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ABSTRACT: Exosomes are potential and promising natural noninvasive biomarkers for liquid biopsies and can be involved in
various biological and pathological processes in early-stage cancer. Thus, there is an urgent demand to develop low-cost, small-size,
remarkable-specificity, and ultrasensitive exosome biosensors for early clinical point-of-care (POC) testing. Although various
conventional tumor exosome detection methods have been generally proposed, the low detection sensitivity and specificity
significantly hinder their use in cancer clinical diagnosis and prognosis. To address the above challenges, an optical microfiber
integrated with MoSe,-supported gold nanorods is proposed. To tune the strong localized surface plasmon resonance (LSPR) of the
nanointerfaces on the optical microfiber to be in accordance with the operating wavelength of the silica optical microfiber in the
telecommunication band, gold nanorods with a high aspect ratio of approximately 10:1 are proposed. Due to the interaction between
the excited LSPR effect and the evanescent field of the optical microfiber, the sensor can detect clear cell renal cancer exosomes
within a wide concentration range from 10° particles/mL to 10° particles/mL, with an extremely low limit of detection (LOD) of
9.32 particles/mL, which is lower than that of current various state of the art methods. More importantly, the microfiber with high
specificity can successfully differentiate pathological plasma and healthy controls, exhibiting very promising clinical applications in
renal cancer diagnosis and prognosis. This work opens up a new approach for the in situ detection and quantification of exosomes
with ultrahigh sensitivity in early clinical screening and diagnosis.

KEYWORDS: clear cell renal cancer exosomes, optical microfiber biosensor, LSPR, CA9 protein, evanescent field, ultralow LOD

ith the development of diagnostic medicine for liquid endogenous cargos and reflect the pathophysiological con-
biopsies, the rapid and precise detection of early-stage dition has been of great interest, which makes them potential
diseases calls for low-cost and portable biosensing probes for biomarkers for early-stage cancer.'”'" However, the contents
the ultrasensitive detection of new specific and credible of exosomes in bodily fluids are extremely low in early-stage
biomarkers in bodily fluids, such as extracellular vesicles diagnostics. Thus, developing new biosensors for an ultra-

(EVs), circulating tumor cells (CTCs), and circulating tumor
DNA (ctDNA). ~* Exosomes, as emerging promising and
potential biomarkers, are subtypes of EVs, and they are within
a diameter range of 30—150 nm.” Exosomes are secreted from
the outward blebbing of the cellular membrane into various
physiological fluids.”” In addition, exosomes are enriched with
many biological substances, including nucleic acids and
membrane proteins, and they can carry these activated
biomolecules from parental cells to recipient cells, which are
involved in biological and pathological processes.”” In recent
years, the fact that tumor-derived exosomes can carry various

sensitive and specific-precision quantitative analysis of tumor-
derived exosomes is imperative. Although some conventional
techniques for the detection of exosomes have been reported,
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Figure 1. (a) Schematic of the detection process using an optical microfiber with MoSe,-supported gold nanorods and CA9 aptamers. (b)
Measured particle size of the exosomes. (c) SEM image of the exosomes in the experiments. (d) Screening of the specific CA9 protein expression in
tumor patients and normal persons. (e) Exosome capture inducing a transmission spectral shift in the interferometric fringe. (f) Different optical
signal responses with the sensor dipped into patient and healthy samples.

such as enzyme-linked immunosorbent assays (ELISAs),"
Western blots," the polymerase chain reaction (PCR),"* and
ultracentrifugation,” these methods suffer from complicated
and time-consuming operating procedures, expensive equip-
ment, low isolation efficiency, low sensing sensitivity, and
excessive sample consumption.'® To address the above issues,
surface-enhanced Raman scattering (SERS),"” ™" colorimetric
methods,”*" fluorescent methods,>*™>° surface plasmon
resonance (SPR),””*" electrochemical methods,”™** and pH
test paper method’* have been extensively proposed for the
highly sensitive detection of exosomes. Nevertheless, these
methods are also confronted with the dire issues of being
subjected to electromagnetic interference (electrochemical
methods), tedious and complicated preprocessing nanoparticle
probe preparation (SERS, fluorescent, and SPR methods),
relatively low detection accuracy (colorimetric methods and
pH test paper method), overdependence on an accurate
operation involving technical skills, lack of continuous on-site
real-time label-free detection (fluorescent methods), and low
sensing sensitivity. Therefore, exploring a simple-structure,
portable, ultrasensitive, remarkably specific, and easy-to-use
biosensor for an in situ real-time quantitative analysis of tumor-
derived exosomes is an urgent objective. As a recently
developed alternative biosensing device, a silica optical
microfiber can transduce interfacial refractive index (RI)
variations into an optical signal response, and it possesses
the great merits of low cost, millimeter length, lightweight,
portability, immunity to electromagnetic fields, label-free
nature, and flexible mechanical properties.”> >* However,
silica microfibers usually detect target biological solutions
with limits of detection (LOD) as high as the picomolar or
even nanomolar level, which strongly restricts their use in very
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early stage clinical diagnosis.””*" Because the small RI change
of the microfiber is induced by the interaction between
molecular binding on the fiber surface and the evanescent field,
enhancing the evanescent field and thus improving the
biosensing sensitivity is worthwhile. Recently, researchers
found that plasmonic nanomaterials coupled with 2D materials
on the fiber surface can eficiently improve the sensing
sensitivity of optical microfibers,” ~* including an optical
microfiber with silver-nanoparticle-decorated graphene, which
was fabricated for the detection of cytochrome ¢, with a LOD
of 68.20 aM.* Furthermore, an optical microfiber was
functionalized with black-phosphorus-supported Au nano-
hybrids for the detection of epidermal growth factor receptor
(ErbB2), with a LOD of 6.72 zM, enabling detection at the
single-molecule level.** Although the localized SPR (LSPR)
was tuned to be consistent with the operating wavelength of
the microfiber transducer within the telecommunication
band,***” the synthesized nanointerfaces on the microfiber
entailed complicated constituents and time-consuming pro-
cessing procedures.

Herein, we have developed an optical microfiber with MoSe,
nanosheets to support high-aspect-ratio gold nanorods for the
detection of clear cell renal cancer exosomes. The plasmon
resonances of gold nanorods were tuned to the communication
window, and high-aspect-ratio gold nanorods were synthesized
via a simple seed-mediated growth method. In comparison to
other two-dimensional (2D) transition-metal dichalcogenides
(TMDCs) and graphene, MoSe, has a greater layer spacing
with a smaller energy band gap and greater optical absorption
efficiency, which can lead to it possessing excellent biosensing
performance.** > With the sensing performance enhancement
due to the nanointerfaces, the microfiber sensor provides an
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Figure 2. (a) Schematic diagram of the interfacial functionalization of the microfiber exosome biosensor. (b) AFM image of the pure silica
microfiber surface. (c) Raman spectrum of the few-layer MoSe, nanosheets on the microfiber. (d) TEM image of gold nanorods with high aspect
ratios. (e) Extinction spectrum of the gold nanorods. (f) AFM image of the microfiber with a MoSe, spacer and gold nanorods. (g) Process of CA9
aptamer immobilization on the optical microfiber probe. (h) Schematic diagram of the experimental setup for real-time in situ monitoring of the

exosomes.

ultrahigh sensitivity for detecting exosomes, with an ultralow
LOD of 9.32 particles/mL, which is lower than those of
reported cutting-edge methods.'”*"*”*’ The microfiber is
capable of differentiating clinical pathological plasma and
healthy controls. This work opens up a novel method for the in
situ detection and quantification of exosomes with ultrahigh

sensitivity in early clinical screening and diagnosis.
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B RESULTS AND DISCUSSION

Principle of Clear Cell Renal Cancer Exosome
Sensing. As a valuable intercellular communication vehicle
in clear cell renal cancer, exosomes play very important roles in
renal cancer pathological progression. Exosomes are derived
from invagination of the renal cancer cell plasma membrane,
and they can be released from the membrane into the
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Figure 3. (a—c) Measured optical transmission spectra of an as-prepared microfiber sensor and two other control microfiber sensors as a function
of exosome solution concentration. (d—f) Wavelength shifts of the as-prepared sensor and control sensors as a function of the exosome solution
concentration. (a) and (d) are for the optical microfiber decorated with MoSe,-supported gold nanorods and CA9 aptamers, (b) and (e) are for the
sensor with gold nanorods and CA9 aptamers, and (c) and (f) are for the microfiber sensor only decorated with CA9 aptamers without any

sensitized nanointerface. Error bars represent 1 standard deviation (n = 3).

extracellular microenvironment via exocytosis. In addition,
renal cancer exosome particles are enriched with some
membrane proteins (e.g, CA9 protein), miRNAs, DNA,
nuclear proteins, etc. (Figure la). By using a nanoparticle
tracking technique, we found that a majority of exosomes are
150 nm in size, and the results are shown in Figure 1b. Via
scanning electron microscopy (SEM), we observed the
detailed morphology of the exosomes, as shown in Figure lc.
Figure 1d shows the differences in specific protein expression
between cancer patients and normal persons. Clearly, the CA9
protein is highly expressed in clear cell renal cancer for the
majority of patients; in contrast, the protein is expressed at low
levels in most normal persons. Therefore, the CA9 protein is
regarded as an ideal receptor for renal cancer exosome
detection.”’ As shown in Figure 1a, a nanointerface-sensitized
optical microfiber with the specific probe of the CA9 aptamer
is immersed in a renal cancer patient plasma sample. After the
exosome particle enters the evanescent field of the microfiber,
the CA9 aptamer on the microfiber can capture the target
exosome in a curling manner. Under this circumstance, the
refractive index (RI) on the surface of the microfiber is
increased, and the variation information can be translated into
a red shift in the transmission interferometric spectrum (Figure
le). As depicted in Figure 1f, the patient plasma can induce a
dynamic optical signal response, which is reflected in a larger
wavelength red shift in the optical transmission spectrum.
Interfacial Functionalization of the Microfiber with
MoSe,-Supported Gold Nanorod Nanointerfaces. As
presented in this paper, we fabricated an optical microfiber
biosensor by using the flame-brushing technique, which is
illustrated in Figure S1. Specifically, a silica thin-core fiber with
a 1.80 um core and a 125 ym cladding was slowly heated and
stretched into a microsized optical microfiber. An image of the
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entire optical microfiber obtained through optical microscopy
is shown in Figure S2a. According to the detailed observation
of a fraction of the microfiber, the diameter of the microfiber
was 11.44 um, and the length of the uniform region was 2.40
mm. The results obtained above are shown in Figure S2b. Our
fabricated optical microfiber functions as a Mach—Zehnder
interferometer (MZI); the interference fringe in air is
illustrated in Figure S2c. As an MZI, the high-order-mode
HE|, can be excited from the transition region and can
interfere with the intrinsic HE,, mode within the uniform
region of the microfiber. Figure S3 shows the modal
distributions of the HE;; and HE,, modes. As shown in
Figure S3, the HE|; mode is confined inside the fiber, while the
HE,, mode leaks out of the microfiber and is more sensitive to
small variations in the external environment. Eventually, the
effective indices of the two modes can be modulated, and the
interference fringe of the microfiber MZI can be varied.

The design of the interfacial functionalization of the
microfiber with MoSe,—gold nanorod nanointerfaces and the
CA9 aptamer is depicted in Figure 2a. The interface of the
silica microfiber was sequentially modified by using piranha
solution. An atomic force microscope (AFM) image shows that
the surface of the silica microfiber was smoothly cleaned
(Figure 2b).

A 3-aminopropyltriethoxysilane (APTES) solution was
mixed with the MoSe, nanosheet dispersion solution, and
the MoSe, nanosheets were endowed with positive charges.
Subsequently, MoSe, nanosheets were immobilized on the
microfiber interface due to a covalent reaction. As can be seen
from Figure S4, MoSe, nanosheets were successfully
immobilized on the microfiber surface, and the thickness of
the nanosheets was approximately S nm. As shown in Figure
SSa, we observed a dynamic wavelength red shift in the optical
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spectrum with a maximum value of 15 nm within 20 min.
Figure 2c exhibits the measured Raman spectra of the MoSe,
nanosheets. As shown in Figure 2c, three characteristic peaks
of By, (16892 em™), A;, (24229 cm™) and 'E,, (29043
cm™!) were obtained, which coincided well with the locations
of the peaks in the reported literature.”*~>* The morphology of
the gold nanorods is presented in Figure 2d, obtained through
transmission electron microscopy (TEM). According to the
TEM image, the longitudinal length and transverse length of
the gold nanorods were approximately 200 and 20 nm,
respectively. To investigate the extinction property of the gold
nanorods, we measured the two characteristic LSPR peaks
located at 503 and 1456 nm corresponding to the transverse
length and longitudinal length of the gold nanorods,
respectively, in the ultraviolet—visible—near-infrared (UV—
VIS—NIR) spectra, as shown in Figure 2e. Afterward, high-
aspect-ratio gold nanorods decorated with carboxyl-poly-
ethylene-mercapto (COOH-PEG-SH) could be successfully
immobilized on the microfiber surface through a dehydration—
condensation reaction. Figure SSb depicts the wavelength shift
as a function of time with the gold nanorods immobilized on
the microfiber surface. Due to the negative group index of gold
nanorods, a blue shift in the optical spectrum occurred, with a
maximum wavelength shift of —0.40 nm within 20 min. Figure
2f presents an AFM image of the microfiber interface
functionalized by MoSe,-supported gold nanorods. One can
see in Figure 2f that nanointerfaces were successfully bonded
on the surface of the microfiber. Eventually, the proposed
microfiber could successfully capture CA9 aptamers via an
electrostatic attraction, which could be reflected in the gradual
red shift in the transmission spectrum with increasing reaction
time, as shown in Figure 2g. Figure 2h illustrates the
experimental setup for clear cell renal cancer exosome sensing.
As demonstrated in Figure 2h, the as-prepared microfiber was
immersed in the target aqueous solutions with a total volume
of 1 mL, a broad-band source (BBS) provided incident light
within the spectral range of 1250—1650 nm, and an optical
spectrum analyzer (OSA) with a minimum resolution of 0.02
nm was employed to monitor in situ the real-time biological
reactions.

Clear Cell Renal Cancer Exosome Sensing. The
exosome sensing abilities of the as-prepared microfiber sensor
and control sensors I and II are shown in Figure 3. In our
experiments, the nanointerfaces of the as-prepared optical
microfiber sensor with CA9 aptamers consisted of MoSe,-
supported gold nanorods, while those of control microfiber
sensors I and II with CA9 aptamers consisted of gold nanorods
and materials without any nanointerface sensitization,
respectively. The above three microfiber sensors were obtained
from the same optical microfiber device with a diameter of
11.44 pym. Before exosome sensing, the three sensors were
separately dipped into phosphate-buffered saline (PBS)
solutions for 1 h to reduce the interference of the nonspecific
ions in PBS during the biosensing measurements.** Figure S6
illustrates the stability of the three sensors in pure PBS
solutions. According to a numerical analysis, the three standard
deviations s, (as-prepared sensor), s, (control sensor I) and s,
(control sensor IT) were 0.01, 0.02, and 0.04, respectively. To
investigate the sensing abilities of the three sensors, the sensors
were all immersed into exosome solutions with different
concentrations ranging from 10° particles/mL to 10° particles/
mL. When the as-prepared sensor was exposed to the
solutions, obvious and regular red shifts of wavelength dips
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occurred, which is demonstrated in Figure 3a. The as-prepared
sensor exhibited a wide linear response with a high sensing
sensitivity of 0.87 nm per log particles/mL and a perfect
linearity of 99.40% within the exosome concentration range of
10°—10® particles/mL, as shown in Figure 3d. On the basis of
the given s, value and the sensitivity, one can obtain the LOD
of the sensor using the equation®”

XLoD = f_l (}’black + 30—) (1)

where f' indicates the inverse of the fitting function and Vol
ack

denotes the average value of the wavelength shift in the linear
response region for the exosome concentration. For the as-

prepared sensor, ¥ - equals 0.16 nm. Finally, we calculated

that the LOD of the sensor was 9.32 particles/mL, which is
lower than those of reported cutting-edge methods.'”*"*"*
The specific nanointerfaces of control sensor I were
composed of gold nanorods and CA9 aptamers, as depicted
in Figure S7a. The wavelength variation —0.20 nm of the
sensor during the functionalization process is presented in
Figure S7b. Aptamers were successfully anchored on the
microfiber surface via a covalent reaction, and the maximum
wavelength variation was approximately 0.10 nm, as shown in
Figure S7c. By calculating eq 1, the detection sensitivity and

Vo Of control sensor I were 0.47 per log particles/mL and

0.48 nm, respectively, with a linearity of 96.10% (Figure 3b,e).
The LOD of sensor I was calculated as 1.37 X 10° particles/
mL. For control sensor II, the detection sensitivity and

were 0.57 per log particles/mL and —0.37 nm, respectively
(Figure 3c,f). A relatively high LOD of 1.96 X 10° particles/
mL was obtained for the sensor.

Figure S8 demonstrates the sensing abilities of the as-
prepared sensor and other control I and II sensors in exosome
solutions with a unit concentration of 10® particles/mL.
Obviously, the as-prepared microfiber sensor could successfully
detect the exosomes in solution at this ultralow concentration,
in which the very few exosome molecules could induce a red
shift of ~0.20 nm for the transmission dip (Figure S8a). Due
to the lack of MoSe,-supported gold nanorod nanointerfaces,
control sensors I and II could not sense the target component
at such a low concentration (Figure S8b and c).

As described above, the MoSe,-supported gold nanorod
nanointerfaces could greatly improve the sensing ability of the
optical microfiber in the detection of exosomes at ultralow
concentrations.

Specificity of the As-Prepared Exosome Sensor. In the
real extracellular physiological environments of human beings,
some complicated interfering ions, inorganics, and organics
exist. To meet the demands of clinical assays and diagnosis, the
sensor must be able to specifically differentiate the target
object from the complicated extracellular environment. To
mimic the real physiological environment of extracellular body
fluids, target particles of clear cell renal cancer exosomes with a
relatively low concentration of 10* particles/mL and some
interfering control analytes (i.e,, Na*, K', glucose, urea, human
serum albumin (HSA), and fibrinogen gamma chain (FGG)
with ultrahigh concentrations of 107 mol/L) were chosen, as
indicated in Figure 4. As demonstrated in Figure 4, only the
exosomes could cause a dynamic transmission wavelength
variation of 2.64 nm, while the other interfering analytes could
not induce a notable optical signal response according to
separate detections of each solution using our as-prepared
exosome sensor. In addition, when the exosome solution with a
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Figure 4. Comparison of the as-prepared optical microfiber biosensor
responses to pure exosome solution with a concentration of 10*
particles/mL, other interfering analytes with a high concentration of
10° M, and a solution mixture consisting of the exosome solution (10*
particles/mL) and all interfering components (10° M). Error bars
represent 1 standard deviation (n = 3).

concentration of 10* particles/mL was mixed with the other
control analyte solutions, a significant wavelength shift of 2.40
nm still occurred, which was attributed to the existence of
exosome molecules. The energy loss of the as-prepared
microfiber sensor immersed into the solution mixture was
why the induced wavelength shift in the mixture solution was
smaller than that in the pure exosome solution.’® Thus, the
proposed microfiber exosome sensor with such remarkable
specificity is promising for effectively conducting in situ sensing
of clinical samples.

It is necessary to directly verify the exosome capture by the
CA9 aptamer on the microfiber. To this end, we have added an
AFM image on the optical microfiber sensor coated with
exosomes after sensing the sample in PBS solution in Figure
S9a. According to the AFM image, it was observed that the
surface roughness and thickness of microfiber increased
obviously after capturing the exosomes, when the AFM images
in Figure 2b,f are compared. Figure S9b shows the SEM image
on the optical microfiber sensor coated with exosomes after
sensing the sample in PBS solution. It was obvious that the
exosomes with a diameter of about 150 nm were randomly
distributed on the optical microfiber surface.

Real Plasma Sample Analysis of Exosomes for Cancer
Diagnosis. As a noninvasive biosensing tool, the capability of
the as-prepared optical microfiber exosome sensor to detect
and assay renal cancer patient plasma and healthy plasma for
renal cancer diagnosis was assessed and evaluated, as shown in
Figure S. The microfiber sensor with a compact size could be
used to sense the plasma samples collected from clear cell renal
cancer patients (n = 10) and healthy controls (n = 5). On the
basis of quantification of the contents of the exosomes in the
two types of plasma samples, the renal cancer patient plasma
samples could all induce an evident spectral response,
indicating that the renal cancer exosome particles were caught
through binding of the high-expression CA9 protein on the
exosome surface to the aptamers on the as-prepared microfiber
sensor in the plasma samples, as recorded in Figure Sa and
Figure S10a. As shown in Figure Sb and Figure S10b, the
healthy plasma samples could also cause an optical response to
a certain extent, which was a result of the low expression of
CA9 protein on the exosome surface in the healthy plasma
samples. In order to confirm whether the exosomes in the renal
cancer patients’ plasma used in this study express CA9, it is
necessary to directly observe CA9-mediated exosome capture
on the optical microfiber surface in the patent’s sample. To this
end, we have obtained an AFM image of the CA9-mediated
exosome capture on the optical microfiber in a renal cancer
patient’s plasma, as shown in Figure S10c. In Figure S10c, the
surface roughness increased very obviously after capturing
exosomes in a renal cancer patient’s plasma. This is the reason
that CA9 protein is highly expressed on the exosome surface
for a clear cell renal cancer patient. Thus, our proposed as-
prepared microfiber sensor with ultrahigh sensitivity and
outstanding specificity could differentiate pathological plasma
and healthy controls. These assay results demonstrate a new
exosome diagnostic approach for liquid biopsy and pave the
way for applications in very early stage clinical screening,
diagnosis, and prognosis.

LSPR Enhancement of the As-Prepared Optical
Microfiber. For this RI sensor, the evanescent field of the
optical microfiber plays an extremely important role in sensing
the small RI variations of the fiber interface. By employing the
commercial software COMSOL Multiphysics, we simulated
the modal distribution of the microfiber with a diameter of
11.44 pum (Figure S3). The simulation results show that the
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Figure S. (a) Optical response of the sensor to renal cancer patient plasma. (b) Optical response of the sensor to healthy plasma. Clinical samples
were collected from clear cell renal cancer patients (n = 10) and healthy controls (n = S). Error bars represent 1 standard deviation (n = 3) Inset in
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energy of the evanescent field is mainly contributed by the
high-order mode HE,,. By an analysis of the simulation data,
the penetration depth of the evanescent wave for the HE,,
mode is 2.47 pm, as displayed in Figure S11. Therefore, the
strong enhancement of the energy density of the HE;, mode
within the evanescent field can effectively improve the sensing
sensitivity. In this model, the intensity of the HE;, mode is
positively correlated with the microfiber propagation constant.
The induced variation in the propagation constant is
determined by the formula®”

Ap

p

mk |E(x, y)I*V,
JLAE)P ds

~

)

where m depicts the quantity of binding exosomes, k denotes a
constant determined by the permittivity of the exosomes,
E(xy) indicates the intensity of the local electric at the
exosome binding site, V; is the volume of a single exosome, L
represents the uniform waist length of the proposed optical
microfiber, E(I) is the electric field, and S is the space of the
microfiber sensing surface. For a given microfiber device and
category of target molecules, the parameters m, k, V,, L, E(I),
and S are certain. Therefore, improving the local electric field
at the exosome binding site can greatly enhance the sensing
sensitivity. To investigate the local electric field of the MoSe,-
supported gold nanorod nanointerfaces on the microfiber, we
numerically investigated the three different types of nano-
interfaces on the microfiber surface by using a finite-difference
time-domain (FDTD) approach, and the regions of interest of
the nanointerfaces were excerpted from parts of SEM images
(Figure S12a,c). The measured AFM and TEM images show
that the thickness of the MoSe, nanosheets was approximately
S nm, and the transverse and longitudinal lengths of the gold
nanorods were approximately 20 and 200 nm, respectively.
The RI of MoSe, at a wavelength of 1550 nm was acquired
from ref 58. By application of the obtained parameters, the
numerical simulation results of the three nanointerfaces on the
microfiber surface are displayed in Figure S12b,d—f. As shown
in Figure S12f, the maximum E(x,y) of the microfiber with
MoSe,-supported gold nanorods was 2.34-fold higher than that
of the microfiber with only gold nanorods and 1104-fold
higher than that of the microfiber without any nanointerface.
As a consequence, the microfiber surface with MoSe,-
supported gold nanorods could induce a dynamic wavelength
shift and realize an ultrahigh sensing sensitivity.

B CONCLUSIONS

This work presented a microfiber MZI functionalized with
MoSe,-supported gold nanorods for the detection of clear cell
renal cancer exosomes. The microfiber biosensor could sense a
broad range of concentrations from 10° particles/mL to 108
particles/mL, with an extremely low LOD of 9.32 particles/
mL. The LOD result is much lower than those of current
various state of the art methods.'”*"*”** More importantly,
the microfiber with high specificity can successfully differ-
entiate pathological plasma and healthy controls, exhibiting
very promising clinical applications. This work demonstrates a
new exosome diagnostic approach for liquid biopsy and paves
the way for applications in very early stage clinical screening,
diagnosis, and prognosis.

1932

B MATERIALS AND METHODS

Materials. All chemical reagents were provided by the Sigma—
Aldrich Reagent Database, Inc. They were of analytical grade and
were used without further purification. PBS solution (pH 7.4) was
supplied by Beijing Solarbio Science & Technology Co., Ltd.
Tris(hydroxymethyl)aminomethane (Tris buffer, pH 7.4, 1.0 M)
and the ssDNA (5’-COOH-AGCAGCACAGAGGTCAGATGTGG
GCGCAGTGATGGGTTGGTCCTATGCGTGCTACCGTCCT
ATGCGTGCTACCGTGAA-3') aptamer were purchased from
Sangon Inc. (Shanghai, China). The CA9 aptamer plays a very
important role in sensing the clear cell renal cancer exosomes. CA9
aptamer is a single-stranded DNA strand, also named the CAIX
aptamer, that bound to CAIX was sequenced by high-throughput
sequencing in ref 59. According to ref 59, CA9 aptamer could
specifically bind to the CA9-positive cells or other biomarkers.
Therefore, the CA9 aptamer could specifically bind to CA9-positive
clear cell renal cancer exosomes in this paper. FGG and HSA
solutions were purchased from Sigo Biological Inc. (Beijing, China).
The MoSe, nanosheet dispersion solution was synthesized and
provided by Beike New Material Technology Co., Ltd. (Beijing,
China). COOH-PEG-SH powder was supplied by Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Exosome particles were
extracted from clear cell renal cancer cells by H. Wang at the
Department of Urology of the First Affiliated Hospital of Anhui
Medical University. Clinical patient and healthy plasma samples were
collected and provided by H. Wang from the First Affiliated Hospital
of Anhui Medical University.

The exosome solution was diluted with PBS solution to
concentrations from 10° particles/mL to 10° particles/mL. NaCl,
KCl, glucose, and urea solutions were diluted with deionized (DI)
water to concentrations of 107 mol/L. The HSA and FGG solutions
were diluted with PBS to concentrations of 107® mol/L. Plasma
samples were obtained by centrifuging the clinical whole blood
samples.

Preparation of the Aminated MoSe, Nanosheet Dispersion
Solution. The dispersion solution of MoSe, nanosheets was prepared
by mixing them with APTES (99%) solution at a volume ratio of 1/2
and stirring for 1 h in a glovebox filled with nitrogen gas.

Synthesis and Functionalization of High-Aspect-Ratio Gold
Nanorods. The seed solution was prepared by adding NaBH,
solution with a concentration of 0.01 M into a mixture of CTAB
solution (concentration of 0.20 M) with HAuCl, solution
(concentration of 0.000S M) and stirring for 2 min. Next, the
above solution mixture was stored at room temperature for 2 h.
Finally, 10 mL of the seed solution was added to the growth solution
(consisting of CTAB with a volume of 4.50 mL, HAuCl, with a
volume of 0.32 mL, and ascorbic acid with a volume of 0.10 mL).%°

COOH-PEG-SH powder was dissolved in DI water with the help
of ultrasonication and stirring for 1 h. Carboxylated gold nanorods
were obtained by mixing the gold nanorod solution with a COOH-
PEG-SH aqueous solution for 12 h.

Characterization. The surface morphologies of microfibers with
different nanointerfaces were observed by AFM (5500M, Hitachi)
and SEM (S-4800, Hitachi, Japan). The morphology of the gold
nanorods was observed by HR-TEM (JEM-2100). The Raman
spectra of the MoSe, nanosheets were measured by a Raman
spectrometer (Renishaw inVia, excited by a 488 nm laser line). The
extinction spectra of the gold nanorods were acquired with an UV—
VIS—NIR spectrophotometer (PerkinElmer, Lambda 750S).

Fabrication of the Optical Microfiber Device. A flame-
brushing technique was applied to fabricate the optical microfiber
device based on an oxy-hydrogen flame tapering platform. Specifically,
a silica thin-core single-mode fiber (UHNA3, Nufern Inc.) was heated
by a flame and slowly drawn at a rate of 0.04 m/s. Notably, the
hydrogen flow rate was controlled at 200 mL/min in this tapering
process.

Experimental Setup. In the sensing system, incident light over a
spectral bandwidth of 1250—1650 nm was launched from a BBS. The
average light intensity of the BBS was approximately —30 dBm. An
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OSA with a minimum resolution of 0.02 nm was employed to
monitor the transmission spectrum of the optical microfiber.

Sensing Mechanism. The fabricated optical microfiber is
regarded as an MZI Its detection mechanism can be represented
by the differential equation

di_ Aap (1 OAng
d"sur r Aneff ansur ( 3 )
Adip  dAngg . . . . L.
where ' =1 — FOTRRSTE indicates the dispersion factor, which is
e

normally negative for our fabricated microfiber. ng,, is the RI of the
microfiber surface. g, represents the wavelength of a transmission dip.
An g indicates the difference between the effective index of the HE
mode and the effective index of the HE;, mode.

Numerical Simulations. The modal distributions and evanescent
field profile of the optical microfiber were simulated and calculated by
the commercial COMSOL Multiphysics software on the basis of the
finite element method (FEM) at a wavelength of 1550 nm. Near-field
mapping of the microfiber with different nanointerfaces was simulated
by the FDTD method on the basis of the measured geometrical
parameters of the MoSe, nanosheets and gold nanorods.
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