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ces for biomedical drug delivery:
endogenous stimuli as the key to safer therapeutics
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Sony Priyanka Bandi,c Namdev Dhas,a Vasudev R Pai,b Praveen Halagali,a
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The landscape of drug delivery has undergone a transformative shift with the emergence of adaptive

therapeutics, smart microdevices engineered to respond dynamically to specific physiological or

externally applied stimuli. These stimuli-responsive systems represent a significant advancement over

conventional delivery methods by offering precise spatiotemporal control over drug release, thereby

enhancing therapeutic efficacy and minimizing off-target effects and systemic toxicity. This review

delves into the foundational design principles and material innovations that underpin these responsive

microdevices. It highlights the role of endogenous stimuli such as pH gradients, temperature

fluctuations, enzymatic activity, and redox, ionic, and hypoxia-responsive elements in activating drug

release mechanisms. The integration of cutting-edge microfabrication techniques, nanomaterials, and

bioinspired architectures has enabled the development of devices that are not only highly sensitive and

selective but also capable of navigating complex biological environments. Furthermore, the article

explores and examines the challenges associated with scalability, long-term biocompatibility, biosafety,

and toxicity of implanted microdevices. Emerging trends such as AI-enhanced feedback loops, wearable

biosensors, and closed-loop delivery platforms are discussed as future directions that could redefine

personalized medicine. By bridging engineering ingenuity with biomedical imperatives, stimuli-

responsive microdevices are poised to revolutionize drug delivery, offering intelligent, patient-centric

solutions that adapt in real time to the dynamic needs of the human body. Notably, stimulus-responsive

microdevices may soon facilitate localized delivery of imaging contrast agents, pharmaceuticals, genes,

and mRNA; enable minimally invasive surgical procedures; and assist in cellular micromanipulation.
1. Introduction

The paradigm of drug delivery is undergoing a transformative
shi from passive administration toward adaptive therapeutics,
systems capable of sensing, responding, and dynamically
adjusting to physiological cues. Recent advancements in this
eld have shown that patternable stimuli-responsive materials
at the micro- or submicrometric scale exhibit signicant
potential, as they may be utilized in applications such as drug-
release systems.1 Molecular architectures capable of
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undergoing externally triggered, reversible conformational
changes, such as contraction or expansion, are poised to play
a pivotal role in the development of next-generation all-organic
functional devices. These systems hold promise for a diverse
range of applications, including articial muscles, site-specic
drug delivery, responsive sensing platforms, so robotics, and
molecular-scale electronics. To achieve a coherent and
measurable macroscopic response, these materials are oen
meticulously designed so that the conformational transitions of
individual molecular subunits are synergistically amplied.
This collective behaviour is typically modulated by external
stimuli such as light, thermal energy, pH variations, metal ion
coordination, solvent polarity, or applied electric elds.2

A range of stimuli-responsive materials has been developed
to enable efficient and localized delivery of therapeutics,
thereby mitigating side effects. Certain materials react to
internal stimuli, autonomously controlling and selectively di-
scharging their payloads when activated by a mechanism
pertinent to a pathogenic occurrence. Alternative materials are
externally actuated, providing enhanced spatial and temporal
control, with low drug release in the ‘off’ state. Materials
© 2026 The Author(s). Published by the Royal Society of Chemistry
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receptive to external stimuli are deemedmore clinically relevant
than those stimulated passively or internally. The alteration in
the behaviour of stimuli-responsive materials within complex
biological systems oen arises from reactions to a conuence of
external stimuli. It is plausible to assert that the most signi-
cant progress in the therapeutic selectivity of stimuli-responsive
materials will result from employing synergistic responses to
a combination of environmental stimuli.3–5 The drug delivery
system that relies on stimuli encompasses the occurrence that
affects an action at a specic location or target tissue, resulting
in benecial effects for drug release through diverse mecha-
nisms. Stimuli-responsive materials experience a physical or
chemical transformation when exposed to an external trigger.
These materials demonstrate a remarkable ability to adapt to
their surroundings and react to external stimuli by mimicking
biological processes. The utilization of stimulus-triggered drug
delivery systems holds signicant signicance in the realm of
nanomedicines and nanotechnology, as it enables precise and
controlled release of medication at the desired site.6 Moreover,
recently, these stimuli-responsive materials have garnered
heightened interest in biological applications owing to their
capacity for spatially and temporally regulated release of
theranostic compounds in response to certain stimuli.7 Stimuli-
responsive materials have emerged as versatile platforms for the
integration of multiple micro- and nanoscale devices within
advanced drug delivery systems.8 By harnessing their ability to
undergo precise physicochemical transformations in response
to external cues, these materials enable spatiotemporal control
over therapeutic release. This dynamic responsiveness facili-
tates the development of multifunctional delivery vehicles
capable of navigating complex biological environments,
enhancing targeting specicity, minimizing off-target effects,
and improving overall therapeutic efficacy.

Microdevices have proven to be highly effective in medical
applications, as they can be specically designed to perform
precise tasks with exceptional accuracy. Moreover, microdevices
offer enhanced scalability and simplied fabrication processes
when compared to nanocarriers. Microdevices have been
utilized in several studies to administer drugs in a stimulus-
responsive manner, demonstrating their applications in
microuidics, biosensors, drug delivery, tissue engineering,
and diagnostics, among others.9–13 Stimuli-responsive micro-
devices offer a promising solution by responding to specic
triggers, such as pH, temperature, or biochemical signals,
thereby enabling the controlled and targeted release of thera-
peutics. Localized or systemic administration using micro-
device technologies circumvents limitations, including serum
proteases, serum protein adsorption, renal clearance, and
infusion or hypersensitivity reactions.14 Microdevices encom-
pass injectable hydrogels, coatings for implantable devices, and
transdermal patches. Depot systems may have reservoirs of
active ingredients encased within a physical barrier or agents
distributed across a stable matrix material.15,16

Stimuli-responsive microdevices are sophisticated platforms
engineered to undergo controlled alterations in their physico-
chemical properties upon exposure to specic environmental
cues, thereby facilitating targeted and regulated drug release.
© 2026 The Author(s). Published by the Royal Society of Chemistry
These stimuli are broadly classied into endogenous triggers,
which originate within the biological milieu, and exogenous
triggers, which are applied externally. Central to the advance-
ment of adaptive therapeutics is the strategic exploitation of
endogenous signals, such as pH gradients, temperature uc-
tuations, redox conditions, enzymatic activity, and hypoxic
environments, which are oen characteristic of pathological
sites. For instance, pH-sensitive hydrogels can swell or degrade
in acidic tumor niches,17 while enzyme-cleavable linkers allow
selective activation in inamed or infected tissues.18 Hypoxia-
responsive microneedles further exemplify how microdevices
can be tailored to exploit pathological hallmarks for targeted
intervention.19,20 Importantly, these systems are not merely
passive carriers but adaptive actuators, capable of modulating
drug kinetics in response to uctuating physiological condi-
tions. By responding to these intrinsic cues, microdevices
enable precise spatiotemporal modulation of drug delivery,
enhancing therapeutic efficacy while minimizing systemic side
effects. Notably, stimuli-responsive microdevices can be engi-
neered to react to exogenous cues, such as light, magnetic
elds, ultrasound, and electric signals, among others, for
precise, on-demand drug release. Light-responsive compounds
(e.g., azobenzene, spiropyran) undergo structural changes upon
irradiation, while magnetic-eld responsive systems enable
remote actuation, hyperthermia, or targeted navigation.21,22

However, microdevices that incorporate exogenous materials,
especially nanoparticles, polymers, or metallic components,
face several critical limitations that exact a substantial tissue
toll. First, the physicochemical characteristics of these mate-
rials, such as size, surface charge, and composition, can
provoke oxidative stress, inammation, and even genotoxic
effects in surrounding tissue, triggering apoptosis or necrosis
through reactive oxygen species (ROS) generation and DNA
damage. Second, degradation products from polymeric or
metallic payloadsmay leach toxic ions or acidic byproducts (e.g.,
lactic or glycolic acid), which exacerbate local cytotoxicity and
inammation, impair tissue regeneration, and potentially
disturb systemic physiology. Third, unintended accumulation
and persistent retention of microdevice components in organs,
particularly the liver, spleen, and kidney, can lead to long-term
organ toxicity, immunogenic responses, and brosis. Fourth,
immune activation through foreign-body reactions oen results
in granuloma formation and impaired integration of the device
with native tissue, compromising efficacy and safety. Finally,
these biosafety risks are compounded by challenges in precisely
controlling degradation kinetics, dose distribution, and long-
term biocompatibility, all of which demand extensive preclin-
ical evaluation and complicated regulatory oversight before
clinical translation. Because of the signicant challenges posed
by exogenous materials, including unpredictable degradation,
immunogenicity, local and systemic toxicity, and complex
regulatory hurdles, this review pivots toward endogenous
stimuli-responsive strategies as a safer andmore physiologically
attuned alternative. By leveraging the body's inherent
biochemical cues, these systems aim to minimize adverse
reactions, enhance biocompatibility, and achieve precise drug
release, thereby addressing the limitations that have long
RSC Adv., 2026, 16, 14878–14935 | 14879
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hindered the clinical translation of exogenous-material-based
microdevices.

2. Literature search strategy

This review highlights recent progress in endogenous stimuli-
responsive microdevices engineered for precision and safety
in biomedical drug delivery. The literature search was designed
to capture advances in device design, mechanistic under-
standing, and therapeutic implementation across micro- and
nanoscale platforms.

A systematic search was carried out across PubMed, Web of
Science, Scopus, SciFinder, ScienceDirect, and Google Scholar.
A structured keyword strategy was adopted, incorporating three
thematic domains: device platforms: “smart microdevices”,
“micro/nanodevices”, “hydrogel microdevices”, “micro-
needles”; endogenous stimuli: “pH-responsive systems”, “ROS-
responsive therapeutics”, “enzyme-responsive delivery”,
“hypoxia-responsive materials”; “application context: “stimuli-
responsive drug delivery”, “endogenous stimuli AND drug
delivery microdevices”.

Boolean operators were applied to rene the search and
ensure comprehensive coverage of mechanistic and
application-focused studies. Only peer-reviewed, English-
language, and full-text articles were considered. The search
window spanned January 2005 to December 2026, enabling the
inclusion of both foundational studies and contemporary
developments in endogenous-stimulus-responsive drug delivery
technologies.

2.1. Inclusion and exclusion criteria

To maintain an analytical rigour, pre-dened criteria were
applied during screening.

2.1.1 Inclusion criteria. Studies were retained if they
described the design principles, mechanisms, or functional
attributes of endogenous-stimulus-responsive micro or nano-
devices; evaluated the therapeutic performance, biocompati-
bility, or biomedical relevance of such systems; and provided
mechanistic, conceptual, or technological insights through
primary research or comprehensive reviews relevant to
stimulus-guided drug delivery.

2.1.2 Exclusion criteria. Articles were excluded if they
focused on non-biomedical or industrial devices; involved non-
stimulus-responsive systems that lacked endogenous trigger
relevance; were conference abstracts, non-peer-reviewed sour-
ces, or publications without adequate methodological detail;
and lacked experimental, mechanistic, or conceptual relevance
to endogenous stimuli-mediated drug delivery.

3. Stimuli-responsive materials:
changing the game in microdevice
mastery

Stimuli-responsive materials are dramatically transforming the
capabilities of modern microdevices by introducing dynamic
functionalities and adaptive behaviour, particularly within the
14880 | RSC Adv., 2026, 16, 14878–14935
eld of biomedical engineering. These advanced matrices can
alter their chemical and physical properties in response to
specic external stimuli such as temperature, pH, light, electric
or magnetic elds, and even biological signals.23,24 By leveraging
such responsiveness, engineers can equip microdevices with
the ability to sense their environment, actuate precisely, and
deliver therapeutic or diagnostic interventions with unmatched
specicity. The integration of stimuli-responsive matrices into
microdevices has led to signicant advances in biomedical
engineering, including wearable sensors,25,26 implants,27,28

microneedles,29,30 actuators,31,32 and so robotics.33 For
instance, temperature-responsive hydrogels facilitate on-
demand drug release in cancer,34 wound healing,35 arthritis,36

ocular diseases,37 and neurological disorders.38 In contrast, pH-
and enzyme-specic materials enable targeted therapy with
reduced systemic side effects in gastrointestinal diseases,39

infections,40 inammatory conditions,41 and chronic wounds.42

A key advantage of these matrices is their customizable archi-
tecture, which enables precise tuning of their sensitivity,
mechanical properties, and biofunctionality to meet the diverse
needs of microdevice applications. As research continues to
unravel new stimuli and composite designs, stimuli-responsive
materials and polymers are poised to expand the toolbox for
next-generation microdevice mastery, enabling more autono-
mous, efficient, and patient-centered technological solutions.
Notably, a summary of stimuli-responsive microdevices for drug
delivery is presented in Table 1, detailing the various types of
microdevices, stimulus modalities, cargo, polymer composi-
tion, response behaviour, drug loading, biocompatibility, and
therapeutic applications.

Stimuli-responsive materials are engineered to undergo
controlled changes in their structure, solubility, and mechan-
ical properties in response to specic environmental triggers
such as temperature, pH, enzymes, light, magnetic elds, bio-
logical or electrical signals. These materials play a pivotal role in
biomedical applications, particularly inmicrodevice-based drug
delivery systems, where precision and adaptability are essen-
tial.61,62 Inorganic materials, such as Fe3O4 nanoparticles,
respond to magnetic elds for the remote-controlled release of
doxorubicin in the treatment of breast cancer. Meanwhile, TiO2

and azobenzene derivatives enable light-triggered activation,
enhancing therapeutic efficacy, particularly in tumor targeting
and controllable drug release. Biohybrid platforms incorpo-
rating Spirulina platensis exhibit antioxidant and bioadhesive
properties, which facilitate wound repair during full-thickness
skin injuries. Additionally, biotin–avidin systems enable
ligand-specic cellular drug targeting.63 The PPy/Fe3O4/Pt
composite comprising polypyrrole (PPy), magnetite nano-
particles (Fe3O4), and platinum (Pt) represents a multifunc-
tional material system designed for the electrochemical
removal of estrogenic contaminants from water. This hybrid
structure integrates the charge-tunable affinity of PPy, the
magnetic responsiveness of Fe3O4, and the catalytic conduc-
tivity of Pt to regulate the aggregation and capture of estrogenic
compounds such as estradiol and ethinylestradiol. Biological
stimuli-responsive materials are engineered to interact with
specic biomolecules or cellular components, enabling highly
© 2026 The Author(s). Published by the Royal Society of Chemistry
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selective and context-aware responses in diagnostic and thera-
peutic microdevices. For instance, systems incorporating E. coli
bacteria as a biological recognition element utilize surface-
functionalized polymers or aptamers that exhibit specic
binding to bacterial markers associated with tumor-promoting
infections, facilitating early cancer diagnosis through micro-
bial proling.64 Similarly, DNA-controlled systems utilize
conformational changes, such as strand displacement, hairpin
opening, or G-quadruplex formation, in response to oncogenic
sequences or biochemical cues. These transitions trigger
measurable outputs, such as uorescence or electrochemical
signals, enabling the sensitive detection of cancer biomarkers at
early stages.65 Collectively, these materials enhance the func-
tionality of microneedles, microuidic chips, and implantable
devices, offering on-demand, patient-tailored therapeutic solu-
tions with reduced systemic toxicity.

Stimuli-responsive polymers belong to the versatile class of
smart materials that undergo reversible changes in their physical
or chemical properties in response to specic environmental
triggers such as temperature, pH, electric elds, light, magnetic
elds, redox conditions, solvents, or biological molecules. These
polymers are widely used in drug delivery systems, biosensors,
and microdevices due to their ability to provide controlled, site-
specic, and on-demand therapeutic action.66 For example,
temperature-responsive polymers such as poly(N-iso-
propylacrylamide) (PNIPAM), poly(N-vinylcaprolactam) (PVCL),
and Pluronic block copolymers exhibit sol–gel transitions near
body temperature, making them ideal for injectable hydrogels
and localized drug delivery.67,68 pH-responsive polymers such as
poly(acrylic acid), chitosan, and poly(L-histidine) contain ioniz-
able groups that respond to acidic or basic environments,
enabling targeted delivery in tumors or inamed tissues.69,70 The
pH-triggered oral drug delivery system was developed by capping
mesoporous silica SBA-15 with pH-responsive polymer PAA via
a facile gra-onto strategy, and it was used to deliver anti-cancer
drug doxorubicin for the treatment of colon cancer.71 The pH-
responsive biodegradable hydrogels made from four types of
pH-sensitive PAA derivatives and poly(L-glutamic acid) as a cross-
linker were applied for oral delivery of insulin.72 pH-responsive
nanoparticles made of Eudragit RL 100 and Eudragit RL 100-
poly(lactic-co-glycolic acid) were used as drug delivery systems for
diclofenac sodium in an intestinal pH condition of 6.8.73

The microspheres made of pH-responsive Eudragit RS100
were used as a drug delivery system for the acidic drug
ibuprofen.74 Eudragit S100, as a pH-responsive polymer, was
coated onto the liposomes by a fast and organic solvent-free
method for the colonic delivery of curcumin.75 The transparent
lm formed from Eudragit E100 polymer was used for trans-
dermal therapy since it showed good adhesion to the skin. The
loaded drug nicorandil was released due to erosion of the
hydrophilic Eudragit E100 polymer, and the release of the drug
was observed to be 100% within 20 min.76 Electric eld-
responsive polymers, such as polyaniline (PANI) and poly-
pyrrole (PPy), alter their shape or conductivity in response to
electrical stimulation, making them suitable for use in MEMS
and electrochemical devices.77 Light-responsive polymers,
including azobenzene- and spiropyran-containing systems, react
RSC Adv., 2026, 16, 14878–14935 | 14883
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to UV or NIR light for spatially controlled activation.78 Magnetic-
responsive polymers, oen composites with Fe3O4 nanoparticles,
allow remote-controlled actuation or heating.79 Additionally,
polymers responsive to solvent polarity or ionic strength, such as
polyvinyl alcohol (PVA), polyacrylamide (PAAm), enable highly
selective and adaptive therapeutic platforms for drug delivery.80

Collectively, these polymers offer modularity, tunability, and
responsiveness, which are essential for advancing personalized
medicine and next-generation biomedical devices.
4. Design considerations and
comparative analysis of microdevices
vs. nanocarriers

Designing multiple endogenous stimuli-responsive micro-
devices requires integration of materials, architecture, and
Fig. 1 Schematic overview illustrating the complexity, benefits, challen
microdevices. (Top left) Complexity arises from multilayered architectur
responsive chemistries activated in acidic microenvironments. (Top right)
tumor sites, improving localization and reducing systemic toxicity comp
premature pH-triggered leakage, biocompatibility-related immune resp
include smart insulin patches with glucose-responsivemicroneedles, mic
pH-responsive drug reservoirs. The figure highlights how endogenous cu
translational barriers. This image has been created as a Creative Commo

14884 | RSC Adv., 2026, 16, 14878–14935
microfabrication approaches that enable multi-cue sensing and
controlled actuation at the microscale. Key considerations
include device geometry (reservoirs, channels, compartments),
mechanical robustness, biocompatibility, and the ability to
incorporate diverse triggers such as pH, enzymes, redox state, or
ionic changes without compromising structural stability
(Fig. 1).81 These stimuli-responsive microdevices face persistent
challenges largely tied to their size, multi-layered architecture,
and long-term residence within tissues. First, achieving precise
biomarker sensing remains difficult because endogenous cues
such as pH, cytokines, or enzymes are oen spatially hetero-
geneous and dynamic; microdevices respond only to the
microenvironment immediately surrounding their surfaces,
leading to inaccurate or delayed activation when biomarkers
uctuate or diffuse slowly.82–84 Biofouling and brotic encap-
sulation severely impair responsiveness over time, as proteins,
cells, and ECM components clog or insulate responsive
ges, and biomedical applications of endogenous stimuli-responsive
es with synthetic polymer shells, molecular-gating interfaces, and pH-
Benefits include targeted drug release in diseased tissues such as acidic
ared with conventional delivery. (Bottom left) Key challenges include
onses, and long-term stability limitations. (Bottom right) Applications
ro-robotic tools for minimally invasive repair or biopsy, and implantable
es enable controlled, site-specific therapy while emphasizing remaining
n using the BioRender software (https://www.biorender.com/).
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Fig. 2 Schematic illustration of the complexity, benefits, challenges, and biomedical implications of endogenous stimuli-responsive nano-
carriers. (Top panel) Multistep synthesis—spanning monomer/drug selection, polymerization, encapsulation, surface functionalization, and
incorporation of stimuli-sensitive bonds—highlights the chemical complexity of responsive nanocarriers. (Central panel) The nanocarrier
structure features a drug-loaded core, responsive polymer shell, targeting ligands, and stimuli-cleavable linkers enabling controlled, site-specific
activation. (Bottom left) Benefits include endogenously-triggered degradation, localized release within diseased microenvironments such as
tumors, enhanced therapeutic index, and reduced systemic toxicity. (Bottom right) challenges include premature leakage, limited tissue
penetration, rapid clearance, and manufacturing barriers such as scalability and batch variability. The figure underscores both the promise and
translational hurdles of multi-stimuli-responsive nanocarrier systems. This image has been created as a Creative Common using the BioRender
software (https://www.biorender.com/).
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membranes, reducing permeability and altering trigger
thresholds.85,86 Mechanical durability and long-term biostability
are unresolved issues because cyclic swelling, degradation, and
micro-valve fatigue compromise reliability, especially for
chronic implants.87 Integration of orthogonal stimulus-
responsive chemistries into micro-scaled structures remains
technically challenging, and maintaining consistent, GMP-
grade microfabrication with tight tolerances is still difficult.
Additionally, sterilization sensitivity (heat, radiation, chem-
icals) can degrade responsive linkers or device architecture.88

Finally, regulatory pathways are unclear for multi-trigger
implantable systems, especially those combining biochemical
sensing with structural components, translating to slow and
expensive.89,90

In contrast, nanocarrier design focuses heavily on surface
chemistry, colloidal stability, and responsiveness within tight
nanoscale constraints. Architects must choose chemistries that
remain inert during circulation yet respond sharply to specic
© 2026 The Author(s). Published by the Royal Society of Chemistry
endogenous cues, while maintaining uniform size, charge, and
dispersity (Fig. 2).91 Nanocarriers must resist protein corona
formation, avoid premature aggregation or opsonization, and
exploit intracellular triggers such as endosomal pH or cytosolic
GSH.92,93 Because nanocarriers enter cells and traverse biolog-
ical barriers, their design prioritizes stealth behaviour, efficient
loading of small or macromolecular drugs, membrane-
interacting features for uptake, and orthogonality of stimuli-
responsive linkages within a conned nanoscale architec-
ture.94 For nanocarriers, the biggest unresolved challenges arise
from their interaction with complex biological uids and their
dependence on precise molecular-scale triggers. Endogenous
stimuli such as pH, ROS, GSH, or enzymes oen exhibit shallow
gradients, making it difficult for nanosystems to distinguish
pathological from healthy tissue with true specicity.95,96 The
protein corona remains a major unresolved barrier; adsorbed
proteins mask targeting ligands and responsive groups, alter
surface charge, change circulation time, and can entirely block
RSC Adv., 2026, 16, 14878–14935 | 14885
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stimulus-responsive mechanisms.97 Nanocarriers also struggle
with colloidal instability, premature drug leakage, and incon-
sistent biodegradation rates, especially when multiple-
responsive linkers interact or degrade unpredictably.98–100

Achieving reproducible multi-stimuli-responsiveness is difficult
because the nanoscale limits the integration of orthogonal
chemical motifs without cross-reactivity. In vivo, rapid clearance
by the liver, spleen, andmononuclear phagocyte system reduces
the probability of reaching the intended target in sufficient
quantity to activate meaningfully.101 Moreover, inter-patient
variability in ROS, enzyme levels, or metabolic states makes
dose–response relationships less predictable.102 Lastly, analyt-
ical characterization at the nanoscale is extremely limited;
regulators lack standardised metrics for activation thresholds,
corona effects, or multi-trigger kinetics, leaving the clinical
translation landscape uncertain.103

Endogenous single- and multiple-stimuli-responsive micro-
devices and nanocarriers represent two converging but func-
tionally distinct strategies for precision drug delivery and
biomedical sensing (Table 2). In broader biomedical use,
nanocarriers integrate into scaffolds or wound dressings to
provide microenvironment-guided release,104 whereas micro-
devices support closed-loop systems, targeted electromechan-
ical actuation, or multi-compartment combination
therapy.105,106 Overall, nanocarriers offer superior diffusivity and
Fig. 3 Schematic of the photolithography process, in which UV light pa
layer on a silicon substrate (a). Resulting array of microfabricated hydroge
endogenous stimuli—pH, temperature, redox/enzyme activity, and hypo
patterned hydrogel microdevices (c). This image has been created
www.biorender.com/).

© 2026 The Author(s). Published by the Royal Society of Chemistry
intracellular precision, while microdevices deliver higher
control, longevity, and payload versatility, together forming
complementary platforms in advanced responsive therapeutics.
Together, these technologies provide complementary capabil-
ities: microdevices excel in controlled, site-specic, long-
duration therapy, whereas nanocarriers provide systemic
reach and intracellular precision. Advancing clinical translation
will require addressing material biostability, trigger orthogo-
nality, manufacturing reproducibility, and standardized evalu-
ation of multi-stimulus responses across both platforms.
5. Blueprints in miniature:
photolithography and additive
manufacturing for microdevice design

Endogenous-stimuli-responsive microdevices, systems that
sense and react to in-body cues such as pH, enzymes, redox
state, glucose, or ROS, have become central to precision drug
delivery, so actuation, and on-chip regulation because they
can couple local microenvironment changes to spatiotempo-
rally controlled function. Recent reviews map the eld's rapid
growth, highlighting materials (e.g., PEGDA, pNIPAM, HA, MA),
response mechanisms, and biomedical use cases in drug
delivery, wound healing, so robotics, and photonics. In
sses through a photomask to pattern a photo-crosslinkable hydrogel
l microdevices generated with high spatial precision (b). Representative
xia/ionic changes, inducing structural or volumetric responses in the
as a Creative Common using the BioRender software (https://

RSC Adv., 2026, 16, 14878–14935 | 14889
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particular, hydrogels serve as the dominant transduction
medium owing to high water content, tunable mechanics, and
the ease of encoding chemical motifs that undergo swelling,
cleavage, or crosslink rearrangement under endogenous
triggers.170,171

Photolithography enables sub-micrometer lateral resolution,
batch parallelization, and deterministic pattern transfer, capa-
bilities that are decisive when one needs thin, planar micro-
structures (valves, membranes, grippers, micro-reservoirs) that
respond predictably to small biochemical gradients (Fig. 3).
Hydrogel photopatterning has been used to dene heteroge-
neous crosslink density, composite layers, and anchored/
hinged features, each of which governs swelling anisotropy
and thus actuation or release proles. Compared with many 3D
print workows, classical photolithography provides wafer-
scale throughput and tight control of in-plane feature sizes,
oen tens of nanometers to a few micrometers in research
settings, ideal for microuidic channels, membranes, and
Fig. 4 Schematic illustration of additive manufacturing techniques. Co
transfer (LIFT) (b) inkjet printing (c) stereolithography (SLA) (d) digital light
sintering (g) fused deposition modeling (FDM) (h) and microextrusion 3D
the BioRender software (https://www.biorender.com/).

14890 | RSC Adv., 2026, 16, 14878–14935
valves that gate mass transfer with sensitivity to endogenous
stimuli.172,173 Endogenous triggers (acidic pH in inamed
tissues/periodontal pockets, protease activity, elevated ROS,
glucose uctuations) are being harnessed to design “smart”
dressings and carriers for oral ulcers,174 periodontitis,175 chronic
wounds,176 and tumors. Reviews synthesize mechanisms and
translational challenges, underscoring how micro-architected
hydrogel features control diffusion paths and response
kinetics, precisely the regime where photolithographic control
of membranes and in-plane geometry is advantageous.177

Breger et al. reported self-foldingmicrogrippers composed of
photopatterned pNIPAM-co-AAc hydrogels (thermo/pH respon-
sive) laminated with a stiff polymer layer have demonstrated
autonomous gripping/release by swelling mismatch; iron-oxide
loading adds magnetic guidance.178 These microgrippers were
fabricated by photolithographic patterning of hydrogel bilayers,
showing how 2D masks create 3D morphing devices driven by
endogenous-like cues. Experiments showed that the grippers
ntinuous liquid interface production (CLIP) (a) laser-induced forward
processing (DLP) (e) two-photon polymerization (TPP) (f) selective laser
printing (i). This image has been created as a Creative Common using

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reliably transitioned around ∼36 °C, folding in opposite direc-
tions based on whether the hydrogel was swollen or collapsed,
with robust performance over more than 50 cycles. Finite-
element simulations validated the folding mechanism and
revealed that gripper performance was highly sensitive to the
modulus and thickness of both layers, identifying optimal
design ranges, particularly an active hydrogel thickness around
45 mm and a stiff layer modulus near 16 MPa. Importantly, the
increased stiffness achieved through the bilayer design enabled
the microgrippers to effectively grasp and excise live broblast
cells, demonstrating their potential for minimally invasive
surgical tasks, tissue manipulation, and targeted therapeutic
delivery. Reviews of biomimetic so grippers further emphasize
photolithography and direct printing as high-throughput routes
to encode anisotropic swelling and hinge lines that convert
chemical stimuli into robust shape change.179 Microvalves built
from light-responsive or thermo-responsive hydrogel elements
integrated into photolithographically dened microchannels
can open/close on demand;180 an example uses LRH (with Fe3O4

nanoclay) microspheres that shrink within seconds of laser
irradiation to open a normally closed channel and re-swell to re-
close aer stimulus removal.181 The improved uniformity of
Fe3O4 nanoparticle distribution in N02 microspheres led to
reproducible photothermal conversion, achieving rapid heating
to ∼65 °C within 10 s of NIR irradiation that enabled stable,
reversible change in the volume with <3% variation across
repeated cycles. When integrated into a microuidic chip, the
LRH microsphere microvalve exhibited reliable light-triggered
actuation, opening within 2 s of irradiation and reclosing in
∼18 s as the hydrogel cools and reswells, with effective opera-
tion across 1–20 mL min−1

ow rates and stable performance
Table 3 Comparative overview of photolithography and additive manuf

Aspect Photolithography

Resolution and delity Mature sub-micrometer (down to
advanced variants) for planar pa
exceptional lateral accuracy and
features—ideal for membranes,
gratings188

Throughput and scalability Batch parallelization (whole-wafe
fast for 2D arrays; excellent for m
of many identical devices190

Geometry Best for quasi-2D or multilayer (
devices; 3D complexity requires
bonding steps192

Material palette Photo-crosslinkable gels (PEGDA
can be readily patterned; multila
with controlled crosslink gradien
mask design194

Preferred architectural domains Microvalves, membranes, microc
photonic lattices, planar microgr
control of thickness and in-plan
chemomechanics197,198

Practical constraints Requires masks/aligners and (typ
a cleanroom; superb repeatabilit
process is set188

© 2026 The Author(s). Published by the Royal Society of Chemistry
over 20 cycles per day for 5 days. Overall, the modied LRH
microvalve achieves fast, repeatable, noncontact optical control
of microuidic ow, demonstrating strong potential for
compact and integrated microuidic systems. A review by Ko
et al. on hydrogel photonic microstructures fabricated by
photolithography (and related nanoimprint/e-beam methods)
transduced swelling into optical shis, yielding label-free
sensing of pH, glucose, or ionic strength. This tight linkage
between geometry and optical function relies on lithographic
delity at the micro/nanoscale.182 Nonetheless, stimuli-
responsive microneedles (MNs) have advanced substantially
for endogenous-triggered delivery (e.g., glucose-responsive
insulin patches,183,184 and tumor microenvironment-responsive
delivery,185 among others), though many MNs are fabricated
via molding/printing. Reviews document pH/enzymatic/
glucose-responsive MNs and their integration with stimuli-
responsive polymers for on-demand release.186

In contrast, additive manufacturing (AM) is a layer-by-layer
fabrication method that enables the creation of complex 3D
geometries and multi-material structures with reduced pro-
cessing time. AM techniques such as stereolithography (SLA),
digital light processing (DLP), two-photon polymerization
(TPP), selective laser sintering (SLS), fused deposition modeling
(FDM), continuous liquid interface production (CLIP), laser-
induced forward transfer (LIFT), inkjet printing, and micro-
extrusion printing are being utilized to fabricate microbots,
providing varying resolution/compatibility to materials to meet
a broad range of applications (Fig. 4).83 The stimuli-responsive
micro/nanorobots involve material that responds to thermal,
photic, pH, ultrasonic, magnetic, biological, or ionic triggers,
enabling applications in precision medicine and smart
acturing across key microfabrication performance metrics

Additive manufacturing

<100 nm in
tterns;
smooth
valves,

Typical hydrogel DLP/LCD lateral features ∼20–
100 mm; advanced workows show ∼75 mm
laterals, ∼22 mm membranes; two-photon
polymerization (2 PP) can reach <200 nm voxels
but with limited throughput189

r exposure);
ass fabrication

Layer-by-layer, DLP/LCD scale favourably (full-
layer projection), enabling thousands of devices
per run; 2PP is slower, though parallelization
strategies are emerging191

stacked)
alignment and

True 3D freedom (overhangs, internal channels,
graded lattices) enables architected hydrogel
actuators and complex microneedles193

, pNIPAM, etc.)
yer composites
ts by dose/

Broad and expanding: SLA/DLP resins for
PEGDA/GelMA/HA-MA; custom inks for
biocompatibility; 2PP-tailored photoresists
including sugar-responsive systems for 4D
actuation195,196

hannels,
ippers; tight
e gradients for

Complex microneedles, micro-robots, porous
scaffolds; organ-on-chip with embedded
structures; rapid iteration without masks199,200

ically)
y once the

Maskless, CAD-to-part; consumer-grade LCD
printers + tailored PEGDA inks now achieve high
throughput at low cost; however, resin toxicity
and post-cure steps need care199,201
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materials.187 Examples include microuidics, photothermal
microneedles, electroactive actuators, and scaffolds. The multi-
stimuli-responsive systems provide multifunctionality in
complex environments, thereby paving the way towards appli-
cations in biomedicine and industries. The various types
employed in the fabrication of microdevices are comprehen-
sively detailed in the SI le provided (Section S4.1–S4.9). The
fundamental differences between photolithography and addi-
tive manufacturing are mentioned in Table 3.
6. Tug or drift? Navigating passive
and active pathways in microdevice
drug delivery

Miniaturization and developments in microdevices have paved
the way for the development of biomedical microdevices with
Fig. 5 Schematic illustration of diverse endogenous and exogenous stim
applications. This image has been created as a Creative Common using

14892 | RSC Adv., 2026, 16, 14878–14935
the potential to cure a wide range of acute and chronic diseases.
New biomedical devices with micrometre characteristics can be
manufactured and implanted through minimally invasive
procedures to distribute therapeutic drugs in a regulated
manner. Microdevices for controlled drug release are composed
of various structural components, such as microchannels and
micro-reservoirs, which store drugs. Additionally, micro-
transducers, including microsensors and microactuators, are
integrated with microelectromechanical systems (MEMS) to
augment the device's functionality.202 There can be passive and
active microdevices, as elaborated further. Detailed discussions
on the design, function, and attributes of such types are
provided in the SI le (Section S5.1–S5.2). Consistent with the
scope of this present review, our focus centres on stimuli-
responsive microdevices, highlighting their mechanistic preci-
sion in delivering biomolecules in the domain of drug delivery
and biomedical applications (Section 6).
uli-responsive microdevices utilized in drug delivery and biomedical
the BioRender software (https://www.biorender.com/).
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7. Stimuli on cue: categorizing
endogenous stimuli-activated
microdevices for targeted therapeutics

Endogenous stimuli-responsive microdevices leverage intrinsic
physiological and pathological cues within the body to achieve
site-specic and controlled drug release. These devices are
engineered using advanced techniques such as micro-
fabrication, surface patterning, and microuidics, and can be
integrated with cellular or tissue models to enhance their
functionality. Unlike exogenous triggers that rely on external
Fig. 6 Advantages and limitations of endogenous stimuli-responsive mic
temperature, pH, enzyme, hypoxia, ionic, and redox, that operate on the p
by triggering drug release in low-oxygen environments, ion-sensitive
cleavage, respectively. This image has been created as a Creative Comm

© 2026 The Author(s). Published by the Royal Society of Chemistry
interventions (e.g., temperature, light, and magnetic elds),
endogenous stimuli originate from the local microenvironment
of diseased tissues, including variations in pH, enzyme activity,
redox potential, hypoxic conditions, and ionic gradients
(Fig. 5).203 By exploiting these inherent biochemical and physi-
cochemical signatures, such microdevices enable highly selec-
tive therapeutic action, minimizing systemic exposure and
improving efficacy. The following sections summarize key
developments in microdevices designed to respond to these
endogenous cues, highlighting their mechanisms and applica-
tions in precision drug delivery.
rodevices. This schematic illustrates various internal triggers, including
rinciple of phase transition, swelling/degradation, enzymatic cleavage,
polymers responding to ionic strength changes, and disulfide bond
on using the BioRender software (https://www.biorender.com/).
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Stimuli-activated microdevices represent a transformative
frontier in precision drug delivery, enabling spatiotemporal
control over therapeutic release through engineered respon-
siveness to physiological or externally applied cues. This section
categorizes the diverse landscape of endogenous-responsive
microdevices, delineating their design principles, activation
mechanisms, and biomedical applications. Endogenous trig-
gers, such as temperature, pH gradients, enzymatic activity,
redox potential, and hypoxia, are harnessed to achieve site-
specic release within pathological microenvironments
(Fig. 6).7 Endogenous stimuli-based microdevices represent an
innovative class of smart drug delivery systems that leverage
internal physiological signals to achieve controlled and site-
specic therapeutic release.
7.1. Temperature-responsive microdevices

Temperature is a unique stimulus that can be both endogenous,
arising from localized hyperthermia in tissues such as tumors
or infections, and exogenous, applied externally. Advances in
biocompatible thermoresponsive polymers have enabled the
design of intelligent drug-delivery nanocarriers with tunable
release proles.204–206 These systems can enhance therapeutic
efficacy or spatially conne cytotoxic effects to target sites,207,208

and are increasingly integrated into multi-stimuli platforms,
including dual (e.g., temperature/pH) and triple-responsive
(e.g., thermo/pH/redox or glucose/pH/thermo) delivery
systems.209–213

Vincenzo C. et al. conducted a study using super-
paramagnetic nanoparticles loaded in micro-carriers of ther-
mosensitive and injectable biopolymers. This resulted in the
creation of “smart” microdevices that could respond to an
external magnetic eld (EMF) by releasing co-encapsulated
molecules with remote on–off control.214 The researchers
proposed the use of Supercritical Emulsion Extraction Tech-
nology (SEET) to fabricate microcapsules with a core of poly-
lactic-co-glycolic acid (PLGA) or poly-lactic acid (PLA) covered by
carboxybetaine-functionalized chitosan (f-Chi). These micro-
capsules were loaded with paramagnetic nanoparticles (MAG)
and water-soluble uorescein (Fluo), which served as a uores-
cent marker for release studies. The microcarriers had an
average size of 800 ± 60 nm and an encapsulation efficiency of
up to 90%. The f-chitosan coating resulted in a uniform func-
tionalized surface with a thickness of 200 ± 50 nm, allowing for
further chemical linkage. EDX-SEM and IR analyses conrmed
effective dispersion and encapsulation of magnetite within
PLGA and PLA microdevices fabricated via SEE. Surface charge
measurements showed that magnetite was well encapsulated,
as zeta potentials of uncoated carriers remained negative across
pH levels, unlike free magnetite. Coating with f-chitosan
signicantly increased zeta potential to +26 ± 1.2 mV at pH
5.5, indicating successful surface modication. FE-SEM and
TEM images revealed that the f-chitosan coating preserved the
spherical shape of PLGA carriers while slightly roughening their
surfaces. The study conrmed excellent dispersion of MAG
within the biopolymer matrix, which exhibited responsiveness
to EMF. Fluo was released over 3 or 5 days from PLGA or f-
14894 | RSC Adv., 2026, 16, 14878–14935
chipola microdevices into a PBS medium at 37 °C. Nearly 60%
of Fluo was released on the rst day, showing a typical burst
release for water-soluble Fluo in submicron devices. From day
two, release was sustained at ∼8% per day over ve days.
Applying an f-Chi coating halved the initial burst to 34% and
slowed subsequent release to 5.5% per day, extending total
release to 10 days. This controlled release was likely due to
carboxybetaine in the coating, which traps solutes within its
hydrated structure. Furthermore, remote on–off controlled
release and tunability based on carrier composition were ach-
ieved by applying an alternating magnetic eld (AMF). PLGA
carriers released 40%, 30%, and 20% of Fluo in the rst three
AMF pulses, while f-ChiPLGA showed reduced release (36%,
28%, 10%), indicating the coating's dampening effect. PLA
carriers released 25–18% in the rst three pulses, followed by
∼10% in subsequent ones. Overall, the proposed method
combines emulsication with supercritical uid technology to
efficiently produce engineered microcarriers with high encap-
sulation efficiency and well-dispersed magnetic nanoparticles.
The addition of carboxybetaine-functionalized chitosan coating
enhances controlled drug release and biocompatibility.

In another experiment conducted by Meng et al., a micro-
uidic device was utilized to generate micro-HIFU (MHIFU).
This device controlled the release of drugs from temperature-
sensitive liposomes (TSL) and assessed the thermal and
mechanical effects of ultrasound on cellular drug uptake and
apoptosis.215 By adjusting the input electrical signal, the sample
temperature was maintained at desired levels of 37 °C, 42 °C,
and 50 °C with a deviation of±0.3 °C. The results obtained from
ow cytometry revealed a signicant increase in apoptosis when
using MHIFU sonication for drug delivery compared to incu-
bation alone at an elevated temperature of 42 °C. At a constant
uid temperature of 37 °C, no signicant apoptosis was
observed across groups, with cell viability exceeding 92%.
However, at 42 °C, late apoptosis in the rst group increased to
17.8%, markedly higher than in the second (3%) and third
(3.5%) groups. The second group maintained 94.3% viability,
indicating that short MHIFU exposure alone did not compro-
mise cell health. The minimal apoptosis in the third group at
42 °C is likely due to the short heating duration (3 min).
Notably, dead cells in the rst group rose to 5.3%, suggesting
that MHIFU-assisted TSL delivery accelerates apoptosis. Overall,
MHIFU treatment at 42 ± 0.3 °C resulted in a 5.9-fold increase
in late apoptotic cells compared to the control group main-
tained at 37 °C. At 50 °C, apoptosis levels increased signicantly
across all groups, conrming that elevated temperature is the
primary driver of cell death, independent of TSL involvement.
Additionally, atomic force microscopy detected an increase in
squamous and protruding structures on the cell membrane
surface aer MHIFU irradiation of TSL. These ndings
demonstrated that MHIFU allows for real-time monitoring of
interactions between ultrasound and cells, which is not possible
with routine HIFU treatment.

Cell-mediated drug delivery systems employ living cells as
carriers for the precise administration of therapeutics. One of
the system's features is the integration of cells with disk-shaped
microparticles, producing cell-microdevice complexes that offer
© 2026 The Author(s). Published by the Royal Society of Chemistry
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distinct advantages over their counterparts. Human mesen-
chymal stem cells (hMSCs) have been thoroughly investigated
as therapeutic agents and employed as vehicles for drug-loaded
nanoparticles or other functional nanoparticles. To this end,
Xia J. et al. introduced a novel microdevice-based drug delivery
system mediated by hMSCs.216 This study demonstrated that
microdevices could be affixed to hMSCs in a controlled and
adaptable manner. The resulting hMSC-microdevice complexes
remained stable during culturing and trypsinization, and the
attachment of the microdevices did not affect the viability or
proliferation of the hMSCs. Furthermore, cultured microdevice-
bound hMSCs preserved their capacity to move across a planar
surface, generate a spheroid, and actively disassociate from the
spheroid. Taken together, the results suggested that the fabri-
cated microdevice-based hMSC-mediated technology holds the
potential for advancement into a clinically feasible drug delivery
system.

One of the interesting works reported by Ghosh A. et al.
involved the creation of theragrippers equipped with multiple
sharp microtips, like the hookworm, to ensure effective
attachment to the gastrointestinal (GI) mucosa.217 The
researchers reported that these GI parasite-inspired thera-
grippers consisted of thick, rigid segments and residually
stressed bilayer hinges, covered with a thermosensitive wax
layer. These theragrippers remained in the GI tract of live
animals for 24 h by autonomously latching onto the mucosal
Fig. 7 Microfabrication technique: hydrogel structures are deposited a
temperature variations, while method 2 actuates hydrogel structures in
Then, the system is closed using an NOA or PDMS structure. At tempe
hydrogel exhibits swelling. Increasing the temperature beyond the LCST
hydrogel patterns affixed to surfaces, visualized using interferometric m
widths of the structures (patch andmicrocage walls) are 10 mm, the horizo
is 2 mm (b). In situ topographic views of valves and cages depict the heatin
the cage walls are elevated. At 40 °C, the hydrogel is contracted, the valv
permission.219 Copyright 2018, Springer Nature.

© 2026 The Author(s). Published by the Royal Society of Chemistry
tissue. Notably, a signicant six-fold increase in the elimination
half-life was observed when delivering a model analgesic,
ketorolac tromethamine, using theragrippers. These ndings
demonstrated that shape-changing and self-latching micro-
devices can improve the effectiveness of prolonged drug
delivery. The researchers also noted that the thermoresponsive
nature of the theragrippers necessitated refrigeration for
storage, especially in tropical regions where temperatures can
exceed 37 °C. The extended-release delivery of drugs in the GI
tract has greatly simplied drug administration and improved
adherence to therapeutic regimens. Nevertheless, obstacles
persist due to GI motility clearance, complicating device
retention and prolonged medication release.

Microcages are utilized in pharmaceutical delivery to facili-
tate the controlled transport and release of medications. These
function as containers for pharmaceuticals, facilitating focused
administration and regulated release. Certain microcages can
be activated by stimuli to open and dispense pharmaceuticals.
Microcages can exhibit mechanical robustness and be inte-
grated into implants. Certain microcages can accommodate
substantial pharmaceuticals, including solid nano/microparti-
cles.217,218 To this end, D'eramo et al. reported a hydrogel-based
microfabrication approach for developing microdevices con-
taining up to 7800 individually actuated microcages capable of
solute sequestration and release. Each microcage is equipped
with a thermally responsive valve exhibiting rapid and
nd grafted or patterned onto the substrate. Method 1 induces global
dividually through the deposition of patterned chromium/gold layers.
ratures below the lower critical solution temperature (T < LCST), the
or heating the metal layer causes the hydrogel to collapse (a). Diverse
icroscopy: a singular patch and an array of square microcages. The
ntal dimensions of the cage are 200 mm× 200 mm, and the wall height
g conditions. At 20 °C, the hydrogel is expanded, the valve is sealed, and
e is open, and the chamber walls are positioned low (c). Adapted with
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Fig. 8 Schematic representation of 3D printed PNAGA microstruc-
tures (a), and thermosensitive properties of 3D-printed PNAGA-based
microrobots at 25 °C and 45 °C (b). Adapted with permission.45

Copyright 2023, AccScience Publishing.
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reproducible switching dynamics, with average opening and
closing times of 250 ms and 600 ms, respectively (Fig. 7).219 The
ndings demonstrated sequential transport of two uids,
0.8 mmol per L uorescein and pure water, into a common
channel via two valves actuated with a 180° phase shi at 2 Hz,
producing uorescein waves that propagate downstream. The
wave amplitude exhibited a low-pass response with a cutoff
frequency of 5 Hz. Valve switching times were quantied from
interface displacement data, yielding a closing time constant of
0.6 ± 0.1 s and an opening time of 0.25 ± 0.15 s. These sub-
second actuation times are well-suited for biotechnological
applications and align with theoretical diffusion-based esti-
mates. Accordingly, this approach was exemplied in single-cell
handling and the nucleic acid amplication test (NAAT) for the
Human Synaptojanin 1 gene, implicated in various neurological
disorders, including Parkinson's disease. The efficacy of the
temperature-responsive hydrogels presented in this work indi-
cated that, coupled with their reasonable costs, these hydrogels
could serve as a viable alternative to the existing actuation or
manipulation methods employed in microuidics, specically
pressure-actuated polydimethylsiloxane (PDMS) valves and
droplets. Overall, very large system integration in isothermal
systems, where all cages were actuated simultaneously, was
feasible by minimizing the dimensions of the hydrogel valves or
cages to 5 mm. However, the autonomous actuation of cages
complicates the scenario; yet the prospect of achieving densities
of thousands of cages per cm2, indicating a high throughput,
remains feasible.

Temperature-responsive hydrogels are being progressively
employed and studied due to their potential applications in the
biomedical sector. In a study reported by Zhou et al., thermo-
sensitive poly-N-acryloyl glycinamide (PNAGA) hydrogel-based
microrobots were prepared utilizing advanced two-photon
polymerization printing techniques.45 The thermosensitive
performance of N-acryloyl glycinamide (NAGA) was demon-
strated to be concentration-dependent, and the underlying
mechanism was investigated. PNAGA-100 exhibited rapid
swelling behaviour at 45 °C, achieving a growth rate of 22.5%,
the highest among the PNAGA hydrogels. A drug release study
of PNAGA-100-based thermosensitive hydrogels was performed.
The microrobots exhibited a greater drug release at 45 °C
compared to 25 °C, underscoring their signicant potential for
application in medication delivery within the human body
(Fig. 8). Additionally, PNAGA-100-based thermosensitive
microrobots can navigate the predetermined path under the
inuence of a magnetic actuator following incubation with
Fe@ZIF-8 crystals. Overall, biocompatible thermosensitive
magnetic microrobots offer novel possibilities for advanced
biomedical applications with high performance.

Microdevices, including micron-sized impregnated needles
attached to the polymeric substrate, have been shown to pene-
trate the stratum corneum to locally deliver bioactive
compounds into the epidermis and/or supercial dermis.220,221

Microneedles (MNs) present an attractive way of delivery as this
technique is painless and can potentially be self-administered.
Recently, stimuli-responsive microneedles, oen constructed
from polymeric matrices, have been developed to enhance and
14896 | RSC Adv., 2026, 16, 14878–14935
regulate the release of payloads.222,223 Thermoresponsive
microneedles are fabricated from materials having a low
melting point (<55 °C), allowing them to shi from solid to
liquid upon exposure to a heat source. These MNs can absorb
heat from two sources to facilitate phase transition. The initial
heat source originates from a thermal heater. Polymers like
polycaprolactone, which have a low melting point of 50 °C,
experience a phase transition that facilitates drug release.224

Such polymers oen include chitosan and b-sodium glycero-
phosphate (b-GP), which were added to MN formulations to
improve solubility.225 When the temperature exceeds the phase
transition temperature of chitosan and b-GP, the hydropho-
bicity of chitosan molecules increases and hydrogen bonding
weakens, resulting in a reversible gel formation. This charac-
teristic can hasten the disintegration of MNs made from
dextran. Other thermosensitive MNsmay use amphiphilic block
copolymers such as polyethylene oxide–polypropylene oxide
(poloxamers or Pluronic, PPO–PEO–PPO). These amphiphilic
block copolymers can undergo thermal sol–gel
transformation.226–228 Hydrogels made from thermosensitive
poly(lactic-co-glycolic acid)–polyethylene glycol-poly(lactic-co-
glycolic acid) copolymers can transfer plasmid deoxyribonucleic
acid to the skin via MNs.229 Li et al. reported the use of gelatin
graed with carboxylic end-capped poly(N-isopropylacrylamide)
(PNIPAm) as the matrix material to fabricate a physical entan-
glement crosslinked hydrogel MN patch that can control drug
release aer skin application.230 PNIPAm can switch from
a linear state to a coiled state with temperature. The quick-
separating method and thermosensitive hydrogel delivered
drug-loaded MNs to the skin in seconds. The hypoglycaemic
effect in diabetic mice was distinctly regulated by insulin release
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Visual morphological examination of the GP solution (50% w/v) at ambient temperature and 37 °C (a). Scanning electron microscopic
images captured for drug-loaded MNs (b). Graphical representation of the blood glucose levels of group 1 (control mice), group 2 (gelatin-
fabricated RS-MNs-treated animals), and group 3 (RS-GP-MNs-treatedmice) (n= 3), administered with 0.4 IU of insulin. The blood glucose levels
of the diabetic model mice were standardized to the value of 0 h (c). Adapted with permission.230 Copyright 2022, Elsevier.
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via RS-GP-MNs, in contrast to the MNs fabricated from
unmodied gelatin (Fig. 9).

Author's critical perspective: across these modalities, the
strongest efficacy signals emerge when responsive materials are
coupled to precisely titratable external triggers within a narrow
mild-hyperthermia band (z41–43 °C). Magnetic and ultra-
sound elds enable on–off dosing, but their clinical utility
depends on thermal dosimetry discipline (CEM43) and
biocompatible carrier designs that suppress early burst without
sacricing response agility. Mechanical and biological resi-
dency strategies (theragrippers, hMSC carriers) can extend
exposure but introduce safety and regulatory tradeoffs; mucosal
microtrauma and immunogenicity must be quantied, and
biodegradability assured. Among the platforms, thermores-
ponsive MNs and SEET-fabricated microcarriers appear closest
to translational viability, given their manufacturability and
control over release. Future work should adopt standardized
thermal metrics, in vivo burst proling with clinically relevant
payloads, and head-to-head comparisons under matched
thermal doses to resolve the current ambiguity between heat-
mediated cytotoxicity and triggered drug action. Taken
together, in the studies mentioned above, researchers have
examined the development, manufacturing, and applications of
these miniature devices across different elds. The progress in
thermosensitive microdevices involves combining materials
that change properties based on temperature, allowing for
accurate reactions at temperature levels. The discussed studies
overall aimed to harness the potential of thermosensitive
microdevices in elds such as healthcare, where they can be
used for precise drug delivery or temperature-dependent diag-
nostic tests. Additionally, these microdevices have shown
promising outcomes in environmental monitoring through
sensing applications that use their temperature-detecting
capabilities.
© 2026 The Author(s). Published by the Royal Society of Chemistry
7.2. pH-responsive microdevices

Controlled drug-delivery systems enable administration of
therapeutics at predened rates and durations, surpassing
conventional formulations; however, several clinical condi-
tions, such as diabetes and cardiac rhythm disorders, still
require improved spatiotemporal control of dosing. Ideally,
drug release should be synchronized with physiological cues,
including local pH variations. pH-responsive microdevices
address this need by exploiting pathological pH differences,
such as the acidic microenvironment of tumors or inamed
tissues, to trigger site-specic drug release. These systems
typically employ polymers that undergo swelling or structural
transitions under acidic or basic conditions, enabling regulated
and targeted therapeutic delivery.231,232 Several key mechanisms
are involved in the mechanism of action of pH-responsive
microdevices.233,234 A decrease in pH induces protonation of
ionizable functional groups within the polymer network,
altering the local chemical environment and triggering struc-
tural changes. Protonation typically increases polymer hydro-
philicity, leading to network swelling and enhanced
permeability, which facilitates the diffusion of encapsulated
drugs. Concurrently, acid-labile cross-links may dissociate
under acidic conditions, further loosening or collapsing the
polymer matrix. The combined effects of swelling and bond
dissociation enable rapid, localized, and efficient drug release,
thereby enhancing therapeutic efficacy while minimizing off-
target exposure.

Environmentally responsive hydrogels are inherently suit-
able for use in microfabricated devices. The polymerization of
necessary monomers and crosslinking agents can be achieved
through free-radical polymerization utilizing UV light, thereby
allowing for the use of photolithographic techniques to pattern
these materials at the microscale.235,236 VanBlarcom et al.
fabricated poly(methacrylic acid) crosslinked with different
RSC Adv., 2026, 16, 14878–14935 | 14897
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Fig. 10 Schematic representations of microfluidic drug delivery regulation and associated release characteristics. An elementary microfluidic
unit consisting of a drug reservoir and a microfluidic release channel (a). The release rate can be regulated by channel geometry, including
channel length (l) and channel width (w) (b). Elementary drug delivery units were comparable to electrical circuit components such as resistors (R)
and capacitors (c). The array of microfluidic drug delivery devices enables sequential (d) and pH-responsive (e) distribution, together with the
associated release profile. Adapted with permission.242 Copyright 2018, Elsevier.
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molar percentages of polycaprolactone diacrylate to make pH-
responsive, biodegradable hydrogels.237 The equilibrium
swelling properties of pH-responsive materials were examined.
Methods to use these new hydrogels as silicon-based micro-
sensor sensing components were investigated. Photo-
polymerization atop silicon microcantilever arrays produced
extremely thin hydrogel lms that converted pH-responsive
volume change into optical signals. Organosilane chemistry
covalently bonds the hydrogel to the silicon beam. As the
hydrogel inated, the silicon–hydrogel surface stress deected
the beam downward. The sensor has a maximum sensitivity of 1
nm/5.7 × 10–5 pH unit. The sensors' remarkable sensitivity was
maintained in protein-rich liquids to imitate biological
circumstances. The existing theory was examined and devel-
oped to predict composite cantilever beam deection. Likewise,
in another study, a microdevice for drug administration that
incorporates pH-responsive nano-hydrogel composite
membranes acting as an intelligent nanovalve was reported.238

The polymeric microdevices were monolithic and did not
necessitate external control circuitry or Fntary components for
regulating drug-release rates. pH-responsive nanoparticles were
synthesized and incorporated into a composite membrane. The
resultant pH-responsive composite membrane was combined
with PDMS micro-reservoirs to create the proof-of-concept
microdevices. The in vitro release characterization of the
microdevices demonstrated a signicant increase in the release
rate of vitamin B12 when the local pH was reduced from 7.4 to 4.
Modifying nanoparticle proportions, the morphology and
dimensions of drug reservoirs, and drug loading concentrations
can provide intricate drug release patterns in response to
localized pH uctuations, serving as a foundational technology
for sophisticated drug delivery systems.

More advancements in the delivery of peptide and protein
therapeutics are needed in controlled drug delivery. A feedback
mechanism known as “homeostasis” regulates the emergence
of many bioactive peptides in the body to preserve a proper
metabolic balance. It would be helpful to have a system that
could identify the sickness signal, measure its strength, and
then release the right number of biomolecules in response. pH-
responsive microdevices have great promise in improving the
safety and effectiveness of medication delivery in therapeu-
tics.239 For example, these microdevices can traverse the stom-
ach's acidic milieu to deliver the therapeutic payload in the
intestines' more neutral pH environment, thereby reducing
systemic exposure and side effects in the treatment of gastro-
intestinal illnesses such as peptic ulcers or inammatory bowel
disease.240 Similarly, pH-responsive microdevices can be used in
cancer therapy to release chemotherapeutics into tumor tissue
while protecting healthy cells. This maximizes therapeutic
efficacy and minimizes off-target limitations, as solid tumors
frequently have acidic microenvironments.241 Yang D. et al.
published a study that created microchannel-based drug
delivery devices capable of precisely controlling release rates
through the design of microchannel geometry.242 The devices
were submerged in a release medium, and time-lapse photog-
raphy showed a signicant relationship between release rates
and channel shape. The study also examined the capacitor
© 2026 The Author(s). Published by the Royal Society of Chemistry
effect using FEM modeling, proving that adding capacitors
could alter transient conditions. The anti-cancer drug was
successfully delivered at a low pH level, and HeLa cell viability
assays veried a cutoff pH at which drug release was activated.
Therapeutic molecules with pH-dependent solubility could be
released through channels reacting to environmental pH, which
has applications in cancer treatment. The proposed so
microrobot carrying a trapped drug microbead can locate
a tumor, conduct its unfolding motion, and release the trapped
drug microbead. This approach could be used in targeted drug
delivery for cancer cell diagnostics and treatment (Fig. 10).

Li et al. developed a magnetically activated pH-responsive
hydrogel so microrobot for drug targeting and delivery.243

The microrobot, made of biocompatible PEGDA and PHEMA
bilayers and Fe3O4 nanoparticles, featured eight radial arms
and can be used to target docetaxel microbeads (PCLDTX). Aer
treatment, the viability of 4T1 breast carcinoma cells dropped to
70.25 ± 1.52%. The microrobot's ability to locate tumors and
release trapped drug microbeads is expected to be used in tar-
geted drug delivery for cancer cell diagnostics and treatment.
Other medical procedures that require various control methods
for optimal efficiency and precision can be addressed using this
strategy.

For numerous medical therapies, especially in oncology, it is
essential to create a biocompatible microscale device capable of
transporting an adequate quantity of a drug and administering
it to specic target locations. Chemically powered micromotors
have been utilized in live animal therapy; however, many exhibit
poor biodegradability in vivo, potentially leading to toxicity and
adverse effects. To this end, Zhou et al. fabricated and reported
a microdevice including a poly(aspartic acid) (PASP) microtube,
a thin iron intermediate layer, and a zinc core at different pH.
This device can be powered by gastric acid as a fuel source.244

Following the adsorption of doxorubicin onto a PASP surface,
the micro rocket could deliver drugs, penetrate the gastroin-
testinal mucus gel layer, and enhance drug retention in the
stomach without eliciting a signicant adverse response. All
components of the micro rockets were biocompatible and
biodegradable, capable of being rapidly dissolved by gastric
acid or proteases within the digestive tract. Notably, this
method may facilitate targeted drug delivery for cancer cell
diagnosis and treatment, providing enhanced precision and
efficiency in on-demand medical procedures. Taken together,
micro rockets constructed from poly (amino acid)s are
hypothesized to enhance the biomedical uses of micro- and
nanomotors. In another study by Yan Y. et al., a star-block
copolymer was fabricated to release anionic therapeutics at
physiological pH.245 Upon the PEI core, PEI-(PLL-b-PEG), the
outer shell's PEG and the inner shell's PLL block were graed.
The polymerization of benzyloxycarbonyl-L-lysine N-carboxy
anhydride induced ring-opening by PEI's peripheral primary
amine groups. Aer that, activated PEG 4-nitrophenyl carbonate
was applied to the surface to modify it. Historically, anionic
dyes like rose Bengal and methyl orange, as well as model drugs
like diclofenac sodium, could be released at high pH levels of
10.0–11.0 and low pH levels of 2.0–3.0 when encapsulated in
this star-block copolymer. Overall, the effective encapsulation of
RSC Adv., 2026, 16, 14878–14935 | 14899
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PEI-g-(PLL-b-PEG) and its sustained, pH-responsive release
characteristics may be utilized for the regulated delivery of
anionic drugs.

Bacterial infection is currently considered to be one of the
major reasons that lead to the failure of guided bone regener-
ation (GBR) therapy. Under normal conditions, the pH is
neutral, while the microenvironment will become acidic at the
sites of infection. To this end, Chen et al. reported an asym-
metric microuidic/chitosan device that can achieve pH-
responsive drug release to treat bacterial infection and
promote osteoblast proliferation at the same time.48 On-
demand release of minocycline relies on a pH-sensitive hydro-
gel actuator, which swells signicantly when exposed to the
acidic pH of an infected region. The PDMAEMA hydrogel had
pronounced pH-sensitive properties, and a large volume tran-
sition occurred at pH 5 and 6. Over 12 h, the device enabled
minocycline solution ow rates of 0.51–1.63 mg h−1 and 0.44–
1.13 mg h−1 at pH 5 and 6, respectively. The asymmetric
microuidic/chitosan device exhibited excellent capabilities for
inhibiting Staphylococcus aureus and Streptococcus mutans
growth within 24 h. It had no negative effect on the proliferation
and morphology of L929 broblasts and MC3T3-E1 osteoblasts,
which indicated good cytocompatibility. Therefore, such a pH-
responsive drug-release asymmetric microuidic/chitosan
device could be a promising therapeutic approach in the treat-
ment of infectious bone defects.
Fig. 11 Schematic representation of a microfluidic device designed for e
microspheres (a). Micrograph depicting the ‘On’ state of the microvalv
conceptual schematic illustrating the contractionmotion of themicrosph
‘Off’ state (e). SEM image of the microsphere situated within the entrap

14900 | RSC Adv., 2026, 16, 14878–14935
As mentioned earlier, for the thermos-responsive MNs,
likewise, pH-responsive microneedles are composed of poly-
mers that react to uctuations in the surrounding pH by means
of degradation, swelling, or collapse. These materials generally
contain hydrophilic and ionic functional groups inside the
polymer segments. Variations in pH across various organs or
reduced pH at the locations of chronic wounds, inammation,
or cancer have been thoroughly investigated as a catalyst for the
development of pH-sensitive drug delivery devices.246,247 Duong
et al. reported advanced delivery of DNA vaccine utilizing
nanoengineered DNA vaccines affixed to MNs coated in layers
with ultra-pH-responsive OSM-(PEG-PAEU) and the immunos-
timulatory adjuvant poly(I:C), a synthetic double-stranded RNA
(Fig. 11).248 The transcutaneous application of MN patches on
murine skin penetrated the stratum corneum with minimal
cellular injury; subsequent disintegration at the immune-cell-
dense epidermis/dermis facilitated the release of adjuvants
and DNA vaccines, due to the highly acute pH-responsive
characteristics of OSM-(PEG-PAEU). The administered adju-
vant and DNA vaccine can promote dendritic cell maturation
and stimulate type I interferons, resulting in the production of
antigen-specic antibodies that facilitate antibody-dependent
cell-mediated cytotoxicity (ADCC) and enable CD8+ T cells to
eliminate cancer cells. Remarkably, the transcutaneous
administration of a smart vaccine formulation in mice
produced threefold higher levels of anti-OVA IgG1 serum anti-
bodies and a threefold increase in cytotoxic CD8+ T cells
valuating the swelling and deswelling characteristics of pH-responsive
e (b) and the ‘Off’ state of the microvalve (c). (a) Three-dimensional
ere within the entrap posts; valve in the ‘On’ position (d) and valve in the
posts (f). Adapted with permission.248 Copyright 2018, Elsevier.

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09767c


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 1

:5
5:

48
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
compared to the soluble DNA vaccine formulation. The
formulation eliminatedmurine B16/OVAmelanoma tumours in
C57BL/6 mice by synergistically activating antigen-specic
ADCC and cytotoxic CD8+ T cells. The strategic use of vaccine
and adjuvant poly(I:C) in microneedles elicits both humoral
and cellular immunity, presenting a promising vaccine tech-
nique that demonstrates enhanced efficacy, compliance, and
safety. In a different study, a topical dissolving MN device with
AIEgen (NIR950) was used to treat malignant skin tumour
melanoma. The nanoprecipitation approach was used to
prepare NIR950-loaded polymeric micelles (NIR950@PMs) to
enhance the solubility.249 The micelles were coated on MN
needle tips (NIR950@PMs@MN). NIR950@PMs' emission
intensity did not decrease aer an hour of laser irradiation. In
an acidic tumour microenvironment, pH-responsive micelles
can be protonated for intracellular uptake. Dissolving MN
allowed NIR950@PMs to rapidly collect at the tumour location
and attain a laser-killing temperature. Low-dose
NIR950@PMs@MN could destroy melanoma tumors with one
dosage and laser irradiation. This dissolving MN system loaded
with NIR950 showed excellent photostability and photothermal
action, suggesting therapeutic promise for supercial tumour
therapy.

Zhang et al. fabricated and reported a pH-responsive MN
patch for persistent incisional analgesia, followed by surgery.112
Fig. 12 A schematic representation of the PVP MN arrays incorporatin
transdermal codelivery of two distinct model pharmaceuticals, Alexa 48

© 2026 The Author(s). Published by the Royal Society of Chemistry
The MN patch had a 10 × 10 MN array in a 0.5 cm2 area, each
having a complete core–shell structure and a needle height of
z850 mm. Mechanical testing using a force measurement
system demonstrated that each NaHCO3@CSMN loaded with
ropivacaine (RopC) could withstand forces up to 1.3 ± 0.2 N
before deformation, signicantly surpassing the 0.1 N
threshold required for effective skin penetration. The water-
soluble backing layer dissolved quickly, allowing MNs to be
implanted in 15 min. Shell rupture occurred when the pH-
reactive media in the MN shell reacted with the surgical site's
acidic microenvironment (pH 6.8–7.0). Encapsulated RopC
microcrystals were released, which prolonged local anaesthesia
duration to almost 72 h at 100 mg mL−1. The MN patch intel-
ligently regulated medication release based on postoperative
pain behaviour and surgical incision microenvironment pH.
Overall, this responsive feature prolonged and personalized
analgesia, overcoming the limitations of intrusive postoperative
pain therapies. In another work on pH-responsive MNs, Ullah
et al. fabricated porous polymer coatings on MNs that could
automatically release therapeutics in response to wound pH to
overcome the necrotic tissue barrier to improve antibiotic
penetration without discomfort.250 The model drug was packed
into the pores of the porous polymer lm using aqueous gelatin
porogen and covered with Eudragit S100 to prevent drug
leakage and provide wound pH-responsive drug release. In rat
g pH-responsive PLGA HMs and their mechanism for the sequential
8 and Cy5. Adapted with permission.251 Copyright 2012, Elsevier.
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and porcine skin, this formulation showed wound pH-sensitive
drug release. MN release in test media was minimal at healthy
skin pH (pH 4.5). Drug release increased signicantly in MNs
exposed to a wound pH of 7.5. The study proved that MNs with
coating materials and antimicrobials can improve wound
infection treatment and offer great potential for further
development.

Ke et al. introduced a method for the sequential transdermal
co-delivery of two model drugs, Alexa 488 and Cy5, utilizing
polyvinylpyrrolidone (PVP) MNs embedded with pH-responsive
poly(D,L-lactic-co-glycolic acid) hollow microspheres (PLGA
HMs) (Fig. 12).251 The MN system exhibited green uorescence
from Alexa 488 in PVP MNs, red uorescence from the DiI-
labeled PLGA shell of HMs, and cyan uorescence from Cy5
in their aqueous core. The assembled MN arrays facilitated the
localization of HMs and the monitoring of model drug release
proles inside skin tissues. The primary element of this system
was NaHCO3, which can be readily integrated into HMs. Upon
treatment of HMs with an acidic solution (mimicking the skin
pH environment), protons (H+) can swily permeate the free
space within the PLGA shells, reacting with NaHCO3 to generate
a substantial quantity of CO2 bubbles. This process induced
pressure within the HMs, forming pores in their PLGA shells
and facilitating the release of the encapsulated Cy5. The MNs
exhibited sufficient strength to be placed into rat skin without
fracturing. The PVPMNs were rapidly dissolved within minutes,
and Alexa 488, along with HMs, was effectively delivered into the
tissues. Upon entering the acidic milieu of the skin, the liber-
ated HMs commenced the release of Cy5 and subsequently
disseminated into the adjacent tissues, marking the second
phase of drug release. Taken together, this method can be
employed clinically to sequentially and transcutaneously co-
deliver a wide array of pharmaceuticals.

Author's critical perspective: pH-responsive microdevices
show the greatest translational promise when biological pH
gradients are paired with second-mechanism safeguards,
mechanical residency (microneedles), anti-fouling skins (zwit-
terionic brushes), or guided placement (magnetics). While thin-
lm hydrogels and nanovalves offer precise, electronics-free
control, their in vivo value hinges on fouling resistance and
stability under pH cycling. Gas-mediated poration and micro-
rockets provide sharp actuation but require comfort and
safety envelopes for pressure and propulsion. Among platforms,
pH-responsive microneedles and monolithic composite-
membrane reservoirs are nearest to clinical scale, given manu-
facturability and clear functional endpoints (e.g., 72-h anal-
gesia, vaccine immunogenicity). Future studies should map real
tissue pH landscapes, link trigger kinetics to PD outcomes, and
standardize tests for biofouling and mechanical fatigue to
resolve current ambiguities between elegant release curves and
clinically meaningful benet.
7.3. Enzyme-responsive microdevices

Enzyme-responsive microdevices are advanced drug-delivery
platforms that exploit the catalytic specicity of dysregulated
enzymes present in pathological tissues to achieve site-selective
14902 | RSC Adv., 2026, 16, 14878–14935
therapeutic release. By incorporating enzyme-labile linkers or
enzyme-degradable polymer matrices, these microdevices
remain stable under physiological conditions yet undergo
localized degradation in environments enriched with proteases,
glycosidases, or phosphatases.252,253 This strategy enables
controlled, on-demand drug release within diseased sites, such
as tumors, inamed tissues, or infection foci. Their micro-
fabricated architecture further supports precise dosing,
reduced systemic exposure, and minimally invasive adminis-
tration, positioning enzyme-responsive systems as promising
tools for targeted and efficacious therapy.

The ndings from Sengupta et al. demonstrated that
enzymes immobilized on surfaces can act as micropumps when
their substrates are present, even in the absence of adenosine
triphosphate.254 The uid-pumping velocity exhibited a concen-
tration- and reaction-rate-dependent enhancement, governed
by catalytic activity. Directional transport was driven by density
gradients that induced convective ow, a consequence of
localized catalysis. These micropumps further enabled precise
spatial and temporal regulation of uid movement, facilitating
controlled delivery of colloidal particles and small-molecule
cargo. Lastly, prototype enzyme-driven systems capable of self-
propelled molecule and protein delivery in response to tar-
geted chemical signals, such as glucose-induced insulin release,
were demonstrated. The hydrogel leached dye molecules
passively in the absence of a substrate, although dye release
increased with substrate concentration. This was attributed to
the enzymatic uid pumping. At varied glucose concentrations
in sodium acetate trihydrate buffer (pH 5.23), GOx-immobilized
hydrogels released insulin. Increases in glucose concentration
in the surrounding uid increased hydrogel insulin release.

Jang et al., in a distinct study, explored a multiplexed enzyme
assay implemented within a microuidic platform utilizing
shape-coded poly (ethylene glycol) (PEG) hydrogel microparti-
cles.255 The device architecture comprised two serially con-
nected patterning chambers and a microlter-integrated
detection chamber, linked via a Y-shaped microchannel.
Enzyme-loaded hydrogel microparticles of distinct shapes and
sizes were fabricated in the patterning chambers through
photolithography and subsequently transported to the detec-
tion chamber via pressure-driven ow. Sequential bienzymatic
reactions, glucose oxidase (GOX) with peroxidase (POD), and
alcohol oxidase (AOX) with POD, were successfully carried out
using Amplex Red as the uorescent reporter. By encoding GOX
and AOX within uniquely shaped microparticles, individual
enzymatic activities were readily distinguished, enabling
simultaneous and interference-free detection of glucose and
ethanol (1.0–10.0 mM) using a single uorescence indicator
within a unied detection zone. Overall, by randomly assem-
bling tailored microparticles embedded with specic receptor
molecules, the developed method can facilitate the simulta-
neous detection of multiple analytes, well beyond binary
systems, within a single assay environment. An engineered
glucose-responsive, implantable microdevice for closed-loop
insulin delivery was fabricated, and its performance was eval-
uated through in vivo studies in diabetic rat models.256 These
devices featured a bioinorganic membrane composed of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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albumin, GOx, catalase (CAT), and manganese dioxide (MnO2)
nanoparticles. This membrane transduced uctuations in
ambient glucose levels into pH changes, which modulated the
volume of embedded pH-sensitive hydrogel nanoparticles,
thereby dynamically regulating membrane permeability. The
membrane was integrated with microfabricated poly-
dimethylsiloxane (PDMS) structures to create compact, self-
contained microdevices that operate without external wiring
or tubing. A marked increase in the slope of the release curves,
corresponding to the rate of insulin release, was observed at
2.5 h when the glucose concentration was elevated from 5mmol
L−1 to 20 mmol L−1. Across all the in vitro experimental cycles,
the permeability ratio (P20/P5) consistently exceeded 2, indi-
cating robust and reproducible glucose responsiveness. Over
a 4 h period, the cumulative insulin release reached 49.7 ± 11.1
mg, equivalent to approximately 5 units per day, well within the
therapeutic range for in vivo administration in diabetic rat
models. In in vivo studies, the implanted insulin delivery
microdevices effectively maintained normoglycemic blood
glucose levels in diabetic rats for up to 7 days post-implantation.
In contrast, control animals receiving sham devices exhibited
hyperglycemia, with glucose concentrations exceeding 20 mmol
L−1. In the microdevice-treated group, blood glucose levels
declined sharply following implantation, demonstrating a rapid
therapeutic onset. A gradual rise in glucose levels was observed
aer day 10, likely attributable to depletion of the insulin
reservoir or progressive loss of insulin bioactivity over time.
Collectively, these results underscore the potential of the
fabricated ‘smart’ microdevices for rapid, autonomous bi-
osensing and responsive insulin delivery in closed-loop thera-
peutic systems. Xia et al. introduced a novel cell-mediated
enzyme delivery strategy employing micrometer-scale, disk-
shaped particles referred to as microdevices. These micro-
devices were fabricated via layer-by-layer assembly combined
with so lithography, using catalase as a model therapeutic
enzyme.257 The enzyme loading was tunable by adjusting the
number of catalase layers, enabling precise control over dosage.
Catalase retained its catalytic activity within the microdevices
and was gradually released over time. Using microdevices
embedded with ve catalase layers as a representative example,
a population of 2.5 × 105 microdevices catalyzed the decom-
position of approximately 9.2 × 10−3 mmol of hydrogen
peroxide per minute. Furthermore, functional cell-microdevice
complexes were generated by attaching the catalase-loaded
microdevices to the external membranes of K562 cells and
mouse embryonic stem cells, demonstrating the feasibility of
cell-guided enzyme delivery. Overall, given its modularity and
biocompatibility, this technique holds broad applicability
across diverse enzymes and cell types, offering a promising
platform for therapeutic intervention and prophylaxis in
a range of human diseases and injury models.

Obst et al. developed a self-regulating drug delivery system
featuring a latex diaphragm that functions as a dynamic switch,
enabling autonomous insulin release in response to glucose
levels.258 The device incorporated a pH-sensitive hydrogel
matrix embedded with immobilized GOX and catalase, which
together catalyzed glucose oxidation and modulated local pH.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Enzyme concentrations in the buffer were optimized at 6.9 mg
mL−1 for GOX and 1.83 mg mL−1 for catalase. Upon exposure to
glucose, the enzymatic reactions led to a measurable drop in
pH, with the glucose-containing solution reaching a nal pH of
4.76. The study further investigated the swelling behaviour of
the hydrogel under varying glucose concentrations. Hydrogels
exposed to higher glucose levels exhibited signicantly greater
swelling ratios, attributed to enhanced proton generation and
subsequent expansion of the hydrogel. This swelling directly
inuenced the permeability of the latex diaphragm, thereby
regulating insulin release in a glucose-dependent manner.
Taken together, these ndings provide compelling proof of
concept for integrating microfabrication techniques with
biocompatible, stimuli-responsive polymers to engineer multi-
functional drug delivery systems. Such platforms hold promise
for closed-loop therapeutic applications, particularly in the
context of diabetes management, where autonomous and
tunable insulin release is critical.

Author's critical perspective: enzyme-powered microdevices
convincingly demonstrate that chemical cues can be transduced
into dose-controlled delivery without electronics, through
substrate-driven convection or pH-mechanical gating. Yet the
same enzymatic chemistry that enables autonomy, particularly
glucose oxidase, also introduces biochemical liabilities (H2O2

generation, acidication) that can erode safety and long-term
device stability. Among the strategies surveyed, cell-mediated
enzyme delivery is attractive where site-nding is the primary
barrier, but its regulatory and in vivo stability challenges make it
better suited to pathway modulation than precise milligram-
level dosing. Across platforms, rigorous deconvolution of
active transport vs. passive leak, standardized ROS/pH safety
metrics, and dynamic performance benchmarking under
physiologic oscillations are essential to transform elegant
bench physics into clinically reliable therapy. Besides, glucose-
responsive diaphragm systems presently offer the clearest
control logic from analyte to actuation and appear closest to
translation, provided pH excursions are buffered, and cycle-life
is proven. In a nutshell, enzyme-responsive microdevices offer
a smart and adaptable platform for real-time diagnostic and
therapeutic uses. These systems enable precise control of
material behaviour, drug release, and signal transduction in
response to biologically relevant stimuli by harnessing the
catalytic selectivity and stimulus-generating capacity of
enzymes. Their versatile design makes them easy to include
with different kinds of cells, hydrogel matrices, and micro-
uidic designs. The studies highlight their promising applica-
tions in closed-loop therapeutics, biosensing, and regenerative
medicine, among others.
7.4. Redox-responsive microdevices

Redox-responsive systems have attracted considerable interest
in nanomedicine for their ability to harness intracellular redox
gradients, particularly elevated glutathione levels, to enable
targeted drug delivery, diagnostics, and theranostic applica-
tions. However, despite progress at the nanoscale, translation of
redox-triggered mechanisms to microdevice platforms remains
RSC Adv., 2026, 16, 14878–14935 | 14903
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limited. However, few studies have explored redox-induced
actuation, matrix degradation, or release kinetics at the
microscale, underscoring a signicant opportunity to advance
redox-responsive microdevices as next-generation precision
delivery systems.

Chen et al. reported a 3D-printed multiwell device compat-
ible with standard lab instrumentation (e.g., plate readers,
microscopes), enabling advanced redox-based spectral and
electrochemical analyses.259 In biomanufacturing, mediated
electrochemical probing distinguished intact monoclonal
antibodies from fragmented variants, with signal metrics
Fig. 13 Schematic of stretchable electronic device fabrication, supercapa
reversible stretchability, strong adhesion, and redox-active interfaces. EG
PAM before and after TA soaking, with inset images showing visual chang
cm2 to ∼10 × 10 cm2 (c). Stress–strain curves of Agar/PAM, Agar/PAM-T
2 M KCl, and 33% EG for 24 h (d). Ion conductivity of organohydrogels
showedminimal swelling (e). Agar/PAM-TA/EG retains >200% stretchabil
EG retains >200% stretchability and stable ion conductivity after 9 mont
Chemical Society.

14904 | RSC Adv., 2026, 16, 14878–14935
correlating to offline chemical assays. In materials character-
ization, operando spectroelectrochemistry revealed redox-state
switching in catechol-based hydrogel lms; oxidation
enhanced absorbance, while reduction boosted uorescence.
Finally, a synthetic biolm of redox-responsive E. coli was
electro-assembled, demonstrating gene induction under both
reductive (via H2O2 generation) and oxidative (via phenolic
signaling) conditions. Collectively, these examples showcased
how 3D printing enables bespoke electrochemical platforms for
probing redox phenomena across biological and technological
domains. A novel strategy for interfacing electronics with
citors andmicrosensors—using TA-soaked gel electrolytes that enable
is incorporated to enhance ambient stability (a). UV-vis spectra of Agar/
es (b). TA-modified hydrogel undergoing biaxial expansion from∼2× 2
A/H2O, and Agar/PAM-TA/EG; soaking conditions: 200 mg per mL TA,
with varying TA concentrations; Agar/PAM-EG (no TA) soaked for 4 h
ity and stable ion conductivity after 9 months of storage. Agar/PAM-TA/
hs of storage (f). Reproduced from ref. 261. Copyright 2022, American

© 2026 The Author(s). Published by the Royal Society of Chemistry
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biological systems in microdevices using an “electro-
biofabrication” toolbox was reported by Shang et al.260 This
approach leverages electrode-induced signals to assemble
biopolymer lms spatially and electrochemically activate them
for signal transduction. Unlike conventional surface modica-
tion methods, signal-guided assembly enables on-demand
electrode functionalization, streamlining microuidic sensor
design. A chitosan lm, selectively localized and covalently
modied with redox-active phenolic species, served as
a “molectronic” interface, transducing molecular events into
electronic signals. These molectronic sensors enabled real-time
electrochemical analysis of biomolecules, from small molecules
and enzymes to cell-based cytotoxicity assays. To assess cyto-
toxicity via LDH activity, mammalian Caco-2 cells were exposed
to Triton X-100. Cell viability was highest at the lowest Triton X-
100 concentrations, while increasing concentrations led to
pronounced cell shrinkage and lysis, as observed in bright eld
and green uorescence images. Notably, treatment with 0.02%
Triton X-100 resulted in reduced cell counts due to detachment
from the substrate. Quantitative analysis using both a molec-
tronic sensor and a commercial LDH-based cytotoxicity kit
conrmed these trends. These results demonstrated the utility
of molectronic sensing for real-time cytotoxicity assessment
alongside conventional biochemical assays. Overall, this
strategy provides a straightforward yet powerful approach to
integrating biological sensing within microuidic platforms,
thereby expanding our toolkit for studying redox biology in
various contexts.

According to the ndings reported by Wang et al., multi-
functional so electronic devices with reversible stretchability
and enhanced electrode/electrolyte interfaces were enabled by
polyacrylamide-based double-network organohydrogel electro-
lytes enriched with tannic acid (TA).261 A imparts redox activity
and multiple noncovalent interactions, yielding shape-
recoverable devices that withstand up to 500% strain (Fig. 13).
The excellent shape resilience likely arises from rapid network
reformation and polymer chain retraction, facilitated by
dynamic binding between mobile polyphenol molecules and
the polymer matrix upon stress release. Soaking-treated Agar/
PAM gels, including Agar/PAM-TA/H2O and Agar/PAM-TA/EG,
retained the excellent stretchability and toughness of pristine
double-network hydrogels. These mechanical enhancements
stem from TA-induced hydrogen bonding, forming dual-
crosslinked networks. The TA-rich gels exhibited strong gel-
electrode adhesion and high electrochemical capacitance
(>200 mF cm−2), with a 4-fold enhancement upon co-
incorporation of ethylene glycol. Beyond adhesion, TA's poly-
phenols introduced redox-active interfaces that improved
charge storage. Cyclic voltammetry revealed characteristic redox
peaks (0.35–0.45 V) and increased current beyond 0.6 V,
attributed to reversible quinone/hydroquinone transitions.
Galvanostatic charge–discharge curves showed battery-like
plateaus, conrming faradaic contributions. Notably, Agar/
PAM-TA/33% EG exhibited the highest current and specic
capacitance, ∼1.7× and ∼3.8× greater than Agar/PAM and
Agar/PAM/EG, respectively. Capacitance further increased with
prolonged gel-electrode contact, underscoring the synergistic
© 2026 The Author(s). Published by the Royal Society of Chemistry
role of TA and EG in enhancing interfacial redox activity and
energy storage. A so electronic system integrating stretchable
supercapacitors and gel-based microsensors maintained stable
performance over 1000 deformation cycles at 200% strain,
without residual strain or delamination. Overall, these results
underscore the multifunctionality of TA-incorporated organo-
hydrogels in so electronics, offering a promising route to
robust, biocompatible, and stretchable devices.

In a separate study by Wang et al., carboxymethyl cellulose
(CMC) chains were functionalized with self-complementary
nucleic acid tethers and electron donor–acceptor groups to
form hydrogels via dual crosslinking: duplex nucleic acids and
donor–acceptor complexes.262 Rheometry analysis revealed that
the dopamine/bipyridinium complex-bridged hydrogel exhibi-
ted a storage modulus (G0) of ∼39 Pa and a loss modulus (G00) of
∼12 Pa. In comparison, the redox-responsive hydrogel cross-
linked by donor–acceptor units and duplex nucleic acids
showed higher stiffness, with G0 z 63 Pa and G00 z 7.3 Pa. Upon
oxidation of dopamine units using sodium persulfate, the
hydrogel's stiffness decreased signicantly (G0 z 29 Pa, G00 z 5
Pa; curve b/b0), consistent with the disruption of donor–acceptor
bridges and retention of only nucleic acid duplex crosslinks.
Additionally, CMC hydrogels incorporating both donor–
acceptor bridges and K+-stabilized G-quadruplexes exhibited
dually triggered stiffness control. Hydrogel assembly was ach-
ieved by mixing two polymer chains: PE and PF. PE, based on
a CMC backbone, was functionalized with dopamine electron
donor units and amine-modied G-rich quadruplex subunits.
PF carried bipyridinium electron acceptor units and identical G-
quadruplex motifs. Upon mixing in the presence of K+ ions,
a stiff hydrogel (state I) formed through dual crosslinking, via
donor–acceptor complexes and K+-stabilized G-quadruplexes.
Disruption of either motif, via redox or crown-ether stimula-
tion, yields low-stiffness states. In a nutshell, these dynamic
crosslinking mechanisms serve as molecular “memories,”
enabling programmable shape-memory and triggered self-
healing functionalities. Mage et al. recently introduced an
aptamer-based voltametric biosensor that enabled the rst
closed-loop control of doxorubicin levels in live rabbits.263 The
system integrates a biosensor, controller, and infusion pump to
process real-time signals from electrochemically tagged
aptamer probes. These probes undergo reversible conforma-
tional changes upon drug binding, modulating redox current
between the tag and electrode. Embedded within a microuidic
device, the biosensor continuously samples blood directly from
the animal's circulation, allowing rapid, quantitative, and
specic monitoring of in vivo drug concentrations. During
controlled infusion, the system rapidly adjusted to set-point
changes, achieving 95% of target drug levels within 7.5 ±

2.9 min and maintaining concentrations within 20% of the set
point throughout, mirroring durations typical of clinical infu-
sions. BSA-adjusted dosing of DOX in rabbits revealed signi-
cant pharmacokinetic variability, with only one animal
maintaining target plasma levels for over 80% of the infusion
period, despite identical dosing regimens. Real-time biosensor
data highlighted the limitations of body surface area normali-
zation in achieving consistent drug exposure. Co-
RSC Adv., 2026, 16, 14878–14935 | 14905
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administration of cisplatin signicantly altered DOX's phar-
macokinetics, increasing plasma levels and reducing time-in-
range to 34%, despite identical BSA-adjusted dosing. In
contrast, the closed-loop system automatically compensated for
this drug–drug interaction, maintaining DOX within the target
concentration for 97% of the infusion period, demonstrating
robust adaptability to physiological perturbations. Overall,
while the current setup operates ex vivo and requires catheter-
ization, its design is amenable to miniaturization and future
implantation. Importantly, the platform is adaptable for
detecting a wide range of biomolecules, provided suitable
aptamers or enzyme isoforms are available. Notably, for drugs
with complex distribution and metabolism, the system could be
adapted to predict concentrations in target organs using
advanced PK models, like strategies used in articial pancreas
systems. Moving from an ex vivo system to implantable
biosensors and infusion devices could provide ongoing dose
regulation in everyday settings and support extended disease
management.

Author's critical perspective: collectively, these studies
advocate for a broader exploration of redox-responsive design
principles at the microscale, where modularity, spatial control,
and biological relevance converge to unlock new possibilities in
diagnostics, therapeutics, and bioelectronic interfacing.
Phenolic chemistries and nucleic-acid-inspired motifs provide
reversible networks that are both mechanically adaptive and
electrochemically addressable, while aptamer-based control
shows that closed-loop dosing can correct real-world pharma-
cokinetic variability. The central challenge is durability: the
same redox processes that amplify signals can erode interfaces
and mechanics over time, and biorecognition elements may
dri in vivo. Accordingly, the most translatable paths pair
chemically stabilized sensing surfaces with zwitterionic
passivation, usage of dual-network mechanics to maintain
switching without sacricing stiffness and adoption of control
frameworks that enforce safety constraints alongside perfor-
mance. Standardizing cycle-life and dri metrics will be key to
converting impressive benchtop demonstrations into reliable,
long-wear clinical systems.
7.5. Hypoxia-responsive microdevices

Hypoxia, prevalent in solid tumors, ischemic tissues, and
chronic wounds, offers a distinct physiological trigger for tar-
geted therapy. Hypoxia-responsive microdevices leverage this
oxygen deciency to enable controlled drug release, enhanced
tissue penetration, and selective activation of therapeutics.
Using chemistries such as azobenzene linkers, nitroimidazole
groups, or hypoxia-sensitive promoters, these systems dynami-
cally adjust release proles in response to uctuating oxygen
levels. Advances in microfabrication and bioMEMS have further
enabled multifunctional platforms, including microneedles
and implantable reservoirs, capable of delivering drugs,
imaging agents, or gene therapies with spatiotemporal preci-
sion in hypoxic microenvironments.

Ando et al. developed a microdevice platform that replicates
intratumoral oxygen gradients, key drivers of the spatially
14906 | RSC Adv., 2026, 16, 14878–14935
heterogeneous hypoxic microenvironments characteristic of
solid tumors. The system mimics a “tumor section” by
embedding a cellular layer between two diffusion barriers,
enabling the formation of physiologically relevant oxygen
gradients through a combination of metabolic activity and
physical constraints.264 Oxygen distribution within the device
was validated via numerical simulations and imaging-based
oxygen sensor measurements. To assess functional hypoxia,
the authors demonstrated spatially resolved hypoxic signaling
in cancer cells using immunostaining, gene expression
proling, and targeted drug response assays. To characterize
oxygen gradients within the microdevice, a uorescence-based
oxygen sensor was embedded, composed of silica microparti-
cles loaded with Ru (Ph2phen3) Cl2 (oxygen-sensitive) and Nile
blue chloride (oxygen-insensitive control). These particles were
dispersed in PDMS and layered onto the oxygen barrier pillar.
MCF-7 breast cancer cells were micropatterned on collagen I-
coated coverslips in circular islands to mimic tumor
morphology and assembled into the device. Aer 24 h of
culture, uorescence imaging revealed a radial increase in Ru
(Ph2phen3) Cl2 signal, indicating localized hypoxia. Devices
without cells showed uniform, dim uorescence, consistent
with oxygen quenching. Immunouorescent analysis was per-
formed using pimonidazole to verify cellular response to oxygen
gradients within the microdevice. Pimonidazole formed
detectable adducts in hypoxic cells, and this was accompanied
by elevated staining. Quantitative proling revealed a plateau in
signal intensity within a ∼600 mm radius, tapering off toward
the edge (up to 1300 mm). These spatial transitions corre-
sponded to oxygen concentrations of 0.028 and 0.08 mol m−3,
which is consistent with COMSOL simulations. To evaluate the
response of cancer cells to hypoxia-targeted therapy and
demonstrate the utility of the microdevice for drug screening,
viability assays were conducted using tirapazamine (TPZ). Live-
dead staining revealed TPZ-induced cytotoxicity in both nor-
moxic and hypoxic regions, with pronounced MCF-7 cell death
under severe hypoxia (#0.03 mol per m3 oxygen, per COMSOL
simulation). Notably, untreated cells in deep hypoxia also
showed reduced viability. TPZ signicantly reduced viability
only in the hypoxia microdevice, with no statistical difference
observed in the other conditions. Overall, this platform offered
precise control over oxygen gradients without the need for
complex microuidic setups. It supported modular integration
of additional tumor components and is fully compatible with
high-content imaging and high-throughput screening work-
ows, making it a versatile tool for studying tumor hypoxia and
therapeutic responses in vitro. Ilana Berger Fridmanet al.
developed a multi-layer microuidic platform that integrates
high-throughput generation of 3D breast tumor spheroids with
a linear gradient of ve distinct oxygen levels, enabling simul-
taneous testing of multiple microenvironmental conditions and
hundreds of replicates on a single chip.56 Using this system, the
inuence of oxygen gradients on ROS production and the
cytotoxic responses to DOX and tirapazamine were evaluated.
Oxygen concentrations in the array layer were measured using
tris(2,20-bipyridyl) dichlororuthenium(II) hexahydrate (Ru-
complex), conrming a linear gradient across channels: 19.35
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(20%), 15.64 (15%), 9.78 (10%), 4.25 (5%), and 0.34 (0%) oxygen.
Intracellular hypoxia sensing in MCF7 spheroids showed low,
stable uorescence under 20%, 15%, and 10% oxygen, but
signicantly increased at 5% (3.39± 0.79 RFU) and∼1% oxygen
(8.58 ± 1.84 RFU), indicating heightened sensitivity to severe
hypoxia. Similarly, MCF7 + M2 macrophage co-spheroids
exhibited minimal uorescence under 20%, 15%, and 10%
oxygen, but a dramatic rise under 5% (20.27 ± 8.92 RFU) and
∼1% oxygen (23.59 ± 7.47 RFU), conrming robust hypoxia
responsiveness in both cell types. In conclusion, the fabricated
system enabled simultaneous conditioning and analysis of
spheroids across a physiologically relevant oxygen spectrum.
DOX showed reduced cytotoxicity under hypoxia, consistent
with prior ndings, while tirapazamine exhibited increased
efficacy at lower oxygen levels, closer to clinical outcomes than
standard in vitro assays. This system offered a robust, in vivo-
like model for studying oxygen-regulated tumor responses,
accelerating drug screening and mechanistic studies in 3D
cancer models. Another study by Schad et al. developed
a microuidic platform featuring 3D, endothelial-lined micro-
channels within an oxygen-tunable environment to address the
need for physiologically relevant models of sickle cell disease
(SCD).57 This system enabled on-chip simulation of hypoxia/
reoxygenation (H/R), red blood cell (RBC) sickling, and vaso-
occlusion. The cultured endothelium exhibited hallmark
microvascular features, including 3D lumen architecture and
expression of functional endothelial markers. Using this plat-
form, occlusion assays were conducted to assess the impact of
hypoxic preconditioning on RBC-endothelial interactions. Both
cyclic and sustained mild hypoxia signicantly reduced vaso-
occlusion rates to 8.89% and 11.78%, respectively, compared
to 57.93% and 55.05% in normoxic controls. RNA sequencing
revealed differential gene regulation associated with this
protective effect, notably in CYBB, RELN, and SERPINA1. These
ndings provide mechanistic insight into endothelial adapta-
tion during H/R and highlight potential molecular targets for
therapeutic intervention in SCD. A microuidic platform that
integrates precise spatiotemporal oxygen control with long-term
optical monitoring was fabricated to investigate tumor spheroid
responses to hypoxia. This system recreates physiologically
relevant low and cycling oxygen levels, conditions unattainable
in conventional culture models, while enabling real-time visu-
alization of cellular dynamics. Using this platform, tumor
spheroids underwent reversible swelling and shrinkage in
response to oxygen cycling between 0% and 10%, driven by
volumetric changes in individual cells. Further, the system was
used to assess drug responses under varying oxygen conditions,
revealing enhanced DOX uptake under cycling hypoxia
compared to chronic hypoxia or normoxia. Spheroids exposed
to cycling oxygen proles showed faster and greater doxorubicin
accumulation than those under normoxia (20%), with deeper
drug penetration. Initially, uptake was higher in 20% O2

spheroids than in 0%O2, but aer 24–36 h, spheroids under 0%
O2 surpassed in uptake at all depths, consistent with overall
drug accumulation trends. Two-photon microscopy enabled
single-cell resolution imaging, uncovering intratumoral
heterogeneity in drug distribution. Overall, by combining 3D
© 2026 The Author(s). Published by the Royal Society of Chemistry
culture, dynamic oxygen modulation, and high-resolution
imaging, this platform offered a powerful tool for dissecting
microenvironmental inuences on cancer progression and
therapeutic resistance, paving the way for more predictive
models in oncology research and treatment design. A protocol
by Lewis et al. outlined the use of developed gelatin-based,
oxygen-controllable hydrogels to recreate hypoxic microenvi-
ronments in vitro.265 The hydrogel network was formed via
a laccase-mediated crosslinking reaction, where laccase cata-
lyzes the formation of diferulic acid (diFA), consuming oxygen
in the process. Cells, including cancer and endothelial types, or
tissue gras, can be encapsulated during gel formation,
enabling analysis of cellular responses to 3D hypoxic gradients
and investigation of underlying mechanisms.

The study by Ravi et al. introduced a sophisticated strategy
for engineering a 3D bioprintable hypoxia-mimicking supra-
molecular hydrogel (HMSG), formed via the photo-crosslinking
of Dex-loaded PEGDA guest polymers with acryloyl b-cyclodex-
trin (AbCD) host monomers and cobalt nanowires (Co NWs).266

The resulting multivalent host–guest nanoclusters endow the
hydrogel with excellent mechanical integrity and printability.
HMSG enabled sustained delivery of Dex and Co2+, creating
a supportive microenvironment for encapsulated umbilical
cord-derived mesenchymal stem cells (UMSCs). HMSG hydro-
gels showed a higher Dex encapsulation efficiency (DEE: 96 ±

72) compared to controls (85 ± 35), with reduced burst release.
While metabolic activity was similar on day 7, HMSG-treated
UMSCs exhibited signicantly higher activity on days 14 and
21. Live/dead staining conrmed good viability in both groups,
but HMSG supported greater cell proliferation and uniform 3D
distribution over time, indicating enhanced biocompatibility
and sustained cellular growth. qRT-PCR analysis revealed that
HMSG signicantly enhanced hypoxia-mediated chondrogenic
gene expression (HIF-1a, COL-2, ACAN, SOX-9, COMP, GAG)
while suppressing hypertrophic markers (RUNX2, MMP13).
Notably, HIF-1a, COL-2, ACAN, and SOX-9 levels peaked by day
21 in the HMSG group, whereas RUNX2 and MMP13 were
markedly reduced compared to controls. These results indicate
that HMSG promotes UMSC chondrocyte differentiation by
modulating gene expression toward a regenerative, non-
hypertrophic phenotype. This promoted matrix synthesis,
suppresses catabolic signaling, and enhances M2 macrophage
polarization, contributing to immunomodulation and attenua-
tion of osteoarthritis severity. A single-layer microuidic device
was engineered to generate controlled oxygen gradients for
investigating oxygen-dependent cytotoxicity of anticancer
drugs.267 Oxygen levels within the cell culture chamber were
modulated via a spatially conned oxygen-scavenging reaction
in an adjacent microchannel. To simulate the in vivo oxygen
microenvironment of tumor cells, NaOH and pyrogallol were
used in adjacent reaction channels to generate oxygen gradients
via chemical scavenging. Oxygen levels in the cell culture
chamber were quantied, resulting in a gradient ranging from
∼2.3% to 11% oxygen, ideal for in vitro studies. A groove-
patterned PDMS membrane enhanced bonding to the base
layer, preventing leakage while enabling efficient gas exchange
between channels. To demonstrate functionality, A549 lung
RSC Adv., 2026, 16, 14878–14935 | 14907
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carcinoma cells were cultured and exposed to tirapazamine
(TPZ) and cisplatin under varying oxygen conditions. Live/dead
staining revealed strong cell adhesion and proliferation under
both normoxic (21% O2) and hypoxic (1% O2) conditions.
Importantly, no signicant differences in viability were
observed across the gradient during a 12 h treatment, indi-
cating that moderate hypoxia (0.5–3% O2) does not induce
apoptosis but instead activates survival pathways in tumor cells.
TPZ induced greater apoptosis under hypoxia, conrming its
oxygen-sensitive cytotoxicity and potential for targeting hypoxic
tumor regions. In contrast, cisplatin was more effective under
normoxic conditions, reecting reduced efficacy in hypoxia due
to cellular resistance. These ndings highlight the importance
of incorporating oxygen tension as a variable in drug screening.
The device offered excellent cell compatibility and precise
gradient control, making it a valuable platform for evaluating
therapeutic responses in physiologically relevant oxygen envi-
ronments across biomedical applications.

Author's critical perspective: the above-discussed case
studies underscore the transformative potential of hypoxia-
driven microdevices in advancing drug delivery and biomed-
ical research. Across platforms, oxygen emerges not merely as
an environmental parameter but as a rst-class control variable
that rewires drug transport, cellular metabolism, and vascular
function. Chips that deliver programmed O2 dynamics uncover
phenotypes, such as enhanced doxorubicin penetration under
cycling hypoxia, that static assays miss, while hypoxic pre-
conditioning of endothelium reveals context-dependent
protection in vaso-occlusion. Matrix-embedded approaches
(laccase-gelatin, HMSG) supply self-contained hypoxic niches
ideal for differentiation and printing, and hypoxia-inspired
differentiation markedly improves BBB delity. As hypoxia
continues to emerge as a central regulator in cancer, vascular
disease, and regenerative medicine, these microdevices pave
the way for more physiologically faithful models and targeted
therapeutic strategies, bridging the gap between bench and
bedside with unprecedented precision. However, the trans-
lational path forward is to standardize oxygen-dose waveforms,
mechanistically decouple transporter regulation from mass
transport, and derisk hypoxia mimics (e.g., Co2+) through safer
substitutes and tight release control. Platforms that combine
temporal O2 control, 3D imaging, and disease-relevant
mechanics will provide the most predictive, actionable read-
outs for therapy design.
7.6. Ionic-responsive microdevices

Ionic-responsive microdevices are emerging so electronic
platforms that harness ion transport within materials such as
ionogels, hydrogels, and ionic liquids to achieve adaptive,
stimuli-responsive behavior. Operating through ion migration
rather than electronic charge ow, these “ionotronic” systems
enable reversible modulation of conductivity, shape, and
optical properties. Inspired by biological sensory mechanisms,
they support applications in wearable electronics, diagnostics,
so robotics, and human–machine interfaces. Recent advances,
including organohydrogels, dual-dynamic networks, and
14908 | RSC Adv., 2026, 16, 14878–14935
ultrathin ionogels, offer stretchability, self-healing, and strong
interfacial adhesion.268–270 Despite these innovations, ionic-
responsive microdevices remain underexplored, highlighting
signicant opportunities for foundational research and future
technological development.

Yang et al. presented the synthesis and comprehensive
characterization of zwitterionic poly(3-(1-(4-vinylbenzyl)-1H-
imidazol-3-ium-3-yl)propane-1-sulfonate) (polyVBIPS) polymer
brushes, developed as intelligent, salt-responsive surface coat-
ings.271 These brushes were systematically evaluated for their
capacity to reversibly modulate surface properties, including
wettability, friction, and antifouling behaviour, in response to
variations in salt concentration and ionic composition. The
polyVBIPS brushes demonstrated pronounced “anti-poly-
electrolyte” behaviour, transitioning between hydrophilic states
in pure water and hydrophobic states in saturated NaCl solu-
tions. Upon salt addition, the brushes exhibited enhanced
hydration, signicantly reduced friction, and markedly
improved protein resistance, all of which were reversibly
tunable through ionic condition adjustments. Under specic
salt environments, the brushes effectively resisted protein
adsorption and achieved substantial friction reduction.
Notably, superlow fouling was attained, with protein adsorption
levels falling below 0.3 ng cm−2. Frictional performance,
assessed via colloidal probe atomic force microscopy (AFM),
revealed a high-friction regime in water (m [ 10−3) and
a superlow friction regime in salt solutions (m z 1 × 10−3).
Contact angle measurements and AFM data further conrmed
that surface hydration was signicantly elevated in saline
conditions compared to pure water. The reversible switching of
antifouling and frictional properties across multiple cycles
underscores the robustness and repeatability of the polyVBIPS
brush system, highlighting its potential for advanced smart
surface applications. Taken together, salt-responsive zwitter-
ionic polyVBIPS brushes present a promising platform for
controllable, “smart” surface functionalization, switching
between antifouling and fouling states and between low/high
friction as a function of environmental ionic strength. Key
quantitative features include <0.3 ng per cm2 protein adsorp-
tion and friction coefficients as low as 1 × 10−3 in proper salt
conditions, creating opportunities for advanced applications in
biomedical devices, marine coatings, and micro/
nanoengineering. In the same domain, poly(vinyl alcohol)
(PVA) hydrogels functionalized with zwitterionic polymer
brushes, PMEDSAH and PMPC, were developed to enhance
boundary lubrication and enable ion-responsive frictional
tuning, emulating the tribological behaviour of articular carti-
lage.272 Both PMEDSAH and PMPC-functionalized hydrogels
exhibited markedly reduced water contact angles (WCA),
ranging from approximately 20° to 30°, compared to higher
values observed for unmodied PVA, indicating enhanced
surface hydrophilicity. AFM analyses conrmed increased
microscale surface roughness post-functionalization, which
facilitated the retention of hydration layers, thereby improving
lubrication performance. Notably, brush functionalization
signicantly reduced friction under physiological ionic condi-
tions (0.15 M NaCl), achieving coefficients of friction (mz 0.03–
© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.06) comparable to natural cartilage. In a nutshell, function-
alizing PVA hydrogels with zwitterionic brushes (PMEDSAH,
PMPC) yields cytocompatible surfaces with enhanced hydro-
philicity and ion-responsive friction, achieving m as low as 0.03–
0.06 in saline. These properties closely mimic natural cartilage,
supporting their potential as articial cartilage or lubricious
biomedical coatings.

Zhang et al. fabricated a bioinspired indwelling MN system
for diabetic ulcer treatment, combining template replication
and 3D transfer printing to fabricate hydrogel needle tips from
ion-responsive PVA encapsulating mesenchymal stem cell
(MSC) exosomes.60 The MNs feature a detachable medical tape
base and dynamically tunable mechanical properties. Sulfate
ions enhanced tip stiffness for effective skin penetration, while
nitrate ions soened the tips post-insertion, promoting tissue
adaptation and sustained exosome release. MSC-exosomes
activated broblasts, endothelial cells, and macrophages,
facilitating re-epithelialization, angiogenesis, and inamma-
tion modulation. In vivo studies showed ∼90% wound closure
by day 14 (vs. ∼60% in controls), with enhanced collagen
deposition and >2× angiogenesis. Frictional modulus tuning
enabled painless insertion and biocompatibility. Exosome
release persisted >7 days, with 2–3× higher local concentrations
than non-MN methods. MNs were well-tolerated, showing no
adverse effects, highlighting their promise for regenerative
wound therapy. In a nutshell, bioinspired indwelling MNs
loaded with stem cell-derived exosomes offer tunable
mechanics and controlled release for diabetic ulcer treatment
by achieving wound closure, enhancing angiogenesis and
collagen deposition, and maintaining high local exosome
bioactivity. Their ion-responsive design supports effective, well-
tolerated regenerative therapy. In a different study by Wan et al.,
a dual stimuli-responsive wet-spun microber hydrogel was
developed by co-extruding hot alginate (ionic-responsive) and
agar (temperature-responsive) into a precooled, metal ion-rich
coagulation bath.273 The bre's microstructure, including
anisotropic shrinkage and grooved surface patterns, was
tunable via extrusion rate and cooling conditions. Incorpora-
tion of divalent cations (e.g., Ca2+, Zn2+) enhanced mechanical
strength through double-network formation and intensied
blue uorescence via metal–polymer complexation. Addition of
metal cations signicantly increased tensile strength; typical
double-network enhancement was up to 2–5×, with notable
anisotropic shrinkage (typically 10–50%). The crosslinking of
alginates with Ca2+ and Zn2+ ions enabled instant hydrogel
setting and tunable mechanical properties and hydration. The
resulting dual-network structure supported pH-responsive
shape memory and sustained antibacterial activity, indepen-
dent of network functionality. Metal ion integration enhanced
stiffness for insertion and contributed to >90% bacterial inhi-
bition, making the hydrogel suitable for adaptive biomedical
and biosensor applications. Altogether, by integrating a simple
fabrication strategy with multifunctional responsiveness, these
dual stimuli-responsive hydrogel bres offer promising avenues
for the development of advanced biomedical systems. The work
by Ma et al. highlighted the fabrication of a triple-responsive
zwitterionic hydrogel synthesized from equal parts L-glutamic
© 2026 The Author(s). Published by the Royal Society of Chemistry
acid and L-lysine polypeptides, crosslinked via EDC chem-
istry.274 Designed for enhanced biocompatibility and reduced
non-specic interactions, the hydrogel responded to ionic
strength, pH, and enzymatic activity, enabling precise, site-
specic drug release. The hydrogel matrix effectively encapsu-
lated and released both doxorubicin hydrochloride (DOX$HCl,
cationic anti-cancer) and diclofenac sodium (anionic anti-
inammatory), demonstrating versatility in dual-drug delivery.
In trypsin-rich environments, characteristic of inamed or
cancerous tissues, both drugs exhibited near-complete release
within hours, highlighting the hydrogel's enzymatic respon-
siveness and site-specic therapeutic potential. Elevated ionic
strength (e.g., NaCl) further enhanced hydrogel swelling,
increasing the swelling ratio by 20–40%, which accelerated drug
diffusion. Importantly, the zwitterionic nature of the hydrogel
minimized non-specic protein adsorption and cell attach-
ment, improving biocompatibility and selectivity (typically <0.3
ng per cm2 protein adsorption). The hydrogel's enzymatic
degradability ensured its clearance post-delivery, reducing long-
term toxicity risks. In conclusion, this fabricated triple-
responsive zwitterionic hydrogel system is positioned as
a promising candidate for advanced chemotherapy and anti-
inammatory therapies with reduced side effects, by offering
a versatile platform for site-specic and controlled drug
delivery.

Datta et al. and their colleagues studied the inuence of
choline-geranate ionic liquids (CAGE-ILs) and choline-based ILs
on the permeation of peptides, cyclosporine A (CsA) and van-
comycin hydrochloride (VH), respectively. The engineered gels,
CsA-CAGE and CsA-CAGE-P, were designed to overcome the
skin barrier and enable both localized and systemic drug
delivery.275 In control experiments, free CsA showed no detect-
able permeation across porcine skin aer 48 h. Pretreatment
with oleic acid and palmitic acid improved CsA permeation to
244 ± 4 mg cm−2 and 1236 ± 17 mg cm−2, respectively. Notably,
the CsA-CAGE gel enhanced drug ux by 110-fold compared to
the control, while the Pluronic-based CsA-CAGE-P gel achieved
a 135-fold increase, underscoring the formulation's signicant
potential in improving transdermal delivery of challenging
therapeutic peptides. The study further demonstrated the
therapeutic potential of the CsA-CAGE-P organogel formulation
through pharmacokinetic and pharmacodynamic evaluations.
Topical application of the gel resulted in a 2.6-fold increase in
peak plasma concentration (Cmax) and a 1.9-fold enhancement
in drug exposure (AUC0−t) compared to the control, indicating
improved systemic absorption. In an imiquimod-induced rat
model of plaque psoriasis, topical application of the CsA-CAGE-
P gel signicantly reduced PASI scores, particularly erythema
and scaling. Key physiological markers, skin thickness, blood
ow rate, and transepidermal water loss, were normalized,
conrming the gel's therapeutic efficacy and potential as a non-
invasive treatment option. In the later study, by the same group,
the use of choline-based ionic liquids (ILs), particularly choline
geranate (CAGE), enhanced the transdermal delivery of VH.276

Formulations included choline bicarbonate (CB) combined
with oleic acid (CO), palmitic acid (CP), and geranic acid
(CAGE). CAGE showed reduced irritation potential, making it
RSC Adv., 2026, 16, 14878–14935 | 14909
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suitable for skin application. With a molecular weight of
1449 Da and high hydrophilicity, VH alone showed no detect-
able skin penetration aer 48 h. However, CO and CP formu-
lations signicantly enhanced VH permeation across tape-
stripped skin, achieving 6729 ± 437 mg cm−2 of drug penetra-
tion and 3892± 215 mg g−1 retention within the skin tissue. The
fatty acid components likely contributed to lipid disruption and
improved drug diffusion. This ionogel formulation demon-
strated superior performance. It showed 369 ± 41 mg cm−2 and
7543 ± 585 mg cm−2 permeation across the intact and tape-
stripped skin, indicating its strong potential for both localized
and systemic delivery. The combination of ionic liquid and
polymeric gel base likely facilitated deeper penetration and
sustained release. Overall, the studies by the group highlighted
the effectiveness of choline-based ILs, particularly CAGE-P, in
overcoming the skin barrier for large-molecule drug delivery.

Author's critical perspective: across these studies, ions
emerge as a unifying control knob for biointerfaces, governing
hydration and fouling, friction, mechanical state, release
kinetics, and barrier permeability. The response should be
mapped beyond NaCl to Ca2+/Mg2+/HCO3

− and physiologic pH
6.5–7.4, because divalent ions can bridge or collapse zwitter-
ionic chains. Chronic ulcers are characterized by highly variable
ionomic conditions, including uctuations in exudate volume,
pH, and electrolyte composition, such that ion-programmed
systems may experience failure of the intended stiffening-to-
soen mechanical transition. To mitigate this risk, micro-
reservoirs may be incorporated to locally supply conditioning
ions, or ion-insensitive fallback mechanical designs may be
implemented to maintain atraumatic insertion and adequate
tissue conformity. Preservation of therapeutic potency should
be ensured by verifying exosome or nucleic-cargo RNA/protein
integrity and functional bioactivity following repeated ionic–
mechanical cycling, while needle-to-needle dose variability
should be quantied under GMP-aligned manufacturing
conditions. For ber- or scaffold-based components, aniso-
tropic shrinkage should be exploited for actuation only aer
shrinkage proles have been pre-programmed and their
dependence on temperature and ionic environment has been
rigorously qualied to maintain geometric delity. On the
biochemical trigger front, over-reliance on trypsin should be
avoided because matrix metalloproteinases (MMPs), neutrophil
elastase, and cathepsins predominate in diseased human
tissues; cleavage motifs should be replaced or augmented with
pathophysiologically relevant substrates. Moreover, as ionic
strength and pH uctuations co-occur with proteolysis in vivo, it
is recommended that response-surface modeling be applied
across these combined stimuli to predict release kinetics, dene
safe operating windows, and prevent unintended burst, and
that such modeling be implemented accordingly in device
optimization. Among non-invasive strategies, CAGE ionogels
are standout enablers for large-molecule transdermal; however,
they have translation hinges on chronic safety and exposure
tunability. To bridge elegant benchtop performance to clinical
reliability, future work should standardize ionic operating
envelopes, align tribological testing with physiologic lubricants,
deconvolute multi-trigger release under realistic
14910 | RSC Adv., 2026, 16, 14878–14935
pathophysiology, and establish long-cycle durability/
biocompatibility post-sterilization. Platforms that pair ion-
aware design with mechanics-and biology co-tuning will be
best positioned for translation.
8. From trigger to tolerance:
biosafety profiling of smart
microdevices
8.1. Biocompatibility and immunogenicity of stimuli-
responsive microdevices

Biocompatibility and immunogenicity are the cornerstone of
biomedical engineering and a critical determinant of the safety
and efficacy of stimuli-responsive microdevices. These devices,
designed to interact with biological systems and respond to
specic internal or external stimuli, must do so without eliciting
harmful effects. Biocompatibility encompasses the ability of
a material or device to perform its intended function in a living
system without causing toxicity, inammation, allergic reac-
tions, or immune rejection. For microdevices, biocompatibility
extends beyond inertness to include functional integration,
minimal immune activation, and long-term stability within
dynamic biological environments. ISO 10993-1:2018 provides
a framework for biological evaluation, including cytotoxicity,
sensitization, genotoxicity, and implantation studies.277

Stimuli-responsive microdevices are increasingly used in
applications such as targeted drug delivery, biosensing, tissue
regeneration, and minimally invasive diagnostics. Their
biocompatibility is inuenced by multiple factors, including
material composition, surface properties, degradation behav-
iour, and the nature of the stimulus they respond to.278 Testing
for biocompatibility involves a combination of in vitro and in
vivo assessments. Cell viability assays, cytokine proling, and
histological evaluations help determine whether the device
causes cellular damage, inammation, or tissue disruption.279

For blood-contacting devices, hemocompatibility tests are
essential to ensure they do not induce clotting or hemolysis.280

Long-term implantation studies further reveal how the body
adapts to or rejects the device over time (Fig. 14).281,282

Biocompatibility modulates uptake indirectly by inuencing
protein adsorption, membrane interactions, and immune
signaling.283 Avoiding toxicity begins with the careful selection
of materials. Natural polymers like chitosan, alginate, and
hyaluronic acid are favoured for their inherent compatibility
with biological tissues, while synthetic polymers such as poly-
ethylene glycol (PEG) and poly (lactic-co-glycolic acid) (PLGA)
are engineered to minimize adverse reactions.284,285 Beyond
hydrogels, natural silk emerges as a compelling material for
biomedical microdevices, prized for its outstanding mechanical
resilience and intrinsic biocompatibility. Silk-based constructs
exhibit a remarkable ability to undergo dynamic mechanical
transformation. Upon hydration, these devices shi from
a rigid, brittle conguration to a so, pliable state, signicantly
reducing mechanical stress at the tissue interface. This transi-
tion occurs rapidly, with complete soening, which facilitates
smooth implantation while avoiding prolonged rigidity. Such
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Radar plot illustrating comparative biosafety profiles of representative implantable, wearable, hydrogel actuators, microfluidic and
transdermal microdevices. This comparative visualization supports device-specific biosafety analysis and emphasizes how interaction mode and
duration shape risk profiles. This image has been created as a Creative Common using the BioRender software (https://www.biorender.com/).
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tunable mechanics not only ease insertion but also mitigate
tissue trauma, enhancing long-term biocompatibility.286 The
surface chemistry of these devices plays a pivotal role; hydro-
philic coatings and neutral charges tend to reduce protein
adsorption and cellular activation, thereby lowering the risk of
inammation or immune system engagement. Additionally, the
size and shape of the microdevice inuence its interaction with
cells; smaller particles may be internalized more readily, which
can be benecial for targeted delivery but also raises concerns
about intracellular toxicity or unintended immune activation.287

The internalization of microdevices by cells is a critical deter-
minant of their therapeutic efficacy and safety. Uptake mecha-
nisms are governed by a complex interplay between device size,
surface properties, and biocompatibility. These factors inu-
ence not only the route of entry but also the intracellular fate
and potential for cytotoxicity or immune activation. Clathrin-
mediated endocytosis or caveola-mediated uptake and micro-
pinocytosis are the dominant uptake mechanisms for the
microdevices with sizes <200 nm and ranging from 200–
1000 nm, respectively. While phagocytosis favours the size >1
mm.288

Immunogenicity, the potential to trigger an immune
response, is another critical aspect. Devices that mimic bio-
logical structures or are cloaked with biocompatible coatings
can evade immune detection, whereas those with foreign or
reactive surfaces may be agged by the body's defence mecha-
nisms.289 This can lead to acute inammation, chronic immune
activation, or even brous encapsulation, which compromises
device functionality. To mitigate these risks, researchers oen
employ stealth strategies such as PEGylation or the use of
zwitterionic materials that resist protein binding and immune
© 2026 The Author(s). Published by the Royal Society of Chemistry
cell recognition. PEG creates a hydrophilic, sterically repulsive
barrier that inhibits opsonization andmacrophage recruitment,
thereby reducing clearance and inammatory signaling.
However, repeated exposure may lead to anti-PEG antibody
formation, necessitating alternative approaches. Zwitterionic
materials, such as phosphorylcholine, sulfobetaine, and car-
boxybetaine polymers, offer a promising substitute. These
materials mimic the charge neutrality of cell membranes and
exhibit ultra-low fouling characteristics, resisting nonspecic
protein binding and complement activation.290,291 In summary,
ensuring biocompatibility in stimuli-responsive microdevices is
a multifaceted challenge that requires thoughtful design,
rigorous testing, and a deep understanding of biological inter-
actions. By avoiding toxic and immunogenic responses, these
devices can safely integrate into the human body, unlocking
their full potential in precision medicine and advanced
healthcare solutions (Table 4).
8.2. Stimulus-responsive microdevices and the tissue toll

Stimulus-responsive microdevices represent a transformative
leap in biomedical engineering, offering precise, on-demand
drug delivery tailored to physiological or external cues. These
devices are designed to respond to stimuli such as pH,
temperature, enzymes, magnetic elds, or light, enabling
controlled therapeutic release at targeted sites. However, their
interaction with biological tissues, oen termed the “tissue
toll”, remains a critical challenge, particularly in long-term
implantable applications. While implantable microdevices
hold immense potential for targeted and minimally invasive
drug delivery, their long-term success is oen compromised by
the body's natural defence mechanisms. One of the most
RSC Adv., 2026, 16, 14878–14935 | 14911
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signicant challenges is the foreign body response (FBR),
a complex cascade of immune reactions triggered by the pres-
ence of a non-native object in biological tissue.306

When a biomedical microdevice is implanted into the body,
the immune system perceives it as a foreign entity and initiates
a defensive response aimed at isolating the device from
surrounding tissues. One of the most prominent outcomes of
this response is brotic encapsulation, the formation of
a dense, collagen-rich brous tissue layer around the implant.307

This process is primarily driven by the activation of immune
cells, notably macrophages and broblasts, which release
signaling molecules that promote collagen deposition and
extracellular matrix remodeling. The resulting brous capsule
acts as a semi-permeable barrier, signicantly impeding the
diffusion of therapeutic agents from the device into adjacent
tissues. Consequently, the bioavailability of the drug at the
target site is reduced, and the drug release prole becomes
unpredictable. Instead of a controlled and consistent release,
the drug may be delivered more slowly, unevenly, or in dimin-
ished quantities, compromising the intended pharmacological
effect. This inefficiency is particularly critical in therapies
requiring precise dosing, such as chemotherapy, hormone
replacement, or insulin delivery.308 In severe cases, the altered
performance of the device may necessitate recalibration or even
surgical removal and replacement, thereby increasing patient
risk and healthcare costs.

Next, when a biomedical microdevice is implanted into the
body, it inevitably disrupts the local tissue microenvironment
and is promptly identied as a foreign entity. This recognition
initiates a complex cascade of immune responses aimed at
neutralizing or isolating the perceived threat. If this response is
not effectively resolved, it can progress into chronic inamma-
tion, a sustained and maladaptive immune state that poses
signicant risks to both device functionality and surrounding
tissue health.309 The initial immune response is characterized
by the rapid recruitment of macrophages, which attempt to
phagocytose the device or wall it off from the surrounding
tissue. However, when the device remains in place and lacks
sufficient biocompatibility, macrophages become chronically
activated. These cells begin to secrete pro-inammatory cyto-
kines such as TNF-a, IL-1b, and IL-6, which amplify the immune
response and attract additional immune cells, including
neutrophils, broblasts, and lymphocytes.306 Over time, this
persistent inammatory signaling leads to broblast prolifera-
tion and excessive ECM deposition, particularly of collagen,
culminating in brosis. Fibrosis replaces normal tissue archi-
tecture with dense, brous connective tissue, resulting in: (a)
mechanical displacement or compression of the device; (b)
altered chemical and mechanical interface between the device
and host tissue; (c) impaired drug diffusion; and (d) reduced
sensor accuracy.306,308 This remodeled tissue environment can
severely compromise the intended therapeutic or diagnostic
function of the device. For drug delivery systems, brotic
encapsulation may hinder drug release, leading to subthera-
peutic dosing or unpredictable pharmacokinetics.310 For
sensing or stimulation devices, tissue stiffening and scarring
can dampen signal transmission, reduce sensitivity, and even
© 2026 The Author(s). Published by the Royal Society of Chemistry
cause mechanical failure. In extreme cases, the device may need
to be surgically removed or replaced, increasing patient risk and
contributing to higher healthcare costs. Thus, mitigating the
foreign body response is critical to ensuring the long-term
success and safety of implantable biomedical microdevices.

A notable inuence of stimulus-responsive microdevices on
the tissue toll includes biofouling, an undesirable accumulation
of biological materials, such as proteins, cells, and ECM
components, on the surface of implanted devices.311 This
phenomenon begins almost immediately aer implantation, as
the device encounters bodily uids and tissues. Within seconds
to minutes, plasma proteins like albumin, brinogen, and
immunoglobulins adsorb onto the device surface. This protein
layer alters the surface chemistry and can trigger immune cell
adhesion. Macrophages, neutrophils, and broblasts are
recruited to the site and adhere to the protein-coated surface.
These cells may attempt to degrade or isolate the device,
contributing to inammation and brosis. Over time, cells
secrete ECM proteins, including collagen and bronectin,
forming a dense biolm or brotic capsule.312,313 Biofouling can
clog microchannels or release ports, impeding drug diffusion.
Accumulated biological material can interfere with moving
parts, degrade conductive surfaces, and increase device
impedance. This affects devices like microvalves, pumps, and
electrodes. This leads to inconsistent dosing, delayed thera-
peutic effects, or complete delivery failure.314

Taken together, stimulus-responsive microdevices offer
precise, minimally invasive therapeutic solutions by adapting
drug release or sensing to real-time physiological cues.
However, their long-term performance is oen compromised by
FBR, a cascade of immune reactions that leads to chronic
inammation, brotic encapsulation, and biofouling. These
tissue-level changes can impair drug diffusion, distort phar-
macokinetics, and degrade sensor accuracy, ultimately threat-
ening device efficacy and longevity. To overcome these
challenges, future designs must integrate biocompatible mate-
rials, anti-fouling surfaces, and immune-modulating strategies.
A synergistic approach that combines smart responsiveness
with tissue integration is essential for the sustained clinical
success of implantable microdevices.
8.3. Accumulation-induced toxicity in stimuli-driven
microdevices

In the rapidly evolving landscape of biomedical engineering,
stimuli-driven microdevices have emerged as transformative
tools in diagnostics, targeted drug delivery, and minimally
invasive therapies. Their ability to navigate complex biological
environments and deliver payloads with spatial and temporal
accuracy has positioned them at the forefront of personalized
medicine and nanotherapeutics. However, alongside their
immense potential lies a growing concern: accumulation-
induced toxicity. Despite the growing interest in stimuli-
responsive microdevices for targeted drug delivery, there
remains a notable scarcity of comprehensive toxicity studies in
the existing literature. Most available data focus primarily on
their design, responsiveness, and therapeutic efficacy, while
RSC Adv., 2026, 16, 14878–14935 | 14913
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systematic evaluations of their biocompatibility, long-term
safety, and potential off-target effects are limited. This gap
underscores the need for more rigorous preclinical and clinical
investigations to ensure the safe translation into biomedical
applications. In this context, understanding the toxicity is crit-
ical for advancing the safe and effective use in biomedical
applications. Despite signicant progress in developing diverse
material platforms, including natural and synthetic polymers,
inorganic nanomaterials, and organic nanomaterials, compar-
ative analyses of their distinct toxicity mechanisms remain
limited. Natural polymers oen exhibit superior biocompati-
bility, yet their degradation products can trigger immune
responses, whereas synthetic polymers may introduce concerns
related to non-biodegradability or accumulation. Similarly,
inorganic nanomaterials differ fundamentally from organic
nanomaterials in terms of surface chemistry, biodistribution,
and reactivity, leading to divergent toxicity pathways. Current
discussions surrounding material design approaches to miti-
gate immunogenicity frequently remain broad, without detail-
ing how specic physicochemical attributes inuence biological
interactions. Parameters such as degradation rate, surface
charge, particle size, and chemical composition critically
determine cellular uptake, inammatory signaling, and long-
term tissue responses (Table 5). However, the lack of system-
atic evaluation of these properties obscures the underlying
mechanisms governing toxicity and hinders the formulation of
rational design strategies. A clearer understanding of how
material characteristics shape toxicity pathways is therefore
essential to guide the selection, optimization, and development
of microdevices with improved safety proles for clinical
translation.

When microdevices are introduced into the body, their long-
term fate becomes a critical consideration. Unlike conventional
pharmaceuticals, which are typically metabolized and excreted,
microdevices, particularly those composed of non-
biodegradable or slowly degrading materials, may persist
within tissues and organs over extended periods. To this end,
important concerns regarding their biocompatibility, potential
accumulation, and long-term safety necessitate thorough
investigation during the development process. The prolonged
presence of microdevices in biological systems may trigger
unintended biological responses, including chronic inamma-
tion, oxidative stress, and potential organ dysfunction. These
adverse interactions underscore the importance of evaluating
long-term biocompatibility and safety during device develop-
ment. The liver, spleen, kidneys, and even the brain are
particularly vulnerable to such accumulation due to their roles
in ltration and immune surveillance.338,339 Moreover, repeated
administration of microdevices, oen necessary for chronic
conditions, exacerbates the risk of bioaccumulation.340 The
complexity of biological systems means that even devices
designed for targeted delivery can exhibit off-target localization,
further increasing the risk of toxicity. Factors such as particle
size, surface charge, hydrophobicity, and material composition
signicantly inuence biodistribution and clearance, making
the design of these devices a delicate balance between func-
tionality and safety.341 Hydrophobic microdevices are more
© 2026 The Author(s). Published by the Royal Society of Chemistry
prone to non-specic protein binding, forming a protein corona
that ags them for immune removal. They may also aggregate,
reducing targeting precision and increasing the risk of vascular
blockage. A study on biomaterials used in medical devices
found that hydrophobic surfaces promoted biolm formation
by pathogens like Staphylococcus epidermidis and Pseudomonas
aeruginosa, increasing infection risk and device-related
toxicity.342

The review by Wang et al. highlights that stimuli-responsive
delivery systems, while enhancing therapeutic efficacy, can
accumulate in inamed tissues due to their responsiveness to
pathological stimuli (e.g., acidic pH, overexpressed enzymes).
This targeted accumulation, if uncontrolled, may result in off-
target effects and organ stress, particularly in the liver and
spleen.343 A study of multiple microbubble formulations in
cardiac tissue exposed to diagnostic ultrasound revealed
signicant capillary damage, proportional to the mechanical
index (MI) used.344 No damage was seen with ultrasound or
microbubbles alone, but combined exposure caused microvas-
cular haemorrhage and endothelial injury. Myocardial lactate
release exhibited a marked increase with rising MI levels.
Macroscopic examination revealed areas of intramural hae-
morrhage, particularly over the beam elevation regions in hearts
exposed to both contrast agents and high-MI ultrasound. Light
microscopic analysis further conrmed the presence of capil-
lary ruptures, erythrocyte extravasation, and endothelial cell
damage. At an MI of 1.6, the mean percentage of ruptured
capillaries was observed to be 3.6 ± 1.4%, indicating a signi-
cant degree of microvascular injury. In contrast, sulfur hexa-
uoride microbubbles, used in echocardiographic imaging,
demonstrated very good safety proles with rare adverse reac-
tions (e.g., mild allergic symptoms, transient nausea, self-
resolving back pain). No severe toxicity or organ dysfunction
was noted in large clinical series.345

The cytotoxicity studies by Willis et al. primarily examined
the delivery of the chemotherapeutic agent etoposide to cancer
cell lines using rotating magnetic nanoparticle (MNP) clusters
as microdevices, with a specic focus on evaluating cellular
viability post-treatment.346 Etoposide was magnetically deliv-
ered via MNP clusters to U138 glioblastoma and H2122 lung
adenocarcinoma cells over a 10 cm biomimetic channel. Cell
viability, assessed by MTT and trypan blue assays, showed that
direct exposure to 100 mM etoposide for 24 h reduced U138 cell
viability to ∼23%, indicating strong cytotoxicity. The cytotoxic
effect of magnet-propelled etoposide was statistically signicant
(p < 0.05) in comparison to controls, demonstrating that drug
efficacy was retained using this delivery approach. In another
study by Alon et al., a miniaturized magnetic device, an array of
permalloy (Ni80Fe20) bars sputter-deposited on glass, that
generated highly localized, tunable magnetic elds to control
neuron-like cell migration and organization at the micro-
scale.347 The cytotoxicity studies demonstrated that the iron
oxide nanoparticles (MNPs) used to induce magnetic sensitivity
in PC12 cells were found to be highly biocompatible under the
experimental conditions. Aer incubation with MNPs, XTT cell
viability assays showed that approximately 99% of the PC12
cells remained viable aer 5 days, with the results normalized to
RSC Adv., 2026, 16, 14878–14935 | 14915
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non-treated control cells. This indicated minimal cytotoxicity
associated with the nanoparticle uptake at the studied
concentrations and timeframes.

Photothermal-based microdevices for therapeutic applica-
tions oen utilize photothermal agents that generate localized
heating when exposed to a specic wavelength of light, resulting
in targeted cell destruction.348 Cytotoxicity studies for these
devices generally focus on evaluating the safety and efficacy of
the photothermal agents and the induced heat on cells. The
cytotoxicity studies by Lee et al. focused on evaluating the safety
and photothermal therapy (PTT) effects of a reduced graphene
oxide-branched polyethyleneimine–polyethylene glycol (rGO-
BPEI–PEG) nanocomposite on 3D brain tumor spheroids
generated by the microuidic device.349 The cytotoxicity of rGO-
BPEI–PEG nanocomposites was evaluated in U87MG brain
tumor cells treated with varying concentrations (20–60 mgmL−1)
for 4 h, followed by 808 nm NIR laser irradiation (1 W cm−2).
Without irradiation, cell viability remained ∼90%, conrming
good biocompatibility. Post-irradiation, viability dropped below
60% at 60 mg mL−1, indicating effective photothermal killing of
cancer cells. Confocal microscopy conrmed cellular uptake in
both single cells and spheroids, essential for efficient photo-
thermal therapy. In a nutshell, rGO-BPEI–PEG nanocomposites
in the photothermal microdevice showed low inherent toxicity
but effectively induced tumor spheroid cell death upon NIR
laser exposure, demonstrating their safety and efficacy as PTT
agents in 3D tumor models generated via droplet-based
microuidics. In a separate nding by Song et al., the cytotox-
icity studies demonstrated the biocompatibility and therapeutic
efficacy of the Cu-doped polydopamine (Cu-PDA) nanoparticles
delivered by MNs.350 Cu-PDA NPs delivered via dissolving MNs
enabled effective PTT under NIR laser irradiation, rapidly
raising local temperature to ∼50 °C and inducing tumor cell
apoptosis. Without NIR exposure, the NPs showed minimal
toxicity, conrming skin compatibility. In vivo studies on B16
melanoma-bearing mice demonstrated signicant tumor
suppression with minimal systemic toxicity, driven primarily by
NIR-triggered photothermal effects. Taken together, Cu-doped
polydopamine NPs delivered via dissolving MNs are biocom-
patible and safe without irradiation, but under NIR light, they
enable synergistic photothermal and chemodynamic therapy
for minimally invasive and effective treatment of skin mela-
noma with low side effects. The cytotoxicity studies evaluated by
Ge et al. highlighted the biocompatibility and safety of the
theranostic separable double-layer microneedle (DLMN) patch
designed for diabetes management.350 Cytotoxicity evaluation
using human skin broblasts (HSF) showed that MN patches,
comprising a GelMA base and PCM arrowheads loaded with
melanin NPs and metformin, were biocompatible and safe.
Aer 24 h incubation, CCK-8 assays indicated high cell viability,
with no signicant toxicity. Cell proliferation assays on days 4
and 7 conrmed sustained cell growth, supporting the long-
term safety of the microneedle components. Lee et al. devel-
oped a photo-crosslinkable GelMA-based microuidic co-
culture device to study photothermal therapy and cancer cell
migration. Using 10% w/v GelMA hydrogels as semi-permeable
barriers, MCF7 breast carcinoma and U87MG glioblastoma cells
14916 | RSC Adv., 2026, 16, 14878–14935
were cultured.351 Core–shell microcapsules were fabricated in
a microuidic device, featuring ethyl cellulose shells encapsu-
lating gold nanorod-loaded pNIPAAm NPs for NIR laser-based
photothermal therapy applications. The device demonstrated
the photothermal effects of gold nanorods on cancer cells. Gold
nanorod cytotoxicity was concentration-dependent; optimal
doses enabled effective photothermal tumor cell ablation
without harming co-cultured cells. NIR laser irradiation
reduced cancer cell viability to below 10%, regardless of cell
type, conrming the strong photothermal efficacy of the treat-
ment. Cancer cell migration was studied in a microuidic co-
culture device, revealing that the tumor microenvironment
inuenced endothelial cell behaviour. Cancer cells attracted
endothelial cells to form capillary-like vascular networks and
migrated toward collagen gel-embedded microchannels.
Collectively, cytotoxicity data conrmed that the hydrogel
microuidic device can offer a biocompatible environment for
cancer cell culture, and that gold nanorods can selectively
induce cell death upon NIR activation without inherent toxicity
at therapeutic doses.

Overall, stimuli-responsive microdevices represent a prom-
ising frontier in precision medicine, offering controlled and
site-specic therapeutic delivery. However, their potential to
induce toxicity remains a critical concern. The dynamic
behaviour of these devices, triggered by internal or external
stimuli, can lead to unintended biological interactions,
including chronic inammation, oxidative stress, and tissue
damage. Current literature on their toxicological proles is
limited, highlighting the urgent need for comprehensive in vivo
studies and standardized safety assessments. Addressing these
gaps is essential to ensure the safe clinical translation of
stimuli-responsive microdevices and to fully harness their
therapeutic potential.
9. Translational regulatory and AI-
driven barriers

Smart endogenous-stimuli microdevices are miniaturized
implantable, intra-tissue, or luminal systems that release drugs
in response to internal biochemical cues such as pH, redox
gradients, enzymatic activity, or hypoxia, without requiring
external actuation. Many are microfabricated polymeric or
hybrid micro/nano constructs and consequently fall under
drug–device combination pathways. In the United States, such
products are treated as combination products, comprising drug
and device constituent parts reviewed together, with regulatory
jurisdiction determined by the primary mode of action (PMOA)
under 21 CFR Part 3 and overseen by the FDA's Office of
Combination Products (OCP). In the European Union, although
“combination product” is not a standalone legal category, drug-
led integral products are governed via MDR Article 117, while
device-led products containing ancillary medicinal substances
are regulated under MDR Rule 14. In India, most hardware-
based platforms are classied as medical devices under the
Drugs & Cosmetics Act and the Medical Devices Rules (MDR)
2017, with risk-based classes (A–D) dening dossier
© 2026 The Author(s). Published by the Royal Society of Chemistry
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requirements and licensing routes.352–354 Some endogenous-
responsive platforms border on micro/nanorobotics (e.g., cata-
lytic micromotors that respond to local biochemistry) and will
likely trigger additional safety and control questions around
navigation, retrieval, and biodegradation; recent reviews high-
light translational barriers and the need for standardized
control and safety taxonomies. Electrically or magnetically
inuenced micro/nanorobots used for targeted release intro-
duce energy-coupling and soware validation concerns akin to
SaMD.355,356 The succinct list of FDA-approved or authorized
microdevices with practical regulatory details are enlisted in
Table 6.

Chemistry, Manufacturing, and Controls (CMC) require-
ments scale with the development phase but must consistently
establish the identity, purity, strength, quality, and stability of
both drug and device components, with dened control of
critical design attributes such as microreservoir geometry and
stimuli-responsive polymer transitions. Recent FDA training
materials highlight phase-appropriate IND expectations,
emphasizing early control of rawmaterials and incorporation of
functionality testing for dose-delivery systems in alignment
with ICH Q1/Q6A.365,366 For combination devices, FDA quality
reviewers additionally expect reproducible dose-delivery
performance and functionality assessments aligned with CTD
structure and ICH stability principles, including for injectors
and implants. NIH SEED's combination products guide further
claries PMOA determination, constituent-part interactions,
and lifecycle considerations. A persistent regulatory hurdle is
translating device design controls into drug CMC dossiers (and
vice versa), ensuring that stimuli-triggered release kinetics are
articulated as essential drug-delivery outputs supported by
appropriate verication and validation plans.367,368

Endogenous-responsive microdevices oen incorporate
nanostructures or release nano-objects upon degradation,
requiring a risk-based biocompatibility strategy aligned with
ISO 10993-1:2025 and ISO 14971, alongside FDA's 2023 guid-
ance, which outlines expectations for nano/sub-micron
components, in situ-polymerizing or absorbable materials,
and detailed chemical characterization.369 ISO/TR 10993-22
further denes nanomaterial-specic requirements, including
characterization, toxicokinetics, release behaviour, and risk
assessment, highly relevant for devices employing nano-
engineered triggers.370 Practical analyses emphasize common
pitfalls such as agglomeration, protein-corona formation, and
unintended internal exposure when nano-objects are released.
A key regulatory hurdle remains demonstrating biological
equivalence and safety of stimuli-responsive chemistries across
heterogeneous disease microenvironments, supported by
orthogonal chemical characterization and extractables/
leachables assessments, which become more critical as micro-
device volumes shrink.371,372

Smart microdevices oen contain polymers, sensors, or
payload-sensitive architectures that cannot tolerate steam ster-
ilization, making radiation (ISO 11137-1:2025) and ethylene
oxide (EO; ISO 11135) the primary alternatives, each requiring
validated doses, residual-controls, and demonstrated material
compatibility.373,374 The 2025 revision of ISO 11137-1 introduces
14918 | RSC Adv., 2026, 16, 14878–14935
higher allowable energy limits, more exible audit intervals,
and simplied dosimetry language, improving feasibility for
complex microfabricated congurations.375 Comparative over-
views of EO versus radiation methods highlight critical consid-
erations for delicate devices, including validation burdens and
risks of material degradation. A key regulatory hurdle is
achieving sterility assurance without compromising stimuli-
responsive chemistries (e.g., acid-labile linkers) or altering
microchannel geometry, while also controlling EO residuals or
radiation-induced polymer changes that may shi release
kinetics. For drug-led products employing user-interfaced
components (e.g., implant delivery kits, on-body reservoirs),
regulators expect human factors validation and functionality
testing demonstrating accurate dose delivery; FDA's drug-device
quality tips cite ICH Q6A and M4Q to justify inclusion of
delivery-system functionality in specications and stability. The
dra FDA EDDO guidance is intended to standardize what
performance data are essential across product families.

AI- and ML-driven fabrication of endogenous-responsive
microdevices for drug delivery faces several key barriers,
including insufficient high-quality training datasets that limit
model accuracy for predicting complex microenvironmental
responses, as highlighted in reviews on AI-enabled micro/
nanorobotics that emphasize challenges in data standardiza-
tion and real-time closed-loop control integration.376 Another
major barrier is the difficulty in translating AI-guided optimi-
zation of material synthesis and device architecture into
reproducible, scalable microfabrication workows, as noted in
analyses of AI-enhanced micro/nanorobots, where practical
deployment is hindered by constraints in fabrication precision
and environmental sensing reliability.377 Furthermore,
endogenous-responsive systems require accurate modeling of
dynamic biochemical signals, yet current AI/ML frameworks
oen fail to capture patient-specic heterogeneity in drug
release proles and microenvironmental variability, reecting
broader limitations identied in AI-guided nanomedicine
where heterogeneous in vivo performance and underutilization
of mechanistic data impede smart-device translation.378,379

Finally, integrating AI-assisted additive manufacturing
methods (e.g., 3D-printedmicrodevices) remains constrained by
unresolved issues in autonomous quality control and prediction
of biomaterial behaviour, as indicated in AI-assisted micro-
needle fabrication studies that stress lingering gaps in AI-driven
process reliability and product consistency.380 When micro-
devices include embedded sensors and adaptive algorithms,
such as systems that detect endogenous biological signals and
automatically adjust dosing, their soware components may
fall under regulatory categories like Soware as a Medical
Device (SaMD) or device-embedded soware. The FDA's Digital
Health Center of Excellence provides guidance on how AI/ML-
enabled devices are evaluated, including new lifecycle
approaches such as predetermined change control plans that
allow regulated updates to learning algorithms. Policy analyses
summarize the shi from static to learning systems and the
prevalence of AI/ML devices cleared via 510(k).381–383 India's
dra guidance on medical device soware claries expectations
across the soware lifecycle under the existing Medical Devices
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Rules. A key regulatory hurdle is explaining algorithm trans-
parency, dataset representativeness, and change-management
for any adaptive control tied to endogenous bio signals,
ensuring the soware's role in dose decisions remains
auditable.

Taken together, from the author's viewpoint, smart micro-
devices face multiple materials and analytical pitfalls: stimuli-
responsive chemistries (pH, redox, and enzymatic triggers,
among others) require validation that conrms trigger speci-
city within diseased-tissue ranges while limiting off-target
release in healthy physiology, with regulators closely exam-
ining preconditioning and accelerated-ageing steps per FDA's
essential drug-delivery output expectations. Micro- and nano-
structured components introduce additional complexity, as
ISO/TR 10993-22 mandates characterization of nano-object
release, toxicokinetics, and degradation products, issues
particularly critical for bioresorbable microcapsules and nano-
porous membranes. Sterilization can further alter performance:
radiation may induce chain scission or cross-linking that shis
swelling behaviour and release kinetics, and although updated
ISO 11137-1 parameters offer more exible validation condi-
tions, they still require robust material-compatibility data to
ensure function is preserved. Finally, extractables and leach-
ables remain a prominent risk in small-volume microdevices
with high surface-area-to-volume ratios; FDA's ISO 10993 guid-
ance emphasizes detailed chemical characterization and
exposure-driven risk assessment to prevent clinically meaning-
ful leachable burdens.

10. Challenges and future trends

Biomedical microdevices for regulated drug delivery and
theranostics signify the forthcoming evolution of delivery
methods that combine miniaturization, cost-effectiveness,
batch manufacturability, reproducibility, and integration with
very large-scale integration electronics, facilitating program-
mable and active modulation of drug release. A comprehensive
assessment of the technology readiness levels (TRLs) for these
systems is presented in Table S1, which summarizes the current
developmental status of laboratory-scale innovations reported
between 2008 and 2026. The current advancement of drug-
delivery microdevices is in its early stages, with most technol-
ogies remaining in the proof-of-concept phase. However, several
factors contribute to the continued presence of certain
stimulus-responsive microdevices in the drug delivery pipeline.

While research has offered several inspirations for the
design and development of new materials, the creation of
synthetic systems that can respond to stimuli in a controllable
and predictable manner poses considerable hurdles. Specic
obstacles exist in replicating biological systems that require
structural and compositional gradients over multiple length
scales for coordinated and systematic responsive actions. To
address these issues, numerous stimuli-responsive systems
have been developed, primarily focusing on polymeric solu-
tions, gels, surfaces, and interfaces, with a lesser emphasis on
polymeric solids. The states of matter impose varying degrees of
limitations on the mobility of polymeric segments or chains,
© 2026 The Author(s). Published by the Royal Society of Chemistry
facilitating dimensional responsiveness in systems with
elevated solvent content and minimal energy inputs. The diffi-
culty in constructing these stimuli-responsive microdevices lies
in developing networks that can elicit subtle molecular alter-
ations, which in turn produce substantial physicochemical
responses to external or internal stimuli. In a nutshell, the
challenges can be summarized as including material
constraints, feature size reduction, complexity of patterns,
precise control over particle characteristics, and limitations in
microuidic particle fabrication, among others.384,385

Moreover, one of the challenges involves engineering
stimuli-responsive interfaces with diverse molecular architec-
tures at the interfacial areas that demonstrate responsiveness to
stimuli. Each chain of the interface must incorporate stimuli-
responsive components to elicit signicant responses detect-
able by both sides of the interfacial anchoring points. Addi-
tionally, it is essential to regulate the interfacial chain lengths,
molecular weights, and chain stiffness. Despite substantial
advancements in the development of precisely regulated poly-
merization techniques that provide well-dened macromolec-
ular blocks with stimuli-responsive properties, understanding
the physicochemical elements of these systems remains a chal-
lenge. While stimulus-responsiveness in solutions is generally
accessible, the regulation of responsive ranges, the inuence of
solvent–solute interactions, and the mechanorheological
behaviour in response to stimuli remain inadequately under-
stood. These interactions are crucial in micro- and nanouidics,
as well as in other aspects of polymer rheology. Colloidal
dispersions at sub-nanometer diameters offer extensive possi-
bilities for developing water-based stimuli-responsive systems,
wherein colloidal nanoparticles with diverse morphologies,
forms, and bioactive properties can be produced.

Stimuli-responsive surfaces and interfaces pose signicant
problems, necessitating coordinated synthetic and design
efforts to manage surface and interfacial density, control the
chain length of anchoring macromolecules, and ensure their
exibility. The advancement of polymeric surfaces and inter-
faces that exhibit exact selectivity and self-repairing capabilities
is of signicant interest, and recent research indicates a need
for further progress and a deeper understanding of various
aspects of stimuli-responsive polymeric surfaces and interfaces.
Moreover, improved mechanical integrity is crucial for
enhancing traditionally fragile polymeric materials. Achieving
a balance between mechanical stability and rapid response
times, reversibility, and processing conditions will be vital for
numerous novel applications, particularly in biomedical
systems. A deeper understanding of the inclusive modications
in copolymers derived from natural building components,
including saccharides and peptides, will open new pathways for
regenerative medicine and tissue engineering, particularly in
relation to cell adhesion and differentiation. Addressing the
challenges of biocompatibility, biodegradability, and non-
toxicity is crucial across all physical states. The advancement
of various stimuli-responsive macromolecules that offer diverse
mutual impregnability responses will be vital for future appli-
cations. The reversibility and rapidity of stimuli-responsiveness
in these states, particularly within solid networks, are crucial.
RSC Adv., 2026, 16, 14878–14935 | 14919
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The design of appropriate chemical structures to regulate
metastable equilibrium energy states will establish the condi-
tions necessary for the creation of coordinated heterogeneous
networks.
10.1. Clinical challenges

From a clinical perspective, there must be a distinct and
recognized unmet clinical need where existing remedies remain
inadequate. Clinical implementation of endogenous stimuli-
responsive microdevices faces multifaceted challenges rooted
in the inherent complexity and variability of human physiology.
One of the foremost difficulties is achieving reliable in vivo
biocompatibility, as endogenous biochemical cues, such as pH,
enzymatic activity, and redox gradients, vary widely across
organs, disease states, and even within microenvironments of
the same tissue, resulting in inconsistent device activation and
unpredictable therapeutic release.386,387 Studies of biopolymer-
based and nanocomposite carriers show that endogenous
stimuli oen lack the uniformity and stability necessary for
consistent trigger-dependent behaviour, which complicates
their translation from controlled laboratory conditions to
heterogeneous clinical settings.388,389 Patient-to-patient vari-
ability further exacerbates these issues, making it difficult to
calibrate activation thresholds that reliably distinguish patho-
logical signals from physiological noise without risking
suboptimal release or inadvertent overdose.390 Long-term
implantation adds additional challenges, including chronic
inammation, unpredictable degradation kinetics, and the
potential toxicity of breakdown products, factors that persist
despite advances in polymeric microdevice architectures aimed
at improving durability and tissue integration.391,392 Case
studies in related stimuli-responsive systems highlight these
translational obstacles: for instance, pH-responsive nano-
spheres exhibit effective release proles under controlled
conditions but demonstrate inconsistent behaviour in in vivo
tumor environments due to spatial and temporal heterogeneity
of acidity.393 Likewise, endogenous-responsive nanocarriers
developed for myocardial infarction therapy show therapeutic
promise but require meticulous optimization to accommodate
rapidly shiing biochemical and enzymatic landscapes in the
injured myocardium.394 Collectively, these ndings underscore
that while endogenous stimuli-responsive microdevices carry
signicant therapeutic potential, their clinical translation
depends on a deeper mechanistic understanding of physiolog-
ical variability, rigorous long-term biocompatibility evaluation,
and comprehensive in vivo validation to ensure consistent and
safe performance across diverse patient populations. In this
context, no endogenously-based microdevices have progressed
to any phase of clinical evaluation. The literature (https://
clinicaltrials.gov/) includes only a few mentions of
microdevice technologies overall, underscoring their scarcity
(Table 7).

From the author's viewpoint, addressing the clinical limita-
tions of endogenous stimuli-responsive microdevices requires
a multifaceted strategy that integrates material innovation,
patient-specic optimization, and improved biological
14922 | RSC Adv., 2026, 16, 14878–14935
modeling. Enhancing in vivo biocompatibility can be achieved
through the development of advanced polymeric and hybrid
biomaterials engineered to minimize inammatory responses,
reduce degradation-product toxicity, and maintain functional
stability across diverse physiological conditions. To counteract
variability in endogenous cues such as pH, enzymes, and redox
gradients, microdevices can incorporate multimodal or hierar-
chical sensing mechanisms capable of integrating multiple
biomarkers rather than relying on a single uctuating trigger.
This increases activation delity even in heterogeneous tissue
environments. Patient-to-patient variability may be managed by
incorporating adaptive or tunable architectures, such as
adjustable thresholding mechanisms, feedback-controlled
release modules, or personalized calibration based on indi-
vidual biochemical proles collected through pre-treatment
diagnostics. Long-term implantation issues can be mitigated
by using materials with predictable degradation kinetics,
surface modications that reduce brotic encapsulation, and
coatings that enhance tissue integration. Improved in vitro and
in vivo modeling systems, such as organ-on-chip platforms and
physiologically relevant disease models, can also help predict
device performance across complex environments before clin-
ical deployment. Furthermore, implementing iterative preclin-
ical evaluation pipelines, including chronic implantation
studies, real-time biosensing assays, and longitudinal biocom-
patibility testing, can substantially reduce translational uncer-
tainty. Collectively, these strategies provide a roadmap for
improving safety, reliability, and clinical robustness in future
generations of endogenous stimuli-responsive microdevices.
10.2. Industrialization challenges

Industrialization of endogenous stimuli-responsive micro-
devices is constrained by intertwined manufacturing, quality,
and sterilization hurdles that are distinct from bench-scale
prototyping. First, scalable nanofabrication must balance
resolution versus throughput while preserving device geometry
and materials performance. Recent reviews of microneedle and
microsystem manufacturing highlight persistent trade-offs,
limited testing standardization, and reproducibility gaps that
complicate mass production and technology transfer. Second,
achieving batch-to-batch consistency for stimuli-responsive
materials demands GMP/QbD frameworks that dene CQAs
(e.g., trigger threshold, release rate), embed PAT/real-time
controls, and qualify continuous or microuidic processes;
EMA/ICH guidance on QbD and recent analyses of nano-
medicine scale-up emphasize these control strategies as
essential for industrial robustness. Third, terminal sterilization
can alter polymeric matrices and sensing layers (chain scission,
oxidation, cross-linking), shiing activation thresholds or
payload stability; comparisons of g, e-beam, and X-ray modali-
ties and FDA materials guidance underscore modality-specic
effects and the need for dose windows compatible with func-
tionally sensitive microdevices. Fourth, integration as drug–
device combination products introduce additional validation
burdens (co-packaged/single-entity controls, design changes,
ISO 10993 biocompatibility evidence) that must be addressed
© 2026 The Author(s). Published by the Royal Society of Chemistry
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within the Office of Combination Products' framework during
scale-up. Case studies illustrate both progress and gaps: rapidly
manufacturable glucose-responsive microneedle patches show
promising closed-loop performance but still face durability,
stability, and standardized production challenges, while
patents and protocols demonstrate conceptual scalability yet
leave industrial validation open. Parallel advances in high-
throughput particle manufacturing (e.g., microuidic and
sequential nanoprecipitation approaches) directly target
uniformity and scale, offering templates for stimuli-responsive
payload fabrication and downstream purication at industrial
volumes. Collectively, industrial translation will hinge on
design-for-manufacture early in R&D, modality-aware steriliza-
tion validation, and QbD-anchored control strategies that link
stimulus response to measurable CQAs across scale.

From the author's viewpoint, addressing the industrializa-
tion challenges of endogenous stimuli-responsive microdevices
requires a coordinated strategy that integrates advances in
scalable fabrication, quality-by-design control systems, and
sterilization-aware materials engineering. To overcome the
resolution–throughput trade-offs inherent in nanofabrication,
emerging high-throughput 3D-printing and microfabrication
methods, such as digital-light processing, hybrid additive
manufacturing, and optimized microneedle architectures, offer
promising routes for scalable, reproducible mass production
while retaining microscale structural precision, as highlighted
in recent analyses of 3D-printed microneedle arrays and
microsystem manufacturing. Achieving batch-to-batch consis-
tency can be strengthened by embedding Good Manufacturing
Practice (GMP) and Quality-by-Design (QbD) principles early in
development; regulatory frameworks from EMA and ICH
emphasize dening Critical Quality Attributes (CQAs), real-time
analytics, and continuous manufacturing as mechanisms to
maintain process uniformity during scale-up, consistent with
ndings from nanomedicine manufacturing reviews that
highlight reproducibility and quality-control challenges at
industrial scale. Sterilization-related degradation, a major
barrier for polymer-based microdevices, can be mitigated by
selecting radiation-resilient polymers, integrating antioxidant
stabilizers, and tailoring dose windows through comparative
evaluations of g-irradiation, e-beam, and X-ray modalities,
which reveal distinct oxidative and structural impacts on device
materials, and therefore guide modality-specic sterilization
protocols that preserve device responsiveness. For products that
qualify as drug–device combination systems, developers can
streamline industrial readiness by aligning fabrication work-
ows with the FDA's combination-product guidance, which
claries requirements for coordinated validation, biocompati-
bility assessment (ISO 10993), and controlled component inte-
gration during scale-up. Case studies of glucose-responsive
microneedle patches demonstrate how manufacturability can
be improved through modular integration of printed sensors,
stable uidic pumps, and scalable materials processing, yet also
illustrate the need for durability testing and standardized
fabrication pipelines to transition from prototype to industrial
reproducibility.400,401 Parallel advances in microuidic-assisted
nanoparticle manufacturing and sequential nanoprecipitation
© 2026 The Author(s). Published by the Royal Society of Chemistry
further address scaling limitations by enabling continuous,
uniform production of stimuli-responsive carriers, offering
blueprints for translating controlled lab-scale synthesis into
industrial-scale, high-purity manufacturing workows.402,403

Collectively, these strategies, design for manufacturability,
QbD-driven process control, sterilization-conscious material
selection, and regulatory-aligned integration, provide a pathway
to overcome current industrialization barriers and accelerate
the translation of endogenous stimuli-responsive microdevices
into reliable, scalable medical products.

However, considering the strengths and constraints outlined
above, the following recent studies discussed herein provide
substantive, forward-looking perspectives on the design and
translational potential of microdevices or endogenous-
responsive microdevices for biomedical use. In the work by Su
et al.,404 the promise of wearable microbial fuel cells as auton-
omous power suppliers for electronic skins by using the bi-
ofuels in human sweat was discussed, with exceptional long-
term robustness, sustainable power delivery, low material and
fabrication cost that eliminates the need for puried enzymes,
utilization of native skin microbiota and improved system
resilience as microbial metabolism adapts to uctuating sweat
composition and environmental conditions. However, the
concept is still in its infancy with the probable challenges that
include lower power density than enzymatic systems, lack of
standardized architecture, start-up time for the microbial
colonization and biolm formation that requires an initial
conditioning period, health and safety considerations that
require careful control of biocompatibility and hygiene and
integration with e-skin electronics, among others. Resolving
these limitations is critical to realizing wearable MFCs as
dependable, autonomous “living” power generators for the
sustained operation of e-skin platforms. Microuidics enables
precise manipulation of microliter-scale uids within micro-
channels (1–1000 mm), where strictly laminar ow allows accu-
rate control of molecular gradients and cellular
microenvironments. Leveraging these advantages, Ravi et al.
developed a 3D tumor-on-a-chip platform integrated with
single-cell RNA sequencing to dissect tumor–stroma–immune
interactions, revealing macrophage polarization as a key regu-
lator of cancer invasion.405 Similarly, Lupsa et al. employed
amicrouidic model to study cancer-associated broblast (CAF)
interactions with prostate cancer spheroids, demonstrating that
CAF-mediated spatial and temporal cues signicantly inuence
therapeutic responses to docetaxel and darolutamide.406

Microelectrode arrays (MEAs) engineered for interfacing
with the central nervous system enable high-resolution neural
recording and targeted electrical stimulation, as exemplied by
cochlear implants and deep-brain stimulation systems.407 Ben-
nett et al. investigated blood–brain barrier (BBB) disruption
resulting from stab injuries and implantation of Utah MEAs.408

Both injury paradigms induced upregulation of proin-
ammatory gene expression alongside downregulation of genes
associated with tight and adherent junction proteins, collec-
tively indicating compromised BBB integrity. Microcoil arrays
exploiting magnetic elds, largely insensitive to biological
material properties, have been developed to enhance spatial
RSC Adv., 2026, 16, 14878–14935 | 14923
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selectivity.409 These parylene-C-coated, four-turn solenoidal
microcoils (250 mm turn radius, 31.75 mm wire radius) demon-
strated highly localized stimulation, with ∼99.8% power
attenuation over a 100 mm separation. Finite-element modeling
predicted safe operation at 60 mA and 5 kHz for up to 10 min,
while Rattay's activating function conrmed conned neural
activation. Each microcoil occupied ∼400 mm per stimulation
channel, approximately 84% narrower than conventional
cochlear implant electrodes, indicating substantially improved
spatial selectivity. However, a key limitation of these materials
is the pronounced mismatch in Young's modulus between the
MEAs and brain tissue, which is further exacerbated by unfav-
ourable surface chemistry that impairs cell adhesion and
proliferation. Poor tissue integration allows MEAs to micro-
move within the brain, inducing mechanical strain, exacer-
bating tissue damage, and ultimately degrading device perfor-
mance over time. For cochlear implants, limitations include
biocompatibility and hermetic packaging, power management
and thermal dissipation, spatial selectivity and electrode
Interaction, neural coding and latency, among others.410

Recent advances in articial intelligence (AI) and machine
learning (ML) have substantially accelerated the design, prop-
erty prediction, optimization, and high-throughput screening of
polymeric systems as well as nanocarriers intended for micro-
device fabrication. These data-driven approaches enable more
efficient exploration of complex formulation spaces and facili-
tate rapid identication of material candidates with desired
functional attributes. However, despite these developments, the
direct application of AI or ML in the fabrication of microdevices,
particularly endogenous or biologically integrated microdevices
in the eld of drug delivery, remains underexplored. Conse-
quently, the present discussion adopts a broader, generalized
perspective, acknowledging the emerging potential of AI-guided
methodologies while recognizing the current limitations in re-
ported implementations specic to microdevice
manufacturing. ML was employed to represent multiscale
polymer structures and perform virtual polymer screening,
while complementary simulations were integrated with ML
workows to validate the predicted responsive polymer prop-
erties.411 ML predicted composite behaviour under external
stimuli and accelerated novel formulation discovery.412 Xu et al.
employed a Bayesian optimization algorithm to design a series
of experimental plans, which were subsequently validated
through systematic experimentation.413 Through iterative
renement, the optimized parameters yielded a hydrogel
exhibiting markedly enhanced overall performance, including
improved strain sensitivity and exibility. Hamel et al.
employed an ML-based framework to design thermally acti-
vated, responsive composite beam structures by addressing the
nonlinear mechanical behaviour inherent to such systems.414

Their approach integrated an evolutionary algorithm (EA) with
nite element (FE) simulations to strategically optimize the
placement of simple active components within the beam,
enabling targeted shape-morphing when subjected to heating.
Similarly, Carrico et al. utilized 3D printing in combination with
a Bayesian-driven AI methodology to develop so ionic poly-
mer–metal composite (IPMC) actuators for so robotics.415 By
14924 | RSC Adv., 2026, 16, 14878–14935
leveraging ionomeric precursor materials, the additive
manufacturing process facilitated the fabrication of monolithic
3D IPMC devices with embedded sensing and actuation
functionalities.

Taken together, form author's perspectives, in endogenous
stimuli-responsive microdevices, AI and ML face signicant
barriers, including the lack of standardized datasets, challenges
in modeling complex biological triggers, limited real-time
adaptability, and substantial regulatory and translational
gaps. Smart microdevices andmicrorobots for drug delivery still
face translational challenges, particularly in integrating
responsive materials with reliable fabrication workows. Thus,
applying AI/ML directly to microdevice fabrication for endoge-
nous responsiveness remains limited. ML models may propose
theoretically optimal designs, but achieving regulatory approval
requires rigorous, reproducible clinical evidence that is
currently lacking. While AI-assisted design holds promise,
current applications in actual microdevice fabrication and in
vivo deployment remain limited and largely conceptual
according to the literature.

In recent years, advances in microfabrication have driven
signicant research toward integrated microsystems, known as
micro-total analysis systems (m-TAS) or lab-on-a-chip (LOC)
platforms. These systems integrate sampling, sample prepara-
tion, detection, and data processing within a single miniatur-
ized device, enabling functionalities such as cell sorting, lysis,
single-cell analysis, and non-destructive cellular studies in
individual microreactors. In parallel, tissue engineering has
emerged as a promising application area, where microdevices
provide controlled microenvironments to regulate cell migra-
tion, proliferation, and differentiation, supporting the devel-
opment of engineered tissues and organ-like constructs for
potential implantation.416 Lundeberg and co-workers developed
a high-throughput, microarray-based barcoding strategy for
single-cell RNA sequencing that enables cost-effective proling
of gene expression at single-cell resolution, thereby advancing
the study of complex biological processes such as cancer
heterogeneity.417 Complementarily, Zhang et al. developed
plasmonic gold-based antibody arrays capable of detecting
antigens in as little as 10 mL of human serum using near-
infrared uorescence-enhanced (NIR-FE) detection, achieving
superior limits of detection, quantication, and reproducibility
compared with the clinically used Luminex platform.418 Because
precise temperature control underpins the polymerase chain
reaction (PCR), signicant effort has been devoted to thermal
modeling and experimental characterization of temperature
elds in PCRmicrodevices.419 While early studies placed limited
emphasis on thermal optimization, nite-element modeling
has since emerged as a key tool for rational thermal design of
PCRmicrosystems, with subsequent work incorporating genetic
algorithms to accelerate optimization of convective PCR
devices.420 Complementary experimental approaches, including
embedded thermocouples, temperature-sensitive liquid crys-
tals, and in-chamber thermal indicators, have enabled valida-
tion of modeled temperature distributions and improved
control of microscale thermal cycling.421,422 However, evidence
supporting the successful in vivo application of this technique
© 2026 The Author(s). Published by the Royal Society of Chemistry
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remains limited. Taken together, these studies chart a path
toward adaptive, self-powered, and precision microdevices;
however, the lack of long-term in vivo validation currently limits
their translational applicability. With time, systematic biolog-
ical evaluation and engineering renement may enable their
successful clinical realization.

11. Conclusion

Stimuli-responsive microdevices have emerged as trans-
formative tools in drug delivery and biomedical engineering,
offering unprecedented control over therapeutic release, spatial
targeting, and dynamic responsiveness to physiological cues. By
harnessing endogenous triggers such as pH variations, enzy-
matic activity, and redox gradients, among others, these
systems enable on-demand, site-specic drug release, mini-
mizing systemic toxicity and enhancing therapeutic efficacy.
Recent innovations in material science, including smart poly-
mers, nanobers, and hybrid composites, have expanded the
functional versatility of these devices, allowing integration with
biosensors, wearable platforms, and implantable systems. Their
adaptability across diverse clinical contexts, from oncology and
wound healing to tissue regeneration and personalized medi-
cine, underscores their translational potential. Integration into
clinical workows is increasingly supported by advances in
miniaturization, biocompatible materials, and wireless actua-
tion. In oncology, devices leveraging tumor-specic microenvi-
ronments have demonstrated enhanced efficacy and reduced
off-target toxicity. In chronic wound care and diabetes
management, microdevices enable real-time responsiveness to
biochemical uctuations, improving outcomes through
dynamic dosing and localized intervention. Moreover,
implantable and wearable formats are being explored for long-
term management of neurological and endocrine disorders,
with promising results in early-phase trials.

Despite remarkable progress, challenges persist in scaling
up fabrication, ensuring long-term biocompatibility, and
obtaining regulatory approval. Also, clinical translation faces
hurdles, including scalable manufacturing and long-term
biosafety. Addressing these challenges requires interdisci-
plinary collaboration and robust validation frameworks. Future
research should focus on multi-stimuli integration, real-time
feedback mechanisms, and patient-specic customisation to
fully realise the promise of these intelligent systems. As
personalized medicine gains momentum, stimuli-responsive
microdevices stand poised to become cornerstones of next-
generation therapeutics, offering not just treatment but intel-
ligent, adaptive care tailored to individual patient proles. In
sum, stimulus-responsive microdevices represent a paradigm
shi toward precision therapeutics, where treatment is not only
targeted but also intelligently timed and dynamically tuned to
the patient's unique biological landscape.
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103 S. ĐorCević, M. M. Gonzalez, I. Conejos-Sánchez,
B. Carreira, S. Pozzi, R. C. Acúrcio, R. Satchi-Fainaro,
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Front. Neurosci., 2019, 13, 454701.

299 D. H. Ham, J. S. Choi, J. H. Choi andW. T. Park,Micro Nano
Syst. Lett., 2023, 11(1), 17.

300 Z. Yu, Y. Chen, J. Li, C. Chen, H. Lu, S. Chen, T. Zhang,
T. Guo, Y. Zhu, J. Jin, S. Yan and H. Chen, J.
Nanobiotechnol., 2024, 22, 187.

301 C. T. Watson, C. A. Siedlecki and K. B. Manning, Biophys. J.,
2025, 124, 158–171.

302 G. Madhusoodanan, A. A. Roy, T. Kalkundri, N. K. Preman,
K. Rana, D. Datta, N. Dhas and S. Mutalik, RSC Adv., 2025,
15, 33312–33335.

303 A. Gowda, B. Healey, H. Ezaldein and M. Merati, J. Clin.
Aesthet. Dermatol., 2021, 14, 45.

304 H. Li, B. Jia and X. Zhang, Arch. Dermatol. Res., 2024, 316,
DOI: 10.1007/s00403-024-03256-x.

305 K. Chen, X. Sun, Y. Liu, S. Li and D. Meng, Front. Pharmacol,
2025, 16, 1607210.

306 N. I. Callaghan, C. N. Rempe, Z. S. C. S. Froom, K. T. Medd
and L. Davenport Huyer, Mater. Adv., 2024, 5, 6719–6738.

307 A. Fayzullin, A. Bakulina, K. Mikaelyan, A. Shekhter and
A. Guller, Bioengineering, 2021, 205, DOI: 10.3390/
BIOENGINEERING8120205.

308 J. M. Jackson, L. Testu and A. Abramson, Bioeng. Transl.
Med., 2025, e70048.

309 A. Salehi Moghaddam, M. Bahrami, E. Sarikhani, R. Tutar,
Y. N. Ertas, F. Tamimi, A. Hedayatnia, C. Jugie, H. Savoji,
A. T. Qureshi, M. Rizwan, C. V. Maduka and
N. Ashammakhi, Adv. Sci., 2025, 12, 2414724.
14932 | RSC Adv., 2026, 16, 14878–14935
310 C. M. Horejs, Nat. Rev. Bioeng., 2023, 1, 693.
311 J. Xu and H. Lee, Chemosensors, 2020, 8, 66.
312 S. Franz, S. Rammelt, D. Scharnweber and J. C. Simon,

Biomaterials, 2011, 32, 6692–6709.
313 O. Veiseh, J. C. Doloff, M. Ma, A. J. Vegas, H. H. Tam,

A. R. Bader, J. Li, E. Langan, J. Wyckoff, W. S. Loo,
S. Jhunjhunwala, A. Chiu, S. Siebert, K. Tang, J. Hollister-
Lock, S. Aresta-Dasilva, M. Bochenek, J. Mendoza-Elias,
Y. Wang, M. Qi, D. M. Lavin, M. Chen, N. Dholakia,
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