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Abstract

Stimuli-responsive nanocarriers represent one of the most sophisticated directions in targeted drug delivery because they are
designed not merely to transport therapeutic agents, but to release them in response to specific biological or externally
applied signals. Unlike conventional nanomedicines, which mainly depend on altered pharmacokinetics, passive
accumulation, or surface-mediated targeting, stimuli-responsive systems integrate material engineering with disease
microenvironment biology. These carriers can respond to endogenous stimuli such as acidic pH, redox gradients, enzymes,
hypoxia, reactive oxygen species, adenosine triphosphate, and abnormal metabolic conditions, or to exogenous triggers such
as temperature, light, magnetic fields, ultrasound, and electric fields. Their central objective is to maximize drug
concentration at the pathological site while minimizing premature systemic leakage and off-target toxicity. This review
critically examines the design principles, material platforms, release mechanisms, clinical progress, and translational
limitations of stimuli-responsive nanocarriers for targeted drug delivery. Particular attention is given to pH-sensitive,
thermosensitive, redox-responsive, enzyme-responsive, ultrasound-triggered, magnetic, light-activated, and multi-stimuli
systems. The review also evaluates clinically advanced nanomedicines, including liposomal, albumin-bound, polymeric, and
lipid-based formulations, while distinguishing between clinically approved nanomedicines and truly stimuli-responsive
platforms still largely under investigation. Although several nanomedicines such as Doxil, Abraxane, Onivyde, Vyxeos, and
Onpattro have demonstrated the clinical feasibility of nanoscale drug delivery, the clinical translation of stimuli-responsive
systems remains limited by biological heterogeneity, weak predictability of the enhanced permeability and retention effect,
complex manufacturing, incomplete safety profiling, regulatory uncertainty, and insufficient patient stratification. The future
of this field will depend on simplified but programmable carrier design, clinically measurable biomarkers of responsiveness,
scalable manufacturing, real-time imaging-guided delivery, and rational trial designs that select patients based on tumor
biology rather than assuming uniform nanocarrier behavior. Stimuli-responsive nanocarriers therefore hold substantial
promise, but their successful clinical translation requires a shift from highly complex laboratory prototypes toward
reproducible, mechanism-driven, and clinically validated delivery technologies.
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1. Introduction

Targeted drug delivery has evolved from the simple
concept of transporting drugs to a desired tissue into a
more complex therapeutic strategy involving spatial,
temporal, and biological control over drug release.
Conventional systemic therapy, particularly in oncology,
inflammatory diseases, and genetic disorders, is often
limited by poor solubility, rapid clearance, non-specific
biodistribution, systemic toxicity, multidrug resistance,
and insufficient drug concentration at the pathological site
[1]. Nanocarriers were introduced to address these
limitations by improving drug stability, modifying
pharmacokinetics, enhancing circulation time, increasing
apparent solubility, protecting fragile therapeutic
molecules, and altering tissue biodistribution. Approved
nanomedicines have already demonstrated that nanoscale
formulations can improve the therapeutic index of several
drugs by changing their distribution and toxicity profiles
rather than by discovering entirely new pharmacological
targets. Clinical examples include liposomal doxorubicin,
albumin-bound paclitaxel, liposomal irinotecan, liposomal
cytarabine/daunorubicin, and lipid nanoparticle-based
RNA therapeutics [2].

However, the first generation of nanomedicine relied
heavily on passive targeting through the enhanced
permeability and retention effect, commonly known as the
EPR effect. The EPR concept proposes that nanoparticles
preferentially accumulate in tumors because tumor
vasculature is leaky and lymphatic drainage is impaired
[3]. Although this principle is well supported in many
preclinical models, its clinical reliability has been
questioned because human tumors are heterogeneous in
vascular density, perfusion, stromal pressure, lymphatic
function, macrophage activity, and interstitial transport.
Reviews on nanomedicine translation emphasize that
EPR-mediated accumulation varies between tumor types,
between patients, and even between lesions within the
same patient. Therefore, a one-size-fits-all nanocarrier
strategy is unlikely to produce consistent clinical benefit

[4].

Endogenous stimuli

Stimuli originating from the
internal environment of the body

Exogenous stimuli
external

Stimuli applied fr
e

Figure 1. Schematic classification of endogenous and
exogenous stimuli used in responsive nanocarrier
design.

Stimuli-responsive nanocarriers emerged to overcome
some of these limitations. Instead of relying only on
passive deposition or ligand binding, these systems are
engineered to undergo structural, chemical, or physical
changes when exposed to specific triggers. These changes
may include swelling, disassembly, bond cleavage, charge
reversal, membrane destabilization, pore opening, drug
diffusion, carrier degradation, or phase transition [5]. The
stimulus may originate from the pathological
microenvironment, such as acidic tumor extracellular pH,
acidic endosomal or lysosomal pH, high intracellular
glutathione, enzyme overexpression, reactive oxygen
species, or hypoxia. Alternatively, the stimulus may be
externally applied, such as localized hyperthermia, near-
infrared light, ultrasound, magnetic field exposure, or
radiation. In principle, this design permits more precise
control over when and where the drug is released [6].

The significance of stimuli-responsive nanocarriers is
especially high for diseases where the pathological tissue
differs biochemically or physically from normal tissue.
Tumors frequently exhibit acidic extracellular pH,
abnormal protease activity, hypoxia, elevated reactive
oxygen species, and altered redox balance. Inflamed
tissues may show increased oxidative stress, enzyme
activity, vascular permeability, and immune-cell
infiltration [7]. Intracellular compartments such as
endosomes and lysosomes possess acidic pH, while the
cytosol contains higher reducing potential than
extracellular fluids. These differences provide biological
switches that can be exploited for controlled drug release.
Nevertheless, the translation of this concept from
experimental systems to clinical products remains
difficult. Many stimuli-responsive systems show elegant
responses under simplified laboratory conditions but fail
to reproduce the same performance in the complex human
body, where stimuli are spatially heterogeneous,
temporally dynamic, and often insufficiently strong to
activate carriers completely [8].

This review discusses the design strategies, material
platforms, clinical progress, and translational challenges
of stimuli-responsive nanocarriers [9]. It also emphasizes
the gap between preclinical creativity and clinical
feasibility, because many systems described as smart
remain far from regulatory approval. A Ql-level review
should not only describe the types of nanocarriers but also
critically analyze why promising systems fail to translate,
what clinical lessons can be learned from approved
nanomedicines, and how future systems should be
designed for realistic therapeutic impact [10].

2. Conceptual Basis of  Stimuli-Responsive
Nanocarriers

Stimuli-responsive nanocarriers are nanoscale delivery
systems designed to remain relatively stable during
circulation and release their payload preferentially after
exposure to a defined trigger. The ideal system should
satisfy several requirements [11]. First, it should
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encapsulate or conjugate the therapeutic agent efficiently.
Second, it should remain stable in blood to avoid
premature drug leakage. Third, it should accumulate
sufficiently at the disease site or enter target cells. Fourth,
it should respond selectively to the intended stimulus.
Fifth, it should release the drug at a rate compatible with
pharmacological action. Finally, the carrier and its
degradation products should be biocompatible, non-
immunogenic, manufacturable, sterilizable, and
reproducible [12].

The responsiveness of nanocarriers is usually achieved by
incorporating stimulus-sensitive components into the
carrier structure. These components may include acid-
labile linkers, redox-cleavable disulfide bonds, enzyme-
degradable peptides, thermosensitive lipids, pH-sensitive

polymers, ROS-sensitive thioketal or boronic ester
groups, photo-cleavable moieties, magnetothermal
materials, gas-generating compounds, or ultrasound-

sensitive shells. Depending on the design, the stimulus
can trigger drug release by destabilizing the carrier,
cleaving drug-linker bonds, changing hydrophilicity,
altering surface charge, disrupting membranes, or
generating local heat [13].

A key distinction must be made between targeting and
release control. Targeting refers to the accumulation or
binding of a carrier at a specific biological location,
whereas stimuli-responsiveness refers to the activation or
release behavior after exposure to a trigger [14]. A ligand-
decorated nanoparticle may bind a receptor but may not
be stimuli-responsive. Similarly, a pH-responsive
nanoparticle may release drug in acidic tissue but may not
actively target a receptor. The most advanced systems
attempt to combine both properties, for example, a ligand-
functionalized polymeric micelle that accumulates in
tumors, undergoes charge reversal in acidic extracellular
pH, enters cells through receptor-mediated endocytosis,
and releases drug intracellularly in response to glutathione
[15].

3. Classification of Stimuli-Responsive Nanocarriers
Stimuli-responsive systems may be classified according to
the trigger responsible for carrier activation. The trigger
may be generated by the disease microenvironment or
applied externally by a clinician. Table 1 summarizes the
major classes, common design strategies, advantages, and
limitations.

Table 1. Major stimuli used in responsive nanocarrier
design [16,17,18,19,20].
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4. pH-Responsive Nanocarriers

pH-responsive nanocarriers are among the most
extensively studied stimuli-responsive systems. Their
design is based on pH differences between normal
physiological fluids, tumor extracellular environments,
and intracellular compartments [21]. Blood and normal
tissues generally maintain a pH close to 7.4, whereas
many solid tumors show mildly acidic extracellular pH
due to high glycolytic metabolism, poor perfusion, lactate
accumulation, and abnormal vascularization. After
cellular uptake, nanoparticles may also encounter stronger
acidity in endosomes and lysosomes. These pH gradients
can be exploited for triggered release [22].

The most common pH-responsive strategies include acid-
labile chemical bonds, protonation-induced swelling,
charge conversion, and pH-mediated destabilization of
lipid or polymeric membranes. Acid-labile bonds such as
hydrazone, acetal, ketal, imine, cis-aconityl, and
orthoester linkages can remain relatively stable at
physiological pH but cleave under acidic conditions.
Hydrazone bonds, for example, have been widely used to
link doxorubicin to polymers or nanoparticles because
they can hydrolyze in acidic intracellular compartments.
Similarly, pH-sensitive polymers containing tertiary
amines can become protonated in acidic environments,
causing swelling, osmotic imbalance, or endosomal
escape through the proton sponge effect [23].

A particularly important pH-responsive strategy is charge
reversal. Many nanoparticles are coated with neutral or
negatively charged surfaces to reduce protein adsorption
and prolong circulation. However, negatively charged
surfaces may reduce cellular uptake because cell
membranes are also negatively charged. In acidic tumor
environments, charge-reversal systems convert from
neutral or negative to positive, enhancing interaction with
tumor cells and improving internalization. This design
attempts to balance long circulation with efficient cellular
uptake [24].

Despite strong experimental support, pH-responsive
delivery faces several translational obstacles. The

extracellular pH difference between tumor and normal
tissue is often modest, usually not as sharp as in buffer-
based experiments [25]. Tumor acidity is also
heterogeneous, meaning that some tumor regions may
activate the carrier while others may not. Furthermore,
endosomal release does not guarantee cytosolic delivery;
drugs may remain trapped in lysosomes or undergo
degradation. Therefore, clinically relevant pH-responsive
systems should be tested under realistic pH gradients,
serum conditions, three-dimensional tumor models, and
orthotopic or patient-derived models rather than only in
acidic buffer solutions [26].

5. Redox-Responsive Nanocarriers

Redox-responsive nanocarriers are designed around
differences in oxidative and reductive potential between
extracellular and intracellular environments. The
intracellular cytosol contains higher levels of reducing
agents such as glutathione compared with extracellular
fluids. This gradient makes redox-responsive systems
attractive for intracellular drug release, especially for
cytotoxic drugs, nucleic acids, and protein therapeutics
that must act inside cells [27].

The most widely used redox-sensitive linkage is the
disulfide  bond. Disulfide-containing ~ polymers,
crosslinkers, or drug conjugates remain relatively stable in
extracellular environments but are cleaved in the reducing
intracellular environment. When disulfide bonds are
broken, the carrier may disassemble, release the drug,
expose functional groups, or reduce crosslinking density.
Diselenide and ditelluride bonds have also been explored
because they may respond to both reductive and oxidative
stimuli, although their safety and translational maturity
remain lower than disulfide systems [28].
Redox-responsive nanocarriers are particularly relevant
for gene delivery. Small interfering RNA, messenger
RNA, plasmid DNA, and antisense oligonucleotides are
vulnerable to enzymatic degradation and require
intracellular delivery [29]. Redox-cleavable cationic
polymers can condense nucleic acids during circulation
but release them inside the cytosol after disulfide
reduction, potentially reducing long-term cationic
toxicity. Lipid nanoparticles used for RNA delivery are
not always described as classical redox-responsive
systems, but their clinical success has strengthened
confidence in nanoscale intracellular delivery platforms.
Patisiran, marketed as Onpattro, is an FDA-approved lipid
nanoparticle-based siRNA therapy for hereditary
transthyretin-mediated amyloidosis, demonstrating that
nanocarrier-mediated RNA delivery can be clinically
successful when the formulation, disease target, and
regulatory pathway are well aligned [30].

The main challenge with redox-responsive systems is
biological variability. Glutathione concentration differs
between cell types, disease stages, tumor regions, and
intracellular compartments. Premature reduction may also
occur in certain pathological environments. Additionally,
excessive reliance on intracellular reduction assumes that
the nanocarrier has already crossed biological barriers,
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reached the right tissue, entered target cells, escaped
endosomes, and avoided clearance. Therefore, redox-
responsiveness should be viewed as one step in a multi-
barrier delivery process rather than a complete targeting
solution [31].

6. Enzyme-Responsive Nanocarriers
Enzyme-responsive nanocarriers use disease-associated
enzymatic activity as a trigger for drug release. Many
pathological tissues overexpress specific enzymes,
including  matrix  metalloproteinases,  cathepsins,
hyaluronidase, phospholipases, esterases, caspases, beta-
glucuronidase, and alkaline phosphatase. These enzymes
can cleave peptide linkers, degrade polymer shells, digest
extracellular matrix components, or convert prodrugs into
active molecules [32].

In cancer, matrix metalloproteinases are frequently
associated with invasion, angiogenesis, metastasis, and
extracellular matrix remodeling. Nanocarriers containing
MMP-cleavable peptides can remain shielded during
circulation but expose cell-penetrating peptides or release
drugs after enzymatic cleavage in the tumor
microenvironment. Cathepsins, especially cathepsin B,
are lysosomal proteases often exploited for intracellular
drug release after endocytosis. Hyaluronidase-responsive
systems are also important because hyaluronic acid can
serve both as a CD44-targeting ligand and as an enzyme-
degradable carrier material [33].

The major conceptual strength of enzyme-responsive
systems is biological specificity. Unlike pH or redox
changes, which may occur in many tissues, enzyme
expression can be more closely associated with disease
phenotype. However, enzyme activity is not uniform
across patients or lesions. Enzyme expression in biopsy
tissue may not accurately represent enzyme activity
throughout the tumor. Moreover, enzymes are also
present in normal physiological processes, creating
possible off-target activation. Therefore, enzyme-
responsive nanocarriers require careful validation using
activity-based assays, patient-derived samples, and
biomarker-guided clinical designs [34].

7. Thermoresponsive Nanocarriers

Thermoresponsive nanocarriers respond to temperature
changes, usually through phase transition, membrane
destabilization, or polymer collapse. They are especially
attractive because temperature can be externally
controlled using localized hyperthermia, radiofrequency
ablation, focused ultrasound, microwave heating, or
magnetic hyperthermia. Thermosensitive liposomes are
the most clinically advanced thermoresponsive platform
[35].

The best-known example is ThermoDox, a lysolipid-
containing  thermosensitive  liposomal  doxorubicin
formulation designed to release doxorubicin rapidly when
exposed to mild hyperthermia. The concept is clinically
elegant: the formulation circulates systemically but
releases drug locally when the tumor region is heated. In
hepatocellular carcinoma, ThermoDox was evaluated with
radiofrequency ablation in large clinical studies. The

Phase III HEAT trial did not meet its primary endpoint,
and the later OPTIMA trial was also unsuccessful, leading
to major disappointment in the clinical development of
this platform [36].

The ThermoDox experience is highly instructive. It shows
that a scientifically sound stimuli-responsive mechanism
does not automatically translate into clinical success. The
outcome depends on thermal dose, heating duration,
tumor geometry, vascular perfusion, intratumoral drug
penetration, procedural standardization, and patient
selection. If insufficient tissue volume reaches the
required temperature for adequate time, drug release may
be incomplete or uneven. Conversely, excessive heating
may damage surrounding tissue. Thermoresponsive
systems therefore require integration of drug formulation,
device performance, imaging, temperature monitoring,
and interventional technique. This makes them
scientifically powerful but operationally complex [37].
Thermoresponsive  polymers, such as  poly(N-
isopropylacrylamide)-based materials, have also been
studied. These polymers undergo a lower critical solution
temperature transition, changing from hydrophilic to
hydrophobic above a threshold temperature. However,
concerns about biodegradability, toxicity, and clinical
manufacturability have limited their translation. Future
thermoresponsive systems may need to focus on simpler
lipid-based  designs, image-guided heating, and
combination protocols where heat itself contributes
therapeutic benefit [38].

8. Light-Responsive Nanocarriers

Light-responsive nanocarriers offer high spatial and
temporal precision because light can be applied at a
defined location and time. These systems may use
photocleavable bonds, photosensitizers, photothermal
agents, upconversion nanoparticles, gold nanostructures,
carbon-based materials, or semiconductor nanoparticles.
Light exposure can trigger drug release through bond
cleavage, heat generation, reactive oxygen species
production, membrane  disruption, or structural
transformation [39].

Near-infrared light is generally preferred for biomedical
applications because it penetrates tissue more effectively
than wultraviolet or visible light and causes less
photodamage. Photothermal systems convert light into
heat, which can induce local hyperthermia and drug
release. Photodynamic systems generate reactive oxygen
species after light activation, producing direct cytotoxicity
and sometimes enhancing release from ROS-sensitive
carriers. Combined photothermal-photodynamic-
chemotherapy platforms have received substantial
preclinical attention [40].

However, the clinical translation of light-responsive
nanocarriers is limited by tissue penetration depth, light
dosimetry, tumor accessibility, potential phototoxicity,
and complexity of device-drug combinations. Superficial
tumors, accessible lesions, intraoperative settings,
dermatological diseases, ophthalmic diseases, and
endoscopic applications may be more realistic early
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indications than deep metastatic tumors. For deep tissues,
light-responsive systems may require optical fibers,
endoscopic devices, or upconversion technologies, each
adding regulatory and procedural complexity [41].

9. Magnetic-Responsive Nanocarriers
Magnetic-responsive nanocarriers generally incorporate
magnetic materials such as iron oxide nanoparticles. They
can be used for magnetic targeting, magnetic resonance
imaging, magnetothermal release, or combined diagnostic
and therapeutic applications. Under an alternating
magnetic field, magnetic nanoparticles can generate heat,
which may induce drug release from thermosensitive
carriers or directly damage tumor cells through magnetic
hyperthermia [42].

Magnetic systems are attractive because magnetic fields
can penetrate tissue more deeply than light. They also
permit imaging-guided delivery when the magnetic
component provides MRI contrast. However, magnetic
targeting in humans is difficult because the magnetic
force must overcome blood flow, tissue depth, and
complex vascular geometry. Superficial or localized
disease may be more suitable than deep disseminated
disease. Another challenge is ensuring uniform heating
without damaging healthy tissue. Magnetic nanoparticle
dose, field strength, frequency, biodistribution, clearance,
and long-term iron metabolism must be carefully
controlled [43].

10. Ultrasound-Responsive Nanocarriers
Ultrasound-responsive nanocarriers are gaining attention
because ultrasound can penetrate deep tissues and can be
focused noninvasively. Ultrasound may trigger drug
release through cavitation, acoustic droplet vaporization,
mechanical disruption, membrane permeabilization, or
localized  heating. Common  platforms include
microbubbles, nanobubbles, phase-change droplets,
liposomes, polymeric nanoparticles, and gas-generating
systems [44].

One key advantage of ultrasound is that it can enhance
both carrier release and tissue permeability. Focused
ultrasound can temporarily disrupt biological barriers,
including tumor vasculature and the blood-brain barrier,
thereby improving local delivery. This makes ultrasound-
responsive systems highly relevant for brain tumors,
neurodegenerative diseases, and deep solid tumors.
However, controlling cavitation is difficult. Stable
cavitation may improve delivery, whereas inertial
cavitation may cause tissue injury. Ultrasound parameters
such as frequency, duty cycle, intensity, exposure time,
and microbubble concentration must be optimized.
Clinical translation will require standardized protocols
and real-time monitoring [45].

11. Multi-Stimuli Responsive Nanocarriers
Multi-stimuli responsive nanocarriers are designed to
respond to more than one trigger. Examples include
pH/redox, pH/enzyme, pH/temperature, redox/ROS,
magnetic/thermal, and light/pH systems. The purpose is to
increase specificity by requiring sequential or combined
activation. For example, a carrier may remain stable in

blood, become positively charged in acidic tumor
extracellular pH, enter cells, and release drug in response
to intracellular glutathione. Another system may release
partially under tumor acidity and fully after external
ultrasound [46].

Multi-stimuli systems are conceptually powerful because
diseases are rarely defined by a single abnormal signal.
Tumors, for example, may be acidic, hypoxic, enzyme-
rich, and redox-altered at the same time. Combining
stimuli can increase precision and reduce premature
release. However, complexity is a double-edged sword.
Every additional responsive component increases
manufacturing difficulty, analytical characterization
burden, regulatory uncertainty, batch variability, and
safety concerns. A highly complex formulation may
perform impressively in animal experiments but become
impractical for scale-up. Therefore, future multi-stimuli
systems should be designed with translational simplicity:
each responsive element must have a clear purpose,
measurable activation threshold, and clinically relevant
contribution [47].

12. Material Platforms Used in Stimuli-Responsive
Drug Delivery

Liposomes are among the most clinically successful
nanocarrier platforms. They are vesicular systems
composed of phospholipid bilayers surrounding an
aqueous core. Hydrophilic drugs can be loaded into the
aqueous interior, whereas hydrophobic drugs can be
incorporated into the lipid bilayer. Liposomes can be
PEGylated to prolong circulation and modified with
ligands or stimuli-responsive lipids. Clinically approved
liposomal products demonstrate the translational strength
of this platform. Doxil was the first FDA-approved
nanodrug and established the clinical value of PEGylated
liposomal doxorubicin. Vyxeos is a liposomal
combination of cytarabine and daunorubicin designed to
maintain a synergistic drug ratio. Onivyde is a PEGylated
liposomal irinotecan formulation approved in cancer
therapy [48].

For stimuli-responsive delivery, liposomes can be
engineered to respond to pH, heat, enzymes, ultrasound,
or light. Thermosensitive liposomes remain the most
mature example. However, liposomal systems may suffer
from drug leakage, complement activation-related
pseudoallergy, accelerated blood clearance after repeated
dosing, and challenges in sterilization and long-term
stability [49].

Polymeric nanoparticles and micelles provide high
structural flexibility. They can be designed using
biodegradable polymers such as PLGA, PEG-PLA, PEG-
PCL, chitosan, dextran, poly(amino acids), and
polypeptides.  Stimuli-responsive  linkers can be
incorporated into polymer backbones, side chains,
crosslinkers, or drug conjugates. Polymeric micelles are
particularly useful for poorly soluble hydrophobic drugs
because they contain a hydrophobic core and hydrophilic
shell [50].
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Dendrimers are highly branched, monodisperse
macromolecules with controlled size, internal cavities,
and multiple surface functional groups. Their architecture
allows drug encapsulation, conjugation, targeting ligand
attachment, and stimuli-responsive modification. pH-
sensitive dendrimers can release drugs in acidic
endosomes, while redox-sensitive dendrimers can use
disulfide linkers for intracellular release. Despite their
precision, dendrimers face toxicity concerns, especially
cationic surface toxicity, as well as scale-up and
regulatory challenges [51].

Inorganic materials such as mesoporous silica
nanoparticles, gold  nanoparticles, iron  oxide
nanoparticles, calcium phosphate nanoparticles, carbon
dots, graphene oxide, and upconversion nanoparticles
offer unique optical, magnetic, thermal, or structural
properties. Mesoporous silica nanoparticles can load large
amounts of drug within pores and use pH-, enzyme-, or
redox-sensitive gatekeepers. Gold nanoparticles are useful
for photothermal release. Iron oxide nanoparticles support
magnetic targeting and hyperthermia. Calcium phosphate
nanoparticles dissolve in acidic environments and are
attractive for gene delivery. However, inorganic systems
often raise concerns regarding long-term biodistribution,
biodegradation, tissue retention, immune interaction, and
chronic toxicity [52].

Lipid nanoparticles have gained major clinical importance
because of RNA therapeutics and vaccines. Their success
demonstrates that nanocarriers can deliver fragile nucleic
acids in humans when formulation design, disease
biology, and clinical endpoints are appropriate. LNPs
typically contain ionizable lipids, helper phospholipids,
cholesterol, and PEG-lipids. Ionizable lipids are
especially important because they remain relatively
neutral at physiological pH but become protonated in
acidic endosomes, facilitating endosomal escape. This
makes many LNPs functionally pH-responsive at the
intracellular level, although they are often discussed
separately from classical stimuli-responsive nanocarriers
[53].

13. Clinical Progress of Nanocarrier-Based Drug
Delivery

The clinical success of nanomedicine is real but selective.
Several nanocarrier-based products have reached
approval,  particularly  liposomal, albumin-bound,
polymeric, and lipid-based systems. However, the number
of truly stimuli-responsive nanocarriers approved for
routine clinical drug delivery remains limited. Most
approved nanomedicines improve pharmacokinetics,
reduce toxicity, or enable delivery of difficult molecules,
rather than relying on a sophisticated disease-triggered
release mechanism [54].

Current reviews of clinical cancer nanomedicines
emphasize that nanomedicine has become part of cancer
therapy, but clinical success is uneven and depends
strongly on formulation simplicity, therapeutic context,
and measurable benefit over existing standards. The most
important lesson for stimuli-responsive nanocarriers is
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that clinical translation requires more than innovative
chemistry. A formulation must solve a real clinical
problem, be manufacturable at scale, demonstrate safety,
show superiority or meaningful added value, and fit into
practical treatment workflows [55].

Table 2. Selected clinically relevant nanomedicines
and lessons for  stimuli-responsive  systems.

[56,57,58,59]

Product/plat
form

Carrier
type

Payload

Key clinical
lesson

Doxil/Caelyx

PEGylated
liposome

Doxorubi
cin

Long-
circulating
liposomes
can reduce
selected
toxicities and
alter
biodistributi
on

Abraxane

Albumin-
bound
nanoparticle

Paclitaxel

Nanocarriers
can improve
delivery of
poorly
soluble drugs
without toxic
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siRNA
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deliver

nucleic acids

ThermoDox
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Stimuli-
responsive
success
depends on
device-drug-
procedure
integration

BIND-014

Targeted
polymeric
nanoparticle

Docetaxe
|

Active
targeting
may require
biomarker-
based patient
selection
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14. Translational Challenges

Many nanocarriers are still designed under the assumption
that they will accumulate in tumors through the EPR
effect. However, human tumors differ greatly in vascular
permeability, stromal density, perfusion, lymphatic
drainage, and immune-cell uptake. Dense extracellular
matrix, high interstitial fluid pressure, and poor vascular
perfusion can prevent deep nanoparticle penetration. This
means that nanoparticles may accumulate near blood
vessels but fail to reach distant tumor cells. The clinical
heterogeneity of EPR remains one of the most important
barriers in nanomedicine translation [60].
Stimuli-responsive systems assume that the target
stimulus is sufficiently present at the disease site. In
reality, tumor acidity, enzyme activity, hypoxia, ROS
levels, and redox gradients are heterogeneous. A pH-
responsive carrier may work in one tumor region but not
another. An enzyme-responsive system may work in
patients with high enzyme activity but fail in patients with
low expression. Therefore, clinical trials should not treat
responsiveness as universal. Biomarker-based selection is
essential [61].

A major problem in responsive nanocarrier design is
balancing stability and release. If the carrier is too
unstable, drug leaks during circulation, causing systemic
toxicity. If it is too stable, insufficient drug is released at
the target site. Many preclinical studies report high
release in acidic or reducing buffers but do not adequately
test serum stability, protein corona effects, shear stress,
storage stability, or repeated freeze-thaw effects.

After entering blood, nanoparticles interact with plasma
proteins, forming a protein corona. This corona can
change size, charge, receptor recognition, immune
clearance, cellular uptake, and biodistribution. It may
mask targeting ligands or alter the intended stimulus-
response behavior. Therefore, nanocarriers characterized
only in water or buffer may behave differently in vivo
[62].

Nanoparticles are often cleared by macrophages in the
liver, spleen, and bone marrow. PEGylation can reduce
clearance, but repeated administration may trigger anti-
PEG antibodies or accelerated blood clearance. Surface
charge, particle size, shape, rigidity, hydrophobicity, and
protein corona composition influence immune recognition
[63].

Laboratory-scale nanocarriers are often prepared in small
batches using methods that are difficult to scale. Clinical
translation  requires  reproducible  particle  size,
polydispersity, drug loading, encapsulation efficiency,
release profile, sterility, endotoxin control, residual
solvent control, and long-term stability. Multi-component
stimuli-responsive systems are particularly difficult
because small changes in synthesis can alter
responsiveness [64].

Regulatory agencies require clear characterization of
composition, mechanism, pharmacokinetics,
biodistribution, toxicity, degradation, impurities, and
manufacturing consistency. Stimuli-responsive systems

may be considered combination products if they require
external devices such as ultrasound, laser, magnetic field,
or hyperthermia equipment. This adds regulatory
complexity because both the drug and device must be
evaluated [65].

Many nanocarriers perform well in subcutaneous mouse
tumor models but fail clinically. Subcutaneous tumors do
not fully reproduce human tumor architecture, immune
environment, stromal barriers, vascular heterogeneity, or
metastatic disease. More predictive models include
orthotopic tumors, genetically engineered mouse models,
patient-derived xenografts, organoids, tumor-on-chip
systems, and immunocompetent models [66].

15. Future Directions

The future of stimuli-responsive nanocarriers should
move toward clinically realistic design. First, carrier
systems should be simplified. A nanocarrier with five
responsive components may look innovative but may be
impossible to manufacture reproducibly. Second,
responsiveness must be matched to measurable patient
biomarkers. For example, enzyme-responsive carriers
should be tested in patients whose tumors show high
activity of the target enzyme. Third, imaging should be
integrated into nanomedicine development. Companion
imaging can help determine whether the carrier reaches
the tumor before therapy is administered. Fourth, clinical
trials should be designed around mechanism-based
selection rather than broad unselected populations.
Another important direction is the development of
theranostic nanocarriers, which combine therapy and
diagnostic imaging. These systems can help monitor
biodistribution, accumulation, release, and treatment
response. Imaging-guided drug delivery may be
especially valuable for externally triggered systems such
as thermosensitive, magnetic, light-responsive, and
ultrasound-responsive platforms.

Artificial intelligence and computational modeling may
also improve nanocarrier design by predicting formulation
behavior, drug release, biodistribution, toxicity, and
patient-specific  response. However, computational
models must be trained on high-quality experimental and
clinical data. Poor-quality data will generate unreliable
predictions.

Finally, regulatory translation will require stronger
standardization. Researchers should report nanoparticle
size distribution, zeta potential, morphology, drug
loading, release kinetics, serum stability, protein corona
behavior, storage stability, sterilization method, endotoxin
levels, hemocompatibility, immunotoxicity, and batch-to-
batch reproducibility. Without such reporting, even
scientifically exciting systems may fail to move beyond
preclinical publication.

16. Conclusion

Stimuli-responsive nanocarriers represent a powerful and
intellectually mature approach to targeted drug delivery.
Their ability to respond to disease-associated or externally
applied triggers allows a level of control that conventional
formulations cannot achieve. pH-responsive, redox-
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responsive, enzyme-responsive, thermoresponsive, light-
responsive, magnetic, ultrasound-triggered, and multi-
stimuli systems have demonstrated remarkable preclinical
promise. However, the clinical translation of these
systems remains limited. Approved nanomedicines prove
that nanoscale delivery can succeed, but most approved
products are not highly complex stimuli-responsive
systems. The field must therefore learn from both
successes and failures.

The major barriers include heterogeneous disease biology,
variable EPR effect, premature leakage, immune
clearance, protein corona formation, insufficient tissue
penetration, manufacturing complexity, regulatory
uncertainty, and weak clinical trial design. The next
generation of stimuli-responsive nanocarriers should be
simpler, safer, biomarker-guided, image-trackable, and
manufacturable. Instead of designing carriers only for
impressive laboratory responsiveness, researchers should
design them for clinical decision-making, patient
selection, reproducible manufacturing, and measurable
therapeutic superiority. If these challenges are addressed,
stimuli-responsive nanocarriers may become an important
foundation for precision drug delivery in cancer,
inflammatory disease, neurological disorders, genetic
diseases, and beyond.
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