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Abstract

Extracellular vesicles (EVs) are lipid bilayer particles secreted from various cells. EVs carry 

molecular information of parent cells and hold considerable promise for early disease diagnostics. 

This paper describes a general strategy for multiplexed immunosensing of EV surface proteins, 

focusing on surface markers CD63, CD81, nephrin, and podocin to prove the concept. This 

sensing strategy entailed functionalizing gold nanoparticles (AuNPs) with two types of antibodies 

and then tagging with metal ions, either Pb2+ or Cu2+. The metal ions served as redox reporters, 

generating unique redox peaks at −0.23 and 0.28 V (vs Ag/AgCl) during electrochemical 

oxidation of Pb2+ and Cu2+, respectively. Capture of EVs on the working electrode, followed by 

labeling with immunoprobes and square wave voltammetry, produced redox currents proportional 

to concentrations of EVs and levels of expression of EV surface markers. Importantly, metal-ion 

tagging of immunoprobes enabled detection of two EV surface markers simultaneously from 

the same electrode. We demonstrated dual detection of either CD63/CD81 or podocin/nephrin 

surface markers from urinary EVs. The NP-enabled immunoassay had a sensitivity of 2.46 × 

105 particles/mL (or 40.3 pg/mL) for CD63- and 5.80 × 105 particles/mL (or 47.7 pg/mL) for 

CD81-expressing EVs and a linear range of four orders of magnitude. The limit of detection 

for podocin and nephrin was 3.1 and 3.8 pg/mL, respectively. In the future, the capacity for 

multiplexing may be increased by extending the repertoire of metal ions used for redox tagging of 

AuNPs.

Graphical Abstract
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INTRODUCTION

Extracellular vesicles (EVs) are membrane-bound phospholipid nanovesicles secreted by 

cells and present in various body fluids, such as serum, urine, and saliva.1–3 Based on 
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their biogenesis, EVs are categorized into exosomes (formed as intraluminal vesicles within 

multivesicular bodies) and microvesicles (formed by the regulated release or outward 

budding of the plasma membrane).4–6 Several transmembrane proteins, such as tetraspanins 

(CD9, CD63, CD81, and CD82), integrins, and heat shock proteins are ubiquitous to EVs.5,6 

Given that CD63 and CD81 are present on 60 to 80% of urinary EVs,7 these markers were 

chosen for sensor development and validation described in this study.

EVs appear in circulation while carrying markers specific to a distant disease site and, 

therefore, hold promise for early diagnosis of diseases ranging from cancer to preeclampsia 

and non-alcoholic steatohepatitis.8–10 Urinary EVs are particularly well-suited for diagnosis 

of renal diseases.11,12 For example, members of our team have shown that the levels and 

ratios of EV surface markers podocin and nephrin correlate with preeclampsia—a renal 

disease associated with significant pregnancy complications.9,13 In the process of analyzing 

clinical samples, we found that relative or ratiometric quantification of EV surface markers 

accounted for patient-to-patient variability in surface marker expression and was preferred 

to measurements of single surface markers. Therefore, the ability to detect multiple surface 

markers from the same population of EVs was a key design parameter for our detection 

strategy.

Given their potential for early disease diagnosis and longitudinal follow up of patients, 

there is a strong interest in developing novel strategies for isolation and detection of EVs. 

We note that the focus of this paper is on establishing EV detection methodology and 

direct the reader to excellent comprehensive reviews on the topic of EV isolation.14,15 

Although a number of exciting optical/plasmonic and electrochemical biosensing strategies 

for detection of EV biosensing have been reported in the literature,16–24 there remains a 

need for multiplexed, simple, and sensitive means of quantifying EV surface markers. An 

excellent recent example of plasmonic EV detection was published by Fan et al.16 who 

employed surface plasmon resonance (SPR) imaging to capture exosomes on an antibody 

(Ab)-modified sensing chip and detected three exosomal surface markers expressing CD63, 

EpCAM, and EGFR. Despite the fact that Ab-modified gold nanoparticles (AuNPs) were 

used to amplify SPR signals from bound exosomes, the limit of detection (LOD) reported 

for this study was in the 107 particles/mL range. This is two orders of magnitude higher 

than the LOD for our NP-enabled immunoassay. Another excellent plasmonic approach was 

reported by Liang, Hu, and co-workers who captured EVs and then used Ab-functionalized 

nanorods and nanospheres for detecting two surface markers on the same population of 

EVs.17 Although possessing multiple advantages including minimal volume and sample 

prep requirements, the LOD for this nanoplasmonic strategy was 0.2 ng/μL, which was not 

nearly as sensitive as the 40 pg/mL detection limit achieved with our detection approach.

Electrochemical biosensors are used extensively in medicine, typically in a point-of-care 

setting where rapid, simple, and inexpensive means of detecting analytes are important.25,26 

There are a number of publications describing the use of electrochemical sensing for 

detection of EVs.10,19–24,27 For example, Boriachek et al. reported an electrochemical 

immunosensor for detection of tumor-specific EVs using streptavidin-coated CdSe quantum 

dots functionalized with biotinylated Abs against HER-2 and FAM134B.19 After capture 

of EVs, quantum dots were dissolved with acid and metal ions were concentrated on the 
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electrode surface using anodic stripping voltammetry and measured using square wave 

voltammetry (SWV). This method had an excellent detection limit of 105 EV particles/mL; 

however, no multiplexing was demonstrated. In another example of electrochemical 

detection of EVs, Lee and colleagues developed a microtiter plate-like platform first in eight 

wells and most recently in a 96-well format with each well serving as an electrochemical 

cell.23 EVs were first captured on magnetic beads inside the wells, washed, and then 

labeled with secondary Abs carrying horseradish peroxidase (HRP). Although providing 

an exceptional example of an electrochemical platform for high-throughput testing of 

EV surface markers, this strategy afforded a LOD of 107 EV particles/mL (compared to 

105 particles/mL reported here). Furthermore, reliance on the HRP/tetramethylbenzidine 

enzymatic amplification reaction for the electrochemical signal likely necessitated precise 

control over timing of measurements and may have contributed to a complicated platform 

design where each well was addressed by its own potentiostat, and all measurements were 

made in parallel.20,23

In contrast to the strategy described above, the electrochemical EV detection approach 

developed by us has an excellent detection limit without the need for amplification, with 

the signal remaining stable over the course of days. This approach (outlined in Scheme 1) 

involved capturing EVs on a working electrode, washing unbound EVs, and then labeling 

with electroactive immunoprobes that targeted either tetraspanins, CD63, and CD81, or renal 

markers podocin and nephrin. Surface marker expression was analyzed by SWV. The design 

of immunoprobes for EV analysis represented the key innovation of this sensing strategy. 

Immunoprobes consisted of AuNPs functionalized with Abs and doped with metal ions such 

that a surface marker (e.g., CD63 or CD81) was paired with a metal-ion type (either Pb2+ 

or Cu2+). This allowed us to quantify both surface markers from the same population of 

EVs captured on the same electrode. Our NP-enabled immunoassay had excellent figures of 

merit: detection limit of 105 particles/mL with linear range extending to 108 particles/mL. 

We estimate that each immunoprobe contained 104 metal ions, which explains the excellent 

detection limit without the need for amplification steps. Given a wide repertoire of metal 

ions available for redox labeling (e.g., Zn2+, Cd2+, Ag+, and Fe3+),28–30 we envision further 

expanding the capacity for multiplexing and plan to apply this NP-enabled immunoassay for 

analysis of clinical samples in the future.

RESULTS AND DISCUSSION

Characterization of AuNPs/Abs@M2+ Immunoprobes.

We produced two populations of immunoprobes: AuNPs/anti-CD63@Pb2+ and 

AuNPs/anti-CD81@Cu2+. As shown in Figure 1A, Ab molecules were 

covalently bound to N-hydroxysuccinimide (NHS)-activated AuNPs using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC)–NHS chemistry.31 Immobilized Abs provided 

amine-rich groups which served as anchoring sites for absorption of Pb2+ and Cu2+. Metal 

ion–protein interactions have been reported extensively in the literature and are hypothesized 

to occur via inorganic coordination bonding between the metal ions and amines.32–34

Several analytical approaches were used to characterize assembly and composition of 

immunoprobes. Ultraviolet–visible spectroscopy (UV–vis) provided a simple means of 
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monitoring functionalization of AuNPs with Abs. Binding of Abs led to a redshift of AuNPs 

from 522 to 525 nm and was associated with the appearance of a characteristic protein peak 

at 280 nm (see Figure S1). Incorporation of metal ions resulted in further redshift of AuNPs

—a behavior that has been reported previously.35,36 To further demonstrate the attachment 

of metal ions to the immunoprobes, energy-dispersive X-ray analysis (EDX) characterization 

was employed (see Figure S2). The EDX spectra for the AuNPs/anti-CD63@Pb2+ and 

AuNPs/anti-CD81@Cu2+ again indicate that these nanocomposites comprise Au and Pb (or 

Cu) elements. Although useful for confirming modification of AuNPs, UV–vis and EDX 

cannot be used to confirm the co-localization of Abs and metal ions on the same AuNP.

To test for co-localization, we used nanoprojectile secondary-ion mass spectrometry (NP-

SIMS). NP-SIMS involves bombarding the surface with a suite of individual nanoprojectiles 

(e.g., Au400
4+) separated in time and space, allowing for mass spectrometry measurements 

on the nanoscale.37 In our study, NP-SIMS was used to examine immunoprobes for 

co-localization of metal ions and Abs on the AuNPs. Samples for NP-SIMS analysis 

were prepared on a clean silicon substrate using the Marangoni flow-assisted method 

which, resulted in a sparse distribution of NPs.38 NP-SIMS was then used to analyze 

three types of samples; AuNPs/anti-CD63@Pb2+, AuNPs/anti-CD81@Cu2+, and a negative 

control containing AuNPs/anti-CD63 without metal ions (see Figure S3). Measurements 

on AuNPs were identified and selected based on the detection of gold clusters (e.g., Au2
+ 

or Au3
+). The successful assembly of immunoprobes was evaluated by examining the co-

emitted secondary-ion characteristics of the Abs and metal ions. Figure 1B shows the mass 

spectra from NP-SIMS analysis of AuNPs/anti-CD63@Pb2+ and AuNPs/anti-CD81@Cu2+ 

immunoprobes. Both mass spectra contained an organic fragment, (CH3NH)2CH+, attributed 

to Abs, co-emitted with Au ions originating from AuNPs. This pointed to successful 

immobilization of Abs on AuNPs. Additionally, in the same set of measurements, we 

observed the co-emission of characteristic metal-ion peaks for Pb+ (206Pb+, 207Pb+, and 
208Pb+) and Cu+ (63Cu+ and 65Cu+). These observations demonstrate that Abs and metal 

ions were co-localized in close proximity (within 10 nm) on the surface of individual 

AuNPs.

Additional characterization of immunoprobes was carried out by transmission electron 

microscopy (TEM). Imaging of AuNPs/anti-CD63, AuNPs/anti-CD63@Pb2+, and AuNPs/

anti-CD81@Cu2+ revealed that all three NP types were of similar size, with a mean 

diameter of ∼18 nm (see Figure S2). This observation suggested that our preparation 

protocol produced similar-sized immunoprobes for detection of CD63 and CD81 and that 

incorporation of metal ions did not affect morphology or size of NPs.

In summary, multiple surface analysis techniques were used to confirm the presence of ∼18 

nm AuNPs containing either anti-CD63@Pb2+ or anti-CD81@Cu2+ complexes.

Assessing Redox Activity and Stability of AuNPs/Abs@M2+.

Before proceeding to EV detection, we took several steps to characterize and optimize 

the AuNPs/Abs@M2+ immunoprobes. At the first stage of characterization, immunoprobes 

were immobilized on Au electrodes using a Nafion membrane.39,40 The redox peaks of 

AuNPs/anti-CD63@Pb2+ and AuNPs/anti-CD81@Cu2+ were then examined by SWV in 0.2 
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M HAc/NaAc at pH 4.5. All electrochemical characterization experiments described in this 

paper were carried out in a custom-built three-electrode electrochemical cell (see Figure S4) 

with Ag/AgCl reference and Pt counter electrodes. Pieces of silicon wafers (12 by 12 mm2) 

with a 100 nm layer of sputtered Au were used as working electrodes.

The two types of immunoprobes were analyzed by SWV either individually or as a mixture. 

As shown in Figure 2A, distinct redox peaks of Pb2+ and Cu2+ were observed in the 

presence of AuNPs/anti-CD63@Pb2+ (curve a) or AuNPs/anti-CD81@Cu2+ (curve b). Next, 

we immobilized the two-tag mixture on Au electrodes and performed SWV. Figure 2A 

(curve c) demonstrates the presence of two distinct redox peaks at −0.23 and 0.28 V 

(vs Ag/AgCl), corresponding to electrochemical oxidation of Pb2+ and Cu2+ from AuNPs/

anti-CD63@Pb2+ and AuNPs/anti-CD81@Cu2+, respectively, which is similar to previous 

reports about the redox peak potential of Pb2+ and Cu2+ based on the Au substrate.41–44 

Moreover, a similar amplitude of peak current was observed for individual populations or 

a mixed population of immunoprobes. This indicated that AuNPs/anti-CD63@Pb2+ and 

AuNPs/anti-CD81@Cu2+ may be used concurrently on the same electrode. Additionally, the 

amplitude of two redox peaks was proportional to the concentration of each NP population 

(curve d). Later in this paper, we will demonstrate that differences in the levels of surface 

marker expression may be related to the amplitude of redox peaks.

As the next stage in immunoprobe characterization, we evaluated the stability of the metal 

ion incorporation into NPs. For these experiments, immunoprobes were stored at 4 °C in a 

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) solution for 8 days and were 

tested daily using the electrochemistry approach described above. As seen from Figure 2B, 

only minimal decline in redox activity (5 to 8%) was observed for AuNPs/anti-CD63@Pb2+ 

and AuNPs/anti-CD81@Cu2+ over the course of 8 days, suggesting that metal ions remained 

stably incorporated into immunoprobes during storage.

Labeling EVs with Immunoprobes.

Urinary EVs were characterized by NP tracking analysis (NTA) and TEM. NTA analysis 

revealed the bimodal distribution of EVs sizes, with 60% of particles having a diameter of 

100 ± 45 nm, dimensions typical of small EVs, and 40% of particles with a diameter of 220 

± 75 nm, typical of large EVs (Figure S5). The concentration of EVs in a typical undiluted 

urine sample was 1.14 × 108 particles/mL. TEM images revealed that particles isolated from 

urine were of spherical shape with a lipid bilayer membrane—morphology typical of EVs 

(Figure 3A).45

After confirming successful isolation of EVs, we proceeded to label EVs with 

immunoprobes. For this experiment, a sample of isolated EVs (1.14 × 108 particles/mL) 

was incubated with AuNPs/anti-CD63@Pb2+ (2 nM) at room temperature for 6 h before 

TEM measurement. As seen from a representative TEM image in Figure 3B, AuNPs/anti-

CD63@Pb2+ immunoprobes were bound to EVs, suggesting affinity for the surface marker 

CD63.
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Characterization of NP-Enabled Electrochemical Immunoassay.

To characterize electrochemical immunoassay, EVs were captured on poly-L-lysine (PLL)-

coated Au electrodes and then labeled with immunoprobes. There are several options for 

creating surfaces with affinity to EVs (e.g., Abs for Annexin V). In the present study, 

we chose to work with PLL surfaces due to the simplicity of EV capture based on 

electrostatic interactions, presence of primary amines for immobilization of proteins, and 

a high electroactive surface area.46,47

The process of electrode modification is shown in Figure 3C. Here, Au electrodes were first 

incubated with 11-mercaptoundecanoic acid (MUA) to form a self-assembled monolayer 

(SAM) and then were functionalized with PLL using EDC–NHS coupling chemistry. The 

electrodes were then incubated with EVs that were captured via electrostatic interactions 

and finally were coated with bovine serum albumin (BSA) to prevent nonspecific 

binding. Finally, EV-containing surfaces were incubated with immunoprobes, AuNPs/anti-

CD63@Pb2+ and AuNPs/anti-CD81@Cu2+.

Electrical impedance spectroscopy (EIS) with 5 mM [Fe(CN)6]4−/3− in 0.1 M KCl was 

used to confirm individual steps of the electrode modification workflow. Impedance 

measurements made after individual surface modification steps are summarized in Figure 

3D. The bare Au electrode exhibited a small semicircle at high frequencies with an Rct

of 25 Ω (curve a). After SAM formation with MUA, the Rct increased to 4114 Ω (curve 

b) due to the presence of the COOH terminal group and the carbon chain of the SAM, 

which hinder diffusion and electron transport for the negatively charged Fe(CN)6
4 − /3 −

redox couple.48,49 Subsequent treatment of the SAM-modified electrode with EDC–NHS 

resulted in a lower value for Rct (2010 Ω) (curve c), demonstrating that the −COO− groups 

of SAM were successfully functionalized with EDC–NHS. After assembly of PLL (curve 

d), the value for Rct decreased further to 1497 Ω due to the abundance of positively charged 

amino groups providing electrostatic attraction force for Fe(CN)6
4 − /3 − . After incubation 

with EVs (curve e), the Rct value increased to 2766 Ω likely due to increased resistance 

and presences of negative charges on the EV surfaces. Immobilization of BSA increased 

the resistance of the electrode and led to an increase in the Rct value to 3521 Ω (curve f). 

Incubation of the substrate with AuNPs/anti-CD63@Pb2+ caused the Rct to drop to 1814 Ω
(curve g), suggesting that AuNPs/anti-CD63@Pb2+ promoted electron transfer. Overall, EIS 

confirmed assembly of sensing surfaces, capture of EVs, and attachment of immunoprobes.

Optimizing Performance of Electrochemical Immunoassay.

We explored and optimized parameters deemed likely to improve performance of the 

immunoassay including EV incubation time, immunoprobe labeling time, and pH of 

the electrolyte solution. Redox activity was assessed by SWV after incubating the PLL-

coated Au electrodes with 1.14 × 108 EV particles/mL and then labeling with AuNPs/anti-

CD63@Pb2+ and AuNPs/anti-CD81@Cu2+ immunoprobes. Previous reports have shown 

that pH of the electrolyte solution may affect the electrochemical behavior of metal 

ions incorporated into NPs.28–30 Therefore, we analyzed performance of the NP-enabled 

immunoassay for the electrolyte pH ranging from 3.5 to 6. As shown in Figure S6A, the 
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peak currents were obtained for pH 4.5, which was then chosen as operating pH for our 

detection experiments. A plausible explanation is that metal ions complexed with hydroxide 

ions and became inactive at a pH above 4.5.

The electrochemical signal was also a function of EV capture time, with the signal reaching 

a plateau at 180 min (Figure S6B). We note that the capture time was affected by the large 

volume of batch-mode electrochemical cells. The capture time will be decreased in the 

future by using a microfluidic flow-through electrochemical cell. The time of EV labeling 

with immunoprobes (AuNPs/Abs@M2+) also affected the electrochemical signal, with 90% 

of the maximum signal being achieved after 60 min of incubation (Figure S6C).

Based on these optimization efforts, the following experimental conditions were maintained 

for all subsequent measurements: pH 4.5 for HAc/NaAc electrolyte, 120 min for incubation 

of the EV sample with the electrode, and 60 min for labeling the captured EVs with 

immunoprobes (AuNPs/Abs@M2+).

Detecting Two EV Surface Markers from the Same Electrode and Assessing Cross-
Reactivity of Immunoprobes.

Given our goal of multiplexed detection of EV surface markers, we wanted to ensure 

that the two types of immunoprobes developed in this study were not cross-reactive. To 

assess cross-reactivity, we prepared several Au electrodes with captured EVs and incubated 

these electrodes with AuNPs/anti-CD63@Pb2+ or AuNPs/anti-CD81@Cu2+ individually or 

as an equimolar mixture. As shown in Figure 3E, labeling with AuNPs/anti-CD63@Pb2+ 

produced a distinct Pb2+ redox peak at −0.23 V, which corresponded to CD63 expression 

levels (curve a). Similarly, labeling of EVs with AuNPs/anti-CD81@Cu2+ followed by 

SWV produced a redox peak at 0.28 V associated with oxidation of Cu2+ (curve b). 

When EV-containing electrodes were incubated with an equimolar mixture of AuNPs/anti-

CD63@Pb2+ and AuNPs/anti-CD81@Cu2+, two distinct redox peaks were generated from 

the same electrode (curve c). As one way of confirming specificity of the measurement, the 

electrode surface without EVs was exposed to immunoprobes and then washed. As seen 

from Figure 3E (curve d), no SWV signal was observed at −0.23 or 0.28 V redox potentials 

for Pb2+ and Cu2+, respectively, suggesting that generation of an electrochemical signal from 

immunoprobes depended on the presence of EVs.

The amplitude of peak currents associated with CD63 and CD81 expression was nearly 

identical for single-plex or dualplex detection, suggesting that (1) steric hindrance did not 

affect detection of individual surface markers and (2) there was no cross-reactivity between 

the two types of immunoprobes. Thus, results presented in Figure 3E confirmed that our 

strategy could be used to detect two EV surface markers from the same electrode.

Sensitivity and Specificity of the NP-Enabled Electrochemical Immunoassay.

As the next characterization step, we assessed figures of merit for this immunoassay: 

detection limit and dynamic range. Au electrodes were functionalized with different 

concentrations of EVs, then labeled with a mixed population of two immunoprobes, and 

finally analyzed by SWV. Scanning electron microscopy (SEM) analysis (see Figure S7) was 

used to confirm preparation of substrates with varying surface densities of EVs. As depicted 
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in Figure 4A, amplitude of oxidation peaks for Pb2+ and Cu2+, corresponding to CD63 and 

CD81, respectively, increased as EV concentration was varied from 1.14 × 106 to 1.14 × 

108 particles/mL. For comparison, only negligible redox activity (Figure 4A, dashed line) 

was observed when the substrate containing high surface density of EVs (108 particles/mL) 

was exposed to immunoprobes carrying isotype control (IgG) Abs (i.e., AuNPs/IgG@Pb2+ 

and AuNPs/IgG@Cu2+). These results confirmed that redox peaks associated with CD63 

and CD81 were a function of EV surface density and that electrochemical activity was 

associated with specific Ag–Ab interactions. Because the amplitude and shape of redox 

peaks may be affected by factors other than electron transfer (e.g., solution resistance and 

electrode preparation), we sought a more objective electrochemical parameter associated 

with EV signals. This was achieved by integrating the area under the redox peak to obtain 

the total amount of charge (Q) associated with each EV concentration (see Figure 4B). Then, 

Q values were normalized according to the formula (normalized Q, Q = QEVs−Qisotype control Abs) 

and used to construct calibration curves. As seen from Figure 4C, a linear relationship was 

observed between normalized Q and the logarithm of the EV concentrations from 1.14 × 

106 to 1.14 × 108 particles/mL for both CD63 and CD81. The LOD was calculated to 

be 2.46 × 105 particles/mL for CD63 and 5.80 × 105 particles/mL for CD81 with good 

reproducibility (RSD < 7.6% for n = 5). These detection limits were considerably lower 

than those of commercial/standard approaches: ELISA for CD63 and CD81 (e.g., an ELISA 

kit from System Biosciences reports a LOD of 5.2 × 109 and 8.34 × 109 particles/mL 

for CD63 and CD81, respectively),50,51 western blot (1011–1012 particles/mL), NTA (107–

109 particles/mL), and flow cytometry (107–109 particles/mL).51–55 To better evaluate how 

our detection approach compares to EV detection strategies being developed in academia, 

we tabulated LODs, dynamic range, and other assay characteristics from several recently 

published EV sensing strategies in Table S1.10,18–22,56–59 Comparison with previously 

published sensing strategies reveals that our approach has an excellent detection limit, 

requires a minimal number of steps to generate signals, uses simple instrumentation, and, 

importantly, is amenable to multiplexing.

In addition to quantifying numbers of EVs, our strategy may also provide concentrations 

of the surface markers. To assess protein-level detection limits for our electrochemical 

immunoassay, we immobilized different concentrations of recombinant CD63 and CD81 

on MUA-functionalized electrodes using EDC–NHC chemistry. The electrodes containing 

various amounts of surface markers were then incubated with immunoprobes, washed, and 

analyzed using SWV. As shown in Figure 5A, calibration curves for CD63 and CD81 had 

a linear range of four logs from 0.05 to 500 ng/mL with a LOD of 37.3 pg/mL for CD63 

and 41.1 pg/mL for CD81. After correlating the concentration of EVs to the concentration of 

protein (Figure 5B), the LOD corresponds to 40.3 pg/mL of CD63 (2.46 × 105 particles/mL) 

and 47.7 pg/mL of CD81 (5.80 × 105 particles/mL) of isolated EVs.

We wanted to further explore and explain the sensitivity of our electrochemical 

immunoassay. In the first set of experiments, we assessed the electrochemical signal 

as a function of immunoprobe concentration by challenging the PLL-functionalized Au 

electrodes (without EVs) with various concentrations of NPs (see Figure S8A). The 

lowest detectable signals were observed for 8.95 × 105 AuNPs/mL for both AuNPs/
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anti-CD63@Pb2+ and AuNPs/anti-CD63@Cu2+ immunoprobes. Taking into account the 

dimensions of the electrochemical cell (120 μL volume and 0.5 cm2 area) and assuming 

that all immunoprobes deposited on or interacted with the electrode surface, we estimate 

that a detectable SWV signal was achieved with as few as 2.2 × 105 AuNPs/cm2 (or 2.2 × 

10−3 AuNPs/μm2). Combining calibration data from Figures 4 and S8A, we established a 

relationship between AuNPs and EVs (see Figure S8B) and estimated the number of AuNPs 

per EV to be ∼10 for CD63 and ∼1 for CD81 detection. This estimate is in agreement with 

TEM imaging of EVs labeled with CD63-targeting immunoprobes (see Figure 3B).

We hypothesized that one reason for low detection limits achieved with NP-enabled 

immunoassay is due to high electrochemical activity of AuNPs doped with metal ions and 

wanted to estimate metal-ion loading capacity of AuNPs. To estimate metal-ion loading, 

a known concentration of AuNPs doped with either Cu or Pb ions was injected into an 

electrochemical cell and analyzed by SWV (see Figure S8A). The metal-ion concentration 

was then established by determining the total charge (Q) from voltammetry data for the 

2e− transfer process. Using this approach, we estimate that for AuNPs/anti-CD63@Pb2+ 

present in a solution at 8.95 × 109 particles/mL, there are 8.75 × 1013 Pb2+ ions/mL or 9.78 

× 103 Pb2+ ions/AuNP. For AuNPs/anti-CD81@Cu2+ present at a concentration of 8.95 × 

109 particles/mL, there is 9.06 × 1013 Cu2+ ions/mL or 1.01 × 104 Cu2+ ions/AuNP. It is 

of note that we assume that all NPs in the solution interact with the electrode surface and 

contribute to the redox signal. This may be an overestimation which would mean that values 

for metal-ion loading per NP may be higher than those reported above.

Benchmarking NP-Enabled Electrochemical Immunoassay against Flow Cytometry.

In the next set of experiments, we wanted to employ clinical samples and compare 

performance of our immunoassay against standard technology. As noted earlier, our team 

has a strong interest in preeclampsia—disease that manifests itself by hypertension and 

renal damage.11,12 We previously demonstrated that EVs carrying renal proteins nephrin and 

podocin may represent biomarkers of preeclampsia.9 Given the potential clinical relevance 

of these biomarkers, we constructed immunoprobes targeting nephrin and podocin (AuNPs/

anti-nephrin@Pb2+ and AuNPs/anti-podocin@Cu2+). As a first step in implementing our 

electrochemical immunoassay, we assessed figures of merit, LOD, and dynamic range 

for these proteins. The protocol used here was similar to that described for detection of 

recombinant CD63 and CD81 (see Figure 5). Electrodes were functionalized with MUA and 

then different concentrations of proteins were immobilized on the electrodes using EDC–

NHS chemistry. Three electrodes were analyzed for each concentration of protein. Results in 

Figure S9 reveal that the electrochemical immunoassay had excellent sensitivity for nephrin 

and podocin with a LOD of ∼3 pg/mL and dynamic range extending to 500 ng/mL.

As the next step, we proceeded with comparison of our method against a standard approach. 

Our team has made extensive use of flow cytometry for characterizing nephrin and podocin 

expression in urinary EVs;9 therefore, we chose to determine the ratios of these two 

proteins using our electrochemical immunoassay and benchmark against the ratios obtained 

with flow cytometry. Urine samples from six pregnant women (n = 6) were used for this 

comparison study. Unlike earlier experiments described in Figure 4 where EVs were 
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captured on the PLL-modified electrodes and then labeled with immunoprobes targeting 

CD63 and CD81 markers, here we used electrodes modified with anti-CD63 to capture EVs 

and then labeled EVs with anti-nephrin and anti-podocin immunoprobes (see Figure 6A). 

Blocking with BSA and extensive washing after EV capture and immunoprobe incubation 

steps were used to minimize nonspecific interactions with the electrodes. Figure 6B shows 

dual redox signals obtained with a representative sample. One can note that amplitude of the 

Cu2+/podocin peak is higher than that of the Pb2+/nephrin peak. Total charge (area under 

the curve) was analyzed for each peak and the ratio of podocin to nephrin was determined 

to be 3.33 for this sample. The analysis was conducted in triplicate (three electrodes) for 

each clinical sample with a total of six urine samples being tested. We also carried out 

flow cytometry analysis of the same set of urine samples. Figure 6C shows results of a 

flow cytometry analysis of the same sample that was analyzed electrochemically in Figure 

6B. Importantly, our flow cytometry approach relies on TruCount beads to measure out 

precise volume and on microbeads ranging in size from 0.2 to 2 μm in order to gate on 

particles consistent in size with EVs (0.2 to 1 μm). EVs are also stained with isotype 

control Abs conjugated to relevant fluorophores to establish the background signal (see 

Figure S10 for description of flow cytometry experiments). These steps help us ensure that 

flow cytometry analysis is quantitative and may be compared between samples. Figure 6C 

shows a flow scattergram that, together with microbead-based gating and isotype control 

analysis (see Figure S10), was used to determine the podocin-to-nephrin ratio for this 

particular urine sample to be 3.24. This is comparable to the ratio of 3.33 obtained with 

electrochemical immunoassay (see Figure 6B). All six urine samples were analyzed in 

a similar manner with the podocin-to-nephrin ratios calculated by each method plotted 

together in Figure 6D. These data reveal excellent correlation between the two methods 

(R2 = 0.9) and suggest that our approach accurately reflects podocin and nephrin expression 

levels measured by standard technology (flow cytometry). The results presented in Figure 6 

are highly encouraging and pave the way for future use of the NP-enabled electrochemical 

immunoassay as a diagnostic approach.

CONCLUSIONS

This paper describes the development of a multiplexed electrochemical immunoassay for 

detection of EV surface markers. The immunoassay relied on AuNPs functionalized with 

anti-CD63 or anti-CD81 Abs and doped with Pb2+ and Cu2+ to produce redox signals. 

These AuNPs or immunoprobes were used to simultaneously detect pairs of biomarkers 

either CD63/CD81 or podocin/nephrin on urinary EVs. The immunoassay had excellent 

sensitivity, with detection limits of 2.46 × 105 particles/mL (40.3 pg/mL) for CD63 and 

5.80 × 105 particles/mL (47.7 pg/mL) for CD81 and a linear range extending to 1.14 × 108 

particles/mL. The LOD for podocin and nephrin was 3.1 and 3.8 pg/mL, respectively. The 

benefits of this electrochemical immunoassay include (1) simplicity of measurement using 

electrochemical readouts, (2) enhanced sensitivity compared to conventional immunoassays, 

and (3) detection of multiple EV surface markers using a single electrode. In the future, 

the multiplexing capability of this EV sensing strategy may be increased by expanding 

the repertoire of metal ions used as redox reporters. We also envision integrating this 

electrochemical immunoassay in a more point-of-care compatible microfluidic format. Such 
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a system will have considerable utility for EV-based early diagnosis of diseases ranging 

from cancer to preeclampsia and steatohepatitis.

MATERIALS AND METHODS

Materials.

4-Morpholineethanesulfonic acid (MES), HEPES, NHS-activated AuNPs (20 nm), 

Pb(NO3)2, Cu(NO3)2, PLL, MUA, EDC, NHS, and Tween-20 were purchased from Sigma-

Aldrich (St. Louis, MO). A total urine EV isolation kit was purchased from Invitrogen 

(Carlsbad, CA). Single-donor human pregnancy urine was purchased from Innovative 

Research (Novi, MI). Dulbecco’s phosphate-buffered saline (PBS) was purchased from 

Corning (Corning, NY). Ethyl alcohol (EtOH) was purchased from Electron Microscopy 

Sciences (Hat eld, PA), while isopropyl alcohol (IPA) was purchased from Honeywell 

(Charlotte, NC). Mouse anti-human CD63 and CD81 Abs and the mouse IgG isotype control 

were purchased from BD Biosciences (San Jose, CA). Mouse anti-human nephrin Abs were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-human podocin 

Abs were generated in Dr. Garovic’s laboratory, Mayo Clinic Rochester (Rochester, MN). 

Human recombinant CD63, CD81, and nephrin proteins were purchased from R&D Systems 

(Minneapolis, MN). Human recombinant podocin protein was purchased from BioVendor 

(Brno, Czech Republic).

Synthesis of the AuNPs/Abs@M2+ Immunoprobes.

NHS-activated AuNPs were used to construct immunoprobes. The AuNPs (3.58 × 1011 

NPs/mL) were incubated for 2 h in 180 μL of PBS buffer containing 40 μg of Ab solution. 

Subsequently, 20 μL of quencher solution was used to block the unreacted NHS sites on 

AuNPs. To separate the AuNP/Ab conjugates, the mixture was centrifuged at 6000g and 

4 °C for 30 min and washed three times with HEPES buffer (0.02 M and pH 7.0). Then, 

AuNP/Ab conjugates (AuNPs/anti-CD63) were dispersed in 1 mL of HEPES buffer (0.02 M 

and pH 7.0) with 0.025% Tween 20.

For incorporation of metal ions, 20 μL of 10 mM Pb(NO3)2 aqueous solution was added 

drop by drop to dispersion of AuNPs. The mixture was stirred vigorously overnight at 

room temperature. After centrifugation and washing three times with deionized–distilled 

(DI) water containing 0.025% Tween 20, immunoprobes (AuNPs/anti-CD63@Pb2+ and 

AuNPs/anti-nephrin@Pb2+) were redispersed in 1 mL of HEPES buffer (0.02 M and 

pH 7.0) and stored at 4 °C until use. The AuNPs/anti-CD81@Cu2+ and AuNPs/anti-

podocin@Cu2+ immunoprobes were prepared by the same procedure. For preparation of 

isotype control immunoprobes (AuNPs/IgG@Pb2+ and AuNPs/IgG@Cu2+), mouse IgG Abs 

were conjugated with AuNPs in the manner identical to that described above for anti-CD63 

Abs.

Physicochemical Characterization of AuNPs/Abs@M2+ Immunoprobes.

A custom-built NP-SIMS instrument utilizing a gold liquid metal-ion source was used 

for analysis of immunoprobes.60 The instrument was operated in the event-by-event 

bombardment/detection mode, which involves impacting the surface with a sequence of 
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individual nanoprojectiles separated in times and sample. The impact of each projectile 

results in the emission of ions from a volume 10 nm in diameter and up to 10 nm in 

depth. For each impact, the co-emitted secondary ions are collected and mass analyzed 

with a reflectron time-of-flight mass spectrometer.61 Mass spectrometry analysis of each 

sample was performed in the positive-ion mode using ∼1 × 106 projectile impacts of 

440 keV Au400
4+. Thus, 1 × 106 individual mass spectra were collected for each sample. 

Selecting these individual mass spectra based on the detection of an ion of interest allows for 

elemental/molecular characterization of co-localized moieties. EDX analysis was performed 

in conjunction with TEM using an Oxford X-max detector (Oxford Instruments, Concord, 

MA) to determine the purity and chemical dispersion. UV–vis was performed by scanning 

their absorption spectrum in the range from 200 to 800 nm using a NanoDrop OneC 

(Thermo Fisher Scientific, Waltham, MA) to characterize their conjugation features. The 

morphologies of immunoprobes were investigated using a Technai12 transmission electron 

microscope (FEI, Hillsboro, OR) operating at 80 kV.

Preparation of EVs.

We employed two types of samples in this study: (1) commercial pregnancy urine was 

used for some the early assay characterization experiments, and (2) clinical urine samples 

from pregnant women were used for validation of our electrochemical immunoassay against 

standard EV analysis technology (flow cytometry).

1. EVs were isolated from human pregnancy urine (Innovative Research) using a 

total EV isolation kit (Invitrogen, Carlsbad, CA, USA). Briefly, frozen urine was 

thawed in a water bath at 37 °C for 5 min. The samples were centrifuged at 

2000g for 30 min at 4 °C to remove debris. The supernatant was then mixed 

with the EV isolation reagent and incubated for 1 h at room temperature. Then, 

the sample was centrifuged at 10,000g for 1 h at 4 °C. After the supernatant 

was discarded without disturbing the sediment, the sample was centrifuged 

at 10,000g for another 5 min at 4 °C. Afterward, the sediment EVs were 

resuspended in PBS.

2. Urine samples were obtained from pregnant women at the Mayo Clinic 

according to the IRB protocol 2104–05. A total of six samples were collected 

and used in this study. The samples were stored at −80 °C until further use. The 

samples were thawed at 37 °C for 5 min and then centrifuged at 2000g to remove 

debris. We note that unlike commercial urine samples described in the preceding 

paragraph, clinical samples did not undergo additional processing beyond debris 

removal.

Both commercial and clinical urine samples were characterized by NTA (Nanosight 

NS300 Malvern Panalytical, Malvern, UK) to evaluate particle size and concentration. 

EV concentration was adjusted to 3.10 × 109 particles/mL for clinical samples and used 

throughout the study.

Lee et al. Page 13

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2024 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Characterization of EV/NP Constructs Using TEM and SEM.

The morphologies of the EVs and immunogold staining sample were characterized by TEM 

using JEOL 1400 (JEOL USA Inc. Peabody, MA) at 80 kV. For this experiment, a sample 

of isolated EVs (1.14 × 108 particles/mL) was incubated with AuNPs/anti-CD63@Pb2+ (2 

nM) at room temperature for 6 h before TEM measurement. SEM was used to confirm the 

presence of EVs on the PLL-modified electrodes using a Hitachi S-4700 cold field emission 

scanning electron microscope (Hitachi High Technologies America, Inc., Schaumburg, IL). 

For SEM measurement, PLL-modified electrodes were incubated for 2 h with different 

concentrations of urinary EVs (from 1.14 × 106 to 1.14 × 108 particles/mL). Afterward, 

the electrodes were washed with DI water to remove unbound EVs and then dried under 

a N2 atmosphere. Next, the EV captured surfaces were sputter-coated with gold-palladium 

(Au/Pd) for 30 s.

Functionalization of Electrodes for EV Capture.

In this work, we used two types of molecules to capture EVs on the working electrode: 

(1) positively charged PLL-functionalized electrodes were used for some of the initial 

assay characterization and (2) anti-CD63-modified electrodes were employed for analysis 

of clinical urine samples. Initial cleaning and functionalization steps were identical for both 

types of surfaces. Au electrodes were first cleaned by sonication in IPA for 30 min and then 

exposed to oxygen plasma for 5 min at 150 mW (YES-G500, Yield Engineering Systems, 

Freemont, CA, USA). Subsequently, electrodes were immersed in 10 mM MUA in ethanol 

for 12 h and then rinsed with ethanol and DI water to create a SAM layer (Au/MUA). For 

covalent conjugation, electrodes were placed in a solution composed of a 1:1 ratio of 200 

mM EDC and 100 mM of NHS in 0.1 M MES for 1 h and then rinsed with DI water 

(Au/MUA/EDC–NHS).

For immobilization of PLL, electrodes were then exposed to 100 μg/mL PLL solution in 1× 

PBS for 1.5 h, which resulted in covalent immobilization of this polypeptide. The electrodes 

were subsequently washed with 1× PBS to remove any unbound PLL molecules. Au/MUA/

EDC–NHS/PLL electrodes were stored at 4 °C until use for detection. Figure 3C represents 

the electrode modification steps.

For immobilization of Abs, Au electrodes were first functionalized with MUA and activated 

with EDC–NHS as described above. Subsequently, the electrodes were incubated in 50 

μg/mL solution of anti-CD63 in 1× PBS for 1.5 h. After washing with 1× PBS to remove any 

unbound Abs, the Au electrode was incubated in 1% BSA for 1 h to minimize non-specific 

interactions. After washing with 1× PBS again, electrodes modified with anti-CD63 were 

stored at 4 °C before use.

Electrochemical Detection of EVs.

To characterize NP-enabled immunoassay, we used a potentiostat (Interface 1010E 

Potentiostat, Gamry Instruments, Warminster, PA) performing SWV in a three-electrode 

system with the Au working, Pt counter, and Ag/AgCl electrode (in 3 M KCl) as reference 

electrodes. The SWV was performed in acetic acid/sodium acetate buffer (HAc/NaAc; 0.2 

M and pH 4.5) at overpotentials of −0.6 to 0.6 V (vs Ag/AgCl) and 25 mV amplitude and 
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15 Hz frequency. Home-made electrochemical cells consisting of polydimethylsiloxane well 

mounted on a Au-coated piece of silicon (see Figure S4) were used in these studies. Each 

electrochemical cell had a volume of 120 μL and an effective electrode area of 0.5 cm2.

PLL-modified electrodes were used for detection of CD63 and CD81. These electrodes 

were incubated for 2 h with different concentrations of urinary EVs (from 1.14 × 106 to 

1.14 × 108 particles/mL) resuspended in 1× PBS. Afterward, the electrodes were washed 

with 1× PBS (Au/MUA/EDC–NHS/PLL/EVs) and then blocked by incubating for 1 h with 

1% BSA in 1× PBS (Au/MUA/EDC–NHS/PLL/EVs/BSA). Next, electrodes with captured 

EVs were incubated for 1 h in a 1:1 mixture of AuNPs/anti-CD63@Pb2+ and AuNPs/anti-

CD81@Cu2+ at a 8.95 × 1010 particles/mL concentration washed thoroughly with DI water 

and then analyzed using SWV. The total assay time was defined as 4 h allowing for EV 

detection of each functionalized Au electrode.

For detection of podocin and nephrin, electrodes containing an anti-CD63 layer were 

incubated with EVs for 2 h. We used 120 μL of clinical urine after removing debris via 

centrifugation at 2000g for 10 min. Afterward, the electrodes were washed with 1× PBS 

(Au/MUA/EDC–NHS/CD63/BSA/EVs). Subsequently, a mixed solution containing AuNPs/

anti-nephrin@Pb2+ and AuNPs/anti-podocin@Cu2+ was incubated on the electrodes with 

captured EVs for 1 h. Finally, the electrode surfaces were washed thoroughly with DI water 

and SWV was then used to detect redox peaks for Pb2+ and Cu2+ and infer the podocin to 

nephrin ratio of EVs. The total assay time was 3 h. To calculate the podocin to nephrin ratio, 

total charge (Q) was analyzed for each peak from SWV and then Q values were normalized 

according to the formula (normalized Q, Q = QEVs−Qisotype control Abs). The podocin/nephrin ratio 

was calculated by dividing Q of podocin to Q of nephrin.

Flow Cytometry Analysis of Urine Samples.

Urinary EVs were analyzed using a FACSCanto II flow cytometry system (BD Biosciences, 

San Jose, CA) as previously described.9,62 Briefly, a total 10 μL of the sample was diluted 

with Hanks’/HEPES (HHBS)-buffered saline solution (pH 7.4) and then stained with 3 μL
of podocin conjugated with fluorescein isothiocyanate (Bioss Antibodies Inc, USA) and 

nephrin (Biorbyt, Cambridge, UK) Abs conjugated with phycoerythrin. Corresponding IgG 

isotype controls obtained from the same companies were used to set up the thresholds. 

Following incubation at room temperature in the dark for 30 min, 800 μL of HHBS and 

100 μL of TruCOUNT beads (BD Biosciences, San Jose, CA) were added and analyzed 

immediately. The count of all either nephrin- or podocin-positive EVs was calculated, 

considering the number of events registered in the corresponding quadrants (for nephrin, 

Q1 + Q2 and for podocin, Q2 + Q4), total number of gated TruCount beads (set up to 1500 for 

this experiment), count of beads added to the test tube (4655 in this case), dilution of the 

sample (100 for this sample), and total volume in the test tube (1000 μL). The following 

formula was used

nephrin positive EVs = Q1 + Q2 /1500 × 4655 × 100/1000
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podocin positive EVs = Q2 + Q4 /1500 × 4655 × 100/1000

Isotype Abs were labeled and quantified in the same way as described above for podocin 

and nephrin where positive events with the isotype control were deemed background/noise 

and were subtracted from podocin and nephrin events. The counts of EVs were expressed 

as EVs/μL of the sample. The podocin/nephrin ratio was calculated by dividing podocin-

positive to nephrin-positive EVs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. Working Principle of the Nanoparticle-Enabled Electrochemical Immunoassay for 
Detection of EV Surface Markers. Electrode Surfaces Were Washed after EV Capture and 
Immunoprobe Labeling Stepsa

aBSA blocking was used to minimize non-specific interactions. Immunoprobes were 

functionalized with the isotype control Abs to assess off-target binding effects.
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Figure 1. 
Preparation and characterization of immunoprobes. (A) Steps required for functionalization 

of AuNPs. Attachment of Abs occurs via EDC–NHS bonding. Metal ions interact with Abs 

by coordination bonding. (B) NP-SIMS analysis of immunoprobes AuNPs/anti-CD63@Pb2+ 

(top) and AuNPs/anti-CD63@Cu2+ (bottom). Impacts were selected based on detection 

of Au2
+ or Au3

+, characteristic of the immunogold particles. The Y-axis represents the 

measured intensity divided by the number of measurements in each experiment. Selected 

regions of the mass spectra are shown highlighting secondary-ion characteristic to the Abs, 

silicon support, gold particles, and metal ions.
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Figure 2. 
Electrochemical characterization of immunoprobes. (A) SWV response of different ratios of 

AuNPs/anti-CD63@Pb2+ to AuNPs/anti-CD81@Cu2+; (a) 1:0, (b) 0:1, (c) 1:1, and (d) 2:1. 

(B) Stability of AuNPs/Ab@M2+ immunoprobes when stored at 4 °C in HEPES buffer for 8 

days. Peak current from SWV measurement on a given day (I) was divided by the value of 

the peak current immediately after electrode preparation (I0).
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Figure 3. 
Construction of electrodes and detection of EVs. (A,B) Representative TEM images 

of EVs before (A) and after (B) incubation with immunoprobes. Scale bar, 100 nm. 

(C) Process flow for electrode modification and EV capture. (D) Characterization of 

individual steps in the electrode functionalization and EV capture using EIS: (a) Au 

electrode (insert), (b) Au/MUA, (c) Au/MUA/EDC–NHS, (d) Au/MUA/EDC–NHS/PLL, (e) 

Au/MUA/EDC–NHS/PLL/EVs, (f) Au/MUA/EDC–NHS/PLL/EVs/BSA, and (g) Au/MUA/

EDC–NHS/PLL/EVs/BSA/AuNPs–anti-CD63@Pb2+. (E) Electrochemical (SWV) signals 
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from EV-containing electrodes that were incubated with immunoprobes specific to CD63 

(a), CD81 (b), a 1:1 mixture of both types of immunoprobes (c), and electrode without EVs 

after incubating with a 1:1 mixture of both types of immunoprobes (d).
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Figure 4. 
Establishing detection limit and dynamic range for nanoparticle-enabled electrochemical 

immunoassay. (A) Electrochemical (SWV) analysis of electrodes containing different 

numbers of EVs after incubation with a mixture of AuNPs/anti-CD63@Pb2+ and 

AuNPs/anti-CD81@Cu2+ immunoprobes. (B) Total charge (Q) associated with each EV 

concentration. (C) Calibration curves of normalized charge Q vs EV concentration for CD63 

and CD81 constructed for an EV concentration range of 1.14 × 106–1.14 × 108 particles/mL. 

Here, Q = QEVs−Qisotype control Abs for detection of CD63 and CD81. The error bars represent the 

standard deviations from five different sensing electrodes (n = 5).

Lee et al. Page 25

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2024 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Quantifying CD63 and CD81 expression on EVs. (A) Calibration curves obtained after 

immobilizing different concentrations of human recombinant CD63 and CD81 proteins on 

the electrode surfaces. The linear plot of the normalized total charge (Q = Q − Q0) changes as 

a function of the logarithm of the concentration of recombinant CD63 or CD81 (0–500 ng/

mL). The error bars represent the standard deviations from three different sensing electrodes 

(n = 3). (B) Plots correlating concentration of CD63 or CD81 to the concentration of EVs 

allow to quantify surface marker expression. Values for normalized total charge Q associated 

with immobilization of recombinant proteins were correlated with EV concentration using 

calibration curves from Figure 4C to construct plots presented here. The data points and 

error bars represent average and standard deviations of measurements from five different 

electrodes containing captured EVs (n = 5).
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Figure 6. 
Using clinical samples to validate electrochemical immunoassay against flow cytometry. 

(A) Principle of assay operation. Electrodes were functionalized with anti-CD63 for capture 

of EVs. Immunoprobes targeting nephrin and podocin on urinary EVs were then used 

for labeling and electrochemical detection. (B) Representative electrochemical (SWV) 

analysis of EVs from a clinical sample captured on a working electrode. AuNPs/anti-

nephrin@Pb2+ and AuNPs/anti-podocin@Cu2+ immunoprobes were used to label EVs and 

generate dual redox peaks. No redox activity was observed when electrodes containing EVs 

were labeled with isotype control immunoprobes (dashed line). (C) Representative flow 

cytometry analysis of nephrin and podocin expression in clinical EVs. The same sample was 

characterized by flow cytometry and electrochemical analysis. (D) plot of podocin/nephrin 

ratios obtained with electrochemical immunoassay (this method) and flow cytometry based 

on urine samples from six pregnant women (n = 6). The results showed high correlation 

(R2 = 0.9001) between our method and flow cytometry.
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