and Low grade brain glioma NCT04063514 Not applicable
Definity® Alzheimer's disease NCT04118764 Not applicable
BBB opening using FUS and SonoVue® Glioblastoma NCT03626896 Not applicable
BBB opening using implantable FUS devive and SonoVue® Alzheimer's disease NCT03119961 Phase 1/2
Primary Motor Cortex BBB opening using FUS and Amyotrophic lateral sclerosis NCT03321487 Not applicable
Definity®
BBB opening using FUS and Definity® with standard Glioblastoma NCT03616860 Not applicable
chemo-radiation with temozolomide
BBB opening using FUS and Definity® with temozolomide Glioma/Glioblastoma NCT03551249 Not applicable
Glioblastoma NCT03712293
SonoVue® and recombinant tissue plasminogen factor Cerebrovascular stroke NCT01678495 Phase 2
ACT and FOLFOX/FOLFIRI Solid tumor, colorectal cancer NCT04021277 Phase 1
ACT and Gemcitabine/Abraxane® Pancreatic cancer
Hyperthermia:
ThermoDox® Liver tumors NCT02181075 Phase 1
ThermoDox® and cyclophosphamide Breast cancer NCT03749850 Phase 1
Light Photodynamic:
Hexaminolevulinate Bladder cancer NCT02660645 Not applicable
Basal cell carcinoma NCT02367547 Phase 1/2
High-risk Bladder Cancer NCT01303991 Phase 1
Aminolevulinic Acid Antinic Keratoses NCT01459393 Phase 3
Oral Leukoplakia NCT00571558 Phase 1
Acne Vulgaris NCT00706433 Phase 2
Lentigo Maligna NCT02685592 Phase 4
Superficial Basal Cell Carcinoma NCT01491711 Phase 4
Non-melanomatous Skin Cancer NCT00747903 Phase 2
Vismodegib Basal cell carcinoma NCT02639117 Phase 1
5-fluorouracil Actinic Keratoses NCT01525329 Phase 3
Bowen's Disease NCT03909646 Phase 4
Ameluz/Protoporphyrin Actinic keratoses NCT04319159 Phase 1
Non-melanomatous Skin Cancer NCT00663910 Phase 1
Porfimer sodium for treating Head & Neck Cancer NCT00453336 Phase 2
Non-Small Cell Lung Carcinoma NCT03678350 Phase 1
Cholangiocarcinoma NCT00540735 Phase 3
Pancreatic cancer NCT01770132 Phase 1
Recurrent brain Tumor NCT01966809 Phase 2
Extrahepatic Bile Duct Cancer NCT00003923 Phase 2
Methylene blue for treating Chronic Periodontitis NCT03262077 Not applicable
Oral Mucositis NCT02555501 Phase 3
Abscess NCT02240498 Phase 1
Onychomycosis of Toenail NCT03098342 Not applicable
Lichen Amyloidosis NCT03068208 Not applicable
Diabetic Lower Limb Ulcer NCT03222544 Not applicable
LUZ11 Head and neck cancer NCT02070432 Phase 1/2
Lemuteporfin Prostatic hyperplasia NCT00116571 Phase 2
Acne NCT01490736 Phase 1/2
Clobetasol propionate Vulvar lichen sclerosus NCT02416531 Not applicable
Verteporfin Central Serous Chorioretinopathy NCT00211445 Phase 2
Pancreatic cancer NCT00211445 Phase 2
Metastasis breast cancer NCT03033225 Phase 2
Recurrent Prostate cancer NCT02939274 Phase 2
NCT03067051 Phase 1
Imiquimod Actinic keratoses treatment NCT04219358 Phase 2/3
Lentigo Maligna NCT02394132 Phase 3
Photothermal:
Silica-gold NP Atherosclerosis NCT01270139 Not applicable
Gold Nanoparticles Coronary Artery Disease NCT01436123 Phase 1
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Table 2 (continued)

Physical Drug delivery systems Disease indication ClinicalTrials.gov Status
trigger Identifier
Electric fields lontophoresis:
Ionsys® (Iontophoresis transdermal fentanyl) FDA approved
Zecuity® (Iontophoresis transdermal sumatriptan) FDA approved
Lidosite® (lontophoresis transdermal lidocaine and FDA approved
epinephrine)
Dermadry (Iontophoresis for hyperhidrosis) FDA approved
Iontophoresis dexamethasone Pediatric knee apophysitis NCT03606980 Phase 2
Ocular iontophoresis dexamethasone phosphate Dry eye NCT01129856 Phase 3
Iontophoresis lidocaine Juvenile idiopathic arthritis NCT00465504 Phase 3
Iontophoresis treprostinil to enhance wound healing Diabetic foot skin ulcers NCT03654989 Phase 1/2
Ocular iontophoresis dexamethasone phosphate Anterior uveitis NCT00694135 Phase 2
Iontophoresis urotensin-II and soluble epoxide hydrolase Heart Failure NCT00654966 Phase 2
inhibitors for skin microvessel toning
Iontophoresis treprostinil for systemic sclecrosis digital Systemic scleroderma NCT03120533 Phase 1
ulceration
Electroporation:
Electroporation of HPV DNA vaccine (VGX-300) HIV-positive high-grade anal lesions NCT03603808 Phase 2
Electroporation of tavokinogene telseplasmid in Unresectable head and neck cancer NCT03823131 Phase 2
combination with perbrolizumab for treating Locally advanced or metastatic triple NCT03567720 Phase 2
negative breast cancer
Stage I1I/IV melanoma NCT03132675 Phase 2
Irreversible electroporation and gemcitabine Locally Advanced Pancreatic NCT03673137 Phase 2/3
Adenocarcinoma
Medpulser Electroporation System with bleomycin Head and neck cancer NCT00198263 Phase 4
Electroporation of VGX-3100 Cervical High Grade Squamous NCT03185013 Phase 3
Intraepithelial Lesion NCT03721978 Phase 3
In vivo electroporation-mediated plasmid DNA vaccine Merkel cell cancer NCT01440816 Phase 2
therapy and IL-12 gene for treating Malignant melanoma NCT01502293 Phase 2
Electroporation of INO-5401 and INO-9012 in Newly diagnosed glioblastoma NCT03491683 Phase 1/2
combination with Cemiplimab
Magnetic fields Ferrofluid with noncovalently adsorbed epirubicin Various N/A (Ref [355]) Phase 1/2
Doxorubicin adsorbed to magnetic beads Liver cancer NCT00041808 Phase 1/2
NCT00054951 Phase 1/2
NCT00034333 Phase 2/3
SPIONs-enhanced magnetic thermoablation Prostate cancer NCT02033447 Early Phase 1
(Phase 0)
SPIONs-enhanced neoadjuvant chemotherapy Osteosarcoma NCT04316091 Phase 1
Magnetically guided photothermal therapy via hybrid Coronary atherosclerosis NCT01270139 Not applicable

nanostructures of silica, gold, and iron-bearing
nanoparticles that are loaded in microbubbles and
internalized into stem cells

insertion of large DNA sequences in the genome and preserved the cell
viability and function in the meantime. They demonstrated that this
strategy could be successfully applied to replace endogenous T cell re-
ceptor locus with a new TCR that enabled T cells to recognize a cancer
antigen. The engineered T cells were able to specifically recognize
tumor antigens and led to strong T cell mediated anti-cancer responses
in vitro and in vivo [280]. Espinosa and co-workers designed a
nanofountain probe electroporation setup that was able to deliver a
molecule probe (molecule beacons) into single cells for detecting the in-
tracellular expression levels of proteins and mRNAs [281]. They demon-
strated that this electroporation method could efficiently deliver a DNA-
based beacon for detecting glyceraldehyde 3-phosphate dehydrogenase
and an RNA-based beacon for detecting a sequence cloned on GFP
mRNA [281]. Electroporation mediated intracellular delivery are quickly
evolving as an important tool in many biomedical applications. Espe-
cially, electroporation enabled intracellular delivery is being and will
continuously be a key player in gene therapy, adoptive cell therapy,
and single cell analysis.

Apart from intracellular delivery, transdermal drug delivery is an-
other field which electroporation has played a significant role in
[241,246]. Transdermal electroporation usually involves the use of a
higher voltage (>50 V) of electric pulse than intracellular electropora-
tion, because the stratum corneum of the skin is regarded as a thicker
barrier than cell membrane [135]. Extensive studies have demonstrated
that electroporation could enhance the transdermal delivery of a

diverse spectrum of molecules ranging from small molecules (such as
mannitol, metoprolol, fentanyl) to macromolecules (such as heparin,
DNA, and protein antigens) [246,282-286]. Particularly, electroporation
can achieve orders of enhancement in delivery efficiency and its po-
tency depends on the parameters of the electric pulse and the physico-
chemical properties of the drug. Although electroporation by it alone
has demonstrated potential for transdermal delivery, the electropora-
tion field has moved toward its combination with other transdermal de-
livery technologies for achieving better delivery efficiency [246]. For
example, its combination with chemical enhancers has shown promise
in further improving the efficiency. Literature evidence suggested that
chemicals that can stabilize the transient disruption of the skin barrier
generated by electroporation can improve the delivery efficiency of
transdermal electroporation [246,287]. Such chemicals include phos-
pholipids, sodium thiosulfate, dextran, heparin, among others
[288,289]. In addition, the combination of electroporation with ionto-
phoresis has shown to be another combination strategy to enhance
the efficacy of electroporation [290]. For example, Sugibayashi and co-
workers demonstrated that the combined use of iontophoresis and elec-
troporation significantly increased the plasm concentration of transder-
mally delivered insulin in a rat model compared to the use of
electroporation alone (Fig. 3F) [290]. Moreover, apart from chemical en-
hancers and iontophoresis, other transdermal technologies, including
laser ablation, ultrasound and microneedles, have been reported to
have synergy with electroporation [135,291].
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Electroporation has many outstanding advantages that make them a
clinically viable drug delivery approach. Electroporation are usually
easy to operate. In addition, its adaptability to drug types render it a ver-
satile drug delivery strategy (Table 1) [244]. Electroporation has been
extensively investigated for drug delivery in the clinic (representative
examples shown in Table 2). More than 50 clinical trials have been per-
formed or are ongoing for electroporation mediated drug delivery. Most
of the trials are focused on DNA delivery to tumors for cancer treatment.
For example, electroporation mediated delivery of tavokinogene
telseplasmid in combination with perbrolizumab are being tested in
phase 2 trials for the treatment of multiple types of cancer, such as
unresectable head and neck cancer (NCT03823131), locally advanced
or metastatic triple negative breast cancer (NCT03567720), and stage
[1I/IV melanoma (NCT03132675). In addition, irreversible electropora-
tion in combination with gemcitabine is also being tested for the treat-
ment of locally advanced pancreatic cancer (NCT03673137).

4.3. Electrically responsive drug carriers

Electrically responsive drug carriers that allow controlled release of
drugs are another strategy to achieve electrically based drug delivery.
Such carriers are usually made from polyelectrolyte or conductive poly-
mers. Electric field induced redox reactions or ionization, which leads to
the bond cleavage or drug carrier deformation, is the major mechanism
for responsive drug release from such carriers [1]. Many electrically re-
sponsive drug carriers have been investigated over the past decades.
These carriers fall into three major categories including bulk carriers, re-
sponsive films, and dispersed nanoparticle carriers [1,292,293].

Bulk electrically responsive carriers, such as bulk conductive poly-
mer materials and polyelectrolyte hydrogels, are first investigated for
controlled drug release [292-294]. Polyelectrolyte hydrogels undergo
electro-triggered structural changes including swelling, shrinking, or
erosion in an electric field [295]. Drug release from electrically respon-
sive polyelectrolyte hydrogels can be attributed to one or combination
of the following mechanisms: gradient-dependent drug diffusion, drug
ejection with synereses out of the fluid phase, electrophoresis of the
drug toward an oppositely charged electrode, and drug liberation with
the erosion of the gel [294,295]. As a seminar example, Kagatani et al.
designed a poly(dimethylami- nopropylacrylamide) (PDMAPAA) gel
system for electro-responsive delivery of insulin [284]. The insulin-
loaded PDMAPAA gel was injected subcutaneously in a rat model. The
authors demonstrated that this electro-responsive insulin gel could
lead to programmed insulin release and thus controlled plasma glucose
decrease in vivo [284]. Bulk electrically responsive carriers suffer from
several challenges including poor responsiveness and limited drug
adaptability [292]. To solve these challenges, electro-responsive films
have been investigated for drug delivery. Various types of electro-
responsive films incorporating different features have been devised
[292]. For example, ultrathin films can be fabricated on a bulk substrate
by the layer-by-layer assembly replying on the electrostatic interactions
between charged drugs and an oppositely charged substrate. The loaded
drug can be released from the film in a controlled manner due to the dis-
assembly of the film in an electric field [1,296,297]. Apart from this,
many other types of electro-responsive films having nano-engineered
features are also being investigated for controlled drug delivery, such
as nano-textured films, nano-porous films [298,299], and nano-
composite films [292,300-302]. As an example, Svirskis and co-
workers reported a polypyrrole nano-porous film for electrically con-
trolled release of risperidone [299]. The nano-porous film was fabri-
cated by electropolymerization of polypyrrole via the interstitial voids
of a colloidal crystal template followed by chemical etching of the tem-
plate. They demonstrated that the nano-porous film can be actuated by
an electrical stimulus which in turn modified the drug release profile
[299].

Electrically responsive nanocarriers have also been investigated in
recent years for controlled drug delivery [303,304]. These nanocarriers

are made from conductive polymers such as polypyrrole
[303,305,306]. The polymers are reduced to a neutral state when
being exposed to an electric potential. This usually leads to a reduced af-
finity between the drugs and carriers, which induces the drug release
(Fig. 3G) [1]. For example, Zare and co-workers designed an electrically
responsive polypyrrole nanoparticle (~150 nm) for the delivery of ther-
apeutic pharmaceutics in a mouse model. They demonstrated that the
release of two model drugs, fluorescein and daunorubicin, could be con-
trolled by applying a direct current electric field in vitro (Fig. 3H). In ad-
dition, they also proved that the release of drugs could be controlled by
an electric field when the nanoparticles were administered subcutane-
ously with the help of a hydrogel (Fig. 31) [307]. Apart from nanoparti-
cles, other types of electrically responsive nanocarriers have also been
investigated for drug delivery, such as micelles and vesicular structures
[292,308,309].

4.4. Clinical challenges

Various clinical experiences in iontophoresis- and electroporation-
mediated drug delivery raised several concerns (Table 1) [239]. Tissue
damage and related local adverse events are a major concern
[310-312]. Tissue irritation can be associated with normal iontophore-
sis/electroporation and tissue injury may be caused by disoperation of
devices. In addition, depending on the device needed, iontophoresis/
electroporation may be less cost-effective than the respective non-
device based formulations [239]. However, with the advances in the
technical level, iontophoresis and electroporation is moving to more di-
verse and flexible setups that could allow better control of the treat-
ment process. This will help solve critical issues faced by conventional
approaches such as irreversible damage.

Despite having distinguished advantages such as minimal-
invasiveness and spatial-temporal control over the delivery process
[248], electrically responsive carrier mediated drug delivery is still in
its early stage of development. Most of the current developed systems
are in preclinical investigations and have not advanced to the clinic. Fu-
ture work needs to address several urgent challenges to further their
preclinical and clinical applications. Most of the work so far has focused
on evaluating the electrical responsiveness of the materials in vitro. Fu-
ture studies need to more focus on the in vivo feasibility and responsive-
ness of electrically responsive carriers. In addition, release of delivered
drugs is also to be better controlled though materials design in future
studies. Moreover, many of the current electrically responsive carriers
have sophisticated structures. Reducing the complexity while maintain-
ing the responsiveness of the carriers will accelerate their clinical trans-
lation. Furthermore, safety and biocompatibility of electrically
responsive carriers should be more extensively studied to assess their
feasibility for clinical use.

5. Magnetic field

Magpnetic field is another form of external trigger that has been ex-
plored in drug delivery applications. Magnetic fields also offer deep tis-
sue penetration with confirmed safety profile clinically [1,313].
Compared to other forms of physical stimuli, the most unique nature
of the magnetic triggering is that biological tissue is typically magneti-
cally inert. Therefore, unlike light and ultrasound, the magnetic forces
normally would not be attenuated as much by affected tissue, which is
beneficial for preventing the excessive energy deposition in healthy tis-
sue in the active magnetic field. Unlike all the aforementioned physical
triggers, this distinct physical feature also suggests that magnetic fields
do not typically act on biological barriers directly by itself. Magnetic
drug delivery systems may heavily rely on drug vehicles that possess a
strong magnetic moment for enhanced accumulation and controlled re-
lease by magnetic fields.

Magnetic fields generally either trigger heat deposition (tempera-
ture increase) from magnetically responsive particles (MRPs) in the
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alternating magnetic fields (AMF) or mechanical deformation of the
drug-carrying agents/cells for drug release. In this section, we will first
review and discuss the most recent advancements in these two areas.
In addition, we highlight the emerging and growing efforts on develop-
ing theranostic and multi-stimuli responsive capabilities of magnetic
drug delivery systems. Lastly, advances and challenges in the clinical
setting of this field are discussed.

5.1. Heat-mediated magnetic drug delivery

One of the most widely adopted approach in magnetic drug delivery
is through thermal effects from MRPs in the AMF. High-frequency AMF
(>10 kHz) [1] can heat MRPs via Néel (reorientation of the magnetiza-
tion) and/or Brownian (physical motion of the particles) relaxations
[314]. Recent study suggested that this local heating mechanism may
be dominated by Néel relaxation for silica-encapsulated MRPs [315].
Based on this local heating effect, many metal oxides based MRPs
were developed for localized hyperthermia treatment and/or thermally
sensitive nanocomplex for drug delivery. Here, we specifically focus on
the drug delivery applications in this subsection.

Over the years, magnetically manipulated on-demand drug delivery
has been attracting significant attention. Earlier works using
superparamagnetic iron oxide nanoparticles (SPIONs) showed en-
hanced accumulation and drug release via temperature or pH change
[4]. Classic SPIONSs typically have two structures (1) a core made of
iron oxides that are magnetically responsive with a drug-loaded poly-
meric coating or (2) a porous structures with drugs and SPIONs precip-
itated inside the pores [4]. These systems have been designed to deliver
peptides, DNA molecules, and chemotherapeutics [4,316]. In addition to
those polymers, typical forms of MRPs also include magnetoliposomes.
These particles have a typical structure with a magnetic iron oxide
core surrounded by lipid bilayer coating [317,318]. In the magnetic lipo-
somes, one can encapsulate the drug into the liposomes and decorate
the liposomes for biologically specific targeting, aiming for an integrated
concept of biological and physical drug targeting for magnetically trig-
gered drug release and hyperthermia.

Recently, growing efforts have been made in overcoming challenges
encountered by classic drug delivery systems with poor controllability
in drug release, low magnetization and limited applications outside
the intravascular system.

To improve the controllability of the MRNs in response to the exter-
nal stimulus in a more precise manner, many new designs of MRPs have
been developed. Katahiri et al. developed a unique magnetically respon-
sive hybrid liposome that can release the encapsulated drug on-demand
without significant perturbation of lipid bilayer structure [319]. In their
system, hydrophobized Fe;04 nanoparticles were embedded into lipo-
somal membranes rather than being encapsulated inside. Local heating
effects could thus be directed to the thermosensitive segment of the co-
polymer for creating gaps to release drugs without liposomal rupture.
The release rate could be controllable by changing the amount of
Fe304 nanoparticles and/or by re-designing the block copolymer. In an-
other report, to control the sustained and on-off drug release, Hoare
et al. designed a smart system with nanocomposite membranes com-
posed of thermoresponsive nanogels and SPIONs (Fig. 4C) for drug re-
lease upon the application of AMF (Fig. 4A) [320]. It was found that
the dose of drug delivered across the membrane in their system can
be tailored by changing the loading density of nanogels in the mem-
brane, and even simply changing the membrane thickness (Fig. 4B),
allowing for over at least 2 orders of magnitude in drug delivery. This
design enabled the precise control of drug dosing based on both the
physical properties and compositions of the membrane and the dura-
tion of the magnetic field.

More recently, several works further investigated the spatiotempo-
ral drug release profile in response to external magnetic stimulus for
their optimized systems. Fuller et al. designed a thermo-labile drug con-
jugate encapsulating iron oxide MRPs, and achieved the spatially

controlled drug release using alternating magnetic field generated via
a 1.27 T/m magnetic field gradient. Their MRPs consist of a hydrophobic
core of SPIONs that release heat in response to magnetic stimuli and a
thermoresponsive polymer that releases a molecular cargo through
the breakage of thermally labile Diels—Alder bonds [321]. In another re-
port, Chen et al. realized the spatial, temporal, and dose control of drug
release using a monodispersed manganese- and cobalt-doped iron
oxide (MnFe,04@CoFe,0,4) nanoparticles with a thermal-responsive
gatekeeper [322]. This work demonstrated that the amount of drug re-
leased could be controlled by the exposure time of the magnetic field.
Step-wise and sequential release was thus accomplished by applying
multiple sequential exposures of the external trigger.

In addition to new designs on MRPs with delicate drug release
mechanisms, improving the spatial controllability can also be achieved
by optimizing the applied magnetic fields. As mentioned before, a sig-
nificant body of work utilizes the AMF to induce local heating and
drug release. However, the targeting specificity of AMF-induced drug
release from thermally sensitive carriers is restricted by the spatial res-
olution of the AMF due to the intrinsic frequency-dependent diffraction
limit [323]. As SPIONSs are typically more responsive to frequencies in
the 100-500 kHz range [323-325], focusing of the AMF normally
bears the spatial resolution of around 1 m, which is way too large com-
pared to the scale of human cells and tissue. Liu et al. developed a device
that superimposes a strong static field containing a sharp zero point
onto an AMF to threshold the MRP response to AMF [323]. Their system
induced drug release from thermally sensitive liposomes within a 3.2
mm radius target. Additional advantage of this novel system is that
the size and location of the targeted region can be independently
controlled.

Another major issue using SPIONs for drug delivery is that the indi-
vidual particles do not typically display high magnetization, challenging
the guidance and accumulation via external magnetic triggers. A way to
overcome this problem is using techniques of nanoparticle clustering or
assembly to increase the overall magnetism [326]. In order to enhance
the magnetization of the drug delivery system, multi-layer design has
been explored. Yang et al. fabricated a nanosized system in which the
SPIONs with the grafted poly(styrene)-b-poly(acrylicacid) (PS-b-PAA)
block copolymer were self-assembled into the membranes [327]. The
thickness of the magneto-vesicles was found to be well controlled
from 9.8 to 93.2 nm via changing the weight ratio of SPIONs to PS-b-
PAA, which further triggered the self-assembly behavior from mono-
layer to multi-layer particles with the ability to pack high load of
SPOINs. The team incorporated doxorubicin in the hollow cavity of the
particles and demonstrated the enhanced tumor drug accumulation
and growth inhibition, as well as the drastic MR contrast enhancement.

In addition, most of the magnetic hyperthermia and/or heat-
mediated drug release systems are designed for intravenous adminis-
tration, limiting the applications in diseases of the gastrointestinal
tract. To address this issue, Che Rose et al. proposed a drug delivery sys-
tem for use in the gastrointestinal tract that can release its payload on
demand in response to localized magnetic hyperthermia trigger [328].
The system was based on a SPIONs/wax composite capsule coating,
which was synthesized using a simple dip-coating process from phar-
maceutically approved materials. In vitro tests show that the coating is
completely melted within 2 min at the triggering of magnetic fields
under biologically-relevant conditions. In a follow-up study, the same
group also demonstrated the drug release for theranostic applications
of the system [329]. This method has potential for magnetic
hyperthermia-controlled drug release in the gastrointestinal tract, for
diseases such as Crohn's disease, colitis ulcerosa, and cancer.

5.2. Non-thermal magnetic drug delivery
Although the heat-mediated approaches dominate the drug delivery

efforts via MRPs, some studies showed that low-frequency or static
fields can trigger drug release non-thermally. One mechanism of the
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Fig. 4. Magnetic drug delivery. (A-C) Heat-mediated magnetic drug delivery. Adapted with permission from [320].

Days after tumor inoculation

(A) Mechanism of one heat-mediated magnetic drug delivery system.

Upon application of the alternating magnetic field, the SPIONs release heat (red) and reversibly shrink the nanogel, enabling release of a drug (green) from a reservoir contained by the
membrane. (B) Membrane thickness regulates sodium fluorescein flux. Left: Mass transfer of sodium fluorescein as a function of “on” triggering time for membranes with different
thicknesses. Right: Rate of mass transfer as a function of membrane thickness for data represented in the left panel. (C) Magnetic on-off triggering of membranes. (D-F) Magnetic drug
release through the nanochain particles and its therapeutic effect on brain tumors. Adapted with permission from [332]. (D) Left: schematics of a linear nanochain particle composed
of three iron oxide nanospheres and one drug-loaded liposome. Right: TEM image of nanochain particles. (E) The distribution of doxorubicin molecules is shown with (left) or without
(right) external RF stimulus with respect to the location of cancer cells. DOX refers to doxorubicin. (F) The survival profiles of CNS-1 tumor-bearing animals are shown after treatment
with saline (untreated control), doxorubicin followed by RF, nanochains (no RF), and nanochains followed by RF. (G-I) Nonthermal Magnetic enhancement of vascular permeability.

Adapted with permission from [333]. (G)

Mechanism of non-thermal magnetic drug delivery via internalized SPOINSs to cells. (H) Left: the stress fibers (green) of endothelial cells

have a random orientation after internalizing MNPs (red). Right: after exposed to external magnetic force, stress fibers appear to align with the force (the arrow indicates the direction
of magnetic force). Scale bar, 20 mm. (I) Magnetic enhancement of vascular permeability in vivo.

nonthermal delivery is due to the mechanical deformation of the MRP
itself. A classic example used a low-frequency field (13.3 Hz) to release
insulin from subcutaneously implanted polymer matrices and embed-
ded magnets [330]. This effect of drug releasing from the polymer ma-
trix was considered to result from the magnetic motion directly.
Another more recent work designed multicomponent nanochains
with three magnetic nanospheres and one doxorubicin-loaded lipo-
some (Fig.4D) [331]. This design takes advantage of the magnetic nano-
sphere chain as a secondary mechanical transducer to amplify the
mechanical effects to the drug-loaded liposomes. The disruption of the
liposomal walls resulted in the release of chemotherapeutics, which
triggered a widespread cytotoxic effect throughout the entire tumor.
More recently, the same group applied this technique into the treat-
ment of rodent glioma models and demonstrated the enhanced site-
specific drug delivery (Fig. 4E) and improved survival (Fig. 4F) [332].
Another way of concentrating and amplifying the mechanical effects
to targeted cells/tissue is to seed the SPIONSs directly to the biological en-
tities. Qiu et al. demonstrated that the permeability of vascular endothe-
lium can be enhanced using internalized SPIONs and external magnetic
field (Fig. 4G) [333]. Tested in endothelialized microfluidic channels
in vitro (Fig. 4H) and in vivo experiments with a mouse lateral tail
vein model (Fig. 41), magnetic forces enabled temporarily disruption
of endothelial adherens junctions, activating the paracellular transport
pathway and facilitating the local extravasation of circulating sub-
stances. This work suggested to control the magnetic physical triggering

by harnessing the biology of endothelial adherens junction, which may
be promising to shift the paradigm of the magnetic particle-based drug
delivery.

5.3. Theranostic and multi-stimuli responsive systems

Theranostic systems are, without doubt, intriguing for triggered
drug delivery systems, where online treatment monitoring is expected
for a precise control. In addition, with MRI, ultrasound and light-based
imaging techniques have been widely used in the clinics and preclinical
settings, construction of multi-stimuli responsive systems/probes
would have broad applications, such as achieving more precise
targeting, synergistic therapeutic effects, and/or lowering agent admin-
istration dose.

Typically for combing magnetic and optical responsive agents to-
gether, mesoporous silica-related nanostructures are widely used. Das
et al. demonstrated a theranostic system with magnetic gadolinium
oxide—iron oxide core, mesoporous silica shell gated with boronic
acid functionalized highly luminescent carbon quantum dot for deliver-
ing chemotherapeutics [334]. The porous silica shell served as the drug
reservoir for anticancer drug 5-fluorouracil, whereas the quantum dot
controls the drug transport under simulated intracellular environment,
which signals the fluorescence switch-on response enabling the fluores-
cence imaging for monitoring the treatment. Site-specific drug delivery
with fluorescence and MR imaging were therefore achieved. Other
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recent works using magnetic gold nanoparticles can also achieve similar
goal. Das et al. highlighted recent advances in the development of mul-
tifunctional gold nanohybrids with magnetic and optical properties for
multimodal theranostic in a review paper [335].

Other forms to link SPIONs with photosensitizers were also reported.
To combine magnetic drug targeting with photodynamic therapy,
SPIONs can be coated with dextran to prevent them from aggregation
and to achieve the linkage of hypericine (a photosensitizer) to its hy-
droxyl groups [336]. Unterweger et al. demonstrated this technique
aiming for lowering the side effects of photodynamic therapy, as the
therapeutic effect can only occur in the combined foci of magnetic fields
and laser irradiation.

In addition, magnetic drug delivery systems were also re-designed
as magnetic bubbles for enhanced ultrasound response. Magnetic
microbubbles were shown to be used as a dual-modality imaging con-
trast agents [337], and were considered to have unique potential in
drug/gene delivery as the natures of ultrasound-based and magnetic
drug delivery systems are complementary [338-341]. Magnetic
microbubbles have been envisioned to be accumulated to targeted
areas (for example tumor vasculature) by the magnetic guidance, mon-
itored by real-time ultrasonography for treatment planning, and acti-
vated by FUS to trigger the drug release. However, traditional
synthesis methods of magnetic bubbles can normally change the acous-
tic behaviors of microbubbles by reducing the stiffness, leading to poor
ultrasound sensitivity. Chertok and Langer performed a comprehensive
study to [342] develop magnetic microbubbles that exhibit strong mag-
netic and acoustic behaviors while also preserving circulation stability
in the circulation system. The authors demonstrated that their bubbles
could evade lung entrapment, possibly due to the preserved bubble
compressibility and surface protection with stealth heparin.

5.4. Clinical challenges and advances

Despite the in-depth preclinical exploration in this field, clinical
adoptions using magnetic drug delivery systems are still very limited.
One of the main challenges of its clinical translation is the safety concern
of the MRPs [343]. SPIONs are currently the only clinically approved
metal oxide MRPs [344]. From 1996, after the first SPION-derived MRI
contrast agent (ferumoxides) was approved by the FDA, several other
products were FDA cleared (e.g., ferumoxytol, ferucarbotran, ferristene,
ferumoxsil and ferumoxtran-10) [345]. However, most of them were
discontinued due to safety issues reported in the clinical trials [346]
and/or negative market attraction [345]. The potential toxicity issues
of SPIONSs include the impaired mitochondrial membrane function,
DNA damage and oxidative stress on cells [344]. Currently, the only
FDA-approved product is ferumoxytol, which is used in the clinics to
treat iron-deficiency anemia in patients with chronic kidney disease.
Ferumoxytol is also off-label used as an MR angiography agent in pa-
tients with renal failure who cannot be given gadolinium and in trials
for diagnostic usages including the characterization of metastatic
lymph nodes [346].

Although truly magnetically triggered drug delivery systems have
not been widely assessed clinically, some clinical trials based on SPIONs
were performed for enhancing MRI. Clinical studies have been per-
formed to assess the feasibility of macrophage imaging using
ferumoxytol in the cerebral aneurysmal wall [347]. SPIONs were also
applied to MR-based lymph node imaging aiming for enhancing the de-
tection accuracy clinically. The combination of SPIONs and diffusion-
weighted magnetic resonance imaging facilitated the detection of me-
tastases in normal-sized pelvic lymph nodes of patients with bladder
and prostate cancer in a short reading time [348]. Sentinel lymph
node biopsy using SPIONs has shown promising results in clinical trials
in Europe [349-352] and Japan [353]. These trials were mostly aiming to
compare this new approach to the “gold standard” of localizing the sen-
tinel node using radioactive tracers. These clinical results suggested that
the adopted SPIONs were non-inferior to the radiotracer and safe in

performing sentinel lymph node biopsy. More recently, Taruno et al. de-
veloped a new handheld and cordless magnetic probe for this type of
application [353]. More clinical results for SPIONs-enhanced imaging
applications were reviewed elsewhere [343,354].

Despite the commercialization and FDA clearance/approval of SPION
based probes for enhancing MRI, reports of clinical trials of magnetic
drug delivery are still very limited compared to other physically trigger-
ing drug delivery systems (see Table 2). One of the early reported clin-
ical results was a trial using a ferrofluid with noncovalently adsorbed
epirubicin to treat various advanced and unsuccessfully pretreated can-
cers or sarcomas [355]. The result of the Phase I trial showed that the
ferrofluid could be successfully directed to the tumors in about half of
the patients. Based on MRI, pharmacokinetics and histology assess-
ments, the treatment seemed to be safe, with limited or unknown effi-
cacy [355]. In another series of clinical trials (see Table 2 for details),
FeRx Inc. introduced magnetic beads that carried doxorubicin to
treating hepatocellular carcinomas (a type of liver cancer). From their
published report in a conference abstract [356], the Phase I/II results
showed that no clinically significant toxicities were observed in either
single or multiple treatment cycles. However, in April 2004, FeRx halted
its clinical trial after Phase III, as the statistical evidence of the treatment
efficacy was insufficiently strong [354].

6. Discussion and outlook

In this review, we highlighted four main physical triggering strate-
gies that have been actively used in drug delivery, with a focus on asso-
ciating the physical mechanisms and clinical needs to the design and
optimization of the drug delivery system. With numerous ways and sys-
tems having been used to physically trigger drug delivery events, the se-
lection of a particular trigger will depend on many factors. However,
understanding how the biological effects are triggered by the physical
stimuli would therefore be vital to select, design and optimize the
drug delivery system for specific scenario.

To provide a high-level comparison across different physical triggers
for drug delivery applications, we summarize the advantages, limita-
tions and corresponding applications for each trigger in Table 1. In addi-
tion, we listed the past and current clinical studies for overviewing the
clinical progress of these triggering systems in Table 2. Some of the
highlights of each triggering system include:

Ultrasound may be particularly useful in drug delivery to the brain
due to the overall balanced capability of deep penetration, spatial
targeting specificity and tunability to achieve noninvasive and revers-
ible BBB opening. Compared to ultrasound, electrically and light trig-
gered systems may need to rely on implantable devices for brain
drug delivery. However, drug delivery to tissue with a gassy environ-
ment (such as lungs) through ultrasound remains very challenging.

» There exist many light sensitive materials that can be used both as
therapeutic and diagnostic agents, suggesting a potential wide range
of combinational design for light-based drug delivery systems.
Electrically triggered drug delivery systems are normally considered
to carry a less ideal safety profile with potential damage to targeted
tissue and/or cutaneous adverse events. However, this may not be a
big challenge for some of the cancer treatment during which the dam-
age would be caused directly on the cancerous tissue. Therefore, many
clinical progresses are being made.

Less clinical progress has been made for magnetic drug delivery sys-
tems generally. The main reason could be due to the safety concerns
raised from previous clinical assessments using SPIONs for enhancing
imaging. In addition, we believe optimization of the current magnetic
devices for producing a deeper and more precise particle manipula-
tion would be important as well.

Taken together, some generalized features can be identified:



54 T. Sun et al. / Advanced Drug Delivery Reviews 158 (2020) 36-62

* Transdermal applications - All triggering systems except for magnetic
field have extensive transdermal applications. This is possibly due to
the easy accessibility of triggering device and drug/sensitizer-
carrying agents to the skin.

Physical input window - In almost all triggering systems, the stimulus
itself can be harmful when higher energies are delivered. Awareness
of the safe parameter sets of the energy source is thus important. Ad-
ditionally, it is particularly vital to calibrate the therapeutic window for
drug delivery applications, which defines the range of energy input
where drug can be delivered in a therapeutically effective range with-
out severe damage to the biological entities. When comparing the per-
formance of different triggering systems, ones with wider input
window stand out due to their better control in modulating the deliv-
ery efficiency.

Deposition of energy - The efficacy and safety of the triggered drug
delivery depends on the local accumulation of the sensitizer/vehicles,
as well as the deposition and diffusion of the energy. Ideal systems
would apply the focal point (area with the peak intensity of specific
energy form) to the target of interest, while leaving the healthy tissue
away from the high intensity focal area. Therefore, achieving a fine
focal point is normally preferable for precise spatial targeting. How-
ever, controlling a tight focus is typically accomplished by high fre-
quency waves and/or the combination of multiple sources (for
example, the multi-element phased array). High frequency waves
may lead to shallow penetration, and multi-source approaches can re-
sult in a complicated system design to avoid undesirable energy depo-
sition along the beam path. In addition, one may need to make sure
that the sensitizer/vehicles outside the targeted area but inside the
beam path remain inactivated. Delicate calibration of the deposition
and diffusion map of the triggering energy would thus be necessary
to make sure the energy intensity at the unwanted locales is below
the activation threshold of the drug/sensitizer particles. Additional
calibration can focus on characterizing the physical property changes
before and after the application of sensitizers, drug vehicles or other
modalities, which may offer insights on possible variations of the trig-
gering mechanism.

Possible side effects after barrier disruption - Apart from the afore-
mentioned evident vascular or tissue damage, some possible adverse
effects as a result of enhanced permeation of delivered drug across tis-
sue barriers may include higher trafficking of toxins or unfavorable
immune cells. Although many biophysiological aspects of this concern
remain unidentified, it is believed that reversible opening or disrup-
tion of the biological barriers are preferred. However, typically for
cancer therapy, clinicians may still adopt irreversible disrupting tech-
niques based on the benefit to risk ratio of specific scenario. Another
possible side effect is that the physical techniques may promote can-
cer metastasis via enhanced circulating tumor cells. However, this
concern has not been well confirmed by preclinical [357] or clinical
data. With growing preclinical and clinical studies underway, it is
envisioned that more biological details about these possible side ef-
fects will be discovered in the near future.

Although each type of physical trigger varies in many technical as-
pects, there are some common goals in future efforts for this field:

Combination of multiple triggers — As mentioned in the above sec-
tions, multi-stimuli responsive systems are particularly interesting to
achieve therapeutic synergy and simultaneous diagnostic capability, as
the advantages of different physical triggers can be complementary.
For example, light has the most confined focus for precise targeting,
but holds the worst ability to penetrate tissue. Ultrasound can be easily
monitored in real-time with better tissue penetrating ability, and a rel-
atively tight focal area for targeted drug delivery. However, it is chal-
lenging to pass the air-filled locations such as the lung. A better
understanding of these physical properties can facilitate the develop-
ment of more effective combinational physical targeting strategies for

specific drug delivery issue. In addition, the important role of therapeu-
tic window in drug delivery systems also highlights the need for devel-
oping theranostic systems for online treatment monitoring using
advanced imaging technologies.

Combination of immunotherapy - More and more preclinical and
clinical evidence show that current immunotherapeutic approaches,
largely dominated by but not limited to checkpoint-inhibitor therapy,
may be challenged by severe issues in drug delivery. This could result
from not only the limited drug access to the diseased tissue due to the
biological barriers, but also the limited immune effectors in the abnor-
mal immune microenvironment. With a growing interest to develop
the combination immunotherapies with physically triggered drug de-
livery, we need to understand more about how those physical triggers
affect the landscape of the immune microenvironment. Specifically,
how physical triggers can help to release antigen, recruit immune effec-
tors, and destruct the immune suppressors. In addition, it is also impor-
tant to understand if those local therapies can trigger systematic effects,
as most physically triggered drug delivery systems are local therapies.
There are a growing number of studies working on understanding
these effects, yet many more remain unclear.

Combination of cell-based drug delivery — Though still in its early-
stage of development, cell-based drug delivery strategies are well ac-
cepted as one of the most exciting and promising emerging techniques
over traditional drug delivery approaches due to its natural targeting
specificity and versatility. With growing efforts in engineering cells for
various artificial functions, we believe making “living drug carriers and
therapeutics” to be more physically responsive can be favorable in
drug delivery, and may potentially shift the paradigm of the current
drug delivery technologies.

In summary, growing efforts in designing drug delivery systems
using physical triggers have been made both preclinically and clinically.
It is suggested to choose the ideal triggering systems based on the bio-
physical properties of the targeted tissue and if it is simple to deliver
both the energy and drug carrying agents. To optimize the treatment ef-
ficacy and safety, one may particularly consider assessing the treatment
window of each triggering system. It is also envisioned that the combi-
nations of multi-stimuli systems, immunotherapies and cell-based ap-
proaches will potentially open new doors for next-generation drug
delivery technologies.
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