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ABSTRACT: Tumor-derived extracellular vesicles (tdEVs)
are attracting much attention due to their essential function in
intercellular communication and their potential as cancer
biomarkers. Although tdEVs are signiﬁcantly more abundant
in blood than other cancer biomarkers, their concentration
compared to other blood components remains relatively low.
Moreover, the presence of particles in blood with a similar size
as that of tdEVs makes their selective and sensitive detection
further challenging. Therefore, highly sensitive and speciﬁc
biosensors are required for unambiguous tdEV detection in
complex biological environments, especially for decentralized
point-of-care analysis. Here, we report an electrochemical
sensing scheme for tdEV detection, with two-level selectivity
provided by a sandwich immunoassay and two-level ampliﬁcation through the combination of an enzymatic assay and redox
cycling on nanointerdigitated electrodes to respectively enhance the speciﬁcity and sensitivity of the assay. Analysis of prostate
cancer cell line tdEV samples at various concentrations revealed an estimated limit of detection for our assay as low as 5 tdEVs/
μL, as well as an excellent linear sensor response spreading over 6 orders of magnitude (10−106 tdEVs/μL), which importantly
covers the clinically relevant range for tdEV detection in blood. This novel nanosensor and associated sensing scheme opens
new opportunities to detect tdEVs at clinically relevant concentrations from a single blood ﬁnger prick.
KEYWORDS: Nanoelectrodes, redox cycling, enzymatic ampliﬁcation, tumor-derived extracellular vesicles, microﬂuidics
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However, the main challenge to be overcome in this approach
is the extremely low relative concentration of CTCs. Moreover,
for every CTC (typically <10 CTCs per mL of blood), there
are millions of white blood cells and billions of red blood cells.
In contrast to CTCs, tdEVs, which are constantly released by
tumor cells in blood, occur at a much higher concentration
(10−106 EVs per μL of blood).4 Extracellular vesicles (EVs)
are nanometer-sized (30 nm to 1 μm) particles, enclosed by a
phospholipid bilayer membrane and containing a great variety
of biological molecular information on their cells and/or
tissues of origin.5−7 EVs are shed by all cell types and found in

iquid biopsies are highly promising for metastatic cancer
disease management.1 In this noninvasive approach, a
sample of blood (typically a few mL, e.g., from a ﬁnger prick) is
screened for the presence of tumor biomarkers, such as
circulating tumor DNA (ctDNA), miRNAs, tumor-derived
extracellular vesicles (tdEVs), or circulating tumor cells
(CTCs).2 It has been established that, compared to imaging
techniques (magnetic resonance imaging (MRI) in conjunction with computed tomography (CT)), CTC quantiﬁcation in
liquid biopsies has a better prognostic value,1,3 while being
signiﬁcantly less demanding from a clinical point-of-view: the
procedure is much more patient-friendly, cheaper and does not
require any administration of toxic contrast agents. Furthermore, blood analysis can be repeated at higher frequency (e.g.,
a few times per month vs a few times per year for MRI), while
allowing close monitoring of a patient’s response to therapy.
© XXXX American Chemical Society
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Figure 1. Schematic illustration of tdEV sensing using a sandwich immunoassay and redox cycling on nIDEs resulting in a two-level selectivity and
a two-level ampliﬁcation. tdEVs are captured using C-AE tethered to electrodes (ﬁrst level of selectivity). The binding of R-AE to the tdEVs
completes the antibody−antigen-antibody sandwich (second-level selectivity), after which the enzyme ALP is introduced using a biotin−SAV
interaction. ALP provides an enzymatic ampliﬁcation of pAPP to pAP by substrate cleavage (ﬁrst-level ampliﬁcation), which is followed by an
electrochemical signal ampliﬁcation via the oxidation of pAP to pQI and subsequent redox cycling thereof between the nIDE electrodes (secondlevel ampliﬁcation).

all bodily ﬂuids, where they play an important role in
(inter)cellular communication.8,9 All EVs share the same
generic EV-membrane protein repertoire, e.g., CD9, CD63,
and CD81 being present on the vast majority of blood cellderived EVs.10,11 Next to this, tdEVs exhibit membrane
proteins that are speciﬁc of their cellular origin, e.g., cancer
biomarkers HER2, EGFR, and epithelial cell adhesion
molecule (EpCAM).1,10,12 Notably, EpCAM has been widely
used for the isolation and detection of both CTCs and tdEVs,1
which are found in blood from the early stages of cancer to
metastasis. The concentration of both CTCs and tdEVs
increases with the progression of the tumor.13−16 The
widespread tdEV concentrations naturally occurring in blood
make them promising alternative cancer biomarkers. The
variation between patients with low and high tdEV abundance
is relatively much higher than for CTCs (a factor of 106 for
EVs vs. a factor of maximally ∼103 for CTCs), and therefore
statistically more unlikely to yield false-negative results.
However, before tdEVs can be considered in clinical
routines and liquid biopsy analysis, reliable, unambiguous,
highly sensitive and speciﬁc methods must be developed for
their isolation, detection, and quantiﬁcation in complex
matrices such as blood. Species in the EV size range are
diﬃcult to characterize using existing analytical techniques
suitable to single molecules or cells, which are, respectively,
smaller and larger than EVs. Furthermore, blood comprises
various other entities in the same size range as EVs and often
present with much higher concentrations, such as protein
aggregates, lipoproteins, cell debris and, most notably,
noncancerous EVs, from which tdEVs need to be unequivocally distinguished.17 EVs are often studied using ﬂow
cytometry and/or ﬂuorescence microscopy.18−24 Although
these techniques provide unique molecular information on
tdEVs, they often lack the sensitivity and/or resolution
required to detect both the rarest and/or smallest tdEVs.
These techniques also require substantial sample volumes. In

contrast, single EVs can be detected using atomic force
microscopy (AFM),25 nanoparticle tracking analysis (NTA),26
resistive pulse sensing,26 Raman spectroscopy27,28 or a
combination of some of these techniques, whose throughput
and level of technicality is however too low for practical
medical/clinical use.
Altogether there is a clear need to be able to detect tdEVs at
concentrations as low as 1−100 per μL and across an extended
clinically relevant concentration range.4 However, only a few
endeavors have led to the development of sensors sensitive
enough to detect such low concentrations. Recently, Zhang et
al.29 reported immunocapturing of tdEVs on antibodymodiﬁed herringbone in microﬂuidic channels followed by
their detection using ﬂuorescence microscopy, after ampliﬁcation of the signal using an enzymatic reaction. Although they
reported a limit of detection (LOD) of 10 EVs/μL, the signal
was barely distinguishable from the background, and their
approach worked over a linear detection range from 10−103
EVs/μL. Using amperometric detection of enzymatic activity
after magnetic immuno-enrichment with nanocubes, Boriachek
et al.30 analyzed EVs from placental cells using placental
alkaline phosphatase as a marker. Their reported LOD was as
low as 1 tdEV/μL. However, again, the linear range of their
assay only covered a 1−104 EVs/μL concentration range.
Huang et al.31 developed an electrochemical detection
platform using aptamers as detection probes and a
combination of hemin/G-quadruplex DNAzyme-peroxidase
reaction and complex rolling circle ampliﬁcation to achieve
signal ampliﬁcation. Although they achieved a detection limit
of ∼1 tdEV/μL, they as well had a narrow linear range of
detection from 1 to 103 EVs/μL, making this assay less
versatile for clinical applications.
Here, we report an ultrasensitive tdEV detection assay at
clinically relevant concentrations using a double ampliﬁcation
mechanism combining redox cycling and an enzymatic
reaction, as well as a sandwich immunoassay ensuring a twoB
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Figure 2. Atomic force microscope height images: (a) bare electrodes before chemical modiﬁcation and (b) after modiﬁcation and capture of
EpCAM-positive tdEVs derived from LnCAP cell lines on nIDEs. The captured objects are 30−150 nm in diameter, which is in good agreement
with small EV dimensions (scale bar: 200 nm).

amine-terminated thiol (amino-undecanethiol, AUT) is selfassembled on the Pt electrodes. Second, an amine-reactive
bifunctional poly(ethylene glycol) diglycidyl ether (PEGDGE)
is reacted with the AUT layer to add an antifouling linker layer.
Subsequently, the C-AE antibody is covalently linked under
mild conditions at a slightly basic pH (8.3) and high ionic
strength (2 M sodium phosphate).33 This C-AE enables the
speciﬁc capture of tdEVs derived from EpCAM-expressing
human prostate adenocarcinoma cell lines (LNCaP) and
provides as such the ﬁrst level of selectivity. After their capture,
the tdEVs interact with biotinylated reporter anti-EpCAM
antibodies (R-AE), to provide the second level selectivity, since
noncancerous EVs (e.g., blood cell-derived) would not be
recognized by either the C-AEs or the R-AEs. The use of the
same antibody clones for both immuno-aﬃnity steps can lead
to the partial dissociation of the antibody/antigen complex
formed between the C-AE and EVs to form a new antibody/
antigen complex with R-AE, releasing thereby the EVs from the
surface. Using a distinct pair of antibodies as C-AE and R-AE
(e.g., VU1D9 and HO-3) would be more favorable in this
context. However, considering it may be entropically
unfavorable for R-AE to approach the C-AE/antigen complex
and because each EV should be captured through multiple
antigen/antibody interactions, it seems very unlikely that EVs
are released during the second immune-aﬃnity step. The
biotin moiety of R-AE next interacts with streptavidinconjugated alkaline phosphatase (SAV-ALP). ALP is wellknown for its ability to cleave substrates containing phosphate
groups. Here, the substrate (para-aminophenyl phosphate,
pAPP) is chosen since its uncleaved form is electrochemically
inert, while its cleaved form, para-aminophenol (pAP), is
electrochemically active34. This enzymatic reaction provides
the ﬁrst ampliﬁcation mechanism. During electrochemical
measurements, one of the working electrodes of the nIDE is
kept at the reduction potential (a potential well below the
formal potential) of pAP, while the second working electrode
is swept from a potential below to a potential above its formal
potential. At the anode, pAP is oxidized into para-quinone
imine (pQI), which diﬀuses toward the cathode. At the

level selectivity. The assay is implemented in a lab-on-a-chip
format allowing the analysis of small sample amounts, in the
(low) microliter range. Uniquely, the linear dynamic range
achieved with our assay spanning 6 orders of magnitude largely
overlaps with the range of tdEV concentrations naturally
occurring in cancer patient blood. Using tdEVs obtained from
the cell culture medium, we experimentally demonstrated a
LOD of 10 tdEVs/μL well above the background signal in our
assay and extrapolated a theoretical LOD as low as a 5 tdEVs/
μL from the established calibration curve. Compared to
previously reported methods, our antifouling coating in
combination with our 2-fold selective scheme awards excellent
speciﬁcity for tdEV detection compared to EVs of other
origins, as demonstrated here using platelet-derived EVs
(giving 60 times less signal at a 102-fold higher concentration).

■

SANDWICH IMMUNOASSAY ON NANOSCALE
INTERDIGITATED ELECTRODES
The detection principle of our assay is illustrated in Figure 1.
To achieve an ampliﬁcation level that is powerful enough to
detect tdEVs at physiologically relevant concentrations, we use
a two-level ampliﬁcation strategy: (i) a ﬁrst enzymatic
ampliﬁcation using alkaline phosphatase (ALP), releasing
electrochemically active species, followed by (ii) electrical
signal ampliﬁcation via electrochemical redox cycling on
nanoscale interdigitated electrodes (nIDEs). Given the
complexity of the targeted biological sample, exquisite
selectivity is required to get a signal that solely arises from
the presence of tumor-derived species, i.e., with a low
background signal. Here, a sandwich immunoassay with
tumor-speciﬁc antibodies is implemented, providing a twolevel selectivity. The assay comprises a capture anti-EpCAM
(C-AE) antibody that captures tdEVs and a reporter antibody
(anti-EpCAM, R-AE) conjugated to ALP through biotin−
streptavidin interactions. Here, the same antibody clone is
employed for the two steps of the immune-aﬃnity assay,
VU1D9, which is an anti-EpCAM clone proven to be stable
and to have high aﬃnity for EpCAM (Kd ∼ 2.7 × 10−10 M).32
Tethering of C-AE on the electrodes involves three steps. First,
C
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Figure 3. Cyclic voltammograms of tdEVs on nIDEs: evaluation of the device speciﬁcity. (a) Schematic representation of the electrochemical
measurement setup. Cyclic voltammograms (CVs) recorded (b) after various steps of functionalization of the nIDEs, after C-AE surface
modiﬁcation (green), after tdEV capture (brown), and after formation of a sandwich with R-AE (blue), and (c) in the presence of tdEVs on nIDEs
(brown) and on μIDEs (green), or in the presence of pdEVs on nIDEs (magenta). The background signal (blue) corresponds to a device after the
antibody sandwich formation. The currents Ianode (solid lines) and Icathode (dashed lines) were measured at the anode and the cathode set of
electrodes of the nIDEs/μIDEs, respectively. CVs were acquired for a 1 mM pAPP solution in PBS (pH 7.4) between −0.1 V and +0.6 V vs Ag/
AgCl at a scan rate of 50 mV/s.

Supporting Information, Figure SI-1).36 A pipette tip was
installed in the outlet of the microﬂuidic device as a collection
reservoir facilitating the back and forth injection of the sample
using a pipette and handling volumes larger than the
microchannel itself. After the introduction of every new
component, a washing step was implemented by injecting 100
μL of phosphate-buﬀered saline (PBS).
tdEV Detection on nIDEs. tdEVs were prepared following
the protocols described in SI-2. In brief, tdEVs were isolated
from LNCaP cells cultured in serum-free medium. The tdEV
samples were ﬁrst characterized using Nanoparticle Tracking
Analysis (NTA) to estimate the tdEV concentration (i.e., 106/
μL). The surface functionalization of the electrodes and tdEV
capture steps were both evaluated using AFM. AFM images
acquired on a functionalized unpatterned (plain) Pt surface are
presented in Figure SI-2 (see Supporting Information). EV
capture was next validated on patterned (nIDE) devices using
AFM. A sample of LNCaP-derived tdEVs (25 μL, concentration of 106 EVs/μL, as determined by NTA), was incubated
on the C-AE-functionalized electrode surface. As depicted in
Figure 2, which presents AFM images before and after the
capture of tdEVs on C-AE functionalized electrodes, circular
objects were found on the electrodes, with an estimated

cathode, pQI is reduced back into pAP. The electrochemical
reaction can be denoted as pAP ⇆ pQI + 2e−. Since the gaps
between the electrodes of the nIDEs are small (120 nm), the
pAP and pQI molecules continuously and eﬃciently shuttle
between the two working electrodes via diﬀusion, producing a
steady-state current, which directly scales with the tdEV
concentration. This redox cycling provides the second level of
ampliﬁcation.
The nIDEs comprised two sets of interdigitated nanoelectrode arrays (100 nm width, 30 μm length, 120 nm
spacing, and 70 nm height) deﬁned by electron-beam
lithography and platinum evaporation. The narrow spacing
between the electrodes tremendously enhanced the redox
cycling performance, while still allowing the capture of the
smallest (most abundant) EVs in the void between the
electrodes.35 EVs larger than 120 nm can be captured on the
top surface of the electrodes and can simply contribute to the
signal following the same mechanism.
The sensing area of the nIDEs was embedded in a
poly(dimethylsiloxane) (PDMS) microﬂuidic channel (0.2 ×
3 × 6 mm3) to facilitate the exchange of reagents by simple
micropipetting directly through the channel inlet during
surface modiﬁcation and electrochemical measurements (see
D
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well as in the presence of pdEVs instead of tdEVs (negative
control).
Figure 3b presents typical cyclic voltammograms obtained
after the diﬀerent surface functionalization steps, yet before the
introduction of ALP on the surface. In all three cases
considered here, no signiﬁcant change in the recorded current
was observed when pAPP was added in the solution, and a
maximum current of 262 pA was recorded at 0.6 V vs. Ag/
AgCl after addition of the R-AE. Since pAPP is electrochemically inactive, no redox activity is expected, as observed here.
Noteworthy, the recorded voltammograms are similar to the I/
V characteristics of an RC series circuit, with capacitive
charging and discharging upon voltage sweeping, and a
hysteresis. Furthermore, a change in the maximal amplitude
at 0.6 V vs. Ag/AgCl was observed after each surface
functionalization step. In particular, a considerable capacitive
change was found after the immobilization of the tdEVs, which
can be noticed with the change in the maximal current value
(at 0.6 V vs. Ag/AgCl) from 125.1 ± 6.5 pA to 245.1 ± 28.3
pA after the immobilization. Although the capacitive change
after the formation of the sandwich assay with R-AE is
discernible, it is relatively low compared to the preceding
surface functionalization step with 106tdEVs/μL (from 245.1
± 28.3 pA to 267.6 ± 15 pA). This behavior might be
indicative of capacitive charging through the vesicles. On the
sample with negative controls (with 108pdEVs/μL), as
discussed below, this capacitance change was however not
observed, corroborating this argument. The contrast between
the signals recorded for our positive and negative control
samples also indicates that the antifouling layer plays an
essential role in our device, and has performed as expected.
In a following step, we compared the response of nIDEs and
μIDEs, using similar conditions as before (10 μL, 106 tdEVs/
μL, 1 mM pAPP in PBS (pH 7.4), scan rate of 50 mV/s), after
the introduction of the SAV-ALP. Figure 3c presents
characteristic sigmoidal curves of diﬀusion-limited redox
cycling currents on closely spaced working electrodes. The
limiting current of nIDEs increases with decreasing the gap size
between the electrodes. Therefore, although the total sensing
surface area of the nIDEs and μIDEs was the same, the 3-μm
gap between the μIDEs resulted in a signiﬁcantly lower limiting
current (1.53 ± 0.01 nA) compared to the nIDEs, which were
separated by 120 nm (11.76 ± 0.04 nA). Furthermore, the
collector eﬃciency (ratio of cathode-to-anode limiting
currents) of μIDEs was found to be only 62.3% compared to
99.8% for the nIDEs. This signiﬁcant diﬀerence indicates that
the redox mediator molecules cycle fewer times between the
anode and the cathode for the μIDEs before diﬀusing into the
bulk solution. Altogether, the nanoscale electrodes provided an
∼8 times larger ampliﬁcation of the signal than their microscale
counterparts.
Next, we investigated the speciﬁcity of our device for the
capture and analysis of tdEVs (Figure 3c). tdEVs and pdEV
samples were analyzed under the same conditions as before.
We compared the response of (1) tdEV+R-AE (blue curve),
but before the incubation with SAV-ALP on nIDEs, (2) pdEV
on nIDEs (magenta curve), (3) tdEV on nIDEs (brown
curve), and (4) tdEV on μIDEs (green curve), after
introduction of all required reagents for the assay. The
capacitive current (267.6 ± 15 pA) recorded for the tdEV+RAE sample (106 particles/μL) was higher than for the pdEV
sample (170.1 ± 13.2 pA) at 0.6 V for ∼108 particles/μL.
Moreover, comparing the limiting currents, ∼60 times

diameter of 30−150 nm. These objects correspond to relatively
small EVs,26 which are the least susceptible to shear forces
when ﬂushing the microchannel to remove unbound species,
since the Stokes drag force linearly scales with the object size
(while neglecting viscous deformation or size-dependence of
the aﬃnity). The system was not intentionally designed to
exclude larger tdEVs, since EVs captured on the nIDEs were
not expected to short-circuit the electrodes due to their
dielectric properties. It may be that tdEVs are captured in the
space between the electrodes, which is not modiﬁed with the
antifouling layer and the antibodies. These objects could be
captured through antigen/antibody interactions by antibodies
present on the sidewalls of the electrodes. Alternatively, some
tdEVs could be nonspeciﬁcally bound on the surface. The
presence of the latter EVs does not inﬂuence the outcome of
the measurements, which directly depends on the interactions
with the second antibody (second level of selectivity).
After validation of the surface chemistry on plane substrates
(see SI-4), the same functionalization protocol was applied on
nIDEs before electrochemical measurements. 100 μL of a tdEV
solution in PBS was injected into the microﬂuidic channel, and
this solution was ﬂushed back and forth multiple times during
the incubation for 90 min. Diﬀerent concentrations in EVs
(initially 106 EVs per μL) were tested to study the
concentration-dependent response of our nanosensor and
associated sensing assay. Following this, the microchannel was
ﬂushed with a PBS solution to remove unspeciﬁcally adsorbed
particles on the electrodes. Consequently, the IDEs were
incubated with the biotinylated R-AE, (10 μL, 25 mg/mL in
PBS, 30 min incubation) and washed with PBS. Subsequently,
SAV-ALP was introduced (10 μL, 10 U solution in PBS, 30
min incubation) to interact with the biotin on the R-AE. Next,
the IDEs were washed with PBS and incubated with a pAPP
solution (100 μL, 10 mM in PBS, 45 min incubation), before
electrochemical measurements were started. It should be noted
that while the performance of ALP is optimal under alkaline
conditions, a physiological pH is preferred for handling EVs.
Consequently, the ALP incubation step was performed in PBS
(pH 7.4) at room temperature, without active temperature
control. Negative control measurements were performed using
platelet-derived EVs (pdEV) at 108 pdEVs/μL, which are not
EpCAM positive, and do not interact as such with antiEpCAM antibodies (both C-AE and R-AE). Finally, to
evaluate the ampliﬁcation and thereby gain in sensitivity
provided by the nanoscale electrodes, their performance was
compared to that of microscale IDEs (μIDEs), which were 3
μm wide, 70 nm high and spaced by 3 μm. The height and
total sensing area of sets of electrodes were kept the same for
both devices to facilitate the performance comparison.
The schematic representation of the measurement setup is
provided in Figure 3a; it includes two sets of independent
working electrodes (WE-1 and WE-2) and an external Ag/
AgCl reference electrode (RE). A ﬁxed potential (−0.1 V) was
applied to WE-2 with respect to RE. Since the RE current is
very low, the stability of RE was not compromised, even when
there was no additional counter electrode (CE). Hence, the
CE terminal of the potentiostat was connected to RE. The
voltammetric responses (scan rate of 50 mV/s) of the nIDEs
were ﬁrst recorded after diﬀerent steps of functionalization, i.e.,
(1) after C-AE functionalization, (2) after tdEV capture, (3)
after R-AE immobilization, and (4) after conjugation of the
biotinylated R-AE to SAV-ALP and subsequent washing, as
E
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Figure 4. Sensitivity and dynamic range of the assay for the detection of tdEVs. (a) Anodic cyclic voltammograms recorded at the anode for tdEV
samples with concentrations ranging from 10 to 106 tdEVs per μL. (b) Associated calibration curve (based on the limiting currents recorded at 0.6
V vs Ag/AgCl) revealing a dynamic range spanning at least 6 orders of magnitude (number of devices, n = 3). The horizontal dotted line depicts
the background level plus three times the standard deviation (SD) of the redox current; from this horizontal line and the calibration curve, a
theoretical LOD as low as 5 tdEVs/μL is found. (Conditions: 1 mM pAPP solution in PBS (pH 7.4); scan rate of 50 mV/s.)

ampliﬁcation in signal was observed compared to the control
sample with pdEV for nIDE devices (magenta curve). Again,
these results collectively suggest that tdEVs are speciﬁcally
captured on the electrode surface, while pdEVs are not,
illustrating the speciﬁcity of the nanosensor.
As a next step, the sensitivity and dynamic range of the assay
were evaluated, through serial dilution of the initial tdEV
sample on three diﬀerent devices (n = 3). For each device and
for each concentration, CV measurements were performed as
before, with 1 mM pAPP in PBS buﬀer at pH 7.4 with a scan
rate of 50 mV/s. This recording was repeated three times with
a 5 min interval to demonstrate the stability of the
measurements. The CVs recorded after varying the tdEV
concentration between 10 and 106 EVs per μL are presented in
Figure 4a, showing a signiﬁcant inﬂuence of the tdEV
concentration. From these data recorded using three
independent devices, a calibration curve was established
(Figure 4b) using the limiting current at 0.6 V revealing an
excellent linear dynamic range spanning at least 6 orders of
magnitude and successful measurements at least down to 10
tdEVs/μL, with a readout distinctively above the background
signal. By extrapolating the slope of this calibration curve, the
current LOD for our assay was evaluated to be ca. 5 tdEVs/μL.
In conclusion, we report a novel electrochemical biosensor and
associated measurement principle for the highly selective,
highly sensitive, and robust quantiﬁcation of tumor-derived
extracellular vesicles. For this, we used a two-level ampliﬁcation
of the signal and a two-level speciﬁcity. High assay sensitivity
was attained through enzymatic ampliﬁcation combined with
redox cycling between nanoscale interdigitated electrodes. In
addition, the high speciﬁcity was achieved from the presence of
two independent selection steps in the sandwich immunoassay.
Using the herein reported device and sensing protocol, we
have reached a very high sensitivity that is clinically relevant for
the detection of tdEVs, with a measured LOD as low as 10
tdEVs per μL, while extrapolation of the calibration curve

suggests a projected LOD of 5 tdEVs/μL. While having an
LOD in the same order of magnitude as the currently most
sensitive reported systems, importantly, the detection range
largely covers the concentration of tdEVs (10−106 tdEVs/μL)
found in metastatic cancer patients. Further optimization of
the nanosensor and assay performance is ongoing via changes
in and stabilization of experimental conditions like pH,
incubation time, and operating temperature. Furthermore,
the herein used poly(ethylene glycol)-based antifouling layer
may not be suﬃcient when working with samples in more
complex media. In that case, the antifouling layer can be
adjusted through the incorporation, for instance, of zwitterionic polymer brushes.37 Importantly, this technology can be
applied to a wide range of (rare) biomarkers by simply
incorporating a diﬀerent recognition element (e.g., a diﬀerent
antibody). Furthermore, this amperometric sensing method
has the potential to be developed as a portable point-of-care
sensing device, which can also be useful in population-wide
disease screening.

■

MATERIALS AND METHODS
Materials. Dichloromethane and ethanol (VLSI grade)
were purchased from VWR (Amsterdam, The Netherlands).
Acetone (VLSI grade), Harris Uni-Core 1 mm I.D. biopsy
punches, sodium phosphate, 11-amino-1-undecanethiol hydrochloride (AUT), (poly(ethylene glycol) diglycidyl ether
(PEGDGE), PBS tablets, bovine serum albumin (BSA), and
4-aminophenyl phosphate monosodium salt hydrate (pAPP)
were obtained from Merck (Zwijndrecht, The Netherlands).
Capturing anti-EpCAM (C-AE), biotinylated reporter antiEpCAM (R-AE), and extracellular vesicles were received as a
kind gift from Immunicon corp (Huntingdon Valley, United
States). Streptavidin-conjugated alkaline phosphatase (SAVALP) was purchased from Thermo Fisher (Eindhoven, The
Netherlands). Sylgard 184 was obtained from Farnell (Utrecht,
The Netherlands). Buﬀers were ﬁltered through a 0.2 μm
F
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syringe ﬁlter before use (Whatman, Little Chalfont, United
Kingdom).
Device Fabrication. nIDEs and μIDEs were fabricated
using a combination of optical and electron-beam lithography
(EBL) and metal evaporation and lift-oﬀ process. First, a 300
nm SiO2 layer was thermally grown on a 10 cm Si (100) wafer
at 1000 °C. A ﬁrst optical lithography step was carried out,
followed by evaporation of metals (Ti, adhesion layer, and Pt)
and lift-oﬀ for deﬁning the markers for EBL. Subsequently,
nIDEs were patterned using EBL. CHF3-based plasma etching
was next performed to recess the adhesive metal layer into the
substrate in the following step. After the etching, metal
deposition (Ti, 5 nm; Pt, 70 nm) and lift-oﬀ were done to form
the IDEs. Successively, the nIDEs were connected to contact
pads via contact leads using a second optical lithography step
followed by another metal evaporation (Ti, 5 nm; Pt, 100 nm)
and lift-oﬀ. A 300 nm layer of parylene-C was evaporated as a
ﬁrst passivation layer. A third optical lithography step was
done, and using the patterned photoresist as a mask, SiO2 (30
nm) was evaporated on top of the parylene-C layer. This oxide
layer covered the entire device except for the contact pads and
a rectangular window of 30 × 70 μm2 over the nIDEs. The two
passivation layers (parylene and SiO2) prevented current
leakage through the contact leads. The fabricated chips were
then diced to 25 × 20 mm2 chips (Disco DAD321 dicing
machine). Bare Pt substrates to validate and characterize the
surface functionalization were prepared by sputtering a 10 nm
layer of Ta as an adhesive layer followed by a 100 nm layer of
Pt on Mempax glass wafers.
Surface Modiﬁcation. The platinum nIDEs were ﬁrst
cleaned by rinsing sequentially in dichloromethane, acetone,
and ethanol (bare Pt substrates were ultrasonicated in the same
solvents for 7 min each). Platinum surfaces were ﬁnally cleaned
in O2 plasma (Diener Pico, Diener Electronics, Ebhausen,
Germany) for 30 s. After placing the PDMS device on the chip
(see Supporting Information, SI-1), the microchannel was
ﬁlled with a 1 mM AUT solution in ethanol to form a selfassembled thiol monolayer under static incubation at room
temperature overnight. Next, the channels were washed with 1
mL of ethanol, blown dry with N2, ﬁlled with neat
poly(ethylene glycol) diglycidyl ether (PEGDGE), and left
overnight at 40 °C. Afterward, the channels were again rinsed
with 1 mL of ethanol and blown dry with N2. This yields an
antibiofouling layer, which was subsequently functionalized
with antibodies. Speciﬁcally, a capturing anti-EpCAM (C-AE)
solution was diluted in sodium phosphate buﬀer (pH 8.3) to a
ﬁnal concentration of 25 mg/mL and injected in the
microchannel for overnight incubation. In this step, epoxide
groups in the PEGDGE molecules reacted primarily with
amines on the lysine residues on the antibody molecules. Prior
to the EV capture, unreacted epoxide groups were blocked
with a ﬁltered 1% BSA solution in PBS for 1 h at room
temperature, and the device was rinsed with 1 mL of PBS.
Characterization of the Surface Functionalization.
The antibody functionalization was validated on plain Ptcoated silica substrates before being applied on devices with
IDEs (see SI-4 and SI-5). AFM analysis in the air of the dried
substrates conﬁrmed the successful and selective capture of
tdEVs on the C-AE functionalized Pt surface. Circular objects
(10 nm ±1 nm in height and 0.1−1 μm in width) were found
in all studied regions of 10 × 10 μm2, corresponding to EVs,
which have collapsed while drying. In contrast, for negative
control samples [(1) no addition of PEGDGE, (2) no

antibody conjugation, (3) no incubation with EVs, or (4)
incubation with EpCAM-negative EVs derived from the PC3
cell line], no EV was found (Figure SI-2). These conditions
were subsequently used to functionalize the IDEs.
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