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Abstract 

Extracellular vesicles (EVs) harbor several signaling molecules to maintain intercellular 
communication. Based on the exosomal cargo type, metabolic, genomic, and prot-
eomic status of parent cells can be investigated. Due to the existence of trivial levels 
of target molecules inside EVs, the application of accurate and sensitive detection 
methods is mandatory. Here, we used an electrochemical immunosensor using a bioti-
nylated monoclonal CD63 antibody as the capturing element for the detection of EVs 
isolated from MDA-MB-231 cells and cancer patients. Simultaneously, breast cancer 
biomarker CA-15-3 was detected in isolated EVs using a sandwich method to increase 
specificity. Data indicated a linear dynamic range of 2000–10000 EVs/µL and a lower 
limit of quantification of 2000 EVs/µL. Based on data from real sample analysis, the lev-
els of exosomal CA-15-3 can differ according to the severity and systemic content 
of this factor. Pd-perovskite-based immunosensor provides a platform for quick and in-
depth analysis of EVs isolated for cancer cells.
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Introduction
Breast cancer is the most common type of cancer in females (DeSantis et  al. 2014). 
Despite the existence of numerous treatment protocols (Mustacchi et  al. 2015; Son-
nenblick and Piccart 2015; Tangutoori et  al. 2015), approximately one-third of cancer 
patients after diagnosis due to expansion and metastasis of tumor cells to other sites 
particularly the brain, etc. (Siegel et al. 2018; Kodack et al. 2015; Gerratana et al. 2015). 
Emerging data have confirmed that EVs play an important role in the growth and metas-
tasis of breast cancer cells. These features make EVs a potential tool for theranostic 
purposes (Redig and McAllister 2013; Abbasi-Malati et al. 2024). Among different EVs 
released from the host cells, exosomes and microvesicles (MVs), are produced in large 
quantities by cancer cells and generate a premetastatic “niche” (Lee et al. 2011). Among 
different biomarkers used for breast cancer, CA-15-3, soluble forms of MUC-1 protein, 
is the most widely used serum marker in breast cancer patients. Monitoring of CA-15-3 
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is useful for therapy efficiency in patients with metastatic breast cancer. In the clinical 
setting, several serum markers, such as CEA, TPA, TPS, and the shed form of HER2, can 
be used for the detection and monitoring of breast cancer (Sturgeon et al. 2008; Molina 
et al. 1998, 2010, 1999; Sölétormos et al. 2004; Barak et al. 2004). Of note, these mark-
ers are superior to CA-15-3. However, the specificity and sensitivity are increased when 
serum levels of CA 15-3 followed for the detection of recurrent/metastatic breast cancer 
at the late stages (Duffy et al. 2010; Ryu et al. 2023).

To date, several detection methods, such as ELISA, real-time PCR analysis, radioim-
munoassay, fluorescent spectroscopy, and histological-based examination, have been 
used extensively in human medicine to diagnose, monitor, and follow up cancer patients 
(Neagu et al. 2021). To this end, multiple diagnostic techniques are widely used in hospi-
tals, such as X-ray, ultrasound-based imaging, and nuclear magnetic resonance (Graeser 
et  al. 2021). Unfortunately, these methods usually are invasive and require expensive 
instruments or complex, labor-intensive protocols (Asleh et  al. 2022). Regarding low 
sensitivity and meager reproducibility to detect the neoplastic cells in the early stages, 
the application of some of these approaches is limited (Constantin et  al. 2022). These 
features increase the possibility of circulating cancer cells in the blood and the develop-
ment of progressive metastatic foci in remote sites (Das et al. 2023). Therefore, there is a 
consensus about the advent of accurate detection methods with suitable selectivity, sen-
sitivity, and rapidity in small-dimension settings (Fu and Ma 2020).

Electrochemical biosensors are the most widely used types of biosensors due to 
many advantages, including cost- and time-effectiveness, higher sensitivity, as well 
as low sample volume (Sohrabi et al. 2022a, b; Dezhakam et al. 2023). In recent years, 
electrochemical biosensors have been great alternatives for the detection/quantifica-
tion of EVs in clinical samples (Dezhakam et  al. 2022; Xu et  al. 2020). EVs, rang-
ing from 50 to 150  nm, are abundant in biofluids such as urine, blood, saliva, and 
cerebrospinal fluids (Anastasiadou and Slack 2014; Kowal et  al. 2014; Mardi et  al. 
2023a). Emerging data point to the fact that cancer cell EVs can be used for early 
and non-invasive detection of cancer type and dynamic behavior of neoplastic cells 
(Mostafazadeh et al. 2022; Mardi et al. 2023b). Despite recent progress in the fabri-
cation and application of electrochemical biosensing for EV analysis (Im et al. 2014; 
Stremersch et al. 2016; Wang et al. 2019; He et al. 2018), economic issues and lack of 
appropriate detection strategies limit their application for the analysis of EVs in real 
human samples (Doldán et al. 2016; Boriachek et al. 2019). Several research works 
have been reported in the past several years to measure exosomes derived from 
breast cancer using electrochemical techniques. For example, in a research work, a 
screen-printed electrode modified with extraavidin was used to screen breast can-
cer exosomes with detection limit of 4.7 × 105 exosomes/μL (Yadav et al. 2017). The 
basis of their measurement was the sandwiching of cancerous exosomes using anti-
CD9 as a general antibody and anti-HER2 as a specific antibody. Looking at the cur-
rents obtained from the modified electrode, it can be seen that the application of a 
novel nanocomposite such as perovskite, which has noble metal nanoparticles in its 
structure, as a modifier of the electrode surface, greatly improves the signal. In addi-
tion, it increases the efficiency of the biosensor by reaching lower detection limits 
followed by high sensitivity and stable and reproducible results. In another study 
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reported by Moura et al., exosomes were preconcentrated from cell culture superna-
tants on magnetic particles modified with antibodies against general tetraspanins as 
well as cancer-specific receptors (Moura et al. 2020). This designed electrochemical 
sensor was able to reach the limit of detection of 105 exosomes/μL with anti-CD81 
modified magnetic particles and labeling based on CD24 and CD340 as cancer-
related biomarkers. Furthermore, in another study, exosomes were detected through 
the biomarker CD326 (EpCAM) and simultaneously through the enzymatic activity 
of alkaline phosphatase as a biomarker of carcinogenesis with limit of detection of 
105 exosomes/μL (Moura et al. 2022). As expected, not using a nanocomposite as an 
electrode surface modifier will reduce the effective surface area and subsequently, 
decrease the sensitivity. Also, using CD24 and CD326 antibodies instead of more 
specific antibodies such as CA15-3 will reduce the selectivity of the proposed sensor 
to breast cancer-derived exosomes. As a correlate, these modalities must be rapid, 
simple, cost-effective, and specific in the detection of EVs from breast cancer cells.

Recently, perovskite-type oxides have attracted much interest for their potential 
applications, in biosensing due to their diverse physical properties and rich redox 
properties reflected in their chemistry (Wang et al. 2013a, 2017; Cai et al. 2014). Per-
ovskites are oxides with the general formula ABO3, where A and B are metal cations. 
In this formula, the metal cation A has a larger ionic radius than cation B. Moreo-
ver, A is coordinated 12-fold by oxygen anions, while B is coordinated sixfold. Sev-
eral elements of the periodic table can be substituted at the positions of A and B, 
resulting in the formation of varied perovskite types with diverse applications (Dai 
et al. 2018; Pena and Fierro 2001; Tsvetkova and Kozhukharov 2009). These materi-
als possess distinct crystal structures, electronic properties, oxide ion mobility, and 
adjustable oxygen content through compositional modifications (Wang et al. 2013a; 
Boubezari et  al. 2021). These characteristics greatly improve their catalytic activ-
ity for oxidation and reduction processes (Nezhad et al. 2021; Thurner et al. 2022), 
as well as their performance in electrochemical applications such as water splitting 
reactions (Mahmoudi et  al. 2023), supercapacitors (Ahangari et  al. 2023), electro-
chemical sensors, and fuel cells (Pena and Fierro 2001; Lucas et al. 2009). In recent 
years, La-based inorganic nanomaterials such as perovskite-type LaNiO3 oxide 
nanofibers (Wang et  al. 2013b), LaTiO3–Ag0.1,0.2 nanomaterials (Wang et  al. 2017; 
Jia et al. 2015), LaNi0.5Ti0.5O3 (Wang et al. 2010), and La0.66Sr0.33MnO3 (Luque et al. 
2009) have been investigated to improve the catalytic performance of electrochemi-
cal sensors and to fabricate highly sensitive sensors. The combination of palladium 
(Pd) with perovskite materials results in a highly sensitive biosensing platform. Pd 
enhances the catalytic activity and electron transfer rate, while perovskite provides 
a robust and stable structure. This synergy leads to high sensitivity in detecting spe-
cific biomarkers present on extracellular vesicles, allowing precise profiling capabili-
ties (Atta et al. 2019; Ekram et al. 2016).

In this study, a label-free electrochemical biosensor was fabricated using palladium-
based perovskite for the detection of EVs derived from breast cancer MDA-MB-231 
cells. Furthermore, the designed method was applied to distinguish normal and 
breast cancer sera using the exosomal content of the breast cancer cell marker namely 
CA-15-3 (Scheme 1).
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Material and methods
Materials

La (NO3)3·6H2O, Mn (NO3)2·4H2O, Fe (NO3)3·9H2O, Pd (NO3)2·2H2O, glycine, 
NH3·H2O and 6-Mercaptohexanol (MCH) were obtained from Sigma-Aldrich. Bioti-
nylated human monoclonal CD63 antibody and purified streptavidin protein were pur-
chased from BioLegend Company. H2SO4, Na2HPO4, KH2PO4, KCl, K3[Fe(CN)6], and 
K4[Fe(CN)6] were obtained from Merck company.

Apparatus

All electrochemical measurements were recorded employing an Autolab 302N poten-
tiostat/galvanostat electrochemical analyzer (Metrohm Co., Netherlands) proceeding 
by NOVA 2.1 software. The analysis system consisted of a three-electrode configuration 
including a working electrode (glassy carbon electrode, with 2 mm in diameter), a coun-
ter electrode (Pt wire), and a reference electrode (Ag/AgCl). An ultrasonic device (Stra-
sonic 35) and a magnetic stirrer (Heidolph) were applied for the homogenization of the 
prepared solutions.

Characterization of nanomaterials

XRD

The crystalline phases of Pd/LaFe0.7Mn0.3O3 were identified using X-ray diffraction 
analysis (XRD) with Cu-Kα radiation. Diffractograms were recorded with a step size of 
0.02 degrees per 0.5 s for 2θ between 20° and 70°. Figure 1 shows the XRD pattern of 
as-prepared sample. The pattern indicates an orthorhombic structure, similar to that of 

Scheme 1  Schematic presentation of developed biosensor
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the cubic LaFeO3 cubic perovskite (CSD 084941 card). Additionally, a small peak around 
34.1° suggests the presence of a minor amount of PdO (Mohseni et al. 2024) on the sur-
face of perovskite, consistent with the SEM results.

SEM

Samples were pre-coated with gold nanolayer, and their morphologies and the elemental 
composition were determined using Scanning Electron Microscopy instrument (SEM; 
MIRA3), and energy-dispersive X-ray (EDX) analysis on a Tescan instrument. The SEM 
images (Fig. 2a–c) reveal a porous morphology with perovskite pore size ranging from 
557 to 627  nm, uniformly dispersed without sintering. Additionally, Pd particles are 
observed as an extra PdO phase within the perovskite structure, conforming the success-
ful incorporation of Pd on the perovskite surface. The results of elemental composition 
using EDX analysis (Fig. 2d, e) aligns well with the calculated nominal values and XPS 
results, indicating successful Pd impregnation over the perovskite sample.

XPS

To evaluate the surface chemistry of the as-prepared Pd0.1/LaFe0.7Mn0.3O3 perovskite, 
XPS measurements were performed, with chemical shifts calibrated using C1s. Figure 3 
shows the survey and elemental spectra results. Fe 2p spectra exhibit two prominent 
peaks at binding energies of 710.68  eV and 724.58  eV, corresponding to Fe 2p3/2 and 
Fe 2p1/2, respectively. In the Mn 2p spectra, the Mn 2p1/2 peak and Mn 2p3/2 peaks are 
located at 642.38 eV and 653.78 eV, respectively, with the Mn 2p3/2 peak indicating the 
presence of the Mn4+ component (Yoon et  al. 2014). In the La 3d region, two double 
peaks were observed: one at lower binding energies (834.48  eV and 838.58  eV) corre-
sponding to La 3d3/2 and La 3d5/2, and another at higher binding energies (851.48 and 
855.48 eV) for La 3d3/2 (Redig and McAllister 2013). In the O1s region, two peaks were 
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Fig. 1  XRD profiles of synthesized Pd0.1/LaFe0.7Mn0.3O3
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observed; the first at 529.38 eV is attributed to lattice oxygen, and the second to surface 
oxygen.

The Pd 3d spectra confirm the presence of Pd in the samples with peaks at 337.08 eV 
and 342.58 eV. However, the peaks of Pd 3p3/2 (state PdO) and Pd 3p3/2 (state PdO3) over-
lap with the O1s, complicating the chemical state analysis.

TEM

Transmission electron microscopy (TEM) was performed using the Hitachi HighTech 
HT7700 to complete the structural analysis. The TEM analysis of Pd0.1/LaFe0.7Mn0.3O3 
is shown in Fig. 4. These images reveal the presence of perovskite structures with nonu-
niformly and randomly distributed PdO, which is consistent with the findings from SEM 
and XRD analysis.

Synthesis of Pd‑perovskite

LaFe0.7Mn0.3O3 nanoparticles (NPs) were synthesized using the sol–gel method (Hos-
seini et al. 2018). La(NO3)3·6H2O, Mn(NO3)2·4H2O, and Fe(NO3)3·9H2O were dissolved 
in de-ionized water in stoichiometric amounts and heated to 85 °C until a clear solution 
was obtained. Glycine was then added to the solution, and the pH was adjusted using 
NH3·H2O. After 2 h, the resulting gel was placed in an oven and heated to 350 °C until 
it burned to form a blackish-brown powder. This powder was then calcined at 700  °C 
for 5  h. For the synthesis of Pd/LaFe0.7Mn0.3O3, the wet impregnation method was 
employed. Stoichiometric amounts of Pd(NO3)2·2H2O and the perovskite were used to 
achieve a 10 wt% Pd loading relative to the perovskite. The mixture was dissolved in de-
ionized water and stirred for 2 h, after which the temperature was increased to 70  °C 
to evaporate all the water. The resulting powder was then calcined at 600  °C for 5  h 
(Mohammadi et al. 2022).

Immobilization of Pd‑perovskite on the glassy carbon electrode

The perovskite suspension was produced via a milling process and then dispersing 
0.03  g Pd-perovskite powder in 10  mL distilled water. Next, the obtained suspension 
was placed in the ultrasonic device to disperse NPs for 2  h. Then, 2  mL of dispersed 
suspension and 8  mL of 0.1  M KCl were mixed and used for the electrodeposition of 
Pd-perovskite through the chronoamperometry (CHA) technique. In this way, 10 mL of 

Fig. 4  TEM analysis of Pd0.1/LaFe0.7Mn0.3O3
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the obtained solution was transferred to the electrochemical cell. The deposition process 
was carried out using the CHA technique (P = − 2.4 V, t = 30 s). Afterward, the modified 
electrode was used for several analyses (Pd-per-GCE).

Optimization of the electrodeposition process

Deposition potential and time

To improve the sensitivity of the immunosensor, the active sites were promoted 
to increase the loading density of the capture (a relevant antibody). For this pur-
pose, the thickness of perovskite on the surface of the electrode was optimized using 
the CHA technique. In this regard, the parameters of potential and time were opti-
mized and the results were measured using square-wave voltammetry (SWV) in 5 mM 
[Fe(CN)6]3−/4−/0.1 M KCl (pH 7.4) solution as a standard of the electrochemical redox 
system. Supplementary Figure S1 panels A and B show the potential value of the solution 
was between − 2.2 and − 2.7 V. The potential value of − 2.4 V was selected as optimal for 
the next analyses. One reason for the selection of this range of potentials would be the 
reduction potentials related to metals forming perovskite (Nasrollahpour et al. 2021). It 
should be noted that palladium can be lost probably at high potentials when it sweeps 
toward positive potentials. Thus, the current can be decreased because palladium is 
an active compound in this analytical approach. A short-duration event (30 s) with the 
simultaneous high current was selected (Supplementary Figure S1 panel C and D).

Immobilization of CD63 antibody on the Pd‑perovskite‑modified electrodes

1.5 μL of streptavidin (STRP, 1 μg mL−1) was placed on the Pd-per-GCE. STRP was used 
to increase the loading capacity of CD63 antibody immobilization. It was suggested 
that STRP can provide more binding sites due to the unique molecular structure (Zhu 
et al. 2015), in which the sensitivity of the developed immunosensor can be theoretically 
enhanced four times. Following, 5 µL of CD63 antibody (1 μg mL−1) was incubated for 
90 min at 4 °C, followed by blocking with 2 µL of 1 mM MCH solution at 4 °C for 60 min. 
MCH was used to block the remaining active sites of the STRP-CD63-Pd-per-GCE sur-
face to avoid non-specific adsorption (Li et al. 2018). In the final step, the STRP-CD63-
MCH-Pd-per-GCE was employed as a sensitive and specific platform for capturing and 
detecting breast cancer EVs.

Optimization of STRP‑related concentration, temperature, and time

It is believed that various parameters, such as concentration, incubation tempera-
ture, and time of STRP, can affect for site-specific loading of the anti-CD63 antibody 
(Nasrollahpour et  al. 2023). In this regard, the optimization examinations were per-
formed in 5 mM [Fe(CN)6]3−/4−/0.1 M KCl (pH 7.4) solution using the DPV technique. 
To evaluate the effect of STRP concentration on the Pd-per-GCE surface, the volume 
ranges of 1–6  µL were selected. As shown in Supplementary Figure S2 panels A and 
B, the recorded electrical signal remained almost constant according to values from 1 
to 1.5 μL, and then gradually decreased at higher volumes. This is because STRP is an 
insulator and increasing its amount will decrease the electrical current of the modified 
electrode surface. Considering these results, the volume of 1.5 μL was selected for other 
optimization experiments. By analysis of different incubation temperatures (4, 25, and 
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37 °C), the developed immunosensor displayed a desirable response at 4 °C, and a fur-
ther increase in temperature resulted in an unstable response (Supplementary Figure S2 
panel C and D) (Zhu et al. 2015). Therefore, the temperature of 4 °C was considered the 
optimal incubation temperature of STRP for the immunosensing approach. The incuba-
tion time diagram on immunosensor performance is shown in Supplementary Figure S2 
panels E and F. By increasing the incubation time up to 90  min, the recorded electri-
cal current increases and decreases, respectively. With increasing incubation time after 
90 min, approximately no changes were observed in the electrical current. Therefore, the 
time 90 min was selected as the optimal incubation time for STRP-Pd-per-GCE.

Optimization of antibody immobilization

For increasing the active site availability for improving the capturing efficiency of EVs, 
different experimental conditions such as concentration, incubation time, and tempera-
ture of biotinylated CD63 antibody were optimized. For this aim, optimization experi-
ments were performed using the DPV technique in 5 mM [Fe(CN)6]3−/4−/0.1 M KCl (pH 
7.4) solution. To investigate the effect of CD63 concentration, the drop volume ranges 
were chosen from 1 to 8 μL (Supplementary Figure S3 panels A and B). Due to the non-
electroactivity feature of the antibody, the height of the recorded peaks decreases with 
the increase in the amount of CD63 antibody. Considering these results, the volume of 
5 μL was chosen as optimal, because, in this amount of antibody, almost the STRP level 
of the antibody was conjugated. Regarding the optimization of the incubation temper-
ature, by examining various incubation temperatures (4, 25, and 37  °C), the prepared 
immunosensor showed a favorable response at 4 °C, and increasing the temperature led 
to a significant decrease in electrical signals. Based on Supplementary Figure S3 panels 
C and D, the temperature 4  °C was considered as the optimal incubation temperature 
of anti-CD63 antibody for the biosensing approach. To optimize the incubation time, 
as presented in (Supplementary Figure S3 panels E and F), the time of 90 min was cho-
sen optimally owing to having the best interaction between antibody and streptavidin 
performed.

Cell culture protocol

In this study, human breast cancer cell line MDA-MB-231 cells were purchased from the 
National Iranian Cell Bank (Pasteur Institute, Tehran). Cells were cultured in RPMI-1640 
culture medium (Gibco) containing 10% fetal bovine serum (FBS) and 1% Pen-Strep. 
Culture flasks were maintained in standard conditions (37 °C, 95% relative humidity, and 
5% CO2). The culture medium was renewed every 3–4  days and cells sub-cultured at 
70–80% confluence using 0.25% Trypsin–EDTA solution.

EVs isolation and purification

Cells between passages 3–6 were used for EV isolation. In short, MDA-MB-231 cells 
were incubated in a culture medium with 1% bovine serum albumin (Sigma-Aldrich) 
for 48 h. After that, the supernatant was collected and centrifuged at 300×g for 5 min 
to exclude the cells (Mobarak et  al. 2021). The procedure followed by the centrifuga-
tion of supernatants at 2000×g (10 min), and 10,000×g (30 min) to remove cell debris 
contamination. Upon passing the samples through 0.22-μm-sized microfilters, EVs were 
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collected using Optima™ TLX-120 ultracentrifuge at 100,000×g for 60  min (Beckman 
Coulter Inc.). All centrifugation procedures were done at 4  °C. Samples were kept at 
− 80 °C until the analyses.

Real sample collection

To examine the validity of the designed biosensor for the evaluation of breast cancer 
EVs, we collected sera from three breast cancer patients with different stages of ana-
plastic changes after the completion of informed consent. Tumor marker CA-15-3 lev-
els were measured using a commercial immunoassay kit (ab108633). About 2  mL of 
blood samples were centrifuged at 2500 rpm for 10–15 min to collect serum. To meas-
ure CA-15-3 levels, 50 µL of samples were mixed in solutions A and B and read using 
the IMMULITE 2000 system (Siemens, Germany) and obtained data compared to the 
standard values. The remnants of samples were subjected to EV isolation using the 
above-mentioned protocol. It should be noted that in the next steps, we will general-
ize the results of this study to more patients. All phases of studies were approved by the 
National Institute of Medical Research Development (NIMAD). EVs were collected from 
samples as above-mentioned.

Statistical analysis

In this study, data are expressed as mean ± SD. To compare statistical differences 
between the groups, One-Way ANOVA with post hoc analysis was used. P < 0.05 was 
considered statistically significant.

Results and discussion
Calibration curve

After optimizing the experimental parameters, the developed immunosensor was used 
to examine different concentrations of EVs. In this regard, a semi-quantitative test was 
performed on the EVs that were previously isolated with the approximate number in cer-
tain volumes. Therefore, different volumes were properly immobilized on the designed 
immunosensor and their corresponding electrical currents were recorded by a sensitive 
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Fig. 5  A DPV signal readouts (number of EVs × 1000) and B calibration curve for different numbers of the EVs



Page 11 of 16Dezhakam et al. Cancer Nanotechnology           (2024) 15:30 	

technique (DPV) in 5 mM [Fe(CN)6]3−/4−/0.1 M KCl (pH 7.4) solution (Fig. 5). As shown 
in Fig.  5, the relationship between the recorded electrical current and the number of 
EVs is linear with a lower limit of quantification (LLOQ) of 2000 EVs/μL. It was notified 
that the linear dynamic range (LDR) is 2000 to 10,000 EVs/μL. Based on the results of 
a calibration curve, Y = − 1.0983x + 24.282 and R2 = 0.974 were obtained. In Fig. 5A, B 
represent the related voltammograms and average electrical current versus the number 
of EVs.

Preparation steps of biosensor

To improve the conductivity and increase the dense load of the capture element (anti-
CD63), the surface of the glassy carbon electrode was modified using a Pd-based per-
ovskite nanocomposite. According to Fig. 6, the modified electrode had approximately 
near twofold current than the bare electrode, indicating an improved efficiency of the 
designed immunosensor. These features can lead to efficient detection and sensitive ana-
lytical ranges for EVs. Streptavidin was used to increase the loading capacity of specific 
binding sites for biotinylated CD63 antibody. Data indicated that the reduced electrical 
current results from appropriate anti-CD63 antibody loading on the modified electrode. 
Anti-CD63 antibody was used as a capture element to provide active bioconjugation 
sites for the entrapment of EVs. Since covalently attached antibodies exhibit non-elec-
troactive features, and thus, the height of the recorded peaks decreases after its immo-
bilization. Using MCH, the remaining active sites from STRP-anti-CD63-Pd-per-GCE 
surface were blocked to prevent non-specific adsorption, which caused a slight decrease 
in the recorded signals. These data show the eligibility of designed sensor for the analysis 
of EVs.

Repeatability and reproducibility
The repeatability of the designed immunosensor was evaluated for the concentrations of 
2000, 6000, and 10,000 EVs/μL, and favorable related standard deviations (RSD) for 10 
repeated measurements were calculated to be about 1.38, 1.35, and 1.79%, respectively. 
This acceptable repeatability is due to the excellent electrochemical deposition of Pd-per 
on the GCE as well as the good interaction between the STRP and modified electrode, 
SRTP, biotin and finally capture element (antibody) and the EVs on the surface of the 
modified electrode. Also, the reproducibility of this proposed immunosensor is con-
ducted by detecting EVs at the concentration of 6000 EVs/μL. The RSD of four immu-
nosensors prepared in the same manner is 1.17%, showing a desirable reproducibility of 
this immunosensor for biomedical applications.

Real sample collection
Using ELISA, we noted higher serum levels of tumor marker CA-15-3 in females suf-
fering breast cancer at different stages related to a healthy woman (Fig. 7A). Based on 
our data, tumor marker CA-15-3 ranged between 28.87 and 126  U/mL in 3 female 
patients compared to the normal level (12.7 U/mL). It was suggested that serum lev-
els of CA-15-3 are closely related to initial primary tumor size and higher CA-15-3 
levels are due to metabolically active lesions (Fakhari et  al. 2019). It is postulated 
that the increase of exosomal CA-15-3 can reflect real-time metabolic in breast 
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cancer cells and progressive anaplastic changes with the possibility of metastasis to 
the ectopic sites (He et  al. 2016). To examine whether breast cancer EVs can har-
bor CA-15-3 marker and find any changes in exosomal levels of CA-15-3 in patients 
at different stages, isolated control, and cancer EVs were exposed to the designed 
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Fig. 6  Electrode preparation steps: DPV signals (A) and its related histogram (B). SWV signals (C) and 
related histogram (D). CV signals (E) and related histogram (F). All experiments were performed in 5 mM 
[Fe(CN)6]3−/4−/0.1 M KCl (pH 7.4) solution
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STRP-anti-CD63-MCH-Pd-per-GCE platform and sandwiched with FDA approved 
anti-CA-15-3 antibody. The electrical currents of CA-15-3 modified electrodes were 
recorded as same as the calibration curve and the interesting and desirable results 
were recorded. Data indicated statistically significant differences in terms of electri-
cal current between the control EVs with breast cancer EVs (p < 0.0001; Fig.  7B) in 
which the attachment of anti-CA-15-3 antibody to captured EVs led to lower electri-
cal current (µA) values. Interestingly, we found that in breast cancer patient 1 with 
higher CA-15-3 levels, minimum electrical current was achieved (3.13 ± 0.04 µA) in 
comparison with other cancer EVs (p < 0.05; Fig. 7B). No statistically significant dif-
ferences were found in electrical current between the groups with serum levels of 
CA-15-3 at ranges between 28.87 and 126 U/mL (p > 0.05). To be specific, these data 
demonstrated that EVs are valid bioshuttles to carry breast cancer CA-15-3 marker, 
and exosomal level changes were associated with serum levels of this factor and the 
progression of cancer cells within the mammary glands. Close changes in serum lev-
els of CA-15-3 did not yield significant electrical current values.

Conclusion
In this study, an electrochemical assay was successfully designed to analyze breast cancer 
EVs. For this purpose, Pb-based perovskite nanostructures were synthesized as modifier 
nanomaterials with high conductivity, biocompatible, and cost-effectiveness. Perovskite 
nanocomposite was used to increase the electrode active area as well as effectively stabi-
lize streptavidin and then the antibody on the surface of the modified electrode. The pal-
ladium presence in the perovskite structure as an active compound increases the active 
sites and the result of this simultaneously improves the stability and sensitivity of the 
designed immunosensor. In this regard, a redox [Fe(CN)6]3−/4− system was implemented 
as a way to generate electrical current. The detection method is based on the specific 
binding of monoclonal anti-CD63 and anti-CA-15-3 to extracellular vesicles via sand-
wiching route for the screening of cancerous extracellular vesicles. To achieve the best 
results, all effective experimental conditions were optimized.

Fig. 7  Monitoring the levels of CA-15-3 using ELISA in breast cancer patient’s sera compared to healthy 
counterparts (A). Detecting the exosomal levels of CA-15-3 in breast cancer patient’s sera using a developed 
biosensor related to the control sample (B). Data indicated a proportional correlation between exosomal 
CA-15-3 levels and the stage of breast cancer analyzed by the developed biosensor. One-way ANOVA with 
Tukey post hoc analysis. ***p < 0.001; and ****p < 0.0001
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