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ABSTRACT: Small extracellular vesicles (sEVs) generated
from the endolysosomal system, often referred to as exosomes,
have attracted interest as a suitable biomarker for cancer
diagnostics, as they carry valuable biological information and
reflect their cells of origin. Herein, we propose a simple and
inexpensive electrical method for label-free detection and
profiling of sEVs in the size range of exosomes. The detection
method is based on the electrokinetic principle, where the
change in the streaming current is monitored as the surface
markers of the sEVs interact with the affinity reagents
immobilized on the inner surface of a silica microcapillary. As
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a proof-of-concept, we detected sEVs derived from the non-small-cell lung cancer (NSCLC) cell line H1975 for a set of
representative surface markers, such as epidermal growth factor receptor (EGFR), CD9, and CD63. The detection sensitivity
was estimated to be ~175000 sEVs, which represents a sensor surface coverage of only 0.04%. We further validated the ability of
the sensor to measure the expression level of a membrane protein by using sEVs displaying artificially altered expressions of
EGFR and CD63, which were derived from NSCLC and human embryonic kidney (HEK) 293T cells, respectively. The analysis
revealed that the changes in EGFR and CD63 expressions in SEVs can be detected with a sensitivity in the order of 10% and 3%,
respectively, of their parental cell expressions. The method can be easily parallelized and combined with existing microfluidic-
based EV isolation technologies, allowing for rapid detection and monitoring of sEVs for cancer diagnosis.

KEYWORDS: extracellular vesicles, electrokinetic effect, biosensor, label-free, protein profiling, cancer

ecent studies have revealed that extracellular vesicles

(EVs) participate in a wide range of physiological
processes, such as intercellular communication, tissue repair,
and in the regulation of immune response.”” It has also been
demonstrated that EVs play a leading role in the pathogenesis
of many diseases, including cancer progression.l_3 Exosomes, a
subtype of EVs, have drawn particular interest as a source of
biomarkers for cancer diagnosis, because their content reflects
their tumor cell of origin and their presence in body fluids
enables minimally invasive disease monitoring."” Although the
precise definition is still controversial,"** small EVs (sEVs,
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40—200 nm in diameter) derived from the endolysosomal
pathway and enclosed by a lipid bilayer are usually referred to
as exosomes.””” In the context of tumors, investigations during
the past decade have discovered the ability of exosomes to
stimulate tumor progression and metastasis development, in
addition to controlling the communication between tumor
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Figure 1. Electrokinetic platform and detection principle. (A) Schematics of the measurement setup. (B) Schematics of the inner capillary surface
functionalization strategy, showing immobilized antibodies as affinity reagents for capture of sEVs by their surface proteins. (C) Schematics of the
electrokinetic detection technique, showing the change in the streaming current difference (AI, — AI;) between buffer injection (region 1) and
sEVs binding to the affinity reagents on the sensor surface (region 2). Inset showing the streaming currents recorded for the periodic pressure
pulses of 1.5 and 3 bar, from which AI and {* are calculated and monitored over time. Schematics are not to scale for the sake of simplicity.

. 2,6,7 . .
cells and the immune system.””’ An intense interest has

therefore developed for exosome-based liquid biopsies, where
the tumor and its treatment response can be directly and
repeatedly monitored in body fluids,*” e.g., in plasma, pleural
effusion, urine, or saliva, unlike traditional tissue-based
biopsies. In addition, because exosomes are secreted by early
stage tumor cells, liquid biopsies based on exosomal surface
markers also offer a promising option for early cancer
detection."’

The main techniques currently used to detect sEVs involve
molecular counting approaches, e.g., dynamic light scatter-
ing;11 conventional antibody-based immunoassalys,lz_15 e.g.,
flow cytometry;'> or optical methods,'*' e.g., surface
plasmon resonance (SPR). A large number of microfluidic-
based technologies are also available for both isolation and/or
detection. These include deterministic lateral displacement
arrays (DLDs), microfluidic-based membrane filtration, micro-
fluidic-based immunoafhinity capture, ExoChip, and fluores-
cence flow cytometer, etc.”'~>" These methods have been
described and compared in a number of review articles.”*>*>
Despite the good performances and advantages in their specific
uses, some of these methods are limited by a number of
factors, such as being time-consuming and employing bulky
and expensive detection devices, in addition to requiring large
sample volumes and extensive labeling for detection. Others
have instead reported on electrical detection of EVs,>’ ™'
however, all of them employing electrochemical readouts.
Moreover, in most of these cases, signal amplification and/or
sample enrichment strategies have been employed,””**
making these approached multisteps and increasing their
analytical cost.
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In comparison, electrokinetic approaches, widely used for
sensitive surface characterization, offer a simple yet efficient
method for the determination of molecule deposition kinetics
and surface coverage at a solid—liquid interface.”> Although
extensive studies involving a variety of particles, e.g., latex,
colloidal %old, or dendrimers, have been reported in the
literature,”” the practical application of the method, particularly
in the field of specific biomolecule detection, has been limited
to the detection of proteins or small molecules only.*™** The
theoretical studies, validated by experimental investigations,
however, indicate a stronger electrokinetic effect with larger
molecules.*®*” Therefore, SEVs, being 100—1000-fold larger
than most proteins, offer a potentially favorable situation for
sensitive detection with electrokinetic approaches. Here, for
the first time, we demonstrate the prospect of using an
electrokinetic method for label-free detection and profiling of
sEVs in the size range of exosomes. The method measures the
changes in streaming current (AI) within a functionalized
microcapillary upon sEV binding. Moreover, being purely
electrical, it does not require any intermediate labeling steps,
allowing for direct detection from small sample volumes. At
the same time, it offers the possibility of easy integration with
microfluidics-based exosome isolation techniques as well as
scaling up with simple fabrication steps, illustrating a potential
clinical utility for cancer diagnostics and/or therapy monitor-
ing.

To prove the concept, we first demonstrated the detection of
sEVs based on a set of representative surface markers, which
included the tumor-associated protein epidermal growth factor
receptor (EGFR) and the exosomal tetraspanin family proteins
CD9 and CD63. For this investigation, the sEV samples were
harvested from the non-small-cell lung cancer (NSCLC)
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H1975 cell line. The target selectivity was achieved by
immobilizing target-specific affinity reagents. Furthermore, we
evaluated the detection sensitivity, representing the minimum
detectable sEV concentration, and reproducibility by a series of
measurements. Finally, we analyzed sEV samples containing
different expression levels of EGFR and CD63, where the
EGFR expression was reduced by siRNA in NSCLC H1975
cells and the CD63eGFP fusion protein was overexpressed by
stable transfection in HEK 293T cells. The results showed the
prospect of semiquantitative expression profiling of sEV surface
markers with high sensitivity and reproducibility.

B MATERIALS AND METHODS

Reagents. Ultrapure water was prepared using a Milli-Q synthesis
water purification system (Merck Millipore, Germany). Phosphate-
buffered saline (PBS) in tablets was purchased from VWR Life
Science. Anti-CD9 antibody (ab195422) was purchased from Abcam;
anti-CD63 antibody (mabS048), from R&D System. As affinity
reagent against EGFR, the affibody Zggpg,377 was recombinantly
produced at the Department of Protein Science at KTH, Sweden®®
(method in the Supporting Information). If not stated otherwise, all
of the other chemicals were purchased from Sigma-Aldrich.

Detection Method. For the detection, the I, induced by a
pressure driven flow of a PBS buffer (or sample) through a hollow
silica microcapillary was measured. All of the experiments were
performed with a microcapillary having an inner diameter of 25 ym
and a length of ~4 cm. Figure 1A shows a schematic representation of
the electrokinetic detection setup. A flow sensor (Elveflow, MFS3)
placed at the inlet of the microcapillary was used to monitor and
maintain the flow rates. A pair of electrodes, a Pt tube at the inlet, and
an Ag/AgCl reference electrode at the outlet of the microcapillary
were used to measure the streaming current. Using a commercial
pumping system (Elveflow, OB1), a continuous train of periodic
rectangular pressure pulses (30 s pulse duration) of 1.5 bar pulse
height (1.5—3 bar) were generated to drive the solutions through the
microcapillary. The flow rates were measured to be 6 and 3 yL/min
for the applied pressures of 3 and 1.5 bar, respectively. The I for the
periodic pressure pulses was recorded by using a Keithley source
meter and then converted to a change in the apparent { potential ({*)
according to the following equation:

pr=Bhn L
AP egy) A (1)
where 25 s the change in I, with pressure, 5 the viscosity, eg, the

permittivity, and L/A the length and cross-section of the capillary,
respectively. The collected data were analyzed by a custom-designed
software.

The inner surface of the microcapillary was functionalized with
affinity reagents against specific SEV membrane proteins, immobilized
via glutaraldehyde (GA) coupling (Figure 1B). Upon injection, the
sEVs gradually diffused to the surface, allowing interaction of their
surface proteins with the immobilized affinity reagents. This led to a
change in the streaming current, which was directly measured by the
setup (Figure 1C). All experiments were performed at room
temperature with PBS at pH 7.4. However, the PBS buffer was
diluted to 0.1X to decrease the concentration of counterions, thereby
increasing the magnitude of the measured { # 40

Surface Functionalization. The capillary inner surfaces were
functionalized following the procedure reported by Dev et al.>> A
detailed description is presented in the Supporting Information.

sEV Purification and Isolation. Two different sources of sEVs
were used and analyzed in this study. The tumor derived sEVs were
collected from the NSCLC H1975 cell line expressing mutant EGFR
(L858R and T790M),*" whereas the second sEV source was derived
from the HEK 293T cell line, engineered to overexpress CD63 fused
to eGFP (CD63eGFP). For the NSCLC H1975 sEV isolation, a
standard size exclusion chromatography method was used, whereas,
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for the HEK 293T sEV isolation, a differential centrifugation protocol
was followed'>** (detailed descriptions in the Supporting Informa-
tion).

Ablation of EGFR Expression on NSCLC sEVs. H1975 cells
were plated in 175 cm? flasks with RPMI-1640 medium supplemented
with 10% fetal bovine serum (FBS). The following day, cells were
washed with serum-free media and transfected with 50 nM si-EGFR
(No. AMS1331, Life Technology) or control siNT (No. 12935300,
Life Technology) using Dharmafect 1 (Dharmacon) as transfection
reagent for about 4 h, followed by addition of 10% FBS. After 24 h,
the transfection medium was removed and cells were washed with
media containing exosome-depleted serum and grown for another 48
h in exosome-depleted FBS media. sEVs were isolated as described in
the Supporting Information. Cells as well as EVs were harvested for
RNA and protein analyses.

sEV Characterization. The sEV samples from NSCLC H1975
cells were characterized using nanoparticle tracking analysis (NTA),
Western blot (WB), qPCR, and scanning electron microscopy (SEM)
(methods in the Supporting Information, results in Figure S1). The
sEVs derived from HEK 293T cells were characterized by NTA, flow
cytometry, and fluorescence microscopy (methods in the Supporting
Information, results in Figure S2).'”*> The stability of both sEV
samples used in this study in 0.1 X PBS was evaluated by NTA, which
showed insignificant influence from the buffer ionic strength and
integrity of the molecules in this buffer (Figure S3).

Surface Plasmon Resonance on NSCLC sEVs. Experiments
were conducted in a BIAcore 2000 instrument (GE Healthcare) using
1 X PBS, pH 7.4 as a running buffer. Commercial CMS sensor chips
(GE Healthcare) were used. The system was equilibrated with
running buffer until a stable baseline was obtained. All capture probes
were covalently coupled to the carboxymethylated dextran matrix
using the standard EDC/NHS amine coupling procedure, preconcen-
tration 100 mM sodium acetate buffer, pH 4.5, and 10 min contact
time at 10 p#L/min. Affibody molecules were immobilized at 40 ug/
mL and antibody molecules at 10 pg/mL, which resulted in
approximately 6000 RU and 12000 RU final immobilization levels
against control surface. EV detection and dilution was performed in
filtered and degassed running buffer; the analyte was injected at 10
uL/min for 20 min. The chip surface was regenerated by 10 s
injection of 10 mM HCL

B RESULTS

Electrical Detection of sEVs and Detection Specific-
ity. For setting up the device, we selected EGFR as a target
marker and used anti-EGFR affibody as an affinity reagent. The
rationale for using this protein was that EGFR is frequently
mutated and/or overexpressed in different tumor types and is
an oncogenic driver in some non-small-cell lung cancers,
thereby being a target of oncological clinical relevance.”"**
Accordingly, the sEVs utilized in these experiments were
secreted from the NSCLC H1975 cell line expressing a mutant,
constitutively active EGFR. The purified sEV samples were
characterized by NTA to estimate their size distribution and
particle counts, whereas their morphologies were investigated
by SEM. For the analysis of protein expression, WB analysis
was used (Figure S1).

For the electrokinetic detection measurements, we recorded
{* as a function of time by first injecting a freshly prepared 0.1
X PBS buffer. This was followed by sEV injection under
identical pressure and flow profiles, while recording the
association curve. Figure 2A shows a typical real-time response
curve of sEVs interacting with immobilized anti-EGFR affibody
on the capillary surface. As presented, the sample injection
induced a gradual change in {* and was followed by 0.1 X PBS
injection, to remove unbound/loosely bound molecules.
However, considering that the bound sEVs may also start
dissociating at this stage, a fixed buffer injection period of 30
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Figure 2. Detection of NSCLC H1975 sEVs targeting the EGFR surface marker using an anti-EGFR affibody and specificity of capture. (A) Real-
time measurement showing a typical response curve of the electrokinetic microcapillary sensor. sEVs were injected for about 80 min at a
concentration of 2 X 10 particles/mL. Arrows indicate the beginning and end of sEV injection; the dashed line delimits the measured signal. (B)
Bar plot showing the typical signal arising from the end-point measurement approach and the sensor responses to control measurements (anti-
EGFR affibody capillaries upon sEV-free cell medium injection and capillaries without anti-EGFR affibody upon sEV injection). sEVs were
incubated at a concentration of 3.4 X 10° particles/mL. Measurements performed in triplicate and shown as mean + SD. (C) SPR response when
targeting the same EGFR on sEVs, which were injected at a concentration of 1 X 10° particles/mL. Arrows indicate the beginning and the end of
sEV injection; dashed line delimits the measured signals. Control measurement performed with a functionalized chip without anti-EGFR affibody,
to test the influence of NSB. (D) Capillary sensor response showing the signal as a function of the SEV concentration. The dashed line represents
the minimum detectable signal. All measurements repeated at least three times, here reported upon control subtraction and displayed as mean +

SD.

min was maintained for all measurements. The signal was then
calculated as the difference between the two PBS baselines
(AZ*). Although such real-time measurements can be used for
various kinetic analyses, they may have limited practical use,
considering the large sample volumes required (~400 uL).
Hence, for the rest of the investigations presented here, we
followed an end-point measurement approach, where the
sample was incubated inside the capillary for 2 h. The
streaming current in this case was only recorded during the
buffer injections. Moreover, during incubation, small sample
plugs (~0.5 uL) were periodically injected (every S min) in
order to avoid bulk depletion. Unlike the real-time approach,
this method only required ~12 pL of sample for each
measurement. The results were then represented as bar plots
indicating the A{* between the two PBS baselines. Figure 2B
shows a typical bar plot illustrating the signal arising from
different control experiments, as well as specific interaction
between the EGFR expressed on the sEVs and the anti-EGFR
affibody on the capillary surface. The control measurements
were performed in order to estimate both the influence of non-
specific binding (NSB) of the sEVs and the cross-reactivity
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with the sEV-free cell medium® (medium supplemented with
exosome-depleted FBS and treated as the sEV samples). The
NSB was tested by analyzing the sensor response for an
identical capillary surface but without immobilized affinity
reagents, whereas the influence of cross-reactivity was tested by
injecting the sEV-free cell medium in a microcapillary
containing immobilized affinity reagents. The comparison
presented in Figure 2B clearly shows that the sensor response
to the non-specific interactions is insignificant compared to the
specific ones. To verify and validate the sensor results with a
standard label-free technique, a commercial SPR system was
also used to study the same set of interactions and batch of
sEV samples (Figure 2C). The results suggested specific SEV
detection and a good qualitative agreement with the electro-
kinetic measurements.

Furthermore, to estimate the minimum measurable concen-
tration, we performed a number of measurements with SEV
samples in the concentration range of (0.78—3.50) X 10°
particles/mL, incubated inside the capillaries for 2 h. These
resulted in the calibration curve presented in Figure 2D. The
minimum measurable concentration was derived from the
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Figure 4. Dependence of the electrokinetic sensor response on the NSCLC H1975 sEV incubation time. (A) Sensor response to sEVs targeted
against CD9 surface protein using anti-CD9 antibody and injected for 1, 2, and 3 h, respectively. Controls to test the influence of NSB have been
subtracted. (B) Variation of the {* potential signal with the surface coverage, according to eq SI in the Supporting Information, for a 98 nm sEV.
Red dashed lines indicate the surface coverages for 1, 2, and 3 h sEV incubation corresponding to panel A.

intercept of the calibration curve with the dashed line
representing three times the standard deviation (SD) of a
blank measurement.*® In this case, the SD of a blank
measurement represents the RMS value of noise in a baseline
measurement. The value of 3 X SD in our case was 0.2 mV,
which we assigned as the threshold for a reliable measurement.
From the extrapolation of the calibration plot, the minimum
measurable concentration satisfying the above limit was found
to be 2.8 X 10° particles/mL.

Multimarker Analysis of sEV Surface Proteins. It is
well-known that the protein composition of sEVs varies
between physiological and pathological conditions, as well as
cells and tissues of origin,47 meaning that distinct tumor-
derived exosomes express different markers or common
markers at altered expression levels. Having validated the
efficacy of the electrokinetic technique in detecting sEVs by
their surface markers, we applied the method to analyze a panel
of their surface proteins. For this purpose, we functionalized
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the capillaries with specific affinity reagents and measured AJ*
for each biomarker, keeping the sEV concentration identical
over all experiments.

Because we mainly worked with sEVs in the size range of
exosomes, we screened two tetraspanin family proteins, CD9
and CDG63, that are reported to be enriched in this group of
sEVs*® (Figure 3A). For easier comparison, we further
included the sensor response to the tumor marker EGFR"
presented in Figure 2B. Clearly, the sensor response displayed
a distinct variation in the signal strength for the different
surface markers. In particular, the A{* for CD63, CD9, and
EGFR were found to be 3-, 4.5-, and 8-fold larger than the
control experiments (NSB). Given that the measurements
were done on the same sample, such a variation in the signal
amplitude may be attributed to the differences in the marker
interaction affinities or expression levels, or a combination of
both. Certainly, from such a study, a direct correlation between
the signal strength and the expression levels of the proteins is
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difficult to make without the knowledge of their relative
interaction affinities and affinity reagent immobilization levels.
However, for practical purposes, such measurements can be
used for the relative expression analysis of the surface markers,
by comparing the signal strength of a given marker between
two or multiple sets of EVs, e.g., samples collected from
patients at different treatment stages. Such semiquantitative
methods of expression analysis are widely used, as evident in
the literature.”””” The results from the electrokinetic measure-
ments were further verified by SPR (Figure 3B). The difference
in the relative signal amplitudes between the electrokinetic
sensor and the standard SPR was most likely a consequence of
the different affinity reagent immobilization levels on the two
substrates. However, SPR data confirmed the presence of the
analyzed markers on the EV surfaces, showing good qualitative
agreement with our method.

Detection Time and Sensitivity. Clearly, the presented
sensing principle offers a simple and inexpensive means for
direct electrical profiling of EV surface markers. However, in
order to understand the physical mechanism limiting the
capacity for faster and more sensitive detection, we performed
a series of measurements by incubating the sEVs in the
capillary for different times. For the analysis, NSCLC-derived
EV samples at a concentration of 3.4 X 107 particles/mL were
used against capillaries functionalized with anti-CD9 antibody.
The results indicated that the signal increased with incubation
time (Figure 4A), as expected for a slow binding rate. At the
same time, the data also suggested that even with the highest
particle counts used in the entire study, 2 h of incubation did
not lead to the maximum signal. The low surface coverage was
further theoretically examined by utilizing an existing model, as
presented in the Supporting Information (Section S4). Figure
4B shows the calculated {* as a function of surface coverage
estimated for 98 nm sEVs and the predicted surface coverage
corresponding to the signal shown in Figure 4A is denoted by
the red dashed lines. Clearly, the surface coverage remains very
low even after 3 h of sample incubation.

Expression Analysis of sEV Surface Proteins. In the
context of sensor development for expression analysis of SEV
surface markers, perhaps a more appropriate benchmarking
parameter is how small a change in the expression level of a
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target can be reliably detected by the sensor. As discussed in
the preceding section, the sensor sensitivity toward the
expression level will also depend on the interaction affinity
of the targeting probes, and therefore is expected to be
different for different protein-affinity reagent pairs. To evaluate
the sensitivity of the proposed method in expression analysis,
we artificially altered the expression level of two surface
markers and measured the sensor response as a function of
such altered target expressions. We analyzed the CD63 protein
on the sEVs derived from HEK 293T cells and the EGFR on
the sEVs derived from NSCLC H197S cells. Particularly, the
CD63 expression in HEK 293T sEVs was enhanced by stable
transduction of the parental cells with lentiviral vectors
expressing the CD63eGFP fusion, whereas the EGFR
expression was reduced by siRNA in the NSCLC H1975
cells (details in Materials and Methods). The selection was
motivated by the fact that HEK 293T is the most widely used
cell source in engineered EV research, due to its relatively
simple culture characteristics and high transfection efficiency,
and it could be applied to study the CD63 tetraspanin, which is
highly expressed on sEVs. The harvested sEVs from the
modified as well as the parental cells were characterized by WB
(NSCLC sEVs) and multiplexed bead-based profiling (HEK
sEVs, MACSPlex Exosome assay)12 for semiquantitative
assessment of their expression levels (Figures S1 and S2).
The analysis showed that the sEVs from si-EGFR transfected
NSCLC cells contained around 20% EGFR expression
compared to sEVs secreted from untreated parental cells
(Figure S1C, EGFR expression related to CD9 marker). For
the HEK 293T cell line instead, the results revealed clearly
elevated CD63 expression levels on the EV surface, with
detected CD63 mean fluorescence intensities on CD63eGFP
sEVs being approximately 80% higher compared to the
parental wild type sEVs (Figure S2B) and no detectable
EGFR expression on HEK 293T sEVs (data not shown). The
sensor responses for the different EGFR and CD63 followed
the expected trends (Figure S), confirming the possibility to
detect changes in the expression level of cells via sSEV analysis
in our sensor. Particularly, a signal of ~3.2 mV was recorded
for sEVs derived from parental EGFR-expressing NSCLC cells,
and ~1 mV was detected for sEVs derived from si-EGFR
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NSCLC cells (Figure SA). An 80% suppression of EGFR
expression level, as estimated by WB, produced a change of 2.2
mV in the electrokinetic sensor, which is more than an order of
magnitude higher than the minimum measurable signal (~0.2
mV). In the case of HEK 293T sEVs, CD63eGFP-over-
expressing sEVs showed a signal of ~7.5 mV and parental sEVs
showed a signal of ~1.7 mV (Figure SB), suggesting that an
increase in CD63 expression by 80% led to almost 4-fold
increase in the sensor response. Hence, these results illustrate
that the developed sensor holds capacity to detect different
expression levels of targets in EVs and thereby will allow for
heterogeneity of EVs in a biological sample to be monitored.

B DISCUSSION

Electrokinetic Detection of EVs. The measurement of
streaming potential (V) and Lis a well-established method for
surface characterizations’”*® and has also been used for
detection of specific target molecules, such as proteins, DNA,
and so on.**7*%! In general, the association/dissociation of
charged species on an electrochemically active surface leads to
a change in {* or kinetic potential. In a microfluidic channel,
this change can be monitored by measuring Ior V.. The
theoretical interpretation of the results mostly relies on the
hydrodynamic model’*** that considers the damping of
convection currents of ions in the vicinity of the adsorbed
layer. The model has been successfully used for the
interpretation of a range of experimental results on a particle
covered surface, includin% olymeric particles, polyelectrolytes,
and silica particles.”®*”*>** Both the theoretical and the
experimental investigations*®*”*>** show a clear and strong
dependence of the surface {* on the particle size,
demonstrating that larger particles induce stronger changes
in the measured I, or V. In addition, for a considerable fraction
of the surface coverage, the response remains linear.”” Both of
these features make the electrokinetic measurement technique
a suitable platform for sensitive analysis of larger bioanalytes
such as EVs. A theoretical analysis presented in the Supporting
Information (Section S4) clearly shows a much stronger signal
arising from larger particles. The main objective of this study is
to exploit this advantage for profiling of sEV surface markers.
As seen in Figure 2, the interaction of sEVs with the
immobilized anti-EGFR affibody induces a strong change in
the {* compared to the control measurements. Clearly, the
results indicate that the method is suitable for both real-time
and end-point measurements. Analysis from a low sample
volume, as demonstrated with the end-point approach, is
preferable for EV analysis in body fluids in general and in
cancer diagnostics in particular.””** The required sample
volume can be further minimized with microfabricated
channels of smaller dimensions than the commercial capillaries.

Selectivity and Reproducibility of Detection. The
selective detection of SEV surface markers, a key requirement
for practical applications, has been evaluated by both electrical
and optical approaches (Figures 2B and S2C). It is known that
non-specific adsorption and cross-reactivity is a major concern
in biomolecular recognition, particularly when dealing with
complex biological samples such as EVs containing a large
number of proteins and lipid. However, the extent of such
cross-reactivity depends on a number of parameters, including
the type of the affinity probes, the constellation of surface
markers, and their relative affinities with the immobilized
probes as well as the local electrolyte environment. A detailed
investigation on such cross-reactivity is, however, beyond the
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scope of the present investigation and therefore has not been
accounted for in the analysis. Nevertheless, the prospect of
specific surface maker detection has been validated in different
ways, which include non-specific binding and the reactivity
with control sample isolated from EV-depleted medium. When
analyzing the influence of such undesirable responses, the
results clearly suggested that the sensor specifically detected
sEVs by their surface proteins and that only a small influence
arose from the other undesirable interactions (Figure 2B). The
detection selectivity was further validated by optical inves-
tigations (Figure S2C). As shown, the fluorescence images of
the sensor and the control capillary also supported the results
obtained with the electrical measurement. Further evidence on
target specificity may be obtained from the investigation
involving EVs with artificially altered contents of EGFR and
CD63. In both cases, the signal showed the expected trend,
thereby validating a reasonable specificity of the interaction. In
addition to the specificity, the reproducibility of the measure-
ments was evaluated by repeated measurements that showed
low SDs, which in most cases were below 10% of the overall
signal.

Detection Time and Sensitivity. As widely discussed in
the context of biosensors, the mass transport to the sensor
surface plays a dominant role in sensor design.***® This issue is
of particular concern for larger analytes such as EVs, in
comparison to other common biomarkers, e.g., proteins,
DNAs, and RNAs. For such a large species, a slower mass
transport rate is expected, due to the smaller diffusion
coeflicient. In addition, low abundance of sEVs in body fluids
(<pM),”® makes their detection quite challenging without
elaborate sample enrichment steps or appropriate approaches
that can overcome the diffusion-limited transport.'”’
Furthermore, mere proximity to the surface does not ensure
an interaction with the immobilized affinity reagents, as a large
fraction of EVs may eventually bounce back from the surface
without any or little interaction.”” Indeed, the use of sample
enrichment or improved mass transport methods could
dramatically enhance the performances of the presented
sensing method. However, the purpose of this study is to
report on the sensing principle itself, which has rarely been
used for specific biodetection and, to the best of our
knowledge, has never been applied for the detection and
profiling of EVs. As evident from the results, the electrokinetic
method can enable profiling of sEV surface proteins in less
than 2 h with a particle sensitivity of 2.8 X 10° particles/mL. A
theoretical analysis as presented in Figure 4B clearly suggests a
very low surface coverage, indicating sufficient room for further
improvement of the sensitivity. A similar analysis also reveals
that the minimum measurable signal of ~0.2 mV (Figure 2D)
represents a surface coverage of only 0.04% of the total surface
area, indicating a very high surface sensitivity of the proposed
method. Considering that the average number of sEVs in
biological samples ranges from 1 X 10° to 3 X 10'* EVs/mL,
including those from plasma of cancer patients,zo’sg’59 the
sensor in its current form may already be sufficient for many
clinical applications.”* The sensitivity can be further enhanced
by optimizing the channel dimension as discussed in the
Supporting Information (Section SS). In addition, several
sample-pre-enrichment strategies are available,"”°" which can
be integrated with the proposed method allowing for quick and
sensitive detection directly from body fluids. Yet it remains to
be analyzed further in EVs isolated from plasma of cancer
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patients and healthy donors, where the target of the affinity
probe is monitored also by alternative methods.

Profiling of EV Surface Markers. The capacity of a sensor
to profile the sEV surface protein expression is of utmost
importance for clinical application. Studies have suggested that,
in the context of tumor cell derived EVs, the expression level of
certain surface markers rna_;r change during cancer treatment,
reflecting tumor response.4 In most practical cases, one only
needs to compare the qualitative expression level of a marker
among different populations, e.g., between cancer patients and
healthy controls, or between patients at different stages of
treatment. In such cases, one can directly compare the sensor
response for a particular surface marker among different
samples and this has been a popular approach for EV
profiling.””*” As presented in Figure 3A, the proposed method
is capable of measuring different EV surface markers for
potential application in the qualitative comparison of
expression levels among various samples. The proposed
technique also offers a reasonably good sensitivity to a change
in surface marker expression level, as presented in Figure S.
Although the influence of multivalent type interactions on the
affinity constant of a target may be quite signiﬁcant,lé’62 in
most practical cases, a linear dependence of the expression
level on the sensor response is assumed.'®'® Such an
assumption, in addition to the fact that the proposed method
can reliably measure a minimum signal of ~0.2 mV (Figure
2D), indicates a detection sensitivity equivalent to ~10% of the
normal expression of EGFR in NSCLC H1975 sEVs and ~3%
of normal expression of CD63 in HEK 293T sEVs. We
emphasize here that the above analysis is only for indicative
purpose, as many parameters such as the size distribution of
the EVs, the charge distribution, and the protein profiles on EV
surfaces may strongly influence the sensitivity of the sensor.
Nevertheless, the evidence presented here clearly suggests the
prospect of highly sensitive quantitative protein expression
profiling of EVs by the proposed method.

B CONCLUSIONS

In conclusion, an affinity-based electrokinetic sensor for rapid
one-step detection and protein expression profiling of sEVs is
presented. The technique relies on a streaming current
measurement, which is widely used for sensitive surface
characterization. The proposed method was validated by
detecting NSCLC and HEK 293T cell-derived sEVs targeting
EGFR, CD63, and CD9 surface markers. The specificity of
target detection was evaluated by simultaneous electrical and
optical investigations, revealing a high degree of target
selectivity, which was achieved through immobilization of
target-specific affinity reagents. Furthermore, repeated meas-
urements demonstrated good reproducibility with standard
deviations below 10% of the overall signals, for most cases. An
experimental calibration plot revealed a sensitivity of ~0.4 pM
for 2 h of sample incubation, which, however, represented a
surface coverage of ~0.04% only, indicating an extremely high
sensitivity toward the surface coverage. The efficacy of the
method to perform semiquantitative analysis of sEV surface
protein content was also analyzed by using sEV samples
containing artificially altered expression levels of EGFR and
CD63. The measurements revealed that the method can
reliably detect changes in expression levels of important surface
markers with high sensitivity, in some cases reaching ~3% of
their normal expression. Upon further optimization of the
microcapillary sensor, e.g, by reducing the diameter or length,

1406

the sensitivity of the method may be significantly improved,
allowing measurements at lower concentrations.
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