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We have proposed a new exosomes—zirconium—liposomes sand-
wich structure to detect exosomes by using zirconium-phosphate
coordination chemistry. The combined use of the intrinsic property
of phosphate in both exosomes and liposomes as well as zirconium
ions can endow the method lower cost, no modified label, simplicity
and high efficiency.

Exosomes (30-200 nm diameter) are actively secreted by cells
into biofluids during fusion of the multivesicular endosomes
(MVEs) with the plasma membrane." A growing number of
studies have demonstrated that exosomes contain lots of mole-
cular information of their origin cells, including transmembrane
and intracellular proteins and nucleic acids, which can be used
for disease diagnostics, disease monitoring, and drug efficacy
screening.”” Besides, exosomes can reflect global tumor burden
and heterogeneity, overcoming sampling biases.® For instance, it
is reported that the level of GPC1" exosomes can accurately
discriminate benign pancreatic disease from early- and late-
pancreatic cancer.’ Recently, Guo et al have discovered that the
level of circulating exosomal programmed death-ligand 1 (PD-L1)
secreted form melanomas contributes to immunosuppression and
is related with anti-PD-1 response, which enables exosomal PD-L1 as
a good predictor for anti-PD-1 therapy.” An increasing number of
researches have demonstrated the fact that exosome carrying many
physiology information can act as a good and easily available
biomarker in cancer detection and prognosis diagnosis.®’

For analysis, conventional analytical techniques for exosomes,
such as western blotting and enzyme-linked immunosorbent
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assays (ELISAs), usually require large volumes of sample and
extensive technical steps with low sensitivity. To overcome these
shortcomings, several new bioassays for exosomes have been
developed based on microfluidics,'® surface enhanced Raman
scattering (SERS),"" electrochemistry'> and surface plasmon
resonance (SPR) imaging.'®> However, the development of new
methods, which can be more simple, sensitive and easily
operated, is still highly required.

Similar to exosomes, liposomes are also nanoscale lipid
vesicles consisting of amphipathic phospholipid to form single
or multiple bilayer membrane. Due to the excellent biodegrad-
ability and biocompatibility, good size controllability and easy
surface modification, liposomes have been used as effective
drug delivery systems and detection tools.'* Benefited from the
wonderful capacity of encapsulation, liposomes have been also
used as an amplifier for the determination of lipid kinase,'®
thiamine'® and interferon-gamma (IFN-y)."” As a platform to
detect biomarkers, liposome-based signal amplification systems
have received increasing attention, and liposomes are usually
introduced via antigen-antibody interaction,'® covalent bond
and nucleic acid hybridization," while they are introduced via
coordination chemistry in this work.

Zr*" ion can bind strongly to phosphate group of phospho-
lipid membranes via the electrostatic interaction.>* " So, in this
work, considering that exosomes and liposomes are actually
vesicles composed of phospholipid bilayer, we hypothesize that
Zr*" can bind with both exosomes and liposomes through
coordination chemistry. Consequently, Zr*" may play a role of
linkage between exosomes and liposomes, thus an exosomes-
Zr**-liposomes sandwich structure should be able to be designed
for the detection of exosomes. In this new method for exosomes
detection, with liposome as an excellent amplifier, the sensitivity
of assay can be greatly improved without introducing expensive
enzyme-based signal amplification and complex multiple-step
reactions. Besides, without extra chemical modification, the signal
transduction can be easily achieved owing to the interaction
between Zr** and phospholipid of biomembrane. Therefore, a
new method with easy operation, no modification probe and
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Scheme 1 Working principle of the assay for the detection of exosomes
based on phosphate—Zr** coordination interaction and liposome-based
signal amplification. In order to clearly display the exosome-zirconium-
liposome sandwich structure, the diameter of MB, exosomes and
liposomes doesn't represent real size contrast.

sensitive performance is proposed in this work for exosomes
detection.

The principle of the new method for exosomes detection is
shown in Scheme 1. The proposed sensor system is made up of
antibody modified magnetic beads (MB), exosomes, Zr*" ions
and liposomes. The size of MB is about 2 pm. Firstly, CD63
antibody is immobilized onto the surface of MB through
coupling the amino group of CD63 antibody with NHS group of
MB. Upon the addition of exosomes, exosomes can be captured by
the modified MB probe based on the recognition of the antibody
with the surface antigen of exosomes. Then, the surface of exo-
somes can adsorb lots of Zr*" ions via phosphate-Zr** interaction,
which can subsequently mediate the cross-linking of liposomes
that encapsulate lots of calcein, forming MB-exosomes-Zr**~
liposomes sandwich complex. The sandwich complex is then
separated from the unbound liposomes and other potential
interferent via a magnetic separation step. Finally, exosomes
are assayed by detecting calcein packaged in liposomes after
treatment with 1% Triton X-100, which leads to calcein release
and to its de-quenching by dilution. Finally, the resulting
fluorescence signal in the suspension is positively correlated
to the concentration of exosomes.

The standard samples of exosomes are prepared from the
HeLa cell culture medium via ultracentrifugation (see the ESL
Experimental section). The concentration and size distribution
of the extracted exosomes are measured using NanoSight
(Fig. S1A, ESIf), and the concentration is about 4.2 x 10’ particles
per pL. The size of exosomes is about 122 nm. Transmission electron
microscopy (TEM) is performed to examine the morphology of
exosomes (as shown in Fig. S1B, ESIf). The size of exosomes
measured from NanoSight is consistent with the result of TEM.
Liposomes encapsulated with calcein are also measured by TEM
and the size of liposomes is about 100 nm (Fig. S1C, ESI¥).
The process of liposome preparation is provided in the ESI,t
Experimental section. In addition, researchers without skills for
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Fig. 1 (A) The fluorescence intensity in the presence of exosomes and
liposomes corresponding to the Triton X-100 treated calcein-encapsulated
liposomes before (dark line) and after adding Zr** (red line). (B) Fluorescence
spectra and images (inset) corresponding to the Triton X-100 treated calcein-
encapsulated liposomes after (a) incubated with PBS buffer and (b) incubated
with exosomes. The concentration of exosomes is 2.1 x 10 particles per pL.

liposome preparation can purchase liposome kit from Sigma-
Aldrich. The purification of calcein-containing liposomes can also
be conducted by either exclusion chromatography or ultrafiltration
or dialysis. The different composition of liposome can also act
as the signal carrier as long as it has the negatively charged
phospholipid to combine with Zr**.

Zr*" is the bridge linker between exosomes and liposomes in
the proposed method. Fig. 1A shows the role of Zr*" in the
formation of exosomes-Zr**-liposomes sandwich complex.
Without Zr**, no fluorescence signal intensity can be detected
even in the presence of exosomes and liposomes. However, after
Zr*" with a concentration of 5 mM is added, a strong fluores-
cence signal appears, suggesting that Zr*" is an indispensable
element for the detection system.

To verify the feasibility of this proposed strategy, the final
fluorescence signals in the assay are recorded under different
conditions. As shown in Fig. 1B, in the absence of target exosomes,
weak fluorescence signal intensity is observed, since Zr*" is adsorbed
onto a small number of carboxyl groups of antibody on the surface
of MB probe and some liposomes are captured on the MB probe.
After adding exosomes to the sensing system, strong fluorescence
intensity can be obtained, because much Zr"* and liposomes are
adsorbed onto the surface of exosomes to form sandwich complex.
The difference of fluorescence intensity has also been confirmed by
the fluorescence imaging (shown in the inset of Fig. 1B).

To further investigate the feasibility of the strategy, the
microscope images of MB have been recorded. As seen in
Fig. 24, in the absence of exosomes, only weak fluorescence
can be observed even Zr*" and liposomes have been added in
the test solution. However, strong fluorescence appears around
MB probe in the presence of exosomes, demonstrating that the
increasing fluorescence is attributed to the presence of exosomes.
Therefore, the strategy can be developed as a new method for the
detection of exosomes. The TEM image of exosomes + liposomes
suggests that exosomes and liposomes can be linked together in
the presence of Zr** (Fig. 2B). Meanwhile, the scanning electron
microscope images of exosomes and liposomes captured on
MB (Fig. 2C) show that liposomes can be captured on MB in the
presence of exosomes.

The dynamic light scattering (DLS) of exosomes, liposomes,
and the mix of exosomes + liposomes with or without Zr*" has
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Fig. 2 (A) Microscope images of the MB after incubated with (a) PBS and
(b) exosomes. The left image is the bright field of MB, and the right image is
the corresponding fluorescence image. The fluorescence comes from the
calcein-entrapped liposomes. (B) The TEM image of exosomes + lipo-
somes in the presence of Zr**. (C) The SEM images of (a) CD63 antibody
modified MB (CD63-MB), (b) CD63-MB + exosomes (red circles represent
the bound exosomes on MB surface), (c) CD63-MB + exosomes + Zr** +
liposomes (red circles represent the bound exosomes and liposomes on
MB surface), (d) CD63-MB + Zr** + liposomes. The scale bar is 2 pm.

been presented in Fig. S2 (ESIT). When adding Zr** in either
exosomes or liposomes or the mix of exosomes + liposomes, the
sizes of exosomes, liposomes and exosomes + liposomes turn to
be about 3.3 um, indicating that Zr*" can link both exosomes,
liposomes and exosomes + liposomes through zirconium-
phosphate coordination chemistry. Besides, the fluorescence
intensity of liposomes, liposomes + exosomes with or without
Zr*" is also performed (Fig. S3, ESI{). After the addition of Zr**
to liposomes and liposomes + exosomes, the decrease of
fluorescence intensity is observed, showing that Zr*" ions do
not lead to the lysis of liposomes and liposomes + exosomes.

The zeta potential of MB has been measured step by step
(see Fig. S4, ESIT). First, the zeta potential of CD63 antibody
modified MB is detected as an initial contrast. After capturing
exosomes, the zeta potential becomes more negative. And
the zeta potential becomes less negative after Zr*" is adsorbed
onto the surface of exosomes. After adding liposomes, the zeta
potential turns to be more negative, demonstrating that many
liposomes are captured by Zr*'. Finally, the zeta potential
decreases dramatically after adding Triton X-100 to crack the
liposomes. The change of zeta potential of each step shows the
successful modification on MB.

In order to optimize the assay conditions for the exosomes
detection, the concentration of Zr** and incubation time need
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Fig. 3 The sensitivity of the assay for the detection of exosomes.
(A) Fluorescence responses for detecting different concentration of
exosomes (particles per pl): (@) 0; (b) 1.68 x 10% (c) 4.2 x 10%
(d) 1.68 x 10% (e) 4.2 x 10%; (f) 4.2 x 10°% (g) 8.4 x 10° and (h) 4.2 x 10.
(B) Plot of fluorescence intensity vs. exosomes concentration; inset: linear
relationship between the fluorescence intensity and the logarithm of exo-
somes concentration. Error bars represent the standard deviations of three
repetitive measurements.

to be optimized, since Zr*" is the key to link exosomes and
liposomes. As shown in Fig. S5A (ESIt), with the concentration of
Zr*" increasing, the fluorescence intensity increases gradually
and reaches a plateau when the Zr*" concentration is 15 mM.
So 15 mM Zr"* has been chosen as the optimal concentration in
the assay system. On the other hand, when the incubation time
of Zr*" is 20 min, the signal intensity shows a plateau and the
optimal incubation time is 20 min (Fig. S5B, ESI{).

Under the optimal experimental conditions, the capability of
our proposed method for quantitative analysis of exosomes has
been examined. As shown in Fig. 3A, the fluorescence intensity
at 514 nm increases gradually with the increasing concen-
tration of exosomes. A good linear relationship can be obtained
between the fluorescence intensity against the logarithm of the
concentration of exosomes (Fig. 3B). The correlation equation
is F — Fy = —3951.2 + 599.9 x Ig[c] (R* = 0.9862), where F is the
fluorescence intensity with the corresponding exosomes and F,
is the fluorescence intensity without exosomes. Ig[c] is the
logarithm of exosomes concentration. The limit of detection
(LOD) of the assay is calculated to be 7.6 x 103 particles per pL
based on 3 op/slope (o, is the standard deviation of the
blank samples). The influence of cell culture medium on the
proposed assay has also been tested. As shown in Fig. S6 (ESIT),
there is no significant change in fluorescence intensity when
exosomes are spiked in cell medium with 10% (v/v) FBS,
indicating that the assay can work well in the complex biolo-
gical samples.

Finally, the new method proposed in this work has been
compared with other currently available methods for the detec-
tion of exosomes based on the sensitivity, signal output and
signal label. The proposed method displays a low detection
limit with comparative advantages of label-free and relatively
simple measuring procedure (Table S1, ESIT).

In summary, a sensitive, label-free and cost-effective method
for detection of exosomes has been proposed by making use
of phosphate-Zr**-phosphate interaction. The proposed assay
takes advantage of magnetic bead for easy separation and
liposomes for signal amplification. Especially, it is the first
time to detect exosomes by linking the phospholipids in both
exosomes and liposomes with Zr**. Meanwhile, with no enzyme
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or multiple signal amplification involved, high sensitivity of the
assay can be achieved by introducing liposomes-based signal
amplification. Besides, the rational utilization of the intrinsic
phospholipid in biomembrane makes the assay simpler
without introducing extra modification in the process of target
recognition and signal amplification, which may bring
about more inspiration in the construction of biosensor for
biomedical research.
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