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Abstract

Microstructured optical fibers (MOFs) provide solutions for breaking through the
bottlenecks in areas of high-power transmission and high-efficiency optical waveguide.
Other than transporting light wave, MOFs can synergistically combine microfluidics
and optics in a single fiber with unprecedented light path length not readily achievable
by planar optofluidics configurations. Here we demonstrate that hollow-core anti-
resonant optical fiber (HCARF) can significantly enhance Raman scattering by over
three-orders-of-magnitude (EF=5000) compared with a planar setup, due to the joint
mechanisms of strong light-matter interaction in the fiber core and cumulative effect
of the fiber. The giant enhancement enables us to develop the first optical fiber sensor
to achieve single cancer exosome detection via a sandwich-structured strategy. This
enables multiplexed analysis of surface proteins of exosome samples, potentially
allowing an accurate identification of the cellular origin of exosomes for cancer
diagnosis. Our findings could expand the applications of HCARF in many exciting areas

beyond waveguide.



Microstructured optical fibers (MOFs), especially the most recent innovations of
hollow-core anti-resonant optical fibers (HcARFs), provide solutions for breaking
through the bottlenecks in areas of high-power transmission and high-efficiency optical
waveguide 1. The featured light-guiding properties of anti-resonant optical fiber (ARF)
determines its unique advantages such as broadband transmission, strong light-matter
interaction, low delay, low nonlinearity, low transmission loss and low dispersion 2,
rendering them an ideal medium for communication, especially in the big data era.

Other than transporting light wave, HcARFs can synergistically combine
microfluidics and optics in a single fiber with unprecedented light path length not
readily achievable by planar optofluidics configurations. The combination of featured
parameters allows ultrafast signal propagation through the fiber without significant
distortions, opening a door to a vast range of biochemical applications. A recently
reported low-nonlinearity hollow-core anti-resonant fiber can transmit a single pair of
orthogonal polarization modes with cross-coupling on the scale of 1071 m™!; providing
a leap in performance for photonics-enabled sensors and instruments 3. As a fluid
channel, HCARFs enables nL-uL level sample to be tested in gaseous or liquid form in
the core, dispensing with a sample cell. Therefore, HCARFs have emerged as a powerful
tool in the field of biochemical, gas, strain and temperature sensing *°, via taking
advantages of the strong light-matter interaction. Light-gas-acoustic interaction and
light-gas-thermal interaction in gas-filled HCARFs resulted in phase modulation of a
probe beam propagating in the fiber, enabling spectroscopic characterization of gas
species and concentration as well as the fiber microstructure "°. Orders-of-magnitude
enhancement of fluorescent signal by HcARF enabled ultrasensitive detection of
environmental pollute & 1°,

In view of enhancing Raman scattering using optical fiber, most reported studies



were focused on using hollow core photonic crystal fibers (HcPCFs). Previously, great
successes have been achieved in enhancing Raman scattering via free-space
propagation in order to achieve highly sensitive detection, for instance, surface
enhanced Raman spectroscopy (SERS) %, tip enhanced Raman spectroscopy (TERS)
12 and cavity enhanced Raman spectroscopy (CERS) 3, the most striking enhancement
factor by several orders of magnitude has been reported. Compared with free-space
propagation, there are advantages using optical fiber to enhance Raman signal. For
example, optical fiber is gifted with striking cumulative effect due to extended length.
For the most of the cases, the volume of light-sample interaction of free-space
propagation, which is proportional to Raman signal intensity, is extremely small. Tiny
impurities would severely interfere with the assays, hindering the applications of the
existing mechanisms. Considering the complexity of biological and clinical samples,
low content of the target, as well as the necessity of point-of-care monitoring, additional
technologies favoring for clinical applications is in urgent demand. In this regard,
marriage of optical fiber approach with SERS/TERS/CERS may provide a solution.
Using hollow core photonic crystal fiber (HcPCF), highly sensitive detections of
cancer marker epidermal growth factor receptors (EGFRs), heparin, leukemia cells, and
so forth, have been reported *41°. However, HcPCFs suffer from numerous drawbacks
that limit their use for SERS based biosensing and other opto-fluidic applications %,
which include: (a) transmission window is rather narrow, (b) the properties could be
deteriorated by light coupling to modes confined in the ring of glass surrounding the
hollow core 2! and (c) the evanescent field and the cladding mode of HcPCF often
generate strong background Raman signal of silica material, interfering with the
measurements. To block the background signal, additional device, such as a spatial

filtering system with a small pinhole, need to be adopted *°. These weaknesses severely



hamper the applications of Raman-based HcPCF sensor, especially for real-time
monitoring of clinical samples. Other types of optical fibers, such as metal-lined hollow
core fiber (MLHCF), suspended core optical fiber (SCF), have also been investigated
for sensing applications, however, the transmission loss is rather high and, sometimes,
are not appropriate for specific and label free detection 2224,

The advantages of state-of-the-art HCARFs have attracted increasing attention in
the sensing area. It is in this context; we investigated the Raman enhancing effects of
HcARF and subsequently developed a novel HcARF-based surface enhanced Raman
scattering (SERS) sensing platform for label-free and ultrasensitive detection of cancer
exosomes in an extremely low sample volume. As proof of concept, cancer derived
exosomes were analyzed quantitatively. Highly specific single exosome probing was

achieved, moreover, surface protein profiling and multiplexed exosome identification

to allow assignment of cancer subtypes were explored.

Experimental section
Fabrication and characterization of the HcCARF

Silica tubes were pre-drawn into capillaries, and then stacked in silica outer sleeve
to form an optical fiber preform. The fiber preform was placed in the high-temperature
drawing tower and was drawn to form the designated microstructure.

The cross-section morphology of the as-fabricated optical fiber was analyzed using
scanning electronic microscope (SEM, SU9000 STEM/SEM, Hitachi High-
Technologies Corporation of Japan).

The transmission band was measured using a supercontinuum light source. Briefly,

the laser of the supercontinuum light source was coupled into the 10cm HcARF (or



LcARF). The spot at the output end was recorded with a CCD, and the transmission
spectrum was recorded by a spectrometer.
Numerical simulation

The light field distribution of HCARF and LcARF and the transmission losses were
simulated using COMSOL Multiphysics. Only confinement loss was analyzed. The
effective refractive indices of HCARF and LcARF at different wavelengths of optical
transmission were utilized. According to the confinement loss formula, the loss value
in the 0.4-1.5pum band was simulated.
Raman scattering signal measurement

For the planar substrate experiment, 10 pL Ag-4-MBN solutions at different 4-
MBN concentrations were dropped on glass slides followed by immediate acquisition
of Raman signal as described below. For optical fiber and capillary experiments, same
length (10 cm) of capillary (50 um diameter, TSU050375, Polymicro technologies) and
HcAREF fiber were filled with different concentrations of Ag-4-MBN solution via an
autosampler. Raman spectra were acquired using a confocal Raman spectrometer
(Renishaw inVia) with a 50x objective. A 785 nm laser was used to excite the samples.
Data acquisition conditions were kept same for all the samples (excitation power 0.6
mW, acquisition time 10 s). The beam size of the excitation light was about 1pum. The
signal obtained was from the total excitation zone.

The Raman enhancement factor (EF) was calculated using the following Eqn.1 %:

EF =-£ (1)

Where I represents the intensity of the Raman signal in LcARF and Iy represents

the intensity of the Raman signal on the planar substrate. Cr and Cp are the



concentrations of the 4-MBN molecule.
Fiber Surface Functionalization

The mixture of APTES, absolute ethanol and ultrapure water at concentration of
2.5%, 96.5% and 1% (v/v) was injected into the fiber channel using a precision injector
(Baoding Leifu Fluid Technology Co., Ltd, China). After standing at room temperature
for 6 h, the fiber was washed with water. The carboxylated AptCD63 was first activated
by EDC and NHS solution (EDC and NHS were mixed at 1:1 ratio, then added to to 40
puL pH=5.85 MES buffer containing AptCD63) before filled into the fiber channel. After
overnight incubation at room temperature, BSA (1 mg/mL) was filled to the fiber
channel to shield the electrostatically active sites on the inner wall of the fiber.
AptCD63-Cy5 was immobilized on the fiber wall using similar protocol. The above-
mentioned functionalized fiber was washed with water, and then placed in the optical
path in Fig. S3 for fluorescence measurement.
Construction of SERS probes

To prepare SERS probe for HER2, 4 uLL 5 uM AptH2 was added to 100 pL 0.03
nM AgNPs solution, and incubated at 37°C for 2 h. Then, 8§ pL 0.7 mM 4-MBN was
added and incubated at room temperature for 3 h. The resultant SERS probes were
purified by centrifugation (Thermo scientific) at 8000 rpm for 30 min, followed by
removal of the supernatant. The probes were then dispersed in PBS. 5 puL of SERS
probes was dried on silicon wafer for Raman spectrum measurement with a confocal
Raman spectrometer. The zeta potential of SERS probes was measured using a
Mastersizer 3000 (Malvern Panalytical).
Exosome detection using the proposed sensor

The SkBr3 exosomes were filled into the functionalized ARF using a precision

liquid filling instrument at a speed of 1 uL/min and then incubated at 37°C for 2h. Then



SERS probe for HER2 was streamed in the fiber and incubated overnight at room
temperature to allow the HER2 probe to specifically bind to SKBR3 exosomes. After
thoroughly washed with ultrapure water, the fiber was placed on the operating platform
for Raman spectra acquisition. A confocal Raman spectrometer (Renishaw inVia) with
a 50x objective was used to detect SERS spectra. The SERS spectra were acquired at
785 nm excitation (the power was 0.6mW), the integration time was 10s.
Statistical analysis

Each experiment was repeated at least three times. The data was processed by
OriginPro 2019b software and expressed as mean + SD. One-way ANOVA was
performed to judge whether the data are statistically significant, *** indicates that p
value is less than 0.001, ** indicates that p is less than 0.01, and * indicates that p is

less than 0.05.

Results and discussions
Fabrication and characterization of HCARF
The light guiding mechanism of anti-resonant fiber (ARF) follows the principle of
anti-resonant reflecting optical waveguide (ARROW), as shown in Eqn. 2., where n is
the refractive index of the fiber material, i.e. silica (n=1.45), n; is the refractive index
of the core, t is the wall thickness of the seven cladding holes, m=0, 1, 2.... HcARFs
allow the match of low refractive-index (RI) fluids, resulting in a strong light-sample
overlap in the core.
Ares = — n? — n? (2)
The resonance condition is usually determined by the thickness of cladding tube wall
and silica refractive index. The core size and cladding tube size of HCARF were

premeditated according to the required transmission wavelength and single-mode



transmission characteristics. Then, the HCARF fiber was fabricated using the Stack-
and-Draw method ?°. Briefly, the capillary tubes were stacked inside to form a preform
and drawn uniformly at high temperature. The cross section of as-fabricated HCARF
was shown in Fig.1a. The outer diameter was 202 um, the air core diameter D was 30
um, the cladding tube diameter was 14 um, and the wall thickness t of the cladding tube
was 0.4 pm.

The transmission spectrum was shown in Fig. 1b (purple line). The anti-resonant
transmission windows of a 10cm HcARF, measured using a supercontinuum light
source (400-1200nm), were 470-750nm and >830nm (>1000nm was not measured).
Since the fiber was attempted for sensing aqueous samples, the transmission spectrum
of a liquid-core ARF (LcARF) was measured using the same supercontinuum light
source, as shown in Fig. 1b (orange line). Mainly single-mode guidance was observed
for both HCARF and LcARF, Fig. 1b inset. Excellent light transmission in the range of
470~1000 nm was observed for LcARF, which is in contrast to HCARF. The better light

transmission in the range of 750-830nm of LcARF can be explained using Eqn. 2,

which evidences that the transmission window of ARF is related to the refractive index
contrast between cladding glass and core material. The resonant wavelength Apqg
decreases, when the core material is changed from air (n=1) to water (n=1.33), which
is spectrally manifested as a blue shift of the resonant band ?’. As a result, the resonant
band (non-light conductive band) for HcARF at 750-830nm converted to light
conductive band for LcARF, which is a benefit for using 785nm laser to excite Raman
signal. Please note that, due to the wavelength limitation of the spectrometer, we were
unable to observe blue shift of transmission band at the short wavelength region (around

400nm).
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Fig. 1. Characterization of the HCARF and LcARF. (a). Left panel: cross section morphology of the
HCARF; right panel: microstructure of the cladding and the core. (b). Transmission window of
HcARF (purple line) and LcRF (orange line). The insets show mainly single-mode profiles of HCARF
and LcARF respectively. (c). Light electric field distribution in the core region of HCARF (left) and (d)
LcARF (right). (e). Simulated transmission loss of HCARF (purple line) and LcARF (orange line).

A striking feature of hollow-core anti-resonant optical fiber is the strict light
confinement in the fiber core, due to the unusual light transmission mechanisms 2. In
addition, the specially-designed microstructure also enables light to be propagated at

very low transmission loss 230

, in clear contrast to free space transmission. The overall
effects ensure strong light-matter interaction in the core region.

To confirm that, the light electric field distribution of the fundamental guiding
mode of HCARF and LcARF were simulated using finite element analysis method, as
shown in Fig. 1c. At 785 nm, the light field distribution of LcARF (Fig. 1d) showed

maximum intensity at the core center, ensuring strong light-matter interaction within

the liquid core. These results provide strong evidence that the liquid core is a robust



waveguide, although the refractive index of the filled liquid (n=1.33) is much higher
than air (n=1.0).

The simulated transmission losses of HCARF and LcARF were shown in Fig. le
(here we only simulated the confinement loss). A resonant peak with maximum
wavelength of ~800 nm for HCARF was observed (purple line), which is consistent with
the transmission band (Fig. 1b purple line). For LcARF, the resonant band was present
at around 430nm. This is consistent with the measured transmission spectrum in Fig.
1b orange line. Clearly, this property of LcARF favors Raman signal acquisition using
785nm excitation wavelength.

ARF enhances Raman scattering (AERS)

To investigate the fiber enhanced Raman scattering, the HCARF was filled with a
mixture of AgNPs and 4-Mercaptobenzonitrile (4-MBN) solution and excited with a
785nm laser (Fig. S1). Fig. 2a, b & c are the Raman spectra of 4-MBN from a planar
substrate (glass slide), a capillary tube, and a HcARF, respectively. A prominent peak
of Raman shift at ~2223 cm™! was observed owing to the stretch of C=N triple bond,
while the other two prominent peaks of Raman shift at 1585 and 1074 cm™! were
assigned to the symmetric in-plane aromatic ring C—C deformation and the C—H
deformation, respectively 1. Analyzing the data in Fig. 2a, b & c, great Raman signal
enhancement was obtained. The Raman enhancing factors (EF) were over three-orders-
of-magnitude, which were 2.43x10° and 4.89x10°, when compared LcARF with
capillary tube; and LcARF with planar substrate, respectively, which is the best record
for optical fiber enhanced Raman scattering.

The remarkable enhancement of Raman scattering by ARF can be explicated by

the joint effects of strong light-confining ability of ARF and the cumulative effect of



the fiber. The former enables maximum light-matter overlap within the liquid core, thus
effectively amplifies the Raman scattering signal. Consistent with this, as a negative
control, the capillary tube (with same length and similar diameter), which was unable
to confine light within the liquid core due to absence of the microstructured geometry,
failed to efficiently enhance the Raman signal. The cumulative effect arose from the
fact that ARF fiber elongated the laser beam waist owing to the light confinement effect,
therefore, allowing the laser beam waist to interact with extended sample length (Fig.
2d ) than that of the planar substrate where the spot was limited by the scattering volume
at the spot's focal point. The Raman scattering signal intensity (P) can be expressed by

Eqn. 3323,

M
P x Z oil; = Mal, = maVl, 3)

=1

Where ¢ is the Raman scattering cross section of a molecule, Iy is the average light
intensity of pumping laser at the location, V is the excited sample volume, m is the
molecular density. Clearly, increasing the light intensity is an effective way for
enhancing Raman signal, as in the cases of SERS, TERS and CERS, in which
enhancements are originated from the localized field enhancement based on the near
field effect of metal nanostructure or circulated light in the cavity. In the case of fiber
enhanced Raman signal, increasing the excitable sample volume plays a major role in
signal enhancement, which may be impractical for free-space propagation, while can
be easily realized using ARF. More importantly, the ARF fiber not only provide a means
to increase sample volume, also, the fiber is gifted with light-converging ability due to
the strict light confinement via the special micro-geometry, as shown in Fig.2d,

ensuring strong light-matter interaction, and thus enabling efficiently enhancement of



Raman signal, which is a striking advantage compared with free-space propagation.
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Fig. 2. HCARF enhances Raman scattering signal. (a), (b) & (C). Raman spectra of 4-MBN obtained
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respectively. (d). Schematic diagram showing the enhancing mechanism by HcARF. (e). Raman
spectra obtained using various lengths of HcARF. (f). Length-dependent Raman signal at

wavenumber of 1075 cm™ (purple) and 1585cm™ (orange). Ex. 785nm, laser power 0.6mW.

The cumulative effect could be demonstrated by the signal enhancement brought
by increase of fiber length. We explored the effect of fiber length on Raman intensities
by back-cutting the fiber, and the results were shown in Fig. 2e & f. Raman signal was
positively correlated with the fiber length, providing a way to further intensify the
signal. Considering the attenuation caused by sample absorption and particle scattering,
etc, a maximum intensity would be reached at certain fiber length. Due to limitation of
the setup (the maximum working distance is 10cm), we were unable to further

investigate the effect of fiber length.

ARF sensor for exosome detection

Working principle of the sensor
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Fig. 3. Schematic diagram of the working principle of HCARF sensor. The inner wall of the fiber (a)
is first aminated with APTES followed by functionalization with anti-CD63 aptamer (b). After
construction of cancer marker specific SERS probe (c), and cancer cell derived exosomes are
isolated (d), exosome suspension is streamed in the fiber channel, and thus captured by the fiber
(e), subsequently, the SERS probe is introduced to the fiber channel. At this stage, the SERS probe
can specifically recognize and bind to the cancer-related exosomes captured on the fiber (f). When
the sensor is excited with a 785nm laser, Raman spectrum that reflects the existence of cancer

exosomes can be recorded by a Raman spectrometer (g).

Exosomes are a subclass of extracellular vesicles (EVs) with a diameter of 40-160
nm generated in a cellular "endocytosis-fusion-exclusion" manner, and play a crucial
role in cell communication and tissue microenvironment regulation. Exosomes can
trace back to the originating cells, reflecting disease progression and prognosis,
providing a way to monitor pathological changes of cells or tissues. Therefore, exosome
analysis holds great potential to diagnosis, prognosis, and therapy.

Having demonstrated the robust Raman enhancement of HcARF, we then
constructed a sensor for exosome identification and quantification. The sensor was

designed based on a sandwiched structure via integration of SERS and ARF enhanced



Raman scattering (AERS) as shown in Fig. 3.

The major advantage of sandwich senor is that high specificity and sensitivity can
be achieved without pretreatment of the sample, which can be time-consuming and
error-prone. To construct the sensor, the inner wall of HcARF fiber is chemically
coupled with CD63 aptamer (AptCD63) to form a capture substrate (Fig. 3b);
meanwhile, a SERS probe that can specifically recognize cancer exosomes is fabricated,
as shown in Fig. 3c. Then, cancer related exosomes (Fig. 3d) are streamed in the fiber
microchannel and thus are captured on the inner surface of the fiber. When SERS probes
are passed through the fiber channel (Fig. 3e), they will bind to the cancer-specific
exosomes to form a sandwich structure of "fiber capturing substrate-exosomes-SERS
probes" as shown in Fig. 3f. By detecting the light intensity back-scattered of the fiber
after excitation with a 785nm laser, Raman signal can be detected (Fig. 3g). This is the
first study using ARF enhanced Raman scattering for label-free cancer exosome
detection. The proposed sensor would enable (a) high sensitivity through joint effect of
SERS and AERS. (b) high specificity and thus label-free Raman detection. (c) direct
sample application without pretreatment. (d) nano liter level sample consumption.

To construct the sensor, a capture DNA was first immobilized on the fiber wall.
Fiber capturing substrate was fabricated based on the recognition ability of CD63
aptamer (CD63 is a class of surface proteins present in all types of exosomes) 34, which
enables capturing of all types of exosomes in the sample including normal cell
exosomes and cancer cell exosomes. CD63 aptamer (AptCD63, table S1 for sequence)
was chemically coupled to the cladding tube walls of HCAREF, please see Fig. S2 for the
chemistry. The quantity of capturing aptamer modified on tube walls could determine
the quantity of trapped exosomes in the sample. We used a fluorescently labeled CD63

aptamer (AptCD63-CyS5, table S1) to optimize the capturing aptamer quantity via



measuring the fluorescence intensity in the fiber after chemical coupling (the optical
setup for measuring fluorescence in fiber is shown in Fig. S3). The fluorescence
intensity increased as the AptCD63-Cy5 concentration elevated, and reached maximum
at concentration of 20uM (Fig. 4a and Fig. S4). Therefore, 20uM of AptCD63 was used
to construct the sensor for all the following experiments.

Subsequently, a SERS probe was constructed using Ag nanoparticles (AgNPs). A
single strand DNA aptamer against HER2 (H2) protein (AptH2, table S2 for sequence)
and a Raman reporter molecule (4-MBN) were covalently bonded to AgNPs to form
the SERS probe (Fig. 3c). HER2 is a cancer marker, highly over-expressed in SkBr3
breast cancer cells and exosomes. TEM images of AgNPs-AptH2 showed a thin layer
on the surface of AgNPs (Fig. 4b, c), the final diameter of the SERS probe was about
88 nm. The zeta potentials of AgNPs and AgNPs-AptH2 (Fig. 4d) were -10.08667 and
-33.16667 mV, further confirming successful linkage. The UV-Vis extinction spectrum
of AgNPs-AptH2 showed a slight redshift compared with AgNPs (Fig. 4e). The
optimized concentrations of AptH2, 4-MBN and AgNPs were 0.179 pM, 50 uM and
0.027 nM, respectively, corresponding to a ratio of 6.63 X 10%: 1.85X 10°: 1, see figure
4f & S5 for details.

To ensure the SERS probe performance, we isolated breast cancer cell SkBr3
derived exosomes and investigated the binding between SERS probe and exosomes.
The particle size distribution and morphology of the isolated exosomes are shown in
Fig. 4g & h and Fig. S6. The exosomes showed a typical vesicle structure with average
dimension of 120 nm (91% exosomes are in range of 110-170nm). The synthesized
SERS probe was mixed with isolated SkBr3 exosomes followed by TEM analysis. The
morphology of probe-exosome complex was shown in Fig. 4i. Clearly, the SERS probe

bound to SkBr3 exosome efficiently, in most cases, at 1:1 ratio.
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Fig. 4. Construction of the sensor. (a). Dose-dependent fluorescence of Cy5-Aptcpss modified HCARF.
(b) & (c). Morphology of AgNPs prior (left) and post (right) AptH2 association. The scale bar is 50nm.
(d) Zeta potentials of AptH2 modified AgNPs. (e). UV-Vis absorption of AgNPs (0.03nM) and SERS
probe (0.027nM). (f). Raman spectra of SERS probe with various concentrations of 4-MBN molecule.
(g). Size distribution of isolated cancer exosomes. (h) Morphology of the isolated cancer exosomes

viewed by TEM. (i). A heterodimer of a SERS probe and an exosome.

Cancer exosome sensing

As proof-of-concept, we conducted exosome sensing using the platform. The
exosome suspension was reconstituted into various concentrations, and subsequently
streamed in a 10cm ARF sensor followed by introduction of SERS probe. After the
redundant probes were washed out, the fiber sensor was excited with a 785nm laser.
The Raman signal intensified as the exosome concentration increased as shown in Fig.
S5a. The intensities (after subtraction of the background) of Raman mode at

1

wavenumbers of 1075 cm™! and 1585 cm™! were plotted as a function of exosome



concentration (Fig. 5b). Clearly, the Raman signals of the two modes increased as the
exosome numbers increased in a dose-dependent manner. The peak at wavenumber of
1075cm™ was used to evaluate the quantity of exosomes. In the exosomes
concentration range of 8-1600 particles/uL, the Raman signal showed a good linearity
with the exosome concentration, Fig. 5b inset. The simulated limit of detection (LoD)
was 2.2 particles/ul. (LoD=36/S), which means single exosome detection can be
achieved since only about 253nL sample is required for a 10cm HcAREF fiber. Fig. 5c
displays the high-resolution SEM images of the fiber wall prior (i) and post exosome
capture (i1) and post SERS probe binding (ii1).

To validate the results, we performed a number of control experiments, as shown
in Fig. 5d. No Raman signal was detected in the absence of CD63 aptamer (dark red
line) or exosomes (dark cyan line), which ruled out the possibility of false positive
results. When the AptH2 aptamer on the SERS probes was replaced with a random
DNA sequence (dark yellow line, table S1 for sequence), no detectable Raman signal
was obtained either, indicating the high specificity of the system toward cancer marker
HER?2 overexpressed exosomes. The sensor was fairly robust. Electric field (15 V/m)
and magnetic field (10 pT) could not interfere with the Raman signal (Fig. S7),
suggesting a benefit of optical fiber sensing (electric and magnetic field would be
supposed to interfere with some assays, for instance, electrochemical sensors).

The selectivity of the sensor was investigated using a panel of cancer cell (breast
cancer cell lines of SkBr3, MDA-MB-231, T47D and pancreatic cancer cell line Panc-
1) derived exosomes. A non-cancerous cell line NIH3T3 derived exosomes were also
tested for comparison. As shown in Fig. 5d, the Raman intensity of SkBr3 exosomes
was significantly stronger than that of other cancer cell derived exosomes, while no

detectable Raman signal was obtained for NIH3T3 derived exosomes. The differences



are statistically significant, Fig. 5e. Therefore, the proposed sensor could selectively
distinguish exosomes secreted by H2 overexpressing cancer cells, holding great

potential for clinical diagnosis.
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Fig. 5. Cancer exosome sensing using the HcARF-based platform. (a). Raman spectra at various
concentrations of exosome suspension. (b). Dose-dependent response of Raman signal at
1075 cm™and 1585 cm™. (c). SEM images of the fiber wall before exosome capture (i), after
exosome capture (ii), and after SERS probe binding (iii). (d). Specificity and selectivity of the

fiber sensor. (e). Statistical analysis of the data of (d) (n=3). *** indicates p<0.001.

Exosome surface protein profiling

35-38

Exosomes are highly heterogeneous in molecular composition , and their

39,40 rendering specific

surface proteins bear characteristics of their tissues of origin
subclasses of these vesicles promising to demonstrate pathology affecting specific

tissues 1%, The distinct characteristics of exosomal surface markers in different

diseases also manifest them a promising basis for disease classification. Therefore, we



investigated the surface protein profiling of various types of exosomes derived from
cancer cells.

To this end, we fabricated a panel of SERS probes, as shown in table S2. Each
probe was designed to recognize a specific surface marker of cancer cell (ER, MUCI,
EGFR and EpCAM) and attached with a distinct Raman molecule (4-Mpy, 2NAT, 4-
NBT and MGITC, respectively). We measured the protein expression on the surface of
six types of cellular exosomes, including NIH3T3, Panc 01, MDA-MB-231, MCF7 and
T47D.

Different types of exosomes isolated from different cell culturing media were
reconstituted to the same concentration of 400 particles/pl, and streamed in the fiber
channel, followed by introduction of SERS probe and acquisition of the Raman signal.
The obtained data were shown in Fig. 6. With ER-specific SERS probe, the fiber sensor
gave rise to the highest response to exosomes of MCF7 (1004 cm™' wavenumber), Fig.
6a. Other exosomes only generated low level Raman signal, the difference is
statistically significant, Fig. S8a. With MUC1-specific SERS probe, Fig. 6b and Fig.
S8b, highest response was observed for exosomes of MCF7 and MDA-MB-231 cells
(1378cm™ wavenumber), while exosomes of T47D resulted in moderate Raman
response and exosomes of other three cell lines resulted in the lowest Raman signal.
With EGFR-specific SERS probe, the highest response was observed for exosome of
MDA-MB-231 cell (wavenumber 1332 cm™), Fig. 6¢ and Fig. S8c, while moderate
responses were observed for exosomes of SkBr3 and Panc-1, and lowest responses were
observed for other three type of exosomes. With EpCAM-specific SERS probe, the
highest response was obtained from exosome of SkBr3 cell (wavenumber 1616 cm™),
other exosomes hardly generated any Raman response, Fig. 6d and Fig. S&d.

The data were plotted in a heatmap as shown in Fig. 6e(i). Analysis of the protein

expression profile of different types of exosomes reveals that the five cancer markers



exist in all five cancer cell line derived exosomes, expression levels are distinctly
different though. These data verify the capability of fiber sensor to differentiate the
subtle variation of protein levels in exosomes from different cell types. The data
indicate that the panel of exosomal protein information can be used to identify the
source cells of exosomes, please refer to Fig. 6e(ii)). For example, because EpCAM
and HER2 were shown to be cancer biomarkers, their exosomal levels can serve as the
first criterion to distinguish HER2(+) cancer cells from normal and other cancerous
cells (Fig. 6e); similarly, ER and MUC1 can be used to distinguish MCF7 type of cancer
from others. Consequently, the SERS-based ARF sensor detection of a panel of
biomarkers is able to distinguish exosomes secreted from five different cells.

Finally, the feasibility of multiplexed detection of different types of exosomes were
also investigated by taking advantages of the platform. The mixture of three types of
exosomes (SkBr3, MCF7 and MDA-MB-231) at 1:1:1 ratio was filled in the fiber
channel after AptCD63 was fixed on the fiber wall. Then a mixture of three SERS
probes for HER2, ER and MUCI was streamed in the channel. Subsequently, the
Raman signal was acquired with excitation of a 785nm laser, as shown in Fig. 6f. The
intensities of the dominant bands highlighted in Fig. 6f, i.e. 1004cm™! for ER, 1378cm’
! for MUC1, and 2223cm™ for HER2 (please note, 1075 cm™ was used for specific
analysis of HER2-positive exosome in the aforementioned single probe assay. For
multiplexed assay, since MUC1 probe shows a Raman mode at 1068cm™, very close to
1075cm™; to avoid ambiguity, 2223cm™ mode was chosen to distinguish HER2 from
others) can simultaneously reflect the presence of the corresponding exosomes of
MCF7, MDA-MB-231 and SkBr3. The success of the simultaneous multiple detection

of exosomes is significant for the application of this method in clinical diagnostics.
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Fig. 6. Cancer exosome differentiation via surface marker profiling. (a), (b), (c) & (d). Raman spectra
in response to different types of exosomes using SERS probes specific to cancer markers of ER,
MUC1, EGFR and EpCAM, respectively. (e). (i) Heat map indicating the expression levels of five
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signal intensities at specific wavenumber per unit concentration of exosomes. Right panel is a
summary of the phenotype. (ii). lllustration of the origin of exosomes possessing different

biomarkers. (f). Multiplexed detection of different types of exosomes.

Conclusions

In summary, we have investigated the Raman enhancing effect of hollow-core
anti-resonant optical fiber (HcARF), several-orders-of-magnitude enhancement was
achieved owing to the specific light-confinement property and cumulative effect of the
ARF fiber. Stemmed from here, a sandwich structured fiber sensor was developed.

Sensitive detection of breast cancer SkBr3 secreted exosomes down to single exosome



level was realized. Analyzing the Raman signals in response to a panel of cancer
exosomes allow us to distinguish different types of cancer. It is well known that
exosomes carry proteins and nucleic acids related to the types and corresponding
metabolic status of the parent cells. Such exosomal information can be considered as a
fingerprint of its parent cells and be potentially used for the identification of cancer
cells. The proposed platform provides a way to further enhance Raman signal on the
top of SERS, holding great potential for Point-of-care testing (POCT).

SERS-AREF platform could also be used for therapeutic purposes for the delivery
to specific parts of the body accurately and quickly and monitoring drug treatment
response in real-time. The superiority SERS tags over the fluorescent counterparts in
terms of multiplexing capability, low toxicity and clearance efficiency is well
documented in in vivo studies, the combination of SERS tag with state-of-the-art
HcARF would open up a new door for super sensitive biomarker detection. Hereafter,
such platform could be exploited in the future to realize a clinically viable, real time
sensing tool.

Since the discovery of SERS, large efforts have been devoted to the improvement
of enhancement factor (EF). Our findings provide an efficient way to additionally
enhance the Raman signal on the top of SERS. Taken together, the ongoing tremendous
development in HCARF combined with smart design of SERS tags could ultimately

lead to a rapid, sensitive diagnostic tool for the patients.
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