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ABSTRACT: Bladder cancer greatly endangers human health, and its early diagnosis is of vital importance. Exosomes, which
contain proteins and nucleic acids related to their source cells, are expected to be an emerging biomarker for bladder cancer
detection. Here, we propose a novel system for multiplexed analysis of bladder cancer-derived urine exosomes based on Janus
magnetic microspheres as barcoded microcarriers. The microcarriers are constructed by droplet-templated coassembly of colloidal
silica nanoparticles and magnetic nanoparticles under a magnetic field. The microcarriers possess one hemisphere with structural
color and the other hemisphere with magneto-responsiveness. Benefiting from the unique structure, these Janus microcarriers could
serve as barcodes and could move controllably in a sample solution, thus realizing the multiplex detection of exosomes with high
sensitivity. Notably, the present platform is noninvasive since a urine specimen, as an ideal source of bladder cancer-derived
exosomes, is employed as the sample solution. This feature, together with the good sensitivity, specificity, low sample consumption,
and easy operation, indicates the great potential of the platform for bladder cancer diagnosis in clinical applications.

1. INTRODUCTION
Bladder cancer is one of the most popular malignant tumors of
the urinary system with both incidence rate and mortality
maintaining an upward trend.1−3 There are currently plenty of
methods for initial diagnosis of bladder cancer, including
cystoscopy, exfoliation cytology, tumor marker detection,
etc.4−6 In particular, tumor marker analysis has aroused great
concern for its better patient compliance and high
sensitivity.7−12 Among various tumor markers, exosomes are
promising indicators for the diagnosis of bladder cancer.13−18

Exosomes are extracellular vesicles that carry nucleic acids,
proteins, and lipids associated with their mother cells. Analysis
on cancer-related exosomes could provide tumorgenesis
information as well as clinical implications.19−22 However,
current methods for exosome detection often require
collection of tissue specimens or blood samples, which is
invasive and could cause discomfort to patients. Besides,
conventional analytical platforms can only identify a single type
of exosome,23,24 while multiplex analysis of exosomes derived
from different cells remains elusive. These drawbacks, together
with the requirement of bulk instruments and demanding
operations,25−28 hinder us from getting sufficient tumorgenesis
information regarding exosomes. Therefore, a novel non-
invasive and multiplex analysis platform for diagnosis and
monitoring of bladder cancer is highly anticipated.

Herein, we propose a multiplex assay platform based on
Janus magnetic photonic crystal (PhC) microsphere barcodes
for noninvasive analysis of bladder cancer-derived urine
exosomes, as shown in Figure 1. Barcodes are molecular tags
or particles that carry distinguishable information for encoding
and identification. Specifically, PhCs stand out as powerful
barcodes due to their distinctive structural color signatures
derived from their periodically ordered microstructures.25

Benefiting from the stable and accurate optical coding ability,
PhC barcodes have been applied in multiplex analysis of
various biological samples including biomacromolecules, cells,
and microbes. However, the application of classical PhC
barcodes in detecting trace biomarkers in urine is limited
because of unsatisfactory sensitivity resulting from insufficient
contact between the barcodes and the biomarkers. In contrast,
Janus magnetic particles possess a compartmentalized structure
with one half susceptible to magnetic fields and are thus
capable of controllable motion and rotation, as well as
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enrichment and separation of analytes.29,30 It is thus conceived
that, by composing PhC barcodes with Janus magnetic
property, a novel multiplex assay platform could be
constructed for noninvasive analysis of trace biomarkers in
urine.
In this paper, we prepared Janus magnetic PhC micro-

spheres by droplet microfluidics and magnetic-induced phase
separation. The microspheres exhibited a Janus structure with
one half showing characteristic structural colors of as encoding
elements and the other half endowed with magneto-
responsiveness. The structural color of the microspheres
enabled barcoded analysis of exosomes, while the magneto-
responsiveness feature contributed to the controllable rotation
of the microspheres in the sample solution, thereby improving
the detection sensitivity and enrichment efficiency. Based on
this, a multiplex exosome analysis platform was established,
and the capability of identifying different types of exosomes in
a single test was validated. Besides, noninvasive analysis of
urinary exosomes from bladder cancer cells has been realized,
which manifested high sensitivity and specificity. Moreover,
dynamic monitoring of the expression of exosome markers was
accomplished. The implication of these results is that the Janus
magnetic microspheres are ideal barcodes in noninvasive
exosome analysis, and the associated multiplex bioassay
platform has great potential for clinical diagnosis of bladder
cancer.

2. EXPERIMENTAL SECTION
2.1. Materials. 2-Mercapto ethanol sulfonic acid (MES), 1-

(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), and n-hydroxy succinimide (NHS) were derived
from Sigma-Aldrich (Shanghai, China). Ferric chloride (FeCl3)
and ferrous chloride (FeCl2) were obtained from Aladdin
(Shanghai, China). Anti-CD63 antibody, anti-bladder tumor-
associated antigen (BTA) antibody, anti-NMP22 antibody, and

the corresponding fluorescein isothiocyanate (FITC)-labeled
antibodies were purchased from Abcam. High-glucose
Dulbecco’s modified Eagle medium (DMEM), F12K medium,
and fetal bovine serum (FBS, exosome removal) were derived
from Hyclone (UT). Penicillin−streptomycin solution was
purchased from Gibco. Uranium acetate was derived from Yi
he biotechnology Co., Ltd. (Shanghai, China). The cell lines
used were obtained from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China). Methyl silicone oil was purchased
from Shin-etsu (Japan). All deionized water used in the
experiments was purified by Millipore (Bedford). All buffer
solutions were prepared with deionized water. All chemicals
were of optimum grade available and used according to the
specifications. The microfluidics constant pressure pump and
the mechanical injection pump were derived by Microfluidic
Technology Co., Ltd. (Suzhou, China). The clinical specimens
were collected from the Second Affiliated Hospital of Nanjing
Medical University in accordance with China’s urine collection
standard technique (Table S1) and the guidelines issued by the
Ethics Committee of the Chinese Academy of Sciences.

2.2. Preparation of Silica Nanoparticles and Fe3O4
Nanoparticles. The Stöber method was used to synthesize
the silica nanoparticles.31 After repeated centrifugation and
purification, silica nanoparticles with uniform size were
obtained. The dispersion of silica nanoparticles was prepared
by adding deionized water, and the nanoparticles were
dispersed evenly by ultrasonic treatment. Fe3O4 nanoparticles
were prepared by coprecipitation of ferric chloride and ferrous
chloride.32 The resultant magnetic nanoparticles were purified
by repeated magnetic precipitation and washing. Finally, the
silica nanoparticle dispersion (20% W/V) was mixed with the
magnetic nanoparticle dispersion (20% W/V), and the
prepared mixture was ready for use after ultrasonic oscillation.

2.3. Preparation of Janus Magnetic Microspheres.
Janus magnetic microspheres were prepared through droplet

Figure 1. Schematic diagram of the Janus magnetic microspheres for noninvasive analysis of bladder cancer-derived urinary exosomes. (a)
Preparation of the Janus magnetic microspheres and the immobilization of antibody probes for exosome identification and capture and (b)
multiplex exosome analysis platform based on the Janus magnetic microsphere barcodes.
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microfluidic technology.33−36 Briefly, silicon oil (50 cSt) was
utilized as the continuous phase, and the aqueous suspension
of silica and Fe3O4 nanoparticles was used as the dispersed
phase. Droplets were generated and collected in the high-
viscosity silicon oil (500 cSt) and then placed in an oven to
evaporate the solvent, during which a magnet was applied to
induce phase separation inside the droplet. Janus magnetic
microspheres were obtained after 12 h, underwent repeated
washing by n-hexane, and finally calcined in a Muffle furnace at
800 °C.

2.4. Cell Culture and Exosome Extraction. Human
bladder cancer cell line T24 was cultured in high-glucose
DMEM medium containing 10% exosome-free fetal bovine
serum (FBS), 1% penicillin−streptomycin at 37 °C with 5%
CO2 supply, while human bladder epithelial immortal cells Sv-
huc-1 were cultured in the F12K medium, similarly. The
culture supernatant was collected after 2−3 days of culture,
and the exosomes were isolated by ultracentrifugation. Both
cell lines were cultured three times under the same conditions,
and the independent supernatant samples were collected. The
supernatant was taken and centrifuged at 300g at 4 °C for 10
min. The supernatant was collected and centrifuged at 2000g
for 10 min to remove the dead cells. Then, the obtained
supernatant was centrifuged at 10,000g for 10 min to remove
the cell debris. The final supernatant was ultracentrifuged at
140,000g for 70 min to precipitate and collect the exosomes.
These pellets were washed with phosphate-buffered saline
(PBS) buffer solution, and the mixed contaminants were
removed by 0.22 μm filter and centrifuged again at 140,000g
superspeed for 70 min. Lastly, the exosomes were suspended in
100 μL of PBS buffer at −80 °C for the subsequent
application. Western blot was used to detect the exosome
characteristic protein CD63 and the bladder cancer-related
markers BTA and NMP22. The particle size distribution and
the exosome concentration in the suspension were measured
by nanoparticle tracking analysis (NTA).

2.5. Exosome Analysis Using Janus Magnetic Micro-
spheres. 2.5.1. Probe Molecule Coupling. Janus magnetic
microspheres were aminated by APTES, followed by succinic
anhydride carboxylation. In MES solution (pH 5.9), carboxyl

groups were activated by NHS and EDC to conjugate with the
antibodies in the exosomes.

2.5.2. Exosome Capture. Janus magnetic microspheres with
probe antibody immobilized were sealed in bovine serum
albumin (BSA) solution. The microspheres were then
transferred to the exosome solution and then incubated at
37 °C for 6 h to make the antibody probes react fully with the
exosome markers CD63, NMP22, and BTA. Finally, PBS
buffer was used to wash the microspheres three times to
remove the untargeted exosomes.

2.5.3. Detection of Exosome Markers. In the detection
platform, fluorescence-labeled antibodies were added to react
with the exosome markers. The Janus magnetic microspheres
were washed three times with PBS buffer to avoid the
interference of the fluorescence signal cause by nonspecific
adsorption. The fluorescence signal was used to decode the
multiplexed analysis results. Clinical urine specimens were
collected in 50 mL centrifuge tubes, and then, they were
centrifuged at a speed of 2000 rpm for 10 min to remove cells.
The liquid supernatant was collected in new centrifuge tubes
(50 mL) for later analysis. The Janus barcodes with different
characteristic reflection wavelengths were utilized for the
multiple encoding of exosomal biomarkers during the
fluorescence intensity measurement for the quantitative
analysis.

2.6. Characterization. The morphology of exosomes was
identified using a scanning electron microscope (SEM, s-300n,
Hitachi) and a transmission electron microscope (TEM,
HT7700, Hitachi). A charge coupled device (CCD, Olympus,
DP30BW) was used for the optical imaging of Janus barcodes,
while the microstructure was characterized using a scanning
electron microscope (S-300N, Hitachi, Japan). The reflectivity
peaks of Janus barcodes were measured using a fiber optic
spectrometer (Marine Optics, USB2000+). Exosome markers
were detected using a stereoscopic microscope (Olympus,
BX53) and a CCD camera, and multiplexed analysis of the
microspheres was performed. Besides, the fluorescence
intensity was quantified using a fluorescence microscope
(Olympus, CKX41) coupled with a fiber optic spectrometer
(Ocean Optics, HR2000).

Figure 2. (a−c) SEM images of (a) the surface of the silica colloidal crystal hemisphere, (b) the surface of the magnetic hemisphere, and (c) the
boundary between the colloidal crystal hemisphere and the magnetic hemisphere of the Janus magnetic microsphere. The scale bar is 400 nm. The
inset image in panel (a) is an intact Janus magnetic microsphere. The scale bar is 50 μm. (d−f) Three groups of Janus magnetic microspheres with
(d) bright green, (e) yellow-green, and (f) orange-red structural colors. The scale bar is 200 μm.
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3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of Janus

Magnetic Microspheres. In a typical preparation experi-
ment, Janus magnetic microspheres were generated through
microfluidic technology integrated with magnetic induc-
tion.37−41 Droplet templates were first prepared by micro-
fluidic emulsification using an aqueous suspension of SiO2
nanoparticles and Fe3O4 nanoparticles as the dispersed phase
while silicon oil as the continuous phase (Figure S1). With the
subsequent evaporation process, the SiO2 nanoparticles in the
droplets gradually self-assembled and formed periodic arrays.
At the same time, a magnet was placed to induce phase
separation within the droplet. As a result, the Fe3O4
nanoparticles deposited to the bottom of the droplet, thereby
generating Janus microspheres. The two hemispheres of the
Janus particle with different distribution of the nanoparticles
were verified by scanning electron microscopy (SEM) and
element analysis (Figure S2). Due to the participation of the
magnetic nanoparticles, these microspheres could be induced
by an external magnetic field for rotational or directional
motion, as shown in Figures S3−S5. The microstructure of the
Janus microspheres was characterized by SEM. We found that
SiO2 nanoparticles exhibited an orderly hexagonal close
packing structure in one hemisphere (Figure 2a), while they
were disorderly arranged in the other hemisphere with
interstices filled with smaller Fe3O4 nanoparticles (Figures 2b
and S6). In addition, the boundary between the two
hemispheres is clearly displayed in Figure 2c.
We next investigated the optical encoding ability of the

Janus magnetic microspheres. We found that one hemisphere
of the Janus microspheres exhibited bright color. This was

attributed to the periodically ordered silica nanoparticles,
which formed a typical colloidal crystal structure and gave rise
to a photonic bandgap. Such a unique phenomenon was
manifested by the characteristic reflection spectrum, and the
peak wavelength was calculated in accordance with the Bragg
diffraction formula42−45

= dn1.633 average (1)

where λ represents the wavelength of the reflection peak, d
represents the distance between the center of two adjacent
spherical silica nanoparticles, and naverage is the average
refractive index. Once the composition of the microcarriers
is selected, naverage is constant. Therefore, using silica
nanoparticles of different sizes, we obtained multifarious
Janus magnetic microspheres with bright green, yellow-green,
and orange-red structural colors (Figure 2d−f). The
corresponding reflection spectra of these Janus magnetic
microspheres are shown in Figure S7a with the reflection
peaks at 565, 595, and 610 nm, respectively. The adjustable
structural color of the Janus magnetic microspheres set a
technical basis for multiplexed encoding. Besides, considering
the anisotropic geometry of the Janus magnetic nanospheres,
we measured their reflection spectrum under different angles of
rotation. We found that the reflection peak position remained
unchanged although the intensity gradually decreased when
the microspheres rotated away from the incident light (Figure
S7b). This indicated that the Janus magnetic microspheres
could maintain a stable optical readout regardless of their
positions or rotations, which was favorable for subsequent
bioanalysis studies.

3.2. Extraction of Bladder Cancer Exosomes. We then
explored the capability of the Janus magnetic microspheres for

Figure 3. (a) Microscopic characterization of bladder cancer exosomes by TEM. The scale bar is 100 nm; (b) particle size analysis of bladder
cancer exosomes; (c) Western blot analysis of exosome markers; (d) (i−v) representative SEM images showing the capture of different
concentrations of bladder cancer CD63 exosomes by the Janus magnetic microspheres. The scale bar is 200 nm; (vi) corresponding plot of
fluorescence intensity as a function of exosome concentration. Insets in (i−v) are the fluorescence microscopic image of a microsphere. The error
bars in panel (vi) are the standard deviation of three repeated experiments.
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the capture of bladder cancer exosomes. CD63 is a general
marker for the capture of exosomes. In addition, nuclear matrix
protein 22 (NMP22) and bladder tumor-associated antigen
(BTA), as the specific markers of bladder cancer-related
exosomes, have been approved by the Food and Drug
Administration (FDA) for clinical screening of bladder
cancer.26 Based on this, exosomes were extracted from
human bladder cancer cells (T24) and human bladder
epithelial immortal cells (sv-huc-1). Specifically, exosomes
were extracted by ultracentrifugation from the cell culture
medium. The biological characteristics of exosomes were
analyzed from several aspects. The morphology was confirmed
by transmission electron microscopy (TEM), as shown in
Figure 3a. The exosomes showed the typical double-layer
capsule-like structure after uranium acetate staining. The
distribution of exosome particle size was measured through
nanoparticle tracking analysis (NTA), and the average
diameter of the exosomes was 74.39 nm (Figure 3b). The
Western blot method was used to appraisal the exosome
specific markers, and the results showed that the exosome
characteristic protein CD63 was expressed in both of cell-
derived exosomes, and NMP22 and BTA were significantly
expressed in the exosomes from bladder cancer cells but not in
normal bladder epithelial cell exosomes (Figure 3c).

3.3. Exosome Analysis Using Janus Magnetic Micro-
spheres. We designed a platform for quantitative analysis of
bladder cancer exosomes based on the Janus magnetic
microspheres. Specifically, the microspheres were first
immobilized with CD63, NMP22, or BTA antibody probes
after appropriate chemical modifications. Exosomes extracted
by ultracentrifugation were prepared into standard samples of
gradient concentration and were incubated with the micro-
spheres. Thereafter, FITC-labeled detection antibodies partici-
pated in the reaction system to generate a double-binding
complex for exosome detection. We found that the
fluorescence intensity of the microspheres increased signifi-
cantly with the increase of exosome concentration from 103/
mL to 107/mL, indicating more exosomes being captured.
Accordingly, we performed a correlation fitting between
fluorescence intensity and the exosome concentration meas-
ured by CD63, as shown in Figure 3d. Similarly, the correlation
measured by BTA and NMP22 is shown in Figure S8a,b,
respectively.
We further optimized the experimental parameters for

exosome capture and detection. It is worth mentioning that
the Fe3O4 nanoparticles utilized in the fabrication of the Janus
magnetic microspheres were self-prepared by coprecipitation
of ferrous chloride and ferric chloride. We thus explored the
effect of FeCl3 concentration on exosome analysis of Fe3O4

Figure 4. (a) Schematic diagram of the multiplexed platform for exosome analysis via the Janus magnetic microspheres. (b) (i−iv) Bright-field and
the corresponding (v−viii) fluorescence microscopic images of three types of Janus magnetic microspheres after incubating with (i, v) CD63-exos,
(ii, vi) NMP22-exos, (iii, vii) BTA-exos, and (iv, viii) the multiple exosomes. The scale bar is 400 μm. (c) Fluorescence intensity analysis for Janus
magnetic microspheres after incubating with CD63-exos, NMP22-exos, BTA-exos, and the multiple exosomes.
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nanoparticle dispersion. After the comprehensive consider-
ation, Janus barcodes with a FeCl3 concentration of 20 mg/mL
had the acceptable detection signal intensity and appropriate
mechanical properties, so we chose this concentration as the
preparation condition of magnetic nanoparticles (Figure S9a).
In addition, compared with classical uniform PhC micro-
spheres, the Janus magnetic microspheres had an improved
detection efficiency due to the magnetic-controllable motion
(Figure S9b). This was probably attributed to enhanced
contact between the probes and exosomes, indicating that the
Janus magnetic microsphere could support low-sample-volume
bioanalysis in complex systems. Meanwhile, we optimized the
probe concentration and the reaction time. Five concentration
gradients and six reaction time gradients were analyzed by the
detection of the fluorescence intensity. The results showed that
when the probe concentration was 0.01 mg/mL during the
reaction time of 2 h, the detection signal of exosomes reached
the saturation level (Figure S10a,b). Moreover, we validated
the reliability of this platform by testing the exosome detection
specificity. We prepared a coexisting system and measured the
fluorescence intensity of a specific analyte by changing the
concentration of other analytes. The results suggested that, as
the concentration of an interfering analyte increased, the signal
fluctuation amplitudes of the specific analytes were less than
5%, indicating that the multiplexed analysis platform had an
ideal anti-interference and specificity (Figure S11).

3.4. Multiplexed Analysis of Exosomes Based on
Janus Magnetic Microspheres. To realize multiplexed

analysis, the Janus magnetic microspheres with the reflection
peaks of 565, 595, and 610 nm (in bright green, yellow-green,
and orange-red colors, respectively) were selected to connect
with Anti-CD63 antibody, anti-NMP22 antibody, and anti-
BTA antibody, respectively. These probe-immobilized micro-
spheres were incubated together with the bladder cancer
exosome samples. Then, FITC-labeled anti-CD63, anti-
NMP22, and anti-BTA were added to the detection solution,
as illustrated in Figure 4a. After the reaction was completed,
the Janus magnetic microspheres were characterized by
fluorescence imaging (Figure S12). Based on the multi-
encoding principle of structural colors, fluorescence micros-
copy was utilized to analysis the characteristic spectra to
decode the Janus barcodes (Figure 4b). Besides, a fluorescence
spectrometer was used to detect the fluorescence signal of the
encoding microcarriers, while the signal intensity quantified
the exosomes (Figure 4c).
We analyzed the expression of markers for exosomes

extracted at different timepoints of culture of the sv-huc-1
cells and T24 cells. The fluorescence intensity of the Janus
magnetic microspheres after incubated with extracted
exosomes was measured. The results showed that the
expression of CD63, the general exosome marker, was higher
in T24 cells than in sv-huc-1 cells, but it did not increase
dramatically with the extension of cell culture time. However,
the fluorescence intensity of NMP22 and BTA in T24 cells was
significantly higher than that of sv-huc-1, and it increased
observably with the extending of the culture time (Figure 5a).

Figure 5. (a) Fluorescence intensity of the Janus magnetic microspheres incubates with exosomes extracted from T24 and sv-huc-1 cells at different
timepoints of culture. The error bars represent the standard deviation of three repeated experiments. (b) Heat map analysis of the concentrations of
urinary CD63-exos, NMP22-exos, and BTA-exos in the patients with bladder cancer, benign disease, and normal control (NC) group. (c−e)
Fluorescence intensity analysis of CD63-exos, NMP22-exos, and BTA-exos in the urine of bladder cancer patients, benign disease, and NC group,
respectively.
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We further extended the application of this multiplexed
platform to analyze urinary exosomes from the patients with
bladder cancer and benign disease such as the bladder
inflammation and benign bladder tumors in the Second
Affiliated Hospital of Nanjing Medical University (Institutional
Review Board Project No. [2021]-KY-061-01). Samples taken
from healthy people were selected as the normal control (NC)
(Table S1). Results indicated that the detection signal value of
exosome markers in bladder cancer samples was significantly
greater than that of benign disease and NC groups (p < 0.05)
(Figure 5b,c). Furthermore, the receiver operating character-
istic (ROC) curve demonstrated the analytical sensitivity and
specificity of bladder cancer-related exosomes. As a perform-
ance indicator of the detection system, the area under the
curve (AUC) analysis results of CD63-exos, BTA-exos, and
NMP22-exos were 0.739, 0.816, and 0.879, respectively
(Figure 6b), predicting the potential utility of the novel
multiplexed assay platform for bladder cancer-derived exosome
detection and clinical diagnosis.

4. CONCLUSIONS
In this research work, we constructed a multiplex analysis
platform based on Janus magnetic microcarriers for the
quantitative detection of bladder cancer exosomes. The Janus
magnetic microcarriers were generated from microfluidic
droplets containing colloidal silica nanoparticles and magnetic
nanoparticles. Through droplet evaporation and magnetic-
induced phase separation, the nanoparticles assembled into
Janus microspheres with one hemisphere showing structural
color and the other hemisphere showing magneto-responsive-
ness. The structural color constituted the encoding element of
the microcarriers; meanwhile, the magneto-responsiveness
feature made them capable of the controllable motion. The
combination of these two features allowed the microcarriers to
serve as barcodes for multiplex bioassays with high detection
specificity and sensitivity. Based on this platform, we realize the
multiplexed quantitative analysis of several bladder cancer-
derived exosomes from the urine specimen with a small sample

volume as low as 20 μL. The results demonstrated the
excellent detection performance of this platform and indicated
great potential in clinical diagnosis of exosome biomarkers and
monitoring the development of bladder cancer.
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