Talanta 221 (2021) 121379

Contents lists available at ScienceDirect

Talanta

Talanta

journal homepage: www.elsevier.com/locate/talanta

ELSEVIER

Check for

Ultrasensitive electrochemiluminescence biosensor for the detection of e
tumor exosomes based on peptide recognition and luminol-AuNPs@g-C3Ng4
nanoprobe signal amplification

Xuejiao Liu?, Qiaoe Wang ", Jun Chen? Xu Chen™ , Wensheng Yang®

& State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing, 100029, PR China
Y Key Laboratory of Cosmetic, Beijing Technology and Business University, China National Light Industry, Beijing, 100048, PR China

ARTICLE INFO ABSTRACT

Keywords: Highly sensitive determination of tumor exosomes is significant for early diagnosis of cancers and precision
Exosomef . therapy. Herein, a sandwich peptide-based electrochemiluminescence (ECL) biosensor was developed for
Eh(’s%handylserme determination of phosphatidylserine (PS)-positive exosomes, a promising biomarker for early diagnosis of
eptide

ovarian malignancy. A PS-specific binding peptide with high affinity was immobilized on Au nanoflowers
(AuNFs) modified biosensing interface for recognition and capture of exosomes. Meanwhile, g-C3N4 nanosheet
loaded with luminol capped AuNPs (Lum-AuNPs@g-C3N4) nanocomposite was used as the ECL signal nanoprobe.
The g-C3N4 nanosheets with large surface area were not only utilized as the carrier to immobilize more peptides
for recognition of exosomes but also used to catalyze co-reactant HyO5 decomposition to achieve the ECL signal
amplification of luminol-H205 system. Under optimal conditions, the biosensor showed superior performances
compared with most currently available methods, including wider linear range across 5 orders of magnitude and
a lower detection limit (LOD) down to 39 particles pL~!. Moreover, the biosensor could be applicable for
determination of exosomes in complex biological samples. This study indicates the combination of peptide
recognition with nanoprobe as a label for signal amplification in sandwich ECL biosensing is a great promising

Signal amplification
Electrochemiluminescence
Biosensor

strategy for sensitive and cost-effective determination of exosomes.

1. Introduction

Exosomes are nanoscale extracellular vesicles (30-150 nm in di-
ameters) containing various molecular constituents like lipids, nucleic
acids and proteins from originating cells and play an important role in
intercellular communication [1,2]. More importantly, exosomes are
involved in tumorigenesis and cancer metastasis [3], and have become
potential noninvasive biomarkers for cancer early diagnosis [4,5].
Ovarian malignancy is the deadliest female malignancy. Most patients
are diagnosed at the advanced-stage owing to lack of applicable markers
for early clinical diagnosis [6]. Recently, it has been proved levels of
phosphatidylserine (PS)-positive exosomes in the blood samples can
distinguish healthy group and benign ovarian disease patients from
ovarian malignancy patients [7,8], which confirmed the clinical value of
PS-positive exosome as a promising early diagnostic biomarker for
ovarian malignancy [9,10]. Enzyme-linked immunosorbent assay
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(ELISA) has been employed to analyze PS-positive exosomes [9,11].
However, these established assays are confined by the requirements of
relatively large-volume samples, extensive technical operations as well
as limited sensitivity [12,13]. Moreover, PS molecular recognition ele-
ments (i.e., annexin V, p2GP1 and KL15C) used in these two studies have
some certain defects such as Ca®*-dependence, low affinity, unsatis-
factory stability or complicated preparation process. In consequence, it
is imperative to develop simple, economical, effective and sensitive
methods with novel recognition elements for the determination of
PS-positive exosomes.

Until now, many methods have been developed for determination
and analysis of exosomes, such as flow cytometry [14], colorimetric
[15], fluorescence [16], surface-enhanced Raman scattering (SERS)
[17], microfluidic [18] and electrochemical [19,20]. In addition, ECL
method, which combines the advantages of electrochemical and chem-
iluminescence techniques, like simple instrumentation, high sensitivity,

Received 29 February 2020; Received in revised form 1 July 2020; Accepted 4 July 2020

Available online 18 July 2020
0039-9140/© 2020 Elsevier B.V. All rights reserved.


mailto:chenxu@mail.buct.edu.cn
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2020.121379
https://doi.org/10.1016/j.talanta.2020.121379
https://doi.org/10.1016/j.talanta.2020.121379
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2020.121379&domain=pdf

X. Liu et al.

extensive dynamic range and affordable cost [21], has drawn great in-
terest in its application in exosomes determination in the past two years.
For example, Zhang’s group developed an ECL aptasensor for exosomes
determination based on CD63 aptamer-immobilized Eu®-doped CdS
nanocrystals as ECL emitters [22]. Wang’s group developed an ECL
aptasensor for exosomes determination based on CD63 aptamer immo-
bilized Ti3C, MXenes nanosheets used as a probe [23]. More recently,
Liu’s group reported an ECL biosensor for analyzing exosomes on the
basis of multivalent platform of GPC1 antibody immobilized Poly(ami-
doamine) dendrimer coated Au nanoparticles for exosomes capture
[24]. These studies demonstrate that ECL technique provides feasibility
for the determination of exosomes. However, the exosomes recognition
elements (antibody and aptamer) employed in these approaches have
some drawbacks, such as difficulty in site specific bioconjugation or
restricted target range [25], which may limit the widespread application
of the ECL method in determination of exosomes.

In recent years, using affinity peptides as recognition elements in the
development of new bioassay systems has drawn increasing attention
[26]. Compared with other biorecognition entities (antibody, receptor
protein and aptamer), peptides exhibit many attractive advantages,
including cost-effectiveness, facile synthetic technique without compli-
cated purification procedures, broad target range, high specificity and
binding affinity with simple chemical structure, easy modification and
functionalization as well as excellent stability and reliability even in
harsh environments [27,28]. Based on these merits, great advances have
been made in peptide-based biosensors [29]. For instance, Park’s group
designed a label-free peptide-based electrochemical sensor for human
norovirus determination [30]. Chai’s group constructed a sensitive
sandwich peptide-based ECL sensor for Cyclin Ay determination [31].
The inherent advantages of the recognition peptides make them have
enormous potential in the development of biosensors with outstanding
performance.

Here, a sandwich peptide-based ECL sensor with graphitic phase
carbon nitride nanosheet loaded with luminol capped gold nanoparticles
(Lum-AuNPs@g-C3Ny4) as the signal nanoprobe was developed for
determination of PS-positive exosomes (Scheme 1). Specific binding
peptide (FNFRLKAGAKIRFGRGC), which can selectively recognize PS
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with high affinity [32,33], was applied as a biological molecular
recognition element. The PS-specific binding of the peptide is conve-
nient without Ca2+-dependent [32]. Au nanoflowers (AuNFs) were
deposited on glassy carbon electrode (GCE) as effective sensing interface
for peptide modification and further exosomes capture. The g-C3Ny4
nanosheet, a carbon-based two-dimensional (2D) nanomaterial with
large specific surface areas [34], was not only serviced as the carrier to
load more recognition peptides but also used to catalyze co-reactant
Hy0, decomposition to realize the effective ECL signal amplification
of classic luminol-H05 system. The ECL biosensor enabled highly sen-
sitive PS-positive exosomes determination and allowed for accurate and
quantitative analysis of ovarian tumor cell-derived exosomes in
complicated biological sample, showing great potential for clinical
application.

2. Experimental

2.1. Reagents and materials

A PS-specific peptide FNFRLKAGAKIRFGRGC (17 mer, MW =
1941.34, lyophilized powder, purity >95%) was bought from Top-
Peptide Biotechnology Co. Ltd. (Shanghai, China). The underlined
sequence can selectively recognize PS with high affinity [32,33]. The
thiol-containing cysteine in terminal of this peptide provides a terminal
which can bind to gold for immobilization of the peptide. Bovine serum
albumin (BSA, lyophilized powder, 96%), Chloroauric acid tetrahydrate
(HAuCl4-4H50, 99.9%), Luminol (98.5%), NaBH4 and melamine were
purchased from Aladdin Reagent. All aqueous solutions were prepared
with doubly distilled water (DDW).

2.2. Apparatus

Fluorescence spectrum was recorded on spectrophotometer (RF-
5301PC, Shimadzu, Japan). Transmission electron microscopy (TEM)
was determined by Hitachi HT7700 TEM. Dynamic light scattering
(DLS) measurement and zeta potentials were determined on Zetasizer
Nano ZS analyzer (Malvern, UK). The UV-vis absorption spectrum was
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Scheme 1. (A) The preparation of peptide-Lum-AuNPs@g-C3N,4 nanoprobe and (B) the construction of this ECL biosensor.
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recorded by UV-vis spectrophotometer (PerkinElmer Lambda 35). Ul-
tracentrifugation was performed on Beckman optima XPN-100 (Beck-
man, USA). Nanoparticle Tracking Analysis (NTA) were determined by
NanoSight NS300 (Malvern Instruments). Electrochemical tests were
recorded using CHI 660E electrochemical workstation (Shanghai,
China). ECL tests were performed using MPI-
Eelectrochemiluminescence analyzer (Xi’an Remex Analytical Instru-
ment Ltd. Co., China). The voltage of photomultiplier tube (PMT) was
set at 800 V. The range of scanning potential was 0.2-0.8 V at scan rate
of 100 mVs . Glassy carbon electrode (GCE, @ = 3 mm), Pt wire and
Ag/AgCl were employed as working, auxiliary and reference electrode.

2.3. Synthesis of g-C3N4, Lum-AuNPs, Lum-AuNPs @g-C3N4 composites

The g-C3N4 nanosheet and Lum-AuNPs were synthesized according
to the reported methods (S1.1-S1.2 in the experimental section of SI)
[35,36]. And the Lum-AuNPs@g-C3N4 nanocomposite was synthesized
via electrostatic interaction according to previous literature with some
modifications [35]. Briefly, 5 mg positively charged g-C3N4 nanosheets
were mixed with 5 mL as-prepared negatively charged Lum-AuNPs so-
lution with gently stirred for 24 h. Then the obtained AuNPs/g-C3Ny4
were centrifuged at 6000 rpm, washed by DDW. Ultimately, the nano-
composite was dispersed in DDW and stored at 4 °C.

2.4. Synthesis of peptide-Lum-AuNPs@g-CsN4 nanoprobe

Peptide-Lum-AuNPs@g-C3N4 was prepared through mixing Lum-
AuNPs@g-C3Ny4 and PS-specific peptide referring to the previous reports
with some modifications [27,37]. As displayed in Scheme 1(A), 2 mL of
Lum-AuNPs@g-CsN4 solution was mixed with 1 mL of 1 mM peptide
followed stirring for 10 h at 4 °C to immobilize peptide on
Lum-AuNPs@g-C3N4 by Au-S bond. Then 200 pL BSA solution (w/w,
1%) was added to the mixture for 1 h stirring to block non-specific
binding site. Then the compound was centrifuged at 5000 rpm for 15
min by DDW and reconstructed in 1 mL DDW, and the peptide-Lu-
m-AuNPs@g-CsN4 was obtained.

2.5. Cell culture and exosomes isolation

Ovarian tumor cell line SKOV3ip, non-cancerous human peritoneal
mesothelial cell line HMrSV5 were growth in Roswell Park Memorial
Institute (RPMI) 1640 containing 10% fetal bovine serum (FBS) at 37 °C
in 5% CO3. Exosomes were collected from cell culture supernatant by
standard ultracentrifugation. Briefly, cells were harvested in exosome-
free FBS-supplemented RPMI medium after 48 h. Next, the culture su-
pernatant was centrifuged at 800xg for 5 min, 2000xg for 10 min to
remove intact cell and cell debris. Afterwards, medium was filtered by
0.22 pm filters (Millipore Express PES Membrane, Carrigtwohill,
Ireland). The filtered media was centrifuged at 100,000xg for 2 h at 4
°C. After the supernatant was removed, the exosome pellet was washed
with phosphate buffered saline (PBS) and centrifuged at 100,000 xg for
another 2 h at 4 °C. Afterwards, sediment exosomes were resuspended in
PBS. The purity as well as concentration of exosomes was measured by
NanoSight. Stock solutions of 3.4 x 10'2 particles mL™! SKOV3ip-
derived exosomes and 6.5 x 10'° particles mL~! HMrSV5-derived exo-
somes were obtained, respectively.

2.6. Construction of the biosensor and detection of exosomes

The GCEs were polished with alumina slurries and sonicated in
ethanol and DDW. Then, clean GCE was drenched into HAuCl4 solution
(w/v, 1%), and the AuNFs film modified electrode was obtained by
electro-deposition at constant potential of —0.2 V for 30 s. Afterwards,
the resulting gold deposited electrode was rinsed with DDW. Afterwards,
the peptide was immobilized on the AuNFs/GCE surface by self-
assembling technique. That was, the AuNFs/GCE was immersed in the
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assembly solution (1 pM PS-specific peptide) for 10 h at 4 °C, followed
by washing. To block possible remaining active site, the pretreated
electrode was dipped in BSA solution (w/w, 0.2%) for 30 min at 4 °C.
Serial certain concentrations SKOV3ip exosomes solution with small
volumes (6 pL) was incubated on the above electrode for 60 min. Un-
bound exosomes were removed by carefully rinsing with DDW. After
that, 6 pL the peptide Lum-AuNPs@g-C3N4 nanoprobe was loaded on the
exosomes captured electrode (exosomes/BSA/peptide/AuNFs/GCE),
incubated for 60 min, and washed. At last, the modified electrode was
measured by the ECL system in 0.1 M PBS (pH 7.4) (NapH-
PO4-NaH;P0O4-NaCl) containing 10 mM H»05.

3. Results and discussion
3.1. Characterization of different nanomaterials

The g-C3Ny4 nanosheets was prepared and further characterized as
displayed in Fig. 1. The TEM characterization in Fig. 1A shows the g-
C3N4 nanosheets present the two-dimensional sheet-like structure. DLS
data indicated that the average hydration size of g-C3N4 nanosheets was
about 93 nm (Fig. S1). The fluorescence spectrum of synthesized g-C3N4
nanosheet under excitation 220-410 nm was also evaluated (Fig. 1B).
Compared with bulk g-C3N4, emission peak of g-C3N4 nanosheet shifted
from 465 to 433 nm. The blue-shift of the emission peak could be due to
quantum confinement effect caused by nanosheets with only one or two
layers [38]. Moreover, the g-C3N4 nanosheets solution can remain
excellent dispersibility and homogeneity after being stored at 4 °C for
several months (Fig. S2), making it favorable for biosensing
applications.

After modification of Lum-AuNPs, as demonstrated in Fig. 1C, Lum-
AuNPs were facilely deposited on g-C3N4 nanosheet. Lum-AuNPs@g-
C3N4 nanocomposite was synthesized through electrostatic interactions
with negatively charged Lum-AuNPs and positively charged g-C3N4
nanosheet (zeta potentials of g-C3N4 and Lum-AuNPs were exhibited in
Fig. S3). Simultaneously, UV-vis spectrum was employed for confirming
the load of Lum-AuNPs onto g-C3N4 nanosheet. As demonstrated in
Fig. 1D, the Lum-AuNPs and Lum-AuNPs@g-C3N4 nanocomposite all
showed three typical absorption peaks at 222 nm, 300 nm and 349 nm as
well as one absorption band at 520 nm, which were corresponded to
luminol and AuNPs, respectively [39], demonstrating Lum-AuNPs were
successfully modified on surface of g-C3N4 nanosheet. Besides, the
morphology of electrodeposited AuNFs was characterized by SEM. As
depicted in Fig. S4, flower-like gold nanoparticles were uniformly
distributed on the surface of GCE with an average diameter about
339.06 nm.

3.2. Characterization of exosomes

SKOV3ip cell-derived exosomes, which were PS positive [40], were
employed as model exosomes in this work. The TEM (negative staining)
observation was employed to characterize the morphology of isolated
exosomes (S1.3 in the experimental section of SI). The diameters
(Fig. S5) of purified exosomes were distributed in 40-80 nm, which were
in agreement with reported size distribution range of exosomes [41].
NTA was also applied to confirm the hydrodynamic diameter distribu-
tion of collected exosomes (Fig. S6). The mode size of exosomes was
around 119 nm, which was much bigger than that displayed in TEM
because of optical scattering from solution [42].

3.3. Electrochemical characterization of this proposed biosensor

In order to characterize the construction procedure of the sensor, the
cyclic voltammograms (CVs) of each modification steps were recorded.
The CV curves were displayed in Fig. 2A. The well-behaved redox peaks
of Fe(CNs)s’/“’ redox couple were obtained from the bare GCE (curve
a). Due to excellent conductivity of electrodeposited AuNFs modified on
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Fig. 1. (A) TEM characterization of g-C3N4 nanosheet. (B) Fluorescence emission spectrum of bulk g-CsN4 and g-C3N,4 nanosheet. (C) TEM image of Lum-AuNPs@g-
C3N4 nanocomposite. (D) UV-vis spectrum of g-C3N4 nanosheet (curve a), Lum-AuNPs (curve b) and Lum-AuNPs@ g-C3N4 (curve c).

GCE, obviously rising redox peak current was appeared (curve b). When
PS-specific peptide was assembled onto AuNFs/GCE, the redox peak
current declined due to steric hindrance effect of peptide (curve c). Then
the electrode was incubated with BSA (curve d) and SKOV3ip exosomes
(curve e), and the redox peak current successively declined, which was
ascribed to the insulated effect of BSA and exosomes that hindered the
electron transfer. When the synthesized nanocomposite peptide-Lum-
AuNPs@g-C3N4 was incubated onto the modified GCE, current peak
decreased further, showing that the signal nanoprobe had been suc-
cessfully captured onto the electrode (curve f). Meanwhile, the elec-
trochemical impedance spectroscopy (EIS) was also used for
determining the stepwise assembly procedure of this biosensor and the
Randles equivalence circuit was employed to simulate the EIS data. As
displayed in Fig. 2B, electron transfer resistance (R.) value of the
AuNFs/GCE (32.9 Q, curve b) was smaller than bare GCE (90.7 Q, curve
a) due to favorably conductivity of AuNFs. After that, when the capture
probe peptide, BSA, exosomes and the nanocomposite peptide-Lum-
AuNPs@g-C3Ny4 were further modified on the AuNFs modified electrode,
the R values increased continuously and were 180.9 Q, 294.5 Q, 372.5
Q and 512.0 Q, respectively (Fig. 2B, curve c, d, e, f). These results were
consistent with the outcomes in CVs, which indicate that the biosensor
was successfully constructed.

3.4. Optimization of the conditions

To acquire better analytical performances of this proposed biosensor,
the analytical conditions, including concentration of the co-reactant
H»0,, the concentration of the capture peptide, the incubation time of
exosomes and the incubation time of the peptide-Lum-AuNPs@g-C3N4
nanoprobe were optimized by a single variable method, and the opti-
mized conditions were 10 mM,1 pM, 60 min and 60 min, respectively.

To ensure the accuracy of the obtained optimized conditions, the
analytical conditions of the biosensor were optimized again under these
conditions. Firstly, concentration of HyO, was investigated (Fig. S7A).
Maximal ECL intensity was observed at HoO5 concentration of 10 mM,
which was selected as optimal concentration of HyO for the determi-
nation of exosomes. Meanwhile, the concentration of capture peptide
was also optimized. As indicated in Fig. S7B, the ECL intensity reached a
maximum when the concentration of capture peptide was 1 pM, which
was chosen as the optimal condition. Moreover, the incubation time of
exosomes was an important effect factor. Fig. S7C displayed the ECL
intensity showed a rising tendency with increasing incubation time of
exosomes until 60 min. And the incubation time of the peptide-Lum-
AuNPs@g-C3N4 nanoprobe was another important influence condition.
As shown in Fig. S7D, the ECL intensity obviously rose with incubation
time extension until it reached the maximum at 60 min. Thus, 60 min
was selected for the following measurements. It can be seen from Fig. 57
that the maximum ECL values corresponding to each optimized condi-
tion were basically consistent, which indicated that the obtained con-
ditions were indeed the optimal conditions.

3.5. ECL mechanisms of amplification strategies

To investigate the ECL signal amplification property of the proposed
biosensor in PS-positive exosomes detection, biosensors with two
different signal nanoprobes were fabricated under the same condition.
As exhibited in Fig. 3, compared to the biosensor with peptide-Lum-
AuNPs nanoprobe, ECL response (5940 a.u.) of the biosensor with
peptide-Lum-AuNPs@g-C3N4 nanoprobe enhanced by about 2.4-fold.
The ECL signal enhancement can be explained as follows: On the one
hand, the g-C3N4 nanosheet with large surface area could provide more
binding sites for immobilizing Lum-AuNPs and peptide. On the other
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Fig. 2. (A) CVs and (B) EIS responses of various electrodes in 5 mM Fe
(CN6)3’/4’ solution. (a) bare GCE, (b) AuNFs/GCE, (c) peptide/AuNFs/GCE,
(d) BSA/peptide/AuNFs/GCE, (e) exosomes/BSA/peptide/AuNFs/GCE, (f)
peptide-Lum-AuNPs@g-C3N4/exosomes/BSA/peptide/AuNFs/GCE. The scan
rate of CV was 100 mV s . The frequency range of EIS was 0.01 Hz-100 kHz.
Inset of Fig. 2B displays an equivalent circuit: resistance offered by the elec-
trolyte (R,), double layer capacitance (Cy), electron transfer (R.y) and Warburg
component (Z,,).

hand, g-C3N4 nanosheet can show excellent catalytic activity in the
decomposition of HyO; to produce more reactive oxygen species like
OH* radicals [38,43], which could significantly boost the signal of
luminol-H204 ECL system [44-46]. And according to previous works
[47,48], the possible ECL mechanism is proposed. Initially, as displayed
in Eq. (1), g-C3N4 as an effective catalyst facilitated the decomposition of
H,05 to produce OH®, which can react with luminol subsequently. As
described in Egs. (2) and (3), the generated OH® as an oxidant could
react with luminol®~ to form oxidized excited state (luminol,y)*. Finally,
the excited state (luminoly)* returned to the ground state luminolyy
accompanied by an orange red 425 nm light (Eq. (4)).

H>O0; + e~ — OH + OH~ (€]
luminol — luminol™~ (2)
luminol™~ + OH" — (luminole)” + products 3
(luminolox)” — luminolox + Av )]

3.6. Analytical performance of this biosensor

Under optimal conditions, this sandwich ECL sensor was used for
determination of SKOV3ip exosomes. Fig. 4A depicted the ECL Intensi-
ty—Time curves at different concentrations of SKOV3ip exosomes. The
ECL intensity increased with the enhancing exosomes concentration.
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nanoprobe and (B) peptide-Lum-AuNPs nanoprobe. The green and red line
exhibited the ECL signals in absence and existence of nanoprobe, respectively.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

And calibration plot (Fig. 4B) displayed good linear relationship be-
tween signal intensity and the logarithm of SKOV3ip exosomes con-
centration from 1.0 x 102 to 1.0 x 107 particles pL.~! with limit of
detection (LOD) down to 39 particles uL_1 (S/N = 3). Linear regression
equation is I = 1212.2 1g ¢ — 1439.49 with the correlation coefficient of
0.9975. The LOD of the proposed ECL biosensor was much lower than
that of the reported ELISA method for the detection of PS-positive exo-
somes [9,11,49]. Moreover, compared with other reported ECL and
many other biosensors for detection of exosomes (Table S1), this
peptide-based ECL biosensor showed wider linear range and lower
detection limit. The excellent performances of this sensor could attribute
to high specific recognition of the peptide to PS-positive exosomes and
the signal amplification of peptide-Lum-AuNPs@g-C3N4 nanoprobe.
More specifically, on the one hand, this biosensor utilized smaller size of
peptide to instead of common PS recognition elements (i.e., annexin V,
B2GP1 and KL15C), which reduced the distance between signal probe
and electrode surface and improved the stability of system, resulting
high detection sensitivity. On the other hand, Lum-AuNPs@g-C3N4
nanoprobe showed significant ECL signal amplification owing to high
surface area and excellent HyO, catalytic property of the g-C3N4 nano-
sheet. Based on above advantages, the biosensor demonstrated high
sensitivity for SKOV3ip exosomes determination.

The ECL stability of the developed biosensor was studied in this
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105, 1.0 x 107 particles pL ). (B) Calibration plot of the sensor for SKOV3ip
cell-derived exosomes detection.

work. Fig. S8 displayed the ECL signal of the sensor was stable during
successive scans, showing this sensor had good stability. Meanwhile, the
reproducibility of different electrodes from the same batch was inves-
tigated. The relative standard deviation (RSD) of this sensor for 1.0 x
10° particles pL’l of SKOV3ip exosomes was 4.6% (n = 3), which
indicating the designed biosensor exhibited good reproducibility.

3.7. Determination of exosomes in biological sample

To assure the potential of this biosensor in clinical application,

PBS

Exosome-free FBS 5%
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SKOV3ip exosomes were detected in exosome-free FBS, was used to
examine the performance of this biosensor. As displayed in Fig. 5A, the
result obtained from exosomes in PBS had no significant difference with
that in exosome-free FBS (5%). Experimental result revealed the pro-
posed biosensor could work in complex biological samples with good
accuracy, indicating the potential application in clinical samples.

To verify the applicability of this biosensor for the determination of
PS-positive exosomes, the proposed sensor was incubated with the same
concentration of ovarian cancer cell SKOV3ip exosomes and non-
cancerous human peritoneal mesothelial cell HMrSV5 exosomes. As
shown in Fig. 5B, the ECL signal detected for SKOV3ip exosomes was
about 6.7-fold larger than that for HMrSV5 exosomes determination.
Calculated by the linear regression equation obtained in this work, PS
level expressed on SKOV3ip exosomes (ca. 1.0 x 10 particles pL ™) was
about 6 orders of magnitude higher than that on HMrSV5 exosomes (ca.
66 particles pL1). The result proved that the level of PS-positive exo-
somes derived from cancer cell was much higher than that derived from
non-cancerous cell, which was similar to that reported in the previous
study [9], and showed that the developed biosensor had potential
application value in the detection of PS-positive exosomes.

4. Conclusions

In summary, a novel ultrasensitive sandwich ECL biosensor was
fabricated for determination of PS-positive exosomes. This ECL
biosensor combines the advantages of peptide recognition and signal
amplification of Lum-AuNPs@g-C3N4 nanoprobe. They were synergis-
tically and significantly beneficial for highly efficient determine PS-
positive exosomes to achieve a wide linear range across 5 orders of
magnitude and low LOD down to 39 particles pL_l. In addition, the
biosensor can differentiate tumor exosomes from non-tumor exosomes.
To the best of our knowledge, this is the first ECL sensor for PS-positive
exosomes determination based on peptide recognition. This study will
provide a new avenue to develop peptide-based biosensors for the
analysis of exosomes.
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