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ABSTRACT: We present an approach to improve the detection
sensitivity of a streaming current-based biosensor for membrane
protein profiling of small extracellular vesicles (sEVs). The
experimental approach, supported by theoretical investigation,
exploits electrostatic charge contrast between the sensor surface
and target analytes to enhance the detection sensitivity. We first
demonstrate the feasibility of the approach using different chemical
functionalization schemes to modulate the zeta potential of the
sensor surface in a range −16.0 to −32.8 mV. Thereafter, we
examine the sensitivity of the sensor surface across this range of zeta potential to determine the optimal functionalization scheme.
The limit of detection (LOD) varied by 2 orders of magnitude across this range, reaching a value of 4.9 × 106 particles/mL for the
best performing surface for CD9. We then used the optimized surface to profile CD9, EGFR, and PD-L1 surface proteins of sEVs
derived from non-small cell lung cancer (NSCLC) cell-line H1975, before and after treatment with EGFR tyrosine kinase inhibitors,
as well as sEVs derived from pleural effusion fluid of NSCLC adenocarcinoma patients. Our results show the feasibility to monitor
CD9, EGFR, and PD-L1 expression on the sEV surface, illustrating a good prospect of the method for clinical application.

KEYWORDS: streaming current, electrokinetic method, charge modulation, enhanced sensitivity, extracellular vesicles, surface proteins,
lung cancer, treatment monitoring

■ INTRODUCTION

Surface-based biosensors have received a lot of interest for
developing highly sensitive, multiplexed, and lab-on chip
compatible biosensors.1−3 A primary design consideration
when developing such a sensor is its sensitivity, which has
consequently motivated intense research interest. Since the
response of such a sensor is proportional to the surface
coverage of the analyte, a common strategy for enhanced
sensitivity has been increasing the surface concentration of
analytes by improving their mass transport rate.4,5 Another
strategy has been to exploit the nature of the sensing principle
to amplify the signal transduction, e.g., surface engineering,6,7

electrode design,8,9 and so on. In this context, the chemical
surface functionalization, used in most affinity-based bio-
sensors, may be exploited for an enhanced sensitivity. Indeed,
over the years, a large variety of surface functionalization
approaches have been developed.10−12 In most methodologies,
the choice of surface functionalization approach is mainly
motivated by its simplicity, compatibility with the sensing
method, and the ability to generate higher probe density.
However, given that such chemical functionalization drastically
changes the physical and electrical properties of the interface
layer, their influence on the sensor performance requires
systematic investigation.

In our previous studies, we have shown that the sensitivity of
electrokinetic sensor utilizing streaming current-based method
strongly depends on the isoelectric point (pI) of the target.13,14

The studies were performed using analytes having different pI
while keeping the electrostatic property of the surface similar.
In fact, several theoretical and experimental studies have been
performed to understand how different surface properties, e.g.,
the structural and electrical parameters of the surface, influence
the sensitivity of such devices.15−17 These studies have
indicated opportunities to further improve the detection
sensitivity. For example, a large charge contrast between the
sensor surface and the target is expected to result in a better
sensitivity. In this case, surface functionalization used for
immobilizing affinity probes, e.g., antibodies, may provide a
suitable means to achieve a high charge contrast for a given
target. For instance, for the detection of target molecules
having a low isoelectric point, i.e., with a pI lower than the pH
of the buffer, the surface can be modified by anchoring

Received: July 12, 2021
Accepted: August 21, 2021
Published: September 2, 2021

Research Articlewww.acsami.org

© 2021 The Authors. Published by
American Chemical Society

42513
https://doi.org/10.1021/acsami.1c13192

ACS Appl. Mater. Interfaces 2021, 13, 42513−42521

D
ow

nl
oa

de
d 

vi
a 

U
PP

SA
L

A
 U

N
IV

 o
n 

O
ct

ob
er

 1
, 2

02
1 

at
 0

6:
50

:1
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siddharth+Sourabh+Sahu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Cavallaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petra+H%C3%A5%C3%A5g"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A%CC%81bel+Nagy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amelie+Eriksson+Karlstro%CC%88m"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rolf+Lewensohn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rolf+Lewensohn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristina+Viktorsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Linnros"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Apurba+Dev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c13192&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13192?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13192?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13192?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13192?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13192?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/13/36?ref=pdf
https://pubs.acs.org/toc/aamick/13/36?ref=pdf
https://pubs.acs.org/toc/aamick/13/36?ref=pdf
https://pubs.acs.org/toc/aamick/13/36?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c13192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


positively charged molecules and vice versa. A variety of
polymer-based materials such as poly-L-lysine (PLL),18,19

poly(pentafluorophenyl acrylate,20 etc., are commercially
available and can be easily anchored to a variety of substrates.
The polymeric backbone can be further modified with various
functional groups bearing different isoelectric points, thereby
tuning the surface charge for an improved sensitivity. To the
best of our knowledge, such a strategy has never been explored
for improving the sensitivity of streaming current-based
detection approach. The study can also guide the development
of other surface-based sensors that rely on electrostatics for
signal transduction.
In this study, we investigated the influence of charge contrast

as a strategy to enhance the detection sensitivity of sEVs’
surface proteins. sEVs are a heterogeneous group of lipid-
bilayer nanovesicles released by all cell types. They have
recently attracted considerable research interest as potential
sources of biomarkers for a large number of diseases, including
cancer.21 We previously demonstrated the prospect of using a
streaming current-based technique for profiling sEV-membrane
proteins.22 These analyses were done by a standard
functionalization strategy that included a chemical crosslinking
reaction, mediated by glutaraldehyde, between a silanized silica
surface22 and the primary amines of the affinity reagents. This
method however does not cause sufficient electric-field
screening of the underlying negatively charged silica surface;
hence, the functionalized surface still remains highly negative.
Considering that sEVs are also negatively charged,23 there is an
obvious rationale to investigate if the charge contrast between
a functionalized surface and sEVs can be further enhanced. To
study this aspect, we evaluated three different functionalization
schemes for antibody immobilization and determined the
strategy that optimizes the charge contrast. An improvement in
the limit of detection (LOD) by 2 orders of magnitude was
recorded for the optimal functionalization strategy, which was
in good agreement with the simulation performed using an
existing theoretical model. The optimized sensing method was
then applied to study the prospect of using sEVs for
monitoring the efficacy of targeted cancer treatments. Further,

sEVs isolated from pleural effusion of non-small cell lung
cancer (NSCLC) adenocarcinoma patients were analyzed,
demonstrating the possibility to profile sEVs from a clinical
sample requiring a much lower sample volume.

2. MATERIALS AND METHODS
2.1. Reagents. Ultrapure deionized water (resistivity: 18 MΩ·cm)

was used throughout the study. Phosphate-buffered saline tablets,
avidin from egg-white, streptavidin from Streptomyces avidinii, (3-
aminopropyl)triethoxysilane (APTES), and glutaraldehyde (GA)
were purchased from Sigma-Aldrich Sweden AB. Poly(L-lysine)-
graf t-biotinylated PEG (PLL-g-PEG-biotin) was purchased from
Nanosoft Polymers. Each subunit was composed of 100 repeating
units of PLL with 30% substitution of biotinylated PEG 2000. The
copolymer is hereafter referred to as PPB. Silica microcapillaries with
an inner diameter of 25 μm were obtained from RISE Acreo AB. Anti-
CD9 antibody (MEM-61) (catalog no. NB500-327B) was purchased
from Novus Biologicals. Anti-PD-L1 (catalog no. BAF156) and
mouse IgG1 isotype control (catalog no. IC002B) antibodies were
purchased from Bio-Techne, UK. All of the antibodies were biotin-
conjugated.

2.2. Electrokinetic Sensing of sEVs. The detection principle
applied is based on the streaming current measurement in a
commercial microcapillary. The details of the measurement method
are described elsewhere.22,24 Briefly, the streaming current, generated
as a result of a pressure-driven flow of 0.1× PBS through the capillary,
was measured using a pair of Pt electrodes. A continuous train of
trapezoidal pressure pulses between 1.5 and 3 bar, having a pulse
duration of 30 s was used in the method. The pressure pulses were
controlled with the help of an Elveflow pressure regulator (OB1). The
resulting streaming current pulses (ΔIs) were measured by a Keithley
picoammeter (model no. 2636A), while pressure pulses (ΔP) were
recorded directly by the pressure regulator. Furthermore, a flow
sensor (Elveflow, MSF3) was used to monitor and maintain a stable
flow rate through the capillaries. The apparent zeta potential13 (ζ*) of
the capillary surface was then calculated using the relation

ζ η
εε

* =
Δ
Δ

I
P

L
A

s

0

where η and εε0 refer to the dynamic viscosity and permittivity of the
measurement buffer, respectively, and L and A refer to the length and
cross-sectional area of the capillary, respectively. The measurements

Figure 1. Schematic diagrams of the various functionalization methods used: (a) APTES-GA: the capillary surface was coated with a self-assembled
monolayer of APTES, which was linked to the capture antibody via a glutaraldehyde linker. (b) PPB-avidin/streptavidin: the capillary surface was
coated with a layer of a PLL-PEG copolymer conjugated with biotin, which was then linked to the capture antibody via an avidin or streptavidin
linker. The sEVs were then in both cases detected via the capture antibody. The blocking agents used were (a) casein solution and (b) pluronic
F108. Panel (c) shows the experimental setup used in the electrokinetic measurements.
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involved recording the initial baseline (ζi*) and the final baseline after
the injection of sEVs (ζi* + Δζ*). The injection of sEVs was done in
1× PBS to maintain the physiological conditions for sEVs, whereas
both the baselines were measured in 0.1× PBS to reduce the
electrostatic screening. The signal (Δζ*) was hence the change in the
baselines as a result of the binding of sEVs to the surface. A
multiplexed platform was used for this purpose. A schematic of the
measurement setup is shown in Figure 1c.
2.3. Capillary Functionalization Protocols. Prior to immobiliz-

ing antibodies, the surface of the capillary was chemically modified.
The capillaries were first subjected to cleaning by flowing a mixture
(5:1:1) of Milli-Q water, 30% H2O2, and 25% NH4OH at 88 °C for
15 min. In this study, three different functionalization strategies were
compared, primarily to modify the surface charge (measured in terms
of zeta potential) of the functionalized surface. The first method used
covalent coupling based on amine-reactive crosslinking chemistry.25,26

In this method, a cleaned capillary surface was first coated with
APTES by flowing 5% w/v of APTES in 95% ethanol through the
capillary for 10 min. Glutaraldehyde (GA), used as a linker between
APTES and the capture antibody, was then covalently bound by
flowing 1% GA in 1× PBS for 1 h. A detailed description of the
method can be found in our previous reports.22,27 In the second and
third methods, the PPB layer was first electrostatically coupled to the
inner surface of a capillary by flowing a solution of PPB in deionized
water (0.1 mg/mL) for 30 min. This was followed by conjugation of
either avidin or streptavidin, which served as a linker molecule
between PPB and biotinylated antibodies. For control measurements,
mouse IgG1 isotype control antibody was used instead of the specific
capture antibodies. The concentration of the capture/control
antibody was 50 μg/mL in 1× PBS and was immobilized for 1 h.
In the case of APTES-based functionalization, unreacted aldehyde
groups were deactivated by Tris-ethanolamine (0.1 M Tris buffer and

50 mM ethanolamine, pH 9.0) blocking solution for 30 min. This was
followed by treatment with 0.05% w/v casein solution for 2 h, to
further block nonspecific binding (NSB). Casein treatment was also
done on the other fluid junctions in the measuring setup. The NSB
suppression in the case of the PPB surface was performed by
treatment with pluronic (synperonic) F108 solution, for 15 min on
both the capillary as well as other fluid junctions.

3. RESULTS

To evaluate the influence of the charge contrast on the
detection sensitivity of sEVs, the aspect was first theoretically
analyzed. The theoretical predictions were then experimentally
validated by comparing three different functionalization
strategies (see Section 2), each designed to modulate the
surface zeta potential to a large degree. The detection
sensitivity of the assay was then tested by profiling surface
proteins of sEVs isolated from the cell culture media of a
NSCLC cell line. The most sensitive approach, among the
different functionalization schemes, was thereafter chosen to
further validate the detection principle on sEVs obtained from
the PE-fluid samples of NSCLC adenocarcinoma patients.

3.1. Simulation to Investigate the Influence of
Charge Contrast and Surface Topography. To investigate
the influence of charge contrast on the sensitivity, we simulated
Δζ* as a function of the surface coverage, θ, for various values
of ζi*. The simulations were performed using the Adamczyk
model,13,16,28 which expresses Δζ* as a function of the surface
coverage of the bound target (θ), zeta potential of the target

Figure 2. (a) Simulations demonstrating the possibility to enhance the signal by modulating the surface charge, ζi*. The signal was simulated for
sEVs with ζp = −30 mV and ζi* = −10, −20, and −30 mV. (b) Initial baselines, ζi*, measured for three functionalization methods used: APTES-GA,
PPB-avidin, and PPB-streptavidin. (c) Comparison of the signal (Δζ*) obtained on the differently functionalized surface when targeting the
extracellular domain of the CD9 membrane protein on sEVs isolated from cell culture media of H1975 cells. The negative control involved mouse
IgG1 isotype control antibodies instead of anti-CD9 antibodies. APTES-GA, PPB, and PPB-avidin functionalized surfaces were also studied with
AFM (in PBS buffer) to compare their surface roughness. The AFM images for these three surfaces are shown in panels (d)−(f), respectively. The
rms roughness (δ) is indicated below each AFM image. The APTES-GA surface shows considerably higher roughness in comparison to the PPB
and PPB-avidin surface.
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particles (ζp), the zeta potential of the capillary surface without
any bound sEVs (ζi*) given by

ζ ζ θ ζ θΔ * = − * − − + − −C C(1 exp( )) (1 exp( ))i i p p

where the parameters Ci and Cp describe the changes to the
macroscopic flow and electrical charge density brought by the
bound targets.28 The average zeta potential of the target
particles (ζp), i.e., sEVs in our case, was assumed to be −30
mV following the reported experimental results23 and was kept
fixed for the simulations (see Section S6 for further details).
Figure 2a shows the plots of Δζ* as a function of θ for various
values of ζi*. It can be clearly seen that as ζi* changed from
−30 to −10 mV, there was a progressive increase in the signal,
Δζ*. Decreasing the absolute value of ζi* led to an increase in
the charge contrast between the sEVs and the surface, resulting
in a stronger response for the same extent of surface coverage
of the analyte, i.e., the surface-bound sEVs. The simulated
results show that for a surface coverage of 5%, upon changing
ζi* from −30 to −20 mV, the signal was enhanced by about 3
times, while a change from −20 to −10 mV was enhanced the
signal by about 1.5 times. The model assumes that the surface
is ideally smooth before the binding of the targets. In reality,
however, the surface has some roughness before the capture of
sEVs as a result of the functionalization, which can affect the
accuracy of the simulations.29

3.2. Comparison of Various Surface Functionalization
Strategies. After validating the theoretical basis behind the
motivation to exploit charge contrast for improved sensitivity,
we next characterized the sensor surface prepared with the
three different functionalization strategies as described in
Section 2.3. First, the surface roughness of differently
functionalized surfaces was studied by atomic force microscopy
(AFM). For this study, silica-based coverslips were chosen as a
substrate since they resemble the surface of a capillary. The
results are presented in Figure 2d−f for APTES-GA, PPB, and
PPB-avidin-coated surfaces, respectively. To follow the
evolution of surface roughness at various steps of the PPB-
avidin functionalization strategy, the PPB and PPB-avidin
surfaces were analyzed separately. The scale for each image has
been adjusted for the best visibility. The rms roughness (δ)
was estimated for each of these surfaces. The APTES-GA (δ =
1.5 nm) surface was found to have much higher surface

roughness as compared to the PPB (δ = 0.7 nm) and PPB-
avidin (δ = 0.8 nm) surface. For characterizing the electrostatic
properties of a capillary surface, we then performed the
streaming current measurements on a set of microcapillaries
functionalized with the three different approaches. The zeta
potential of the functionalized capillary surfaces (ζi*) estimated
from those measurements is presented in Figure 2b. In the case
of APTES-GA, after the immobilization of anti-CD9 capture
probes, ζi* was found to be −32.8 mV, while for PPB-avidin, it
was −16.0 mV, and for PPB-streptavidin, ζi* was −23.3 mV.
The absolute values of the signals (|Δζ*|) from the sEV
capture in each of the three cases are represented as bar plots
in Figure 2c. The |Δζ*| for APTES-GA, PPB-streptavidin, and
PPB-avidin were 3.9, 7.4, and 16.3 mV, respectively. Results
show that PPB-avidin functionalization led to the strongest
signal. Thus, the signal progressively increased as ζi* becomes
less negative, which agrees with the simulations (Figure 2a).

3.3. Calibration Curve Shows an Improved Limit of
Detection. To further evaluate the improvement in the
sensitivity, we estimated the limit of detection (LOD) by
measuring the signal as a function of sEV concentration. PPB-
avidin was used as the functionalization method as it led to the
strongest signal. From the calibration curve thus obtained, the
LOD was determined as the concentration of the target
corresponding to the minimum detectable signal (MDS) of the
sensor. The MDS was taken to be 3× SD of the baseline and
was evaluated to be 0.1 mV. Figure 3a shows the signals
obtained for different concentrations of sEVs from the cell
culture media of H1975 cells captured with anti-CD9
antibodies. The injection of sEVs was done for 2 h in each
case. As seen, the signal proportionally increased with the
concentration of sEVs. The extent of NSB in each case was
estimated by replacing the capture antibodies by isotype
control antibodies, and the results showed that NSB remained
small in comparison to the signal for the entire range of
concentration studied (Figure 3a). From the calibration plot
and the MDS level, the LOD was determined to be 4.9 × 106

particles/mL (see Figure S4). This value of LOD with PPB-
avidin is approximately 2 orders of magnitude lower than the
LOD, which we previously reported using APTES-GA
functionalization.22

Figure 3. (a) Concentration-dependent response of the sensor when probed with sEVs from the cell culture media of untreated EGFR-mutant
NSCLC H1975 cells using biotinylated anti-CD9 antibodies via PPB-based functionalization. The NTA curves of sEVs are shown in Figure S2. The
expressions of CD9 and EGFR in these sEVs are previously reported.30 (b) Surface expression levels of CD9, EGFR, and PD-L1 for sEVs from cell
culture media of H1975 cells prior and post treatments with 1 μM erlotinib or 0.1 μM osimertinib for 48 h. The cell morphology and cell viability
of H1975 upon tyrosine kinase inhibitor (TKI) treatment are shown in Figure S3a,b and CD9 expression from Western blot analyses is presented
in Figure S3c. (c) sEV samples isolated from PE-fluid of two NSCLC adenocarcinoma patients PE002 and PE011 using the same capturing and
affinity reagents as in (b). The control measurements were performed using IgG1 isotype control antibodies.
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3.4. Application: Treatment Monitoring and Liquid
Biopsy with Reduced Sample Consumption. For
evaluating the sensing platform, we studied sEVs isolated
from cell culture media of EGFR-mutant NSCLC cells prior
and post EGFR-TKI treatment, i.e., erlotinib or osimertinib.
These two EGFR-TKIs are clinically used for NSCLC patients
whose tumors are driven by mutations in EGFR.31 In
particular, osimertinib is applied when EGFR harbors the
compensatory EGFR mutation T790M in exon 20. There is
evidence that PD-L1 is expressed in EGFR-driven
NSCLC,31−33 and recently, it was also reported that PD-L1
is expressed in sEVs from H1975 cells prior to EGFR-TKI
treatment, and it was suggested that PD-L1 plays a role to
circumvent immune system attack.34 Earlier results have also
shown that EGFR-TKI influences PD-L1 expression in EGFR-
mutant NSCLC cells.35 Therefore, in this study, we focused on
EGFR and PD-L1 on sEVs from H1975 cells prior and post
erlotinib and osimertinib treatment using our improved
sensing method. Figure 3b shows the expression levels of
CD9, EGFR, and PD-L1 on sEVs isolated from cell culture
media of H1975 cells before and after treatment with erlotinib
or osimertinib using our improved sensing method. The doses
chosen were 1 μM for erlotinib and 0.1 μM for osimertinib
(Figure S3). In the case of erlotinib and in line with
literature,36 this dose did not cause any effect on cell viability,
whereas 0.1 μM osimertinib caused profound effect on cell
morphology at 48 h post treatment and reduced viability with
about 50% at 72 h post drug addition, when assessed in
preparatory experiments (Figure S3B). Figure 3b shows the
expression levels of CD9, EGFR, and PD-L1 on the sEVs prior
and post treatment. The profiling of CD9 and EGFR was done
for a sEV concentration of 3.5 × 107 particles/mL. For this
concentration, however, the signal measured for PD-L1 was
very small (data not shown). Hence, a 10-fold higher
concentration was chosen for profiling PD-L1 to obtain a
sufficiently large signal. When comparing sEVs from untreated
and erlotinib treated cells, the CD9 level remained nearly
unchanged, whereas EGFR and PD-L1 exhibited reduced
expression of about 20 and 10%, respectively. The western blot
analyses of CD9 expression in sEVs and H1975 cells are shown
in Figure S3c. The reduction in EGFR may be a result of a
modest effect of erlotinib on H1975 cells. This could have, to
some extent, targeted the EGFR-expressing cells, reducing the
sEVs that express EGFR. In line with earlier reports on EGFR-
mutant NSCLC cells,35 erlotinib reduced PD-L1 expression on
sEVs as monitored by our sensor, but as H1975 cells were
unresponsive to erlotinib the reduction was rather modest. In
the case of the osimertinib treatment, cells resulted in a
stronger decline in the expression level of all three proteins. In
particular, CD9 and EGFR showed a sharp decrease: by about
50 and 60%, respectively, whereas PD-L1 expression was
reduced by about 30% (Figure 3b).
The prospect of a higher sensitivity of a sensor is especially

important in a clinical setting as the quantity of samples
available from patients may be limited. This necessitates the
profiling of sEV surface markers using a low sample volume.
Therefore, the improved technique was also tested on sEVs
isolated from PE-fluid samples of two NSCLC patients, PE002
and PE011, having an ALK and EGFR-driven tumor,
respectively (Table 1). The results presented in Figure 3c
indicate that CD9, EGFR, and PD-L1 have higher expression
levels in sEVs from PE011 as compared to PE002. These
trends match with our earlier results using the APTES-GA

functionalization24 as well as with immuno-PCR and western
blot analyses.30 However, the present investigation has been
carried out with sEV concentrations that were 100 times lower
in the case of CD9 and EGFR, and 10 times lower in the case
of PD-L1 in comparison to that in our previous studies.

4. DISCUSSION
One of the main novelties of this study lies on the modulation
of surface charge through a generic chemical functionalization
strategy to achieve a higher sensitivity. Indeed, sensitivity is
one of the most important criteria irrespective of sensing
modalities and therefore has received significant research
interest. In the case of surface-based sensors utilizing
electrical/electrostatic effects for signal transduction, several
attempts to enhance their sensitivity have been made
previously. For example, in the case of electrochemical sensing,
different methods such as enzyme-assisted amplification
strategies,37 nanoparticle-mediated approach,38 and surface
charge modulation approach using peptide nucleic acid for
DNA detection39 have been reported. The electrostatic
influence on the sensitivity has also been studied for ion-
sensitive field-effect transistor (ISFETs)-based sensors.40 For
ISFETs, the sensitivity was found to depend on the isoelectric
point of the target analyte.41 The surface charge modulation
strategies have also been explored for nanopore-based
sensing.42 Clearly, the fundamental principle of electric
charge-based signal enhancement has been explored before.
However, a strategy for deliberate modulation of surface charge
for signal enhancement has rarely been systematically
addressed and, to the best of our knowledge, has never been
investigated for streaming current-based biosensing, although
the influence of surface charge on streaming current has been
known and investigated in a number of studies by us and
others.13,15,16 It is expected that the chemical composition of
the surface layer used for the immobilization of biological
receptor will ultimately determine the electrostatic property of
the surface. In the case of biosensing using a streaming current-
based method, the conjugation of target molecules to a surface
changes the electrostatic property of the surface, which is
detected by monitoring the changes in the streaming current.
Accordingly, the charge contrast between the surface and the

Table 1. Details of H1975 and PE-Fluid Isolated sEVs for
Validating the Improved Method for Profiling the
Membrane Proteins of sEVsa

sample treatment tumor stage
genomic
alteration feature

H1975
cell line

untreated EGFR exon 21,
L858R, exon
20 T790M

erlotinib resistant36

(see Figure
S3)

osimertinib responsive
(see Figure
S3)

PE002 ALK TKI
crizotinib

T2aN0M1a EML4-ALK
variant 3
(a/b)

responsive

PE011 EGFR-TKI
erlotinib

T4N2M1a EGFR exon 21,
L858R

progressive

aThe cell line-derived sEVs were used to monitor the effects of TKI
treatment, whereas plural effusion (PE) samples were used to
determine the possibility to analyze sEVs from the complex patients’
sample.
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target is expected to strongly influence the detection
sensitivity. Therefore, for a given target, the optimization of
the electrostatic property of the surface is one of the most
important design criteria for improving the detection
sensitivity. Biological analytes, such as proteins, amino acids,
etc., have a well-defined isoelectric point, and thus, the
principle of charge contrast can be exploited for an optimum
sensor design achieving high sensitivity. The principle is
equally applicable for sEVs despite the fact that they are
heterogeneous in terms of their molecular composition43 and
hence their electrostatic properties. This is because sEVs retain
a large net negative charge at physiological pH due to the
presence of deprotonated COO‑ groups of proteins, acidic
sugars, and/or exposed phosphate groups of DNA.23 There-
fore, a functionalization strategy that makes the surface zeta
potential less negative or more positive is preferable. The
argument is clearly validated from the theoretical perspective in
this study which predicts a stronger signal with a less negative
ζi*.
The silica surface has an isoelectric point of ∼3.9.44

Therefore, the surface remains highly negative at the buffer
pH used in this study. The zeta potential of a clean capillary
was measured to be −68.6 mV. Using the Gouy−Chapman
equation, the effective surface charge density (σeff) could be
extracted (see Section S2 for details) for the surface at various
stages of the functionalization and is presented in Table 2. In

the case of the clean capillary, it was estimated to be −5.1 ×
10−3 e/nm.2 The coating of APTES-GA on the capillary
surface partly screens the negative charges producing a net σeff
= −2.0 × 10−3 e/nm2 for the CD9 antibody conjugated surface
in our work. In contrast, PLL in the PBS buffer (pH = 7.4)
carries a strong positive charge on the ε-amine of its side
chains.45 As a result, PPB can be easily and conformally coated
on a silica surface by exploiting their strong electrostatic
interaction.46,47By partially screening the negative charges of
silica, as well as exposing its own positive charges, the PPB
coating results in a net σeff of −1.6 × 10−3 e/nm2. Moreover,
coating avidin (pI ∼10 47) as a linker between a PPB layer and
antibody introduces more positive charges on the surface and,
therefore, further reduces σeff to −8.1 × 10−4 e/nm2. In our
study, we also used streptavidin as a linker instead of avidin.
This allowed us to modulate σeff to an intermediate level of 1.3
× 10−3 e/nm2 since the pI of streptavidin is ∼5.48 It is
important to highlight an assumption used in estimating the
values of σeff. The Gouy−Chapman equation assumes that the
surface is arbitrarily flat.49 A clean capillary surface can be
assumed to be flat in the length scale of the Debye screening

length (2.3 nm in this case13). Upon chemical functionaliza-
tion, its roughness is expected to increase. However, AFM
measurements show that this roughness is still very small. As
presented in Figure 2d,f, the rms roughness of PPB-avidin- and
APTES-GA-coated surfaces were measured to be 0.8 and 1.5
nm, respectively. Hence, the assumption is justified. This
method cannot be used, however, to estimate the σeff of the
surface after the capture of sEVs, whose mean diameter was
about 200 nm (see NTA data in Figure S2), and would hence
lead to a considerable increase in the surface roughness.
Moreover, the significantly lower roughness of the PPB-avidin-
coated surface in comparison to the APTES-GA-coated surface
is also partly responsible for the higher sensitivity of the
sensor.13,29 It must be pointed out that it was verified
separately with optical measurements that the difference in
sensitivity from the APTES-GA-based and PPB-avidin-based
functionalization strategies does not arise due to the different
extent of surface coverage of the sEVs (see Section S1,
Supporting Information for details). The demonstrated
strategy for surface charge modulation is generic in nature
and can also be utilized for other sensor types, e.g., ISFETs,
nanopores, etc.
The expected outcome of the increased charge contrast is

visible in the sensor response to sEV detection by the CD9
membrane protein. In good agreement with the simulation, the
signal obtained with PPB-avidin was enhanced by ∼5 fold in
comparison to GA-APTES, whereas that obtained with PPB-
streptavidin had a 2-fold enhancement (Figure 2c). Due to the
same reason, the responses of the negative control in each case
also followed the same trend as the signal. To the best of our
knowledge, the LOD obtained with this improved method is
the highest reported thus far for the streaming current-based
sensing method. Apart from the clear advantage of signal
enhancement, PPB-based functionalization also offers several
other benefits. APTES and GA are both toxic, which is a
serious limitation. Besides, the functionalization strategy
involves a number of different steps (see Section 3), thereby
requiring a relatively long preparation time (approximately 6
h). In comparison, PPB-based strategy requires a shorter
functionalization time (about 3 h). In this case, the PLL
backbone interacts electrostatically with the silica substrate.
The side chains can be modified with different functional
groups adding other benefits. In the present study, PEG-
grafted PLL was used since it has been demonstrated to be
extremely effective against reducing NSB.50

The improved sensitivity of the detection method is
beneficial for their clinical application as less amount of
sample is required. This is demonstrated in the present study
using sEVs from the PE-fluid of two NSCLC patients with
EGFR mutation (PE011) or ALK-fusion (PE002). Compared
to our previous study,24 the PPB-avidin functionalization
allowed us to obtain the results on CD9, EGFR, and PD-L1
expression levels on these samples with a significantly lower
(∼1/100th and 1/10th, respectively) sample volume. More-
over, the obtained results with respect to EGFR and CD9
expression are also in line with the results from immuno-PCR
analyses of the same samples.30 It is however important to
point out that the signals obtained against different surface
proteins for a particular sample are not representative of the
relative expression levels of the proteins for that sample. This is
not only because of the different ζi* resulting from the different
capture probe against each protein profiled but also due to the
fact that the affinity of the capture probe to its corresponding

Table 2. ζi* and σeff of Surfaces at Various Stages of
Functionalizationa

surface ζi* (mV) σeff (10
−3 e/nm2)

bare silica −68.6 −5.2
GA-APTES −32.5 −2.0
GA-APTES-anti-CD9 −32.8 −2.0
PPB −26.3 −1.6
PPB-avidin −14.1 −0.8
PPB-avidin-anti-CD9 −16.0 −0.9
PPB-streptavidin −20.7 −1.2
PPB-streptavidin-anti-CD9 −23.3 −1.4

aClearly, PPB-avidin leads to the least negatively charged surface
among the three functionalization schemes tested.
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protein also varies. Hence, for comparison, the signals from
only the same surface protein should be compared across
different samples and not with the signals obtained for other
surface proteins of the same sample. The study also opens up
the possibility for this method to be used at point-of-care for
treatment monitoring of cancer patients as the streaming
current method is portable and lab-on-chip compatible.
Recently, there has been a lot of research interest toward

using sEVs for cancer treatment monitoring.21,51−54 This stems
from the possibility of extracting sEVs from a wide range of
body fluids such as plasma, serum, pleural effusion fluid,
cerebrospinal fluid, urine, saliva, etc., for performing non-
invasive liquid biopsy in a real time and dynamic manner.51 As
genomic and molecular characterization of tumors including
NSCLC have allowed for precision cancer medicine treatment
regimen, e.g., targeting aberrant growth factor receptors by
TKIs or restoring the attack of the immune system against the
tumor by PD-1/PD-L1 antibodies, the need for noninvasive
monitoring as those presented by analyses of sEVs in liquid
biopsies has increased.21 Thus, in response to EGFR-TKI54 as
well as to the immune therapy34 analyses of the sEV surface or
cargo, biomolecules have been demonstrated to be feasible to
follow the treatment response of individual patients. Our
measurements show that H1975 cells are rather unresponsive
to erlotinib (Figure 3b). This is due to the presence of T790M
mutation, which hampers its binding to the EGFR-kinase
domain.55 One could, however, expect to have some effect and
hence after 48 h of treatment, a reduction in the EGFR
expression level could be seen in sEVs (Figure S3). Although
the expression of PD-L1 on sEVs from untreated H1975 cells
agrees well with a previous report,34 the reduced expression of
PD-L1 after erlotinib treatment needs further mechanistic
evaluation. On the other hand, osimertinib treatment caused
about a 50% reduction in H1975 cell viability (Figure S3). Our
measurements reveal that this is accompanied by a larger
reduction in the expression levels of CD9, EGFR, and PD-L1
membrane proteins of sEVs (Figure 3b).
For clinical utility, such sEV analyses require not only the

capacity to use a small sample volume but also sensors that are
sensitive enough to monitor also sEV surface proteins that
have a low expression level. This is illustrated in our study of
PD-L1, which generated a signal just above the MDS level for
the sample PE002 in our previous report24 when the
concentration of the sEVs used for the measurement was 3.5
× 109 particles/mL. In contrast, with the PPB-avidin
functionalization approach, a much stronger signal could be
obtained despite using 1/10th of the concentration used
previously. Our results also show that the sensor can monitor
alterations in EGFR and PD-L1 expression levels after in vitro
treatment of EGFR-mutant NSCLC cells with EGFR-TKI
erlotinib or osimertinib. Here, the path ahead is to monitor
sEVs from plasma or serum of NSCLC patients during a
treatment course to further substantiate the clinical usefulness
of our improved sensor. Another benefit from using a PPB-
based functionalization is the ease of regenerating the sensor
surface to have reusable sensors. PLL adsorption on the silica
surface has been shown to be reversible, the desorption of PLL
being carried out via a highly basic buffer (pH ∼12).19 This
opens the possibility to make the sensor reusable.

5. CONCLUSIONS
In summary, the electrostatic charge contrast was shown to be
a crucial criterion in selecting the functionalization strategy of

electrokinetic biosensors. This was demonstrated using three
different functionalization approaches for modulating the zeta
potential of the sensor surface. The highest sensitivity was
shown by the sensor with the largest charge contrast between
the sensor surface and the target. The limit of detection
(LOD) varied across 2 orders of magnitude, reaching a value of
4.9 × 106 particles/mL for the optimal functionalization
approach. This approach was then used for profiling the
membrane protein of sEVs isolated from NSCLC H1975 cell
culture media after treatment with the EGFR-TKIs erlotinib
and osimertinib, as well as sEVs obtained from PE-fluid of
NSCLC adenocarcinoma patients. The results verify the trends
obtained by other studies, but, importantly, they were obtained
with a much lower sample volume as compared to previous
measurements. This shows the potential of this sensing
platform as a promising tool for treatment monitoring in
NSCLC and other tumor malignancies.
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