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A B S T R A C T

As non-invasive biomarkers, exosomes are of great significance to diseases diagnosis. However, sensitive and
accurate detection of exosomes still remains technical challenges. Herein, inspired by nature's “one-to-many”
concept, we design a biosensor mimicking the cactus with numerous thorns to detect exosomes. The biosensor is
composed of CD63 antibodies, resembling the roots of cactus, to capture exosomes, and the exosomes resemble
the stems. Cholesterol-labeled DNA (DNA anchor) binding to streptavidin modified horseradish peroxidase
(HRP) can insert into exosomes membrane, which seems the thorns. The readout signal is produced through
HRP-catalyzed hydrogen peroxide (H2O2) mediated oxidation of 1,4-phenylenediamine (PPD) to form 2,5-dia-
mino-NN′-bis-(p-aminophenyl)-1,4-benzoquinone di-imine (PPDox). The PPDox can quench fluorescence of
fluorescein through inner filter effect (IFE), which provides fluorescent signal for exosomes detection. Based on
this principle, the obtained exosomes solution is qualitatively and quantitatively analyzed by our biosensor, with
the comparison to current standard methods by nanoparticle tracking analysis (NTA) and commercial enzyme-
linked immunosorbent assay (ELISA) kit. The linear range is from 1.0 × 104 to 5.0 × 105 particles μL−1 with the
limit of detection 3.40 × 103 particles μL−1 and 3.12 × 103 particles μL−1 for colorimetric and fluorescent
assays, respectively. Meanwhile, our biosensor exhibits good selectivity, and can eliminate the interference from
proteins. This dual-modal biosensor shows favorable performance towards analytical application in clinic
samples, pushing one step further towards practical clinical use.

1. Introduction

Exosomes are membrane-bound extracellular phospholipid vesicles
that are actively secreted by almost all types of cells, and can enter
different body fluids, such as blood, cerebrospinal fluid (CSF), urine and
breast milk [1,2]. Growing evidences have demonstrated that exosomes
are acted as promising mediators for regulating long-range intercellular
communication in the body by transferring protein and nucleic acid
molecules, involving in physiological and pathological processes [3–7].
Currently, more and more researches report that exosomes are potential
to become non-invasive biomarker for certain diseases in liquid biopsy
field because of their increasing concentration in systemic circulation,
especially for autoimmune disease and cancer [8–10]. However, as
relatively new target for bioassays, exosomes possess unique physical

and biological traits. For example, the size of exosomes is larger than
proteins but much smaller than cells. In addition, there are complex
components on exosomes surface. Above properties make them difficult
to be analyzed [11]. Thus, active researches are underway to surmount
these challenges and to optimize exosomes analysis platform.

Currently, according to the minimal information for studies of ex-
tracellular vesicles 2018 (MISEV 2018), the accepted accredited
methods for exosomes detection including nanoparticles tracking ana-
lysis (NTA), tunable resistive pulse sensing (RPS), flow cytometry, cryo-
EM, a platform combining surface plasmon resonance (SPR) with AFM,
or by other techniques with similar capabilities have been developed
[12]. However, the following three aspects of drawbacks limit their
application scope. First, many of methods require state-of-the-art in-
struments. Secondly, the selectivity for some specific exosomes is
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deficient. Thirdly, the accuracy is often influenced by unreliable na-
noparticle counting, which is from large proteins aggregate and lipo-
protein particles, and even some exosomes less than a certain size being
omitted [13]. Fortunately, with the in-depth research, different ap-
proaches with recognition element were reported, including colori-
metric methods [14,15], fluorescent assays [16–28], surface plasmon
resonance spectroscopy [29,30], microfluidic technologies [31,32],
surface enhanced Raman scattering (SERS) [33–37], electrogenerated
chemiluminescence (ECL) methods [38], and electrochemical strategies
[39–43], etc. Among them, the optical strategies have drawn much
attention. For instance, the colorimetric method is simple, rapid and
visualized, which is potential for developing portable Point of Care
testing (POCT) device for exosomes analysis. As for fluorescent strategy,
it possesses high sensitivity, fast response time as well as practical
feasibility in biological system. Therefore, by integrating colorimetry-
based detection and fluorescence-based detection into a dual-modal
biosensor, the advantages of two types are combined for exosomes
detection.

Besides, because of the trace concentration of disease related exo-
somes in real bio-samples, the sensitivity is vital for the performance of
method. Although several attempts have been reported to improve the
sensitivity, the practicability is hampered by the tedious DNA sequences
design [42], complicated nanomaterials synthesis and sophisticated
interface modification [20,44], etc. Fortunately, the recent emergence
of some nature-inspired systems for detecting various targets impels us
to get inspiration in nature [45–47]. As observed in numerous organ-
isms, nature has offered a large amount of concise engineering designs,
such as cactus. For instance, there are a large number of thorns on
surface of one bulb of cactus. Inspired by cactus, we search for a ver-
satile strategy to engineer the surface of exosomes by integrating this
biological system design notion into our biosensor, exhibiting that it is
possible to develop a detection platform for analyzing exosomes sen-
sitively. Interestingly, because of the special nanostructure of exosomes,
they can be modified by different mechanisms that is similar to other
nanomaterials [48–52], giving them more functions. According to
previous reports, physical interactions (hydrophobic interaction) [53],
genetic manipulations [54], and construction of specific affinity sites
are developed to modify the lipid membrane [1]. It is worth noting that
modification exosomes surface by hydrophobic interaction via a lipid
moiety, such as monoacyl lipid (C18), cholesterol, and diacyl lipid
(DSPE) is an efficient strategy compared with other strategies, because
of its simplicity, low toxicity, fastness, high speed, and the low number
of exosomes surface proteins being affected [55]. Consequently, using
this technique is a powerful way to make exosomes membrane gain
large number of desirable components and new functions.

In this work, mimicking the structural characteristics of the cactus, a
CD63 antibody-based biosensor is designed for exosomes analysis
(Scheme 1A). Considering the amount of CD63 in different exosomes is
discrepant [56], it is chosen as targeted protein in this work and acted
as a model to validate the feasibility of our biosensor for exosomes
detection. The biotinylated CD63 antibody is employed to act as re-
cognition element and captures exosomes. The DNA anchors are able to
spontaneously insert into the hydrophobic interior of lipid membranes
and the DNA orientated at the aqueous phase. As a result, a large
number of DNA anchors are enriched on the surfaces of exosomes, and
the biotin modified on the other end of DNA anchor can bind with
substantial streptavidin tagged HRP that acts as signal transducer.
Subsequently, the HRP catalyzes colorless PPD/H2O2 system, producing
brown oxidized product (PPDox) (Scheme 1B). The absorbance of
PPDox is directly proportional to the concentration of exosomes.
Moreover, adding fluorescein into the PPDox solution, the fluorescence
intensity is quenched by PPDox through IFE [57], which produces a
fluorescent readout signal. Other than previous works [58,59], the
fluorescence quenching effect of IFE is not related to the distance be-
tween fluorescence substrate and quencher, so preparation of linker
element is not essential, which simplifies the detection steps [60]. For

instance, Chen's group and Wang's group developed a relatively simple
and facile dual-modal biosensor based IFE for targets detection [61,62].
On the basis of above facts, it is urgent and possible to develop a col-
orimetric and fluorescent dual-modal biosensor for exosomes detection.
The as-design dual-modal biosensor can also be applied to other types
of exosomes markers analysis as well as further research on the disease-
related biomedical processes.

2. Experimental methods

2.1. Reagent and apparatus

All oligonucleotides were synthesized by TaKaRa Biothchnology
Co., Ltd. (Dalian, China), and the sequences were illustrated in Table
S1. PPD was purchased from Tokyo Chemical Industries (TCI, Japan).
Avidin modified HRP was purchased from Beijing Biosynthesis Bio-
technology Co., Ltd. The fluorescein sodium salt and dulbecco's phos-
phate buffered saline (DPBS) were purchased from Sigma-Aldrich.
Biotin modified CD63 antibody was purchased from Abcam. The
streptavidin modified 96-well plates were obtained from Thermo Fisher
Scientific. All cell lines were obtained from China Center for Type
Culture Collection in Shanghai. Roswell Park Memorial Institute
(RPMI), Dulbecco's Modified Eagle medium (DMEM), and phosphate
buffer saline (PBS) were purchased from Hyclone. Mammary Epithelial
Cell Growth Medium (MEGM) BulletKit was obtained from Lonza. Ul-
trapure water (18.2 MΩ) was used in all aqueous solution. The buffers
utilized in this assay were as follows: (1) DPBS buffer contains
25 mmol L−1 glucose; (2) wash buffer was purchased from Thermo
Fisher Scientific; (3) phosphate buffer (PB) contained 20 mmol L−1

sodium dihydrogen phosphate and 20 mmol L−1 disodium hydrogen
phosphate (pH 7.0). The ultracentrifuge was Beckman optima XPN-100
(U.S.A.). The absorption and fluorescence spectra were obtained from
Cary-60 spectrophotometer (Agilent Technologies) and Cary Eclipse
fluorescence spectrofluorometer (Agilent Technologies), respectively.

2.2. Isolation of exosomes

Human breast cancer cells MDA-MB-231 and MCF-7 were cultured
in RPMI-1640 and DMEM, respectively, both containing 10% (v/v) fetal
bovine serum (FBS), 1% penicillin-streptomycin (v/v). Human breast
normal cells MCF-10 A were cultured in MEGM containing cholera
toxin. All above cells were maintained in a humidified atmosphere of
5% CO2 at 37 °C. The MDA-MB-231 and MCF-7 cells were cultured in
culture medium containing 10% FBS (exosomes depleted) for 48 h
before ultracentrifugation. To collect exosomes, the cell culture super-
natant was treated as follows: it was centrifuged at 300 g for 10 min,
2,000 g for 20 min and 11,000 g for 45 min at 4 °C to remove intact
cells, cells debris and protein, respectively. Finally, the supernatant was
ultracentrifugation at 110,000 g for 70 min. After removing the su-
pernatant, the exosomes pellet was resuspended in cold sterile PBS, and
was ultracentrifugated again at 110,000 g for 70 min. The sediment
exosomes were collected, and resuspended in sterile PBS for further
application.

2.3. The modification of cell membrane and exosomes membrane with DNA
anchor

The modification of cell membrane with DNA anchor followed
adapted procedures [63]. 500 nmol L−1 fluorescein conjugated DNA
anchor was incubated with 5 × 105 cells mL−1 in 200 μL DPBS buffer
at 4 °C for 60 min. Subsequently, the cells were centrifuged at 1200 rpm
for 5 min to remove the uncombined DNA anchors. The confocal mi-
croscope images were obtained by a Zeiss LSM880.

As for exosomes membrane modification, the 2.5 μL 10 mg mL−1

streptavidin coated MBs and 0.5 μL CD63 biotinylated antibody were
incubated in 97 μL PBS for 30 min at room temperature. Next, the

Y. Xia, et al. Talanta 214 (2020) 120851

2



exosomes solution were mixed with above MBs, and reacted for
60 min at room temperature. Then, the supernatant was removed, and
the MBs were washed by three times. After that, the MBs were dispersed

in DPBS buffer containing 1 μmol L−1 fluorescein conjugated DNA
anchor, and reacted for 120 min at 4 °C. Subsequently, the supernatant
was removed. The prepared MBs were imaged by a Zeiss LSM880

Scheme 1. (A) Working principle of the proposed method for exosomes detection. (B) Schematic representation of HRP-catalyzed oxidation of PPD into PPDox by
H2O2.
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confocal fluorescent microscope.

2.4. The feasibility of detection of exosomes by this biosensor

An established protocol for 96-well plate modification follows the
modified instructions. Before being used, each well was washed three
times with wash buffer. 100 μL 10 μg mL−1 biotinylated CD63 antibody
(anti-CD63) was added and incubated for 1 h with shaking and used to
capture exosomes followed by three washes with wash buffer. The
antibody-coupled 96-well plate was blocked with 200 μL block buffer
containing 5 μg streptavidin for 60 min, and washed three times. After
washing, the exosomes of a serial dilution were added to each well and

placed on the plate for 2 h at 4 °C. The wells were repeatedly washed
three times, following which the DNA anchor and HRP (DNA anchor-
HRP) were added to each well and incubated for 80 min at 4 °C. After
removal and washing steps, 1 mmol L−1 PPD, 1 mmol L−1 H2O2, and
PB were added until the volume reached 100 μL. The absorption spectra
of the mixture solution were measured after reaction at dark for 20 min.
In addition, the fluorescence spectra were recorded immediately after
the 30 μmol L−1 fluorescein sodium salt being added to the mixture
solution.

2.5. Immunoaffinity-based exosomes detection

Colorimetric strategy: exosomes of different concentration (0, 0.1,
0.5, 1.0, 1.5, 2.5, 3.0, 4.0, 5.0 × 105 particles μL−1) were added to CD
63 antibody coated 96-well plate. Other procedures followed the ex-
perimental steps described in Section 2.4. Fluorescent strategy:
30 μmol L−1 fluorescein was added into above plate, and other pro-
cedures followed the experimental steps described in Section 2.4.

3. Results and discussion

3.1. Experimental principle of the dual-modal biosensor

As illustrated in Scheme 1A, this approach includes following three
parts: (1) immunoaffinity capture of exosomes; (2) DNA anchor-HRP
inserting into exosomes membrane for signal conversion; (3) catalyzing
PPD/H2O2 system to producing PPDox, and quenching fluorescence of
fluorescein, resulting in change of colorimetric and fluorescent signals,
respectively. Herein, the biotinylated CD63 antibody is immobilized
onto the streptavidin-modified 96-well plates for capturing exosomes.
Then, the HRP connected DNA anchor is incorporated into the bilayer
of captured exosomes through hydrophobic reaction between choles-
terol and exosomes membrane, which results in abundant signal con-
version units being integrated into exosomes. In the presence of PPD
and H2O2, the HRP catalyzes H2O2 to oxide PPD producing PPDox,
allowing this system colour changed from colorless to brown with ab-
sorption maximum at λ = 500 nm, which is able to be observed by
naked eyes and measured by UV–vis spectroscopy. Moreover, adding
fluorescein sodium salt into the final solution, the fluorescence is
quenched by PPDox based on IFE. The absorbance and fluorescence
intensity both are correlated with the concentration of exosomes, en-
abling the qualitative and quantitative dual-modal detection of exo-
somes.

3.2. The characterization of exosomes

The exosomes secreted by MDA-MB-231 cells are collected from the
cell culture supernatant using ultracentrifugation for following analysis.
The abundance of acquired exosomes is quantified by standard curve
that obtained from commercial immunoassays (ExoELISA-ULTRA
Complete Kit). As shown in Fig. S1, the corresponding standard curve is
described as A = 0.62779 N + 0.11816, r = 0.9951 (N represents the
number of exosomes). Based on above standard curve, the exosomes
abundance is about 3.0 × 108 particles μL−1. The concentration is close
to that detected by NTA (Fig. S2). On the basis of International Society
for Extracellular Vesicles (ISEV) guidelines [12], the morphology of
acquired exosomes is characterized first. TEM results exhibit that the all
obtained exosomes show mean diameter about 100 nm and saucer-like
structure (Fig. 1A). Next, the size distribution of the exosomes is mea-
sured by dynamic light scattering (DLS). As shown in Fig. 1B, the
average diameter for MDA-MB-231 exosomes is 148 nm. Noteworthily,
the difference of diameter from TEM and DLS results is ascribed to the
fact that the exosomes are shrunk or changed size during the prepara-
tion process for TEM, which is one of reasons for causing the smaller
size for exosomes utilizing TEM [64]. The other reason is that DLS re-
sults show hydrodynamic diameter, which leads to large nanoparticles

Fig. 1. (A) TEM images of MDA-MB-231 exosomes, (B) Size and size distribu-
tion of the MDA-MB-231 exosomes, (C) WB images for different types of pro-
teins in MDA-MB-231 exosomes. The scale bar represents 100 nm.
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contributing more strongly than the small nanoparticles for light scat-
tering, leading to size shift in the size distribution values [56]. Subse-
quently, different categories of proteins including CD63 and EpCAM
(transmembrane or lipid-bound extracellular protein), TSG101 (cyto-
solic protein), and Argonaute 2 (AgO2, intracellular protein) were va-
lidated by Western blot (WB). From Fig. 1C, the obvious bands de-
monstrate that CD63, EpCAM, TSG101, and AgO2 are present in the
MDA-MB-231 cells secreted exosomes.

3.3. The feasibility of this biosensor

3.3.1. HRP catalyzing H2O2-mediated oxidation of PPD
In Fig. 2A, the solution is colorless when only PPD is present (photo

a), and the UV–vis absorbance is weak at 500 nm. Similarly, when add
either HRP or H2O2 into the PPD, the solution colour and absorbance
are not changed (photo b and photo c). On the contrary, when H2O2,
HRP and PPD are present in a system, the colour (photo d) and ab-
sorbance of solution exhibit an obvious change, where HRP can cata-
lyze H2O2-PPD system, oxidizing colorless PPD into the brown PPDox.
The experimental procedures are described in S1 (Supporting In-
formation).

3.3.2. Fluorescence quenching of fluorescein by PPDox
The maximum excitation and emission wavelengths of fluorescein

are overlapped by the absorption spectrum of PPDox (Fig. 2B), which
results in the fluorescence quenching through IFE [57]. In addition, the
fluorescence intensities of fluorescein in different systems are explored.

As shown in Fig. 2C, compared with fluorescein itself (column a), the
fluorescence intensities are almost not changed after individual addi-
tion of H2O2 (column b), PPD (column c) or HRP (column d) into
fluorescein solution. Similarly, the fluorescence intensity of fluorescein
is not decreased by addition of the mixture solution of HRP/H2O2

(column e), HRP/PPD (column f), or PPD/H2O2 (column g), which is
ascribed to none of PPDox formation in these solutions. When PPD,
H2O2 and HRP all are added into fluorescein solution simultaneously,
an obvious fluorescence quenching is occurred (column h), because of
formation of PPDox and exhibiting significant absorption peak at
500 nm. The experimental procedures are described in S2 (Supporting
Information).

3.3.3. The modification of lipid bilayer with DNA anchor
Firstly, we employ MDA-MB-231 cell as a model to validate the

feasibility of DNA anchor being able to insert into lipid bilayer, be-
cause both cell membrane and exosomes membrane are lipid bilayers.
As shown in Fig. S3, after incubating fluorescein labeled DNA anchor
with MDA-MB-231 cells and removing unbound anchors, the cell
membrane can be clearly observed under laser confocal microscopy,
which demonstrates that lipid bilayer is efficiently modified by DNA
anchor. The results are similar to the previous report [63]. Mean-
while, in order to intuitively exhibit the DNA anchor inserting into
the lipid bilayer of the exosomes, we introduce magnetic beads
technology, and take images by laser confocal microscopy. The ex-
perimental mechanism is displayed in Scheme S1. Interestingly, the
bright green fluorescence of the magnetic beads is observed clearly

Fig. 2. (A) Absorbance of PPD, PPD + HRP, PPD + H2O2 and PPD + H2O2+HRP in phosphate buffer at pH 7.0. Inset: the corresponding digital images. (B)
Absorption spectra of PPD (black) and PPDox (red). Fluorescence excitation (blue) and emission (green) spectra of fluorescein. (C) Fluorescence intensities of
fluorescein (a), fluorescein + H2O2 (b), fluorescein + PPD (c), fluorescein + HRP (d), fluorescein + HRP + H2O2 (e), fluorescein + HRP + PPD (f),
fluorescein + PPD + H2O2 (g), fluorescein + HRP + H2O2+PPD (h). (D) UV–vis absorption spectra of the reaction system in the absence (curve a) and presence of
different concentration exosomes (curve b and c). Inset: the corresponding digital images. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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(Fig. S4), which evidences that the DNA anchor can also insert into
the exosomes surface.

3.3.4. Detection of exosomes by this biosensor
As shown in Fig. 2D, when exosomes are absence, the solution is

colourless (photo a), and the absorbance at 500 nm is neglectable
(curve a). However, in presence of exosomes, the colour of solution
shows significant change (photo b), and absorbance is increased ob-
viously (curve b). Importantly, the colour and absorbance of solution
are dependent on the concentration of exosomes (photo c and curve c).
Meanwhile, as shown in Fig. S5, the fluorescence intensities of fluor-
escein in presence of exosomes (curve a and b) are significantly lower
than that in absence of exosomes (curve c), which is ascribed to the
generated PPDox quenching the fluorescence of fluorescein. Thus,
above results indicate that this proposed biosensor is feasible for exo-
somes analysis.

3.4. Optimization of the experimental parameters

To optimize the assay performance, we first utilize exosomes that is
purified by ultracentrifugation as targets to optimize the experimental
conditions, including the incubation time between antibody and exo-
somes, DNA anchor concentration, anchor time, colorimetric pH value,
fluorescein concentration, and pH value for fluorescence intensity. The
experimental procedures are described in S3 (Supporting Information).
As shown in Fig. S6A, with the increase of incubation time between
exosomes and CD63 antibody, the ΔA value is also increased (the ΔA
represents A-A0, A and A0 represent the absorbance at 500 nm in the
presence and absence of exosomes, respectively). The ΔA reaches
maximum when incubation time is 120 min, so it was chosen for the
optimal incubation time between exosomes and CD63 antibody. The
DNA anchor concentration has a significant effect on the catalysis. In
Fig. S6B, the ΔA increased obviously when the DNA anchor con-
centration is increased. Nevertheless, when the DNA anchor con-
centration is higher than 1000 nmol L−1, the absorbance reaches a
plateau, suggesting the optimal concentration of DNA is
1000 nmol L−1. Moreover, the reaction between DNA anchor and
exosomes lipid bilayer membrane relies on the incubation time. Under
the optimum concentration of DNA, 80 min is chosen as the optimal
incubation time (Fig. S6C). The pH value can influence the detection
performance. In Fig. S6D, the ΔA increases to a maximum at pH 7.0,
and then decreases, suggesting that a physiological condition is sui-
table. As for the fluorescence analysis, the concentration of fluorescein
is important. In Fig. S6E, the change of fluorescence intensity (ΔF is
defined as F0–F, F0 and F mean the fluorescence intensity at 520 nm in
the absence and presence of exosomes, respectively) exhibits a gradual
increase at first, while the fluorescence intensity is dramatically de-
creased at high concentration, which is ascribed to the inherent self-
absorption effect [57]. Therefore, we chose 30 μmol L−1 as the optimal
concentration for fluorescein. At the same time, we find that the
fluorescence intensity is weak at low pH values, but the maximal in-
tensity is observable in neutral and alkaline solution (Fig. S6F). Con-
sequently, the fluorescence detection is conducted under the neutral
condition. Similarly, the neutral solution is beneficial to the HRP ac-
tivity and colorimetric assay.

3.5. The performance of this biosensor

Under above optimum conditions, the proposed colorimetric bio-
sensor with fluorescent readout as complementary signal is performed
for exosomes detection. The UV–vis absorbance at 500 nm increases as
the concentrations of exosomes increasing from 1.0 × 104 particles
μL−1 to 5.0 × 105 particles μL−1 (Fig. 3A). The colour change of so-
lution is obvious with the addition of different concentrations exosomes
(Fig. 3A, inset). The absorbance intensity is linearly dependent on the
exosomes concentration (Fig. 3B). The corresponding work curve could

be expressed as ΔA = 0.10955C (105 particles μL−1)-0.00323
(r = 0.9946). The limit of detection (LOD) based on 3σ method is
3.40 × 103 particles μL−1. Simultaneously, a complementary fluor-
escent detection is also performed. The fluorescein is added into above
reaction solution at optimal concentration. As shown in Fig. 3C, the
fluorescence intensity is decreased gradually with the increasing of
exosomes concentration. From Fig. 3D, the calibration plot also exhibits
good linear relationship between ΔF and the exosomes concentration
from 1.0 × 104 particles μL−1 to 5.0 × 105 particles μL−1 with a lower
LOD 3.12 × 103 particles μL−1. Besides, the correlation equation is
ΔF = 62.611C (105 particles μL−1)-1.1898 (r = 0.9926). The high
sensitivity of this biosensor can be ascribed to the following reasons: (1)
The high affinity of antibody improves the capture efficiency at low
exosomes concentration. (2) Cholesterol-based hydrophobic reaction
allows many DNA anchors spontaneous to insert into the exosomes
membrane, providing a signal amplification avenue. Because of the
high sensitivity, this biosensor can detect exosomes in cell supernatant
directly. However, to avoid the interferences from dead cells, cells
debris and large vesicles, some simple centrifugation steps are still
needed to remove above impurity. As shown in Fig. S7A, with increase
of exosomes amount, the UV–vis absorbance is also increased. There is
good linear relationship between exosomes concentration and absor-
bance (Fig. S7B). Meanwhile, the fluorescence intensity is also gradu-
ally decreased when detecting exosomes in cell supernatant (Fig. S7C),
and a dose-response curve is also acquired (Fig. S7D), which indicates
our biosensor can detect exosomes in cell supernatant directly. In ad-
dition, a comparison of this biosensor and currently available methods
for exosomes is displayed in Table S2. Compared with a number of
methods, the LOD of our biosensor is superior [14,15,23,27]. Moreover,
the LOD of some other strategies is comparable of this method, but
complex DNA sequences design [13,19] and synthesis of nanomaterials
like gold nanorods [33], lipsomes and upconversion nanoparticles
[17,20] are required, which is sophisticated and time-consuming for
exosomes detection. Although some reports exhibit higher sensitivity
than proposed biosensor, the unstable electrochemical strategies often
influence the accuracy of detection [39–42,65]. Besides, the tedious
probe modification is labour-consuming [28,34,66], which may de-
crease the detection efficiency. Furthermore, the detection range of
NTA is from 103 to 106 particles μL−1, but the high cost, poor selectivity
and readily interfered large protein particles hinder its application field.
To further improve the sensitivity and reduce detection time of our
biosensor, we plan to select recognition elements with higher affinity,
and develop a label-free and wash-free strategy for exosomes detection
in the future.

The selectivity of this biosensor toward exosomes and other proteins
is studied. As shown in Fig. S8, the human serum albumin (HSA), al-
bumin from bovine serum (BSA), and immunoglobulin (IgG) are tested
under the optimized conditions. The change of UV–vis absorbance and
fluorescence intensity of these proteins are almost neglectable com-
pared with those of exosomes, which is ascribed to the specificity of
antibody for CD63 and the hydrophobic reaction between DNA anchor
and exosomes membrane. Next, this biosensor is employed to detect
different cells-derived exosomes. Before the detection assay, the mor-
phology, size and exosomal proteins of MCF-7 cells-originated exo-
somes and MCF-10 A cells-originated exosomes are characterized by
TEM, DLS and WB, respectively (Fig. 4A and B). As displayed in Fig. 4C,
when three different cells-originated exosomes (including MDA-MB-
231 exosomes, MCF-7 exosomes and MCF-10 A exosomes) are present,
the signals are changed significantly based accordingly on the origin of
exosomes. It is worth noting that the tendency of the changes in signal
intensities is consistent with that obtained from Western blot (Fig. S9),
which demonstrates that our method is able to distinguish the amount
of CD63 protein on different exosomes. As far as we know, CD63 pro-
tein not only exists in tumorigenic exosomes (MDA-MB-231 cells-de-
rived exosomes and MCF-7 cells-derived exosomes), but it also exists in
non-tumorigenic exosomes (MCF-10 A cells-derived exosomes).
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However, the amount of CD63 proteins in non-tumorigenic exosomes is
less than tumorigenic exosomes. Additionally, the latest standard from
the International Society for Extracellular Vesicles (ISEV) demonstrates
that there is no gold standard to distinguish the specificity of exosomes
[12]. Consequently, we chose CD63 protein as a model to study the
feasibility of our biosensor for universal exosomes detection method.
We believe that with the discovery of more and more specific markers
on exosomes, adapting this proposed method with specific capture
element may further improve the capacity of distinguishing different
exosomes. Therefore, we envision that our strategy provides a potential
research foundation for a universal exosomes detection method.

3.6. Biological sample applications

To validate the practical application of our biosensor, we first add
five levels of exosomes ranging from 0.5 × 105 to 4.0 × 105 particles
μL−1 into 1% diluted exosomes depleted FBS to simulate a biological
sample. Every sample is measured in triplicate. The experimental pro-
cedures are shown in S4 (Supporting Information). As shown in Table 1,
the recovery rates ranged from 96.0% to 110.33% and from 84.0% to
114.0% for colorimetry and fluorescence detection, respectively. The P-
value by t-test is 0.43 that is larger than 5%, suggesting there is no
significant difference between the detection results from two different

signals (Fig. S10). The relative standard deviation (RSD) is between
0.91% and 7.38% for colorimetric method as well as between 0.90%
and 4.33% for fluorescent method, which indicates that our biosensor
exhibits favorable stability (Table 1). In a word, above results indicate
that our strategy detection exosomes in real sample is feasible.

To further validate the applicability in real biological samples, this
biosensor is employed to analyze clinical serum samples. The experi-
mental procedures are shown in S5 (Supporting Information). The
serum samples were obtained from the Fuzhou Second Hospital.
Written informed consents were obtained from all participants. All
experiments were performed in accordance with relevant guidelines
and were approved by the Ethics Committee of Fuzhou Second Hospital
(Ethical certification No. 20180027). Ten clinic serum samples from
breast cancer patients and healthy donors are analyzed by our method.
Meanwhile, as a control to investigate the accuracy of our proposed
method, we utilize commercial immunoassays to measure the amount
of the obtained exosomes. Fig. 5A shows that the results obtained from
this biosensor are comparable with those that acquired from commer-
cial immunoassays. It is worth note that the concentrations of exosomes
from breast cancer patients and healthy donors are significantly dif-
ferent in statistics (P < 0.05) (Fig. 5B), which is ascribed to the higher
expression of CD63 in breast cancer patients serum derived exosomes
than healthy donors serum derived exosomes [67]. However, it is a

Fig. 3. (A) UV–vis absorbance response for different concentrations of exosomes, (a) 0, (b) 0.1, (c) 0.5, (d) 1.0, (e) 1.5, (f) 2.5, (g) 3.0, (h) 4.0, (i) 5.0 × 105 particles/
μL. Inset: the corresponding digital images. (B) Linear relationship of ΔA versus exosomes concentration. (C) Fluorescence spectra of the proposed assay in the
presence of different concentrations of exosomes, (a) 0, (b) 0.1, (c) 0.5, (d) 1.0, (e) 1.5, (f) 2.5, (g) 3.0, (h) 4.0, (i) 5.0 × 105 particles/μL. (D) Linear relationship of ΔF
versus exosomes concentration.
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difficulty and research focus to classify, specific isolate and detect
cancer cells derived exosomes in the circulation to date. In order to
improve diagnostic accuracy, various methods including im-
munoaffinity assay [43], aptamer technology [24], microfluidic tech-
nology [68], etc., were developed. Nevertheless, there is still barrier for
specific isolation of exosomes because specific markers for cancer cells
derived exosomes are still unknown [69]. In this work, although the
CD63 protein is not cancer-type specific, its aberrant expression on
exosomes is related to malignancy to a certain extent. We envision that
with the discovery of specific proteins on exosomes surface in the fu-
ture, it is possible to detect cancer related exosomes simply by changing
the recognition element of our biosensor, thus improving the ability of
distinguishing different exosomes. While more clinic samples need to be
tested in future work to further validate the feasibility for breast cancer
diagnosis and monitoring, this assay exhibits potential to provide a
reliable assay for quantification of exosomes.

4. Conclusion

In conclusion, we designed a cactus-inspired dual-modal biosensor
for qualitative and quantitative detection of exosomes. The proposed
method is composed of immunoaffinity isolation, lipid membrane
modification, and signal readout based on the change of UV–vis ab-
sorbance and the fluorescence intensity. Compared to previous works,
our biosensor shows following merits: Firstly, the antibody coated 96-
well plate-based platform isolates exosomes via a simple and fast
manner. Secondly, hydrophobic reaction-based membrane modification
is spontaneous with high affinity, which induces a large amount of
signal probes on the surface of exosomes that help amplify the signals.
The LOD is as low as 3.40 × 103 particles μL−1 and 3.12 × 103 par-
ticles μL−1 for colorimetric and fluorescent methods, respectively.
Thirdly, the colorimetric and complementary fluorescent signals enrich
detection avenue. Lastly, this biosensor shows the capability to monitor
the difference of exosomes concentration between serums from breast
cancer patients and healthy individuals. Moreover, the performance of
this biosensor is expected to be refined in the future. Continued re-
search on employing multivalent antibody to act as recognition ele-
ment, which is promising for improving the selectivity. At the same
time, the relevant aptamer is expected to capture the exosomes in future
work, improving the stability of this method. Consequently, we envi-
sion this designed biosensor will open up a new possibility for disease
screening in exosomes detection.
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Fig. 4. (A) The size and size distribution of the MCF-7 exosomes, inset: the TEM
image of MCF-7 exosomes (top panel), the WB images of different types of
proteins in MCF-7 exosomes (down panel). (B) The size and size distribution of
the MCF-10 A exosomes, inset: the TEM image of MCF-10 A exosomes (top
panel), the WB images of different types of proteins in MCF-7 exosomes (down
panel). The scale bars represent 100 nm. (C) Histogram of the ΔA and ΔF for
different cells derived exosomes.

Table 1
Recovery results of exosomes spiked into 1% diluted FBS by this biosensor.

Add Found by colorimetry Recovery (%) RSD (%) Found by fluorescence Recovery (%) RSD (%)

0.5 0.48 ± 0.0093 96.0 1.92 0.42 ± 0.0038 84.0 0.90
1 0.99 ± 0.073 99.0 7.38 1.14 ± 0.061 114.0 4.33
2 2.02 ± 0.028 101.0 1.37 1.99 ± 0.17 99.5 3.47
3 3.31 ± 0.16 110.33 1.75 3.18 ± 0.21 106.0 4.10
4 4.09 ± 0.21 102.25 0.91 3.92 ± 0.15 98.0 2.66

Note: the concentration unit in above Table is 105 particles μL−1.
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