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Abstract 
 A new, sensitive, and cost-effective lab-on-paper-based immunosensor was designed based on electrochemical impedance 
spectroscopy (EIS) for the detection of exosomes. EIS was selected as the determination method since there was a surface 
blockage in electron transfer by binding the exosomes to the transducer. Briefly, the carbon working electrode (WE) on the 
paper electrode (PE) was modified with gold particles (AuPs@PE) and then conjugated with anti-CD9 (Anti-CD9/AuPs@
PE) for the detection of exosomes. Variables involved in the biosensor design were optimized with the univariate mode. 
The developed method presents the limit of detection of  8.7 × 102 exosomes mL−1, which is lower than that of many other 
available methods under the best conditions. The biosensor was also tested with urine samples from cancer patients with 
high recoveries. Due to this  a unique, low-cost, biodegradable technology is presented that can directly measure exosomes 
without labeling them for early cancer or metastasis detection.

Keywords  Paper-based electrode · Gold particle modified electrode · Exosomes · Electrochemical impedance 
spectroscopy · Label-free detection

Introduction

Cancer, known to have more than 100 types, has the highest 
mortality rate in modern times, despite the opportunities 
for early diagnosis and personal treatment [1]. Determining 
tumors at an early stage is a vital component of cancer con-
trol, which is possible by detecting the correct cancer mark-
ers in various forms such as DNA, miRNA, and proteins in 
the tumor tissue or serum [2, 3]. Recently, exosomes, one 
of the extracellular vesicles, have emerged as an alterna-
tive mediator of cell-to-cell communication in the tumor 
microenvironment and cancer metastasis, leading to the 

Highlights

 •  Impedimetric detection of exosomes with paper electrodes has 
been suggested for early cancer detection. 
 • Simple, rapid, real-time quantitative determination of 
exosomes takes only 40 min. 
 • The lowest LOD for exosomes in PBS medium was 8.7 × 102 
exosomes mL−1. 
 • The biosensor design allowed analysis in a sample volume as 
low as 5 µL. 
 • Exosomes in urine samples taken from patients were detected 
with 79% to 110% recoveries.
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intracellular transfer of information from donor cells to 
recipient cells the direct uptake or release of extracellular 
signaling molecules [4]. First, tumor-derived exosomes’ 
ability to transfer miRNAs from metastatic to less meta-
static cells facilitates tumor growth and metastasis [5, 6]. 
In addition, exosomes which contain bioactive molecules 
produced by cancer cells can stimulate the immune response. 
Studies show that the level of exosomes in the body fluids 
such as urine and plasma of cancer patients is significantly 
higher than in healthy individuals [7–9]. For this reason, 
many researchers hypothesize that exosome levels in body 
fluid may serve as a diagnostic biomarker in cancer patients 
[10–13]. Due to the proteins on their surfaces, the determi-
nation of exosomes can be performed by Enzyme-Linked 
Immunosorbent Assay (ELISA) and Western Blot (WB). 
However, these methods are unsuitable for routine clinical 
analysis because they require large sample volumes, are dif-
ficult to handle, and need specialized instrumentation. On 
the other hand, biosensors are generally considered good 
candidates for such applications as they are sensitive, selec-
tive, reliable, and low-cost. Therefore, exosome biosensors 
have been developed using many optical, electrochemical, 
and colorimetric methods [14–18].

The membranes of exosomes contain an abundance of 
tetraspanins that are specific to endosomes, including CD9, 
CD63, and CD81 [19]. These proteins play a crucial role 
in orchestrating diverse molecular interactions, amplifying 
their functions, and governing various cellular processes 
including cell adhesion, motility, growth, differentiation, 
and signal transduction [20]. Notably, the CD9 antigen is 
part of the tetraspanin family. CD9 is a protein involved in 
cell signaling and adhesion. It is found on the surface of 
various cells, including cancer cells, and plays a role in the 
communication between cancer cells and their microenvi-
ronment [21]. In cancer patients, the expression of the exo-
somal markers (CD63 and CD9) is higher in malignant cells 
compared to adjacent normal cells [22, 23]. To target them, 
several biosensors have been developed, showing interesting 
diagnostic tools in the early stages of cancer [24–26].

The most important challenges in designing exosome bio-
sensors are their small size and low concentration in body 
fluids. Electrochemical biosensors have become an ideal 
option for exosome detection due to their high sensitivity, 
low sample requirement, and easy instrumentation [27]. The 
electrochemical biosensor converts the identification infor-
mation of biomolecules into potential, current, and imped-
ance electrochemical signals [28]. The significance of EIS 
compared to other electrochemical techniques lies in its abil-
ity to differentiate and offer extensive information on various 
electrical, electrochemical, and physical processes occurring 
in a real electrochemical system [29]. Moreover, EIS can be 
performed as a label-free detection method promising the 
potential to facilitate rapid tests [30–34]. The impedimetric 

response of an exosome, Z, consists of the real (passive ele-
ment) part, Zr, and the imaginary (active element) part, Zi. 
This impedance is a measure of the exosome’s ability to 
resist electron current flow and depends on its shape, size, 
and dielectric properties [35]. Therefore, this electrochemi-
cal method is widely used to investigate different molecular 
interactions, especially in immunosensors [36, 37].

An ideal biosensor should meet real applications’ low-
cost and stability requirements. Paper-based analytical 
devices (PADs) have recently received much attention as an 
effective way to develop miniature and lightweight devices 
at a low cost. Paper electrodes, in which the recognition 
components such as enzymes, antibodies, and aptamers can 
be easily immobilized [38–40], can meet the needs of both 
medical laboratory investigations and point-of-care-testing 
(POCT) applications [41–44]. This naturally occurring and 
sustainable material can undergo processing techniques 
similar to those used in microfluidic-based diagnostics. As 
the liquid can pass through the porous substrate via capil-
lary action, the necessity for pumping systems is eliminated, 
and only small sample volumes are necessary. Additionally, 
printed paper featuring hydrophilic channels bordered by 
hydrophobic walls enables the distribution of samples into 
distinct spatial regions, facilitating the simultaneous execu-
tion of multiple assays on a single device [45, 46].

Herein, we developed an electrochemical paper-based 
biosensor for the selective and sensitive detection of 
exosomes by improving the models we designed before [26, 
47]. To our knowledge, for the first time, an AuPs-mod-
ified paper electrode system (AuPs@PE) was developed 
and applied here for impedimetric detection of exosomes. 
Moreover, the advantages of this paper-based immunosen-
sor, such as being portable and disposable, make it superior. 
First, we focused on gold nanostructures including a large 
surface area-to-volume ratio, unique optical and electronic 
characteristics, and the ability to be easily functionalized 
for the adsorption of various biomolecules [48, 49]. Since 
exosomes contain CD9 surface antigens, Au-accumulated 
PEs were conjugated with anti-CD9 antibodies for the bio-
sensor system. Then, the Anti-CD9/AuPs@PEs interacted 
with different concentrations of exosomes. In the presence 
of a [Fe(CN)6]3−/4− redox system as a faradaic probe, RCT 
resulting from the binding of biomolecules was observed. 
The RCT response after exosome binding corresponds to 
the number of captured exosomes and serves as a proof-of-
concept to detect and quantify cancer cell-derived exosomes. 
In addition, the developed system was tested both in a PBS 
environment and urine samples collected from healthy and 
prostate cancer patients.
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Experiments

Chemicals and reagents

Lyophilized PC-3 (human metastatic prostate cancer cell 
line) Exosome Standard (ab239689) was purchased from 
Abcam, UK. CD9 (C-4) monoclonal antibody was pur-
chased from Santa Cruz Biotechnology, Inc., and it was 
used without further purification and diluted in PBS 7.4. 
The number of exosomes in urine samples was determined 
with the EXEL-ULTRA-CD63-1 kit purchased from Sys-
tem Biosciences. Nitrocellulose (NC) membrane (FF80HP, 
210 × 297 mm) was purchased from Whatman, Cytiva, Marl-
borough, MA, USA. Conductive carbon paste (DS-7452CB) 
was supplied from Daejoo Electronic Materials (Shanghai, 
South Korea). Silver chloride ink was purchased from Gwent 
Group (Torfaen, UK). Tetrachloroauric(III) acid (HAuCl4) 
was purchased from BDH Ltd, Poole, England. Other chemi-
cals were supplied from Sigma, St. Louis, MO, and Merck 
(Vienna, Austria) (see supporting information for details).

Instrument

All electrochemical measurements were carried out using 
IVIUM-CompactStat potentiostat. Processing of impedance 
measurements was performed by ZsimpWin 3.22 software, 
and RCT was calculated using suitable equivalent circuits. 
The exosome number of samples was determined at 450 nm 
using the NanoDrop ND-1000 spectrophotometer. XEROX 
ColorQube™ 8570 brand wax printer was used to design 
barrier circles on the paper-based electrodes.

Urine sample collection

For exosome analysis, 5.0 mL of urine samples were taken 
from each patient in all groups. Urine samples from all 
patients were centrifuged at 4000 rpm for 20 min. The super-
natant was collected and stored at − 80 °C until the next use. 
All processes were carried out according to the experimental 
application plan and collection norms. The details of ethi-
cal procedures are presented in the supporting information.

The groups belonging to the study are as follows:

Group I: Patients in the control group who do not have 
prostate problems and who applied to the clinic for uri-
nary reasons.
Group II: Patients diagnosed with prostatitis and under-
going biopsy.
Group III: Patients diagnosed with prostate cancer for 
the first time but not treated. Both patients had a Gleason 
score (3 + 3) of 6/10.

Exosomes were obtained from the urine samples of Group 
1, Group 2, and Group 3 patients with the Qiagen-HB-2436 
Kit. Then, the exosome quantification was performed with 
the ELISA kit (EXEL-ULTRA-CD63-1). The standard 
amount of exosome in the Biovision TumorExoRNATM 
(K1231-20) kit was used as a positive control. The calibra-
tion curve of the measurements obtained from the standards 
is presented in Figure S1.

As a result, the groups of exosomes in urine samples were 
categorized by the diagnosis types. In addition, the letter 
“G” indicates the group number, and the letter “P” indicates 
the patient number.

Characterization of the standard and urine 
exosomes by high contrast transmission electron 
microscopy (CTEM)

Exosomes were fixed by preparing a 1% glutaraldehyde 
solution and then incubated for 10 min. A 5 µL of exosome 
sample was adsorbed on 200-mesh copper grids coated 
with formvar-carbon. The excess solution was removed 
with filter paper after 5 min. The grid was briefly placed 
on 10 µL of 2% uranyl acetate (saturated) solution for 
negative staining. After 1-min incubation, the step was 
repeated for washing with distilled water and left to dry 
overnight. The grids were then observed using FEI Tecnai 
G2 Spirit BioTwin CTEM.

Fabrication of paper‑based electrodes

Whatman FF80HP Membranes were used as paper mate-
rial. A design to facilitate working on paper-based elec-
trodes was performed. First, double barriers with 3-mm 
and 10-mm diameters were created on the membrane sur-
face using wax printing. While the 10-mm diameter barrier 
consists of working, reference, and counter electrodes, the 
3-mm barrier includes only the working electrode. Then, a 
1-mm-thick steel mask was employed to set up the three-
electrode system on the NC membrane. For this purpose, 
this mask was placed on a paper electrode, and carbon ink 
was applied to create electrodes. Following this step, Ag/
AgCl ink was applied additionally to form the reference 
electrode on the appropriate place of electrode design. It 
was then cured at 90 °C for 5 min to fix the carbon ink on 
the NC membrane surface, melt, and penetrate the wax 
into the NC membrane. Finally, copper tapes were attached 
to the connection part of the electrodes to facilitate the 
electrical connection. The whole fabrication process of the 
paper electrodes, an image of printed PEs, and performing 
EIS measurement are shown in Figure S2.
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Au accumulation on the working electrode

To decorate the paper electrodes with Au particle accumu-
lation, 125.0 μL of 0.1 M KCl solution containing 5.0 mM 
chloroauric acid was added onto the paper electrode surface, 
and the electrodeposition of gold particles was achieved on 
the working electrode by applying − 0.3 V as constant poten-
tial during 600 s with the chronoamperometric method [50].

The conjugation of Anti‑CD9 on AuPs modified 
paper electrodes

A 500.0 µL of 20.0  mM 11-mercaptoundecanoic acid 
(MUA) in EtOH/H2O (8:1) solution was applied to the 
AuPs@PE and left in the dark to mix for 24 h. After the 
modification step, the electrodes were washed with 2.0 mL 
of EtOH to remove residuals. Then, 150.0 µL solution con-
sisting of 0.4 M EDC and 0.1 M NHS was applied to each 
surface for 1 h to activate the carboxyl group of MUA. The 
electrodes were washed with 1.0 mL of distilled water. For 
the antibody conjugation of the surfaces, 5.0 µL of 4.0 ng 
µL−1 anti-CD9 was applied to the working electrode sur-
face. Finally, Anti-CD9/AuPs@PE was washed with PBS 
(pH 7.4) and treated with % 0.1 bovine serum albumin to 
avoid non-specific bindings.

Characterization of the paper‑based electrodes 
by scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images were 
obtained with QUANTA 400F Field Emission SEM. While 
the additional processing was not applied to record the 
SEM images of PE, AuPs@PE, and Anti-CD9/AuPs@PE, 
a treatment using glutaraldehyde was applied to the stand-
ard exosome-captured Anti-CD9/AuPs@PEs. For this pur-
pose, firstly, 5.0 µL of 2.5% glutaraldehyde was applied to 
the electrode, then washed with ethanol for dehydration 
and left to dry [51]. Ultimately, the SEM image of the exo-
some (5.0 µL of 1.0 × 108 exosomes mL−1) captured Anti-
CD9/AuPs@PE was recorded. Four SEM images belong 
to separately prepared surfaces.

Exosome detection by EIS

EIS measurements were performed on a potential exhibit-
ing faradaic condition through a sinusoidal potential per-
turbation with a frequency range of 1 to 105 Hz, with 26 
data point readings and an amplitude of 0.01 V. EIS data 
was placed in a suitable equivalent circuit using ZsimpWin 
3.22 software. The R(C(RW)), R(CR)W, and R(Q(RW)) 
equivalent circuit models are used to obtain RCT. These 
equivalent circuit models contain RS, CDL, RCT, CPE, 

and ZW components: These circuit elements indicate the 
resistance of the current passing through the solution, the 
charge transfer resistance, the double-layer capacitance 
formed between the surface and the liquid, constant phase 
element, and the 45° inclined diffusion resistance element, 
respectively. EIS measurements were performed with a 
three-electrode system consisting of a working electrode, 
a counter electrode, and a reference electrode. A 5.0 µL of 
standard exosome samples at different concentrations were 
applied to Anti-CD9/AuPs@PE, separately, and RCT val-
ues were recorded after 40 min of incubation. The voltage 
exhibiting faradaic condition in the impedance measure-
ments was determined to be 0.1 V from the cyclic voltam-
mogram taken before the measurement, and the impedance 
measurements of the prepared immune sensors were taken 
from 5.0 mM [Fe(CN)6]3−/4− in 0.1 M KCl pH 7.4 solution.

Results and discussion

Characterization of the standard and urine 
exosomes by CTEM

The standard exosomes were validated by using CTEM. 
Exosomes were detected according to shape and edge con-
trast criteria. As seen in Figs. 1A and B, negative stain-
ing of exosome edges with uranyl acetate gave a better 
response in standard exosomes. Figure 1B showed that the 
exosomes are spherical vesicles with an average diameter 
of about 50 nm. In Fig. 1C, G3P1 coded urine sample, the 
exosome is lighter than the background in the complex 
sample environment. Standard exosomes were also slightly 
smaller than urine exosomes. Round-shaped morphologies 
of exosomes are seen clearly in all three images.

Characterization of the paper‑based electrodes

Cyclic voltammetry (CV) was used to characterize PE 
and AuPs@PE. CV method was performed at a scan rate 
of 50 mV/s with sampling potentials ranging from − 1.0 
to + 1.0 V. The current values (Ic and Ia) obtained after 
AuPs accumulation are considerably higher than those 
of unmodified PE (Fig. 2A). The anodic and cathodic 
peak currents of the modification stages are also shown 
in Table S1. This indicates that the accumulation of AuPs 
on the PE surface enhances electron transfer.

EIS measurements presented in Fig. 2B were performed 
to examine the changes in the charge transfer resistance 
(RCT) of both PE and AuPs@PE as working electrodes. 
While the charge transfer resistance of PE as the bare 
paper electrode was calculated to be 1625 ± 32 Ω (2.0% 
of RSD, n = 3), a significant decrease in the charge transfer 
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resistance occurred after AuPs accumulation, and the RCT 
of AuPs@PE was obtained to be 227 ± 9 Ω (4% of RSD, 
n = 3). The results are shown in Table S2. A significant 
increase in RCT confirmed that electron transfer acceler-
ated by coating AuPs on the carbon surface.

Scanning electron microscopy (SEM) was used to char-
acterize the surfaces of the PE, AuPs@PE, Anti-CD9/
AuPs@PE, and the exosomes on Anti-CD9/AuPs@PE, 
respectively. Figure 3A shows unmodified PE, i.e., only 
carbon paste-coated PE, while Fig. 3B shows the morphol-
ogy, shape, and size of the AuPs accumulated on the PE 
surface by electrochemical reduction. The homogeneous 
decoration of AuPs on PE is clearly shown in Fig. 3B. We 
observed AuPs on PE as different sizes, sharp-edged, and 
localized particles. The decrease in the brightness of AuPs 
was caused by the antibody covering the surface and was 
indicated in Fig. 3C. Scanning electron micrograph of the 
exosomes with preserved membrane integrity revealed that 
the particles had a spherical shape and were approximately 
50–100 nm in diameter. The image of exosomes shown 
with red arrows in Fig. 3D is compatible with the studies 
in the literature [52–54]. We have also included additional 
SEM images of exosome-capturing Anti-CD9/AuPs@PE 
to the supporting information in Figure S3.

SEM with energy dispersive X-ray spectroscopy (SEM/
EDX), one of the most widely used surface characteriza-
tion techniques, was also used in this study. Using the EDX 
method, the results including the chemical composition of a 
sample, their distribution, and concentration can be quickly 
generated. In addition to SEM images of PE and AuPs@PE, 
SEM–EDX analysis was performed to prove the formation of 
gold particles on the paper surface. As a result of the EDX 
analysis of PE indicated in Figure S4A, it is seen that the C 
and O atoms are dominant. After coating, Au atoms on the 
surface were observed for AuPs@PE (Figure S4B).

Fig. 1    CTEM of standard exosomes at different magnifications (A) and (B), and G3P1 urine exosomes (C)

Fig. 2   CV (A) and EIS  (B) measurements of PE and AuPs@PE, 
5.0  mM [Fe(CN)6]3−/4− in 0.1  M KCl pH 7.4 solution was used as 
electrolyte
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Optimization of the experimental conditions

The extent to which the experimental parameters affect 
the response of the exosome sensor was determined by 
the electrochemical impedance technique. The constant 
conditions of the optimization studies were 2 ng µL−1 of 
anti-CD9, 60 min of incubation time, and 25 °C of incuba-
tion temperature, and the response of Anti-CD9/AuPs@
PE was measured against 1.0 × 1012 exosomes mL−1. To 
ensure the selectivity and sensitivity of the exosome sen-
sor, the effect of anti-CD9 concentration on the present 
was investigated. Figure 4A shows that the response RCT 
increases with the increase of the anti-CD9 concentration 

up to 4.0 ng µL−1. Using 8.0 ng µL⁻1 of anti-CD9 did not 
enhance the RCT response. Therefore, the anti-CD9 con-
centration was optimized at 4.0 ng µL⁻1 to achieve high 
selectivity and sensitivity. The influence of the incubation 
temperature was studied at + 4, + 25, and + 37 °C. Since 
the maximum increase in RCT was observed at + 25 °C, 
this point was determined as the optimum incubation tem-
perature as shown in Fig. 4B. The influence of the incu-
bation time was studied in the 20–60-min range. If the 
incubation period is too long, non-specific adsorption may 
develop, and unexpected RCT values may occur. Based 
on Fig. 4C, the best binding period was found 40 min, 
regarding the highest RCT. Nyquist diagrams obtained in 

Fig. 3   SEM images of PE (A), AuPs@PE (B), Anti-CD9/AuPs@PE (C), and exosome-capturing Anti-CD9/AuPs@PE (D)
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the optimization studies are presented in Figures S5, S6, 
and S7, respectively.

Analytical performance of biosensors

Working conditions were optimized for the exosome deter-
mination, and the analytical performance of the produced 
exosome biosensor was investigated under these conditions. 
Figure 5 shows the principle of the exosome biosensor pre-
pared with paper electrodes. After the processes mentioned 
in Sect.  "Fabrication of paper-based electrodes", gold 

particles were accumulated on carbon WE, which made the 
surface more electron conductive. The AuPs@PE revealed 
a small semicircle domain, implying low electron-trans-
fer resistance of the redox probe (Fe(CN)6

3−/Fe(CN)6
4−). 

AuPs@PE exhibited a significant increase in both anodic 
and cathodic peak currents of the redox probe. Then, Anti-
CD9 was conjugated to the surface of AuPs@PE by activat-
ing 11-MUA with EDC/NHS coupling agents. Anti-CD9 
immobilization reduced the ability of the redox probe to 
access the layer, and this was characterized by an increase 
in the RCT values that means the passivation of the elec-
trode. This behavior was also used to obtain a calibration 
curve for exosome detection between 1 × 105 and 1 × 1012 
exosomes mL−1. Lyophilized PC-3 (human metastatic pros-
tate cancer cell line) exosome standards were used to ensure 
the analytical validity of the method. To assess the immune 
complex formed by anti-CD9 and CD9 antigen, exosome 
concentrations ranging from1 × 105 to 1 × 1012 exosomes 
mL−1 in PBS (pH 7.4) were tested by EIS in faradaic condi-
tions. The impedimetric responses of Anti-CD9/AuPs@PE 
against exosome concentration from seven independently 
prepared batches are shown in Fig. 6A. The RCT response 
of exosomes with their increasing concentrations was evalu-
ated, and the calibration curve in Fig. 6B was obtained. The 
RCT corresponding to each concentration in the calibra-
tion curve was obtained by averaging three measurements. 
According to this curve, a linear variation was established 
with RCT over an exosome concentration range of 1 × 105 
to 1 × 1012  mL−1. The equation y = 799.66x—598.2 was 
obtained for this linearity with 0.9921 of R2. In addition, 
the limit of detection (LOD) was obtained to be 8.7 × 102 
exosomes mL−1. The examination of Tables S3 and S4 
focused on the summary output of the regression statistics 
and the limit of detection (LOD). In addition, the studies 
in the literature in which exosome sensors were developed 
using different methods are indicated in Table 1. Compared 
to these exosome sensors in the literature, the proposed Anti-
CD9/AuPs@PE exhibits a wide linear working range and 
high sensitivity.

Selectivity, repeatability, and stability of Anti‑CD9/
AuPs@PE

To verify the selectivity of the proposed sensor for exo-
some detection, we evaluated the response of Anti-CD9/
AuPs@PE to biomolecules present in plasma such as glu-
cose, cysteine, and threonine at concentrations 1 mg mL−1, 
0.03 mg mL−1, and 0.03 mg mL−1, respectively. In addition, 
we used carcinoembryonic antigen (CEA) in the selectiv-
ity study. CEA is a glycoprotein abnormally expressed in 
many cancer types (such as breast cancer, gastric cancer, 
and ovarian cancer) [64, 65] and the normal range is 0 to 
2.5 ng mL−1 in blood [66, 67]. In this part, a 2 ng mL−1 

Fig. 4   The effect of Anti-CD9 concentration (A), incubation tem-
perature (B), and incubation time (C) on RCT of 1.0 × 1012 exosomes 
mL−1
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CEA sample was used to prove the sensor performance. 
Selectivity testing was performed on the AuPs@PE sur-
face by applying MUA, followed by Anti-CD9, 1% BSA, 
and the specified biomolecules. We obtained RCT values 
for glucose, CEA, cysteine, and threonine as 3766.7 ± 22.7 
Ω, 3904.3 ± 234.9 Ω, 3983.3 ± Ω 234.3, and 3845.0 ± 84.6 
Ω, respectively. The RCT value for Anti-CD9/AuPs@PE 
and Exo/Anti-CD9/AuPs@PE (1 × 1012 particles mL−1) was 
obtained as 3650.3 ± 353.8 Ω and 8884.0 ± 248.0 Ω, respec-
tively. We observed that the surface had a low affinity for 
these biomolecules compared to Anti-CD9/AuPs@PE and 

Exo/Anti-CD9/AuPs@PE. Figure 7 and Figure S8 reveal 
that this exosome biosensor displays excellent selectivity. 
Moreover, the RCT and standard deviation values of the 
selectivity study and the calculation of relative responses 
(RR) are given in Table S5 and Table S6, respectively. A 
low affinity with CEA resulting from protein–protein inter-
action with the receptor on the sensor surface was observed 
[68–70]. On the other hand, moving away of gold nano-
particles on the AuNPs@PE may form a bare carbon sur-
face, which may result in the adsorption of CEA antigen 
to the surface. Such a situation can be predicted as another 

Fig. 5   Design and components of Anti-CD9/AuPs@PE

Fig. 6   Calibration curve of linear RCT responses against different exosome concentrations
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reason for the increase in RCT with the incubation of CEA. 
In addition, the affinity of cysteine to a gold-plated surface 
increased the RCT on the surface with chemical binding as 
shown in Figure S9. To prove that the interaction here is due 
to -SH groups in cysteine, we performed a selectivity study 
with threonine which has a similar molecular structure but 
does not contain an -SH group. In the existence of threonine, 
Anti-CD9/AuPs@PE showed a lower affinity than the one 
of cysteine. As a result, the response obtained from other 
proteins and biomolecules is too low to affect the selectivity 
of the developed exosome biosensor.

The developed method’s intra-day and inter-day 
accuracy and precision were determined by analyzing 
exosomes at three different concentrations as 1.0 × 107, 
1.0 × 108, and 1.0 × 1010 particles mL−1, respectively. 
Intraday analyses were performed by analyzing three exo-
some samples on the same day. The inter-day analysis 
is the average of four measurements taken at the same 

concentrations and by the equipment carried on day 1, day 
5, day 14, and day 28 for examining one month’s perfor-
mance. Results expressed as relative standard deviation 
(RSD) for precision are shown in Table 2 for both intra-
day and intraday values. The relative standard deviations 
of the EIS results (%RSD < 10%) indicate the reproduc-
ibility for both intraday and interday groups n = 3 and 
n = 4, respectively.

Stability is another important parameter that affects 
the practicality of the proposed biosensor. The aging or 
destabilization of a biosensor imposes limitations for gen-
eral use. The long-term stability in vitro of Anti-CD9/
AuPs@PE stored at 4 °C was evaluated by measuring the 
impedance response towards 1.0 × 1010 exosomes mL−1 
for every day. As shown in Fig. 8A, the impedimetric 
responses of Anti-CD9/AuPs@PE for the first 14 days 
were fairly close. Stability responses were also calcu-
lated as relative activity % to better explain the surface 

Table 1   Comparison of the analytical performance of exosome assays

Technique Detection range LOD Ref

Impedimetric 102–109 EVs mL−1 77 EVs mL−1 [55]
Colorimetric 102 –108 particles mL−1 1 × 102 particles mL−1 [56]
Electrical 103–108 particles mL−1 3 × 102 particles mL−1 [57]
Surface-enhanced Raman spectroscopy 5.44 × 102—2.72 × 104 particles mL−1 5.44 × 102 particles mL−1 [58]
Differential pulse voltammetry 7.61 × 104—7.61 × 108 4.39 × 103 particles mL−1 [59]
Localized surface plasmon resonance 7 × 102- 8.8 × 107 particles mL−1 7 × 102 particles mL−1 [60]
Electrochemical 106—1010 particles mL−1 2.09 × 104 particles mL−1 [61]
Impedimetric 50 × 10−12 – 200 × 10−9 M 1.9 × 105 particles mL−1 [62]
UV 0.4 × 108—6.0 × 108 particles mL−1 3.58 × 106 particles mL−1 [63]
Impedimetric 2.9 × 103—1.0 × 1012 particles mL−1 8.7 × 102 particles mL−1 Our work
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efficiency of the proposed sensor. By the end of work, the 
relative activity value had dropped to 75%. This may be 
due to slight degradation of the protein after prolonged 
storage at 4 °C (Fig. 8B). Nyquist diagram for the stabil-
ity study of the biosensor is shown in Figure S10. This 
behavior is within acceptable limits, although instability 
of 25 percent was detected for the proposed sensor.

Real‑life sample analysis of the PE platform

After the validation works, the proposed sensor was tested 
on urine samples collected from the patients to verify its 
use in real samples, and the results are listed in Table 3. The 
analytical performance of the proposed sensor was evalu-
ated with the samples obtained from different patients con-
taining different concentrations of exosomes. We collected 
urine samples from five patients. In real sample analysis, 
two patient samples from Group I, which consists of patients 
who do not have a prostate problem and applied to the clinic 
due to urinary problem; one patient sample from Group II, 
which consists of patients who were diagnosed with pros-
tatitis; and two samples from Group III, which consists of 
patients who were diagnosed with prostate cancer for the 
first time but were not treated were used. We obtained the 
number of exosomes after their isolation procedure from 

each urine sample with ELISA (EXEL-ULTRA-CD63-1, 
System Biosciences). We applied the impedimetric meas-
urements to the urine samples with Anti-CD9/AuPs@PE by 
the same procedure. After the evolution of the results, it was 
seen that the number of exosomes per mL increased because 
the pathological conditions of the patients progressed from 
simple urinary problems to cancer. This is explained by 
the large number of exosomes produced by the high activ-
ity of the cancer cells [71, 72]. Briefly, in this part of the 
study, the exosome concentrations for the patients who have 
urinary and infection problems and were diagnosed with 
prostate cancer, along with their acceptable recoveries of 
the measurements, were evaluated. The proposed Anti-CD9/
AuPs@PE demonstrated its potential as a label-free detec-
tion tool for cancer diagnosis, capable of discriminating 
exosome levels in cancer patients.

Conclusions

To summarize, we have developed a functionalized and 
low-cost paper-based biosensor using AuPs and conjugated 
anti-CD9 antibodies for the impedimetric and label-free 

Table 2   Intra-day and inter-day reproducibilities of Anti-CD9/
AuPs@PE

Intraday (n = 3) Interday (n = 4)

Exosome (Log) 
(particles mL−1)

Exosome found 
(Log) (particles 
mL−1)

%RSD Exosome found 
(Log) (particles 
mL−1)

%RSD

7 6.80 ± 0.36 5.29 6.82 ± 0.39 5.72
8 7.79 ± 0.14 1.80 7.66 ± 0.46 6.01
10 10.10 ± 0.53 5.25 9.81 ± 0.43 4.38
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Fig. 8   Stability (A) and relative activity (B) of Anti-CD9/AuPs@PE sensors stored at + 4 °C for 1 month

Table 3   Recovery data of urine samples from different patients

Sample Counted 
concentra-
tion
(particles 
mL−1)

RCT​
(Ω)

Found con-
centration
(particles 
mL−1)

Recoveries (%)

G1P1 2.4 × 106 4423 ± 42 1.9 × 106 79
G1P2 1.0 × 106 4161 ± 103 8.9 × 105 89
G2P2 3.0 × 107 5416 ± 281 3.3 × 107 110
G3P1 1.6 × 108 5979 ± 406 1.7 × 108 106
G3P2 1.4 × 108 5863 ± 501 1.2 × 108 85
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detection of exosomes with high sensitivity and specific-
ity. The accumulation of AuPs on the carbon surface pro-
vided a great advantage for sensitive measurements due to 
increased surface area and electrochemical signal quality. 
The developed paper-based exosome biosensor has the 
stated advantages as (i) the detection method is directly 
applicable to urine samples and does not need a label com-
pared to other methods, (ii) LOD value was found to be 
8.7 × 102 exosome mL−1 with higher precision than many 
methods in the literature, (iii) it can distinguish the lev-
els of exosomes for the patients having urinary problems. 
Ultimately, this production method provided a novel, fast, 
and reliable sensor platform for exosome detection. In 
addition, the designed system works with only 5.0 µL sam-
ples. Analytically, the proposed sensor as a lab-on-paper 
device can detect the exosomes at ultra-low concentrations 
in both the buffer solution and urine samples.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00604-​024-​06644-2.

Acknowledgements  The authors are thankful to Gazi University Sci-
entific Research Office (FCD-2021-7119). This study originated from 
a section of Sevda Akay Sazaklioglu’s Ph.D. thesis.

Author contribution  Sevda Akay Sazaklioglu data curation, investiga-
tion, methodology, writing of the original draft, and validation. Hilal 
Torul investigation, methodology, and formal analysis. Uğur Tamer 
conceptualization, methodology, and supervision. Hilal Kabadayi 
Ensarioglu data curation and investigation. Hafize Seda Vatansever 
resources and methodology. Bilal H. Gumus resources and methodol-
ogy. Hüseyin Çelikkan conceptualization, methodology, supervision, 
funding acquisition, review & editing of the manuscript.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Ethics approval  The urine samples used in this Project were collected 
with the collaboration work of Manisa Celal Bayar University Faculty 
of Medicine Department of Urology and Manisa Celal Bayar Univer-
sity Faculty of Medicine, Department of Histology and Embryology 
with the approval of Manisa Celal Bayar University Faculty of Medi-
cine Health Sciences Ethics Committee dated 25/10/2017 and num-
bered 20.478.486–164.

Conflict of interest  The authors declare no competing interests.

References

	 1.	 Fitzmaurice C, Dicker D, Pain A et al (2015) The Global Burden 
of Cancer 2013. JAMA Oncol 1:505–527. https://​doi.​org/​10.​
1001/​jamao​ncol.​2015.​0735

	 2.	 Sidorova EA, Zhernov Y, v., Antsupova MA, et al (2023) The role 
of different types of microRNA in the pathogenesis of breast and 
prostate cancer. Int J Mol Sci 24:1980. https://​doi.​org/​10.​3390/​
ijms2​40319​80

	 3.	 Aprile M, Costa V, Cimmino A, Calin GA (2022) Emerging role 
of oncogenic long noncoding RNA as cancer biomarkers. Int J 
Cancer 152:822–834

	 4.	 Becker A, Thakur BK, Weiss JM et al (2016) Extracellular vesi-
cles in cancer: cell-to-cell mediators of metastasis. Cancer Cell 
30:836–848

	 5.	 Keller S, König AK, Marmé F et al (2009) Systemic presence 
and tumor-growth promoting effect of ovarian carcinoma released 
exosomes. Cancer Lett 278:73–81. https://​doi.​org/​10.​1016/j.​can-
let.​2008.​12.​028

	 6.	 Le MTN, Hamar P, Guo C et al (2014) MiR-200-containing extra-
cellular vesicles promote breast cancer cell metastasis. J Clin 
Investig 124:5109–5128. https://​doi.​org/​10.​1172/​JCI75​695

	 7.	 Melo SA, Luecke LB, Kahlert C et al (2015) Glypican-1 identi-
fies cancer exosomes and detects early pancreatic cancer. Nature 
523:177–182. https://​doi.​org/​10.​1038/​natur​e14581

	 8.	 Liu X, Lu Y, Xu Y et al (2019) Exosomal transfer of miR-501 
confers doxorubicin resistance and tumorigenesis via targeting of 
BLID in gastric cancer. Cancer Lett 459:122–134. https://​doi.​org/​
10.​1016/j.​canlet.​2019.​05.​035

	 9.	 Khan S, Bennit HF, Turay D, et al (2014) Early diagnostic value 
of surviving and its alternative splice variants in breast cancer. 
BMC Cancer 14:. https://​doi.​org/​10.​1186/​1471-​2407-​14-​176

	10.	 Taylor DD, Gercel-Taylor C (2008) MicroRNA signatures of 
tumor-derived exosomes as diagnostic biomarkers of ovarian can-
cer. Gynecol Oncol 110:13–21. https://​doi.​org/​10.​1016/j.​ygyno.​
2008.​04.​033

	11.	 Riches A, Campbell E, Borger E, Powis S (2014) Regulation of 
exosome release from mammary epithelial and breast cancer cells-
a new regulatory pathway. Eur J Cancer 50:1025–1034. https://​
doi.​org/​10.​1016/j.​ejca.​2013.​12.​019

	12.	 Kim B, Kim K-M (2023) Role of exosomes and their potential as 
biomarkers in Epstein-Barr virus-associated gastric cancer. Can-
cers (Basel) 15:469. https://​doi.​org/​10.​3390/​cance​rs150​20469

	13.	 Bamankar S, Londhe VY (2023) The rise of extracellular vesicles 
as new age biomarkers in cancer diagnosis: promises and pitfalls. 
Technol Cancer Res Treat 22 https://​doi.​org/​10.​1177/​15330​33822​
11492​66

	14.	 Zhou Y, Chi H, Wu Y et al (2016) Organic additives stabilize 
RNA aptamer binding of malachite green. Talanta 160:172–182. 
https://​doi.​org/​10.​1016/j.​talan​ta.​2016.​06.​067

	15.	 Chen J, Meng HM, An Y, et al (2020) Structure-switching aptamer 
triggering hybridization displacement reaction for label-free 
detection of exosomes. Talanta 209:. https://​doi.​org/​10.​1016/j.​
talan​ta.​2019.​120510

	16.	 Zheng XS, Jahn IJ, Weber K et al (2018) Label-free SERS in 
biological and biomedical applications: recent progress, current 
challenges and opportunities. Spectrochim Acta A Mol Biomol 
Spectrosc 197:56–77. https://​doi.​org/​10.​1016/j.​saa.​2018.​01.​063

	17.	 Wang Q, Zou L, Yang X et al (2019) Direct quantification of can-
cerous exosomes via surface plasmon resonance with dual gold 
nanoparticle-assisted signal amplification. Biosens Bioelectron 
135:129–136. https://​doi.​org/​10.​1016/j.​bios.​2019.​04.​013

	18.	 Zhang J, Wang LL, Hou MF et al (2018) A ratiometric electro-
chemical biosensor for the exosomal microRNAs detection based 
on bipedal DNA walkers propelled by locked nucleic acid modi-
fied toehold mediate strand displacement reaction. Biosens Bio-
electron 102:33–40. https://​doi.​org/​10.​1016/j.​bios.​2017.​10.​050

	19.	 Taylor DD, Gercel-Taylor C (2011) Exosomes/microvesicles: 
mediators of cancer-associated immunosuppressive microenvi-
ronments. Semin Immunopathol 33:441–454

	20.	 Seipold L, Saftig P (2016) The emerging role of tetraspanins in 
the proteolytic processing of the amyloid precursor protein. Front 
Mol Neurosci 9:. https://​doi.​org/​10.​3389/​fnmol.​2016.​00149

https://doi.org/10.1007/s00604-024-06644-2
https://doi.org/10.1001/jamaoncol.2015.0735
https://doi.org/10.1001/jamaoncol.2015.0735
https://doi.org/10.3390/ijms24031980
https://doi.org/10.3390/ijms24031980
https://doi.org/10.1016/j.canlet.2008.12.028
https://doi.org/10.1016/j.canlet.2008.12.028
https://doi.org/10.1172/JCI75695
https://doi.org/10.1038/nature14581
https://doi.org/10.1016/j.canlet.2019.05.035
https://doi.org/10.1016/j.canlet.2019.05.035
https://doi.org/10.1186/1471-2407-14-176
https://doi.org/10.1016/j.ygyno.2008.04.033
https://doi.org/10.1016/j.ygyno.2008.04.033
https://doi.org/10.1016/j.ejca.2013.12.019
https://doi.org/10.1016/j.ejca.2013.12.019
https://doi.org/10.3390/cancers15020469
https://doi.org/10.1177/15330338221149266
https://doi.org/10.1177/15330338221149266
https://doi.org/10.1016/j.talanta.2016.06.067
https://doi.org/10.1016/j.talanta.2019.120510
https://doi.org/10.1016/j.talanta.2019.120510
https://doi.org/10.1016/j.saa.2018.01.063
https://doi.org/10.1016/j.bios.2019.04.013
https://doi.org/10.1016/j.bios.2017.10.050
https://doi.org/10.3389/fnmol.2016.00149


	 Microchim Acta         (2024) 191:617   617   Page 12 of 13

	21.	 Brosseau C, Colas L, Magnan A, Brouard S (2018) CD9 tetras-
panin: a new pathway for the regulation of inflammation? Front 
Immunol 9:2316

	22.	 Khushman M, Bhardwaj A, Patel GK, et al (2017) Exosomal 
markers (CD63 and CD9) expression pattern using immunohis-
tochemistry in resected malignant and nonmalignant pancreatic 
specimens. In: Pancreas. Lippincott Williams and Wilkins, pp 
782–788

	23.	 Grønborg M, Kristiansen TZ, Iwahori A et al (2006) Biomarker 
discovery from pancreatic cancer secretome using a differential 
proteomic approach. Mol Cell Proteomics 5:157–171

	24.	 An J, Park H, Kim J et al (2023) Extended-gate field-effect transis-
tor consisted of a CD9 aptamer and MXene for exosome detection 
in human serum. ACS Sens 8:3174–3186. https://​doi.​org/​10.​1021/​
acsse​nsors.​3c008​79

	25.	 Doldán X, Fagúndez P, Cayota A et al (2016) Electrochemical 
sandwich immunosensor for determination of exosomes based 
on surface marker-mediated signal amplification. Anal Chem 
88:10466–10473. https://​doi.​org/​10.​1021/​acs.​analc​hem.​6b024​21

	26.	 Sazaklıoğlu SA, Torul H, Vatansever HS et al (2022) Direct 
impedimetric detection of exosomes and practical applica-
tion in urine. J Appl Electrochem. https://​doi.​org/​10.​1007/​
s10800-​022-​01753-3

	27.	 Dutta G (2022) Electrochemical detection of cancer fingerprint: 
a systematic review on recent progress in extracellular vesicle 
research from lab to market. In: Next-Generation Nanobiosensor 
Devices for Point-Of-Care Diagnostics. Springer Nature. https://​
doi.​org/​10.​1007/​978-​981-​19-​7130-3_3

	28.	 Pandey N, Mandal M, Samanta D, et al (2023) A nanobody based 
ultrasensitive electrochemical biosensor for the detection of solu-
ble CTLA-4 –A candidate biomarker for cancer development and 
progression. Biosens Bioelectron 242:. https://​doi.​org/​10.​1016/j.​
bios.​2023.​115733

	29.	 Lazanas AC, Prodromidis MI (2023) Electrochemical imped-
ance spectroscopy─a tutorial. ACS Measurement Science Au 
3:162–193

	30.	 Pradhan R, Kalkal A, Jindal S et al (2020) Four electrode-based 
impedimetric biosensors for evaluating cytotoxicity of tamoxifen 
on cervical cancer cells. RSC Adv 11:798–806. https://​doi.​org/​10.​
1039/​d0ra0​9155c
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