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Stimuli-responsive materials enable temporal and spatial control over drug delivery and action.

Traditional triggerable therapeutics are largely based on small molecules, like prodrugs and
photodynamic therapy agents. Advances in nanotechnology and micromaterials have greatly expanded
the field, as evidenced by clinically translated hyperthermia-generating iron oxide nanoparticles,
radiotherapy-enhancing hafnium oxide nanoparticles, and ultrasound-responsive microbubbles. We here
analyze the (pre-)clinical landscape of trigger-responsive therapeutics between 2014 and 2024,
encompassing over 90 000 publications and 1000 clinical trials. External stimuli include light, ultrasound,
radiation, magnetic field and temperature. Key internal stimuli are pH, redox and enzymes. Our analysis
shows that light is by far the most popular external stimulus (44% of papers; 361 trials). Among internal
stimuli, which account for 46% of papers (558 trials), redox and enzyme activation are the most explored
ones. In recent years, interest in radiation (114 trials), ultrasound (33 trials), temperature (14 trials), and
magnetic actuation (3 trials) is increasing, typically involving nano- and microscale platforms. In the
second part of our paper, we examine translational trajectories and identify key barriers that are limiting
the clinical progress of stimuli-responsive therapeutics. Important issues to address to help promote
clinical translation include: (1) inaccurate medical need identification; (2) overly complex material design;
(3) limited tissue penetration; (4) limited device accessibility; (5 economic constraints; and (6)
challenging clinical adoption. We conclude by providing practical and practicable solutions to address
these key limitations, going from nano- and micro-formulation design to development, translation and

implementation, together aiming to increase the clinical impact of stimuli-responsive therapeutics.

clinically relevant stimuli-responsive therapeutics are based
on small molecules, such as fluorescent dyes and

Stimuli-responsive materials have garnered considerable inter-
est for diagnostic and therapeutic purposes. With several
products already in clinical use, such as the light-responsive
drug Photofrin® and the radiation-enhancing nanodrug
Hensify,>” this type of materials are engineered to respond
to external (light,"® temperature,”® radiation,> magnetic
field'°™"* and ultrasound'®'*) or internal stimuli (pH,">'®
redox'” and enzymes'®'®), resulting in the induction of direct
material-mediated therapeutic effects'®'”'® or triggering the
release of active pharmaceutical ingredients (API). Many
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prodrugs.>®' Yet, the increasing clinical relevance of nano-
and micro-technologies in the past decades®>*! has also pro-
moted the development and use of novel stimuli-responsive
platforms for therapeutic purposes, like superparamagnetic
iron oxide nanoparticles (SPION)."*** Stimuli-responsive plat-
forms allow to tailor pharmacokinetics and biodistribution
profiles, enhance target-site accumulation, and increase
stimuli-material responsiveness and performance control,
thereby resulting in improved therapeutic outcomes.*

The conceptual roots of stimuli-responsive materials can be
traced back more than a century to the early foundations of
light-based medical therapies. Back in the 1880s, the physician
Niels Finsen pioneered the use of phototherapy to treat lupus
vulgaris, a skin condition caused by tuberculosis.>® His work,
which earned the Nobel Prize in Medicine in 1903, laid the
foundation for modern light-based therapies and led to the
development of photodynamic therapy (PDT). In the 1960s,
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PDT was clinically established and has been used since then in
the treatment of various cancers, including esophageal (e.g.,
Photofrin) and prostate (e.g., Foscan and TOOKAD)," as well as
other diseases such as actinic keratosis (e.g., Metvix)** and
macular degeneration (e.g., Visudyne).>® In fact, PDT global
market share was valued at USD 4.6 billion in 2024, and it is
predicted to double in the next 10 years,”>*’ highlighting its
continuously increasing interest. Other recent light-based treat-
ments, such as photothermal therapy (PTT)*® and photoimmu-
notherapy (PIT),>® are currently under clinical evaluation
(e.g., gold nanoparticle-based product AuroShell*® and
phthalocyanine-antibody conjugate ASP-1929).>°

Beyond light, materials sensitive to other external stimuli
have also reached clinical evaluation. These include the
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temperature-sensitive liposomal doxorubicin product ThermoDox,*"
with several clinical trials ongoing in combination with micro-
wave irradiation, focused ultrasound, and radiation therapy,*
and materials responsive to ultrasound, magnetic fields, or radia-
tion. The latter three stimuli have been proportionally less
explored than light for therapeutic purposes, but have become
increasingly relevant in recent years, especially in combination
with nano- and microtechnology (Fig. 1). Prominent examples
include ultrasound-responsive microbubbles,"® used as contrast
agents for clinical ultrasound imaging since the 1990s and
investigated for therapeutic purposes from the 2000s
onwards;'*?** SPION formulations like NanoTherm, clinically
approved for the treatment of brain tumors since 2010;**** and
radiation-enhancing hafnium (Hf) oxide nanoparticles like
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Fig. 1 Representative examples of clinically relevant stimuli-responsive materials and products. Over the years, many different stimuli-responsive
materials have been designed and evaluated for the treatment of several diseases, including cancer, inflammation, and infectious diseases. These mostly
include small-molecule fluorescent dyes and prodrugs, which can also be delivered in nanoscale carriers based on lipids, polymers or antibodies, but also
nano- and microscale platforms intrinsically responsive to external stimuli (e.g., magnetic- or radiation-responsive metal-based nanoparticles and
ultrasound-responsive microbubbles). Abbreviations: NP — nanoparticles, SPION - superparamagnetic iron oxide nanoparticles, Hf — hafnium, ADC -

antibody—drug conjugates, HPMA — 2-hydroxypropyl methacrylate.

Hensify, approved in 2019 for the treatment of locally-advanced
soft tissue sarcoma.’

Besides external stimuli, materials responding to internal
triggers such as pH,"" redox,"” and enzymatic processes'®'®
are also extensively developed. Many of these nano- or micro-
particle systems are designed to deliver small-molecule API in
response to different and, ideally, specific (patho)physiological
conditions, including high levels of cathepsins (enzyme)'®"%3¢
or glutathione (redox),”” or low pH." Prominent clinical suc-
cesses include antibody-drug conjugates (ADC), with at least 11
out of 14 products on the market leveraging internal stimuli,
such as the pH-sensitive ADC Mylotarg and Trodelvy, and the
enzyme-cleavable Enhertu and Tivdak.'® The global ADC mar-
ket size accounted for USD 11.43 billion in 2024 and is
predicted to triple by 2034.%” Instead, other widely explored
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systems sensitive to internal stimuli like anticancer polymer-
drug conjugates have so far failed to reach FDA/EMA
approval.®®

Despite the extensive research efforts dedicated to the
development of stimuli-responsive (nano)materials, many of
which have shown high preclinical promise, their clinical
translation has been hampered by several challenges. In addi-
tion to the added design complexity associated to the stimuli-
responsiveness nature, which can complicate scale-up manu-
facturing and regulatory standardization, other translational
aspects such as the lack of specific device availability in many
hospitals, the (logistical) complexity of integrating such treat-
ments into standard regimens, and the high associated costs of
some devices to generate stimuli like magnetic fields, have also
contributed to limiting their clinical impact.

Here, we aim to examine the current landscape of stimuli-
responsive materials for medicinal applications, with a parti-
cular focus on externally activated nano- and microscale ther-
apeutics and on their translational potential via scientometric
analysis of existing preclinical and clinical data (Fig. 1). By
identifying the most frequently studied and clinically tested
stimuli-responsive material platforms for therapeutic purposes,
and by analyzing their design principles, mechanisms of
action, and specific pharmaceutical and clinical challenges,
we provide insights into the developmental trajectories and
translational bottlenecks associated with each stimulus type,
and we propose strategies to promote their translation and
maximize clinical impact.

2. Design and preclinical landscape of
stimuli-responsive materials

Stimuli-responsive therapeutics rely on activatable small mole-
cules or functional units,> which can also be integrated into

nano- or microscale platforms.”'®*° They are structurally
designed to contain a built-in trigger—such as a m-electron
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system,>'* transition metal center,”* labile chemical bond,*"
or self-assembling/disassembling motif”**—that undergoes a
predictable and controlled transition upon exposure to a source
of energy (stimulus). Depending on the molecular design, this
change can be reversible® or irreversible,"* and result in
the activation of a range of actions, including structural
reorganization,”*? molecular excitations (e.g., through interac-
tions with singlet-triplet excited state),” (metal) catalytic
activity,”> or payload (API) release.'®*" Altogether, these
features can be exploited to spatiotemporally control biological
and therapeutic effects, minimizing off-target toxicity and
enhancing treatment efficacy.”” These processes are ultimately
governed by the interaction between the applied energy source
and specific molecular or material features, which define the
mechanism of action for each stimulus modality.

The most relevant classes of stimuli-responsive small mole-
cules consist of fluorescent dyes>'* and, to a lesser extent, also
(chemotherapeutic) prodrugs.’ These structures can be used
alone or formulated into nano-/microscale carriers such as
liposomes,” lipid nanoparticles,”® micelles,**** hydrogels,*
synthetic polymers,’®*” polycarbohydrates (e.g., chitosan and
dextran),*®* antibodies and ADC,'®' and (inorganic) solid
nanoparticles.’®" There are also source-specific nano- and
micro-materials that display intrinsic responses upon the
application of a stimulus due to specific compositions and
sizes, or the incorporation of reactive functional units in their
structure. Examples of these include quantum dots (light),>>
microbubbles®®** and nanobubbles®® (ultrasound), and
metal(loid)-based nanoparticles based on gold®®*” (light), iron
(SPION;'*'"%8 magnetic field), and hafnium,** gadolinium®® or
boron-10% (radiation).

Five major external stimuli can be categorized, each repre-
senting a distinct energy source that acts as a driving force to
activate the stimuli-responsive material and trigger biological
effects. These stimuli include light, temperature, ultrasound,
radiation and magnetic field. In parallel, endogenous stimuli
such as changes in pH, redox potential and enzymatic levels are
also relevant in the design of therapeutic materials. Some
external stimuli have already led to the development of distinct
clinical strategies. For instance, light-activated therapies
encompass PDT," PTT*® and PIT;*® and ultrasound-based
therapies include sonodynamic therapy (SDT),"* but also sono-
permeation approaches, which combine microbubbles and
ultrasound to enhance chemo-, nano-, and
therapies.>*®" Radiotherapy efficiency can be enhanced by
radiation-responsive materials,””® and magnetic-induced
hyperthermia (MIH) harnesses magnetic nanoparticles to gen-
erate localized heat upon exposure to an alternating magnetic
field, leading to targeted tissue ablation.'®'"

In general, the stimuli-responsiveness capability of the
materials can be therapeutically exploited in two different ways:
either (a) directly inducing biological effects to cells and tissues
after external stimulus application (Fig. 2A), or (b) acting as a
passive carrier system and releasing active payloads (e.g,
chemotherapeutics) upon internal or external stimuli
(Fig. 2B). Regarding the former, the mechanism of action can

immuno-
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vary slightly depending on the source of energy (Fig. 24A),
encompassing (i) the production of cell-damaging radicals
like reactive oxygen species (ROS) (for PDT," PIT,*® SDT* and
RT®*%%) and radiation-induced nucleic acid damage (for RT®?);
and (ii) the conversion of the source energy into heat by the
material (for PTT>® and MIH®*), subsequently leading to bio-
molecule and tissue ablation. These mechanisms not only
promote cell death at the target site, but can also result in
the induction of systemic immune responses, with potential for
immunotherapy applications.®®

Regarding stimuli-triggered drug release (Fig. 2B), the sti-
mulus does not directly activate the therapeutic agent itself, but
it induces structural and chemical changes in the carrier
material, promoting the delivery of the active payloads. This
can involve assembling/disassembling of the delivery platform
(e.g., as observed in hydrogels,*® liposomes’ and micelles**), or
cleavage of a linker between the carrier material and the drug
(e.g., in ADC*" and polymer conjugates*®®®). In contrast to
external stimuli-activated therapies, which can directly mediate
biological effects through the material itself, stimuli-triggered
drug release only facilitates payload delivery, enabling the
therapeutic agent (API) to act independently at the target site.

To understand how the different stimuli have impacted
materials research and development for therapeutic applica-
tions over the last years, we first analyzed the landscape of
related publications between 1980 and 2024 (Fig. 3). Five main
external stimuli were considered (light, temperature/heat, ultra-
sound, radiation and magnetic field), and three common
internal stimuli (pH, enzyme levels and redox activity). This
analysis covered small molecules and nano- and micro-scale
structures, and involved 91691 publications and 1083 trials, by
using the keyword search shown in Scheme S1.

Based on the data presented in Fig. 3A and B, light- and
internal stimuli-responsive materials have thus far dominated
the field (46% and 44%, respectively), together accounting for
approximately 90% of all the publications on stimuli-
responsive therapeutics in the last 40 years. Both categories
have exhibited comparable growth trajectories, with an expo-
nential increase over the last two decades, reaching about 6000
publications each only in 2024.

Comparatively, the other stimulus modalities have received
significantly less attention for therapeutic purposes, although
some emerging trends are noteworthy. Publications on
ultrasound-responsive therapeutic materials have tripled over
the past five years, reaching about 600 publications. The
research interest in magnetic field-responsive therapeutics
has increased about 5-fold in the last decade (~300 publica-
tions, despite the slight recession observed in 2024). The
research growth in the latter case is likely encouraged by the
approvals of several SPION formulations during the early 1990s
and 2000s for the treatment of anemia and imaging,”® and,
quite relevantly, by the approval of the magnetic-responsive
SPION product NanoTherm in 2010 as a medical device for the
treatment of glioblastoma.*® On the other hand, radiation
therapy-potentiation using nanoscale radioenhancers like
Hensify’ or small-molecule chemotherapeutic agents like

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Modes of action of stimuli-responsive materials for therapeutic purposes. (A) Stimuli-activatable therapies. Stimuli-responsive materials can
induce direct biological and therapeutic effects mediated by the interaction of the material with the external stimuli. These mostly include radical and
reactive oxygen species (ROS) generation (for PDT, PIT, SDT and RT), which induce biomolecule/DNA damage and oxidative stress, radiation-induced
DNA damage (for RT), and heat-mediated cell ablation (for PTT and MIH). (B) Stimuli-triggered drug release. Stimuli-responsive materials can act as
passive carrier systems, delivering active payloads (from small chemotherapeutics to macromolecules like proteins and nucleic acids) upon external or
internal stimuli. This process can be promoted (1) by inducing changes in the (nano)carrier structure (e.g., swelling or disassembling of hydrogels,
liposomes or micelles), and (2) cleavage of the linker between the drug and the carrier (e.g., in antibody- and polymer—drug conjugates). Abbreviations:
PDT - photodynamic therapy, PIT — photoimmunotherapy, SDT — sonodynamic therapy, RT — radiation therapy, PTT — photothermal therapy, MIH —
magnetic-induced hyperthermia, DPPG - dipalmitoylphosphatidylglycerol, DOPE - dioleoyl phosphatidylethanolamine.

cisplatin, which have been reported to radiosensitize cells,”®”

has shown a steady growth reaching ~250 publications
annually in the 2020s. The attention to temperature-
responsive materials peaked in 2021, but has since stagnate
(~200 publications annually), which might be partly influ-
enced by the failed phase III clinical trials of the thermosensi-
tive liposomal doxorubicin formulation ThermoDox in 2013
(HEAT trial),°® and later in 2020 (intermediate results of
OPTIMA trial).*®

We then analyzed the scope and type of materials explored
for each stimulus in preclinical research (Fig. 3C). The searches
included small molecules (e.g., fluorescent dyes and (chemo)-
therapeutic agents) and relevant nano- and micromaterial
classes (liposomes, lipid nanoparticles, micelles, hydrogels,
polymers, polysaccharides, ADC, and non-metal and metal
solid nanoparticles). As a general observation, the impact of
nanotechnology and microtechnology is evident from the data.

This journal is © The Royal Society of Chemistry 2026

In light-responsive and radiation-responsive materials, this
accounts for more than half of the retrieved publications
(59% and 64%, respectively), and it becomes predominant in
ultrasound-responsive materials (83%), and even more in heat-,
magnetic field-, and internal stimuli-responsive materials.
Regarding the latter, it is important to note that in addition
to the impact of nanotechnology in the development of internal
stimuli-responsive therapeutics (e.g., antibody- and polymer-
drug conjugates), small molecule prodrugs responsive to pH,
enzyme levels or redox have also been widely explored, with
several clinical products like ixazomib citrate (cancer), preto-
manid (tuberculosis), or omidenepag isopropyl (glaucoma and
hypertension).”””" However, many of these prodrugs are inso-
luble or present suboptimal pharmacokinetic properties, thus
often being evaluated preclinically together with nanoscale
delivery systems. This feature strongly influenced the results
obtained using our keyword search query (Scheme S1), making
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it difficult to accurately estimate the preclinical landscape and
research relevance of only internally activatable small-molecule
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prodrugs (with many of these reported as part of nanoparticle
formulations).
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Fig. 3 Landscape of stimuli-responsive therapeutics in preclinical research. (A) and (B) Number of research publications over the years, starting from
1980 until 2024 (a total of 131199 publications) (A), and zoom-in between 2014 and 2024 (91691 publications) (B). (C) Distribution of the scope and type
of materials responsive to light, ultrasound, magnetic field, radiation, temperature/heat, and internal stimuli (pH, enzymatic levels and redox activity) in
the last decade. The blue color corresponds to small molecules, and the red color to nano-/microscale materials. Data were obtained in October 2025,
from Digital Science’s Dimensions platform, available at https://app.dimensions.ai. Keywords used for the search are shown in Scheme S1. Abbreviations:

LNP — lipid nanoparticles, ADC - antibody—drug conjugates, NP — nanoparticles, QD — quantum dots, 5-ALA — 5-aminolevulinic acid.
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2.1. Light-responsive materials

Light-responsive systems primarily rely on photon absorption
by chromophores, leading (1) to excited-state reactions that
generate ROS (PDT/PIT)* or (2) to non-radiative relaxation
processes that convert light into heat (PTT).>® Small molecules
are highly relevant in the design of light-responsive materials,
representing close to 40% of the total number of publications
in the field, as compared to the 59% covered by nanomaterials.
Classical photosensitizers remain prominent for PDT, with
n electron-conjugated small molecules like porphyrins, phthalo-
cyanines, 5-aminolevulinic acid (5-ALA, a naturally occurring
porphyrin precursor in the human body), Methylene Blue, and
xanthene derivatives (e.g., Rose Bengal) collectively accounting
for about 33% of the publications on light-responsive materials
(Fig. 3C). Regarding nanomaterial classes, metal nanoparticles
represent 22% of the total number of publications on light-
activated materials (Fig. 3C), with gold being among the most
studied metals. Gold nanoparticles are known to play a central
role in PTT, relying on heat generation through plasmonic
resonance excitation for targeted cell ablation.***” Liposomes,
lipid nanoparticles, natural (polysaccharides) and synthetic
polymers, and hydrogels, present in about 25% of the total
number of publications on light-sensitive materials, are widely
used as carrier materials of light-responsive molecules like
porphyrins, Methylene Blue or phthalocyanines for both PTT
and PDT. Photosensitizer-carrying ADC have given rise to the
PIT field,”” which combines the advantages of immunotherapy
with PDT for synergistic effects.”® Although PIT is only present
in 4% of the total publications on light-responsive therapeutic
systems, its interest has been growing over the last years, partly
driven by the preclinical promise observed with several ADC
bearing IR700 and 2ICy7 dyes.”>”* In particular, the outcomes
of the clinical trial involving the IR700-bearing antibody (dis-
cussed in Section 3) can lead to further developments in the
field of light-sensitive ADC.

Despite the promising preclinical data, light penetration in
human tissue is limited to a depth of approximately 1.5 cm,
which significantly restricts the clinical use of light-triggered
therapies to superficial conditions (e.g., actinic keratosis).”®
Thus, there has been a growing interest towards the develop-
ment of new materials sensitive to near-infrared (NIR) light,
which exhibit deeper tissue penetration capabilities, particu-
larly to NIR-I (700-900 nm wavelength) and NIR-II (900-
1700 nm wavelength) optical windows.® These materials could
act in more biologically transparent regions, effectively reach-
ing deeper-seated tissues (up to 4 cm).”® Such materials include
small molecules like polymethines (6%; such as iodinated
cyanines for bacterial eradication”” and cancer treatment’*),
BODIPY,”® or metal coordination complexes (e.g., ruthenium
compounds), as well as donor-acceptor-donor polymers,”
carbon nanoparticles,®® quantum dots,**? and metal
nanoparticles.®* Despite the extensive preclinical development
in NIR-I- and NIR-II-activatable therapeutics, only the ruthe-
nium complex TLD1433 and the IR700-bearing antibody have
reached clinical trials to date.®*
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2.2. Ultrasound-responsive materials

While phototherapies rely on light sources (i.e., electromag-
netic waves), ultrasound renders waves that are mechanical by
their nature. Hence, they can enable deeper tissue penetration,
up to 10 cm, making it well-suited for targeting and treating
deep-seated lesions.®® However, both sound scattering and
cavitation control must be considered to fully realize its
potential.’*®” Depending on the parameters (intensity, fre-
quency and acoustic pressure), ultrasound can induce thermal
86:87 To promote
mechanical effects, microbubbles, which are gas-filled vesicles
of typically 1-5 pm in diameter, are particularly effective and
represent the most extensively studied material in the field,*®
with ~35% of related publications. Originally developed as
contrast agents for the diagnosis of cardiac and hepatic lesions,
microbubbles oscillate in response to ultrasound.’” These
oscillations not only enhance imaging signals but can also
“massage” vascular endothelium, hence, temporarily opening
biological barriers like the blood-brain barrier and tumor
vasculature through sonoporation or sonopermeation.®®*°
Since the 2000s, microbubble-mediated therapy has sparked
intense preclinical research, reaching clinical evaluation for the
treatment of glioblastoma,’™> inoperable pancreatic cancer®®
and neurodegenerative diseases.”*

Lipid-coated microbubbles such as SonoVue (Bracco) and
Definity (Lantheus) are already employed for intravenous co-
administration with various therapeutics in clinical trials,
depending on the cancer type and study protocol. However,
microbubbles with thicker shell, coated with albumin (Albunex,
Optison) or synthetic polymers like poly(butyl cyanoacrylate),
offer higher payload capacity.”””°> In this setup, microbubbles
serve as cavitation nuclei, while the loaded agents provide
additional targeting or therapeutic functions. Since microbub-
bles are confined to the vascular compartment and are rapidly
cleared within a few minutes, they can offer a transient and
localized delivery platform once activated with ultrasound.’®”
Therefore, loaded microbubbles may improve the safety of
drugs that cause off-target toxicity upon systemic administra-
tion. Nanobubbles®® and phase-change nanodroplets® (jointly
contributing to 5% of the publications) are currently being
investigated as alternatives to microbubbles, aiming to achieve
longer circulation times while preserving cavitation responsive-
ness and enabling deeper target-tissue penetration.

Although far less investigated than microbubbles, other
nanoparticle platforms like liposomes can also be engineered
to selectively respond to ultrasound by introducing gas in their
cavities or excipients in the formulation that alter the acoustic
properties of the liposome core medium.'® In particular, the
latter has recently been demonstrated to be effectively activated

acoustically, enabling controlled and site-targeted drug delivery
101

or mechanical effects, the latter via cavitation.

and neuromodulation.

Finally, small-molecule fluorescent dyes, accounting for
17% of publications in the field, are commonly employed in
SDT.'* These dyes are mainly based on porphyrins and their
precursor 5-ALA, Methylene Blue, and xanthenes like Rose
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Bengal. Recently, heptamethine cyanines have also shown
promising preclinical outcomes in SDT.'°> While the exact
mechanisms of SDT remain not fully understood, it is hypothe-
sized that these molecules follow a reaction cascade similar to
PDT, locally generating ROS in deep-seated tissues, beyond the
reach of conventional light-based approaches.'®

2.3. Radiation-responsive materials

Radiation-responsive systems primarily function by absorbing
ionizing radiation and generating secondary electrons and
reactive species, which enhance DNA damage and oxidative
stress in tissues. Metal nanoparticles, which account for about
43% of all publications in this category (Fig. 3C), are the most
extensively studied materials. Elements with high atomic (Z)
number, such as gold, hafnium, and gadolinium, exhibit strong
photoelectric absorption and Auger electrons, producing sec-
ondary electrons, which can interact with surrounding water
and biomolecules to generate ROS and induce oxidative stress,
amplifying radiation-induced DNA damage, and consequently
promoting cell death.>*°%%° However, under clinically relevant
irradiation conditions in the megavoltage energy range, where
Compton scattering dominates and differences in photon
attenuation become weakly dependent on atomic number,
the therapeutic efficacy of these materials cannot be attributed
solely to enhanced photon absorption. Instead, as the radiation
beam propagates through the tissues, it undergoes spectral
degradation (beam softening), leading to the generation of low-
energy photons and secondary electrons that interact more
efficiently with high-Z elements.’®'% Their radiosensitizing
effects therefore likely involve a combination of physical,
chemical, and biological mechanisms, including interactions
with these secondary radiation components that increase local
secondary electron production and promote electron cascades
yielding a higher proportion of short-range, low-energy elec-
trons. These processes result in highly localized energy deposi-
tion and enhanced radiolysis-mediated ROS generation, which
can amplify downstream biological responses, such as DNA
damage complexity, increasing radiation effectiveness.'®'”
Clinically relevant examples include AGuIX and Hensify radio-
enhancing nanoparticles for cancer therapy, which will be
further discussed in Section 3. Among non-metal-based nano-
particles, boron-10 has shown particularly promising radio-
sensitizing properties. Although mechanistically distinct
from the previously mentioned radioenhancers, boron-10
enables targeted radiation dose delivery via neutron capture,
which has also been reported to activate the immune system
and improve treatment outcomes in combination with
immunotherapy.'°®*%°

Interestingly, some chemotherapeutic drugs, such as cispla-
tin, carboplatin, fluorouracil, gemcitabine and capecitabine,
have also been demonstrated to potentiate radiation therapy
performance,”'' despite not being directly responsive to radia-
tion or designed to primarily act as radiosensitizers. Although
in most cases the interplay between DNA, nuclear proteins, and
drugs under radiation remains unclear, studies suggest that
cisplatin binding to DNA increases its reactivity towards near-
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zero-eV (~0.5 eV) electrons, which are abundant during radio-
therapy, preventing effective DNA-damage repair after ionizing
radiation.”"! Similarly, there are other small molecules, such as
Methylene Blue,'*? vitamin D,"** and DNA repair inhibitors like
Latexin''* and mTOR,""® also reported to potentiate radiother-
apy. However, data in these cases are scarce, mechanisms are
still unclear'™® or the clinical significance is compromised.'*
Fluorescent dyes are also explored as radiopotentiating mole-
cules in radiodynamic therapy (RDT), with focus on porphyrin
derivatives. While the underlying mechanisms remain poorly
understood, several radiation-induced activation pathways
have been proposed, including Cherenkov radiation, interac-
tions with secondary electrons, and biochemical or biomole-
cular sensitization, ultimately contributing to increased tumor
susceptibility to irradiation.'*®

Antibodies and ADC (~6%, Fig. 3C) are being also
explored in chemoradiotherapy settings, either similarly to
conventional chemotherapeutic drugs''” or in combination
therapy regimens, such as immune checkpoint inhibitors co-
administered with hafnium oxide nanoparticles.""®

It is well known that the hypoxic tumor microenvironment
limits ROS-related therapeutic mechanisms, reducing (radio)-
therapy efficacy."'® A direct strategy to counter this involves
oxygen switches,'?° such as hydrogen peroxide (which is part of
4% of the total number of publications in radiation-sensitive
materials, as indicated in Fig. 3C). Hydrogen peroxide can be,
for example, (co-)formulated with sodium hyaluronate for intra-
tumoral injections to oxygenate hypoxic regions and enhance
ROS generation upon radiation.®

2.4. Magnetic field-responsive materials

Magnetic field-responsive materials operate through magnetic
relaxation processes that convert alternating magnetic field
energy into heat, enabling localized hyperthermia or triggered
drug release. They primarily rely on iron oxide-based
nanoparticles (55% of MRI-related therapeutic applications,
Fig. 3C), mostly magnetite (Fe;0,).>® Superparamagnetic iron
oxide nanoparticles (SPION), extensively explored for iron-
deficiency anemia treatment and magnetic resonance imaging
applications,”® can generate heat under the application
of an alternating magnetic field, making them also ideal
candidates for magnetic hyperthermia and magnetically guided
drug delivery."* Surface modification of SPION enables the
modulation of colloidal stability and biocompatibility (e.g., by
functionalizing them with biocompatible polymers like carbo-
hydrates), while magneto-thermal conversion efficiency is pri-
marily determined by the properties of the SPION core. This
efficiency, often measured by the specific absorption rate,
depends on magnetic parameters such as saturation magneti-
zation, magnetic anisotropy, and relaxation mechanisms (e.g.,
Néel and Brownian).'®*>* High specific absorption rate values
are typically achieved by optimizing particle core size (below
30 nm), shape, and crystalline structure of SPION to enhance
magnetic responses. '

Mixed ferrites (MFe,O,, where M stands for cobalt, manga-
nese, nickel or zinc) are also investigated (~9% of publications
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in the field, Fig. 3C) to improve magnetic performance over
conventional magnetite (Fe;0,), with properties varying based
on the incorporated dopant.'>*™*?> For instance, manganese
doping enhances magnetic anisotropy and saturation magne-
tization, thereby improving thermal response under an alter-
nating magnetic field."** Cobalt doping, on the other hand,
significantly enhances magnetic anisotropy and coercivity,
enabling more efficient heat generation via Néel relaxation.">
These dopants help align the magnetic relaxation time with the
field frequency used in clinical hyperthermia, maximizing heat
production while maintaining biocompatibility when adminis-
tered at clinically relevant concentrations.'®'>*~'>°

In addition to these, nanostructures like synthetic polymers
and polysaccharides are also relevant in magnetically activated
materials (17% of publications in the field, Fig. 3C). They often
act as coating agents for SPION, preventing aggregation and
improving their colloidal stability, biocompatibility, and resis-
tance to oxidation.'**'*” Finally, several works have shown how
SPION can also be integrated in hydrogels, liposomes or
micelles, resulting in hybrid (nano-)constructs and facilitating
their thermal-mediated reorganization or destruction when a
magnetic field is applied."****° Finally, hybrid materials inte-
grating SPIONSs into stents or vascular grafts are gaining atten-
tion for their theranostic potential. In such systems, SPIONs
not only enable real-time tracking via MRI and magnetically
guided localization but also serve as active therapeutic agents,
either through magnetic hyperthermia or by facilitating exter-
nally triggered drug release. This multifunctional approach has
shown promise in enhancing both patient-centered treatment
precision and efficacy in vascular applications.”*

2.5. Temperature-responsive materials

Conceptually, heat-responsive systems do not rely on direct
energy-material interactions, but on temperature thresholds
that trigger phase transitions or structural changes in the
carrier or linker, controlling drug release. Unlike the previous
external stimuli, temperature itself cannot be categorized as a
direct source of energy, but rather as the mediator triggering
the therapeutic outcome. Typically, electromagnetic or
mechanical waves (i.e., external stimuli such as light, ultra-
sound, magnetic field and radiation) are exploited to locally
generate heat and to either directly ablate target lesions or
trigger drug release. Instead, we here focus specifically on
thermal-triggered drug release.>""*> As shown in the research
landscape analysis in Fig. 3C, hydrogels (41%), liposomes
(27%), and polymers (13%) dominate the research on heat-
responsive materials, highlighting their potential for precise,
temperature-controlled drug release 33134

These materials exhibit a sharp thermal responsiveness due
to phase transitions or conformational rearrangements
near their lower critical solution temperature. For instance,
poly(N-isopropylacrylamide) undergoes a coil-to-globule transi-
tion around 32 °C, resulting in abrupt changes in hydrophilicity
and volume that can trigger drug release from nanocarriers."*>
Polyethylene oxide-based non-ionic surfactants, Pluronics or
Poloxamers, exhibit sharp sol-gel transition at 28-29 °C."**
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Similarly, thermosensitive liposomes destabilize near 42 °C as
lipid bilayers transition from a gel to liquid-crystalline phase
(e.g., in the cancer nanomedicine ThermoDox), enhancing
permeability and enabling burst release of encapsulated drugs
such as doxorubicin.>

2.6. Internal stimuli-responsive materials

Internal stimuli-responsive therapeutics are engineered to
exploit endogenous (patho-)physiological features (such as
abnormal changes in pH, redox potential, or enzymatic activity)
to achieve controlled drug delivery and therapeutic effects.
Among these, antibody-drug conjugates (ADC) dominate the
field, accounting for 42% of related publications (Fig. 3C). ADC
achieve selective targeting through antibody recognition of
disease biomarkers, coupled with linkers that release cytotoxic
payloads intracellularly after exposure to a specific internal
trigger, such as high enzymatic activity or low pH.">'>*® ADC
can also facilitate the so-called bystander effect, a phenomenon
in which the drug payload can diffuse into and kill neighboring
cells, even those that do not express the target antigen on their
surface.®® Target antigens of the approved ADC drugs are
typically specific proteins overexpressed in cancer cells, includ-
ing HER2,"” Trop2,"*® nectin-4 and EGFR in solid tumors, and
CD19, CD22, CD33, CD30, BCMA and CD79b in hematological
malignancies.'® Clinically approved examples of ADC include
Enhertu (HER2+ target) and Tivdak (tissue factor target), which
use cathepsin-sensitive linkers, and Trodelvy (Trop2 target),
which relies on acid-cleavable carbamate chemistry."®"°

To overcome resistance and safety limitations of conven-
tional ADC, bispecific ADC targeting two epitopes or antigens
to enhance internalization and specificity are gaining
popularity.’® Probody-drug conjugates and bispecific ADC are
emerging formats designed to improve tumor selectivity
and reduce off-target toxicity. Probody-drug conjugates use a
protease-cleavable peptide mask that blocks antigen binding in
healthy tissues and is removed in the tumor micro-
environment."*® Since tumors can develop resistance to cyto-
toxic drugs, alternative ADC strategies involve conjugating
multiple payloads that act via distinct mechanisms
(e.g., a TOP1 inhibitor targeting DNA replication, and a RNA
polymerase II inhibitor blocking transcription), resulting in
dual payload ADC, which are recently moving into first oncol-
ogy clinical trials."*° Tumor heterogeneity and antigen loss can
further limit ADC efficacy by promoting the outgrowth of
antigen-negative subpopulations.’*® In this context, stimuli-
responsive ADC, including cleavable linkers enabling bystander
effects and bispecific targeting, may help mitigate such evolu-
tionary selection, although complete prevention of resistance
remains challenging.

Beyond ADC, a diverse set of nanocarriers has been devel-
oped to respond to internal triggers. Examples of these encom-
pass metal nanoparticles (11%), polymers (10%), hydrogels
(9%), micelles (8%), liposomes (4%) and lipid nanoparticles
(3%) (Fig. 3C). In these systems, the drug can be either directly
conjugated to the carrier via a cleavable linker”**°°
covalently encapsulated.”?****® Three main stimuli are

or non-
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explored (changes in pH, redox and enzyme levels), and two
main strategies are followed to develop internally triggerable
therapeutics. These include the incorporation of stimuli-
sensitive functional groups into the structure of the carrier,
destabilizing it upon stimulus application and promoting drug
release (particularly when the drug is non-covalently encapsu-
lated), or conjugating the drug to the carrier via a sensitive,
cleavable bond.

Redox-sensitive nanocarriers commonly exploit disulfide
bonds that cleave in reductive, glutathione-rich environments,
for instance, in tumor cells’”*®®%%! or inflammation sites.
Instead, pH-responsive systems can be stratified by their activa-
tion site, namely, the slightly acidic tumor microenvironment
(pH ~ 6.5-7.2), endosomes (pH ~ 5.5-6.8) or lysosomes
(pH ~ 4.5-5.5); each requiring distinct structural adaptations.
pH-sensitive liposomes aiming for drug release in the tumor
microenvironment can incorporate DOPE lipids (1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine). These liposomal formula-
tions have already shown preclinical efficacy for doxorubicin
delivery due to the destabilization of the liposomal membrane
at pH ~ 6.5 and the subsequent release of the drug.'*” Lipid
nanoparticles, for instance, contain ionizable lipids with ter-
tiary amines (pK, ~ 6.0-6.7) that facilitate endosomal escape
after protonation at endosomal pH, together promoting effec-
tive intracellular delivery of RNA therapeutics.'**'** Acid-labile
linkers such as hydrazones'*>'® and acetals'*’ are also widely
used to trigger drug release during lysosomal trafficking.

Enzyme-cleavable nanomaterials, especially those respon-
sive to a cathepsin-cleavable valine-citrulline (Val-Cit)
linker,'*® matrix metalloproteinase-cleavable linkers'*® or gly-
cosidic bond cleavage,®®'*® have also shown preclinical and
clinical promise. However, the translation of such systems
remains minimal compared to ADC. For instance, earlier-
generation systems, such as drug-HPMA copolymers conjugates
with matrix metalloproteinases-cleavable linkers, underwent
clinical testing but failed to progress further,®® underscoring
the challenge of moving enzyme-responsive designs beyond the
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proof-of-concept stage. Several reasons can be alluded to,
primarily related to the drug-polymer conjugate design and
linker choice, as well as the intrinsic heterogeneity of enzyme
levels in biological systems.

Finally, and albeit not traditionally considered as “stimuli-
responsive therapeutics”, it is worth noting that several nano-
medicines that have been already approved for clinical use are
in fact responsive to internal stimuli. Besides the abovemen-
tioned pH-dependency of lipid nanoparticles for efficient
encapsulation and intracellular delivery of RNA (e.g., in Onpat-
tro and Comirnaty),"*® liposomes and polymeric micelles
(e.g., Doxil, DaunoXome, Nanoxel) also exploit the acidic pH
of lysosomes to trigger drug release via decomposition of the
shell.’®® Together, these examples underscore that internal
stimuli-responsiveness can be embedded in clinically success-
ful formulations when paired with a clear biological rationale
and adequate material design.

3. Translational status of stimuli-
responsive therapeutics

To assess the clinical relevance of these materials, we analyzed
clinical trials involving stimuli-responsive therapeutics from
the 1980s until 2024 (Fig. 4). For that, we used the same
keyword strategy (Scheme S1) applied in the research landscape
analysis (Fig. 3). Consistent with the trends in preclinical
studies, materials responsive to internal stimuli and light
dominate the clinical landscape (52% and 33%, respectively),
together accounting for about 85% of all the clinical trials in
this space. Several of the corresponding product candidates
have progressed to late-stage trials, including phase III and IV
(Table 1). Radiation-responsive materials, primarily involving
radiosensitizers, account for about 10% of clinical trials, while
ultrasound-responsive systems for therapeutic purposes repre-
sent ~3% (although both include studies in advanced clinical
phases, e.g., NCT05317858, NCT04667494, NCT04892173).
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Fig. 4 Evolution of clinical trials with stimuli-responsive therapeutics. (A) Number of clinical trial cases starting from 1980 until 2024 for the different
classes of stimuli-responsive therapeutics. (B) Distribution of clinical trial phases of the studies between 2014 and 2024 (1083 trials). Data were obtained
in October 2025, from the online database of clinical research studies, available at https://clinicaltrials.gov/. The data were analyzed and manually sorted
out to exclude false positive cases, unrelated to stimuli-responsive therapeutics (e.g., devices or only diagnostic interventions). Abbreviations: US —

ultrasound, MF — magnetic field.
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In contrast, heat- and magnetic-field-responsive materials have
remained clinically underrepresented over the last four
decades.

Relying on the retrieved data (Fig. 4), we then examined the
most common conditions treated with stimuli-responsive mate-
rials in clinical trials over the past decade, and cancer emerges
as the most clinically assessed indication (Fig. 5).

Regarding the specific stimuli, light-based therapies are
predominantly applied to superficial or accessible (surgical)
sites due to the limited tissue penetration of light, with dental
conditions, skin cancers and vision disorders among the most
targeted indications. Phototherapies are also under investiga-
tion for treating bacterial, viral, and fungal infections. Interest-
ingly, some deep-seated cancers, such as urogenital, bile duct
and lung cancers, are also being addressed with light-based
therapies, but often in tandem with surgical procedures using
fiber-optic devices (e.g., transperineal,"* bronchoscopic,"* or
endoscopic'® techniques). Clinical trials with ultrasound-
based therapies are focused mostly on brain cancers and
cardiovascular diseases (Fig. 5). In this context, microbubbles
are used to transiently open the blood-brain barrier for
enhanced drug delivery, while sonoresponsive fluorescent dyes,
including 5-ALA and porphyrins, are being evaluated for SDT.
Radioenhancers are most explored for prostate and lung can-
cers, which are localized and amenable to intratumoral injec-
tions, and heat-responsive materials have shown promise in
treating gastrointestinal cancers. Although the use of magnetic
fields as a standalone therapeutic trigger is relatively recent,
there is an upward trend in clinical trials in hard-to-treat
malignancies, including brain, pancreas, and prostate cancers.
Instead, materials responsive to internal stimuli are being
deployed across a broad spectrum of solid and hematologic
malignancies, with a special focus on breast, lung, urogenital,
and gastrointestinal tumors.

To better evaluate the preclinical-to-clinical translation of
stimuli-responsive therapeutics, we then specifically analyzed
the distribution of the scope and type of materials explored for
each stimulus in clinical trials (Fig. 6), as we did for the
preclinical landscape (Fig. 3C). Overall, the relevance of nano-
and micro-technology in clinically tested stimuli-responsive
materials varies notably across stimulus type (Fig. 6 and
Table 1). Their representation is relatively limited in light-
(12%) and radiation-responsive (31%) clinical studies,
where small-molecule therapeutics based on porphyrins, poly-
methines or 5-ALA still dominate the clinical trial landscape. In
contrast, microbubbles dominate ultrasound-responsive
therapies (67%), while clinical studies involving heat,
magnetic fields, and internal stimuli essentially rely on
nanotherapeutics.

3.1. Phototherapies

Phototherapies, including PDT, PTT, and PIT, have been eval-
uated in more than 360 clinical trials between 2014-2024,
spanning applications in oncology, dermatology, and infectious
diseases, assisting in the treatment of cancer and periodontal
diseases, root canal disinfection, port-wine stain eradication
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and wound healing. As shown in Fig. 6 and Table 1, well-known
photosensitizers, clinically approved over two decades ago,
such as 5-ALA, porphyrins (Visudyne, a liposomal verteporfin
formulation and the only clinically approved liposomal photo-
sensitizer for age-related macular degeneration to date,*
Photofrin and Foscan), Indocyanine Green, and Methylene
Blue, remain the focus of numerous trials (e.g., NCT04964167
and NCT05359419). In fact, about 90% of current clinical
studies still rely on these agents or analogs, owing to their
proven clinical safety, efficacy and established regulatory
profile (Fig. 6). For instance, Visudyne is being repurposed
for oncological applications, including pancreatic cancer
(e.g., NCT03033225), prostate cancer (e.g.,, NCT03067051,
NCT06807359), breast cancer (e.g., NCT02872064), and glioblas-
toma (e.g., NCT04590664). Most of these trials are currently on
the safety and dose escalation stage. Verteporfin (photosensiti-
zer, and the active compound of Visudyne) has also attracted
interest for light-independent applications as a YAP/TAZ path-
way inhibitor.’®® In terms of small molecule innovation, a few
novel photosensitizers have entered clinical trials, including
IR700 (a phthalocyanine derivative for NIR PIT of head and
neck cancer) and Ruvidar (also known as TLD-1433, a
ruthenium(u) complex for PDT of non-muscle invasive bladder
cancer, NCT03945162). Notably, intravesical 5-ALA (Metvix,
CysView) is clinically approved for fluorescence-guided surgery
and photodynamic diagnosis for bladder cancer.">® Despite the
fact that there is a substantial number of preclinical studies
incorporating photosensitizers in nanocarriers or using intrin-
sically activatable metal nanoparticles for light-based therapies
(more than 18000 publications in the last decade, Fig. 3C),
their clinical translation has been limited. Gold nanoparticles®®
are among the most frequently studied light-activated nano-
medicines, yet they represent only about 1% in clinical trials of
phototherapeutic materials (Fig. 6). Other metal-based systems,
such as silver'®” and copper nanostructures, integrated in a gel
matrix with gold nanoparticles, have also reached early-phase
trials for the treatment of indications like severe drug-resistant
bacterial keratitis (NCT05268718, phase I).

3.1.1. Clinical examples. RM-1929 (also known as ASP-1929
or Akalux) is a tumor-specific (epidermal growth factor receptor
(EGFR)-targeted) monoclonal antibody cetuximab conjugated
to the silicon phthalocyanine dye IR700, activated by NIR light.
Following intravenous administration, the ADC binds to tumor-
specific antigens, and subsequent NIR light exposure induces
photochemical reactions that cause rapid, irreversible cancer
cell membrane damage.>®’> A phase I/I1a clinical trial of RM-
1929 demonstrated the tolerability and potential efficacy in
patients with recurrent head and neck squamous-cell carci-
noma, with a confirmed overall response rate (ORR) of
26.7%,"*® which promoted a followed-up phase III clinical trial
(NCT03769506). In Japan, this ADC is clinically approved for
the treatment of advanced and recurrent head and neck cancer
under Akalux trademark.'®® Additionally, a phase II clinical
trial of RM-1929 (NCT05182866) has recently commenced in
patients with newly diagnosed recurrent head and neck or
cutaneous squamous cell carcinoma, combining PIT with
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Fig. 5 Distribution of the indications treated with stimuli-responsive materials in clinical therapy trials. The distribution of the most common conditions
treated in clinical trials with stimuli-responsive materials during 10 years (2014-2024), categorized by the different stimuli (light, ultrasound, radiation,
temperature, magnetic field, and internal stimuli). Data were obtained in October 2025, from the online database of clinical research studies, available at
https://clinicaltrials.gov/. The data (1083 trials) were analyzed and manually sorted to exclude false positive cases, unrelated to stimuli-responsive
therapeutics (e.g., devices, or only diagnostic interventions). Abbreviations: CCA — cholangiocarcinoma (bile duct cancer), GC — gastric cancer, CRC —
colorectal cancer, LC - liver cancer, PC — pancreatic cancer, OC - ovarian cancer, UC — urothelial cancer, GOJ - gastro-esophageal junction. Note:
pink-colored points indicate cancerous diseases, cyan color represents non-cancerous diseases (specifically, vision disorders, dental and skin conditions,
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fluorescence imaging. Overall, preliminary clinical data on RM-
1929 show promising outcomes, with over two-thirds of
patients in each cohort achieving disease control."®® Compared
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to the current standard-of-care for head and neck squamous-
cell carcinoma (i.e., platinum-based chemotherapy plus cetux-
imab, with an overall response rate of 55.9% and a complete
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The blue color corresponds to small molecules, and the red color to nano- and microscale materials. Data were obtained in October 2025, from the
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conjugates, NP — nanoparticles, 5-ALA — 5-aminolevulinic acid, SPION - superparamagnetic iron oxide nanoparticles. Note: the term “Organic
molecules” (in the Radiation chart) refers to organic compounds that are not chemotherapeutics, such as anti-inflammatory agents.

response rate of 2.9%),"*" RM-1929 demonstrates a higher
overall response rate of 63.5% and an improved complete
response rate of 17.3%.°°

Ruvidar, a ruthenium(u)-based PDT agent activated by a 532
nm-laser, is currently in phase II trials for non-muscle invasive
bladder cancer that has not responded to Bacillus Calmette-
Guérin therapy (NCT03945162), the standard first-line immu-
notherapy for this condition.** Administered intravesically as a
lyophilized suspension, Ruvidar has shown complete response
rates of 54%, 38%, and 37% at 6, 12, and 15 months,
respectively.'® For context, the clinically approved anti-PD1
therapy pembrolizumab achieves a 46% complete response
rate at 12 months.'®® While cross-trial comparisons should be

This journal is © The Royal Society of Chemistry 2026

interpreted with caution, these data suggest differences in
response profiles over time between treatment modalities. If
approved, Ruvidar would be the first intravesical, light-
activated therapy for non-muscle invasive bladder cancer.'®*
AuroShell, a gold nanoparticle consisting of a 120 nm silica
core coated with a thin layer of gold (~15 nm), has been
developed for PTT and extensively investigated in clinical trials,
particularly for localized prostate cancer® (Table 1). A phase I/II
clinical trial using intravenously administered AuroShell prior
to magnetic resonance or ultrasound imaging-guided laser
irradiation demonstrated effective tumor ablation with mini-
mal side effects (NCT04240639). The patients with localized
prostate cancer experienced a complete tumor reduction
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confirmed by negative targeted biopsies with no abnormalities
observed on the magnetic resonance imaging at the treated
area,’® with follow-up at 6 months and 1 year, confirming
durable response. These findings suggest that, if tested vs.
standard-of-care and approved, AuroShell-based PTT may offer
a viable focal treatment alternative to radical prostatectomy in
selected patients.?® Beyond prostate cancer, AuroShell has also
shown promise in preclinical models of lymphoma, where PTT
enhanced immune responses by reducing T-cell exhaustion and
improving synergy with immunotherapies."®®

3.2. Ultrasound-mediated therapies

These therapies are gaining clinical relevance owing to their
non-invasive nature, substantial penetration depth, and spatial
precision.®>"®” Notably, 50% of the clinical trial entries between
2014-2024 have been initiated only in the past three years,
reflecting the accelerated interest in this therapy. Of the 33
trials registered, microbubbles account for 67% of the cases,
followed by 5-ALA (18%) and porphyrins (15%), as shown in
Fig. 6. Microbubble-mediated therapies build on decades of
clinical use in cardiac imaging. Since the early 2000s, albumin-
coated Optison and lipid-shelled SonoVue and Definity have
entered clinical use.'®® While the thicker protein shell of
Optison may limit its oscillation behavior and, hence, sono-
permeation efficiency, lipid-based formulations are generally
considered more suitable for therapeutic applications owing to
their greater acoustic responsiveness.'®” Both agents are
filled with fluorinated gases to reduce gas dissolution and
prolong circulation time. However, they differ in shell composi-
tion: SonoVue primarily utilizes 16-carbon lipids, whereas
Definity uses 18-carbon lipids, which confer greater mechanical
stability and may support better stable cavitation without
collapsing.'®®'% Definity is more commonly employed in pre-
clinical studies of blood-brain barrier opening (46 references
vs. 20 for SonoVue, based on our search), which might be
attributed to the narrower size distribution (1-3 pm vs. 1-10 pm).
The narrower distribution, combined with greater mechanical
stability, may reduce the risk of tissue damage during sonica-
tion, which is important in sensitive tissues like the
brain.’”®'”* Microbubbles are increasingly investigated to
enhance drug delivery across the blood-brain barrier."”?
Numerous phase I and II trials have demonstrated their safety
and feasibility, paving the way for ongoing phase III
trials (NCT06496971 and NCT05317858). Other phase I trials
are also investigating ultrasound-mediated radiosensitization
in patients with malignant melanoma (NCT05620290), breast
cancer (NCT04431674),"”> and head and neck -cancers
(NCT04431648)."7*

Recent progress in brain-directed ultrasound platforms has
sparked interest in SDT,"”>"”® and clinical trials are underway
using systems such as ExAblate Neuro 4000 in glioblastoma and
glioma patients (NCT04845919, NCT05362409, NCT04559685,
NCT04469699), with one terminated due to funding challenges
(NCT05370508) and one completed (NCT04845919).

3.2.1. Clinical examples. Definity was used in combination
with a skull-implantable device (SonoCloud-9) to transiently
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open the blood-brain barrier, followed by infusion of the
albumin-bound paclitaxel nanoparticle Abraxane (nab-
paclitaxel) in a recent phase I dose-escalation trial in recurrent
glioblastoma (NCT04528680)."”7 After 68 treatment cycles,
brain drug concentrations increased 3.7-fold for paclitaxel in
sonicated vs. non-sonicated regions."””” Another phase I/II
single-arm clinical trial exploited a similar approach, using
carboplatin instead of Abraxane (NCT03744026). Thirty-three
patients underwent 90 sonication cycles, and transient blood-
brain barrier opening was achieved in 90% of the cases.
Importantly, the results suggest that the therapeutic effect is
stronger when carboplatin is injected prior to sonication com-
pared to the carboplatin injected after sonication.'”® Based on
the outcomes of these two trials, its clinical efficacy is now
being further assessed in a larger pivotal trial, which is
expected to be completed in 2028 (NCT05902169).

SonoVue was investigated in the phase II trial NCT04146441
for the treatment of patients with inoperable pancreatic ductal
adenocarcinoma receiving standard chemotherapy (FOLFIRI-
NOX or nab-paclitaxel + gemcitabine). In the experimental arm,
treatment was combined with a novel dual-frequency ultra-
sound transducer enabling simultaneous imaging (4.5 MHz)
and therapy (0.35 MHz) at a mechanical index of 0.5."7°
SonoVue agent was administered via nine intravenous boluses
during a 35-minute ultrasound session. While safety was main-
tained, the median survival only increased modestly from 9.8 to
11.7 months in the sonopermeation-treated group. The authors
attributed the limited therapeutic improvement to several
factors, including variability in treatment timing, potentially
overly destructive ultrasound parameters, and a low number of
treatment cycles.”*"8%181

Sinoporphyrin sodium has been recently evaluated in a phase
II trial for SDT, targeting plaque inflammation in patients with
symptomatic femoropopliteal peripheral artery disease
(NCT03457662). After intravenous administration, a fraction
of the sonosensitizer sinoporphyrin sodium accumulates in
atherosclerotic plaques, where ultrasound activation triggers
macrophage apoptosis and reduces inflammation."®* In a ran-
domized, double-blind, sham-controlled study, localized ultra-
sound (1 MHz, up to 2.1 W cm ?) was applied to arterial
plaques 4 hours after intravenous injection of sinoporphyrin
sodium at 0.2 mg kg™ '."® Compared to sham treatment, SDT
significantly reduced arterial inflammation (PET/CT: —0.72 vs.
—0.19 target-to-background ratio; P < 0.001), improving walk-
ing functional performance (+118.8 seconds), increased ankle-
brachial index, and lesion stenosis. These benefits persisted for
up to 6 months, highlighting SDT as a promising non-invasive,
macrophage-targeted therapy for cardiovascular lesions.

3.3. Radiation-mediated therapies

The analysis of 114 clinical trials conducted between 2014 and
2024 shows that chemotherapeutic drugs remain the most
common adjuncts to radiation therapy (64%), followed by
ADC (16%) involved in combinatorial regimens (Fig. 6). Metal
nanoparticles, primarily based on hafnium and gadolinium,
account for 15% of trials and have gained momentum mostly in
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the last decade. Since the discovery of X-rays in 1895, radio-
therapy has been widely used as a monotherapy, leveraging its
intrinsic ability to induce DNA damage and cytotoxicity. In
recent years, however, chemoradiotherapy has emerged as a
standard-of-care for several solid tumors, including head and
neck, lung, esophageal, and rectal cancers.'®* %" In glioblas-
toma, the combination of radiotherapy with temozolomide is
commonly used post-surgery.'®®'% These regimens capitalize
on the radiosensitizing properties attributed to some che-
motherapeutic agents such as cisplatin, carboplatin, fluorour-
acil, and gemcitabine, which, despite not being structurally
responsive to radiation directly, have been reported to amplify
DNA damage and enhance radiation therapy outcomes in
combination treatment regimens.’ For instance, concurrent
chemoradiotherapy (cisplatin and gemcitabine) combined with
sintilimab improved event-free survival, with a higher rate
observed in the sintilimab group compared to the standard
therapy group (86% vs. 76%) in the treatment of locoregionally
advanced nasopharyngeal carcinoma (CONTINUUM phase III
trial; NCT03700476)."%° In contrast, the KEYNOTE-412 phase III
trial (NCT03040999)"°" showed no event-free survival benefit
from adding pembrolizumab to cisplatin-based chemora-
diotherapy in head and neck squamous cell carcinoma, out-
lining the impact of the cancer type on the efficacy of such
combined treatments. The clinical relevance of immune check-
point inhibitors, particularly anti-PD1/L1 antibodies,"** also
propelled combinational studies with chemoradiotherapy
(NCT03700476, NCT03040999). Radiodynamic therapy is also
being explored clinically, leveraging the favorable safety profile
and prior clinical use of 5-ALA (Gliolan, orally administered
porphyrin precursor), which acts as a radiosensitizer under
ionizing radiation in glioblastoma (NCT05590689), though no
results have been posted yet. Earlier trials (2000s) include
motexafin gadolinium, a redox-active radiosensitizer, although
its development was discontinued in 2007.'"® Instead, radio-
enhancers like Hensify and AGuIX nanoparticles require an
external radiation source to locally amplify cytotoxic effects at
the tumor site, minimizing radiation exposure to healthy
organs and reducing systemic and off-target toxicity.>*>*>°
3.3.1. Clinical examples. Hensify (also known as NBTXR3)
are ~50 nm-sized hafnium oxide nanoparticles EMA approved
in 2019 for the treatment of locally advanced soft tissue
sarcoma.'”® The approval came after a phase II/IIl trial
NCT02379845, which evaluated intratumorally administered
Hensify activated by external beam radiotherapy compared to
radiotherapy alone, as a preoperative treatment for locally
advanced soft-tissue sarcoma. Complete responses were
observed in 16% (14 of 87 patients) of patients in the Hensify
group versus 8% (7 of 89 patients) with radiotherapy alone.">
The successful completion of phase III trials marked the first
clinical validation of a radioenhancer providing therapeutic
benefit in combination with standard radiotherapy. Following
up on this, NCT04892173 phase III study was launched based
on preliminary results (phase I) which reported to be safe with
an objective response rate of 85.4% and complete response of
51.2% in elderly patients with locally advanced head and neck

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review Article

squamous cell carcinoma when treated with Hensify + radio-
therapy. These findings supported the feasibility and tolerabil-
ity of this combination in this patient group.'®® Hafnium oxide
nanoparticles are currently being evaluated in multiple clinical
trials, either as a standalone treatment (head and neck cancer,
metastatic liver and lung cancers) alongside radiotherapy
(NCT04892173, NCT02721056, NCT04505267) or in combi-
nation with chemo- or immunotherapy (NCT04862455,
NCT03589339). The potential of the intratumorally adminis-
tered Hensify nanoformulation to treat metastases upon radio-
therapy at distant, non-irradiated sites is mediated by the
abscopal effect.™®”

AGulX, a ~5 nm-sized gadolinium-chelated polysiloxane-
based nanoparticle, acts as both a radiosensitizer and contrast
agent for magnetic resonance imaging.’® Administered intra-
venously, AGuIX accumulates in tumors and metastases and
increases radiation-induced DNA damage. Its clinical evalua-
tion has primarily focused on brain metastases, with a com-
pleted phase I trial (NCT02820454), where 13 of 14 evaluable
patients showed tumor stabilization or reduction following
treatment with radiotherapy in combination with AGuIX, with
good tolerability and median overall survival of 5.5 months,
although the absence of a control group precludes drawing any
conclusions on the specific therapeutic benefit of AGuIX. None-
theless, this combination was reported to be safe and feasible
in patients with brain metastases.'°® Ongoing phase II studies
(NCT03818386, NCT04899908) aim to assess its efficacy in
combination with whole-brain radiation therapy. Clinical
results have demonstrated the accumulation of AGuIX nano-
particles in the brain and metastatic lesions.'® AGuIX is also
being studied for proton therapy in a phase II trial for recurrent
tumors (NCT04784221), however the study was terminated.
Despite promising clinical developments, the company NH
TherAguix (developer of AGulIX) entered judicial reorganization
in 2025, raising uncertainties about the platform’s future
commercialization."*®

RiMO0-301, a hafnium-based nanoscale metal-organic frame-
work also used as a radiosensitizer, entered clinical trials in
2023. It is intratumorally administered and, as Hensify, has
been reported to be well-tolerated and to show preliminary
activity in combination with radiotherapy. The study reported a
38.5% objective response rate (1 complete response and 4
partial responses of 13 patients) in a phase I trial for RIMO-301
in combination with palliative radiation for advanced tumors
(NCT03444714).>®° When considering additional combination
with the PD1 inhibitor pembrolizumab, RiMO-301 objective
response rate increased to 66.7% (4 of 6 patients), suggesting
potential for combination strategies, although no final conclu-
sions on efficacy can be drawn from a phase I study.

As a note, the two examples listed below cannot be techni-
cally considered as stimuli-responsive therapeutics, since they
do not directly respond to or interact with the applied stimulus.
Yet, they represent a widely established strategy, clinically
evaluated in combinatorial settings, to potentiate radiotherapy
in hypoxic cells and, thus, they are often considered as radio-
sensitizing agents.
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Dodecafluoropentane emulsion, originally developed for oxy-
gen therapy, was evaluated in a phase I trial (NCT02189109) for
its potential to (re)oxygenate the typically hypoxic microenvir-
onment of glioblastoma through systemic injection prior to
radiotherapy. The treatment was well tolerated, and the median
overall survival was 19.4 months with a 90% confidence limit,
suggesting a potential survival advantage over the historical
benchmark of 14.6 months with standard fractionated radio-
therapy and temozolomide.”® However, due to the small
cohort size (11 patients), further studies are necessary to
determine the median progression-free survival.

Hydrogen peroxide renders a standalone approach to gener-
ate ROS and enhances the cytotoxic effects of radiation therapy
for radioresistant tumors upon intratumoral injection in
patients with locally advanced or recurrent breast cancer
(NCT03946202), however this phase II study has not been
completed yet. In a preliminary phase I trial, a subset of
patients reported moderate pain after injection and skin toxi-
city comparable to RT alone when treated with KORTUC (0.5%
of hydrogen peroxide in 0.83% sodium hyaluronate gel) +
radiation, with 11 out of 12 demonstrating at least a partial
or complete tumor response at a median follow-up of 12
months in this specific cohort.>*> For disease stages 1 and 2,
the administration of hydrogen peroxide (with the brand name
KORTUC) achieved a 97.1% local control rate at 5 years, with
minimal recurrence and metastasis.?°® In contrast, outcomes in
patients with disease stages 3 and 4 were less favorable (214
patients), with complete and partial response rates of 15% and
32%, respectively, and significantly lower median progression-
free survival, underscoring reduced efficacy in advanced-stage
disease.””*

3.4. Magnetic field-mediated therapies

Clinical trials involving magnetic field-responsive therapeutics
are mostly based on SPION. SPION were initially approved as
magnetic resonance imaging contrast agents in 1996 for liver
imaging (e.g., Resovist). However, following the development of
gadolinium-based agents capable of hepatobiliary phase ima-
ging (MultiHance and Eovist), with superior pharmacokinetics
compared to their colloidal iron oxide counterparts,”® most
SPION formulations approved for imaging applications
were discontinued.**®> Despite their decline in imaging, SPION
have been explored for other applications, particularly to treat
iron-deficiency anemia, with ferumoxytol (Feraheme) obtaining
FDA approval in 2009 for patients with chronic kidney
disease,”® but also for sentinel lymph node mapping
(e.g., MagTrace).>*> Moreover, SPION have also gained attention
in the field of stimuli-responsive therapies (Fig. 6), particularly
for magnetic hyperthermia."”> However, as of 2025, only 3
clinical trials involving SPION are listed in clinicaltrials.gov
(Table 1).

3.4.1. Clinical examples. NanoTherm is a SPION formula-
tion administered intratumorally and activated by an alternat-
ing magnetic field, first approved by the EMA in 2010 as a
medical device for the treatment of patients with recurrent
glioblastoma multiform.* In a clinical study,® NanoTherm
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achieved median progression-free survival of 5.5 months,
slightly lower than the 6.9 months reported for the Stupp
protocol that exploits a combination of surgery, chemo- and
radiotherapy,?®® but superior to outcomes with the drugs
lomustine and bevacizumab (3.4 months). The treatment was
well tolerated, with minimal toxicity compared to standard
chemotherapy. A similar study of NanoTherm in glioblastoma
multiforme treatment was initiated in 2024 (NCT06271421) to
evaluate side effects, overall survival, and progression free
survival. However, no results have been posted to date. Sepa-
rately, a phase IIB trial investigating NanoTherm for
intermediate-risk prostate cancer treatment (NCT05010759,
initiated in 2021) was terminated in 2023 due to inadequate
enrolment and a shift in company priorities, with no public
results available. Initial responses in the phase I trial, based on
prostate-specific antigen levels, were limited in magnitude and
duration,®”” leading to the assumption that the intermediate
results were moderate, thus making it hard to commercially
compete with the standard-of-care prostate cancer treatment.
Another phase I clinical trial posted in 2020 aimed to study the
SPION with spinning magnetic fields in combination with
neoadjuvant chemotherapy in osteosarcoma (NCT04316091),
though no public updates have been released.

NTT agent, composed of y-Fe,O; nanoparticles, is currently
being evaluated in a pilot study for the treatment of pancreatic
ductal adenocarcinoma as part of the EU-based research project
(NoCanTher).”°® The NTT approach combines intratumoral
SPION administration with magnetic hyperthermia to disrupt
tumor stroma. The process also changes the physical charac-
teristics of the tumor, making it more susceptible to anticancer
drugs.>®® Preclinical studies in patient-derived xenografts
showed improved drug distribution and tumor shrinkage, leading
to a first-in-human trial launched in 2022 at Vall d’Hebron Hospital
(Barcelona, Spain).>*®'" Using a custom-built magnetic field gen-
erator, the trial aims to assess safety, therapeutic synergy, tumor
remodeling, and biomarker responses. Notably, as of 2025, the trial
is not listed in a publicly accessible clinical trial registry such as
clinicaltrials.gov.

3.5. Heat/thermotherapy

This treatment modality has been used for centuries, with
modern studies dating back to the 1970s showing that heat
can enhance the effects of radiotherapy and chemotherapy. In
this section, however, the focus is specifically on materials that
mediate heat-triggered drug release. Current clinical trials in
this context (14 identified) show a strong preference for lipo-
somes (66%; primarily, liposomal doxorubicin),** followed by
hydrogels (17%) and polysaccharides (17%) (Fig. 6). A key
example is ThermoDox, a temperature-sensitive liposomal for-
mulation of doxorubicin engineered to release the drug at
temperatures ~ 39-42 °C. Hydrogel nanoformulations embed-
ding small-molecule therapeutics, such as mitomycin C,
5-fluorouracil, or nitazoxanide, exhibit sharper temperature-
responsive release profiles. They typically rely on endogenous
body temperature rather than externally applied hyperthermia
to trigger drug delivery, which can facilitate eventual clinical
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implementation without the need for external devices that
generate heat. Thermosensitive poloxamer-based gels loaded
with 5-fluorouracil have also been developed to enhance drug
adhesion and retention in colorectal cancer therapy.*'> Admi-
nistered via colonic transendoscopic enteral tubing, this system
is designed to ensure uniform drug distribution across the
tumor site. A phase II trial (NCT06385418) was initiated in 2024
to evaluate its potential to improve local drug retention and
therapeutic efficacy.

3.5.1. Clinical examples. ThermoDozx, developed in the early
2000s, has been tested in combination with focused ultrasound
and other localized heating methods for liver and breast
cancer. However, subsequent clinical trials, including the HEAT
trial initiated in 2008, revealed challenges in maintaining uni-
form intratumoral temperatures, due to heterogeneity in tumor
vascularization and technical limitations in sustaining loca-
lized heat. The clinical investigation of ThermoDox continued
with the OPTIMA phase III trial (NCT02112656), which was
initiated in 2014 for the treatment of hepatocellular carcinoma
in combination with radiofrequency ablation. However, results
published in 2024 showed no significant improvement in
progression-free survival, with a median value of 19.3 months
in the ThermoDox group versus 16.8 months in the control
group receiving placebo infusions. Inconsistent heating
resulted in inefficient drug release, reducing its therapeutic
efficacy, which, combined with suboptimal clinical trial
designs, hindered positive clinical outcomes.?* Additionally,
doxorubicin was observed to leak under non-heating conditions,
leading to offtarget accumulation.”’® That issue promoted
the development of THE(001, another temperature-triggered
doxorubicin-loaded liposome formulation designed to be more
stable than ThermoDox. THE001 contains the 1,2-dipalmitoyl-sn-
glycero-3-phosphodiglycerol (DPPG) lipid instead of the lysolipid
1-stearoyl-2-hydroxy-sn-glycero-3-phosphatidylcholine (MSPC) used
in ThermoDox. THE001 releases its cargo at temperatures exceed-
ing 40 °C and showed improved stability in human serum in a
head-to-head comparison with a ThermoDox-mimicking
formulation.>™* In 2023, a phase I dose-escalation study of
THEO001 combined with regional hyperthermia for the treatment
of advanced or metastatic soft tissue sarcoma was initiated
(NCT05858710).

UGN-10X is a series (X = 1-4) of thermoresponsive hydrogels
containing mitomycin C, developed for intravesical bladder
cancer treatment. Based on a proprietary reverse-thermal
hydrogel (RTGel) technology,*'® these formulations remain
liquid at room temperature and gel upon exposure to body
temperature, conforming to patient-specific pelvicalyceal and
ureteric anatomy.>'® UGN-103 (NCT06331299) is currently in
phase III clinical trials for low-grade, intermediate-risk non-
muscle invasive bladder cancer, designed to enhance local drug
exposure while minimizing systemic toxicity. The trial builds on
promising results from its predecessor, UGN-102 (NCT05243550),
which showed a complete response rate of 79.2% at 3-month
follow-up,”"” surpassing the 64% rate typically achieved with
standard transurethral resection of bladder tumors.*'® Most
observed adverse events were mild or moderate. If validated,
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UGN-103 may offer a non-surgical therapeutic alternative, reducing
reliance on transurethral resection.

3.6. Internal stimuli-triggered therapies

Currently, more than 550 clinical trials involve pharmaceuticals
triggered by internal stimuli, with a growing trend reflecting
sustained interest and investment. Although more than 40 000
(nano)materials of different classes (e.g., antibodies, liposomes,
hydrogels, carbohydrates) have been explored for internal
stimuli-triggered drug delivery between 2014 and 2024
(Fig. 3C), clinical trials are currently heavily dominated by
ADC (93%) (Fig. 6). ADC translation and clinical impact is already
well covered in dedicated reviews, to which the reader is also
referred.'®'>**® However, it is worth mentioning that there are
several major directions propelling ADC in clinical trials: (i) ADC
having novel target antigens (NCT02631876, NCT04154956),"° (ii)
ADC having dual payloads (NCT06963281),"*° and (iii) ADC
combination regimens with immune checkpoint inhibitors
(NCT01896999, NCT02131064, NCT04042701),>'°**° chemo-
therapy (NCT04024462, NCT05456685),>*' and radiotherapy
(NCT06210490, NCT05115500).>*' Also, two new approaches are
gaining traction: probody-drug conjugates™® (NCT03149549,
NCT03543813, NCT04681131) and bispecific ADC, which have
reached first-in-human clinical trials (NCT05194982).'3%22>

Despite extensive preclinical research on internal stimuli-
responsive systems (Fig. 3C),”** only one micellar formulation
(NC-6300) and no liposomal formulation explicitly designed for
internal stimuli activation have entered clinical trials in the
past decade. Notably, 6% of related clinical trial entries involve
liposomal doxorubicin (Fig. 5), which, despite being sensitive to
pH changes that promote drug release, is not categorized as a
stimuli-responsive system.*?* It should be acknowledged that
such mechanistic details may not always be relevant to be
reported by the inventors, or they fall under intellectual prop-
erty protection and are not always disclosed in clinical trial
databases or associated publications.

3.6.1. Clinical examples. Mirvetuximab soravtansine (MIRV)
is an ADC composed of an antifolate receptor o (FRo) mono-
clonal antibody, a redox-cleavable disulfide linker (sulfo-SPDB),
and the maytansinoid DM4 drug, a potent tubulin-targeting
antimitotic agent, with a drug-to-antibody ratio of 3.5.2*%??°
The single-arm phase II SORAYA trial (NCT04296890),>*®> which
evaluated Mirvetuximab soravtansine monotherapy in patients
with high-grade platinum-resistant epithelial ovarian cancer,
primary peritoneal, or fallopian tube cancer, already led to fast-
track FDA approval of MIRV in 2022.”>* A follow-up phase III
MIRASOL trial (NCT04209855) was designed to compare this
ADC with standard-of-care chemotherapy (paclitaxel, pegylated
liposomal doxorubicin, or topotecan), and MIRV demonstrated
improvements in an objective response rate (36.1% vs. 14.6%),
median progression-free survival (5.9 vs. 4.3 months) and over-
all survival (16.5 vs. 12.8 months).?*® The results led to FDA
approval for treatment in 2024.%%”

BL-B01D1, a first-in-class epidermal growth factor receptor
(EGFR)-HERS bispecific antibody-drug conjugate, is composed
of a bispecific antibody (an anti-EGFR human IgG1 antibody
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fused to two anti-HER3 human single-chain fragment vari-
ables via the glycine-serine linker), a cathepsin-cleavable
tetrapeptide-based linker, and the toxin Ed-04 (a camptothecin
derivative, topoisomerase I inhibitor), with a high drug-to-
antibody ratio of 8. The ongoing phase I trial (NCT05194982)
is evaluating BL-B01D1 monotherapy in patients with locally
advanced or metastatic solid tumors. Preliminary results from
195 patients indicate an acceptable safety profile (though
moderate-to-high side effects were reported).>** Treatment
responses vary depending on cancer type (objective response
rate equals 52.5% for patients with EGFR-mutant NSCLC, 31%
for patients with EGFR wild-type NSCLC, and 44% for patients
with nasopharyngeal carcinoma). The observed safety profile
supports further clinical evaluation of BL-B01D1.>2*

CX-2029 is a probody-drug conjugate composed of a masked
anti-CD71 monoclonal antibody, an enzyme (protease)-
cleavable valine-citrulline (Val-Cit) linker, and the cytotoxic
payload monomethyl auristatin E (MMAE), with a drug-to-
antibody ratio of 2.2*® The antibody is sterically shielded by a
peptide mask, which is cleaved in the tumor microenvironment
by proteases, enabling local activation while minimizing sys-
temic toxicity. In the first-in-human phase I/II trial PROCLAIM
(NCT03543813), CX-2029 was administered to patients with
advanced solid tumors. At the recommended phase II dose
(3 mg kg™ "), partial responses were observed in 4 of 13 patients
with NSCLC and in 3 of 11 patients with head and neck
squamous cell carcinoma.”*® These outcomes appear encoura-
ging to those of conventional chemotherapy in relapsed/refrac-
tory NSCLC and HNSCC, where objective response rates
typically remain below 10-15%. The trial highlighted the feasi-
bility of targeting CD71, a previously undruggable antigen due
to its ubiquitous expression, through conditional activation in
the tumor microenvironment. To date, however, no probody-
drug conjugate has progressed beyond early-phase trials, and
no phase III studies have been initiated.

NC-6300 (NCT03168061) is a pH-responsive micellar formu-
lation comprising the chemotherapeutic agent epirubicin con-
jugated to a poly-aspartic acid backbone via an acid-labile
hydrazone bond, enabling selective drug release in acidic
tumor environments. Developed for soft tissue sarcoma (59%)
and other solid tumors, NC-6300 showed a modest improve-
ment in median progression-free survival of 5.4 months®*’
compared to 4.6 months for doxorubicin.>*°

CA102N is a polymer conjugate of hyaluronic acid and
nimesulide derivative, bound via a lysosomal degradable linker
for targeted delivery to CD44-overexpressing tumors.>*' The
conjugate remains stable in the bloodstream and releases
nimesulide intracellularly following lysosomal degradation,
enabling COX-2 inhibition within tumor cells.>** In a phase I
trial,**®* CA102N showed no dose-limiting toxicities, with Grade
>3 treatment-emergent adverse events occurring in only 8% of
patients and a median progression-free survival of 3.7 months.
A phase II trial (NCT06039202) is currently evaluating its safety,
tolerability, and efficacy in combination with trifluridine/tipir-
acil in colorectal cancer. However, the observed median
progression-free survival remains significantly lower than that
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of standard first-line therapies, such as FOLFOX/FOLFIRI (7-11
months), underscoring the need for further optimization.

4. Challenges and solutions

Despite extensive preclinical research, only ~ 1% of stimuli-
responsive therapeutics progress to clinical trials, reflecting a
significant translational gap in the field. In line with the
translational journey of many other pharmaceuticals, several
pathophysiological, pharmaceutical, clinical, and regulatory
barriers must be overcome to bridge the bench-to-bedside
gap for stimuli-responsive therapeutics. One of the first chal-
lenges lies in the scope of early-stage research in materials
science, often focusing on optimizing material properties (e.g.,
structural and general physicochemical properties such as
spectral tuning, ROS generation capabilities, or stability of
sensitizing agents) over identifying concrete medical needs
and considering clinical feasibility aspects. A material-focused
approach may come with the risk of overlooking critical factors
in drug development, such as pharmacokinetics, scale-up man-
ufacturing feasibility, cost efficiency, or end-user acceptance.
Many of these aspects become even more challenging when
involving nano- or microtechnology in the design of stimuli-
responsive therapeutics.”**

Besides standard pharmaceutical and translational chal-
lenges, stimuli-responsive therapeutics face additional, specific
hurdles, which also depend on the stimulus being exploited
(Table 2). For instance, light-based therapies are clinically
limited by the shallow tissue penetration and the need for
complex laser devices, or ultrasound-responsive materials must
be tailored to respond to clinically relevant frequencies. Radia-
tion- and magnetic field-sensitive systems require precise con-
trol over the (nano)particle properties and stability. Thermal-
triggered platforms face challenges in achieving consistent and
localized temperature elevation in vivo, and internally activated
therapeutics must contend with the heterogeneous distribution
of stimuli (e.g., enzyme levels) across different tissues and
organs, and between patients. Besides these abovementioned
stimuli-specific limitations, the need for specialized (and often
costly) equipment to generate the stimuli, device setup optimi-
zation, and optimal integration into existing treatment proto-
cols adds up to translational challenges, complicates clinical
adoption, and limits their value proposition for stakeholders
and market interest.

To improve the translational success rate in the future,
materials research and development should be increasingly
guided by clearly defined medical needs and a better under-
standing of the currently available therapeutic landscape.
Together, this will enable a more realistic path toward clinical
application.

4.1. Medical need and treatment applicability

Stimuli-responsive therapeutics hold high potential to spatio-
temporally control the therapeutic action while minimizing
off-target effects. Yet, their treatment performance and
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Table 2 Challenges and opportunities in the development and clinical translation of stimuli-responsive therapeutics

Challenges

Solutions

a. Medical need and treatment applicability

* The effectiveness of stimulus-based therapies is
disease-specific.
Wrong target condition and patient population
Not all triggers are suitable for systemic conditions

* Interpatient variability in internal stimuli level

+ Identify medical need and stimulus type relevant to
each condition.
Early-on defined target product profile
Evaluate addedvalueforlocal vs. systemic treatment

« Develop biomarker-guided patient stratification

b. Material design and scale-up complexity

* Sub-optimal design choice between stimuli-triggered
drug release vs. intrinsically activatable therapeutic

» Off-target drug release and activation from
insufficient selectivity for (internal) stimuli

* Manufacturing complications with scale-up, batch-
to-batch reproducibility, GMP compliance

» Material design choice based on medical need
and condition, added value, and clinical feasibility

* Improve cleavable linker design and integrate
biomarker-based stratification (e.g., enzyme levels)

« Early-on design with scalability in mind; optimize
building blocks; identify critical quality attributes

c. Technical barriers

+ Limited stimulus transmission across tissue (e.g.,
low penetration of light, ultrasound-opaque tissues)

* Inconsistentactivation (e.g., ultrasound, magnetic
field, heat sources)

« Use NIR-II/l light, implantable devices, fine-tune
US and magnetic field parameters

« Integrate real-time monitoring and adaptive control
systems

d. Clinical trial design, device availability and regulatory limitations

* Multifactorial setup complexity (timing, dose,
frequency) can hamper trial outcomes

* High dependency on too specialized equipment
hinders widespread clinical adoption

» Poor and complex regulatory landscape (especially
for externally activated therapies)

* Quality-by-design and machine learning-assisted
optimization

« Plan early-stage infrastructure alignment; develop
portable or low-cost alternatives

« Define the regulatory pathway with authorities and
experts at early stages of product development

e. Economic costs

+ High developmental costs due to system complexity
(e.g., ADC, SPION)

» Complex and costly real-time and multimodal
imaging

« Define a go-to-market strategy and avoid over-
engineering; focus on scalability and cost-efficiency

* Pursue multimodal device integration cautiously;
assess cost—benefit ratios

f. End-user acceptance and clinician adoption

» Patient hesitancy over novel or complex stimuli-
based regimens

* Technical and clinical workflow implementation
barriers

* Improve communication, simplify protocols, and
ensure safety transparency

«  Simplify and align new therapies with existing
workflows; prioritize user-friendly device interfaces

applicability are disease- and stimulus-specific. A trigger that is
effective for treating one medical condition may be ineffective
or impractical in another. Hence, identifying the concrete
medical needs to address and the pathophysiological features
of the specific indication can help to guide the design of novel
stimuli-responsive therapeutics and maximize their eventual
clinical relevance.

4.1.1. Local vs. systemic therapies. In general, external
stimuli-responsive therapies show higher potential for localized
treatments, where stimuli can be precisely applied to specific
body regions and maximally co-localized with the therapeutic/
sensitizing agent. This makes them particularly suited for
indications such as solid tumors, local infections, ocular dis-
eases and dermatological disorders. In those settings, stimuli-
responsive therapeutics can be locally administered (e.g., intra-
tumorally, intraocularly or intradermally), and the corres-
ponding stimuli controllably and locally applied on the
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disease region, maximizing therapeutic responses. However,
their utility in systemic diseases, such as metastatic cancers,
autoimmune conditions, or hematological malignancies,
remains limited due to challenges in controllably delivering
the corresponding stimulus throughout the body without caus-
ing off-target effects. Although some external triggers, such as
localized radiation, have demonstrated to exert systemic immu-
nomodulatory effects (e.g., via the abscopal effect),>*> these
responses are highly variable between individuals and not yet
consistently reproducible in clinical settings.

In contrast, internal stimuli-responsive materials, activated
by intrinsic biochemical cues such as pH, enzymes or redox
gradients, are more amenable to systemic administration and
therapies, as they can potentially be engineered so that the
activation occurs selectively within the diseased tissues. Yet,
the heterogeneity of the endogenous triggers between tissues
(both diseased and healthy) and individuals poses a major
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translational barrier to ensure consistently effective and repro-
ducible responses across patients. Variability in enzyme expres-
sion, pH, or redox states can compromise both selectivity and
efficacy. A promising strategy to enhance the therapeutic effi-
cacy of internal stimuli-responsive drugs and nanodrugs
relies on the identification of biomarkers that correlate with
disease states, including acidity, enzyme levels and redox state,
and that eventually allows to predict and maximize patient
responses to such therapies. Exploring tissue biomarkers and
personalized medicine approaches, including the use of com-
panion diagnostics, could help determine patient-specific bio-
chemical features, allowing for tailored treatment strategies.>>
Companion diagnostics, relying on imaging and enzyme level
assays, may serve as gatekeepers for pre-treatment patient
selection, helping identify those most likely to benefit from
specific stimuli-responsive treatments.>*®

4.2. Material design and scale-up complexity

Once the need for stimuli-responsive therapy has been identi-
fied, the next step is to design and engineer the corresponding
material, which also comes with specific challenges.

4.2.1. Stimuli-triggered delivery of drug payloads vs.
stimuli-activatable nano-/micromaterials. A key design consid-
eration concerning stimuli-responsive systems is whether (a) to
develop a carrier material that delivers a cytotoxic payload after
the application of a stimulus (e.g., via cleavage of a linker, such
as in ADC),"®'>°® or (b) to structurally engineer a (nano-
)material that displays intrinsic bioactivity after the application
of a stimulus (e.g., photosensitizers,' radioenhancers,** and
magnetothermal agents)."" Each approach presents its own
challenges, which need to be considered before designing the
stimuli-responsive therapeutic entity.

On the one hand, stimuli-triggered cytotoxic drug delivery
aims to employ carrier systems to spatiotemporally control
drug delivery, enhancing target-site accumulation and effects,
while minimizing off-target damage. This can be exploited for
both external (e.g., ThermoDox) and internal stimuli (e.g., ADC),
although it has been more clinically advanced for the latter.
Employing biocompatible, clinically relevant delivery systems
with approved cytotoxic drugs can streamline pharmaceutical
development and regulatory trajectories.>** However, because
internal stimuli are not always exclusive to diseased tissues,
partial off-target release of cytotoxic drugs is often observed,
limiting the therapeutic outcomes. Optimization of carrier
systems, drugs, and stimuli-sensitive linkers will yield incre-
mental improvements, albeit complete elimination of off-target
toxicity using internal stimuli remains challenging. In this
regard, exploration of alternative stimuli-sensitive linkers
(e.g., carbamate or aminoacrylate for light cleavage in photo-
activated chemotherapy,>’ or oxanorbornene derivatives for
ultrasonic cleavage)**® allows to develop novel materials and
open therapeutic opportunities, albeit some of these may not
yet align with clinically relevant wavelengths or frequencies.

Combining  different  approaches,””**?*'  such as
ultrasound-assisted drug delivery, chemoradiotherapy or
immunotherapy, is also under clinical investigation, aiming
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to enhance local drug concentration at the target site and
potentially reduce off-target toxicity. However, whether these
strategies allow for lower, and thereby safer, drug doses remain
context-dependent and require further clinical validation. A
personalized approach targeting tumor-specific neoantigens
offers another promising pathway, with early data suggesting
high selectivity and comparable costs to conventional
therapies.>**2%3

In contrast, directly activatable (nano-)materials, as photo-
sensitizers, sonosensitizers, and radioenhancers, are designed
to remain biologically inert until the application of an external
stimulus, thus offering greater control over the therapeutic
action. However, as discussed above, their efficacy is tied to
optimal in vivo co-localization of the material with the applied
stimulus. Insufficient stimulus application time or intensity
(whether light, ultrasound, or magnetic field) can lead to
suboptimal therapeutic outcomes, and once the stimulus
ceases, its effect often terminates, thus requiring repeated or
prolonged stimulation. In addition to these constraints, the
engineering complexity of the materials to ensure adequate
responses in human tissues can seriously compromise formu-
lation reproducibility, stability and biocompatibility.

Therefore, balancing the advantages and disadvantages of
each therapeutic material design strategy crucially requires the
consideration of the intended targeted medical indication and
the associated pharmaceutical developmental trajectory.
Importantly, the choice of the material platform itself already
influences the translational potential of the final stimuli-
responsive formulation. Therapeutic systems based on
approved, clinically tested, and well-characterized nano- and
microscale platforms such as liposomes, lipid nanoparticles,
certain polymers, or antibodies, generally benefit from more
predictable pharmacokinetics and established safety profiles,
as well as a clearer regulatory pathway, together facilitating
clinical development and translation. In contrast, newly devel-
oped or less clinically validated materials (e.g., certain metal-
organic frameworks or complex hybrid nanostructures) may
face additional challenges related to unknown biocompatibil-
ity, long-term safety, large-scale manufacturing, and regulatory
acceptance. While some of these emerging systems may offer
unique functional advantages, their increased design complex-
ity can delay translation and clinical impact. Hence, selecting a
material platform that balances functional performance with
translational feasibility can help address the targeted medical
need while accelerating clinical implementation.

4.2.2. Design complexity vs. scalability, reproducibility and
manufacturing costs. Scaling up stimuli-responsive materials
from lab-scale synthesis to clinical-grade production introduces
additional translational challenges, particularly for nano-
and microscale therapeutics.”** Ensuring batch-to-batch
reproducibility and control over the critical quality attributes
during scale-up manufacturing, including on the stimuli-
responsiveness effectiveness, is critical for pharmaceutical
development; alongside considerations of (long-term) storage
stability and transport logistics.>****> These factors are closely
monitored under GMP guidelines, where not only the final
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formulation, but also each “building block” (i.e., polymers,
ligands, and active agents) must meet stringent quality
standards.>**

4.3. Technical barriers

When the therapeutic agent is designed, it should maintain its
efficacy not only in in vitro setups, but also in in vivo (clinical)
settings. The core technical challenge lies in the limited and
variable transmission of external stimuli through biological
tissues, which hampers the precise activation of stimuli-
responsive therapies at the intended site of action.

4.3.1. Interaction of the stimulus with biological compo-
nents. Stimuli interact with biological components when
applied, which can block or reduce the intensity of the stimuli
and thereby limit the effectiveness of the therapy.”® Light-based
therapies exemplify this limitation. Despite their long develop-
mental history, they are still confined to superficial applica-
tions (e.g., treatment of skin diseases or head and neck cancer)
or intraoperative settings, due to their poor tissue penetration
capability. Although fiber optic tools such as bronchoscopes
and endoscopes can deliver light deeper into the body, this
compromises the minimally invasive nature of light-based
therapies. Recent advances, including implantable micro-
optical devices (e.g. NLED)**”**® co-administered with photo-
sensitizers, could offer a promising route to deeper and more
precise light delivery. Additionally, novel NIR-II/NIR-III light-
activatable materials that can reach deeper tissue penetration
could open opportunities for treating deep-seated malignancies
in the coming years. Ultrasound-based therapies, which over-
come the tissue-depth limitations of light, require instead
precise tuning of frequency and intensity to balance therapeu-
tic efficacy with safety. Inconsistent ultrasound parameters can
lead to insufficient drug release or unintended tissue damage,
necessitating real-time monitoring and advanced imaging gui-
dance. Also, some tissues are opaque to US application, e.g., the
air-filled lungs, preventing ultrasound signal propagation.>*’
Magnetic field-based therapies, such as magnetic hyperther-
mia, face technical constraints in generating uniform magnetic
fields across large tissue volumes, making precise and safe heat
induction difficult to achieve.””

4.4. Clinical trial design, device availability and regulatory
limitations

Following the preclinical development of the new therapeutic
agent, this must be assessed clinically, where planning the
optimal clinical trial design is crucial to achieve successful
outcomes.

4.4.1. Clinical trial design and optimization. Clinical trials
require dose escalation studies to establish acute and long-term
toxicity, dose-limiting toxicity, the maximum tolerated dose,
and to outperform standard-of-care regimens.* Stimuli-
responsive therapeutics add another layer of complexity here,
requiring optimal setup regarding activation parameters in
clinical settings (including stimuli dose, time, intensity, and
frequency) to ensure optimal therapeutic efficacy and safety.
This can compromise clinical trial outcomes and hinder
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approval, as exemplified by the temperature-sensitive Thermo-
Dox formulation, where flawed clinical trial designs, mostly on
suboptimal hyperthermia settings, led to mixed outcomes.*?
Standardized activation protocols are thus essential to ensure
reproducibility, yet complete optimization is rarely achievable
even at later clinical trial stages. Given the multifactorial nature
of these therapies, more structured optimization protocols,
including  Quality-by-Design and  Design-of-Experiments
principles,*? should be further exploited, at least for preclini-
cal stages.>® This may allow to better identify optimal stimuli
application parameters, which, together with the implementa-
tion of computational methods and machine learning
strategies,>**** can facilitate the transfer of the application
parameters into clinical settings.

4.4.2. Device availability. Another key limitation for exter-
nal stimuli-responsive therapeutics is the dependency on spe-
cialized equipment, such as laser systems, X-ray or magnetic
field generators, which may not be readily available across
healthcare facilities, particularly in peripheral hospitals. This
infrastructure barrier can hinder widespread clinical adoption
of these types of therapies. Moreover, successful integration
requires further harmonized training protocols and workflow-
compatible device interfaces to avoid disrupting standard
clinical operations. As such, early-stage planning should also
account for medical needs and infrastructure constraints to
ensure clinical feasibility.

4.4.3. Unclear regulatory pathways. Healthcare products
can be classified into different categories, such as medicinal
products, medical devices, or combination products, which
integrate both components. However, current regulatory frame-
works require investors to choose either the medical device or
medicinal product approval pathway, each with distinct
requirements: devices typically demand proof of mechanical
safety, performance, and risk classification, while medicinal
products require extensive clinical efficacy, pharmacokinetics,
and toxicity data. For stimuli-responsive systems, especially
those relying on external activation (e.g., light, ultrasound), it
is often unclear which regulatory route applies, as these tech-
nologies inherently combine physical activation with therapeu-
tic effect.”>® The most effective strategy is to engage early on
with regulatory authorities to clarify the primary mode of action
and define the most appropriate regulatory path, minimizing
delays and streamlining product development.

4.5. Economic costs

A major challenge is that both the high manufacturing and
infrastructure costs of stimuli-responsive therapies, especially
complex nanomaterials and device-dependent modalities, can
make it difficult to attract investors and reach widespread
clinical adoption.

4.5.1. Manufacturing costs. While systematic data on
nanomedicine manufacturing expenses remain scarce, ADC,
comprising just three core components (antibody, linker, drug),
offer a relevant benchmark. Even these relatively simple con-
structs present affordability challenges for lower- and middle-
income classes.>®” Thus, the development of over-engineered
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systems can become economically not viable from a manufac-
turing and clinical implementation perspective,>**2° together
resulting in difficulties to raise capital investment, critically
limiting their translation.

4.5.2. Device costs. While LED-based light sources and
ultrasound devices are relatively inexpensive (USD 1000-
10000, and USD 100 000-300 000, respectively), other devices,
such as magnetic resonance imaging-guided field generators
and medical linear accelerators, are significantly costly (both
can exceed USD 1 million, with additional maintenance costs).
This obviously creates an additional financial barrier for
healthcare facilities. The magnetic-activatable SPION formula-
tion NanoTherm is a relevant example collecting numerous
translational barriers, since, despite its EMA approval as a
medical device in 2010,%" it has never advanced to phase III
trials, with limited clinical data. Key barriers include the need
for specialized infrastructure and equipment for precise intra-
tumoral SPION injection into brain tumors, dedicated alternat-
ing magnetic field generators for hyperthermia activation, and
trained personnel to administer the therapy. Therefore, only a
small number of hospitals and research centers are able to offer
NanoTherm therapy, which, in addition, limits the number of
treated patients, and consequently, the volume of clinical data
available from the trial.

4.5.3. Technological integration. Many external stimuli-
responsive therapies also require real-time imaging guidance
to ensure accurate targeting of therapeutics, necessitating the
integration of multimodal platforms, such as ultrasound com-
bined with magnetic resonance imaging or laser-endoscope
systems.”®' While such combinations can significantly enhance
treatment monitoring and precision, they also add technical
and financial complexity, effectively increasing infrastructure
and maintenance costs.>**

Future research should therefore prioritize the development
of simpler and more cost-effective alternatives, including por-
table ultrasound devices and low-cost magnetic field genera-
tors, to make stimuli-responsive therapies more financially
viable for routine clinical use. For broad clinical adoption,
comprehensive cost-benefit analysis will be essential to demon-
strate that the clinical advantages of stimuli-responsive thera-
pies justify the added economic burden when compared to
more conventional treatments.

4.6. End-user acceptance and clinician adoption

The success of stimuli-responsive therapies depends not only
on the scientific and technical advances, but also on ensuring
patient acceptance and broad clinical adoption.

4.6.1. Patient concerns. External stimuli such as radiation
or magnetic fields can raise safety and tolerability concerns in
patients, potentially impacting adherence.*** Multistep treat-
ment regimens, such as systemic drug administration followed
by localized stimulus, may be perceived as burdensome or
risky. Ethical concerns also emerge when these therapies
resemble conventional modalities like chemotherapy or radio-
therapy, which patients may associate with toxicity or long-
term harm.
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4.6.2. Clinician adoption. Adoption in clinical settings
depends on the ease of use and compatibility with existing
workflows. Healthcare professionals must be trained to use
specialized activation devices and interpret real-time response
monitoring information. A therapy that is too technically
demanding may struggle to gain traction in clinical settings.
In this regard, internal stimuli therapies administered through
infusions may appear more easily implementable and benefi-
cial, resulting in faster and wider adoption by clinicians. On the
contrary, intratumoral injections (e.g., for NanoTherm, Hensify,
and RiMO-301) are not always straightforward depending on
the localization of the treatment site, and require specially
trained personnel, hence compromising their regular clinical
use unless they demonstrate clear superiority over existing
therapies.

Overall, improving end-user compliance requires more effec-
tive science communication, increasing the general knowledge
for both patients and clinicians, transparent dissemination of
safety and efficacy data, and the development of streamlined,
user-friendly treatment protocols that minimize the burden on
both patients and healthcare providers.

5. Outlook

Stimuli-responsive therapeutics have already achieved consid-
erable clinical impact, with several products used in the treat-
ment of cancer, dental conditions, vision disorders, and
infectious diseases. While small-molecule fluorescent dyes
remain relevant, the advances in nano- and microtechnology
have driven the clinical adoption of novel materials such as
SPION, ADC, Hensify nanoparticles, and SonoVue or
Definity microbubbles. These materials paved the way for
new therapeutic modalities, including sonopermeation,
radiotherapy-enhancement, magnetically induced hyperther-
mia, and improved drug delivery and targeting control. A
comparative summary of major stimuli, including advantages,
limitations, trade-offs, and translational status, is provided to
contextualize the clinical translation landscape of different
stimuli and stimuli-responsive nanomedicines and microscale
therapeutics (Table 3).

The successful translation and implementation of stimuli-
responsive therapeutics depend on strong cross-disciplinary
collaboration to align therapeutic material design with concrete
medical needs, infrastructure availability, and patient expecta-
tions, while ensuring that the conceptualization of novel
stimuli-responsive therapeutics, especially for more complex
nano- or microscale materials, is driven by the medical needs,
disease features and clinical implementation challenges, striv-
ing for material simplicity while ensuring adequate therapeutic
performance.

From the materials research perspective, emerging concepts
and future directions are focused on (a) optimizing material
designs and structural engineering, improving stimulus-
responsiveness control in biological settings; (b) exploring
materials and technologies responsive to underexplored
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Table 3 Comparative summary of stimulus modalities, trade-offs, and translational status

therapeutics
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Review Article

in stimuli-responsive nanomedicines and microscale

Translational
Common status/ Clinically rele-
Stimuli Advantages Challenges Main trade-offs indications potential vant examples
Light Non-invasive, cost- Limited tissue penetration, oxygen- High precision Superficial cancers, Clinically 5-ALA, porphyr-
effective, high spatio- dependent vs. low penetra- dental and skin established/ ins (e.g., liposo-
temporal control, simple tion depth conditions, vision High vvv mal Visudyne),
implementation disorders, methylene blue
intraoperative (approved)

Ultrasound Non-invasive, deep tissue

Understanding and fine-tuning of

High penetra-  Brain diseases, Clinical trials/ Microbubbles

penetration, high spatio- ultrasound parameters to max- tion vs. para-  Tumor vasculature High vvv (approved for
temporal control, imize response; artifacts and low/ meter perfusion imaging and in
potential for blood-brain no penetration through lungs, optimization trials for therapy)
barrier opening bone, and gas filled bowel
Radiation Non-invasive, deep tissue Mostly metal-based materials, Physical dose  Urogenital, lung, Clinically Hafnium oxide
penetration, clinically well administration routes amplification  and brain cancers established/ nanoparticles
established vs. delivery and Medium vv (EMA approved)
distribution
limitations
Heat Minimally invasive, cost- Poor spatiotemporal and tempera- Simplicity vs. Liver and breast  Clinical trials/ ThermoDox,
effective ture control, side effects complex stimu- cancers Medium vv UGN-103 hydro-
lus control gel (both in
trials)
Magnetic Non-invasive, deep tissue Metal-based materials, side effects, High penetra-  Brain, prostate, Clinically SPION (e.g.,
field penetration difficulty to locally apply in deep tion vs. high pancreatic cancers established  NanoTherm;
tissues device and run- but limited = EMA approved)
ning costs usage/Med-
ium v
Internal  Versatile, modular design, Off-target activation and side Efficacy vs. Liquid and solid  Clinically Antibody-drug
stimuli simple implementation, effects, limited specificity for het- toxicity cancers established/ conjugates
no external device erogenous tumors High vvv (>10 approved),
required prodrugs

stimuli such as electrical pulses or shear forces, opening new
opportunities to treat indications such as stroke or epilepsy; (c)
triggering therapeutic activation and (multi)drug release via
combined stimuli, including bidirectional on-off responsive
structures; (d) evaluating their integration into implantable
devices and vascular grafts for on-demand treatment control
in regenerative medicine applications and incorporation into
robotic systems to develop remote and self-activatable thera-
peutics (Fig. 7).

5.1. Material design and stimulus-responsiveness control

Promoting quality-by-design approaches of (novel) materials
and improved control over the constituting building blocks and
their properties (including underexplored engineering aspects
such as microbubble shell thickness and porosity, or hydrogel
compartmentalization)> will open new avenues to more accu-
rately construct nano- and microscale materials with enhanced
control over specific stimuli (e.g., narrow ultrasound frequen-
cies). Advances in electroactive polymers and semiconductive
membranes are already promoting better spatiotemporal con-
trol over stimuli activation due to the conversion of the elec-
trical stimuli directly into mechanical motion, enabling fast,
reversible, and spatially precise actuation.>****> Shape memory
hydrogels also offer enhanced responsiveness control due to
their ability to undergo reversible, stimulus-specific deforma-
tion and then recover their original shape in response to
environmental triggers.>*®

This journal is © The Royal Society of Chemistry 2026

5.2. Electrical- and shear forces-mediated activation

While traditionally underexplored, electrical stimuli- and shear
forces-responsive systems are gaining traction,>®” particularly
for neuromodulation (e.g., epilepsy)*®® or cardiovascular condi-
tions (e.g., clot-targeted therapies).>®® Magneto-/electro-
responsive polymers®’® and mechano-sensitive hydrogels®”*
offer novel opportunities for precise, non-invasive control of
therapeutic release due to shape-morphing capabilities under
remote activation.

5.3. Multi-stimuli and multi-drug targeted materials

Drug delivery systems can be engineered to be triggered by
different, combined stimuli (e.g., pH and redox,”””> photo and
magnetic,””* or pH and temperature®'®) to improve drug target-
ing, and treatment specificity and control. Multi-drug nanoma-
terials can potentially achieve combined therapeutic effects and
overcome drug resistance.>’* Besides triggering co-delivery of
synergistic drug combinations,?”> responsiveness to multiple
stimuli enables reversible on-off behavior governed by logic-
gate-like mechanisms, where drug release occurs only when
specific combinations of triggers are simultaneously present.>”®

5.4. Implantable devices integration and (self-)automation

The integration of stimuli-responsive materials into implanta-
ble systems allows for localized, sustained, and on-demand
therapeutic delivery directly at the disease site, improving
both efficacy and patient compliance. Implantable devices
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Fig. 7 Design and engineering opportunities for stimuli-responsive therapeutic materials. Several engineering aspects can open new avenues for
stimuli-responsive therapeutics, with their design and development driven by clear medical, disease, and patient needs. (A) Optimizing stimulus-
responsiveness control in biologically relevant settings through precise material design, engineering, and tuning of physicochemical properties. (B)
Exploring alternative physiological stimuli, including electrical pulses, shear forces, and cytokine/chemokine cues, enabling new therapeutic opportu-
nities for neurological or cardiovascular diseases. (C) Developing multi-stimuli and multi-drug-containing systems, where single or combined triggers
(e.g., electrical, magnetic, pH) enable on-off drug release and therapy control. (D) Integration of stimuli-responsive therapeutics into implantable
devices, incorporating magnetic, mechanical, and electrical responsiveness to support image-guided, on-demand, and closed-loop drug delivery.

incorporating pH-, redox-, or enzyme-responsive hydrogels
have been developed for post-surgical cancer therapy, offering
controlled drug release in response to the tumor micro-
environment’s biochemical cues.””” Active implantable drug
delivery systems, including soft robotics, represent a new genera-
tion of smart, stimuli-responsive implants capable of remotely
controlled and autonomous therapeutic release, integrating pow-
ered actuators, control logic, and communication interfaces.>”>”°
For instance, soft implantable devices have recently been
designed for seizure treatment, continuously monitoring electro-
encephalogram signals and using wireless power transmission to
trigger drug release during emergencies.**® Photodynamic therapy
can also benefit from implantable devices that use real-time
monitoring and wireless power to intelligently modulate treat-
ment based on optical or thermal feedback.>***$*?%> Additionally,
such systems can be combined with imaging platforms (e.g,
SPION),”®* enabling realtime visualization of the implant or
payload and its therapeutic activity via MRI, PET, or fluorescence
imaging to guide and personalize treatments.

Progress across these areas will continue to expand the
clinical impact of stimuli-responsive therapeutics and enhance
their relevance in the treatment of other indications like
neurological and cardiovascular diseases, wound healing, and
regenerative medicine.

Chem. Soc. Rev.

While hurdles remain, the field is entering a critical phase
where carefully elaborated material design needs to be ensured,
primarily motivated by a disease- and medical need-driven mind-
set, and supported by robust translational frameworks, to increase
the translational success rate of stimuli-responsive (nano- and
macroscale) therapeutics and broaden their clinical impact.
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