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Introduction

Bidirectional communication between cells and their envi-
ronment is essential for the maintenance of normal physi-
ological processes and plays a crucial role in pathological 
conditions. Over the past decade, extracellular vesicles 
(EVs) have emerged as key mediators of intercellular com-
munication. EVs are nano- to micrometre-sized particles 
surrounded by a lipid bilayer membrane that are released 
by virtually all cell types [1, 2]. They are therefore present 
in almost all tissues and body fluids. Their unique ability to 
transport bioactive molecules underlines their central role 
in the regulation of cellular functions and their involvement 
in a wide range of diseases [3]. Thus, EVs have been identi-
fied as promising non-invasive biomarkers in several condi-
tions such as cancer [4, 5] and cardiovascular disease [6], 
reflecting pathological changes through their abundance and 
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Abstract
Extracellular vesicles (EVs) have emerged as promising biomarkers for the diagnosis and monitoring of various diseases; 
however, their clinical application is limited by the need for sensitive and accessible detection platforms. In this study, 
a highly sensitive electrochemical lateral flow immunoassay (eLFIA) for the detection and accurate quantification of 
EVs in human plasma is presented. Using a polymer precipitation-based kit, EVs were isolated and determined by using 
iodine-doped starch-functionalized gold nanoparticle based immunochromatographic test. This strategy has never been 
used before for electrochemical coupling and it has been protected by an international patent. With this electrochemical 
approach, the biosensor achieved a detection limit of 9 EVs/µL, demonstrating significantly higher sensitivity than con-
ventional optical methods and even exceeding the limits reported by more complex bulk widely-used techniques, such as 
Nanoparticle Tracking Analysis. In addition, validation on real biological samples confirmed the accuracy of the device 
with recoveries above 98%, underlining its robustness and reproducibility. This work establishes a versatile and efficient 
platform for EV detection that addresses key limitations of current immunoassays, positioning this eLFIA as a promis-
ing tool for clinical diagnostics. Furthermore, the proposed strategy has the potential to be adapted to other biomarkers, 
broadening its applicability to a variety of pathologies.
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specific cargo, opening new opportunities for early diagno-
sis and monitoring of disease progression.

Accurate detection of EVs presents unique challenges 
because they are heterogeneous in size, origin, and molecu-
lar composition. Despite this heterogeneity and the fact that 
no universal biomarker has been identified for all EVs, sev-
eral protein families are expressed recurrently. In particular, 
membrane-associated proteins, tetraspanins, such as CD9, 
CD63 or CD81, together with cytosolic proteins as TSG101 
or ALIX [1]. Furthermore, as mentioned above, they are 
present in all types of body fluids with a variety of other 
cellular and molecular components that can interfere with 
analytical results [7]. Traditionally, the most commonly 
used techniques for EV detection include ultracentrifuga-
tion, which is considered the reference standard, micros-
copy-based methods, flow cytometry and enzyme-linked 
immunosorbent assays (ELISA) [8]. Although these meth-
ods provide reliable results, they have important limitations 
such as technical complexity, high cost and, in the case 
of immunoassays, low sensitivity, which is insufficient to 
detect the low concentrations of EVs present in biological 
fluids, especially in the early stages of disease.

In response to these challenges, innovative methods for 
EV isolation and detection have recently been developed 
based on technologies such as microfluidics, biomolecu-
lar probes, nanomaterials, surface plasmons and magnetic 
technology [9, 10]. These advanced strategies have brought 
the possibility of implementing liquid biopsies based on EV 
detection much closer, with great potential to transform the 
early and non-invasive diagnosis of various diseases. How-
ever, many of these methods still face significant barriers 
to their routine use in clinical settings. These limitations 
include low throughput and the need for signal amplifica-
tion, which complicate their implementation in widely used 
diagnostic scenarios. In this sense, ultra-sensistive bio-
sensing strategies have been reported to simplify analyti-
cal protocols, improving detection performance, including 
electrochemical immunosensors, easy to adjust to clinical 
settings, and washing-free sensing approaches, designed to 
reduce sample manipulation while keeping a high sensitiv-
ity [11–13].

In this context, lateral flow immunoassays (LFIA) have 
emerged as a promising solution, combining portabil-
ity, speed and simplicity [14]. These tests are a particu-
larly suitable alternative for point-of-care diagnostics, as 
demonstrated in classic applications such as pregnancy 
testing and, more recently, in the mass diagnosis of viral 
diseases during the SARS-CoV-2 pandemic. However, the 
limited sensitivity of conventional optical formats reduces 
their applicability in the detection of biomarkers present at 
extremely low concentrations, such as in the case of certain 

EV biomarkers. To overcome this limitation, the incorpo-
ration of electrochemical methods into LFIA has emerged 
as an innovative strategy capable of significantly improv-
ing their sensitivity [15], thus expanding their potential in 
detection applications.

A variety of labels can be used in electrochemical lat-
eral flow immunoassays (eLFIA). However, although gold 
nanoparticles (Au NPs) are the most commonly used label 
in visual analysis of LFIA, their use in eLFIA has been 
limited. When they are used, methods that involve dissolv-
ing the particles with acid [16] in the test line or enzymatic 
digestion [17] prior to electrochemical measurement are 
often employed.

Functionalization of Au NPs for use in LFIA begins 
with their bioconjugation to the detection antibody used, 
followed by blocking free sites on the NPs where no anti-
body has bound to prevent non-specific adsorption on the 
test strip. Proteins such as bovine serum albumin (BSA) or 
casein and polymers are often used for this purpose [18]. In 
this context, starch is an ideal polymer as it not only blocks 
the binding sites, thus avoiding possible false positives, but 
could also act as a functional carrier for an electrochemi-
cal probe, such as iodine, due to the known stable complex 
formed by these two compounds, where iodide ions are 
introduced into the amylose helix of starch [19]. Although 
a recent study has explored the use of iodine chemistry for 
gold measurement by electrochemical redissolution of NPs 
in the test line [20], our strategy minimizes experimental 
errors associated with downstream manipulations such as 
immersion time or reagent concentration. This approach 
improves significantly the reproducibility of the assay and 
provides a solid and robust platform that could be used by 
non-experts.

This study presents the development of a highly sensi-
tive eLFIA specifically designed for the accurate detection 
and quantification of EV biomarkers. This system is based 
on the functionalization of gold nanoparticles with starch 
and iodine, a novelty that not only improves the chemical 
stability of the assay but also enables electrochemical sig-
nal detection at low concentration ranges, overcoming the 
inherent limitations of conventional optical formats. The 
proposed approach addresses the key challenges of current 
immunosensors, such as low sensitivity and the need for 
complex protocols, by offering a platform that combines 
simplicity of operation with high analytical performance. 
Its design, validated with real biological samples, has been 
shown to be robust and accurate. These features make this 
biosensor a promising tool for the early and non-invasive 
diagnosis of various pathologies, with the potential to be 
adapted for the detection of other biomarkers of interest 
in EVs.
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Materials and methods

Isolation of EVs from human plasma

Plasma samples from healthy donors were centrifuged at 
3200 × g for 20 min to obtain platelet-poor plasma (PPP). 
They were then centrifuged a second time at 10,000 × g for 
30 min. Plasma-derived EVs were isolated using ExoQuick 
precipitation reagent. Samples were initially treated with 
5 U/mL thrombin and incubated with ExoQuick for 1 h at 
4  °C. EV-enriched fractions were collected by centrifuga-
tion at 1500 × g for 30 min and resuspended in HEPES.

Particle number and size distribution of the obtained 
fractions were analyzed by NTA at Nanovex Biotechnolo-
gies (Asturias, Spain).

Synthesis of the starch-iodine complex

Preliminary experiments with several types of starches 
(amaranth, quinoa and rice) containing different amylose/
amylopectin ratios were performed to optimize the com-
plexation of starch-iodine. A 1 mg/mL solution of native 
quinoa starch (reported to contain 20.95% amylose and 
79.05% amylopectin) [21] in milliQ water and heated at 80 
°C for 30 min was prepared. Then, Lugol reagent (5% I2 
and 10% KI solution) was added and shaken, followed by 
the addition of absolute ethanol to precipitate the coloured 
starch. The sample was centrifuged at 15,880 x g for 4 min 
The supernatant was discarded, and the pellet was resus-
pended in phosphate buffer (PB) up to the initial volume of 
the solution.

Bioconjugation of Au NPs

A solution of 1.5 mL of 40 nm Au NPs was carefully mixed 
with 100 µL of a solution of 0.15 mg/mL of anti-CD63, used 
as a detection antibody. After 1 h of reaction, 100 µL of a 
blocking solution containing a 0.1% of iodine-doped quinoa 
starch was added. The mixture was incubated for 45 min 
with constant agitation. The nanoparticles were then cen-
trifuged at 9184 x g for 20 min and, after discarding the 
supernatant, resuspended in 250 µL of 2 mM phosphate sta-
bilizing buffer at pH 7.4 with a concentration of 1% BSA 
and 10% sucrose. For comparison, the same procedure was 
carried out using 0.1% BSA as a blocking agent. This pro-
cedure is protected under patent [22].

Preparation of the strips

The LFIA was performed in a dipstick format. The test 
strips contained a sample pad, a nitrocellulose membrane, 
an absorbent pad and a plastic base. First, the 25 mm wide 

nitrocellulose membranes were attached to the plastic base 
to achieve a stable system. An anti-CD63 test line and an 
anti-IgG control line were then applied across the membrane 
using a dispenser at a rate of 0.100 µL/mm. The membrane 
was then dried at 37 °C for 30 min. Finally, the sample and 
absorbent pads were adhered to the base with an overlap of 
2 mm. The entire card was cut into 5 mm wide strips for 
subsequent individual assays.

LFIA

Nanoparticles blocked with iodine-doped starch were tested 
as labels in lateral flow assays using anti-CD9 as a capture 
probe and anti-CD63 as a detection antibody. The assay was 
performed by adding 10 µL of the previously conjugated 
gold nanoparticles (either blocked with iodine-doped starch 
or BSA) and 5µL of the corresponding sample (with the 
desired EVs concentration) to microcentrifuge tubes con-
taining running buffer containing 1% BSA, 0.05% Tween 
20 and 150 mM NaCl in HEPES up to a total final volume 
of 100 µL. The strips were placed vertically and allowed to 
run for 20 min.

Electrochemical measurement

As shown in Scheme 1, at the end of the test, the test line 
region was placed in a microcentrifuge tube containing 300 
µL PBST (0.01 M + 1% Tween20) for 2 min to remove non-
specific adsorption over the strip. It was then dried with 
paper and prepared for the screen-printed electrode (SPE) 
platform. Next, 5 µL of 0.5 M sulfuric acid was added to 
the membrane as an inert electrolyte. This was then coupled 
to the electrode with the help of a bobby pin, and additions 
of sulfuric acid were made to the auxiliary and reference 
electrodes respectively, so that they are not dry. Finally, 
the electrochemical measurement by coulometry was per-
formed by applying a fixed potential of + 0.45 V for either 
90 s (for low concentrations of EVs) or 180 s (for the higher 
concentrations). This technology has been protected with an 
international patent [22] and registered as Starch Tech™.

Results and discussion

Principle of the lateral flow immunoassay for EVs

The immunoassay used in this study is based on a sandwich 
format with two anti-tetraspanin antibodies, αCD9 for cap-
ture and αCD63 for detection, based on previous results of 
the research group [23, 24]. These two proteins are present 
in the membrane of most EVs and can therefore be consid-
ered as generic biomarkers of EVs.
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Evaluation of starch as a stabilizer and optimization 
of the immunoassay

Commercially available Au NPs were functionalized with 
EV-specific antibodies by direct adsorption, taking advantage 
of the high affinity of the antibodies towards the gold surface 
[25]. In this bioconjugation process, we propose the use of 
starch [26], a renewable, biodegradable, biocompatible and 
inexpensive natural polymer, as a blocking agent and/or func-
tional material that would avoid unspecific interactions. This 
was based on the properties of starch, in particular its ability 
to form a unique and stable blue complex with iodine, which 
could be used as a potential electrochemical probe. Hence, 
these particles would provide functional advantages by inte-
grating the blocking ability of NPs and electrochemical sens-
ing, as discussed below and shown in Fig. 2.

The EV samples from real human plasma were diluted in 
a buffer solution to the desired concentration ranges, accord-
ing to the results obtained by nanoparticle tracking analysis 
(NTA) (Fig. 1A). This would serve to construct the calibra-
tion curve of the developed method (9 × 109 − 1 × 1011 and 
5.4 × 104−2.7 × 105 EV/mL). To perform the test (in dipstick 
format), the strip was placed in a microcentrifuge tube con-
taining the AuNPs, the EVs sample and the running buffer, 
which in all cases consisted of 1% BSA, 0.05% Tween20, 
150 mM NaCl in HEPES pH 7.4.

The complex formed by the Au NPs with the EV-CD63+ 
EVs thus flowed along the strip by capillary action and was 
retained after recognition of these EVs (also CD9+) by the 
αCD9 present in the test line (Fig. 1B). The excess of this 
complex was retained by affinity on the control line printed 
with anti-mouse IgG immunoglobulin.

Fig. 1  (A) NTA size distribution profile of plasma-derived EVs with a mean of 117 nm and a mode of 92 nm. (B) Schematic illustration of the LFIA 
(side view) based on Au NPs as reporter labels blocked with iodine-doped quinoa starch for the detection of EVs

 

Scheme 1  Electrochemical set-up diagram for the measurement of the 
strip. After the dipstick LFIA is performed, the detection area is cut, 
and the background electrolyte is added. With the help of a bobby pin, 

the strip facing downwards is placed on top of the electrode and the 
coulometry can be performed connecting the electrode to a potentiostat
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[29]. To do this, increasing αCD63 concentrations (0–0.2.2 
mg/mL) were incubated with the Au NPs prior to salt addi-
tion (10% NaCl). When the Au NPs do not have enough 
antibody coverage, they aggregate producing a visible 
change of color from red to purple due to the localized 
surface plasmon resonance (LSPR) effect. As the antibody 
concentration increased, the NPs remained stable, keeping 
the characteristic red color of 40-nm Au NPs. The second-
lowest concentration of antibodies that showed no aggrega-
tion, 0.15 mg/mL, was selected for the development of the 
immunoassay.

Characterization of the conjugates

To test the success of the blocking and the stability of the 
nanoparticles with this blocking complex, Au NPs were bio-
conjugated with αCD63 and blocked with the synthesized 
iodine-doped starch complex and with BSA, used as a stan-
dard control.

Transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy combined with scanning 
transmission electron microscopy (EDX-STEM) analysis 
were used to study the morphology of the conjugates and 
to confirm the presence of iodine species in them. These 
techniques allowed direct visualization of the structure of 
the conjugates and identification of the regions where iodine 
was present, demonstrating its interaction with the starch 
and the functionalized nanoparticles (Fig.  3). This con-
firmed the uniform distribution of the starch-iodine complex 
in the particles and the absence of aggregation. The EDX 
spectrum of these particles is shown in Figure S3A.

The hydrodynamic size and ζ potential of AuNP con-
jugates blocked with iodine-doped starch and BSA were 
determined by DLS and electrophoretic light scattering 
(ELS) measurements, respectively. With these values, bio-
conjugation was confirmed by comparing the hydrodynamic 

As for the starch-iodine complex mentioned above, it 
is formed by the insertion of polyiodides (In

−), mostly tri-
iodide, into the hydrophobic region of the amylose helix, 
one of the main components of this polysaccharide [19, 27]. 
Hence, a starch with a high amylose content was sought. 
Therefore, starches with different amylose contents were 
evaluated, including rice, amaranth and quinoa [21]. The 
resulting complexes showed different colors and UV-Vis 
absorption spectra depending on the kind of starch (Figure 
S1A). Rice starch was immediately discarded as it gener-
ated a greyish suspension with visible precipitation, indi-
cating a poor complex stability. Amaranth starch formed a 
reddish complex with a maximum wavelength (λmax) around 
524 nm, while quinoa starch, with reportedly a similar per-
centage of amylose, formed a characteristic blue complex 
with λmax at 614 nm. These differences are related to the 
length and organization of the present glucan chains, which 
determine the polyiodide species that they can accommo-
date within the helices [28]. As quinoa starch produced the 
desirable blue complex without aggregation, it was selected 
for the subsequent experiments.

The amount of starch required for the functionalization 
of the Au NPs was also tested by trying two different con-
centrations: 1  mg/mL and 5  mg/mL, which are standard 
concentrations for this type of blocking. However, when 
the resulting particles were analyzed by dynamic light scat-
tering (DLS), slight aggregation corresponding to unbound 
starch was observed in the case of the particles with a higher 
starch concentration (Figure S1B), and a higher polydisper-
sity index was obtained: 0.267 ± 0.006 for the higher con-
centration and 0.198 ± 0.004 for the lower concentration.

On the other hand, a flocculation test (Fig. S2) was also 
necessary to determine the optimal detection antibody con-
centration required to stabilize the Au NPs while avoiding 
saturation of the surface. This would generate steric hin-
drance and result in a loss of bioconjugate functionality 

Fig. 2  Scheme of Au NP blockage and the reactions taking place for the electrochemical measurement. Enlarged is the schematic of the starch-
iodine complex, in which the I3

− ions are embedded in the amylose helix that forms starch together with amylopectin
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change in the refractive index of the nanoparticles due to the 
organic layer on the nanoparticle surface.

Electrochemical detection of the nanoparticles

The standard particles for LFIA are AuNPs, but for elec-
trochemical quantification they would have to be dissolved 
with strong acids or enzymatically digested; hence the need 
to look for non-hazardous chemical alternatives that can be 
used by the end-user at home. With the proposed iodine-
doped starch-blocked gold particles we get a biosensor 
that, by integrating the electrochemical probe directly into 
the LFIA design, would eliminate the need to add external 
reagents, simplifying the protocol and reducing potential 
interferences.

The electrochemistry of gold in the presence of iodine is 
complex due to the similarity between the oxidation poten-
tials of the two species, resulting in overlapping reactions. 
Gold can be oxidized to form species such as AuI2

− (E0 = 
0.578 V) and AuI4

− (E0 = 0.560 V), while iodine partici-
pates in parallel reactions such as triiodide formation (E0 
= 0.535 V) and oxidation (E0 = 0.533 V). These reactions 
compete within the same potential window, making it dif-
ficult to distinguish between the individual processes. In 
addition, iodine species can stabilize the oxidized states of 
gold, forming complexes that alter the redox behavior. This 
interaction highlights the highly interdependent nature of 
the processes in this system [30].

To optimize the fixed potential for coulometry, the fol-
lowing were dispensed separately onto a nitrocellulose 
membrane, so that it could be seen how the matrix affected 
the signal: bare Au NPs, bulk iodine-doped starch, and 
iodine-doped starch-functionalized Au NPs. Then, a cyclic 
voltammetry (initial potential, Ei = 0 V, final potential, Ef = 
0.8 V, scan rate = 50 mV/s and step potential = 2 mV) was 
performed for each of them in triplicate (graph not shown). 
The CV corresponding to the dispensed iodine-starch 
showed an oxidation peak at 0.34 V. Therefore, a coulom-
etry at 0.45 V would guarantee maximum intensity without 
losing sensitivity or reproducibility. For the functionalized 
Au NPs, this peak shifts to 0.43 V because this complex oxi-
dizes at more positive potentials, as previously explained. 
However, potentials above 0.5 V would result in capacitive 
currents greater than those of the bare Au NPs, resulting 
in a loss of sensitivity. For this reason, the fixed potential 
selected for subsequent coulometries was 0.45 V.

The influence of the area of the working electrode on the 
coupling of the test line was also analyzed, so we worked 
with a standard SPE with a circular WE (with a pseudo-
referential silver RE) and a customized electrode whose WE 
had the same shape and size as the test line (with a screen-
printed carbon RE) (Fig. S4). With RE of different materials, 

diameter before and after the conjugation reaction. The 
results obtained for each condition are summarized in 
Table 1.

As can be seen, the difference in size between the bare 
commercial nanoparticles and both conjugates showed that 
the conjugation process was successful in both cases (Fig 
S3B). No significant differences in size, polydispersity or 
ζ potential were observed between the conjugates blocked 
with iodine-doped starch and BSA.

Absorbance measurements of gold nanoparticles were 
used to follow the adsorption of antibodies and proteins 
or polymers on their surface. A strong absorbance peak 
between 460 and 560 nm was obtained due to the LSPR of 
colloidal gold, and its λmax varied depending on the size of 
the nanoparticles. The maximum wavelength of AuNPs was 
530 nm. A redshift to a λmax of 533 nm was observed when 
the conjugation reaction was performed, blocking with both 
BSA and iodine-doped starch (Fig S3C). This indicated a 

Table 1  DLS and ELS measurements (ζ average, PdI and ζ potential) 
of the bare Au NPs and the conjugates blocked with BSA and iodine-
doped starch

Z-average 
nm

PdI ζ potential 
mV

Bare Au NPs 45 ± 1 0.157 −32.2 ± 0.9
Au-αCD63 blocked with BSA 
conjugate

60 ± 1 0.146 −5.6 ± 0.1

Au-αCD63 blocked with iodine-
doped starch conjugate

65.1 ± 0.1 0.167 −8.2 ± 0.2

Fig. 3  (A) Representative TEM image of the conjugates. Scale bar cor-
responds to 50 nm. (B) STEM image of the conjugate and EDX map-
ping of (C) I and (D) Au. Scale bar in (B), (C) and (D) corresponds 
to 20 nm
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Regarding the sensitivity of the developed eLFIA, it was 
assessed by measuring different ranges of EV concentrations.

As a first approximation, the range of concentrations pre-
viously detected [24] visually in the literature was taken, 
but in this case we could simultaneously detect EVs visu-
ally and electrochemically with a variation of two orders of 
magnitude in the concentration of EVs. In this and subse-
quent cases, the limit of detection was calculated using the 
3SD/slope criterion.

For electrochemical detection, a linear correlation was 
obtained between the analytical signal and the concentration 
of EVs over the dynamic range of 9 × 106 to 100 × 106; with 
a R2 of 0.9913, a LOD of 1.15 × 1010 EV/mL, corresponding 
to a concentration of 19 pM, and a RSD of 5.1%. (Fig. 4)

It is also interesting to compare this detection with visual 
detection (Figure S5). For this purpose, the signals obtained 
by the two methods (charge in the electrochemical case and 
optical density in the visual case) were normalized for the 
concentration range studied. Both methods showed a lin-
ear response, although the dynamic range of the concen-
trations was reduced in the visual reading. It can also be 
observed that the error in the electrochemical method is 
higher at the lowest EV concentration, which is expected 
when the analyte concentration is close to the limit of quan-
tification (LOQ) of the method and the signal-to-noise ratio 
decreases, whereas the error in the visual method remains 
more constant. This is due to the matrix effect of the nitro-
cellulose membrane, which contributes to light scattering in 
the visual method, but has little effect on charge transfer 
in the electrochemical method [20]. Finally, the correlation 
between the two approaches was evaluated by measuring 
four strips with both techniques, obtaining a good correla-
tion coefficient of 0.9923.

In order to explore the sensitivity and detection limit of 
the biosensor at lower concentration level, a linear calibra-
tion was obtained for the concentration range 0 to 2.7 × 105 
EV/mL, where there was not visual detection. This lin-
ear response (Fig. 5) was fitted to the Eq. 1, with a linear 
regression coefficient of 0.9981. This resulted in a LOD 

cyclic voltammetry were performed to identify the redox 
process (initial potential, Ei = −0.5 V, final potential, Ef = 
0.6 V, scan rate = 50 mV/s and step potential = 2 mV) and in 
the case of the circular electrode as aforementioned, it was 
at 0.45 V, while in the case of the line electrode it appeared 
at 0.62 V. However, the big difference between the two is 
the peak intensity, 0.349 µA for the circular electrode, and 
0.048 µA for the line electrode, a seven-fold decrease. This 
suggested that although the line electrode was matched the 
shape of the test line in the strips, the critical factor in this 
case was the electroactive surface area (ECSA). This was 
estimated following the Randles-Sevick theory for quasi-
reversible systems, obtaining an ECSA of 14.6 mm2 for the 
circular one, 2.7-fold higher than the line one, with 5.37 
mm2.

Analytical performance of the eLFIA for EVs 
quantification

EVs have attracted significant interest due to their potential 
as biomarkers in several diseases. However, their study is 
limited by the lack of standardized isolation protocols. While 
ultracentrifugation and size exclusion chromatography are 
commonly used methods, they are both time-consuming and 
expensive. In this study, precipitation methods were used to 
isolate EVs from plasma, providing a more accessible and 
faster alternative to these traditional techniques. However, it 
is important to acknowledge that precipitation methods can 
compromise the purity of EV fractions by co-precipitating 
other plasma components. Despite these known limitations, 
our previous research [31] has shown that such impurities 
do not affect LFIA performance, which incorporates a sepa-
ration step when the sample flows through the membrane. 
This indicates that the eLFIA developed in this work would 
still be effective. In addition, the design of the eLFIA sys-
tem, which incorporates a sandwich format with distinct 
capture and detection antibodies, ensures high specificity 
for EV identification.

Fig. 4  (A) Coulometric curves obtained for 9 × 109 (blue), 2 × 1010 
(orange), 5 × 1010 (pink) and 1 × 1011 (green), EV/mL. (B) Response 
curve of the developed biosensor. (C) Inset: calibration curve for elec-

trochemical detection of EVs with the developed method. Linear fit: 
Q(µC) = 1.8 × 10− 10 [Concentration (EV/mL)] + 4.2
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concentration, the measured charge starts to increase again, 
giving rise to the second linear range.

With the implemented detection method, we demonstrate 
that the developed biosensor is able to detect and quantify 
EVs with remarkable versatility. On the one hand, the device 
allows working in concentration ranges lower to those of 
established analytical methods such as NTA [32]. On the 
other hand, it is characterized by exceptional sensitivity, 
achieving detection at ultra-low levels down to 9 × 103 EV/
mL, positioning it as a highly efficient tool for the analysis 
of EVs in contexts where the detection of minimal concen-
trations is critical. To place the analytical performance of 
the developed biosensor in its context, a summary of previ-
ously reported LFIA for EVs detection is shown in Table 
2, comparing their analytical performance with the eLFIA 
proposed in this work.

The majority of reported LFIA rely on optical detec-
tion strategies, such as fluorescence, luminescence or sur-
face-enhanced Raman scattering (SERS). This is the first 
eLFIA for EV detection. Only one other LFIA, based on 
SERS detection, has achieved a slightly lower LOD (7 × 

(calculated following the 3SD/m criteria) of 9 × 103 EV/
mL, equivalent to 15 aM and a LOQ (10SD/m criteria) of 
3 × 104 EV/mL, 50 aM. It is important as well to note that 
this method showed a high reproducibility since its RSD 
was 6.34%.

Q (µC) = 6.1 × 10−5 [Concentration (EV/mL)] + 4.6� (1)

It is also interesting to note that the charge values obtained 
for both linear concentration ranges are quite similar (see 
Fig. S6). In a set of complementary experiments (not 
shown), test strips containing Au NPs at concentrations 
ranging from 0 to 1014 particles/mL were measured, show-
ing an increase in charge up to the point at which the test 
line became optically detectable. This can be explained by 
the three-dimensional structure of the membrane: the elec-
trochemical probe can access the electrode until the test line 
becomes saturated and visible to the naked eye. Beyond 
this point, only the iodine present on the surface of the 
membrane contributes to the signal. As the number of Au 
NPs on the surface increases proportionally to the analyte 

Table 2  Comparison of the main characteristics of the developed eLFIA with other LFIAs for the detection and quantification of EVs
Detection strategy 
for LFIA

Target EVs Detection nanolabel Readout device Sample matrix LOD EV/
mL

Assay 
time 
min

Ref

Fluorescent Biotinylated EV membrane Fluorescent 
nanoprobes

Fluorescence reader 
(desktop)

Buffer (PBS) 
and human 
saliva

2 × 106 20 [33]

Fluorescent CD63+ (universal EVs) Encapsulated quan-
tum dots

Fluorescent reader 
(desktop)

Human foreskin 
fibroblast

1.2 × 105 10 [34]

Fluorescent CD9+-CD81+ (universal 
EVs) and EpCAM+-
CD81+ (tumor-derived 
EVs)

Europium NPs Fluorescence reader 
(desktop)

Human plasma 2.4 × 105 15 [35]

SERS CD9+, CD81+ (universal 
EVs)

Au–Ag nanoshuttles Raman spectrometer 
(desktop)

Human plasma 7 × 103 15 [36]

Luminescent CD63+ (universal EVs) Upconversion NPs 
(UCNPs)

Upconversion reader 
(desktop)

Urine 4 × 107 40 [37]

Electrochemical CD63+, CD9+ (universal 
EVs)

Iodine-starch func-
tionalized Au NPs

Potentiostat (portable) Human plasma 9 × 103 23 This 
work

Fig. 5  (A) Coulometric curves obtained for 0 (blue), 54 (orange), 82 
(pink), 135 (yellow), 164 (green), 200 (red) and 270 (grey) x 103 EV/
mL. (B) Response of the biosensor in low concentration ranges. Inset: 

linear response from 0 to 2.7 × 105 EV/mL for the developed eLFIA for 
quantification of EVs
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protocol and avoiding the use of additional reagents. Valida-
tion on real biological samples demonstrated high precision 
and accuracy, with recovery rates above 94%, confirming 
its applicability in clinical settings. These results position 
the biosensor as a versatile and efficient tool, capable of 
complementing and in some aspects surpassing traditional 
methods for EV detection with the potential to be adapted 
to any potential biomarker of interest in EVs and can shed 
light on the diagnosis and monitoring of various diseases. 
The technology has been protected with an international 
patent, as Starch Tech™.
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