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Stomatocytes as Multifunctional Therapeutic Vehicles
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Abstract

Stomatocytes, bowl-shaped nanostructures derived from polymer vesicles, have been
extensively investigated as multifunctional nanocarriers for application in nanomedicine.
Their asymmetric morphology, tunable polymer composition, controllable membrane
permeability, and tailorable surface functionalization enable efficient encapsulation of
therapeutic agents, imaging probes, and stimuli-responsive components, positioning them
as versatile vehicles for advanced biomedical applications. Recent progress in engineering
stomatocytes has further enhanced their capability to achieve improved targeting
specificity toward diseased sites, as well as increased therapeutic precision and efficacy.
This Review highlights recent advances in stomatocyte-based nanocarriers, summarizes
their key functional advantages, and discusses the major bottlenecks that currently hinder
their clinical translation. Finally, we outline future directions for the development of
intelligent, multifunctional, and clinically translatable stomatocyte-based platforms for next
generation nanomedicine.
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INTRODUCTION

Nanocarriers are nanoscale delivery systems
designed to transport therapeutic and diagnostic car-
gos, including small molecule drugs, proteins,
peptides, DNA, mRNA, siRNA, other nucleic acids,
imaging and contrast agents, and various bioactive
molecules such as growth factors, enzymes, antibod-
ies, and cell signaling molecules, to specific cells or
tissues'"*l. Conventional nanocarriers are typically
constructed from liposomes, lipid nanoparticles,
polymeric vesicles, inorganic nanoparticles (e.g.,
mesoporous silica nanoparticles), micelles, and
dendrimers, and generally rely on a passive delivery
mechanism!”*. Despite significant advances in the
design and fabrication of nanocarriers, several funda-
mental limitations continue to restrict their clinical
translation and broader application. Consequently,
the development of next generation nanocarriers has
become a major focus in nanomedicine.

The term “drug delivery” refers to technologies that
transport therapeutic cargos to specific cells or tis-
sues in the body"’. Drug delivery relies heavily on
nanocarriers, which encapsulate payloads to deliver
them to desired sites of action. Conventional
nanocarriers often rely on passive targeting mecha-
nisms, including the enhanced permeability and
retention (EPR) effect, while their responsiveness to
specific biological stimuli can be relatively limited.
The major limitations of these conventional
nanocarriers [Figure 1] include: (1) Low targeting
efficiency and off-target accumulation. Only a small
fraction of the administered cargo reaches the target
tissue, while substantial accumulation occurs in off-
target organs, particularly the liver, spleen, and
kidneys">'". (2) Rapid clearance by the immune sys-
tem. Many conventional nanocarriers are recognized
as “foreign” by the body’s mononuclear phagocyte
system (MPS)">"*); Following intravenous administra-
tion, they are rapidly coated with plasma proteins
(opsonization), which promotes their uptake and
clearance by immune cells. This process shortens
circulation time, reduces drug accumulation at the
disease site, and often necessitates higher therapeutic
doses; (3) Limited penetration across biological barri-
ers. Several physiological barriers significantly
restrict nanocarrier delivery, including the blood-
-brain barrier (BBB), tumor penetration barriers,
and mucus barriers. Even when nanocarriers reach
the target tissue, they often fail to effectively cross

the BBB, penetrate deeply into tumor tissues, or tra-
verse mucus layers to reach epithelial surfaces"**";
(4) Insufficient drug loading and premature cargo
leakage. Insufficient drug loading refers to the inabil-
ity of nanocarriers to encapsulate therapeutically rel-
evant amounts of cargo. This limitation may arise
from weak interactions between the drug and carrier
matrix or poor physicochemical compatibility
between them. Furthermore, some nanocarriers
inherently possess low loading capacities. Premature
cargo leakage, defined as the unintended release of
encapsulated therapeutics before reaching the target
site, further compromises delivery efficiency!*'".
Together, these limitations may lead to increased
dosing frequency, reduced therapeutic efficacy, and
difficulties in delivering large biomolecules such as
proteins and nucleic acids; (5) Lack of spatiotempo-
ral control over drug release. Most conventional
nanocarriers release their payloads by passive mecha-
nisms, including diffusion, carrier degradation, or
unintended leakage during circulation. They gener-
ally lack responsiveness to internal stimuli, such as
pH, temperature, or redox conditions, as well as
external triggers including light, ultrasound, or mag-
netic fields""**’!. Consequently, drug release may
occur at undesired locations or times, resulting in
reduced therapeutic efficacy, increased exposure of
healthy tissues, elevated risk of adverse effects, and
the need for repeated administration; (6) Manufac-
turing and scale-up challenges. The large-scale
production of nanocarriers remains challenging due
to batch-to-batch variability, limited storage stabil-
ity, complex manufacturing processes, and high
production costs™. These factors present significant
obstacles to regulatory approval and commercial
translation.

Collectively, these limitations have driven the devel-
opment of the next generation of nanocarriers.
These advanced platforms are designed to possess
enhanced targeting capabilities, stimulus responsive-
ness, biomimetic properties, and multifunctionality,
with the goal of improving therapeutic efficacy and
addressing the unmet needs of modern
nanomedicine.

STOMATOCYTES: FROM POLYMERIC
VESICLES TO MULTIFUNCTIONAL NANO-
PLATFORMS

Bowl-shaped polymersomes, commonly known as
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Figure 1. Challenges and limitations of conventional nanocarriers.
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Shape-Changed Polymersomes: Stomatocytes

Figure 2. Schematic illustration of stomatocytes with their capacity for cargo encapsulation and surface modification.

stomatocytes, represent a unique class of vesicular
nanostructures formed through the self-assembly of
amphiphilic block copolymers in solution, which are
subsequently shape-changed by dialysis. These struc-
tures feature a hollow internal cavity and a tunable
opening that connects the cavity to the surrounding
environment’. The term “stomatocyte” originates
from the Greek word stoma (“mouth”), reflecting
the characteristic opening of the structure. Stom-
atocytes are a subclass of polymersomes with inter-
esting potential for a wide range of biomedical
applications [Figure 2].

Structural design and formation principles
Stomatocytes are typically fabricated from polymer-

somes through an osmotic-pressure-driven shape
transformation process'””. Spherical polymersomes
are formed by the addition of water to a solution of
amphiphilic block copolymers in an organic solvent.
Subsequently, the organic solvent is removed from
inside the polymersome’s lumen and exchanged by
water through dialysis. This leads to osmotic stress
and a difference in influx and efflux of solvent. The
decreased luminal volume triggers a shape change.
In the case of stomatocytes, this shape change fol-
lows an oblate pathway, going from discs to the
bowl-shaped morphology until the polymer mem-
brane has lost its fluidity due to the removal of the
organic solvent and the structure is kinetically
trapped. The oblate route is achieved when the mem-
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brane displays a negative spontaneous curvature to
induce inward folding™'. There are some key physic-
ochemical factors that determine the formation of
stomatocytes. The composition of block copolymers
strongly influences stomatocyte formation. Chang-
ing hydrophobic block chemistry alters membrane
rigidity and curvature preferences. The membrane
must be flexible enough to deform but stable enough
to maintain the concave shape. Furthermore, compo-
sition of the dialysis solution not only determines
actual stomatocyte formation but also the size of the
neck region”". Consequently, the combination of
the correct polymer composition, membrane curva-
ture and osmotic pressure enables the transforma-
tion of a spherical vesicle into a stable bowl-shaped
structure.

Amphiphilic block copolymers for stomatocyte
formation

Amphiphilic block copolymers serve as the funda-
mental building blocks for the formation of stom-
atocytes. Through self-assembly, these polymers
form well-defined membranes that provide the
structural basis for the characteristic bowl-shaped
morphology and tunable opening of stomatocytes.
The first stomatocytes were reported in 2010 using
poly(ethylene glycol)-block-polystyrene (PEG-b-
PS)"!. In this approach, PEG-b-PS was initially self-
-assembled in a solvent mixture containing 50% vol
% organic solvent (THF : dioxane = 1:1, v/v) and
50% vol % Milli-Q water, followed by dialysis against
pure water at room temperature. The organic sol-
vent mixture acts as a plasticizing medium, increas-
ing the conformational mobility of the PS chains and
maintaining sufficient membrane permeability to
facilitate the shape-transformation process®”. Sub-
sequently, biodegradable block copolymers, such as
poly(ethylene glycol)-block-poly(D,L-lactide) (PEG-
PDLLA), were investigated for the preparation of
stomatocytes with improved potential for biomed-
ical applications. In a typical preparation, PEG-
PDLLA was dissolved in an organic solvent mixture
(THEF : dioxane = 1:4, v/v), followed by the addition
of an equal volume of water. The resulting vesicles
were subsequently subjected to dialysis against a 50
mM NaCl solution at 5 C to induce shape
transformation. During dialysis, the change in sol-
vent composition across the vesicular membrane
generates an osmotic pressure that promotes solvent
diffusion from the vesicle lumen to the external
medium. The resulting decrease in the internal vol-

ume relative to the membrane area induces mem-
brane buckling and inward deformation, ultimately
leading to the formation of the characteristic stom-
atocyte morphology. The resulting bowl-shaped
structures have been characterized by scanning
electron microscopy (SEM) and cryogenic transmis-
sion electron microscopy (cryo-TEM), as shown in
Figure 3.

Importantly, the morphology and physicochemical
properties of stomatocytes are strongly influenced
by the molecular characteristics of the constituent
block copolymers. Key parameters include the
hydrophilic-to-hydrophobic block ratio, polymer
molecular weight, solvent mixture ratio, and dialysis
conditions. Accordingly, careful control over poly-
mer composition and assembly conditions enables
the formation of stomatocytes with tunable cavity
dimensions, membrane characteristics, and opening
sizes.

Structural features enabling functionality

Unlike conventional spherical polymersomes, stom-
atocytes exhibit asymmetric morphology that
endows them with distinct structural and functional
advantages™!. Their compartmentalized structure
enables the encapsulation of a wide range of thera-
peutic, diagnostic, and functional cargos. In addi-
tion, both the internal cavity and the membrane
opening can be engineered to regulate cargo loading,
retention, and release, thereby providing control
over cargo transport and delivery. Compared with
conventional vesicular systems, this asymmetric
architecture offers additional opportunities for
structural and functional diversification. The key
differences between polymersomes and stomatocytes
are summarized in Table 1. In particular, the unique
open cavity configuration not only facilitates cargo
encapsulation and controlled release, but also pro-
vides a confined microenvironment that can be fur-
ther exploited for the development of nanomotors
and nanoreactors, expanding the potential applica-
tions of stomatocytes in biomedicine and nan-
otechnology. Importantly, the tunable opening size
provides an additional means of regulating molecu-
lar exchange and limiting the premature leakage of
encapsulated cargos. Cargo retention can be further
enhanced through strategies such as enzyme cluster-
ing or in situ growth of functional components
within the cavity, which physically confines active
cargos and reduces their diffusion-driven loss. These
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Cryo-TEM

Figure 3. Representative microscopic images of stomatocytes showing their characteristic bowl-shaped morphology and distinctive
concave cavity. (A) Morphological characterization of stomatocytes prepared by PEG-b-PS using SEM. Scale bar = 500 nm. Adapted from
Shao et al., under the terms of the Creative Commons Attribution 4.0 International Licenset?¢}; (B) Cryo-TEM image of PEG-b-PS
stomatocytes. Scale bar =100 nm. Adapted from Wu et al., under the terms of the Creative Commons Attribution 4.0 International
License!?”); (C) SEM image of stomatocytes prepared by PEG-PDLLA. Scale bar =1 pm, insert = 100 nm. Adapted from Shao et al., under
the terms of the Creative Commons Attribution 4.0 International License®®; (D) Bowl-shaped morphology of PEG-PDLLA stomatocytes
characterized by cryo-TEM. Scale bar = 200 nm. Adapted from Wang et al., under the terms of the Creative Commons Attribution 4.0
International Licensef?®). SEM: Scanning electron microscopy; cryo-TEM: cryogenic transmission electron microscopy; PEG-b-PS:
poly(ethylene glycol)-block-polystyrene; PEG-PDLLA: poly(ethylene glycol)-block-poly(D,L-lactide).

Table 1. Comparison of features of polymersomes and stomatocytes

Feature Polymersomes Stomatocytes Ref.
Shape Spherical Bowl-shaped [29-37]
Morphology Symmetric Asymmetric [29-37]

Internal structure
Cargo loading

Surface engineering
Control release
Functionalization

Motility

Fully enclosed cavity
Encapsulation during self-assembly

Different functional components
Mainly diffusion / Stimulus-driven
Limited spatial compartmentalization

Generally passive / motility via Janus coating

Cavity with tunable opening size

Encapsulation during self-assembly and within the
cavity

Different functional components
Stimulus-driven / tunable opening size
Separate modification of inner and outer surfaces

Covert to nanomotors with different driving force

[30,31,33,36-38]

[35-38]

[29,31,32,34,37]
[31,32,36]
[31,34,36,37]
[31,32,34,36,37]

approaches are particularly attractive for maintain-

ing a high local concentration of therapeutic or cat-

alytic payloads and for sustaining their activity

within the confined cavity. By integrating the

compartmentalization and tunable permeability char-

acteristic of vesicular carriers with additional structu-
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Table 2. Comparative overview of stomatocytes and representative major classes of nanocarriers

Typical lllustrative Main Size . Main
yp . - / Suited cargo  Key advantages P Ref.
nanocarriers scheme composition nm limitation
. - Dual compartments, Challenges in precise
Stomatocytes Polymers 288 :yj:zp:!;c cargo protection, and shape control and large  [21-24]
ydrop motility scale production
50- Hydrophilic High structural stability Bat'ch-'t'o-batch
Polymersomes Polymers 500 Hvdrophobic and tunable surface variability and low [39-41]
yarop properties membrane permeability
A
o . 20- Hydrophilic Natural Origin, Safety, Membrane instability
Liposomes E = Phospholipids yarop . and dual-cargo and rapid immune [42,43]
. . 1000 Hydrophobic .
LA - encapsulation clearance
Yigash®
Amphinhilic 10- Enhanced tumor Limited cargo loading
Micelles Suerthnts 200 Hydrophobic penetration and tunable  capacity and premature [44,45]
composition cargo leakage
8t
F:Eﬂ. Branched Small Tunable size, surface High-dose toxicity and
Dendrimers i * 1-10 charge, and chemical complex, costly [46-48]
e S Polymers molecules
"L;.f}, W properties synthesis
ia
Metallic Drugs or High structural stability  Limited internal
Nanoparticles materials 100-500 imagin agents and broad diversity in structure and potential  [49-51]
or polymers ging ag materials and functions  toxicity

ral and functional capabilities, stomatocytes may
offer potential advantages over some conventional
nanocarrier systems, thereby offering significant
potential for applications in nanomedicine.

Functional advantages of stomatocytes for
nanomedicine

Owing to their asymmetric morphology and internal
cavities, stomatocytes offer several unique functional
advantages for nanomedicine applications. These
advantages include high-capacity and multifunction-
al cargo loading, enhanced protection of sensitive
payloads, controlled and stimuli-responsive release,
compartmentalization of multiple therapeutics,
improved biological interactions, active transport
and enhanced tissues penetration, tunable surface
engineering, and the ability to serve as platforms for
artificial organelles.

High-capacity and multifunctional cargo loading

One of the most significant advantages of stom-
atocytes in nanomedicine is their capacity for highly
efficient and multifunctional cargo loading. Their
internal cavity, which is in direct contact with the
outside environment, provides a large loading vol-
ume for the encapsulation of a broad range of thera-

peutic and functional agents”. This unique architec-
ture offers a substantially larger effective loading vol-
ume than many conventional nanocarriers of
comparable size. Unlike solid nanocarriers, stom-
atocytes possess a bilayer membrane that can
accommodate hydrophobic cargo, while their broad
aqueous lumen enables the encapsulation of consid-
erable amounts of hydrophilic compounds®. As a
result, different types of agents can be selectively
incorporated into distinct regions of the nanostruc-
ture, facilitating multifunctionality and combination
therapies. These features make stomatocytes highly
attractive and versatile platforms for advanced drug
delivery and theranostic applications. The compari-
son of stomatocytes with several major classes of
nanocarriers is summarized in Table 2.

Improved protection of sensitive cargos

In addition to their high loading capacity, stom-
atocytes possess several structural characteristics
that enhance the protection of sensitive cargo from
degradation and premature loss during transport.
This feature is particularly important for fragile bio-
logical payloads, such as enzymes, antibodies, and
RNA-based therapeutics. The hollow internal cavity
provides a dedicated compartment for cargo
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Figure 4. Schematic illustration of GSH-responsive and thermo-responsive stomatocytes. GSH-responsive stomatocytes were prepared by
introducing disulfide bonds into PEG-PDLLA copolymers, followed by methotrexate (MTX) loading into the hydrophilic domain and in situ
growth of MnO, nanoparticles within the stomatocyte cavity. Thermo-responsive stomatocytes were obtained by co-assembling PEtO,-b-
PDLLA and PiPrO,-b-PDLLA block copolymers (4:1, w/w) via a solvent-switch method, followed by dialysis. Upon increasing temperature,
the stomatocyte opening progressively narrowed and eventually underwent irreversible closure. GSH: Glutathione; PEtOx-b-PDLLA:
poly(2-ethyl-2-oxazoline)-block-poly(D,L-lactide); PiPrOx-b-PDLLA: poly(2-isopropyl-2-oxazoline)-block-poly(D,L-lactide); PEG-PDLLA:

poly(ethylene glycol)-block-poly(D,L-lactide).

encapsulation, while the tunable neck opening can
regulate molecular diffusion and minimize prema-
ture leakage of encapsulated agents. Furthermore,
the polymeric membrane acts as a protective phys-
ical barrier against external factors and helps shield
hydrophobic cargo from the surrounding environ-
ment. Most importantly, this compartmentalized
architecture isolates sensitive payloads from poten-
tially harmful extracellular conditions, thereby pre-
serving their biological activity and functionality.
Collectively, these structural attributes create a pro-
tected microenvironment that enhances cargo stabil-
ity, prolongs circulation, reduces premature degrada-
tion, and improves overall delivery efficiency. Recent
studies demonstrate the versatility of stomatocytes
in enzyme protection and regulation. Proteins can
be dynamically loaded and unloaded within polymer-
ic stomatocytes, enabling the construction of
enzyme-loaded supramolecular nanoreactors with
controllable catalytic activity'*?l. Furthermore,
compartmentalized cross-linked enzymatic
nanoaggregates in the stomatocyte’s cavity (c-
CLEnA) have shown remarkable performance in in-
flow biocatalysis, where spatial confinement and
structural stabilization significantly enhance enzyme
activity and operational stability under dynamic con-
ditions™\. In addition, the loading of enzymes within
stomatocytes has endowed the nanoparticles with
sustained autonomous motion, as chemical gradi-

ents were created due to the enzymatic reaction,
which led to a diffusiophoresis process'**.

Controlled and stimuli-responsive release

Precisely controlled and stimuli-responsive payload
release from stomatocytes can be achieved by
employing responsive amphiphilic block copolymers
as building blocks. This strategy enables on-demand
cargo release in response to specific physiological
conditions or external stimuli, including pH, glu-
tathione (GSH) redox conditions, and temperature.
Recent studies have demonstrated the versatility of
this approach by exploiting different stimuli-respon-
sive chemistries and polymers to regulate stom-
atocyte structure and function [Figure 4]. For exam-
ple, Wang et al. reported GSH-responsive stom-
atocyte nanomotors for osteoarthritis treatment, in
which GSH-triggered structural changes facilitated
drug activation in inflamed tissues. This study
suggests that the redox-responsive architecture of
stomatocytes may be exploited for site-selective ther-
apeutic activation.

Terracciano et al. developed thermo-responsive
stomatocytes based on poly(2-oxazoline), which
exhibited temperature-dependent changes in shape
and permeability and consequently enabled tempera-
ture-modulated cargo release”™. Although these find-
ings demonstrate the feasibility of using thermo-re-
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Figure 5. Schematic illustration of stomatocyte-based nanomotors and their propulsion mechanisms. Stomatocytes can encapsulate
catalytic components, including Pt or MnO, nanoparticles and enzymes such as catalase or urease, to generate chemically driven
propulsion. Alternatively, surface functionalization with Pt nanoparticles enables bubble-driven motion, while Au nanoparticles or a
hemispherical Au coating can confer light-driven propulsion. Combining catalytic nanoparticles or Au-based components with enzymes
within a single stomatocyte enables multimodal propulsion. Pt NP: Platinum nanoparticle; Au NP: Gold nanoparticle; MnO, NP: Manganese

dioxide nanoparticle.

sponsive stomatocytes for externally regulated deliv-
ery, the practical utility of this mechanism may
depend strongly on the magnitude, spatial unifor-
mity, and physiological relevance of the applied
temperature stimulus. More broadly, these studies
suggest that integrating stimuli responsiveness with
functional features such as propulsion and imaging
could provide additional control over cargo delivery.
However, the extent to which such multifunctional-
ity translates into improved therapeutic precision or
reduced off-target effects remains dependent on the
specific stimulus, biological environment, and
performance requirements, and therefore warrants
further validation under physiologically relevant con-
ditions.

Compartmentalization of multiple therapeutics

Unlike conventional nanocarriers, stomatocytes pos-
sess a unique compartmentalized structure that
enables the spatial segregation and co-encapsulation
of multiple therapeutic agents with distinct physico-
chemical properties””®. This capability allows the
simultaneous delivery of drugs, proteins, nucleic
acids, imaging agents, or catalytic components while
minimizing undesirable interactions between
cargos”®. Such compartmentalization is particularly

advantageous for combination therapies, where syn-
ergistic agents can be protected, transported, and
function in a coordinated manner. For example,
biomimetic “nano-red blood cells” were designed by
exploiting the dual-compartmentalized structure of
PEG-PDLLA stomatocytes to co-encapsulate oxy-
gen-carrying hemoglobin within the inner lumen
and the hydrophobic photosensitizer chlorin e6
within the polymer membrane. This spatial organiza-
tion enabled simultaneous oxygen delivery and
photodynamic therapy, effectively alleviating tumor
hypoxia and significantly enhancing therapeutic
efficacy””. Beyond this proof-of-concept, the ability
of stomatocytes to precisely organize multiple func-
tional components within a single nano-system
offers exciting opportunities for the development of
cascade therapeutic systems, multimodal therapies,
and theranostic nanomedicines, where distinct car-
gos can work synergistically.

Active transport and enhanced tissue penetration

As discussed above, the internal cavity of stom-
atocytes provides a confined nanoreactor-like space
for the incorporation of catalytic components,
enabling in situ chemical reactions or fuel conver-
sion processes. In particular, the encapsulation of cat-
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alytic enzymes, such as catalase and glucose oxidase,
or catalytic inorganic nanoparticles, such as plat-
inum (Pt) or manganese dioxide (MnO,), can endow
stomatocytes with autonomous propulsion. Surface
functionalization with metallic components, such as
Pt or Au, can further introduce bubble-driven or
light-driven motion, respectively. These design
strategies have been demonstrated in various stom-
atocyte-based nanomotors, including biodegradable
systems containing MnO, nanoparticles within the
stomatocyte cavity and Pt nanoparticles immobil-
ized on the outer surface [Figure 5].

Such catalytic stomatocyte nanomotors have shown
enhanced active transport and intracellular delivery
efficiency” ). Moreover, the integration of catalytic
components with asymmetric metallic coatings
enables more sophisticated propulsion and motion
control, including Janus-type and “twin-engine”
architectures with counterbalanced or “seesaw”
motion®. Collectively, these advances highlight the
versatility of stomatocytes as programmable
nanomotor platforms for active cargo delivery.
Beyond chemically driven propulsion, surface incor-
poration of photothermal or plasmonic materials
such as gold nanoparticles enables externally con-
trolled and light-driven motion, providing an addi-
tional means to overcome the limitations of passive
diffusion. For example, gold nanoparticles (Au
NPs)-functionalized stomatocytes have been devel-
oped as ultrafast light-activated nanomotors, exhibit-
ing enhanced transport efficiency and tissue penetra-
tion™.

This strategy enhances navigational adaptability in
complex biological environments and further
improves deep tissue penetration and intracellular,
particularly cytoplasmic delivery. Light-driven
nanomotors transform external optical energy into
directional propulsion, facilitating traversal through
heterogeneous biological environments and
markedly improving penetration across physiolog-
ical barriers®”. Similarly, nitric oxide-driven nanogel
motors generate in situ gaseous propulsion, enabling
autonomous motion that enhances intratumoral
diffusion depth and promotes more homogeneous
distribution within dense extracellular matrices, ulti-
mately improving therapeutic outcomes!'*!. Guo et
al. developed oxygen- and heat-dual-driven stom-
atocyte nanomotors that converted endogenous and

photothermal energy into sustained propulsion,
enabling efficient deep tissue penetration'*?. This
dual-driven mechanism overcame diffusion limita-
tions in dense tumor matrices, reduced transport
resistance, and promoted deeper and more uniform
intratumoral distribution compared with passive

[62]

nanocarriers'**.

Platforms for artificial organelles

Artificial organelles have emerged as a promising
strategy for mimicking the functions of natural sub-
cellular compartments and restoring or enhancing
cellular activities'***). Owing to their unique bowl-
shaped morphology, well-defined internal cavities,
and tunable membrane properties, stomatocytes pro-
vide an attractive platform for the construction of
artificial organelles'**’. Their spacious internal
compartment offers a high loading capacity for func-
tional biomacromolecules, including enzymes, pro-
teins, and catalytic nanoparticles, enabling spatially
confined biochemical reactions that closely resemble
those occurring within natural organelles'*”. By
incorporating single enzymes or multi-enzyme
cascades, stomatocyte-based artificial organelles
have been developed to replicate essential cellular
functions!**”!. Furthermore, the modular nature of
stomatocyte fabrication allows precise control over
membrane composition, particle size, catalytic cargo
loading, and responsiveness to external stimuli, facili-
tating the development of programmable artificial
organelles with tailored functionalities. Beyond serv-
ing as biomimetic models of natural organelles, stom-
atocyte-based artificial organelles hold promise for
intracellular therapeutic applications'**™. Upon cellu-
lar internalization, these nanoscale compartments
can function as synthetic intracellular reactors,
locally generating therapeutic molecules, regulating
metabolite levels, or modulating cellular signaling
pathways!”>7l. Such capabilities are particularly
attractive for the treatment of diseases associated
with enzyme deficiencies, oxidative stress, and
metabolic platforms for intracellular catalysis, cellu-
lar engineering, and the development of cell-mimick-
ing nanomedicines.

THERAPEUTIC OPPORTUNITIES

Cancer therapy

Stomatocytes have been effectively applied in cancer
therapy [Figure 6]. Their unique structure enables
the simultaneous encapsulation of both hydrophilic
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Figure 6. lllustration of the applications of stomatocytes in cancer therapy, including chemotherapy, photothermal therapy, photodynamic

therapy, and immunotherapy.

and hydrophobic therapeutic agents, while their
chemically addressable surface allows precise
conjugation of targeting ligands, polymers, or stimu-
lus-responsive moieties. These features collectively
enhance tumor selectivity, cellular uptake, and spa-
tiotemporal control over therapeutic delivery. One
of the earliest and most extensively investigated
applications of stomatocytes in nanomedicine is
their use as nanocarriers for chemotherapeutic drug
delivery”*”*l. For example, mannose-functionalized
stomatocyte nanomotors have demonstrated
improved dynamic targeting and cellular uptake in
cancer cells”. Beyond conventional chemotherapy,
stomatocytes can be used as versatile carriers for a
broad range of cancer treatments, including
photothermal therapy (PTT), photodynamic therapy
(PDT), gene therapy, and immunotherapy. By
encapsulating photothermal agents or photosensitiz-
ers, stomatocytes enable externally triggered tumor
ablation upon near-infrared laser irradiation, offer-
ing precise spatial and temporal control over thera-
peutic activation”. A representative example is the
recent study reporting the design and preparation of
targeted peptide nanofiber-loaded stomatocytes for
combined PDT and PTT treatment, demonstrating

the strong potential of stomatocyte-based
nanoplatforms for synergistic therapy””. Similarly,
nucleic acid therapeutics such as siRNA, miRNA, or
mRNA are protected from enzymatic degradation
and delivered into tumor cells, enabling gene regula-
tion-based cancer interventions.

In the context of immunotherapy, stomatocytes func-
tion as delivery vehicles for immunomodulatory
agents, thereby enhancing tumor immune recogni-
tion and promoting antitumor
response'””’). Furthermore, the inherently multi-

immune

compartmental feature of stomatocytes enables the
co-encapsulation of multiple therapeutic payloads
within a single nanocarrier system. This includes
small-molecule chemotherapeutics (e.g., paclitaxel,
cisplatin, irinotecan), nucleic acid therapeutics (e.g.,
mRNA, siRNA, miRNA), and protein-based thera-
peutics or enzymes (e.g., L-asparaginase, caspase,
and L-arginase). Such versatility allows the rational
design of synergistic combination therapies, includ-
ing chemo-gene therapy, chemo-immunotherapy,
and chemo-catalytic therapy, which are particularly
promising for overcoming tumor heterogeneity, mul-
tidrug resistance, and limited treatment efficacy asso-
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ciated with monotherapies.

Antibacterial and anti-biofilm therapy

Beyond cancer treatment, stomatocytes have
recently shown promising potential for antibacterial
and anti-biofilm applications. A broad spectrum of
antimicrobial payloads, including conventional
antibiotics (e.g., vancomycin, ciprofloxacin, and
rifampicin), antimicrobial peptides, metal-based
antibacterial agents (e.g., silver, copper, and ZnO
nanoparticles), bacteriolytic enzymes (e.g.,
lysozyme), as well as catalytic nanozymes capable of
generating reactive oxygen species (ROS) were effec-
tively encapsulated in stomatocytes®*). Compared
with free antimicrobial agents, stomatocyte-mediat-
ed delivery offers several significant advantages,
including prolonged blood circulation, improved
pharmacokinetic profiles, enhanced stability against
premature degradation or enzymatic inactivation,
reduced systemic toxicity, and increased accumula-
tion at infected tissues through passive or active tar-
geting mechanisms. Furthermore, surface functional-
ization with bacterial-targeting ligands, antibodies,
antimicrobial peptides, or cell membrane coating
enables selective recognition of pathogenic
microorganisms while minimizing off-target effects
on microbiota and healthy tissues"***". One of the
most attractive features of stomatocyte lies in their
potential to penetrate bacterial biofilms, which
remain one of the major causes of chronic infec-
tions. Biofilms consist of densely packed bacterial
communities embedded within an extracellular poly-
meric substance (EPS) matrix that severely limits
antibiotic penetration and protects bacteria from
host immune responses'®’. The unique morphology
and tunable physicochemical properties of stom-
atocytes facilitate enhanced penetration into biofilm
matrices, thereby improving local drug delivery.
Moreover, multifunctional stomatocytes can be engi-
neered to disrupt biofilms through multiple strate-
gies, including enzymatic degradation of EPS compo-
nents, catalytic ROS generation, photothermal or
photodynamic therapy, and localized release of
antimicrobial agents.

Recent advances in stomatocyte engineering have
enabled the development of next generation antibac-
terial systems by integrating stimuli-responsive and
self-propelled functionalities. For example, pH-re-
sponsive stomatocytes selectively release antibacter-
ial agents within the acidic microenvironment of

infected tissues, while enzyme-responsive systems
exploit bacterial enzymes, such as lipases or proteas-
es, to trigger site-specific drug release. Catalytic stom-
atocyte nanoreactors capable of producing ROS or
other bactericidal species provide an antibiotic-inde-
pendent strategy for bacterial elimination. Further-
more, autonomously propelled stomatocyte-based
nanomotors could potentially facilitate transport
through viscous biological fluids and dense biofilm
matrices, thereby improving their accumulation and
therapeutic efficacy at infection sites. This strategy
provides a promising opportunity for overcoming
the diffusion limitations encountered by convention-
al nanocarriers. Collectively, stomatocytes offer a ver-
satile nanoplatform for antibacterial and anti-
biofilm applications. Their high loading capacity,
tunable structure, and surface engineering provide
opportunities to integrate targeted drug delivery,
stimuli-responsive release, catalytic biofilm disrup-
tion, and multimodal antimicrobial strategies within
a single nanoplatform.

Other potential applications

Although polymeric stomatocytes have been predom-
inantly explored as drug delivery vehicles for cancer
treatment and antimicrobial/anti-biofilm applica-
tions, their unique bowl-shaped morphology and
compartmentalized structure may also offer opportu-
nities in several emerging biomedical fields. One
promising direction is the development of stom-
atocyte-based systems for cardiovascular therapy.
The tunable polymeric membrane and accessible
internal cavities allow the encapsulation of a broad
range of therapeutic agents, including anti-
inflammatory, antithrombotic, and vascular-protec-
tive molecules®*!. Moreover, surface functionaliza-
tion with ligands targeting activated endothelial
cells, platelets, or atherosclerotic plaques could
potentially enhance site-specific accumulation while
minimizing off-target effects. The characteristic cav-
ity and opening of stomatocytes provide opportuni-
ties for cargo loading and retention, as well as stim-
uli-responsive release, which may offer additional
flexibility for localized therapeutic delivery. In addi-
tion, incorporation of catalytic enzymes or inorganic
nanoparticles within the cavity could facilitate the in
situ conversion of endogenous substrates into thera-
peutic products, which may be particularly relevant
for cardiovascular disorders associated with oxida-
tive stress and dysregulated metabolic microenviron-
ments™!. Another intriguing application arises from
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the structural resemblance of stomatocytes to biolog-
ical cells, particularly in the development of artificial
red blood cell (RBC)-mimicking systems. A repre-
sentative example was reported by Shao et al., who
developed therapeutic nano-RBCs based on
biodegradable PEG-PDLLA stomatocytes™. In this
design, hemoglobin was encapsulated within the
stomatocyte cavity as an oxygen-carrying compo-
nent, while the photosensitizer chlorin e6 was co-
loaded to enable oxygen-enhanced photodynamic
therapy. To further improve biomimicry and circula-
tion behavior, erythrocyte-derived cell membranes
were coated onto the stomatocyte surface, imparting
selected biological characteristics of native RBCs.
The resulting membrane-coated stomatocytes
exhibited prolonged blood circulation and enhanced
tumor accumulation in vivo, suggesting that
biomimetic interfaces may complement the multi-
functional and compartmentalized architecture of
stomatocytes to improve their therapeutic potential.
Ocular drug delivery represents another emerging
application for stomatocytes. Recent studies have
highlighted the potential of polymersomes as ocular
nanocarriers, owing to their prolonged drug-release
profiles, enhanced ocular retention, and tunable
transport properties within ocular tissues®’. Com-
pared with conventional spherical vesicles, stom-
atocytes feature a confined internal cavity connected
to the external environment through a tunable open-
ing. This architecture may facilitate the encapsula-
tion and spatial organization of diverse therapeutic
cargos, including small-molecule drugs, proteins,
antioxidants, and neuroprotective agents. Further-
more, tuning the opening size could modulate cargo
diffusion and release kinetics within the complex
ocular microenvironment, potentially enabling
sustained and localized drug delivery.

Collectively, these examples suggest that the distinc-
tive morphology and compartmentalized structure
of stomatocytes may broaden their applications
beyond cancer therapy and antimicrobial applica-
tions. However, most of these emerging applications
remain at an early stage of development, and further
studies are needed to determine whether the structu-
ral advantages of stomatocytes translate into mean-
ingful improvements in therapeutic efficacy, target-
ing, and clinical performance compared with conven-
tional polymersomes and other established
nanocarrier platforms.

TRANSLATIONAL CHALLENGES TOWARD

CLINICAL NANOMEDICINE

Scalable and reproducible manufacturing
Despite significant progress in the development of
stomatocyte nanocarriers, their translation into clin-
ical applications remains limited by manufacturing
challenges"””’. Most current preparation methods,
including solvent-switch and osmotic-induced
approaches, are optimized for laboratory-scale
production and often involve multiple processing
steps that are difficult to standardize. As production
is scaled up, maintaining consistent particle charac-
teristics, such as uniform hydrodynamic size,
morphology, and the neck opening, becomes increas-
ingly challenging. A major obstacle is achieving
batch-to-batch consistency, as even slight variations
in synthesis conditions, such as solvent composition,
osmotic conditions, temperature, and processing
time, can lead to differences in particle size, morphol-
ogy, membrane thickness, and encapsulation
efficiency. Such variability may in turn affect drug
loading, therapeutic efficacy, and biodistribution.
Therefore, the development of robust, scalable,
reproducible, and economically feasible manufactur-
ing processes that comply with Good Manufacturing
Practice (GMP) standards is essential for future
commercialization. Recent advances in manufactur-
ing techniques, such as microfluidic-assisted self-
-assembly, flash nanoprecipitation, and automated
in-line process monitoring, offer promising strate-
gies to improve the large-scale and reliable produc-
tion of stomatocytes”'**). Addressing these chal-
lenges will be a critical step toward the clinical trans-
lation and commercialization of stomatocyte-based
nanomedicines.

Structural stability and cargo retention

Maintaining the structural integrity of stomatocytes
during storage and under physiological conditions is
essential for preserving cargo retention and function-
al performance. However, compared with the exten-
sive literature on stomatocyte formation and
morphological transformation, systematic studies of
their long-term stability remain limited. Available
evidence suggests that environmental conditions can
affect membrane organization, colloidal stability,
and morphology, but the effects of temperature,
osmotic stress, protein adsorption, and storage con-
ditions have not been systematically evaluated across
different stomatocyte formulations. Potential instabil-
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ity, including membrane rearrangement, aggrega-
tion, shape transformation, or premature cargo
release, should therefore be considered as possible
but system-dependent risks rather than universal
characteristics. Temperature and osmotic conditions
may be particularly important because changes in
membrane fluidity, polymer-chain organization, and
transmembrane osmotic pressure could alter stom-
atocyte morphology and cargo retention. Neverthe-
less, quantitative evidence linking these parameters
to long-term stability remains scarce. Similarly,
although lyophilization is widely used to improve
nanocarriers’ storage stability, its applicability to
stomatocytes requires system-specific validation, as
dehydration and rehydration may affect morphol-
ogy, aggregation, and cargo retention. Thus, low-
temperature storage and lyophilization should not
be assumed to be universally suitable preservation
strategies. Following systemic administration, stom-
atocytes encounter a complex physiological environ-
ment involving ionic strength, osmolarity, plasma
proteins, and hydrodynamic forces, which may
affect surface interactions, colloidal stability, mem-
brane properties, and cargo retention. Surface engi-
neering strategies, including optimized PEGylation,
zwitterionic modification, and biomimetic coatings,
may reduce nonspecific protein adsorption and
immune recognition, although their long-term
immunological compatibility requires systematic
evaluation, particularly for repeated administration.
Future studies should therefore establish
standardized stability assessment frameworks
encompassing morphology, size distribution, mem-
brane integrity, aggregation, and cargo retention
under controlled variations in temperature, osmolar-
ity, ionic strength, protein exposure, and storage
duration. For lyophilized formulations, these parame-
ters should be compared before and after freezing,
drying, and rehydration. Importantly, structural sta-
bility should also be correlated with functional
performance, including cargo release and, where
applicable, catalytic or propulsion activity. Such sys-
tematic evaluation will help establish quantitative sta-
bility criteria, identify formulation-specific failure
modes, and determine whether the distinctive stom-
atocyte architecture can be reliably maintained dur-
ing storage and under physiologically relevant condi-
tions.

Long-term bio-safety assessment
Although stomatocytes prepared from different

amphiphilic block copolymers have exhibited favor-
able biocompatibility, comprehensive evaluation of
their long-term biosafety remains relatively
limited™. As stomatocyte-based nanocarriers
advance toward clinical translation, establishing a
comprehensive long-term safety profile will become
increasingly important, particularly for chronic dis-
eases, requiring repeated administration. Beyond
conventional cytotoxicity assays, future investiga-
tions should systematically address chronic toxicity,
immunogenicity, inflammatory responses, and the
biological consequences of repeated dosing to better
predict their long-term clinical performance. A
major knowledge gap concerns the long-term in vivo
fate of stomatocytes and their degradation products.
Although many amphiphilic block copolymers are
designed to be biodegradable under physiological
conditions, their degradation kinetics, metabolic
pathways, and clearance mechanisms remain
incompletely characterized. In addition, prolonged
retention or accumulation in organs associated with
the mononuclear phagocyte system, such as the liver
and spleen, may lead to chronic tissue burden or sub-
tle functional impairment. Consequently, long-term
studies integrating biodistribution, organ
histopathology, biodegradation, and metabolic analy-
ses are important for establishing a comprehensive
understanding of chronic toxicity. Another
important consideration is the potential interaction
between stomatocytes and the immune system.
Upon systemic administration, nanocarriers ine-
vitably encounter plasma proteins and immune cells,
which may trigger protein corona formation.
Detailed profiling of pro-inflammatory cytokines
and immune cell activation patterns is therefore
essential to evaluate their immuno-inflammatory
compatibility. Repeated exposure to nanocarriers
may alter pharmacokinetics, biodistribution, and
clearance behavior over time. Potential issues
include accumulation in major organs, altered
immune recognition after first exposure, and
changes in therapeutic efficiency. Long-term repeat-
ed-dose studies are necessary to assess cumulative
toxicity and to validate dosing regimens for safe
translational application.

Translating nanomotors into living systems

Despite substantial progress in demonstrating the
motion of nanomotors in vitro and in vivo, their
translation into physiologically relevant and clin-
ically applicable systems remains challenging'*”. Gen-
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eral barriers include limited fuel availability, the
complexity of physiological environments, immune
recognition and clearance, and interference from
blood flow. For stomatocyte-based nanomotors,
however, these challenges may be further influenced
by the distinctive interplay among polymer mem-
brane integrity, stomatocyte morphology, confined
cavity geometry, and propulsion behavior. In particu-
lar, the stability and degradation of the polymer
membrane will determine propulsion performance
over time. Changes in polymer composition, mem-
brane thickness, surface properties, or overall stom-
atocyte integrity during degradation could alter the
accessibility and spatial organization of catalytic
components, as well as the transport of fuels and
reaction products. These changes may, in turn, affect
catalytic efficiency and propulsion behavior. Estab-
lishing quantitative correlations between polymer
degradation, structural integrity, and propulsion
characteristics will therefore be important for deter-
mining whether the propulsion performance
observed under controlled experimental conditions
can be maintained over relevant biological
timescales. The confined cavity of stomatocytes rep-
resents a potentially important but comparatively
underexplored feature that may distinguish these
nanomotors from other motor architectures.
Although the cavity and opening provide a defined
spatial configuration for integrating catalytic compo-
nents, confinement may either facilitate or hinder
the diffusion and exchange of fuels and reaction
products, depending on cavity dimensions, opening
size, membrane permeability, and the surrounding
medium. Consequently, the compartmentalized
architecture that enables functional integration may
also introduce mass-transfer limitations under
certain physiological conditions. For example,
confinement could potentially enhance local fuel
conversion by increasing reactant residence time,
but it could also reduce catalytic turnover by restrict-
ing molecular exchange. These context-dependent
effects should therefore be considered when
interpreting propulsion behavior and optimizing
stomatocyte geometry for specific biological environ-
ments. Systematic studies correlating cavity architec-
ture, catalytic activity, and propulsion kinetics under
physiologically relevant conditions are needed to
determine whether confinement represents a func-
tional advantage, a limitation, or both depending on
the operating environment.

Several strategies may help address these challenges.
Fuel-independent propulsion driven by magnetic,
acoustic, or light fields could reduce reliance on
exogenous chemical fuels, while biologically avail-
able substrates such as glucose or urea may provide
more physiologically compatible alternatives.
Surface engineering with antifouling or biomimetic
coatings may reduce protein adsorption and
immune recognition, but their potential effects on
membrane stability, cavity accessibility, and propul-
sion should also be carefully evaluated. External actu-
ation and guidance may further help overcome
hemodynamic forces and improve spatiotemporal
control. Ultimately, the translation of stom-
atocyte-based nanomotors will require not only
improved propulsion efficiency but also a clearer
understanding of how polymer degradation, cavity
confinement, and physiological interactions collec-
tively influence propulsion stability and
performance over relevant biological timescales.

Regulatory and GMP considerations

The successful clinical translation of stom-
atocyte-based nanomedicine will rely not only on
their therapeutic performance but also on their abil-
ity to satisfy increasingly strict regulatory and man-
ufacturing requirements”®”. As complex polymeric
nanocarriers, stomatocytes must demonstrate consis-
tent quality, safety, reproducibility, and scalability
throughout their development. Consequently, estab-
lishing standardized manufacturing processes, vali-
dated quality control strategies, GMP compliant
production, and well-defined regulatory pathways
will be indispensable for their clinical and commer-
cial implementation. A primary challenge lies in the
standardization of manufacturing and characteriza-
tion protocols. Reliable batch-to-batch reproducibil-
ity requires tight control over critical process param-
eters during stomatocyte fabrication, together with
standardized analytical methods to evaluate physico-
chemical properties, drug loading efficiency,
encapsulation stability, and release behavior. Sterility
represents another important element. Conventional
sterilization methods may compromise the structu-
ral integrity and biological functionality of stom-
atocytes, particularly for formulation encapsulating
enzymes or other fragile therapeutics. Aseptic man-
ufacturing using sterile raw materials is likely to rep-
resent the most practical strategy for clinical produc-
tion. Importantly, sterilization procedures should be
validated to ensure that particle morphology, cargo
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loading, catalytic activity, and therapeutic
performance remain unaffected. Beyond laborato-
ry-scale fabrication, the transition to GMP manufac-
turing requires production processes that are scal-
able, reproducible, and readily validated. Traditional
batch-based preparation methods frequently suffer
from limited scalability and process variability, pre-
senting significant barriers to industrial translation.
Continuous manufacturing approaches, such as
microfluidic assembly and automated solvent
exchange systems, offer enhanced process control,
improved reproducibility, and greater manufactur-
ing consistency, making them promising candidates
for large-scale GMP production of stomatocyte
formulations. Regulatory approval of stom-
atocyte-based nanomedicines should follow existing
frameworks established for liposomes formation,
polymeric nanoparticles, or other nanomedicines.

CONCLUSION AND OUTLOOK

Al-guided design and optimization

The rapid advancement of artificial intelligence (AI)
and machine learning (ML) is reshaping the develop-
ment of nanomedicine by enabling data-driven opti-
mization of formulation design, predictive modeling
of nanocarrier performance, reduction of experi-
mental workload, and accelerated clinical
translation””**. Recent advances in machine learn-
ing have demonstrated the potential to accelerate the
design and optimization of polymeric nanocarriers
by linking formulation parameters with physico-
chemical and biological outcomes. For example,
machine-learning models have been applied to pre-
dict nanoparticle size, drug-loading efficiency, and
cellular uptake based on polymer composition and
formulation parameters, thereby enabling data-driv-
en optimization of polymeric delivery systems**.
Similar approaches could be extended to stom-
atocytes by integrating descriptors such as block-
copolymer composition, molecular weight,
hydrophilic-to-hydrophobic balance, opening size,
cavity dimensions, cargo characteristics, preparation
conditions, and surface functionalization. Such mod-
els may ultimately facilitate the prediction and opti-
mization of cargo encapsulation and retention, stim-
ulus-responsive release, colloidal stability, and biodis-
tribution. However, Al-guided design of stom-
atocytes remains at an early stage and will require
sufficiently large, standardized, and experimentally
validated datasets to achieve reliable predictive

performance.

Beyond formulation optimization, Al is expected to
transform the characterization and manufacturing of
stomatocyte nanocarriers. Advanced image analysis
algorithms can automatically quantify morpholog-
ical features, identify structural defects, and classify
heterogeneous stomatocyte populations with greater
accuracy and reproducibility than manual
analysis"*. When integrated with automated synthe-
sis platforms and high-throughput experimentation,
these approaches may establish closed-loop optimiza-
tion systems capable of continuously refining fabrica-
tion parameters and improving production consis-
tency. Al also provides an unprecedented opportu-
nity to establish quantitative structure-function rela-
tionships for stomatocyte-based nanocarriers. By
integrating experimental characterization, molecular
simulations and datasets, ML models can identify
the structural determinants that govern pharmacoki-
netics, biodistribution, tumor accumulation, intra-
cellular delivery, and therapeutic efficacy. Most
importantly, combining AI with molecular dynam-
ics simulations, finite-element analysis, and computa-
tional fluid dynamics could enable multiscale predic-
tion of stomatocyte behavior across molecular, cellu-
lar and physiological levels, providing mechanistic
insights that are difficult to obtain experimentally.

Looking forward, the integration of AI may support
the development of personalized stomatocyte thera-
peutics. Predictive models incorporating nanocarrier
characteristics together with patient-specific clinical
information could facilitate the rational design of
individualized formulations with optimized target-
ing efficiency, drug loading, and dosing strategies.
As these techniques continue to mature, AI-guided
design is expected to be a driving force for the next
generation of stomatocytes in nanomedicine, acceler-
ating their translation from laboratory research to
clinical applications.

Biomimetic and biohybrid stomatocytes

The next generation of stomatocyte-based nanocarri-
ers may increasingly incorporate biomimetic and
biohybrid design strategies to address biological
barriers that continue to limit the clinical translation
of conventional nanocarriers"**'*’). By integrating
naturally derived biological components with engi-
neered stomatocytes, these hybrid systems could
combine the structural programmability of synthetic
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polymeric nanocarriers with selected biological func-
tions of living cells. Such integration may help modu-
late immune recognition, prolong systemic circula-
tion, and improve tissue-specific interactions, poten-
tially expanding the therapeutic applications of stom-
atocytes. One promising strategy is the functionaliza-
tion of stomatocytes with cell membranes! '\,
These biomimetic interfaces provide membrane pro-
teins, lipids, and glycocalyx components that can
influence immune recognition and cell-nanocarrier
interactions, thereby offering opportunities to
improve circulation behavior and facilitate targeted
delivery. Beyond cell membrane coating, exo-
some-inspired engineering represents another
promising direction for stomatocyte design. As natu-
rally occurring extracellular vesicles involved in inter-
cellular communication, exosomes exhibit favorable
biocompatibility and cellular uptake properties and
can carry diverse biomolecular cargos. Future stom-
atocyte platforms could incorporate selected structu-
ral and functional features of exosomes while retain-
ing the architectural and engineering advantages of
stomatocytes. Incorporation of exosomal membrane
proteins, extracellular vesicle-derived lipids, or bioac-
tive targeting ligands may facilitate interactions with
specific cell types and potentially improve transport
across biological barriers. Such hybrid systems may
be particularly relevant for the delivery of nucleic
acids, gene-editing components, therapeutic pro-
teins, and immunomodulatory agents, for which
efficient cellular uptake and controlled immune
interactions are important. However, whether exo-
some-inspired modifications can provide consistent
advantages over conventional stomatocytes remains
to be systematically established.

Engineering clinically relevant active
stomatocytes

Translating active nanomotors into clinical applica-
tions remains limited because most propulsion strate-
gies rely on exogenous chemical fuels that are either
absent from or incompatible with physiological envi-
ronments. Rather than continuing to maximize
propulsion speed or efficiency, the next generation
of stomatocyte-based nanomotors should prioritize
clinically translatable actuation strategies that are
biocompatible, externally controllable, and readily
integrated with existing medical technologies****!.
From this review, fuel-free propulsion, magnetic
actuation, ultrasound-driven locomotion, and intelli-
gent in vivo motion regulation represent particularly

promising directions. A major challenge is the
replacement of chemically fueled propulsion sys-
tems, which commonly depend on hydrogen perox-
ide or other nonphysiological reactants with limited
biocompatibility and potential toxicity. Future
designs should instead exploit endogenous energy
sources available within biological systems. Exam-
ples include propulsion driven by naturally
occurring biochemical gradients, enzyme-mediated
metabolic reactions, or biohybrid systems powered
by living cells or microorganisms. Such approaches
not only eliminate the need for exogenous fuels but
also improve compatibility with complex physiolog-
ical environments.

Among externally powered strategies, magnetic actu-
ation is particularly attractive for clinical translation.
Magnetic fields penetrate deep tissues noninvasively
and are already widely used in clinical imaging and
interventional medicine. Incorporating magnetic
nanoparticles into stomatocytes enables remote guid-
ance, directional navigation, and enhanced retention
at disease sites while simultaneously allowing integra-
tion with magnetic resonance imaging (MRI) for
real-time tracking and image-guided therapy. Ultra-
sound provides another highly promising actuation
modality owing to its deep tissue penetration and
widespread clinical availability. Acoustic propulsion,
generated through mechanisms such as acoustic
streaming, radiation forces, or microbubble oscilla-
tion, enables efficient locomotion without chemical
fuels and is therefore well suited for applications in
deep or otherwise inaccessible tissues. Looking
forward, the development of active stomatocytes
should extend beyond the pursuit of increasingly
sophisticated propulsion mechanisms toward the cre-
ation of intelligent nanomotors capable of adaptive
and programmable motion. By integrating respon-
siveness to external physical cues (e.g., magnetic
fields or ultrasound) with endogenous biological
signals associated with disease microenvironments,
stomatocyte nanomotors could achieve on-demand
activation, autonomous behavioral adaptation, and
spatiotemporally precise navigation.

Precision and personalized nanomedicine

The merger of nanotechnology and precision
medicine is driving a shift from conventional “one-
-size-fits-all” therapeutics toward highly individual-
ized treatment tailored to patient-specific biological

110

characteristics!'*. In this context, stomatocyte-based
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nanocarriers offer a versatile platform that can be
engineered with multifunctionality and stimuli-re-
sponsiveness to meet the demands of precision and
personalized medicine. These systems can be readily
functionalized with targeting ligands, antibodies,
peptides, or aptamers to recognize disease-associat-
ed biomarkers expressed in a patient-specific mann-
er on diseased tissues or cells. Beyond molecular tar-
geting, personalization can also be achieved by lever-
aging interpatient variability in tumor microenviron-
ment features, thereby enhancing therapeutic selec-
tivity, reducing off-target toxicity, and addressing
the biological heterogeneity that often limits the
efficacy of conventional treatments""". The integra-
tion of companion diagnostics is therefore essential
to identify patient subpopulations most likely to ben-
efit from stomatocyte-based therapies. By incorporat-
ing imaging agents or molecular probes into stom-
atocytes, it becomes possible to classify patients
based on biomarker expression profiles, biodistribu-
tion behavior, or microenvironmental features!'?..
Such theranostic capabilities further enable real-time
feedback to optimize dosing schedule and delivery
method in a patient-specific manner. Overall, the
integration of targeted delivery, companion diagnos-
tics, and theranostic functionality positions stom-
atocyte-based systems as a promising platform for
advancing

precision and personalized

nanomedicine.
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