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ARTICLE INFO ABSTRACT

Keywords: As promising fluid biomarkers for non-invasive diagnosis, naturally-occurring exosomes in saliva have attracted
Exosome a wide interest for their potential application in oral diseases especially oral cancers. However, accurate quan-
Aptamer

tification of salivary exosomes is still challenging due to the current difficulties in simultaneous identification
and measurement of these nano-sized vesicles. In this study, we developed a novel fluorescent biosensor for one-
step sensitive quantification of salivary exosomes based on magnetic and fluorescent bio-probes (MFBPs). Within
the MFBPs, self-assembled DNA concatamers loaded with numerous quantum dots (QDs) were ingeniously
tethered to aptamers, which were anchored on the surface of magnetic microspheres (MMs). Efficient recognition
and capture of an exosome by the aptamer would simultaneously trigger the release of a DNA concatamer as the
detection signal carrier, thereby generating a “one exosome-numerous QDs” amplification effect. As the result,
this biosensor allowed one-step quantification with less assay time and achieved a high sensitivity with low limit
of detection. Moreover, unique fluorescent properties of QDs and the superparamagnetism of MMs offered a
strong anti-interference ability, enabling a robust quantification in complex matrices. Furthermore, this
biosensor exhibited a good clinical feasibility with favorable accuracy comparable to nanoscale flow cytometry,
and a superiority in label-free analysis and convenient operation. This study provides a novel and general
strategy for one-step sensitive quantification of exosomes from body fluids, facilitating the development of
exosome-based liquid biopsy for disease diagnosis.

Quantum dot
Fluorescent biosensor

patients with OSCC, and the increased salivary exosomes showed close
correlations with the malignant progression of OSCC, suggesting sali-
vary exosomes as a promising biomarker for OSCC (Zhong et al., 2019;

1. Introduction

Exosomes are cell-derived nano-sized (30-150 nm) membrane vesi-

cles that play critical roles in intercellular communication (Mathieu
et al.,, 2019; van Niel et al., 2018; Colombo et al., 2014). In the past
years, exosomes have been increasingly identified as diagnostic bio-
markers due to their extensive presence in body fluids as well as their
close association with disease development (Kalluri and LeBleu, 2020;
Momen-Heravi et al., 2018). Saliva is one of the most versatile body
fluids that contain naturally-occurring exosomes. As attractive fluid
biomarkers for developing noninvasive diagnostics, salivary exosomes
have recently gained significant attention for their potential application
in oral diseases especially oral squamous cell carcinoma (OSCC) (Nair
et al., 2018; Han et al., 2018; Xing et al., 2020). Recent studies have
revealed that the level of salivary exosomes was significantly elevated in
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Zlotogorski-Hurvitz et al., 2016; Sharma et al., 2011). Therefore, a
clinically feasible quantification technique for salivary exosomes could
help to develop exosome-based liquid biopsy of OSCC.

Accurate quantification of exosomes, especially those from body
fluids, is still challenging due to the current defects in simultaneous
identification and measurement of these nano-sized vesicles. More
complex than cell culture supernatants, body fluids comprise not only
exosomes but also many non-exosomal components (e.g., protein ag-
gregates, lipoproteins) that share similar physical properties to exo-
somes (Xu et al., 2016; Abramowicz et al., 2016). However, most of the
commonly used methods to isolate exosomes from body fluids, including
ultracentrifugation, ultrafiltration and size exclusion, are based on the
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physical properties of exosomes and cannot eliminate those
non-exosomal contaminants from the isolated exosomes (Boriachek
et al., 2018; Li et al., 2017). Thus, a specific function of exosome iden-
tification is of great importance to the techniques for accurately quan-
tifying body fluid exosomes. But currently the major techniques for
exosome quantification, which mainly rely on the measurement of total
exosome proteins (e.g., BCA assay) or counting of individual exosome
particles (e.g., nanoparticle tracking analysis, NTA), are unable to
distinguish exosomes from non-exosomal contaminants (Shao et al.,
2018). For quantification by BCA assay, exosomes have to be lysed to
release the total proteins and then incubated with reaction regent con-
taining Cu®", followed by the detection of changes in absorption spectra
(Smith et al., 1985). However, the accuracy of this colorimetric assay,
which aims at the total mass of proteins, is always restricted by the
residue proteins mixed in the isolated exosomes from body fluids. In
addition, this assay is relatively tedious and of limited sensitivity. As
another commonly used technique, NTA employs a high-resolution
camera to capture and record the scattered light of individual particle
under Brownian motion, allowing simultaneous determination of the
size distribution and particle concentration. However, when applied to
quantify exosomes from body fluids, NTA often provide inaccurate
concentration information owing to the interference from protein ag-
gregates and lipoprotein particles (Kim et al., 2019).

For better identification of exosomes before quantification, several
affinity-based techniques, such as enzyme-linked immunosorbent assay
(ELISA), nanoscale flow cytometry (NanoFCM), have been utilized to
quantify exosomes from body fluids via selective recognition and
binding of exosomal markers (Shao et al., 2018; Cheng et al., 2019).
ELISA is a heterogeneous reaction with slow binding kinetics on
solid-liquid interface. With the specific “sandwich” configuration, ELISA
enables the specific quantification of exosomes by using capture anti-
bodies against CD63, a marker tetraspanin enriched on exosomes
(Kowal et al., 2016). But the drawbacks of ELISA in time-consuming and
tedious operation make it unsuitable for clinical implementation (Huang
et al., 2020a). The recent emergence of NanoFCM, capable of detecting
nano-sized particles, provides a powerful tool for precise quantification
and phenotyping of exosomes (Tian et al., 2020; Choi et al., 2019).
However, its clinical application is held back by the customized equip-
ment and specialized operation. Moreover, prior to the detection with
NanoFCM, exosomes have to be pre-labeled by fluorescent antibodies
and then washed repeatedly to remove the excess antibodies, resulting
in tedious operations and inconveniences of downstream exosome
analysis. Therefore, the affinity-based quantification strategies for exo-
somes from body fluids still need to be improved for a better
performance.

The recognition element is of critical importance to the performance
of affinity-based quantification techniques (Cheng et al., 2019).
Aptamers, short single-stranded oligonucleotides with unique tertiary
structures, are appealing recognition element for specific binding to the
interested targets (Kim et al., 2016; Ma et al., 2015; Wang et al., 2019).
In comparison with antibodies, aptamers are superior in easy synthesis,
facile modification, low cost, and high stability in body fluids (Wu et al.,
2020). Moreover, aptamers have unique properties of small size (2-3
nm), favorable affinity and good specificity, making them as ideal
recognition ligands to exosomes (Zhu et al., 2020a; Liu et al., 2019). One
of the most widely employed aptamers in exosome analyses is the
aptamer against exosomal marker CD63 (Wu et al., 2020). Moreover, the
high programmability and flexibility of aptamers permit various stra-
tegies for signal amplification in exosome detecting (Meng et al., 2016).
Such merits of aptamers have promoted the development of various
affinity-based sensing platforms for exosome quantification, including
electrochemistry (Cao et al., 2019; Zhang et al., 2019a; Dong et al.,
2018; Wang et al., 2017; Huang et al., 2019), colorimetry (Jiang et al.,
2017; Zhang et al., 2019d; Xia et al., 2017), fluorometry (Zhang et al.,
2019e; Jin et al., 2018; Huang et al., 2020b), surface-enhanced raman
scattering (Zhang et al.,, 2019c; Wang et al.,, 2018), and giant
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magnetoresistance (Zhu et al., 2020b). For example, Cao and colleagues
developed a catalytic molecule machine-driven electrochemical
biosensor for detection of HepG2 cell-derived exosomes (Cao et al.,
2019). By utilizing DNA-capped single-walled carbon nanotubes, Xia
and colleagues achieved the convenient colorimetric exosome detection
with a limit of detection of 5.2 x 10° particles/pL (Xia et al., 2017).
Based on the affinity between aptamers and membrane proteins on
exosomes, Zhang and colleagues proposed a fluorescence polarization
assay for quantification of exosomes in the plasma from lung cancer
patients (Zhang et al., 2019e).

In this work, we proposed a novel fluorescent biosensor for conve-
nient, sensitive and label-free quantification of salivary exosomes based
on magnetic and fluorescent bio-probes (MFBPs), which were inge-
niously and controllably constructed by integrating aptamers, magnetic
microspheres (MMs), DNA concatamers and quantum dots (QDs)
(Scheme 1A). Aptamers, anchored on the surface of MMs and tethered to
DNA concatamers, were employed to recognize and bind CD63 proteins
on exosomes. The conformational switch of aptamers triggered by
aptamer-exosome interaction would cause the release of DNA con-
catamers. These long DNA concatamers were engineered by the self-
assembly of DNA growth and were conjugated with numerous QDs via
the strong interaction between biotin and streptavidin. As the carrier of
detection signal, the QD-loaded DNA concatamer can greatly amplify
the detection signal upon the capture of an exosome by the aptamer,
thus generating a “one exosome-numerous QDs” amplification effect.
The exosome quantification biosensor developed in this study exhibited
a high sensitivity with low limit of detection, the convenience of one-
step operation without pre-labeling, strong anti-interference ability in
complex matrices, and clinical feasibility with favorable accuracy,
thereby possessing great potential for future applications.

2. Materials and methods
2.1. Preparation of MMs-Apt

The CD63 aptamers (Aptcpgs) were dissolved in distilled deionized
water and heated to 95 °C for 10 min, followed by cooling at 4 °C. 1 mg
of MMs was suspended in 200 pL of phosphate buffer (0.01 M, pH 7.2).
Subsequently, 4 mg of EDC was immediately dissolved in 200 pL of
phosphate buffer, followed by addition EDC solution and 2 pL of 1 pM
Aptcpes to the MMs suspension. After incubation for 4 h at 25 °C with a
gentle shaking, the resulting MMs-Apt were washed with phosphate
buffer by magnetic separation to remove excess Aptcpes.

2.2. Construction and characterization of MFBPs

Firstly, 1 mg of MMs-Apt was resuspended in 200 pL of binding
buffer (10 mM HEPES, 1 M NaCl, 50 mM MgCl,, pH 7.2). Secondly, 2 pL
of 10 pM biotin-modified reporting DNA 1 (R1) and reporting DNA 2
(R2) were added into MMs-Apt suspension. After incubation for 1 h at
25 °C with a gentle shaking, the MMs-Apt-(R1-R2), were washed to
remove excess R1 and R2. Thirdly, 10 pL of 1 pM streptavidin-
conjugated QDs (SA-QDs) were incubated with MMs-Apt-(R1-R2), for
1 h at 25 °C with a gentle shaking. Finally, the resulting MFBPs were
washed with binding buffer to remove excess SA-QDs, then stored at 4 °C
for further use. The sequences of Aptcpes, R1 and R2 are listed in
Table S1. The self-assembly of DNA concatamers was examined by 15%
polyacrylamide gel electrophoresis (PAGE) gel staining with GelRed.

2.3. Generation and characterization of exosomes

Human oral squamous cell carcinoma CAL27 cells were grown in
high-glucose DMEM medium contained 10% exosome-free FBS and 1%
antibiotics. CAL27 cell-derived exosomes were collected by ultracen-
trifugation from cell culture supernatant. Briefly, the collected cell cul-
ture supernatant was centrifuged at 2000 g for 20 min to remove cell
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Scheme 1. (A) Schematic illustration of MFBP constructing process. (B) Sensing principle of MFBP-based one-step quantification of exosomes.

debris and apoptotic bodies. After centrifugation at 20,500 g for 60 min
to remove microvesicles, the supernatant was ultracentrifuged at
120,000 g for 70 min to obtain exosome pellet. Subsequently, the pellet
was washed with PBS by ultracentrifugation at 120,000 g for 70 min.
Then the purified exosomes was obtained by suspending final pellet with
PBS. After negative staining with phosphotungstic acid for 3 min at
25 °C, the morphology of exosomes was observed by transmission
electron microscope (TEM). Western blotting analysis was used to verify
exosomal protein expression using CD63, HRS primary antibody.
NanoFCM analysis was used to assess the binding efficiency of exosomes
by Aptcpes.

2.4. Quantification of exosomes

The exosomes were incubated with MFBPs in binding buffer with a
final volume of 200 pL. After incubation for 30 min at 25 °C with a gentle
shaking, the resulting MFBP-exosome complexes were separated by a
magnetic scaffold. The supernatant containing detection signal carries
was measured by a fluorescence spectrometer. The fluorescence images
of MFBPs before and after the incubation with CellMask Deep Red-
stained exosomes were recorded with a fluorescence microscope.

2.5. Analysis of salivary exosomes

The human saliva samples from healthy donors and patients with
OSCC were obtained from Hospital of Stomatology, Wuhan University.
This work was carried out according to the guidelines approved by the
ethics committees from the institutions involved. The clinical informa-
tion of patients was presented in Table S2. Human saliva was collected
into sterile tubes and immediately centrifuged twice at 2600 g for 10
min at 4 °C. After centrifugation at 20,500 g for 60 min, salivary exo-
somes was obtained by ultracentrifugation at 120,000 g for 70 min.
Salivary exosomes were diluted with definite ratio and were incubated
with MFBPs in binding buffer. The following quantification steps are
described above. NTA and NanoFCM was employed to quantify the
salivary exosomes.

3. Results and discussion
3.1. Construction and characterization of MFBPs

The MMs, which had a polystyrene microsphere core/Fe3O4 nano-
particles magnetic layer/silica outer shell structure, showed the char-
acteristics of uniform size distribution, excellent superparamagnetic
property, and high biomolecule coupling efficiency. The fluorescence
microscopy image showed that the monodispersed MMs were efficiently
modified with Aptcpes (Fig. 1A). The flow cytometry result further
confirmed that the coupling efficiency of Aptcpgs to MMs reached up to
98.1% (Fig. 1B). Successful self-assembly of DNA concatamer was
verified by native polyacrylamide gel electrophoresis (Fig. 1C). As
shown in Lane 6, the long DNA concatamers were created through
consecutive DNA hybridization between R1 and R2. Meanwhile, the self-
assembly of DNA concatamers was not affected in the presence of
Aptcpes at M ratio of 1:50:50 (Aptcpes: R1: R2) (Lane 7) and SA-QDs
(Lane 8). With the aid of the hybridization between R1 and Aptcpes,
the long DNA concatamers were successfully self-assembled on MMs-
Apt, as proved by the significantly increased hydrodynamic diameter
of MMs-Apt-(R1-R2)n (Fig. 1D). In virtue of the specific and strong
interaction between biotin and streptavidin (Kd ~10"" M) (Dundas
et al., 2013), biotin-modified DNA concatamers could bind numerous
SA-QDs to form MFBPs, leading to a further increased hydrodynamic
diameter (Fig. 1D) and the changed zeta potential (Fig. S1). The SA-QDs
used here were streptavidin-conjugated ZnCdSe/ZnS core/shell QDs,
exhibiting small and uniform size, narrow full width at half maximum
(30 nm), maximum excitation wavelength at 393 nm, and maximum
emission wavelength at 605 nm (Fig. S2). It was revealed that the
fluorescent intensity of MFBPs was much more stronger than that
without DNA concatamers (MMs-Apt-R1-QD), demonstrating a good
fluorescence enhancement endowed by the long DNA concatamers
loaded with a large amount of QDs (Fig. 1E). Consistently, MFBPs dis-
played significantly stronger fluorescence signals than MMs-Apt-R1-QD,
while no fluorescence signal was observed in MMs and MMs-Apt after
incubation with SA-QDs (Fig. 1F), indicating little non-specific adsorp-
tion of SA-QDs to MMs and MMs-Apt. The narrow distribution of
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Fig. 1. (A) Fluorescence microscopic image of MMs after modifying with FAM-labeled Aptcpes. (B) Flow cytometry analysis of MMs-Apt. (C) Native PAGE verified
the self-assembly of DNA concatamers (Lane 1: Aptcpgs (1 pM), Lane 2: R1 (1 pM), Lane 3: R2 (1 pM), Lane 4: Aptcpes and R1 (1 pM each), Lane 5: Aptcpes and R2 (1
pM each), Lane 6: R1 and R2 (1 pM each), Lane 7: Aptcpes (20 nM), R1 and R2 (1 pM each), Lane 8: Aptcpes (20 nM), SA-QDs (2 pM), R1 and R2 (1 pM each)). (D)
Hydrodynamic diameters of MMs, MMs-Apt, MMs-Apt-R1, MMs-Apt-(R1-R2),,, and MFBPs. (E) Fluorescence intensities and fluorescence spectrums (Inset) of MMs,
MMs-Apt, MMs-Apt-R1-QD, and MFBPs (a.u.: arbitrary unit). (F) Fluorescence microscopic images of MFBPs, MMs-Apt-R1-QD, MMs-Apt and MMs after incubation
with SA-QDs (Fluorescence Field: excitation 561 nm, emission 605/20 nm, Merge: merge of bright and fluorescence filed).

fluorescence intensity as shown by flow cytometry suggested the fluo-
rescence uniformity of MFBPs (Fig. S3). To test the stability of MFBPs,
the hydrodynamic diameter and zeta potential of newly-prepared
MFBPs were compared with those after 14 days’ storage. The results
suggested negligible difference between them (Table S3). In addition,
the fluorescence intensity of MFBPs remained unchanged after 14 days’
storage (Fig. S4), confirming the favorable stability of MFBPs.

3.2. Characterization of exosomes

Human oral squamous cell carcinoma CAL27 cell derived-exosomes,
as the model exosomes in this work, were purified from the cell culture
supernatant by ultracentrifugation. As detected by NTA, the particle
concentration and average hydrodynamic diameter of exosomes was 3.5
x 102 particles/mL and 131 nm, respectively (Fig. 2A). The TEM image
showed the characteristic morphology of exosomes, which were mem-
brane vesicles surrounded by a lipid bilayer (Fig. 2B). Moreover, an

obvious band of exosomal CD63 was observed from western blotting
(Fig. 2C), confirming the abundance of CD63 on exosomes. Additionally,
the results of NanoFCM revealed that approximate 88.1% of the exo-
somes were successfully recognized and bound by Aptcpes, demon-
strating the high expression of CD63 as well as the good binding
efficiency of Aptcpes to the exosomes (Fig. 2D). Therefore, it is feasible
to utilize Aptcpgs to recognize and bind exosomes in this work.

3.3. Efficient capture of exosomes and simultaneous release of DNA
concatamers

The results from NTA showed that there was a significantly decrease
in the exosome concentration after incubation with MMs-Apt, while
little change was observed after incubation with MMs alone or MMs
functionalized with random DNA library (MMs-Lib), indicating the high
efficiency of MMs-Apt in capturing exosomes (Fig. 3A). As evidenced by
TEM, many exosomes with intact morphology were bound to MMs-Apt
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Fig. 2. NTA (A) and TEM image (B) of purified exosomes. (C) Western blotting analysis of HRS and CD63 expression on whole cell lysis (WCL) and exosomes (Exo).

(D) The binding efficiency of Aptcpes to exosomes analyzed by NanoFCM.

(Fig. 3B), demonstrating the specific and effective binding between
MMs-Apt and exosomes. To investigate the ability of MFBPs to capture
exosomes, the concentrations of exosomes left in supernatant after
treatment with different functionalized MMs were examined. As shown
in Fig. 3C, compared with MMs or MMs-Lib, both MFBPs and MMs-Apt
exhibited a good ability to capture exosomes. The capture efficiencies
between MFBPs and MMs-Apt showed no significant difference,
implying that the aptamer-based recognition of exosomes was not
affected by the DNA concatamers tethered to aptamers.

To investigate whether MFBPs can simultaneously release DNA
concatamers upon the capture of exosomes, the fluorescence images of
MFBPs were taken before and after the incubation with exosomes
(Fig. 3D). It was revealed that the green signals of aptamers colocalized
well with the blue signals of exosomes, confirming the efficient recog-
nition and capture of exosomes by MFBPs (Fig. 3E, Left). Additionally,
the line profile of the distribution and intensity of aptamers (green) and
exosomes (blue) on the white line also proved the efficient binding be-
tween MFBPs and exosomes (Fig. 3E, Right). To verify the release of
DNA concatamer upon exosome capture, the colocalization efficiency
between aptamers and DNA concatamers were compared before and
after the incubation with exosomes. As shown in Fig. 3D, compared with
pre-incubation group, less red singles of DNA concatamers but un-
changed green singles of aptamers were observed in the presence of
exosomes, indicating that the exosome-aptamer interaction would cause
the release of DNA concatamers. Moreover, the values of Manders co-
efficient of green signals in thresholded image (tMg) and the intensity

correlation quotient (ICQ) were significantly reduced after incubation
with exosomes (Fig. 3F), suggesting that the percentage of green signals
colocalized with red signals was dropping (Bolte and Cordelieres, 2006).
This result further confirmed the release of DNA concatamers upon
exosome capture, which is possibly due to the conformational switch of
aptamers triggered by aptamer-exosome interaction. Therefore, it is
concluded that MFBPs can efficiently capture exosomes and simulta-
neously release uniform DNA concatamers as detection signal carriers,
establishing a sound basis for exosome quantification.

3.4. Condition optimization, sensitivity and repeatability

As described in Scheme 1B, a novel fluorescent biosensor for one-step
quantification of exosome was developed by using MFBPs. By incubation
of the exosomes with MFBPs in binding buffer, the capture of exosomes
and the release of DNA concatamers carrying numerous QDs could be
synchronously achieved. After magnetic separation of the MFBP-
exosome complexes, the fluorescence intensity of released DNA con-
catamers in the supernatant was measured. To achieve the best perfor-
mance in exosome quantification, the dosage of MFBPs and the
incubation time of MFBPs with exosomes were optimized. As shown in
Fig. S5, 0.25 mg/mL of MFBPs and 0.5 h of incubation time were
confirmed as the optimal experimental conditions. In comparison with
most of the currently reported approaches for exosome quantification,
our one-step method significantly simplified the detection process and
shortened the assay time (Table S4). Fig. 4A displays the three-
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dimensional fluorescence spectra of detecting exosomes in the range of
500 to 10° particles/pL. The fluorescence intensities at 605 nm gradu-
ally enhanced with the increasing concentrations of exosomes (Fig. 4B).
Linear regression analysis of fluorescence intensities versus logarithm of
the exosome concentrations resulted in a coefficient of determination
(R%) value of 0.998 (Fig. 4C), indicating a strong linear relationship
between the detected fluorescence intensities and the logarithmic con-
centrations of exosomes. This result confirmed that our proposed fluo-
rescent biosensor had a good capacity in exosome quantification. As
shown in Fig. 4D, the detected fluorescence signal using MFBPs was
approximately 14-flod higher than that without the DNA concatamers.

This is because the long DNA concatamers loaded with a large amount of
QDs can greatly amplify the detection signal, generating a ‘“one
exosome-numerous QDs” amplification effect. Therefore, our proposed
biosensor for one-step quantification of exosome exhibited high sensi-
tivity with low limit of detection (500 particles/pL), wide detection
range (three orders of magnitude), and good quantitative capacity (R? =
0.998). The sensitivity of our proposed biosensor, which was compara-
ble to or better than most of the currently reported exosome sensing
platforms, could fully satisfy the requirements of clinical quantitative
detection (Table S4). Additionally, the intra-assay and inter-assay vari-
abilities of this biosensor were determined as 3.09% and 5.43%,
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respectively (Table S5), suggesting the good repeatability of this MFBP-
based exosome quantification biosensor.

3.5. Anti-interference ability in complex matrices

To examine the anti-interference ability of our proposed biosensor, it
was employed to detect spiked exosomes in different complex matrices.
Human saliva, whose intrinsic exosomes were pre-excluded by ultra-
centrifugation, were mixed with the binding buffer at different volume
ratios to mimic the complex matrices. As shown in Fig. 5A, the resulting
fluorescence intensities in 25%, 50% and 75% v/v saliva were similar to
those in binding buffer alone, suggesting that this biosensor was feasible
to detect exosomes in complex matrices. Then, we assess the quantita-
tive ability of this biosensor to detect spiked exosomes in different
matrices, including binding buffer alone, binding buffer containing
polystyrene nanospheres (PS-NPs), exosome-excluded human saliva,

35 4.0 45 5.0
Ig[Exosomes] (particles/pL)

statistical analysis result showed that the quantitative capacities of our
proposed biosensor in these different matrices were comparable and had
no significant difference (Table S6), indicating its strong anti-
interference ability in complex matrices. Of note, even in the presence
of non-exosomal contaminants (PS-NPs) at a high concentration, the
MFBP-based biosensor can be well applied to quantify the spiked exo-
somes. This is probably due to the fact that, unlike the biochemical
property- or physical property-based quantification methods, this
biosensor utilizes the efficient and specific interaction between the
aptamers and exosomes, thereby being capable to reflect the accurate
concentration of exosomes without the interference from non-exosomal
contaminants. Additionally, it is worth mentioning that QDs have
unique fluorescent properties of outstanding brightness, large Stokes
shift and photostability, allowing stable detection signals in complex
matrices (Zhang et al, 2019b). Meanwhile, the good super-
paramagnetism of MMs enables the removal of interference signal with

and exosome-excluded human saliva containing PS-NPs (Fig. 5B). The convenient manipulation. Such merits facilitate a strong
A —_ Fig. 5. (A) Fluorescence intensities of
101 1 = 6x10° - " detecting spiked exosomes (10* particles/
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anti-interference ability of our proposed biosensor in complex matrices.
3.6. Clinical feasibility

To further test the clinical feasibility of our proposed biosensor, we
compare it with NTA and NanoFCM by quantifying salivary exosomes
isolated from healthy donors and patients with OSCC (Fig. S6). As shown
in Fig. 6, the detected concentrations of salivary exosomes were com-
parable between NanoFCM and this biosensor, while higher concen-
trations were obtained by NTA. This is possibly due to that the non-
exosomal contaminations (e.g., protein aggregates and lipoproteins),
which inevitably entrained in salivary exosomes, were also quantified by
NTA. Although showing similar affinity-based principle and quantifi-
cation accuracy to NanoFCM, our proposed biosensor was still superior
to NanoFCM in terms of no need to pre-label exosomes with fluorescent
antibodies against CD63. The above results verified that our proposed
biosensor exhibited a good clinical feasibility to identify and quantify
human salivary exosomes. By using CD63 as the model protein, the
present study aims to develop a general and one-step sensitive strategy
to detect the level of exosomal proteins, so as to quantify the exosome
concentrations. It could be prospected that quantifying the level of some
cancer-specific exosomal proteins, e.g. our previously reported exoso-
mal PD-L1 (Chen et al., 2018), will provide a better clinical value. In the
future, by further modification with different specific aptamers, this
biosensor would facilitate the one-step quantification of different exo-
some sub-populations that carry cancer-specific proteins, providing a
higher diagnostic accuracy into salivary exosome-based liquid biopsy.

4. Conclusions

In summary, a convenient, sensitive and label-free biosensor for
quantifying body fluid exosomes was established in the present study by
utilizing MFBPs, which ingeniously integrated aptamers, MMs, DNA
concatamers and QDs. This MFBP-based fluorescent biosensor possesses
several advantages. First, MFBPs were able to efficiently capture exo-
somes and simultaneously release the QD-loaded DNA concatamers,
enabling one-step quantification with convenient operation. Second,
DNA concatamers loaded with a large amount of QDs could generate the
“one exosome-numerous QDs” signal amplification effect, offering a
high sensitivity with low limit of detection. Third, the good super-
paramagnetism of MMs and unique fluorescent properties of QDs pro-
vided a strong anti-interference ability in complex matrices, allowing a
robust exosome quantification in human saliva. Fourth, compared to
scatter light-dependent NTA, our proposed biosensor was based on
specific aptamer-exosome interaction and could provide accurate exo-
some concentrations without the interference from non-exosomal con-
taminants. Last but not least, this biosensor was validated with clinical
salivary samples, resulting in a consistence with NanoFCM, and dis-
played the superiority in label-free analysis. Given the above advan-
tages, we speculate that the present work could provide new insights
into salivary exosome-based liquid biopsy. Moreover, by further modi-
fication with different specific aptamers, this work would facilitate the
characterization and quantification of cancer-specific sub-populations of
exosomes from various body fluids, which is of importance for giving
diagnostic information with a higher accuracy.
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