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A microfluidic platform designed to enhance the development of extracellular vesicle (EV)-based
therapeutics is presented. The two-chip system combines rapid electrokinetic concentration and
purification of EVs together with counterflow buffer exchange to prepare the purified vesicles for pH
gradient-driven drug loading. The first chip employs electrophoretic enrichment to capture vesicles at the
surface of a nanoporous membrane, with punctuated operation of the electrokinetic device supporting
continuous processing of EVs from milliliter-scale volumes of cell culture supernatant. The second chip
performs continuous-flow buffer exchange to protonate the vesicles and form a transmembrane pH
gradient prior to passive loading of nucleic acid cargo. The modular components are shown to preserve
EV bioactivity throughout the full process, using disposable thermoplastic chips that eliminate the need for
device cleaning or regeneration between process runs. The technology enables a rapid and convenient
workflow for EV-based therapeutic development addressing key limitations associated with established

rsc.li/loc batch processes.

Introduction

Due to their biocompatibility, nanoscale dimensions, and
intrinsic  targeting capabilities, therapeutics employing
extracellular vesicles (EVs) as drug carriers have garnered
substantial interest in recent years." As the field advances,
there is a need for improved EV therapeutic development
workflows that can accelerate preclinical studies and early
clinical trials.>* Regardless of the vesicle source, e.g. patient
tissues or cell culture, vesicle purification,” concentration,>”
and cargo loading® ™" are central steps for the preparation of
EV-based nanomedicines. Faster and more efficient methods
for vesicle enrichment, contaminant removal, and drug
loading are thus essential to fully harness the potential of EVs
for drug delivery.

Current approaches for the isolation and enrichment of
EVs prior to downstream drug loading typically employ
ultracentrifugation,’>** tangential flow filtration (TFF),">"°
size exclusion chromatography (SEC),"”'® affinity-based
isolation'® or a combination of these techniques.*® While
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ultracentrifugation is accessible and capable of processing
large volumes, the high inertial forces can disrupt vesicles
and co-pellet proteins, thereby reducing EV yield and
requiring additional processing steps to ensure product
purity.>* In addition, centrifugation is a batch process that
not amenable to scalable manufacturing using continuous-
flow processing. SEC can effectively isolate EVs from proteins
based on size in a gentle process that avoids vesicle
degradation, but it can suffer from low recovery, limited
throughput, and high variability. SEC also requires the use of
resins that must be periodically regenerated and replaced,"’
and like UC it also suffers from poor scalability. While TFF is
a continuous-flow process that is fully scalable while offering
high yield and reproducibility, it often retains larger soluble
protein contaminants, and employs infrastructure that
requires specialized training to operate and maintain.***?
Unlike size- or charge-based techniques, affinity-based
isolation captures through specific molecular
recognition, enabling highly selective purification of target
EV subpopulations.'®**?*> However, this approach can suffer
from low recovery, high reagent costs, potential alteration of
vesicle surface properties during elution, and poor scalability
for therapeutic EV production.?>*® Precipitation-based
purification of EVs has been widely employed®*>* as a low
cost and highly scalable process.””*® However, precipitation
is slow (>12 h) and results in co-precipitation of non-EV
components that reduce the purity of the final solution.>

vesicles
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To overcome these various limitations, a number of
microfluidic platforms have emerged as promising tools for
EV processing.’* > Passive size-based microfluidic systems
based on deterministic lateral displacement (DLD) have been
shown to enable the removal of large particles during
continuous flow while preserving EVs under low-shear
conditions.**** Platforms employing low-volume membrane
filtration based on direct size exclusion®>*® or microfluidic
TFF'® have also been developed with high levels of EV
purification and recovery reported. However, these passive
microfluidic systems are tailored for EV biomarker discovery
or detection from small sample volumes rather than scalable
therapeutic development.

In contrast to these passive technologies, active processing
using electrokinetics offers potential for enhancing both the
selectivity and throughout for EV enrichment by leveraging
the well-defined charge state and dielectric properties of the
vesicles.*” Microfluidic platforms based on dielectrophoresis
(DEP) have used the polarizability of EVs to capture vesicles
within the nonlinear electric field gradient at the edges of a
fixed electrode,®® while also platforms have employed an
array of DEP electrodes within a flow cell to selectively route
vesicles to a collection channel while allowing proteins and
other contaminants to be depleted from the initial
suspension.’**" Extending this latter approach, DEP has
been further combined with acoustophoresis to sort EVs with
95% purity and 81% recovery.”® Ion concentration
polarization (ICP) has also been explored for EV enrichment
by electrokinetically mobilizing the charged vesicles toward
an ion-selective membrane where a local ion depletion zone
creates a barrier to further transport, resulting in vesicle
accumulation at the membrane surface.”>** While ICP has
been shown to enable EV enrichment with higher recovery
and lower vesicle damage than UC,*> the process is
constrained by the use of static sample volumes** or low flow
rates on the order of 1-3 pL min",*>* together with low
overall loading capacity due to small membrane surface area,
limiting its utility for scalable therapeutic processing.

Beyond DEP and ICP, a number of other microfluidic
platforms have combined electrophoresis with membrane
filtration for EV processing. Because EVs possess a negative
charge, they are readily mobilized by direct electrophoresis
within an electric field. By imposing a voltage gradient
across a membrane while passing EVs through an adjacent
microchannel, vesicles may be mobilized through the
membrane pores while rejecting larger contaminants by size
While electrophoretic filtration has been
demonstrated for EV purification from blood using a porous
polymer monolith integrated into a thermoplastic chip,*®
this approach cannot proteins or other
contaminants below the membrane pore size. Alternately, by
using a membrane with pore dimensions below the
minimum EV size, may be retained and
concentration on the membrane surface while charged
contaminants are allowed to traverse the pores. This
electrophoretic ~ enrichment process has  previously

exclusion.

remove

vesicles
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implemented in a millifluidic system fabricated from
machined aluminum, with a pair of track-etched

polycarbonate membranes separating a sample flow channel
from upper and lower buffer chambers containing electrode
plates®” When applying a transverse electric field across the
sample channel, 60% EV recovery and 84% protein removal
was achieved under 20 uL min™* continuous sample flow.

Following EV concentration and purification, the efficient
loading of drug cargo into the enriched vesicles presents a
further bottleneck in the development of EV-based
therapeutics.>*® Batch methods employing mechanisms
including electroporation,*® sonication®® are widely employed
to disrupt the membrane to enable the diffusion of nucleic
acids or small molecules into the vesicles. While the
literature documents successes with this method, other
studies have raised concerns, noting issues such as
significant RNA aggregation and alterations in EV
morphology.”® Another study reported that sonication
enables siRNA loading without notable aggregation, although
extended sonication times led to nucleic acid degradation.”
In this context, pH gradient-driven loading of nucleic acids is
a recent advance for EV therapeutic preparation enabling
loading efficiencies comparable to methods based on
membrane disruption while avoiding vesicle or cargo
degradation.’**® The pH gradient loading process works by
protonating the internal lumen of the vesicles, resulting in
electrostatic interactions with therapeutic molecules such as
microRNA (miRNA) or small interfering RNA (siRNA that are
able to draw these small negatively-charged nucleic acids into
the vesicle core. However, the technique remains a batch
process requiring multiple steps including dehydration,
rehydration, dialysis, and drug incubation that are not
amenable to in-line processing. To improve the reliability
and throughout while reducing reliance on complex
instruments, new technologies are needed to move key steps
of the pH gradient drug loading process towards continuous-
flow operation.

Here we introduce a two-chip microfluidic platform
designed to address several of the central challenges in EV-
based therapeutic development. The platform was validated
using EVs isolated from cell culture supernatant, rather than
clinical specimens or biofluids, as a common source of
vesicles employed in typical EV drug production pipelines. A
schematic of the multi-chip EV processing workflow is shown
in Fig. 1. The first chip combines electrophoresis-assisted EV
enrichment and purification from cell culture supernatant to
enable over 100-fold increase in the ratio of EVs to total
protein, while recovering more than 70% of the processed
vesicles. The second chip performs pH gradient-driven buffer
exchange to prepare the EVs for therapeutic nucleic acid
loading, and is shown to support efficient passive loading of
SiRNA  cargo. The thermoplastic chips integrate
commercially-available membranes, and are designed as
disposable components to avoid the need for routine
sterilization or membrane replacement while reducing the
cost and complexity associated with conventional workflows.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Microfluidic-enabled workflow employing an electrophoretic enrichment chip enabling concentration and purification of EVs from cell
culture media, and a counterflow microdialysis chip supporting transmembrane pH gradient generation to prepare EVs for drug loading.

Both chips operate in a continuous flow-through format,
providing a compact and modular solution to advance EV
therapeutic development.

Materials and methods
Electrophoretic filtration chip fabrication

A summary of the fabrication process used for the
electrophoretic filtration device is illustrated in Fig. 2. The
design consists of an upper buffer chamber and lower
sample perfusion chamber separated by a hydrophilic mixed
cellulose ester (MCE) membrane (0.025 pum pore size, 72%
porosity, 25 mm diameter; MF-Millipore). The high
membrane porosity serves to minimize voltage drop across
the membrane for reduced Joule heating of captured vesicles
while also enhancing mass loading and protein filtration.
The membrane was patterned using a cutter plotter (Cameo
4, Silhouette) to form an 11 mm diameter central circular
region with two 4.5 mm wide and 7 mm long side extensions
that align to channels in the lower sample perfusion layer.
The membrane was patterned to increase the available
bonding area to ensure leak-free operation. The buffer and
sample perfusion layers were each constructed from a 1.6
mm thick polycarbonate (PC) substrate laser-cut to 1.5 x 3
cm and drilled with 0.65 mm diameter holes to create inlet,
outlet, and electrode wire access ports. Fluidic channel
geometries were defined using a double-sided pressure-
sensitive PET adhesive film (ARcare 90445Q, Adhesives
Research; total thickness: 81 um), patterned using a cutter
plotter (Cameo 4, Silhouette) to form a 9 mm diameter
central circular channel connected to two 1.5 mm wide side
and 5.5 mm long channels in the bottom layer, and a 9 mm
diameter circular chamber in the top layer. The MCE
membrane was placed between the two PC/PET films to
separate the sample media (bottom) and buffer (top)
chambers. After precise alignment, the full stack was
compressed in a benchtop hydraulic press (Dabpress) at 400

This journal is © The Royal Society of Chemistry 2026

psi for 4 min to bond the layers and seal the channels. After
bonding, the total on-chip volume within the sample flow
path was approximately 6.5 pL. Finally, 1 in long 22 gauge
blunt-tip stainless steel needle segments (Hamilton Syringe)
were inserted into the inlet and outlet ports for fluidic
interfacing, with 500 um i.d. flexible tubing (Microbore,
Tygon) connecting the inlet and outlet needles to a syringe
pump and sample collection vial, respectively. The total dead
volume associated with the needle ports and tubing is
estimated to be 20 pL. Nickel-chromium alloy wires (NiCr 80/
20, 22 gauge, Master Wire Supply) were inserted through two
ports located in the buffer chamber and near the inlet of the
sample perfusion channel as integrated electrodes for
electrophoretic operation, with 7.5 mm lateral spacing
between the ports. To ensure a leak-proof assembly, the
electrode access holes were sealed using epoxy.

Microdialysis chip fabrication

The microfluidic microdialysis devices used to prepare EVs
for drug loading following electrophoretic enrichment and
purification employed a fabrication process similar to the
electrokinetic concentration chips, but with multiple layer
stacked on top of one another to increase the overall length
of the dialysis zone.”” Briefly, each layer was fabricated with a
sample flow channel and buffer counterflow channel
separated by a 2.5 cm diameter MCE dialysis membrane
(0.025 pum pore size). Serpentine microchannels, each 1.5
mm wide and 12.5 cm long, were patterned in adhesive PET
sheets. A pair of patterned PET layers were bonded to
opposite sides of an MCE membrane, and PC substrates were
bonded to each of the exposed PET surfaces to enclose the
microchannels, thereby defining sample and buffer flow
paths. This process was repeated to yield the full 4-layer
device, with holes (1.5 mm diameter) formed in the
membrane using a biopsy punch (Miltex) and in the PC
substrate using a drill press to create interlayer connections

Lab Chip, 2026, 26, 353-363 | 355
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Fig. 2 Fabrication process for the electrokinetic chips for EV concentration and purification. Adhesive PET tape layers are used to define the channel
and reservoir geometry, and bonded with polycarbonate substrates containing pre-drilled holes for fluidic and electrical interfacing. A patterned MCE
membrane is positioned between the mating PET/PC layers. Needle ports and electrodes are inserted into the PC layers after bonding.

allowing fluid flow between adjacent layers. After alignment
and assembly of the multilayer stack, the device was
compressed in a benchtop hydraulic press to permanently
bond the layers. Blunt-tip needle segments were used as inlet
and outlet ports for both sample and counterflow buffer in
the final device.

Numerical simulations

The behavior of EV particles during electrophoretic
enrichment was investigated through numerical simulations
developed in COMSOL Multiphysics 6. The particle tracing
module was employed to model EV trajectories, with the 3D
model constructed with the dimensions of the fabricated
device. The simulations employed the electric currents and
creeping flow interfaces to capture the electrokinetic
environment and the low-Reynolds-number fluid dynamics

356 | Lab Chip, 2026, 26, 353-363

characteristic of the system, respectively. The simulations
were performed using an electrophoretic mobility for the
particles given by 1.2 x 10 ecm® V' s™'. This value was
selected since 95% of the vesicles exhibited EV mobility
values greater than this lower limit (Fig. S1).

Cell culture and sample preparation

Human embryonic kidney (HEK293T; ATCC CRL-3216) cells
were cultured in Dulbecco's modified Eagle's medium
(DMEM) [+] 4.5 g L' glucose, i-glutamine, and sodium
pyruvate (10-013-CV; Corning, NY, USA), supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin, in T-175 tissue culture flasks. Human
mesenchymal stem cells (hMSCs) were similarly maintained
in DMEM supplemented with 10% FBS (Cytiva; SH30910.03),
1% penicillin-streptomycin (VWR; 45000-652), and 1% non-

This journal is © The Royal Society of Chemistry 2026
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essential amino acids (Thermo Fisher Scientific; 11140050).
To remove serum-derived EVs, complete media was depleted
using tangential flow filtration (TFF) through a 300 kDa filter,
where the permeate was collected and the retentate
discarded. Cells were cultured to approximately 50%
confluency, washed with PBS, and then cultured in the EV-
depleted media for 24 hours. The conditioned media was
then collected and subjected to differential centrifugation at
1000 x g for 10 min, 2000 x g for 20 min, and 10000 x g for
30 min, retaining only the supernatant after each spin for
subsequent processing.

EV enrichment and purification

A schematic of the complete EV processing workflow and
integrated microfluidic platform is shown in Fig. 1. HEK-
conditioned media was first clarified by sequential
centrifugation at 1000 x g for 10 min, 2000 x g for 20 min,
and 10000 x g for 30 min to remove cells and large debris.
The resulting supernatant, containing EVs at concentrations
in the range of 10°-10'" particles per mL, was introduced
into the electrophoretic filtration chip. In this module, the
sample was infused through the top (sample) chamber at a
flow rate of 10 pL min~*, while 1x PBS was introduced into
the bottom (buffer) chamber at the same flow rate. An
electric field was applied across the membrane by connecting
the anode to the wire at the sample inlet and the cathode to
the buffer chamber wire. Upon applying a DC bias in the
range of 45-75 V, EVs were electrophoretically concentrated
at the bottom surface of the nanoporous membrane, while
negatively-charged proteins and small contaminants were
allowed to migrate into the buffer chamber. After
concentrating vesicles for time periods up to 40 min, the
sample channel was flushed with 1x PBS for 5 min at 7 pL
min~" while maintaining the electric field to displace residual
media with buffer while retaining collected EVs at the
membrane surface. The voltage was then turned off, and
purified, enriched EVs were collected for downstream
processing by perfusing 100 puL of buffer through the system.

Buffer exchange

For pH-gradient preparation,”® the concentrated EVs were
suspended in 70% ethanol (prepared by combining 700 uL of
100% ethanol with PBS) to a final concentration of 300 pg
mL™" and left to dehydrate overnight (~12 hours) in a 24-well
plate. Following evaporation of the ethanol, 1 mL of 300
mmol L' citrate buffer (pH 2.5) was added to rehydrate the
EVs, and the solution was gently agitated at room
temperature for 1 h. The rehydrated EVs were then
introduced into the 4-layer microdialysis chip for rapid ion
exchange. The HBS stock was prepared by dissolving 43.8 g
of NaCl in 400 mL of Milli-Q water and adding 100 mL of 1
M HEPES. HEPES-buffered saline (HBS; pH 9.4) was flowed
through the counterflow inlet in the opposite direction. The
system was operated for at least twice the -calculated
residence time to ensure full establishment of the

This journal is © The Royal Society of Chemistry 2026
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transmembrane pH gradient. Outlet samples were collected
and analyzed to confirm a pH shift from 2.5 to 7.0 across the
exchange membrane.

For control EV preparations, ultracentrifugation was
employed. Following differential spins, the conditioned
media was filtered through a 0.2 pum vacuum filter. EVs
were then isolated from the conditioned media via
tangential flow filtration (TFF) in a KrosFlo KR2i TFF system
(Repligen; Boston, MA, USA). A 300 kDa MWCO MidiKros
membrane (D02-E300-05-N; Repligen, Boston, MA, USA) was
utilized for filtering with a transmembrane pressure of 5
psi. The conditioned media was concentrated to 20 mL
before 15 diafiltration volumes of PBS were used to wash
the samples before a final concentration down to 10 mL.
The samples were further concentrated to ~1 mL using a
100 kDa Spin-X UF Concentrator (431486; CORNING,
Corning, NY, USA) before syringe filtering with a 0.2 um
filter and storing at —20 °C.

EV loading

The enriched and pH gradient-modified EVs were incubated
with 0.25 mg mL™" acridine orange (AO) in HEPES buffer for
1 h to evaluate loading efficiency. Multiple samples were
collected for each test (n = 3). To ensure that residual free AO
in the collection buffer did not interfere with concentration
measurements, the loaded EV samples were dialyzed against
isosmotic HEPES buffer using 300 kDa molecular-weight-
cutoff dialysis units (Float-A-Lyzer G2; SpectraPor, USA).
Dialysis was performed for 4 h with 3 buffer exchanges to
ensure complete removal of unencapsulated dye. Following
purification, absorbance measurements of the dialyzed
samples and a serial dilution of AO standards were obtained
at Apax = 495 nm using a spectrophotometer (SmartSpec
3000, Bio-Rad Laboratories, USA). Absorbance values were
compared with the standard calibration curve to determine
the final encapsulated AO concentration.

EV characterization

Size distribution and particle concentration were assessed by
nanoparticle tracking analysis (NTA) using a NanoSight LM10
(Malvern Instruments) with NTA analytical software version
3.4. Individual EV samples were diluted as necessary
(typically 500x) to obtain between 20-100 particles per frame
and at least 200 completed tracks per video to ensure
accurate analysis. For each sample, three 30 s videos were
captured with a camera level set at 14. The detection
threshold was set at 3 and kept constant across all replicates
and samples. Total protein concentration in each EV sample
was determined using a bicinchoninic acid (BCA) assay kit
(G-Biosciences).

Western blots

To confirm EV presence in the isolated sample and not the
waste, western blots were performed on the common EV
marker CD63. Protein content of samples collected from

Lab Chip, 2026, 26, 353-363 | 357
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media waste, buffer waste, isolated EVs, and conditioned
media was quantified using a bicinchoninic acid (BCA) assay.
Additionally, a sample of EVs isolated by TFF was added as a
control for EV presence, along with loading 200 pg of
conditioned media. CD63 presence was assessed by staining
the western blot membrane with a rabbit anti-human CD63
primary antibody (Proteintech 25682-1-AP) at a 1:1000
dilution. An anti-rabbit goat secondary antibody (LI-COR
Biosciences 926-32211) was then added at a 1:10000 dilution
for imaging. Protein band imaging was performed on a LI-
COR Odyssey CLX.

Macrophage inflammatory assay

RAW264.7 murine macrophages were seeded at 7.5 x 10*
cells per well in 48-well plates containing DMEM
supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin. After a 24 h attachment period,
cells were pretreated (in triplicate) with one of the following
conditions: phosphate-buffered saline (PBS), EV-containing
conditioned medium, 1 pg mL™ dexamethasone as a
positive anti-inflammatory control, and EVs processed
through electrokinetic concentration and pH-gradient buffer
exchange, normalized by particle count to 1 x 10%, 1 x 10°,
and 1 x 10" particle doses. Following 24 h pretreatment,
the media was removed and replaced with 10 ng mL™"
lipopolysaccharide (LPS, E. coli O111:B4, Sigma Aldrich) in
PBS, except for 3 PBS-treated wells serving as unstimulated
controls. After 4 h of LPS stimulation, supernatants were

View Article Online
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collected, snap-frozen at -80 °C, and analyzed for TNF-a
levels using ELISA within 3 days.

Results and discussion
Electrophoretic concentration

Extracellular vesicles possess a net negative surface charge
due primarily to the presence of glycoproteins as well as both
anionic and  zwitterionic ~ phospholipids in their
membranes,’® As a result, EVs can exhibit high electrokinetic
mobility and will migrate in a direction opposite to an
applied electric field. The microfluidic electrokinetic
concentration device reported here imposes a positive field
between a sealed upper buffer reservoir and a lower sample
channel separated by a membrane with pore dimensions of
25 nm, below the 30-40 nm EV size limit.>*®*® When the
electrokinetic drift velocity is sufficient to overcome bulk
fluid flow, vesicles are retained at the membrane surface
before exiting the chamber, allowing EV concentration to
increase over time as sample is perfused through the system.

Using a fabricated electrophoretic enrichment chip as
presented in Fig. 3A, vesicle retention was evaluated under
varying voltages, operation times, and initial EV
concentrations to assess device performance and identify
optimal operational parameters. As shown in Fig. S2,
experiments were performed at an operating voltage of 75 V
to investigate the effect of flow rate. As flow rate increases, a
greater portion of EVs is able to escape the collection
chamber due to higher average hydrodynamic mobility,
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Fig. 3 EV concentration performance under varying voltages and processing times. (A) Fabricated microfluidic flow cell with integrated electrodes
and MCE membrane for electrophoretic enrichment and purification of EVs. (B) Effect of applied voltage on EV retention during electrokinetic
capture. Experimental data was collected using an input solution of 1 x 10° vesicles per mL and 10 min capture period. (C) Time-dependent
concentrations and (D) capture efficiency for initial EV input levels between 108-10%° vesicles per mL when operating at 60 V bias. All experiments

were performed at a constant flow rate of 10 uL min™.

358 | Lab Chip, 2026, 26, 353-363

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00870k

Open Access Article. Published on 02 December 2025. Downloaded on 3/18/2026 8:14:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

resulting in a drop in EV recovery. Based on these results, a
flow rate of 10 pL, min~" was selected for subsequent studies.
A numerical model (Fig. S3) was employed to evaluate the
electric field distribution, with particle tracing used to
determine vesicle capture efficiency, defined as the number
of EVs retained in the collection chamber normalized to the
total number of vesicles perfused through the system at each
time point. As expected, electric field distribution within the
enrichment chamber was found to be highly inhomogeneous
for the given chamber geometry, electrode geometry, and
electrode positions. The simulated EV particles were found to
aggregate at the lower membrane surface immediately
beneath the buffer electrode and at the interface between the
collection chamber and outlet channel, with an increasing
portion of the captured particles appearing near the electrode
at higher voltages. While the single-wire electrodes used in
our design served to simply device fabrication, further efforts
to optimize system performance would likely benefit from
the use of multiple buffer electrode wires or integration of a
single large cathode at the upper surface of the buffer
chamber to enhance electrokinetic mobilization of EVs to the
membrane surface.

As seen in Fig. 3B, the numerical model predicts complete
capture at voltages above 60 V, whereas at 45 V the device
retains only 56% of vesicles introduced into the system. A
similar trend was observed in experimental data collected
using an input concentration of 10° particles mL™ (Q = 10 uL
min~, ¢ = 10 min), although with reduced capture efficiency
that plateaus at a value around 75% at biases above 60 V.
The lower measured peak capture efficiency may reflect
losses during the EV recovery and measurement process.
Vesicle loss may also result from particle degradation due to
Joule heating, particularly at higher applied voltages. The
electrothermal response of the sample solution during
enrichment was also modeled by numerical simulation,
yielding a steady-state peak temperature rise of 14 °C when
employing a 60 V bias. Although EVs have been shown to
exhibit a high level of physicochemical stability at 37 °C for
at least 24 h, temperatures of 50 °C and beyond can lead to
vesicle degradation.®® Thus while the impact of Joule heating
on vesicle loss is expected to be minimal at 60 V, higher
biases may impact performance. To reduce the potential for
vesicle degradation while maximizing capture efficiency, a
bias of 60 V was selected for all subsequent experiments. The
effect of processing time on vesicle capture was next
examined across a range of initial EV concentrations (10°,
10%, and 10" particles per mL) at 60 V and Q = 10 uL min™".
Under these conditions the steady-state current was
measured as 1.25 mA, with a nearly linear current-voltage
relationship observed when gradually increasing the voltage
up to 60 V, suggesting minimal contribution of
electrochemical or nonlinear polarization effects to the
overall electric field within the device.

As expected, longer capture times resulted in higher EV
concentration in the final eluent (Fig. 3C). However, as seen
in Fig. 3D, capture efficiency was found to drop longer
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operating times and initial vesicle concentration, with a
significant reduction in capture efficiency observed as the
initial sample concentration increases from 10° to 10’ EV
mL™. This behavior is likely due to limited membrane
capacity, with disruption of the electric field gradient and
reduced electrokinetic velocity occurring as larger numbers
of vesicles accumulate in the available membrane pores. The
formation of an osmotic pressure gradient may also play a
role, with transport of ions across the membrane during
vesicle enrichment generating a bulk fluid flow that opposes
mobilization of EVs to the membrane surface.

To confirm EV enrichment using an orthogonal assay,
Western blots were performed to measure levels of CD63 as
an EV biomarker®® in enriched sample, culture media waste,
and buffer waste from an electrokinetic chip following 10
min capture at 60 V and 10 pL min " flow rate (Fig. S5).
Assays were also performed with initial culture medium as
well as TFF-processed culture medium as a comparative
control. No detectable marker was found in the buffer waste,
while a clear set of bands reflecting the presence of CD63
and its glycosylated isoforms were observed in the initial
culture medium and enriched sample. The primary band
intensity for the enriched sample was found to be
approximately 20% lower than the initial culture media band,
consistent with the collection efficiency results previously
obtained by DLS analysis (Fig. 3D), while quantification of
the culture medium waste reveals approximately 8% EV loss
relative to the initial culture medium. This discrepancy is
most likely due to the semi-quantitative nature of the
Western blots, although it is also possible that some vesicles
remain trapped within the membrane pores or irreversibly
adsorbed to the membrane or channel surfaces. We also note
that the lack of CD63 in the buffer waste suggests that no
significant passage of EVs or vesicular debris across the
membrane occurs during enrichment.

Given a nominal concentration of 1 x 10° particles per mL
for our EV samples harvested from HEC cell culture, an
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Fig. 4 Particle size distributions after enrichment by conventional
ultracentrifugation, and after microfluidic electrophoretic enrichment
at 10 pL min™* flow rate and 60 V bias for 10 min.
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electrophoretic concentration time of 10 min at 60 V was
used for following studies to avoid significant saturation
while concentrating EVs to final levels suitable for pH
gradient-mediated cargo loading (~10"" particles per mL).**

EV recovery and size distribution

Size distribution analysis revealed effective EV enrichment by
the electrokinetic concentrator compared with
ultracentrifugation (Fig. 4). All experiments yielded a
dominant peak centered near 86 nm and an overall particle
size distribution between approximately 50-200 nm as
expected for the purified EV samples. The microfluidic device
achieved a peak particle concentration nearly 20% higher
than ultracentrifugation, and over 40% higher total vesicle
recovery based on the area under each curve, revealing that
the electrokinetic mechanism is capable of capturing a
greater portion of the vesicle population while minimizing
loss during processing. Additionally, both the conventional
and microfluidic methods significantly reduced a secondary
peak near 140 nm observed in the untreated HEK-
conditioned media (Fig. S4) that may reflect the presence of
protein aggregates, apoptotic bodies, or other non-vesicular
debris in the initial sample.

Protein removal efficiency

Depleting proteins during the preparation of EV-based
therapeutics is necessary to ensure safety and efficacy of the
final drug product, since residual proteins can obscure the
therapeutic effects of EVs and trigger unwanted immune
responses. Because the 25 nm pore size of the membrane
used for electrokinetic concentration is significantly greater
than the hydrodynamic radius of most proteins, including
large antibodies such as IgM, negatively charged proteins are
expected to be efficiently transported across the membrane
during the EV concentration process, while proteins carrying
a net positive charge are electrokinetically ejected from the

10t *kxkk

10°

EVs (x107) / ug protein

enriched EVs

culture media
Fig. 5 Number of HEK293T EVs per microgram of protein measured
in initial culture media and processed samples following electrokinetic
enrichment (n = 3). EV counts and protein amounts were determined
by NTA and BCA analysis, respectively.
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concentration zone. Protein removal was evaluated using a
BCA assay, both with and without a post-processing PBS flush
prior to EV collection. As shown in Fig. 5, the ratio of EVs to
total protein increased by more than 100-fold in the enriched
sample compared to the initial culture medium and other
control samples. While conventional approaches to protein
removal such as tangential flow filtration (TFF),*
ultracentrifugation,” and bulk dialysis®* typically require
large sample volumes and extended operation times, the
electrophoretic device achieves comparable protein depletion
and buffer replacement while processing smaller sample
volumes (100 pL) in a convenient and rapid flow-through
process, making it particularly well-suited for preclinical
studies or work using limited EV samples.

Punctuated sample enrichment

Due to the saturation effect observed in Fig. 3C, the
electrophoretic enrichment process cannot be applied to
arbitrarily large sample without loss of
performance. To overcome this limitation while enabling
continuous and scalable processing, operation of the device
in a punctuated mode was explored. In this approach, large
samples are processed by sequentially concentrating and
collecting smaller aliquots in series. To evaluate device
performance under punctuated operation, 100 pL aliquots
of a 1 mL sample volume were sequentially processed in a
single device at a flow rate of 10 uL min~" for 10 min each
(Fig. 6). The 10 min cycle time serves to avoid significant
loss of capture efficiency associated with longer processing
periods, as seen in Fig. 3D. Analysis of the EV concentration
in each collected fraction shows consistent performance
across all runs, with low variability between each collected
fraction and cumulative EV recovery that is nearly linear
with cycle count, confirming reproducible enrichment for
the full 1 mL sample. This result demonstrates that

volumes
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Fig. 6 Punctuated operation of the electrophoretic enrichment
device. EV samples were sequentially processed in 100 pL aliquots
(@ = 10 uL min™, t = 10 min per cycle) across 10 consecutive
collection cycles.
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punctuated operation can serve as a scalable strategy for
processing larger input volumes without compromising
capture efficiency or reproducibility.

Buffer exchange for pH gradient formation

Following EV concentration and purification using an
electrokinetic enrichment chip, the collected vesicles were
prepared for pH-gradient-based loading. In the first step, the
vesicles were dehydrated with ethanol overnight to remove
residual water and then rehydrated in citrate buffer at pH 2.5
for 1 hour to protonate the lipid headgroups and encapsulate
the acidic environment as required to establish an internal
low-pH compartment. A 4-layer microdialysis chip (Fig. 7)
was then employed using HBS at pH 9.4 as a counterflow
buffer to form a transmembrane pH gradient suitable for
active loading of drug cargo into the vesicles. Counterflow
channels were maintained at equal flow rates of 20 uL min™"
in opposite directions, consistent with our previously
reported operating conditions.’” Replicate runs confirmed
reproducible buffer exchange performance, with negligible
variation observed in buffer pH, vesicle size distribution, or
vesicle concentration.

Therapeutic loading within the processed vesicles was
characterized wusing AO, an amphipathic weak base
commonly used as a model agent to evaluate ion-gradient
drug loading that has also been investigated as an exosome-
based theranostic agent for multiple cancers.®® Following
incubation of EVs with AO, the measured encapsulation
efficiency of AO within the enriched and pH gradient-
modified vesicles was found to be 89 + 3% (mean + SD, n =
3). This high encapsulation efficiency confirms the formation

HBS in

EVs out

Fig. 7 Multilayer microfluidic counterflow dialysis chip for continuous
buffer exchange.
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of a steep transmembrane pH gradient during counterflow
microdialysis, leading to efficient protonation and
aggregation of drug within the vesicles. The low variance
among replicates further indicates high reproducibility for
the overall loading process, demonstrating that the pH-
gradient-based approach enables robust and consistent
encapsulation within the enriched vesicles.

To confirm that EVs retain functional bioactivity after
processing through the full electrokinetic concentration and
pH-gradient buffer exchange, a TNF-a. suppression assay was
conducted using LPS-stimulated RAW264.7 macrophages
(Fig. 8). LPS was used to induce a controlled inflammatory
response, serving as a standard model for assessing anti-
inflammatory efficacy of the processed EVs. Vesicles were
isolated, purified, and conditioned using the microfluidic
devices were administered at three dose levels: 1 x 10%, 1 x
10°, and 1 x 10" particles. Compared to the control group
that lacked EV exposure (no treatment), which exhibited
elevated TNF-o. secretion (~43000 pg mL™"), all EV
pretreatment groups significantly suppressed
proinflammatory cytokine production in a dose-dependent
manner. EV at doses of 1 x 10°, and 1 x 10'® particles resulted
in robust reductions, with the 1 x 10'° particles achieving
near-complete suppression comparable to the positive control
(dexamethasone-treated group). Notably, TNF-a levels in the
10'® EV group approached basal levels observed in the
untreated media group, confirming strong anti-inflammatory
effects. The clear dose-response indicates that EVs processed

80000
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Fig. 8 Bioactivity assay evaluating the anti-inflammatory effects of
EVs processed through electrokinetic concentration and pH-gradient
buffer exchange. EVs were derived from MSC-conditioned media and
tested for their ability to suppress LPS-induced TNF-a production in
RAW264.7 macrophages. Experimental groups included untreated
media, LPS-stimulated (no treatment) control, dexamethasone-treated
media, and EV pretreatments at doses of 1 x 10° particles, 1 x 10°
particles, and 1 x 10 particles. All values were expressed as mean +
standard deviation (**p < 0.01, ***p < 0.001).
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through the electrophoretic concentration and purification
steps followed by pH-gradient buffer exchange remain
biologically active and functionally intact, and retain their
immunomodulatory function.

Conclusion

The use of electrophoretic enrichment and counterflow
microdialysis offers a modular approach to EV-based drug
preparation, combining efficient and scalable isolation of
purified vesicles from cell culture supernatant with
continuous-flow buffer exchange for downstream drug
loading via pH gradient-based encapsulation of therapeutic
molecules within the vesicles. By operating the
electrophoretic enrichment process in a punctuated mode,
the technology supports the continuous concentration of EVs
from large initial sample volumes. Similarly, the counterflow
microdialysis technology provides an effective tool for
continuous-flow buffer exchange, enabling rapid pH shifting
to be performed prior to drug incubation. Both thermoplastic
components are manufactured using  off-the-shelf
membranes that ensure reliable operation in a compact
footprint. The combined system has been confirmed to
preserve vesicle integrity and bioactivity, making the process
well suited for use in translational applications. While the
platform was developed and validated for applications in EV-
based drug development using vesicles harvested from cell
culture, it may be possible to adapt the modular design to
process more complex biological matrices such as blood
plasma, urine, or cerebrospinal fluid, thereby extending its
potential for both diagnostic and therapeutic use. A
limitation of the presented approach is the need for vesicle
dehydration and rehydration to be performed manually prior
to buffer exchange, preventing seamless coupling of the
upstream isolation and downstream drug loading processes
in the current implementation. Future efforts to integrate
these intermediate steps are expected to enable fully
automated and scalable manufacturing of EV therapeutics
using the microfluidic-enabled technology.
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