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Extracellular vesicles (EVs) are increasingly recognized as effective drug delivery systems because of their
natural biocompatibility, ability to cross biological barriers, and inherent targeting of specific cell types.
However, their clinical translation faces challenges related to scalability and the absence of reliable,
efficient loading methods. Although direct studies of microfluidic EV drug loading are still limited, this
paper leverages principles established in liposome engineering, nanoparticle manufacturing, and
microfluidic bioprocessing to explore how microfluidics could revolutionize future EV loading strategies.
Three pivotal aspects were considered: (i) precisely regulated passive loading, (ii) mechanically or
electrically mediated soft active loading, and (iii) microfluidic disassembly and reassembly techniques
that produce EV-mimetic vesicles. In this context, microfluidic control over flow, shear, mixing, and
transport phenomena could address many limitations of current in-bulk techniques. This is thus a
conceptual and prospective review: rather than providing a systematic or critical comparison of existing
studies, this paper uses selected literature as a foundation to propose plausible microfluidic EV-loading
strategies, discuss their mechanistic rationale, and identify the key technical constraints that must be
addressed for practical and translational implementation. By exploring these emerging opportunities, the

Received 25th May 2026, review posits that microfluidic platforms could enable the transition of EV drug loading from a
Accepted 13th July 2026 heterogeneous, lab-scale process to a scalable and automated process that is compatible with good
DOI: 10.1039/d6mh01052k manufacturing practice (GMP) requirements, provided that appropriate materials, validation strategies,

and scale-out solutions are implemented, guiding the development of the next generation of EV-based
rsc.li/materials-horizons drug delivery systems.

Wider impact

This review discusses emerging microfluidic strategies for loading therapeutic cargo into extracellular vesicles (EVs), focusing on controlled passive incubation,
soft active membrane permeabilization, and disassembly-reassembly approaches for EV-mimetic engineering. By integrating concepts from fluid dynamics,
membrane biophysics, and micro/nanofluidic engineering, the work highlights how microscale control of shear stress, extensional flow, electric fields,
temperature, and chemical gradients can improve loading efficiency while preserving EV integrity and enabling reproducible, scalable, and potentially GMP-
compatible manufacturing processes. This area is of broad interest because EVs are increasingly recognized as highly promising biological nanocarriers for
precision medicine, capable of transporting nucleic acids, proteins, and small molecules with intrinsic biocompatibility and targeting capabilities that are
difficult to reproduce with synthetic nanoparticles. However, current loading methods remain inefficient, poorly standardized, and difficult to translate
clinically. The future of the field will likely involve fully integrated microfluidic platforms combining EV isolation, loading, purification, and real-time quality
control into automated continuous-flow systems. By establishing a conceptual framework that connects microscale transport phenomena with EV engineering,
this review helps position microfluidics as a foundational technology for the next generation of clinically translatable and manufacturing-ready EV
therapeutics.
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Table 1 Comparison between some properties of EVs and synthetic nanocarriers used as drug delivery systems
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Feature EVs Liposomes Polymeric nanoparticles Metallic nanoparticles
Origin Natural Synthetic Synthetic Synthetic
Structure Vesicular Vesicular Matrix, capsular, micellar Metallic core with
functionalized surface
Composition Complex lipid-protein Simple lipid bilayer, often Biodegradable or hydrophilic, Inorganic metals
membrane, with surface PEGylated for improved natural or synthetic origin (e.g., Au, Ag) or metal
ligands and receptors stability (e.g., PLGA, chitosan, PEG) oxides (e.g., Fe30,)
Biocompatibility Excellent; fully biological Generally high, depends on Variable: changes with polymer Variable: some metals
composition lipid formulation type and degradation products  induce oxidative stress
or toxicity
Immunogenicity Low, due to endogenous origin Low to moderate; PEGylation Variable: may trigger immune  Often significant due to
reduces recognition by the responses depending on reactive surfaces
immune system polymer chemistry
Targeting ability Intrinsic tropism and Targeting via chemical ligands, Targeting via chemical ligands, Targeting via magnetic,

Cargo versatility
Cargo
protection
Cellular uptake

Circulation
stability

Drug loading
capacity

Scalability/GMP
compliance

Safety profile

Clinical status

Ref.

cell-specific recognition via
membrane proteins and
glycans

Proteins, nucleic acids,
peptides, small molecules
High: membrane shields cargo
from enzymatic degradation
Receptor-mediated
endocytosis, membrane fusion
Long circulation; can evade
immune clearance

(CDA47 effect)

Low to moderate; often
heterogeneous

Limited: new scalable isolation
and loading methods under
development

Excellent, but donor and batch
variability remain

Early-stage, mostly preclinical

surface modification, or
antibody functionalization

Proteins, nucleic acids,
peptides, small molecules
Moderate: possible leakage
under stress

Endocytosis, fusion
(limited targeting)
Moderate; improved by
PEGylation

High for amphiphilic drugs

Established, scalable processes

Good: potential for
complement activation
Several FDA-approved
formulations

8 and 9

surface modification, or
antibody functionalization

Proteins, nucleic acids,
peptides, small molecules
High: dense polymer matrix
provides protection
Endocytosis (non-specific)

Tunable via surface chemistry
High; tunable by polymer ratio
and processing

Well-established,
GMP-compatible

Generally safe; depends on

degradation products
Multiple approved or in trials

10 and 11

photothermal, or
antibody conjugation

Mainly small molecules
or contrast agents
High: metal core
provides strong stability
Endocytosis, often
non-specific

High, but may
accumulate in organs
(liver, spleen)

Limited to surface
adsorption or
encapsulation

Scalable but requires
strict safety validation

Potential cytotoxicity,
oxidative damage

Few approved; primarily
diagnostic or
theranostic

12

their natural biocompatibility, inherent targeting capabilities,
and ability to cross biological barriers."” These nanosized
vesicles, secreted by nearly all cell types, serve as endogenous
carriers of biological information and offer distinct advan-
tages over synthetic nanosized delivery systems (Table 1).>**?
Specifically, their low immunogenicity, efficient cellular
uptake, and capacity to protect encapsulated molecules from
enzymatic degradation in biological fluids make them espe-
cially attractive for therapeutic applications.”>'*'* Addition-
ally, their capacity to transport various classes of bioactive
compounds - such as small molecules, nucleic acids, peptides,
and proteins - has generated increasing interest in both aca-
demic research and pharmaceutical development.®**

Beyond their general versatility, EVs’ natural composition
confers remarkable biological specificity, reflecting the identity
and function of their parent cells."® Through unique combi-
nations of proteins, lipids, and glycans on their lipidic layers,
EVs can selectively recognize and interact with target cells - a
feature that remains difficult to replicate synthetically.'®™
This innate homing ability makes them highly promising for
targeted delivery of cytotoxic therapeutic agents, reducing off-
target effects and improving treatment accuracy.> Additionally,
EVs can evade phagocytosis, circulate longer, and potentially
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bypass the endosomal-lysosomal pathway to deliver their cargo
directly into the cytoplasm.>?*

Despite these exceptional qualities and the increasing body
of literature supporting their effectiveness as drug delivery
systems,”>*® the translation of EV-based drug delivery systems
from research into clinical practice remains limited by two
significant challenges: (i) the need for scalable, good manu-
faturing practice (GMP)-compliant manufacturing processes for
EV isolation and purification, and (ii) the lack of efficient,
reproducible, and controlled methods for loading drugs into
EVS.27729

Regarding the first challenge, most conventional EV isola-
tion techniques - such as ultracentrifugation and precipitation -
are not easily scalable and often yield heterogeneous results,
limiting reproducibility and industrial feasibility.*® In recent
years, advances in filtration- and chromatography-based
manufacturing processes have begun to address these issues
by enhancing scalability, purity, and process consistency.>" For
example, a scalable, GMP-compliant manufacturing process for
EV-containing products by combining ultrafiltration with lyo-
philization was developed by Bari et al. and Mocchi et al.>*7*
In pilot GMP runs, mesenchymal stem cell culture super-
natants were concentrated and purified by ultrafiltration,
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Table 2 Comparison of passive and active drug-loading methods for EVs
Loading Impact on EV  Typical appli-
method Mechanism Advantages Limitations/drawbacks integrity cations/cargo  Ref.
Passive Diffusion of drug Simple, non- Very low encapsulation efficiency; Maintains Hydrophobic 38, 40 and
incubation molecules across the destructive; preserves poor control over drug amount  structure and  small mole- 43
EV membrane during EV surface markers;  per EV; long incubation times; surface cules (e.g.,
co-incubation compatible with most unsuitable for hydrophilic proteins paclitaxel,
drug types compounds curcumin)
Electroporation Application of short  Higher encapsulation EV aggregation; risk of RNA Membrane dis- siRNA, 38 and 40
electric pulses to efficiency for nucleic =~ degradation; variable efficiency;  ruption, aggre- miRNA, DNA
transiently permea-  acids; widely used; poor reproducibility gation, and
bilize EV membranes easily tunable possible cargo
leakage
Sonication Acoustic cavitation Improved loading Irreversible structural alteration; Partial Doxorubicin, 38,40,43,44
induces temporary efficiency; suitable for loss of functional membrane membrane paclitaxel
membrane hydrophobic and proteins; possible cytotoxicity denaturation;
disruption hydrophilic drugs altered zeta
potential
Freeze-thaw Repeated freezing Simple and low-cost;  Produces heterogeneous EV Structural Proteins, 38, 40, 43
cycles and thawing increa- no need for specia- populations; low reproducibility; instability; small and 45
ses membrane per-  lized equipment potential vesicle aggregation variable size molecules
meability via phase distribution
transition
Transfection Chemical or lipid- Effective for nucleic ~ Possible reagent residues; altered Surface chem- mRNA, plas- 38, 40 and
based reagents pro-  acids; widely estab- surface properties; reduced bio-  istry modifica- mids, siRNA 46
mote cargo lished protocols compatibility and uptake tion; reduced
incorporation targeting
ability
Extrusion Physical mixing of Produces uniform Alteration of membrane compo- Partial dena- Small mole- 38, 40 and
EVs and cargo vesicles; scalable sition; reduced flexibility; turation; loss cules, 43
through poly- potential loss of bioactivity of surface nanoparticles
carbonate receptors
membranes

cryoprotectants were added, and the preparations were freeze-
dried to create a stable ‘“lyo-secretome” containing EVs; the
resulting powders maintained EV characteristics and in vitro
bioactivity after reconstitution.’*” These studies demon-
strate that combining ultrafiltration and lyophilization is a
practical, industry-compatible approach to producing storable
EV formulations suitable for even drug delivery applications.

The second major limitation involves drug loading efficiency
and process control, where current loading methods face sig-
nificant technical and regulatory challenges, as summarized
in Table 2.°%*°

Beyond technical inefficiencies, a more fundamental obsta-
cle arises from strict regulatory standards that oversee phar-
maceutical manufacturing. Large-scale production requires
processes that are validated, reliable, and reproducible, con-
sistently producing batches with well-defined critical quality
attributes (CQAs) even in the face of minor variations in raw
materials, operators, or environmental conditions.>”*”™>* This
is especially crucial given the inherent variability of EVs, which
depends on cell source and physiological state. Validation
demonstrates that a process can reliably and consistently
produce a product that meets its defined CQAs, while robust-
ness ensures consistent performance across different batches
and manufacturing environments. Unfortunately, current EV
loading methods do not meet these standards: as noted earlier,
they show significant batch-to-batch differences and limited
process control; additionally, most existing EV-loading appro-
aches are not yet compliant with GMP principles, making them
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fundamentally incompatible with established pharmaceutical
regulatory frameworks.”*

To address these limitations, microfluidic technology may
be a highly promising alternative platform: microfluidic sys-
tems enable precise control of fluids at the microscale,
enabling tight regulation of process parameters such as shear
stress, incubation time, and concentration gradients.>**°
This can facilitate reproducible and efficient EV loading while
maintaining their structural integrity. Additionally, microflui-
dic approaches can be integrated into continuous and auto-
mated workflows that are, in principle, compatible with
GMP requirements, offering high throughput, reduced
reagent consumption, and improved batch-to-batch reproduci-
bility, provided that appropriate device materials, process
validation strategies, and quality-control frameworks are
implemented.”*>°

The goal of this review is to examine the emerging frontier of
microfluidic technologies for loading drugs into EVs through a
conceptual and prospective lens. Rather than offering a sys-
tematic or critical review of existing experimental evidence - a
function served by recent device-oriented surveys of the broader
EV microfluidic field®® - this work is intentionally framework-
driven: it leverages selected studies from EV research, liposome
engineering, nanoparticle manufacturing, and microfluidic
bioprocessing to articulate plausible microfluidic loading stra-
tegies and their underlying physical mechanisms. In this con-
text, the cited literature is not used to perform an exhaustive
comparison of reported efficiencies or outcomes, but to
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support a positioning that microfluidics can provide the level of
control, reproducibility, and scalability required for clinically
viable EV drug loading. The central question addressed is
therefore not whether individual microfluidic approaches out-
perform current bulk methods in isolated cases, but whether
microfluidic platforms, by design, can enable a paradigm shift
from empirical, lab-scale loading to standardized, GMP-
compatible manufacturing processes.

2. Microfluidic strategies for loading
drugs into EVs

This section explores microfluidic strategies for EV drug loading,
categorizing them into three main approaches: (i) controlled
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passive incubation, (ii) soft active loading, and (iii) disassembly
and reassembly techniques for EV-mimetic synthesis. Each
strategy is summarized in Table 3 and discussed below in terms
of its mechanistic principles, advantages, limitations, and sup-
porting literature, with figures illustrating conceptual workflows
and device designs. A comparative synthesis across the three
strategies — covering cargo compatibility, EV structural risk,
hardware complexity, and GMP-relevant manufacturing consid-
erations - is presented in Section 2.4.

Before examining these strategies in detail, however, it is
important to recognize that their underlying mechanisms
cannot be directly extrapolated from the extensive literature
on synthetic nanocarriers. Unlike liposomes or polymeric
nanoparticles, which are compositionally defined and struc-
turally homogeneous, EVs possess biologically assembled

Table 3 Microfluidic strategies for drug loading into EVs: mechanisms, advantages, limitations, and quantitative performance metrics reported in the
literature. For each strategy, reported ranges for loading efficiency, vesicle recovery/integrity, and particle size change are drawn from representative
experimental studies employing microfluidic platforms, including cases directly benchmarked against bulk/conventional loading methods. Because the
underlying experimental literature on microfluidic EV drug loading remains limited and methodologically heterogeneous, these values should be
interpreted as illustrative ranges from individual studies rather than as systematic, cross-comparable benchmarks; differences in EV source, cargo type,
and characterization method preclude direct quantitative comparison across strategies

Controlled passive incubation

Soft active loading

Disassembly and reassembly (EV-
mimetic synthesis)

Localized shear, extensional flow, or
micro-electroporation temporarily increases
membrane permeability, making it

- High loading while maintaining EV struc-

- Continuous and controllable

- Inline quality control possible

- Necessity of careful optimization

- Risk of partial EV damage, aggregation,

- More complex than bulk methods
Mechanical nanoporation achieved loading
efficiencies of 31-37% for macromolecular
dextrans (3-10 kDa)®’; a microfluidic
droplet-based electroporation system

10-fold enhancement in loading efficiency
and a >1000-fold increase in processing
throughput for gRNA:Cas9 RNP complexes
compared with conventional bulk

Nanoporation preserved 94.4% recovery
(particle concentration from 9.0 x 10 to

Mechanism Laminar microfluidic co-flow enables
precise control of drug diffusion into EVs,
with flow, temperature, pH, and residence
time under precise control reversible and tunable
Advantages - Reproducible
- GMP-compatible ture
- Preservation of EV integrity - Uniform stress
- Scalable
- Supports inline monitoring
Limitations - Limited to passively permeable drugs
- Low efficiency for large, hydrophilic,
or charged molecules or device fouling
Loading 11-38% depending on cargo and residence
efficiency time®>*%; up to ~11-fold improvement over
(literature  bulk passive incubation of equal duration®
range)
achieved a
electroporation®®
Vesicle Minimal EV loss reported®®
recovery/
integrity

Particle size

Modest shifts (e.g., 114 — 127 nm)®®

change
Compatible Small, membrane-permeant hydrophobic
cargo types molecules (e.g., verteporfin®®); limited
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efficiency for hydrophilic or charged
macromolecules such as siRNA

8.5 x 10° particles mL")*’; integrated
surface acoustic wave (SAW)-
isolation/electroporation platforms achieved
85% recovery with reduced aggregation
relative to ultracentrifugation”®
Nanoporation: 130 — 170 nm shift
attributed to membrane permeabilization
and cargo loading®”; SAW-
isolation/electroporation: 102 £ 6 —

135 & 8 nm (cell-derived EVs)”°

Broad range, from small molecules and
macromolecular dextrans (mechanical
nanoporation®’) to nucleic acids such as
mRNA and siRNA (electroporation-based
platforms”"”?), reflecting the tunable
intensity of membrane permeabilization

Controlled membrane disruption in
microchannels, mixing with cargo,
followed by reassembly into uniform
hybrid vesicles

- Very high encapsulation

- Tunable vesicle composition and size
- Reproducible and scalable

- Suitable for large or hydrophilic
drugs

- Loss of native EV identity

- Altered surface proteins

- Regulatory challenges

- More invasive manipulation

90.5% core-shell assembly yield vs
47.3% without microfluidic
sonication®

Narrower size distribution and
improved batch consistency vs bulk®

177 nm (PDI 0.19) vs. 238 nm (PDI
0.47) for bulk-assembled controls®

Large proteins, nucleic acids, and
hydrophilic drug molecules that
cannot passively cross an intact EV
membrane
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membranes enriched in transmembrane proteins, glycoconju-
gates, and asymmetric lipid domains inherited from their
parent cells. Consequently, EV populations display substantial
heterogeneity in size, membrane composition, surface charge
distribution, and mechanical properties, even within the same
preparation. For example, combined atomic force and fluores-
cence microscopy analyses have revealed marked variability
in EV diameter, Young’s modulus, and membrane protein
distribution at the single-vesicle level,”" while single-vesicle
profiling studies have demonstrated extensive molecular hetero-
geneity beyond traditional biogenetic classifications.®® Further-
more, EV membranes retain complex lipid asymmetry and
a glycan-rich surface chemistry that contribute to their char-
acteristic charge distribution and interfacial behavior.****
These features are expected to influence membrane deform-
ability, permeability, and responsiveness to hydrodynamic,
electrical, and thermal stimuli. Therefore, microfluidic loading
strategies originally developed for liposomes and other syn-
thetic nanocarriers should be regarded primarily as mecha-
nistic frameworks rather than directly transferable solutions.
Their successful implementation in EV-based systems will

A. CONVENTIONAL BATCH
LOADING
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require consideration of EV-specific membrane biology and
biophysical behavior.

2.1.
flow

Controlled passive incubation: precision through laminar

Conventional passive loading depends on the spontaneous
diffusion of drugs into EVs during co-incubation. The main
factor driving uptake is the drug’s partition coefficient between
the surrounding medium and the EV membrane, reflecting
its lipophilicity and affinity for the lipid bilayer.**”* For weak
acids or bases, the pH of the medium can also influence their
ionization, affecting their partitioning into EV lipids.”
Although the drug solution is homogeneous under typical
incubation conditions, passive loading in static batch mode
remains limited by slow diffusion-driven transport and by
factors that affect the spatial distribution and accessibility of
EVs. Indeed, EVs may sediment, aggregate, or adhere to con-
tainer surfaces, reducing uniform drug-membrane contact
and lowering the frequency of effective collisions (Fig. 1A).
These physical constraints, despite the user’s ability to control
parameters such as drug concentration, incubation time,

B. MICROFLUIDIC-CONTROLLED
LOADING
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(A) Conventional batch loading. Although the drug solution is homogeneous, EVs may sediment, aggregate, or adhere to container surfaces,

which reduces their accessibility to drug molecules. As shown in the inset, these limitations result in heterogeneous and inefficient loading across the EV
population. (B) Microfluidic loading based on laminar flow and diffusion. EVs and drug molecules flow in parallel streams through microchannels,
enabling controlled, uniform mixing via diffusion while minimizing aggregation. The inset illustrates the resulting homogeneous and reproducible
loading, underscoring the enhanced precision of microfluidic systems compared with batch-mode mixing. Created with Biorender.
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temperature, and pH, result in low encapsulation efficiency,
heterogeneous loading, and significant batch-to-batch vari-
ability.>®”>7® As such, while non-disruptive for EVs and
straightforward, this method is challenging to implement in
GMP-compliant production; although some studies have
reported GMP-grade EV production for therapeutic applications
(such as mesenchymal stem cell-derived EVs loaded with
paclitaxel””) with fully standardized co-incubation protocols,
such protocols therefore remain rare. Using approaches that
pre-load drugs into parent cells can help address some of these
issues, but introduce additional regulatory and technical
challenges.”®

In microfluidic systems, passive diffusion remains the pri-
mary mode of transport, but precise control over physicochem-
ical parameters enables more efficient and reproducible drug
partitioning into EV lipids®””®#° (Fig. 1B). This precision stems
from the underlying fluid dynamics: fluids flow at low Reynolds
numbers (Re < 1), meaning viscous forces dominate over
inertial forces and turbulence is effectively eliminated.®'™8?
As a result, laminar flow in microchannels allows streams of
EVs and drug solutions to travel in parallel layers, creating
stable, well-defined concentration gradients at the microscale.
This controlled environment ensures that drug molecules are
continuously available at the EV membrane interface, reducing
local depletion and enhancing diffusion-driven uptake.
Furthermore, the gentle, continuous flow minimizes EV sedi-
mentation, aggregation, and adsorption to surfaces, addressing
key limitations of static batch incubations. Consequently, each
EV experiences the same drug concentration for an identical
residence time as it moves through the channel, ensuring
uniform exposure and reducing heterogeneity in drug loading
across the vesicle population. In contrast, manual batch incu-
bation exposes EVs to highly variable local concentrations, with
some vesicles encountering excessive drug and others receiving
little or no drug, leading to inconsistent loading efficiency and
potential structural damage.

Beyond enabling predictable laminar flow, microfluidic plat-
forms allow precise control over the physicochemical environ-
ment experienced by EVs during drug loading, a feature that
bulk methods cannot match.®>**% In a microchannel, the
incubation or residence time is determined by the channel
length, geometry, and flow rates, allowing contact times ran-
ging from less than a second to several minutes to be finely
tuned, thereby avoiding uncontrolled mixing delays common in
batch incubation.®*®® Temperature, a crucial factor influen-
cing membrane fluidity and drug solubility, can be quickly and
evenly adjusted using integrated microheaters or external Pel-
tier controllers, leveraging the low thermal mass and high
surface-area-to-volume ratio of microfluidic chips.*"*® This
precise thermal regulation enables short heating pulses to
enhance membrane fluidity and drug solubility without pro-
longed exposure that might damage surface proteins or com-
promise EV integrity.””°' Similarly, pH and buffer composition
- key variables for drugs in which ionization affects lipid
solubility - can be rapidly modified on-chip using mixing
structures such as herringbone or serpentine mixers, providing
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a uniform and stable chemical environment that supports
passive and pH-dependent loading strategies.’> *

Collectively, these features convert time, temperature, and
pH into tightly engineered design parameters, enabling repro-
ducible, finely adjustable drug-loading conditions that are
difficult to achieve with traditional bulk methods. One of the
main advantages of microfluidic-controlled passive incubation
is therefore its reproducibility, which reduces batch-to-batch
variability, enables high-throughput workflows, and can facil-
itate GMP validation when combined with appropriate process
control, documentation, and quality-assurance strategies.>>%%%%>
The precise, controllable management of environmental and
process parameters, indeed, allows inline monitoring and docu-
mentation, which are essential for meeting regulatory standards
in clinical manufacturing. Parameters such as flow rates, tem-
perature, and pH can be continuously recorded and adjusted in
real time, supporting robust quality assurance protocols.”®
Another key benefit is the low risk of membrane disruption: in
this case, the structural integrity and surface proteins of EVs are
maintained because loading depends solely on diffusion under
carefully controlled conditions, unlike active loading methods
such as sonication or electroporation, which can cause permanent
damage (see Section 2.2). Keeping the native membrane structure
is essential for preserving EV functionality, including cellular
targeting properties. Moreover, the ongoing operational potential
of microfluidics enables scalable production. Finally, unlike batch
methods, which are constrained by manual handling and mixing,
microfluidic platforms can sustain a continuous flow of EVs and
drugs, supporting high-throughput processing with minimal
human intervention.®” This not only enhances efficiency but also
decreases contamination risk and simplifies integration into
industrial manufacturing workflows.

Despite the benefits of microfluidic-controlled passive incu-
bation, several inherent limitations still exist. The method is
primarily limited to drugs that can passively cross the EV
membrane; highly hydrophilic or large-molecular-weight mole-
cules face substantial barriers to diffusion and are unlikely to
be effectively encapsulated. Even with precise control over flow,
temperature, and pH, the lipid bilayer’s intrinsic permeability
limits loading efficiency. Moreover, passive diffusion cannot
actively transport cargo against concentration gradients or
cause membrane permeabilization, meaning some drugs -
especially charged or bulky ones - may require alternative
techniques, such as active loading or vesicle reassembly, to
reach therapeutically effective concentrations within EVs.
Therefore, while microfluidics improves reproducibility and
quantitative control, it does not fundamentally overcome the
biophysical limitations of passive loading.

An early demonstration of microfluidic passive loading is
provided by Itakura et al, who used a pressure-driven micro-
fluidic device to load siRNA into grapefruit-derived EVs.®®> The
device acted primarily as an efficient mixing tool, increasing
membrane-siRNA contact without disruptive forces; however,
this gentle processing achieved only a modest loading efficiency
(~11%), constrained by the short residence time of the EV-cargo
mixture within the microchannel. This residence-time limitation

This journal is © The Royal Society of Chemistry 2026
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is addressed in the device subsequently reported by Piunti et al.*®
for loading the hydrophobic drug verteporfin into mesenchymal
stem cell-derived EVs, which combines a micromixer with
V-shaped obstacles (122° angle, 240/200 um arms) for rapid EV-
drug contact with a downstream delay-line incubation unit
(700 pm x 264 mm) providing a tunable, precisely controlled
residence time of up to 10 minutes. In this design, the obstacle-
induced chaotic advection increases the contact surface between
drug solution and EVs without generating damaging turbulent
shear forces, while the delay-line ensures sufficient diffusive
interaction time without resorting to harsh permeabilization. This
combination resulted in a loading efficiency of 37.9 + 10.4%,
significantly higher than the 3.5 & 2.6% obtained with standard
off-chip incubation, with negligible EV loss. Importantly, this
gentle microfluidic approach preserved the EVs’ structural integ-
rity and surface protein markers (e.g., CD63, CD81), unlike harsh
methods such as electroporation, which led to vesicle aggregation
and protein loss.

2.2. Soft active loading: controlled permeabilization without
destruction

Within soft active loading, the central challenge for micro-
fluidics is to reproduce the beneficial aspects of transient
membrane permeabilization - via mechanical, thermal, or
electrical stress — while overcoming the limitations associated
with conventional active loading methods. Electroporation,
sonication, freeze-thaw cycling, chemical transfection, and
extrusion are commonly used to enhance drug encapsulation
into EVs, but each technique introduces membrane stressors
that can compromise vesicle integrity and loading reproduci-
bility.”® As summarized in Fig. 2, these approaches share a
common limitation: the lack of precise control over stress
intensity, exposure duration, and spatial distribution, which
can result in heterogeneous and often irreversible membrane
damage, ranging from pore overstabilization and protein dena-
turation (electroporation'*°%9871%%) to cavitation-induced rup-
ture and lipid peroxidation (sonication'®*'°%), aggregation and
fusion (freeze-thaw*>*>7>'%) surface chemistry alteration
(chemical transfection , and loss of native biochemical
complexity (extrusion'®™'"). At the microscale, however, flow
conditions, device geometry, and stimulus exposure can be
precisely confined in space and time, rather than being uni-
formly and uncontrollably applied across an entire bulk sam-
ple, enabling membrane permeabilization to occur briefly,
reversibly, and uniformly across a population of vesicles while
preserving EV structure and functionality®®''> - the defining
features of the strategies discussed below.

Shear stress-mediated perturbation. The primary mecha-
nism in these systems is shear stress-mediated perturbation.
Microfluidic channels create predictable laminar shear fields
where the magnitude of the stress (t) can be precisely adjusted
by changing flow rate, channel height, and fluid viscosity.*****
At moderate shear rates, usually between 10* and 10* s, fluid
dynamics cause lateral membrane tension on the vesicle surface.
This tension causes temporary lipid packing defects - as transient
“holes” in the bilayer - that let small molecules and nucleic acids

46,107,108)
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diffuse into the lumen without damaging the entire EV.''?
Importantly, as EVs leave the high-shear region of the micro-
channel, mechanical stress drops almost instantly, allowing the
lipid bilayer to reseal quickly and spontaneously.'*® This predict-
able and reversible process contrasts sharply with bulk sonication,
where uncontrolled cavitation generates highly heterogeneous
shear fields that often cause irreversible structural damage
(Fig. 3).

In this regard, recent advances in nanofluidic engineering
demonstrate how precisely calibrated shear and confinement
can enable efficient EV loading while preserving vesicle integ-
rity. A representative example is the “exosome nanoporator”,
a nanofluidic platform that drives EVs through tens of thou-
sands of nanochannels with heights (~130 nm) comparable to
EV diameter. As EVs are compressed within these confined
geometries, they experience a combination of uniform mechan-
ical deformation and well-defined shear gradients that generate
transient nanopores, permitting convective influx of macro-
molecules without compromising membrane topology or
protein composition. The exosome nanoporator achieves load-
ing efficiencies of ~30-40% for macromolecular dextrans and
supports the efficient incorporation of small-molecule thera-
peutics, such as doxorubicin, while maintaining >90% vesicle
recovery and structural integrity. Importantly, numerical
modeling confirms that both membrane permeabilization
and loading efficiency scale with predictable velocity gradients
within the nanochannels, enabling mechanical stress tuning
without the uncontrolled damage associated with bulk electro-
poration or sonication.®” Notably, this mechanism arises from
shear and nanoconfinement, rather than the whole-vesicle elon-
gational deformation characteristic of extensional-flow systems.
Together, these findings highlight that micro- and nanofluidic
confinement can provide a gentle yet effective means of produc-
ing functional, cargo-bearing EVs at throughputs suitable for
translational use.

Extensional flow-induced membrane dilation. Beyond sim-
ple shear, microfluidic geometries can be designed to harness
extensional flow-induced membrane dilation, a distinct mecha-
nical regime. Elements such as constrictions, ridges, cross-
slots, or hydrodynamic focusing regions create zones where
the fluid velocity gradient changes suddenly, exposing EVs to
extensional rather than purely shear stresses.’'”''® In this flow
regime, the fluid stretches the vesicle along the principal flow
direction while compressing it along the orthogonal axis.""®
This axisymmetric elongation leads to membrane thinning,
which increases permeability to external cargo without causing
rupture (Fig. 4). Specifically, the resulting transient membrane
dilation creates short-lived permeability “holes” that enable
therapeutic molecules in the surrounding medium to diffuse
more readily into the EV lumen, thereby enhancing drug-
loading efficiency while maintaining vesicle structural integrity.
The extent and duration of this extensional strain depend on
the channel shape and sheath-flow configuration, offering
a level of control impossible with bulk extrusion, where EVs
are forced through rigid polycarbonate membranes that
often cause permanent deformation or clogging: by relying on
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fluid-based deformation rather than physical barriers, micro- Localized micro-electroporation. For applications that require
fluidic extensional flow enables reversible mechanical deforma- electrical permeabilization, microfluidic devices offer a better
tion while maintaining EV integrity."* alternative to bulk cuvettes, enabling gentle, electric field-based
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permeabilization.’*" These systems incorporate microelectrodes
to create electric fields or gradients within tightly confined
volumes. Because the electrodes are positioned only micrometers
from the flowing EVs, sufficient transmembrane potentials can
be generated with much lower voltages than those needed in
macro-scale systems.'?* Additionally, the residence time of EVs
within the electric field is controlled by the flow rate, ensuring
vesicles are exposed to pulses for precisely the time needed to
produce nanopores (often on the order of milliseconds or micro-
seconds). This spatial confinement reduces heating, thereby
preventing the thermal aggregation of nucleic acids and proteins
that typically occurs during bulk electroporation. As EVs are
quickly removed from the active field area, they enter a relaxation
zone that promotes rapid resealing, thereby increasing loading
efficiency'” (Fig. 5).

Environmental and thermal control. Complementing these
physical forces is the ability to exchange local buffers and
stabilize the environment quickly. Microfluidic systems can
incorporate diffusive mixers or parallel laminar streams to alter
the chemical environment around EVs rapidly.'** This allows
for rapid exposure to hypotonic, hypertonic, or pH-modified
buffers that temporarily modulate membrane curvature to
support cargo entry, followed by immediate normalization of
the buffer composition downstream.'** This enables controlled
“on-off”’ cycles of membrane permeability that are difficult to
achieve in bulk processing, where mixing is slow and spatial
gradients are poorly defined (Fig. 6A). Lastly, the design of
microfluidic devices naturally supports membrane self-assembly
through on-chip thermal management. The high surface-to-
volume ratio of microchannels allows heat (whether generated
by electrodes or external sources) to dissipate quickly, preventing
thermal hotspots that could damage EV proteins. Downstream
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temperature-controlled zones can be added to cool the EVs,
thermodynamically stabilizing the lipid bilayer and preserving
native functionalities such as surface protein targeting'>®
(Fig. 6B).

Ultimately, microfluidic perturbation differs fundamentally
from bulk energy delivery because of energy localization and
precise control. Forces act on EVs only when they pass through
specific channel regions, rather than exposing the entire sam-
ple to disruptive energy fields. With the ability to vary flow
rates, pressures, and field strengths with sub-millisecond pre-
cision, microfluidics has the potential to transform EV loading
from a chaotic, batch-based process into a continuous and
highly reproducible operation that can be adapted to manu-
facturing environments, provided that scalability, robustness,
and regulatory constraints are appropriately addressed. A key
benefit of this method is the ability to adjust stress intensity
and duration. Since shear, extensional strain, or electric fields
can be fine-tuned by changing microchannel geometry, flow
speed, or pulse timing, the user can apply just enough dis-
turbance to temporarily loosen lipid packing or create nano-
scale pores without reaching levels that cause permanent
damage. This adjustability allows the lipidic layer of EVs to
open briefly for cargo uptake and then reseal downstream,
maintaining both the EV’s structural integrity and its surface
protein profile. The reversible aspect of microfluidic permea-
bilization is advantageous when keeping EV bioactivity, target-
ing ligands, or immunomodulatory properties intact is crucial.
Another key benefit is the ability for inline quality control: since
microfluidic systems naturally integrate with optical detectors,
impedance sensors, or nanoparticle counters, EVs can be
monitored in real time as they experience mechanical or
electrical disturbances.'®” Parameters such as size distribution,

This journal is © The Royal Society of Chemistry 2026
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around EVs is rapidly altered, inducing membrane opening for cargo entry, followed by immediate buffer normalization downstream to reseal the
membrane. (B) On-chip thermal management: a heating (or cooling) zone facilitates drug entry through EV membrane permeabilization, while the high
surface-to-volume ratio of microchannels ensures rapid heat (or cooling) dissipation for precise temperature control. Created with Biorender.

concentration, zeta potential, or deformability can be continu-
ously measured, enabling feedback-controlled adjustments to
flow rate or field strength. This is very different from bulk
methods, where quality is usually assessed only at the end
of the process, making it hard to prevent or fix damage as it
happens.

Despite these strengths, the approach also has notable
limitations. Microfluidic perturbation requires careful optimi-
zation of flow conditions, channel geometries, and stress
thresholds, as even minor deviations can shift the system from
reversible to damaging.'*® Although the forces are adjustable,
overstressing the EVs (through excessive shear, overly narrow
constrictions, or extended field exposure) can lead to partial
rupture, changes in membrane mechanics, or loss of surface
markers.'"® Device materials and channel surfaces may also
foul when exposed to protein-rich EV preparations, complicat-
ing long-term operation and potentially altering the stress
distribution within the device. Additionally, designing, fabri-
cating, and maintaining microfluidic systems is more complex
than using simple tube-based bulk techniques, requiring
specialized equipment and expertise.'2**3°

Although most mechanisms discussed above remain con-
ceptual or have only been demonstrated in model vesicles, a
small but growing number of experimental studies provide
proof-of-principle that microfluidics can enable controlled,
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reversible membrane permeabilization of EVs. In detail, the
benefits of soft active loading are best demonstrated through
microfluidic electroporation platforms. An example is the recent
“plug-and-play” microfluidic electroporation system for cancer
immunotherapy.”! By applying a specific sequence of nano-
and millisecond pulses, researchers successfully loaded EVs with
IFN-y mRNA and simultaneously promoted surface expression of
CD64. This made the EVs act as “docking stations” for anti-PD-L1
antibodies, creating a powerful, multifunctional therapeutic
targeting tool for glioblastoma. Recent innovations also include
“all-in-one” electrochemical devices that automate the complete
process.”” These portable systems use microstructured electrodes
to capture EVs from biofluids with surface antibodies, load them
with siRNA through localized electric fields, and release them
electrochemically. This integration reduces a complex, multi-
step, multi-day process into a quick, automated operation on a
single chip, supporting the idea that microfluidic confinement
reduces sample loss and processing time.

2.3. Disassembly and reassembly: engineering EV-mimetic
carriers

The disassembly and reassembly approach is the most structurally
invasive yet highly engineerable method for EV cargo loading.
In this strategy, native EVs are intentionally destabilized and
reconstructed, effectively transitioning from authentic EVs to

Mater. Horiz.
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Fig. 7 Bulk versus microfluidic disassembly and reassembly method for loading EVs. (A) Bulk processing relies on detergent- or shear-induced
disruption of native EV. membranes, followed by mixing with therapeutic cargo and optional synthetic lipids. As membrane fragments reassemble, hybrid
vesicles form with tunable size, composition, and drug content. (B) Microfluidic disassembly and reassembly offers a more controlled and reproducible
alternative. EVs undergo finely regulated membrane destabilization within microchannels, rapid homogeneous cargo mixing, and solvent-exchange-
driven self-assembly, yielding uniform vesicles with precise lipid—protein ratios and consistent loading efficiencies. Created with Biorender.

EV-mimetic or hybrid vesicles (Fig. 7A). Here, EV membranes
serve as modular biological building blocks, providing the struc-
tural basis for engineered vesicles that retain some but not all
features of their original EVs. Therefore, in this method, EV
membranes are intentionally destabilized, leading to lipid bilayer
disruption into smaller membrane fragments or mixed micellar
phases.*>"*' During this disassembly process, membrane-
associated proteins may detach or redistribute, and the EV’s
three-dimensional structure is essentially lost, creating an
opportunity to combine EV-derived lipids with the desired ther-
apeutic cargo in a homogeneous environment. Once the cargo is
introduced, the system is gently guided back toward conditions
that promote membrane self-assembly.*>*3»*32 A5 the membrane
components reassemble, the cargo becomes encapsulated within
the reforming lumen or incorporated into the membrane,
depending on its physicochemical properties. The resulting
vesicles are not exact replicas of the original EVs; instead, they
are EV-mimetic or hybrid constructs whose size, lipid composi-
tion, and surface protein levels can be intentionally adjusted.***
For instance, the final vesicle size can be controlled, while the
protein-to-lipid ratio can be modified by varying the extent of
membrane solubilization during disassembly.

This approach offers a level of engineering control rarely
possible when working with intact EVs. By dissolving the vesicle
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structure and allowing it to reform around the cargo, the
method bypasses inherent membrane permeability limits and
achieves high encapsulation efficiency even for large proteins,
nucleic acids, or hydrophilic drug molecules that typically have
difficulty crossing the intact bilayer.*>’" It also enables targeted
enrichment or removal of specific membrane components.
Surface proteins responsible for targeting can be preserved by
limiting the extent of solubilization, while non-essential
or variable contaminants can be eliminated, thus reducing
biological variability."** This opens the door to producing
semi-synthetic EV-like particles with greater batch-to-batch
consistency, addressing a significant challenge in the clinical
translation of native EVs. At the same time, this approach falls
between natural EVs and entirely artificial liposomes, concep-
tually. It leverages the biological complexity of EV-derived lipids
and proteins - elements that enhance cellular uptake, immune
compatibility, and biodistribution - while incorporating the
manufacturing controls found in synthetic nanocarriers.'*>*
Because size, composition, and encapsulation efficiency can be
systematically adjusted, the disassembly and reassembly tech-
nique helps overcome the variability of native EVs, and sup-
ports the standardization needed for consistent therapeutic
products. However, the reconstruction process inevitably
changes the EV’s native identity: protein orientation may shift,
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some membrane-associated molecules may be lost, and the
final vesicle might lack certain subtle, cell type-specific features
that define authentic EVs. Therefore, while this method pro-
vides unmatched engineering flexibility, it does so at the
expense of biological authenticity. For applications where exact
molecular composition, reproducibility, and tunable loading
are more critical than preserving native EV features, disassem-
bly and reassembly offer a robust and scalable approach.
Microfluidic systems make the disassembly and reassembly
process much more controlled, modular, and reproducible
than when done in bulk. In a microfluidic format, each step
(membrane destabilization, cargo mixing, vesicle reconstruc-
tion, and purification) can be performed with spatial and
temporal precision that is not achievable in traditional
becher-based workflows (Fig. 7B). The process usually starts
with a disassembly phase, where EVs are exposed to precisely
controlled shear forces, detergent levels, or solvent gradients
within microchannels. Unlike bulk detergent treatment, which
exposes the entire suspension to uniform but often excessive
solubilization, microfluidics allows the detergent or solvent
concentration to increase gradually along the flow path. This
results in partial membrane disruption rather than complete
solubilization, helping prevent protein denaturation or lipid
loss.”®* In systems that rely on shear-based destabilization,
channel constrictions or extensional flow segments can be
designed to deliver short, repeated pulses of mechanical stress
that break the membrane into nanoscale patches without
entirely dissolving the lipid and protein matrix. Because each
EV encounters nearly identical stress patterns, the level of
disassembly remains much more consistent than in bulk
processes, where vesicle fragmentation tends to be random
and uneven. Once the membrane has been destabilized, the
fragmented EV components enter a controlled-mixing region,
where they come into contact with the drug payload. Micro-
fluidic mixers (whether based on hydrodynamic focusing,
serpentine channels, staggered herringbone structures, or
diffusive laminar interfaces) ensure that cargo molecules rapidly
spread throughout the lipid and protein fragments.””” This
removes concentration gradients and incomplete mixing, which
often lowers encapsulation efficiency in bulk methods. Impor-
tantly, because the microfluidic environment maintains a specific
ratio of membrane fragments to cargo, the final vesicle popula-
tion can be designed to contain precise amounts of therapeutic
material per particle. Reassembly occurs as the mixture moves
into a solvent-exchange zone or a hydrodynamic focusing area.
In solvent-exchange systems, organic solvents or detergents are
slowly removed through buffer dilution or by diffusive laminar
contact with a detergent-free stream. As the local solvent compo-
sition changes, lipid fragments naturally self-assemble into
bilayers and form vesicles.*® Hydrodynamic focusing can
speed up this process by squeezing the disassembling mixture
into a narrow stream, changing interfacial tension, and
encouraging vesicle formation.'*® Because the reassembly con-
ditions are carefully controlled, the resulting vesicles have
narrow size distributions, consistent membrane composition,
and reliable encapsulation efficiencies.’*® A final purification
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or size-control step can be integrated on-chip, using micro-
fluidic filters, electrophoretic separation, or tangential-flow
microfiltration."*" This allows for the immediate removal of
excess drug, solvent, or detergent, producing a clean prepara-
tion without the need for off-chip purification. The entire
workflow (from disassembly to purification) can thus be per-
formed in a continuous flow, making the process inherently
scalable and suitable for automation.

The benefits of this microfluidic approach are significant.
By enabling vesicles to reassemble around the therapeutic
cargo, the method attains very high encapsulation efficiency,
even for hydrophilic drugs or large biomolecules that cannot
pass through intact EV membranes.'** Since membrane solu-
bilization can be adjusted, the lipid-to-protein ratio of the final
vesicles can be precisely controlled, enabling the production of
standardized EV-mimetic carriers rather than relying on biolo-
gically variable native preparations. However, it is important to
note that the characteristics of the starting EV population -
such as cell source, physiological state, and intrinsic molecular
composition - can still influence the final vesicle properties,
meaning that upstream variability may partially propagate
through the microfluidic assembly process. The continuous
microfluidic operation enables predictable, reproducible large-
scale manufacturing, with the entire workflow monitored and
controlled in real time. Combining loading, assembly, and
purification into one platform reduces sample handling, lowers
contamination risk, and simplifies GMP implementation.

These advantages, however, come with trade-offs. The pro-
cess inevitably disrupts the native architecture of EVs, produ-
cing EV-mimetic or hybrid vesicles that retain some native
features but are no longer authentic EVs, effectively bridging
the space between natural EVs and fully synthetic nanocarriers.
Surface biomarkers may be partially lost, reoriented, or redis-
tributed during solubilization, thereby altering their biodistri-
bution, targeting, and immunomodulatory function. Because
the end products differ from the native EV phenotype, they
present regulatory challenges: it is unclear whether they should
be classified as engineered EVs, synthetic liposomes with
biological components, or a new category of hybrid nano-
particles. This ambiguity impacts both safety evaluation and
approval processes. Despite these limitations, the microfluidic
disassembly and reassembly method offers a strong framework
for producing highly uniform, fully customizable EV-mimetic
vesicles with predictable therapeutic cargo loading. It is the
most engineerable frontier of EV-based drug delivery, providing
unprecedented control over structure and composition while
enabling scalable, reproducible manufacturing.

Although the microfluidic disassembly and reassembly fra-
mework remains mostly conceptual for natural EVs, extensive
evidence from microfluidic liposome and hybrid nanoparticle
synthesis strongly supports its feasibility. For example, precise
liposome size control and reduced polydispersity can be
achieved via microfluidic hydrodynamic focusing.'** The foun-
dational work by Jahn et al. showed that microfluidic hydro-
dynamic flow focusing can enable highly controlled solvent
exchange, producing monodisperse lipid vesicles whose size is
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easily tunable simply by adjusting flow-rate ratios,"** an essen-
tial mechanism behind the microfluidic reassembly strategies
mentioned earlier. This principle was further systematized by
Yu et al.,, who outlined operational rules for reproducible
vesicle formation via the gradual dilution of organic solvents
within microchannels, directly reflecting the solvent exchange-
driven reassembly step proposed for EV-derived membranes.>
More recently, Hood et al. extended microfluidic hydrodynamic
flow focusing to 3D concentric capillaries (vertical flow focusing),
achieving high throughput while maintaining monodisperse size
distributions."*> Microfluidics further enabled large-scale lipo-
some production with tight size control."*® Although these
studies were conducted on synthetic lipids rather than biological
EV membranes, they experimentally confirm the core principles
of controlled destabilization, uniform cargo mixing, and solvent-
mediated vesicle reassembly in flow, exactly the steps needed for
EV-mimetic construction. Further emerging research supports
this trend: microfluidic droplet fusion has been used to combine
EV fragments with lipid nanoparticles, creating hybrid vesicles
with programmable membrane composition;'*” shear-induced
vesiculation chips have produced EV-like vesicles from cell
membranes with high uniformity;'*®* and microfluidic lipid-
insertion platforms have demonstrated that surface proteins
and ligands can be incorporated into reassembling membranes
under laminar flow."*® Overall, this body of work shows that the
physical principles underlying microfluidic disassembly and
reassembly have already been well validated in related systems,
making the transition to EV-derived vesicles theoretically feasible,
though still in its early experimental stages.

2.4. Cross-strategy comparison: cargo compatibility,
manufacturing complexity, and GMP readiness

Taken together, the three microfluidic strategies discussed above
are not interchangeable, but rather complementary across
several practically relevant dimensions, summarized in Table 3,
and detailed here.

Cargo compatibility. Controlled passive incubation remains
intrinsically constrained to small, membrane-permeant hydro-
phobic molecules, as loading relies solely on passive partition-
ing across an intact bilayer (e.g., verteporfin®). Soft active
loading strategies accommodate a substantially broader cargo
range - from small molecules and macromolecular dextrans
(mechanical nanoporation®”) to nucleic acids such as mRNA
and siRNA (electroporation-based platforms”"”?) - because the
intensity and duration of membrane permeabilization (shear,
extensional, or electric field-based) can be tuned to the size
and charge of the target cargo. Disassembly and reassembly
approaches, by bypassing the permeability constraints of an
intact membrane altogether, are best suited to large proteins,
nucleic acids, and hydrophilic drugs that are otherwise poorly
compatible with the other two strategies.*®”*

Risk to EV structural integrity. The three strategies occupy
distinct positions along a gradient of invasiveness. Passive
incubation poses minimal risk, as no mechanical or electrical
perturbation is applied. Soft active loading is reversible by
design, but carries a risk of partial damage, aggregation, or
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loss of surface markers if shear, field strength, or exposure time
are not carefully calibrated."*>'*® Disassembly and reassembly
is, by definition, the most invasive of the three: it does not
merely risk damage but deliberately and irreversibly dismantles
the native EV architecture, trading biological authenticity for
engineering control over the resulting vesicle composition.™"

Hardware configuration, manufacturing cost, and technical
complexity. Beyond the cargo compatibility and structural risk
considerations discussed above, the three strategies differ
substantially in the engineering specifications and fabrication
effort required for implementation, broadly tracking their
position along the invasiveness gradient just described: con-
trolled passive incubation requires only laminar flow control
and is the most straightforward to implement and validate
under GMP frameworks; soft active loading requires more sophis-
ticated channel geometries or integrated microelectrodes;'>"*2%13°
and disassembly and reassembly requires the greatest overall
complexity, integrating sequential destabilization, mixing, reas-
sembly, and purification stages within a single workflow. 34041
Controlled passive incubation requires the simplest hardware:
precise control of flow rate and channel geometry is sufficient to
define residence time (e.g., flow rates on the order of 1 uL min ™"
with residence times of approximately 10 minutes have been
reported for verteporfin loading into MSC-derived EVs®®), without
the need for integrated actuators, electrodes, or transducers. This
translates into lower fabrication cost and simpler GMP qualifica-
tion, though at the expense of the narrower cargo range discussed
above. Soft active loading requires substantially more complex
device architectures. Mechanical nanoporation devices, for
instance, rely on nanochannel arrays with heights on the order
of 130 nm - closely matched to EV diameter - fabricated with
high-precision nanolithography, which increases manufactur-
ing cost and limits throughput scalability relative to simpler
microchannel geometries.®” Microfluidic electroporation plat-
forms require integrated microelectrodes and precise voltage
control; reported configurations span from low-voltage droplet-
based systems operating at 10-60 V DC’® to continuous-flow
serpentine electroporation channels with interdigitated electro-
des operating at 6-22 V_PP under AC excitation.”® The need for
electrode microfabrication, electrical insulation, and prevention
of Joule heating adds engineering complexity and cost compared
to purely hydrodynamic (passive or shear-based) designs, and
requires additional validation steps (e.g., electrode degradation
monitoring) for GMP-compliant manufacturing. Disassembly and
reassembly platforms require the greatest hardware complexity
among the three strategies, as they must sequentially integrate
distinct functional zones for membrane destabilization, cargo
mixing, vesicle reassembly, and on-chip purification within a
single continuous-flow device."*" This multi-stage architecture
increases both fabrication cost and the number of process para-
meters that must be independently validated for regulatory qua-
lification, representing the most demanding strategy in terms of
manufacturing investment, even though it offers the highest
engineering control over the final vesicle composition.

Process validation, critical quality attributes, and manufac-
turing considerations. Although specific regulatory guidance
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for EV-based therapeutics is still evolving, current Food and
Drug Administration expectations for biologics and advanced
therapy medicinal products emphasize process validation, defi-
nition of critical quality attributes, aseptic manufacturing,
traceability, and process analytical technologies enabling real-
time monitoring. In this context, microfluidic platforms are
particularly attractive because their closed-system architecture
and precise control of process parameters facilitate implemen-
tation of these requirements, although strategy-specific valida-
tion frameworks remain to be established. As outlined in the
Introduction, GMP-compliant manufacturing requires pro-
cesses capable of consistently producing batches that meet
pre-defined CQAs, supported by real-time process monitoring
and validated, reproducible operating conditions.?8*8752
Although a comprehensive regulatory analysis under specific
national frameworks is beyond the conceptual scope of this
review, the three microfluidic strategies discussed above differ
meaningfully in how readily they support these requirements.
Controlled passive incubation is the most directly amenable to
process validation: because loading depends solely on diffusion
under fixed flow, temperature, and pH conditions, key process
parameters can be continuously recorded and adjusted
in real time, supporting robust, well-defined CQAs (e.g., resi-
dence time, drug concentration, EV/drug stream ratio) and
facilitating inline documentation, as already discussed in
Section 2.1.>¢80:84.9596 goft active loading strategies similarly
support inline quality control, as microfluidic platforms can inte-
grate optical detectors, impedance sensors, or nanoparticle coun-
ters to monitor size distribution, concentration, and surface charge
in real time during shear-, extensional-, or field-based perturb-
ation (Section 2.2);"*” however, defining robust CQAs for these
strategies is comparatively more demanding, since the reversibility
of membrane permeabilization is sensitive to small deviations in
shear, voltage, or exposure time, requiring tighter process control
windows than passive incubation."*"*® Disassembly and reassem-
bly strategies present the greatest challenge for CQA definition
and process validation, as the resulting EV-mimetic vesicles are
not standard EVs but hybrid constructs whose surface composi-
tion, lipid-to-protein ratio, and biological identity can vary
depending on the extent of membrane solubilization; this ambi-
guity directly affects how such products would be classified and
validated within existing pharmaceutical quality frameworks, even
though the sequential, multi-stage nature of the process (desta-
bilization, mixing, reassembly, purification) is, in principle, com-
patible with continuous, automatable, and aseptic operation.***
Across all three strategies, the closed, continuous-flow nature of
microfluidic processing is inherently favorable to aseptic manu-
facturing, as it limits manual handling and open-system exposure
relative to bulk batch processing. However, translating this inher-
ent advantage into a fully validated GMP process will require
strategy-specific quantitative CQA definitions and dedicated pro-
cess validation studies, which remain largely undeveloped for EV
drug loading and represent an important direction for future
translational work.

Universal engineering limitations. Beyond the strategy-
specific trade-offs discussed above, microfluidic EV loading
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platforms share several inherent engineering limitations that
are often underemphasized relative to their advantages in
reproducibility and process control. Non-specific protein
adsorption onto channel walls is a well-documented limitation
of microfluidic devices handling protein-rich biological suspen-
sions, including EV preparations; surface fouling progressively
alters channel hydrodynamics and can compromise long-term
reproducibility, an issue already noted for soft active loading
devices in Section 2.2'*% but equally relevant to passive incuba-
tion and disassembly and reassembly platforms, where
membrane fragments and reassembling vesicles can similarly
adsorb to channel surfaces. Channel clogging represents a
related and frequently reported concern in microfluidic sys-
tems handling biological particulates, where progressive accu-
mulation of trapped material can unpredictably alter channel
hydrodynamic resistance and ultimately halt operation alto-
gether;">>™" this is especially critical for strategies relying on
sub-micron constrictions or nanochannels, such as mechanical
nanoporation, where even minor particulate contamination
can obstruct flow entirely. Throughput represents a further,
frequently underemphasized limitation. While microfluidic
systems are often described as scalable, a single microchannel
operating under the low-Reynolds-number, laminar-flow con-
ditions required for precise, reproducible loading (Section 2.1)
inherently processes comparatively small sample volumes per
unit time. Achieving clinical-batch throughput, therefore, typi-
cally requires parallelization across multiple channels or
devices, as demonstrated for other microfluidic nanoparticle
manufacturing applications,®® which introduces additional
engineering challenges in maintaining uniform flow distribu-
tion, pressure balancing, and consistent process parameters
across parallel units - challenges that are rarely addressed in
proof-of-concept, single-channel demonstrations. Finally, long-
term continuous operation stability remains insufficiently char-
acterized for most of the strategies discussed in this review.
Microfluidic devices handling biological samples are frequently
developed and validated only for short-term, single-use opera-
tion, since progressive fouling and clogging can severely limit
performance over extended timescales unless specifically engi-
neered against.">>'>® Systematic characterization of device
performance, reproducibility, and material stability over the
longer operational timescales required for industrial manufac-
turing remains, to our knowledge, largely unaddressed for the
microfluidic EV-loading strategies discussed in this review.
Taken together, this multidimensional positioning - spanning
cargo compatibility, structural risk, hardware complexity,
regulatory readiness, and shared engineering constraints -
rather than a strict hierarchy of performance, should guide
strategy selection in future translational efforts.

3. Future perspectives

While the conceptual framework outlined in this review estab-
lishes the physical plausibility of microfluidic EV drug loading,
its translation into clinically deployable manufacturing
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processes hinges on resolving several concrete scientific
questions, emerging directly from the comparative trade-offs
identified in Section 2.4.

First, can the cargo-compatibility boundaries identified for
each strategy (Section 2.4) be extended - for example, through
hybrid passive/active schemes - to access a broader range of
therapeutic cargo without sacrificing the gentleness of passive
incubation or fully committing to the structural invasiveness of
disassembly and reassembly?

Second, what quantitative relationship links shear, voltage,
or exposure-time parameters to the threshold separating rever-
sible, structure-preserving permeabilization from irreversible
damage in soft active loading, and can this threshold be
defined with sufficient precision to support robust process
design across EV sources?

Third, what scalable, parallel-channel architectures and
fouling-resistant materials can sustain long-term, clinical-
batch-compatible throughput across all three strategies, with-
out disproportionately increasing the hardware complexity
and manufacturing cost identified for the more invasive
approaches?

Fourth, can strategy-specific, quantitatively defined CQA
panels be established and experimentally validated for soft
active loading and disassembly and reassembly - whose nar-
rower process-control windows currently limit GMP readiness
relative to passive incubation - to bring all three strategies to a
comparable level of regulatory preparedness?

Addressing these questions will be essential to move micro-
fluidic EV drug loading from a conceptually promising but still
largely unvalidated framework toward standardized, auto-
mated, and clinically deployable manufacturing processes.
Beyond the loading process itself, microfluidic platforms will
also need closer integration with upstream biological work-
flows - EV sorting, concentration, and on-chip quality-control
modules - to ensure consistent, well-characterized inputs
across the entire manufacturing pipeline.

4. Conclusions

Microfluidic technologies are poised to transform EV drug
loading by providing unprecedented control over processes
that were once empirical, low-throughput, and inconsistent.
By analyzing the fluid-mechanical regimes most relevant to EV
membrane perturbation (from shear-stress-mediated defects to
extensional flow-induced membrane dilation), this review high-
lighted how EVs can be loaded with therapeutic cargo through
precise manipulation of microscale fluid dynamics, shear
stress, residence time, temperature, pH, and concentration
gradients. Conceptually, this review reframes microfluidic EV
drug loading not as a scaled-down version of existing loading
methods, but as a platform-level shift in control: physical
parameters that are empirically managed in bulk processing —
shear, residence time, temperature, and field exposure -
become precisely defined, tunable design variables under
microfluidic confinement. This shift is articulated through
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three mechanistically distinct strategies (controlled passive
incubation, soft active loading, and disassembly and reassembly),
each evaluated against the EV-specific biophysical constraints
discussed above, rather than assumed directly transferable from
synthetic vesicle systems, and further differentiated in terms of
cargo compatibility, risk to EV integrity, hardware complexity, and
amenability to GMP-relevant process validation. This shift in
thinking opens the door to standardized and automated pro-
cesses that could be developed toward GMP compatibility and, in
the long term, replace current bulk loading techniques, provided
the translational questions outlined above are systematically
addressed.
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