
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00216-022-04419-3

RESEARCH PAPER

Peptide‑anchored biomimetic interface for electrochemical detection 
of cardiomyocyte‑derived extracellular vesicles

Yang Zhou1 · Fei Zhao1 · Bo Zheng1 · Shihai Tang1 · Juan Gong1 · Bin He1 · Zhi Zhang1 · Na Jiang1 · Huijuan Zha1 · 
Jun Luo1

Received: 1 September 2022 / Revised: 20 October 2022 / Accepted: 31 October 2022 
© Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Cardiomyocyte-derived extracellular vesicles (EVs) are a promising class of biomarkers that can advance the diagnosis of 
many kinds of cardiovascular diseases. Herein, we develop a new electrochemical method for the feasible detection of cardio-
myocyte-derived EVs in biological fluids. The core design of the method is the fabrication of a peptide-anchored biomimetic 
interface consisting of a lipid bilayer and peptide probes. On the one hand, the lipid bilayer provides excellent antifouling 
ability to the electrode interface and facilitates the anchoring of peptide probes. On the other hand, the peptide probes equip 
the electrode interface with excellent binding capability and affinity to CD172a, a specific marker of cardiomyocyte-derived 
EVs, thus enabling the efficient and selective detection of target EVs. Taking EVs derived from the heart myoblast cells H9C2 
as the model target, the method displays a wide linear detection range from 1 ×  103 to 1 ×  108 particles/mL with a desirable 
detection limit of 132 particles/mL. Furthermore, the method shows good performance in biological fluids such as serum, 
and thus may have great potential for practical use in the diagnosis of cardiovascular diseases.
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Introduction

Cardiovascular diseases, including but not limited to ischemic 
heart disease, heart failure, and stroke, are the leading cause 
of death worldwide [1]. Timely diagnosis is of great signifi-
cance for effective treatment of patients with cardiovascular 
diseases, which may effectively shorten the length of hospital 
stay and reduce the mortality. Over the last decade, extracel-
lular vesicles (EVs) derived from cardiomyocytes, especially 
small EVs (sEVs, also known as exosomes) with the diam-
eter below 200 nm, have been found to be widely involved in 
the cardiac physiology and the progression of cardiovascular 
diseases [2, 3]. Moreover, emerging evidences suggest the 
potential role of cardiomyocyte-derived EVs in biological 

fluids as biomarkers to promote the diagnosis of cardiovas-
cular diseases [4–6].

In the past few years, impressive progresses have been 
made on the development of detection methods for EVs with 
the increasing application of various analytical techniques 
[7–10]. Among them, electrochemical techniques have 
attracted considerable interest due to their high sensitivity, 
simplicity, and ease of integration with downstream elec-
tronic systems, which would facilitate the point-of-care diag-
nosis of diseases [11, 12]. Although some of electrochemical 
detection methods are proven to be clinically effective, they 
still face some obstacles when used to detect EVs of myocar-
dial origin in biological fluids. On the one hand, components 
in biological fluids, such as proteins and cell debris, are eas-
ily adsorbed to the electrode interface in a non-specific man-
ner, which may hinder the specific molecular recognition 
process and lead to false-negative results. On the other hand, 
EVs in biological fluids come from a wide range of sources, 
including not only EVs from cardiomyocytes but also a large 
number of EVs from other cells, which poses a high chal-
lenge to the selectivity of the detection method.

To address these shortcomings, we herein design a 
new electrochemical method for EVs detection based on 
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a peptide-anchored biomimetic interface. The interface is 
prepared by the formation of a lipid bilayer on the electrode 
surface and the subsequent anchoring of peptide probes 
specific targeting to CD172a [13]. The lipid bilayer effec-
tively reduces the non-specific adsorption of proteins and 
other components in biological fluids [14–17], thus improv-
ing the clinical usability of the method. At the meanwhile, 
the lipid bilayer stably interacts with the palmitoyl group 
modified at the end of peptide probes [18, 19], so that the 
probes can be anchored to the electrode surface in a facile 
way. Furthermore, peptide probes exhibit desirable capabil-
ity and specificity in recognizing target biomolecules [20], 
thus ensuring the selective enrichment of CD172a-positive 
EVs, the typical cardiomyocyte-derived EVs identified by 
Anselmo et al. [21]. By combing the merits of lipid bilayer 
and peptide probes, our method may provide a valuable tool 
for the detection of cardiomyocyte-derived EVs in biologi-
cal fluids, which may have a good application prospect in 
clinical diagnosis.

Materials and methods

Chemicals and materials

Peptide probes (Table S1) were synthesized by Sangon 
Biotech (Shanghai) Co., Ltd. (Shanghai, China). 1,2-Dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmi-
toyl-sn-glycero-3-phosphothioethanol (DPPTE), and p-sul-
fonatocalix[4]arene (pSC4) were ordered from Macklin Inc. 
(Shanghai, China). Other chemicals, including silver nitrate 
and sodium borohydride, were purchased from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China). Heart myo-
blast cells H9C2 were purchased from Procell Life Science 
& Technology Co., Ltd. (Wuhan, China). Dulbecco’s modi-
fied Eagle’s medium (DMEM) (high glucose), fetal bovine 
serum (FBS), and antibiotic mixture were obtained from 
Thermo Fisher Scientific (Shanghai, China). Serum-free 
media and exosome-free FBS were purchased from Absin 
Bioscience Inc. (Shanghai, China). Hieff® Quick exosome 
isolation kit was purchased from Yeasen Biotechnology 
(Shanghai) Co., Ltd. (Shanghai, China).

Preparation of peptide‑anchored biomimetic 
interface

Gold electrode (GE) was first cleaned and pretreated accord-
ing to previous report [22]. Afterward, the electrode was 
used for the formation of a lipid bilayer using the paint-
freeze method. In detail, 2 mM DPPTE (50 μL) was dipped 
on the surface of GE and reacted at room temperature for 
16 h to generate the first layer of lipid through the Au–S 
interaction. Then, the electrode was rinsed with ethanol 

and further incubated with DPPC (20 mg  mL−1) for 5 min. 
After being kept at − 20 °C for 30 min and room temperature 
for 30 min in sequence, a lipid layer was successfully self-
assembled on the GE surface. Peptide anchoring was then 
performed by immersing the electrode in 50 μL of 1 μM pep-
tide probes for 1 h. Finally, the resulting peptide-anchored 
biomimetic interface was rinsed with PBS and kept at 4 °C 
for use.

Preparation of  pSC4‑modified silver nanoparticles

pSC4-modified silver nanoparticles (pSC4-AgNPs) were pre-
pared by referring to literature report [23]. In brief, 98 mL 
of 0.204 mM silver nitrate and 2 mL of 10 mM pSC4 were 
mixed together and incubated for 20 min under vigorous 
stirring. Subsequently, a freshly prepared solution of 5 mM 
sodium borohydride was added to the mixture, followed 
by an additional stirring for 10 min. After that, the mix-
ture was kept in the dark overnight and then centrifuged at 
10,000 rpm for 10 min. The resulting precipitates as pSC4-
AgNPs were re-dispersed in double-distilled water and 
placed at 4 °C for further use.

Cell culture and isolation of EVs

Cardiomyocyte-derived EVs were isolated from the culture 
medium of H9C2 cells. In detail, H9C2 cells were cultured 
in DMEM (high glucose) with the addition of 10% FBS and 
1% antibiotic mixture at 37 °C. Once the cells were grown 
to 70–80% confluence, they were separated and transferred 
to be grown in serum-free media for another 24–48 h. After 
that, the culture medium was collected and centrifuged at 
3000 g for 10 min. The supernatant was then used for the 
isolation of EVs using Hieff® Quick exosome isolation kit 
under the manufacturer’s instruction. The isolated EVs were 
dispersed in PBS and stored at − 80 °C before use.

Electrochemical detection of cardiomyocyte‑derived 
EVs

Electrochemical detection of cardiomyocyte-derived EVs 
was performed by firstly dipping 20 μL of sample solutions 
that contained desired concentrations of H9C2 cells-derived 
EVs onto the peptide-anchored biomimetic interface, so as 
to achieve the enrichment of target EVs. After an incubation 
at room temperature for 1 h, the electrode was thoroughly 
washed with PBS and reacted with 100 μL of pSC4-AgNPs. 
The reaction was held at room temperature for 45 min. After 
that, the electrode was washed again with PBS and applied 
in electrochemical measurements. All electrochemical meas-
urements including electrochemical impedance spectrum 
(EIS) and linear sweep voltammetry (LSV) were carried 
out using a CHI660D workstation (Shanghai, China). EIS 
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measurements were performed in 5 mM [Fe(CN)6]3−/4− with 
the parameters as follows: bias potential, 0.224 V; amplitude, 
5 mV; and frequency range, 0.1 Hz to 10 kHz. LSV measure-
ments were performed in 1 M KCl over the potential range 
of − 0.08 to 0.12 V.

Results and discussion

Principle of the electrochemical method 
for cardiomyocyte‑derived EVs detection

Scheme 1 may illustrate the principle of the electrohemical 
method for detecting cardiomyocyte-derived EVs. Specifi-
cally, a peptide-anchored biomimetic interface is first fabri-
cated at the surface of GE to provide desirable environments 
for recognizing and binding to target EVs. On the one hand, 
a lipid bilayer is self-assembled on the electrode surface and 
generates a hydration layer that significantly resists the non-
specific adsorption of proteins and other biological compo-
nents. On the other hand, peptide probes are anchored into 
the lipid bilayer with the help of palmitoyl groups labelled at 
N-terminus, and show a specific affinity for CD172a because 
they contain the sequence of the “Self” peptide [13]. When 
cardiomyocyte-derived EVs are presented, the EVs are 
enriched onto the biomimetic interface via the interaction 
of peptide probes and CD172a expressed on the EVs. After 
that, pSC4-AgNPs are recruited onto the surface of enriched 
EVs as signaling nanoprobes, which finally generate obvi-
ous electrochemical responses for the detection of target 
cardiomyocyte-derived EVs.

Characterization of peptide‑anchored biomimetic 
interface

Peptide-anchored biomimetic interface is the critical element 
of the method, so we first carried out a series of characteri-
zation experiments. Figure 1a shows the EIS results for the 
step-by-step characterization of the biomimetic interface. 
The impedance spectrum of bare GE was nearly a straight 

line, suggesting that the electron transfer of electroactive 
Fe[(CN)6]3−/4− was almost unrestricted (curve a). Once a 
lipid bilayer was self-assembled on the electrode surface, 
an obvious semicircle was obtained in the Nyquist spectrum 
(curve b), indicating the increase of electron transfer resist-
ance. When the electrode was further incubated with peptide 
probes, an increase in the semicircle diameter was observed 
(curve c). This indicated that peptide probes were anchored 
onto the electrode surface by the interaction of N-terminal-
labelled palmitoyl groups and the lipid bilayer, resulting in 
greater steric effect and enhanced blocking of electron trans-
fer. The EIS results were in line with our expectations and 

Scheme 1  Schematic illustra-
tion of electrochemical detec-
tion of cardiomyocyte-derived 
EVs detection based on peptide-
anchored biomimetic interface

Fig. 1  a EIS results of (a) the bare GE, (b) the lipid bilayer-coated 
GE (lipid bilayer@GE), and (c) the peptide-anchored biomimetic 
interface. Three independent experimental repeats were performed 
for the EIS measurements. b SEM images of peptide-anchored bio-
mimetic interface (left) and bare GE (right) after treatment of FBS. 
Scale bars, 1 μm

1307Peptide anchored biomimetic interface for electrochemical detection of…‑



1 3

confirmed the successful fabrication of peptide-anchored 
biomimetic interface. After that, scanning electron micros-
copy (SEM) was employed to investigate the resistance of 
the biomimetic interfaces to non-specific adsorption. To do 
so, the peptide-anchored biomimetic interface and the bare 
GE were exposed to FBS for 2 h, respectively. As shown in 
Fig. 1b, after FBS treatment and thoroughly washing, the 
peptide-anchored biomimetic interface remained basically 
smooth, whereas the surface of bare GE became significantly 
rougher. The comparison clearly revealed that the biomi-
metic interface possessed superior antifouling ability and 
could act as a barrier against non-specific adsorption of pro-
teins and other components in biological fluids (e.g., serum).

Feasibility of peptide‑anchored 
biomimetic interface for the detection 
of cardiomyocyte‑derived EVs

Having verified the formation of peptide-anchored biomi-
metic interface, we proceeded to investigate whether the 
interface could be used to detect cardiomyocyte-derived 
EVs. For proof-of-principle studies, EVs that were isolated 
from H9C2 cells were used as model cardiomyocyte-derived 
EVs. Transmission electron microscope (TEM) image 
revealed the typical bilayer membrane structure of the EVs 
(Fig. S1). Nanoparticle tracking analysis showed a wide size 
distribution of the EVs, ranging from 50 to 500 nm (Fig. S2). 
Flow cytometry analysis proved the positive expression of 
CD172a at the EVs by using anti-CD172a-functionalized 
immune magnetic beads (anti-CD172a@IMBs) and Dio 
staining (Fig. 2a). EIS was utilized to verify the enrichment 
of target EVs to the peptide-anchored biomimetic interface. 
As shown in Fig. 2b, the incubation of H9C2 cells-derived 
EVs caused an obvious increase in the semicircle diam-
eter (curve b versus curve a). However, once the peptide 
probes were replaced by control peptide probes (cPep) that 
did not contain the sequence of “Self” peptide, the H9C2 

cells-derived EVs treatment induced nearly no change in 
the Nyquist spectra (curve c and curve d). These EIS results 
demonstrated that cardiomyocyte-derived EVs could be 
enriched to the peptide-anchored biomimetic interface and 
that the enrichment depended on the specific interaction 
between the peptide probes and CD172a on the EVs surface.

After the enrichment of target EVs, pSC4-AgNPs were 
employed as signaling nanoprobes in view of their uni-
versal binding to amino acid residues and their solid-state 
Ag/AgCl voltammetry response [23]. Figure S3 displays 
the TEM image of pSC4-AgNPs, showing uniform particle 
distribution. Figure S4 displays the typical LSV response 
of pSC4-AgNPs with a sharp and significant peak, con-
sistent with the previous report [23]. Figure 3a shows the 
LSV response for the detection of 1 ×  108 particles/mL 
H9C2 cells-derived EVs by the combined use of peptide-
anchored biomimetic interface and pSC4-AgNPs, and those 
obtained in control experiments. Obviously, the LSV peak 
for H9C2 cells-derived EVs (curve a) was much higher 
than that obtained in the absence of the EVs (curve b), 
which proved that the method was feasible for the detec-
tion of cardiomyocyte-derived EVs. Additionally, a con-
trol experiment was performed in the presence of 1 ×  108 
particles/mL target EVs but using bare AgNPs instead of 
pSC4-AgNPs. As shown in curve c, a quite low LSV peak 
was observed in this case. This indicated that bare AgNPs 
could not bind directly to the enriched EVs surface, reveal-
ing that the recruitment of pSC4-AgNPs was dependent on 
the recognition between pSC4 and amino acid residues on 
EVs surface. Control experiments were also carried out to 
detect EVs derived from other cell sources, including the 
breast epithelial cell MCF-10A and the liver cell L-02. 
Flow cytometry analysis revealed the negative expres-
sion of CD172a at the EVs derived from either MCF-10A 
or L-02 cells (Fig. S5). Similar results were observed in 
the electrochemical detection. As shown in Fig. 3b, the 
peak currents obtained for detecting 1 ×  108 particles/mL 

Fig. 2  a Flow cytometry 
analysis of H9C2 cells-derived 
EVs captured by anti-CD172a@
IMBs after Dio staining. b EIS 
results of the peptide-anchored 
biomimetic interface (a) before 
and (b) after incubated with 
H9C2 cells-derived EVs. 
Curves c and d correspond to 
the EIS results of the cPep-
anchored biomimetic interface 
before and after incubated with 
H9C2 cells-derived EVs
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MCF-10A and L-02 cells-derived EVs approximated that 
for the blank group, but were much lower than that for 
1 ×  108 particles/mL H9C2 cells-derived EVs, which dem-
onstrated the high specificity of the method.

Electrochemical detection of cardiomyocyte‑derived 
EVs

Encouraged by its feasibility, the method was then applied 
to detect different concentrations of cardiomyocyte-derived 
EVs. To achieve the best detection performance, the reaction 
time for target EVs enrichment was optimized. As shown in 
Fig. S6, the LSV peak current increased with the elongation 
of the reaction time until 60 min. So, 60 min was chosen as 
the optimal enrichment time. The reaction time for pSC4-
AgNPs incubation was also optimized, which suggested 
an optimal time of 45 min (Fig. S7). Figure 4a shows the 
results for the quantitative analysis of H9C2 cells-derived 
EVs under the optimized conditions, revealing that the 
LSV responses increased with increasing concentrations of 
target EVs. This is reasonable because more H9C2 cells-
derived EVs enriched onto the peptide-anchored biomimetic 

interface subsequently recruited enhanced amounts of pSC4-
AgNPs to generate larger LSV response. Figure 4b further 
shows the relationship between the LSV peak current and 
the concentration of H9C2 cells-derived EVs. It can be 
seen that the LSV peak current (I) aggrandized in a con-
centration-dependent manner and exhibited a good linear 
correlation with the logarithmic value of target EV concen-
tration (CEV) ranging from 1 ×  103 to 1 ×  108 particles/mL. 
The linear equation was I (μA) = 0.667 × LogCEV (particles/
mL) − 1.256, R2 = 0.997. The detection limit was calculated 
to be 132 particles/mL at a signal-to-noise ratio of 3, which 
was comparable or even better than that of existing electro-
chemical methods for EVs detection (Table S2) [24–29].

The usability of the method in complex environment was 
also investigated. To do this, H9C2 cells-derived EVs were 
diluted in PBS and exosome-free FBS to three different con-
centrations (1 ×  104, 1 ×  105, and 1 ×  106 particles/mL) and 
detected using our method. As shown in Fig. S8, LSV peak 
currents for the EVs with the same concentration in the two 
kinds of samples were basically the same, showing no signif-
icant difference between each other. Moreover, the method 
was applied to directly detect cardiomyocyte-derived EVs 

Fig. 3  a LSV responses for 
detecting (a) 1 ×  108 particles/
mL or (b) 0 particles/mL H9C2 
cells-derived EVs. Curve c cor-
responds to the LSV response 
for detecting 1 ×  108 particles/
mL H9C2 cells-derived EVs 
using bare AgNPs. b LSV peak 
currents for detecting 1 ×  108 
particles/mL EVs derived from 
H9C2, MCF-10A, and L-02 
cells. The blank corresponds to 
the group without EVs

Fig. 4  a LSV responses obtained with different concentrations of 
H9C2 cells-derived EVs (from a to h: 0, 1 ×  103, 1 ×  104, 1 ×  105, 
1 ×  106, 1 ×  107, 1 ×  108, 5 ×  108 particles/mL). b Calibration curve for 
the electrochemical detection of H9C2 cells-derived EVs. Inset shows 

the linear relationship between the LSV peak current and the loga-
rithmic value of the EV concentration ranging from 1 ×  103 to 1 ×  108 
particles/mL. Error bars represent the standard deviations of the three 
independent measurements
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in serum samples collected from acute myocardial infarction 
(AMI) patients (n = 5) and control donors (CDs, n = 4) with 
informed consent. The clinical experiment was approved 
by the Ethics Committee of People’s Hospital of Leshan 
and performed according to ethical standards. As shown 
in Fig. 5, LSV peak currents obtained in the AMI patient 
samples were much higher than those obtained in the CD 
samples. The average values of LSV peak currents for AMI 
patients and CDs were 2.82 μA and 0.66 μA, respectively, 
showing a significant statistical difference. The results were 
in good agreement with previous report [21], demonstrat-
ing that the method had a good applicability in complex 
environment and a potential use in clinical diagnosis, which 
would be attributed to the good antifouling ability of the 
biomimetic interface.

Conclusions

In conclusion, we have fabricated a peptide-anchored bio-
mimetic interface and successfully used it for the electro-
chemical detection of cardiomyocyte-derived EVs. The 
use of lipid layer provided convenience for the anchoring 
of CD172a-targeting peptides and effectively reduced the 
non-specific adsorption of proteins and other components 
in biological fluids in view of good antifouling property, 
which ensured the clinical applicability of the detection 
method. Meanwhile, the use of pSC4-AgNPs with exten-
sive binding to surface proteins guaranteed the recruitment 
efficiency of the nanoprobes, and their excellent solid-state 
Ag/AgCl voltammetry responses laid the foundation for 
the sensitive detection of target EVs. Experimental results 
showed that the method could be used to detect target EVs 
with a detection limit of 132 particles/mL, which was 
lower or comparable to existing electrochemical meth-
ods, and exhibited desirable performance in serum sam-
ples. Therefore, the method may provide a valuable tool 

for cardiomyocyte-derived EVs detection and have a good 
application prospect in the diagnosis of cardiac diseases.
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