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Abstract

Exosomes are a potential source of cancer biomarkers. Probing tumor-derived exosomes can offer a potential
non-invasive way to diagnose cancer, assess cancer progression, and monitor treatment responses. Novel
molecular methods would facilitate exosome analysis and accelerate basic and clinical exosome research.

Methods: A standard gold-coated glass microscopy slide was used to develop a miniaturized affinity-based
device to capture exosomes in a target-specific manner with the assistance of low-cost 3-D printing technology.
Gold nanorods coated with QSY21 Raman reporters were used as the label agent to quantitatively detect the
target proteins based on surface enhanced Raman scattering spectroscopy. The expressions of several surface
protein markers on exosomes from conditioned culture media of breast cancer cells and from HER2-positive
breast cancer patients were quantitatively measured. The data was statistically analyzed and compared with
healthy controls.

Results: A miniaturized 17 x 5 Au array device with 2-mm well size was fabricated to capture exosomes in a
target-specific manner and detect the target proteins on exosomes with surface enhanced Raman scattering
gold nanorods. This assay can specifically detect exosomes with a limit of detection of 2x10é exosomes/mL and
analyze over 80 purified samples on a single device within 2 h. Using the assay, we have showed that exosomes
derived from MDA-MB-231, MDA-MB-468, and SKBR3 breast cancer cells give distinct protein profiles
compared to exosomes derived from MCF12A normal breast cells. We have also showed that exosomes in the
plasma from HER2-positive breast cancer patients exhibit significantly (P < 0.01) higher level of HER2 and
EpCAM than those from healthy donors.

Conclusion: We have developed a simple, inexpensive, highly efficient, and portable Raman exosome assay for
detection and protein profiling of exosomes. Using the assay and model exosomes from breast cancer cells, we
have showed that exosomes exhibit diagnostic surface protein markers, reflecting the protein profile of their
donor cells. Through proof-of-concept studies, we have identified HER2 and EpCAM biomarkers on exosomes
in plasma from HER2-positive breast cancer patients, suggesting the diagnostic potential of these markers for
breast cancer diagnostics. This assay would accelerate exosome research and pave a way to the development
of novel cancer liquid biopsy for cancer detection and monitoring.
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Introduction

Extracellular vesicles, especially exosomes, are  discovered in the early 1980’s, exosomes have only
receiving increasing interest as a resource of recently moved into intense investigations regarding
biomarkers in medicine [1]. Although they were their biogenesis, composition, and functions [2-5]. It is
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now believed that exosomes are 40-200 nm
membrane-bound vesicles derived from
multivesicular bodies and released into the
extracellular environment by many cell types [6-8].
They carry molecular constituents of their originating
cells including proteins, nucleic acids, and lipids and
represent an important mode of intercellular
communication by horizontal transfer of their
molecular contents between cells [9-14].

Growing evidence suggests that cancer-derived
exosomes can transfer oncogenic activity and regulate
angiogenesis, immunity, and metastasis to promote
tumorigenesis and progression [15-21]. For example,
Peinado et al. demonstrated that exosomes from
highly metastatic melanoma cells educated bone
marrow progenitor cells toward a pro-metastatic
phenotype via horizontal transfer of exosomal Met
[22]. Zhou et al. showed that exosome-mediated
transfer of miR-105 in metastatic breast cancer cells
efficiently destroyed vascular endothelial barriers to
promote metastasis [23]. Exosomes have been found
in various body fluids such as blood, urine, saliva,
and cerebrospinal fluid [24-27]. Thus, exosomes are a
promising resource of cancer biomarkers to
noninvasively screen for cancer, assess cancer
progression, and monitor treatment responses [28-36].

Despite their diagnostic and therapeutic
potential, the clinical use of exosomes as cancer
biomarkers is, however, still very limited. One of the
major challenges is molecular detection and analysis
due to their small size and complex biological
environment. To ensure analytical accuracy,
exosomes usually need to be isolated and purified
from cell culture supernatant or plasma before
analysis. Classical methods for exosome isolation are
differential centrifugation, filtration, immunomag-
netic  separations, and microfluidics [37-40].
Differential centrifugation consists of a series of low,
high and ultrahigh speed centrifugations to separate
exosomes from cell debris, larger microvesicles, and
proteins based on size and density. It is the
gold-standard method to purify exosomes. After
purification, exosomes have been commonly analyzed
for protein compositions using western blot,
enzyme-linked immunosorbent assays (ELISA), and
mass spectrometry [41-45]. These traditional
approaches have greatly helped understand exosome
biology, but they are impractical for longitudinal
studies and clinical use because they are
time-consuming and labor-intensive. Technologies for
exosome detection and analysis have been greatly
advanced in past years [43, 46]. For example, the
nPLEX assay has improved detection sensitivity as
high as 1000-fold compared to ELISA [47]. New flow
cytometry instrumentation can analyze individual

exosomes down to 70-80 nm [48]. In these techniques,
exosomes are detected based on fluorescence [48-58],
surface plasmon resonance (SPR) [47, 59-61], light
scattering plasmon resonance [62], nuclear magnetic
resonance [63], electrochemical [64-69], and
mechanical approaches [70].

Here we report a new method for exosome
detection and protein profiling using surface-
enhanced Raman scattering (SERS) nanotags in
combination with a miniaturized capture platform.
SERS is the enhancement of Raman signals from small
molecules that are proximal to a metal surface via
electromagnetic and chemical mechanisms [71]. It is
an ultrasensitive vibrational spectroscopic technique,
with Raman enhancements as high as 10> for small
molecules, such as organic dyes, on plasmonic
nanoparticle surfaces [72, 73]. The SERS effect has
been previously used to probe exosome composition
[74-77], but here we report the use of SERS nanotags
for exosome detection and analysis. SERS nanotags,
which are plasmonic nanoparticles carrying abundant
Raman reporters, such as organic dyes, can provide
highly sensitive and specific detection by controlling
the surface chemistry, size, and structure of the
plasmonic nanoparticles, and the surface density of
the Raman reporters [78]. Compared to the classic
fluorescence method, SERS gives fingerprinting
signals that distinguish interferences from a biological
background. The SERS spectrum only requires a
simple baseline correction using a multi-segment
polynomial fitting to subtract SERS background
(broad continuum emission). This baseline correction
can be incorporated in the signal correction software
and thus the as-acquired spectrum does not need
further signal separation processing for quantitative
analysis. In addition, signal acquisition is extremely
fast when SERS nanotags are used (1 s or faster per
spectrum) due to the high sensitivity of SERS
nanotags. Due to these attributes, SERS nanotags have
emerged as a popular class of biological labels and
have been well used for cancer detection, including
biomarker detection in body fluids [71, 78-89]. Here
we report the first application of SERS nanotags for
exosome detection and analysis. We used small gold
nanorods (AuNRs) as the SERS substrate. The AuNRs
are sufficiently small (~35 nm in the longitudinal
dimension) in comparison with the small exosomes.
The anisotropic rod structure promotes SERS effects
due to the high electromagnetic fields at the ends of
the rods [90]. We made use of 3D printing technology
to improve analytical efficiency. 3D printers are
cheap, portable, and easy-to-use. They are accessible
to large populations, especially in resource-limited
environments. Using a 3D-printed array template, we
made an antibody array to capture exosomes in a
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target-specific manner on Au-coated standard glass
microscopy slides. Combining the advantages of SERS
nanotags and 3-D printing technology, this simple
and low-cost assay offers dozens of test sites on a
single palm-sized chip, provides results within 2 h,
and has a microliter sample requirement at
femtomolar concentrations. Due to its simplicity, high
efficiency, and high sensitivity, this assay has great
potential for clinical applications for biomarker
discovery and understanding of the role of exosomes
in cancer development.

Materials and Methods

Materials

All  reagents  were  purchased  from
Sigma-Aldrich (St. Louis, MO) unless otherwise
specified. Antibodies were purchased from Biolegend
(San Diego, CA). QSY21 carboxylic acid-succinimidyl
ester was purchased from Thermo Fisher Scientific.
PE-labeled antibodies were purchased from Miltenyi
Biotec (Auburn, CA). All cell lines were purchased
from ATCC (Manassas, VA). Cell culture media were
purchased from VWR (Radnor, PA) and fetal bovine
serum (FBS) was purchased from Fisher Scientific
(Waltham, MA).

Synthesis of gold nanorods (AuNRs)

Small gold nanorods (AuNRs) were synthesized
by modifying the classic seed-mediated growth
method [91, 92]. This method involves two steps:
preparation of Au seeds and growth of Au seeds into
AuNRs in a growth solution. To make the Au seed
solution, 0.5 mL of 1 mM chloroauric acid (HAuClL)
was added to 1.5 mL of 0.2M cetyltrimethylammo-
nium bromide (CTAB) solution with constant stirring.
120 pL of 10 mM ice-cold sodium borohydride
(NaBHs) was quickly injected and the solution was
stirred for 3 min to form the Au seed solution. The Au
seed solution was kept undisturbed for 3 h in a 25 °C
water bath before its use. In a different glass vial, 5 mL
of 1 mM HAuCly was added to 5 mL of 0.2 M CTAB
solution followed by addition of 125 pL of 4 mM silver
nitrate (AgNO3). After mixing by stirring, 12 uL. of Au
seed solution was quickly injected into the solution
and left undisturbed for 10 min to form small AuNRs.
The solution was centrifuged at 16,000 x g for 10 min
and the AuNR pellet was resuspended in ultrapure
water for further use.

Preparation of SERS AuNRs

100 pL of 100 pM QSY21 carboxylic acid
(hydrolyzed from QSY21 carboxylic acid-succini-
midyl ester) aqueous solution was added to 1 mL of 2
nM AuNRs and the mixture was stirred for 15 min at

RT to allow adsorption of the dye onto the AuNRs.
After purification by centrifugation (16,000 x g, 10
min), the QSY21 carboxylic acid-adsorbed AuNRs
were resuspended in phosphate buffer solution (PBS)
to make 1 nM solution. The solution was aged at room
temperature (RT) for 2 h before use.

Au thin film deposition on microscopy glass
slides

A standard microscopy glass slide (75 x 25 x 1
mm) was coated with a 10 nm thick Au film by the
magnetron sputtering technique using an ORION-
AJA system from a 99.99% pure Au target. The
deposition of the Au layer was performed on a 4 nm
titanium layer previously deposited from a 99.99%
pure titanium target on the glass slide. The
slide-target distance was kept at 15 cm during the
process. The film thickness was controlled by an
INFICON SQM-160 quartz crystal monitor/controller
equipment. The rotating substrate-holder was kept at
80 rpm. The films were grown in an atmosphere of
argon at 3.0 mTorr and a gas flow of 15 sccm, with the
DC power supply set to 100 W and the pressure
before inserting the argon was 4.0x108 Torr. The
whole process took 4 h.

Fabrication of array template

Plastic (polylactic acid) array templates with
specified well size and inter-well distance were
fabricated using a MakerBot Replicator PC 3-D
printer. The template was attached to a rubber array
via a layer of glue composed of 60% silicone and 40%
mineral spirit. This rubber array was made from a 1.6
mm thick rubber sheet with the same dimensions as
the template via puncture. The assembled plastic and
rubber arrays were used as a template array to make
an antibody array on the Au-coated glass slides.

Fabrication of the antibody-based capture
array

The template array was attached onto the surface
of the Au-coated glass slide using 3/4" wide
heavy-duty binder clips. 15 pL of 50 pg/mL
target-specific antibody-linked polyethylene glycol
thiols (HS-PEG-ADb) in PBS was added into the wells
and incubated for 5 h at RT. The HS-PEG-Ab was
prepared in advance by reacting antibodies with thiol-
polyethylene glycol- N-hydroxysuccinimide esters
(HS-PEG-NHS 5000, 1:100) at 4 °C overnight. The free
HS-PEG-NHS was separated by membrane filtration
with a 10 kD Nanosep filter (PALL Life Sciences). The
antibody-treated wells were washed three times with
phosphate buffer solution-tween (PBST) (100 mL PBS
+ 0.5 mL Tween 20 (0.5%)) to get rid of unbound
proteins. Then, 15 pL of 0.1 mM 11-mercaptoundecyl
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tetra(ethylene glycol) (MU-TEG) was added into the
wells and incubated for 30 min at RT to saturate the
Au surface. The antibody-functionalized wells were
washed three times with PBST and stored at 4 °C for
further use. Isotype IgG was used as the negative
control.

Isolation and characterization of exosomes in
culture media

Human breast cancer cells MDA-MB-231
(MM231), MDA-MB-468 (MM468), and SKBR3 were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with high glucose (MM231 and MM468)
RPMI 1640 medium (SKBR3) with 10% fetal bovine
serum at 37 °C under 5% COz. Human breast normal
cells MCF12A (immortalized) were cultured in
Dulbecco's Modified Eagle Medium: Nutrient Mixture
F-12 (DMEM/F-12) medium with 5% fetal horse
serum,1%  Pen/Strep  (100x), 0.5 mg/mL
hydrocortisone, 10 pg/mL bovine insulin, 100 ng/mL
cholera toxin, and 20 ng/mL epidermal growth factor
(EGF). Cells were grown in conditioned cell culture
media (media + 10% exosome-free FBS) for 48 h. The
exosome-free FBS was obtained by separating
exosomes from FBS with ultracentrifugation (100,000
xg, 24 h). To collect exosomes, the conditioned cell
culture supernatant was collected and centrifuged at
430 xg at RT for 10 min. The supernatant was
collected and centrifuged at 16,500 xg at 4 °C for 30
min. The supernatant was collected and centrifuged at
100,000 xg at 4 °C for 70 min. After removing the
supernatant, the exosome pellet was resuspended in
cold sterile PBS and centrifuged again at 100,000 xg at
4 °C for 70 min. The exosome pellet was resuspended
in cold sterile PBS, filtered with a 0.2 um PES filter
(Agilent Technologies), and stored at -80 °C until use.
The concentration and size distribution of exosomes
were characterized using nanoparticle tracking
analysis (NTA) with a NanoSight LM10 microscope

(Malvern Instruments, Inc).

Isolation and characterization of exosomes in
plasma samples

Plasma samples from six human epidermal
growth factor receptor 2 (HER2) positive breast cancer
patients (stage III) and three healthy donors were
purchased through the XpressBank from Asterand
Bioscience (Detroit, Michigan). The samples were
collected in 2016 and 2017 and stored in liquid
nitrogen (LN). The samples were available for
research uses under IRB exemption through the
BioSPOKE™ custom biospecimen procurement
service. The identity information of each subject was
coded with a unique Donor Identification Number
(DIN) and we do not have access to the identifying

information. To purify exosomes, the plasma samples
were diluted with sterile PBS and centrifuged at
16,500 x g for 30 min at 4 °C. The supernatant was
collected and centrifuged at 100,000 x g for 70 min at 4
°C. The exosome pellet was resuspended in cold
sterile PBS and centrifuged again at 100,000 x g for 70
min at 4 °C. The pellet was resuspended in cold sterile
PBS, filtered with a 0.2 um PES filter, and
characterized with NTA to determine the
concentration and size distribution of exosomes. The
exosomes were stored at -80 °C until use. Exosomes
from healthy donors were obtained from fresh whole
blood samples through Analytical Biological Science
(Wilmington, DE). The whole blood samples were
centrifuged two times at 2,500 xg for 15 min at 4 °C.
Plasma was collected as the supernatant and
processed further based on the above procedures to
obtain exosomes.

Exosome binding, SERS detection, and
fluorescence imaging

15 uL of 6.25x107/mL exosomes was added to
the antibody-functionalized Au array wells and
incubated for 30 min at RT. After washing the wells
three times with PBS, 15 uL of 1 nM SERS AuNRs was
added and incubated for 30 min. After washing three
times with PBS, 15 puL of PBS was added and
exosomes in the wells were detected with a TSI
ProRaman spectrometer (A = 785 nm). The laser beam
size at focus was 200 um. Each spectrum was collected
with a laser power of 50 mW and acquisition time of 1
s. Baseline correction wusing multi-segment
polynomial fitting was automatically performed by
the signal acquisition software (EZRaman Reader
v8.1.8) to subtract SERS background (broad
continuum emission). The peak at 1497 cm!, which is
the strongest among all the peaks of the QSY21 SERS
spectrum, was used as the representative peak for
analysis. To account for variations from
instrumentation response and batch-to-batch nanotag
preparation, the spectrum of the SERS nanotag
solution (0.1 nM) during each experiment was
collected and the intensity of the 1497 cm! peak was
normalized to 2500 a.u., the typical value of a 0.1 nM
nanotag solution. This gave a correction factor for
each nanotag to correct the signal intensity from
exosomes labeled with that nanotag during each
experiment. The corrected intensity of the 1497 cm
peak was used for analysis. The whole process from
exosome binding to signal readout took ~2 h. To
confirm the captured exosomes, exosomes were
labeled with 1 mM 3,3’-Dioctadecyloxacarbocyanine
perchlorate (DiO) in PBS for 15 min at RT. Exosomes
were then washed with PBS and examined by a
fluorescence microscope (Olympus IX 71) with a Prior
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Lumen 200 illumination system. The excitation was
482 /35 nm and emission was 536/40 nm.

Enzyme-linked immunosorbent assay (ELISA)

50 uL of 6.25x108/mL exosomes were added into
a 96-well polystyrene plate (Corning Incorporated)
and incubated at 4 °C overnight. The wells were
washed three times with Dulbecco's phosphate-
buffered saline (DPBS) followed by incubation with
100 pL of blocking solution (DPBS with 4% BSA) at RT
for 2 h. After washing three times with DPBS, each
well was treated with the following solutions
sequentially: 50 upL of 2 pg/mL target-specific
antibodies (2 h, RT), 50 uL of horseradish peroxidase
(HRP)-conjugated  anti-mouse  IgG  antibody
(ThermoFisher, 1:60 dilution in blocking solution; 1 h,
RT), and 100 pL of 3,3,55-tetramethylbenzidine
solution (TMB, Sigma- Aldrich; 30 min, RT). The wells
were washed three times with DBPS between steps.
After the TMB incubation, 100 pL of 2 M sulfuric acid
(H2S04) was added to stop the reaction. The optical
density of each well was measured at 450 nm using a
BioTEK ELx800 absorbance microplate reader. Isotype
IgG was used as the control.

Statistical analysis

Statistical analysis was performed to compare
the expression levels of target proteins across different
cell lines using analysis of variance (ANOVA) with
post hoc Scheffe method [93]. A p-value < 0.01 was
considered  significantly  different. The mean
difference between different groups was considered
to be significant if the absolute value was greater than
the minimum significant difference derived from the
Scheffe method. The marker difference between
breast cancer patients and healthy donors was
evaluated from generalized estimation equations
(geepack v1.2-1 in R) to account for the measurement
correlation within each individual. The diagnostic
value of identified markers in breast cancer patients
was evaluated by receiver operation characteristic
(ROC) curve analysis using R packages.

Results and Discussion

Figure 1A shows the schematic design of the
Raman exosome assay. It contains three major steps:
(1) preparation of the antibody array, (2) labeling of
the captured exosomes with SERS AuNRs, (3)
detection of exosomes with a portable Raman
spectrometer. The antibody array was fabricated on a
Au-coated standard glass microscopy slide (75 x 25 x
1 mm) with the assistance of a 3-D printed array
template. Exosomes were captured on the Au slide via
the target-specific antibodies. To detect the captured
exosomes, we made use of the surface properties of

exosomes and AuNRs. Exosomes are negatively
charged (zeta potential around -10 mV) because of
their lipid membrane. AuNRs are positively charged
(zeta potential around +35 mV) because of the bilayer
CTAB capping agent. The Raman reporter was
incorporated in the CTAB bilayer via hydrophobic
interactions to give SERS signals for detection. Thus,
we hypothesized that captured exosomes via surface
proteins could be detected with AuNRs via SERS
through electrostatic interactions between the AuNRs
and exosomes (Figure 1B-C).

AuNRs  were  synthesized using the
well-established seed-mediated growth method [91,
92]. To ensure efficient binding to the small exosomes,
we synthesized small AuNRs by controlling the
growth time to ten minutes after seed injection. The
AuNRs were 35 nm in length and 12 nm in width on
average, with localized surface plasmon resonance
(LSPR) at 720 nm (Figure 2A-B). It has been reported
that AuNRs with such LSPR properties give stronger
SERS activities than those with LSPR at shorter or
longer wavelengths due to the competitive effect of
SERS enhancement and extinction [94]. We took
advantage of the unique surface chemistry of AuNRs
for the preparation of SERS AuNRs. The as-prepared
Au NRs were stabilized with positively charged
CTAB in a bilayer structure [95]. This bilayer of CTAB
provides a hydrophobic pocket for loading
hydrophobic molecules such as organic dyes via
hydrophobic interactions (Figure 2C). Organic dye
QSY21 was used as the Raman reporter because it is
non-fluorescent and gives fingerprinting signals [86,
96]. To load hydrophobic QSY21 onto aqueous
AuNRs, we used the amphiphilic form QSY21
carboxylic acid. The QSY21 carboxylic acid was
formed by hydrolyzing QSY21  carboxylic
acid-succinimidyl ester in water. QSY21-coated
AuNRs were formed by mixing QSY21 carboxylic acid
with AuNRs (5000:1) in water with constant mixing
for 15 min. Free reporters were separated by
centrifugation.

We investigated the stability of the SERS AuNRs
in PBS by monitoring their absorption and SERS
spectra with time after preparation (Figure S1A-B and
Figure 2D-E). Within the 5 h study time, we found
that the absorption intensity of the SERS AuNRs
gradually decreased by 20% and SERS signal intensity
increased by 18% within the first 2 h. Then, the signals
did not change within the next 3 h. These results show
that the SERS AuNRs are slightly aggregated within 2
h after preparation but then they are stable for hours.
For comparison, we investigated the stability of the
AuNRs in PBS without QSY21. The results showed
that the absorption intensity of the AuNRs decreased
by 7% within 2 h and then was constant within the
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Figure 1. Design of the Raman exosome assay. (A) Schematic overview of the Raman exosome assay. A protein array was fabricated on a gold chip (75 x 25 X | mm) using a
3-D-printed template array. Exosomes were recognized and immobilized on the Au chip via the target-specific antibodies anchored on the surface of the chip. Immobilized
exosomes were detected by surface enhanced Raman scattering gold nanorods that bind to exosomes through electrostatic interactions between cetyltrimethylammonium
bromide on gold nanorods and lipid membrane on exosomes. (B) Side view of the interactions of exosome lipid membrane and SERS AuNR. (C) Top view of the interactions of

exosome lipid membrane and SERS AuNR.

next few hours (Figure S1C). The mechanism for this
phenomenon remains to be explored. But, it is not
surprising that the SERS AuNRs are stable as CTAB is
a known strong capping agent. Based on the stability
studies, we thus let the SERS AuNRs age for 2 h
before use. The labeling time was only 30 min and the
Raman measurement was performed right after
labeling. Thus, during our sample processing and
signal measurement, the SERS AuNRs were stable
and signals from exosomes were reliable. The SERS
signals of QSY21-coated AuNRs showed excellent
linearity respective to the concentration of the AuNRs,
with a correlation coefficient of 0.98 (Figure 2F-G).
Thus, the QSY2l-coated AuNRs can be used for
reliable and quantitative detection and profiling.

The microscopy glass slide was coated with a 10
nm Au film to facilitate surface chemical modification
via high vacuum thin film deposition with an AJA
deposition unit. The Au film is optically transparent
and thus allows for optical imaging. A photographic
picture of the Au-coated glass slide is shown in Figure
3A. To increase sample throughput, we separated the
Au slide into an array of wells using a 5 mm-thick
3-D-printed plastic array template (Figure 3B).
Suitable arrays should ensure (1) no leaking of the
wells and (2) clean manual washing of the samples in
the wells. We printed and tested a number of arrays
with variable well sizes and inter-well distances. We
found that the smallest size of the well was 2 mm in
diameter and the smallest distance between
neighboring wells was 2 mm. Accordingly, a 17 x 5
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Figure 2. Characterizations of AuNRs and SERS AuNRs. (A) TEM image of AuNRs. (B) Absorption spectrum of AuNRs. (C) Schematic of the preparation of SERS AuNRs using
QSY21 as the Raman reporter. (D, E) Stability of CTAB/QSY21/AuNRs in PBS at different time after preparation, which was monitored by absorption (D) and Raman (E)
measurements. Absorption in (D) was measured at localized surface plasma resonance of AuNRs. SERS signal intensity in (E) was measured at the 1497 cm-! peak. (F) SERS signal
intensity of QSY21-coated AuNRs at different particle concentrations. (G) The SERS signal intensity of QSY21-coated AuNRs at different AuNR concentrations. Data in (G) were

presented as mean values from three replicated experiments with standard deviation.

array can be made per template. This template
provides 85 test sites per slide. Each well can hold a
maximum of 15 pL solution. The template was
attached on top of the Au chip with a rubber interface
array that allowed tight sealing of the plastic array
template to the Au chip so that the solution in each
well did not leak out. The Au surface of the wells was
functionalized with target-specific antibodies to
capture exosomes (Figure 3C). This was done by
incubation with target-specific HS-PEG-Ab followed
by saturation with hydrophilic MU-TEG. HS-PEG-Ab
was prepared by reacting HS-PEG-NHS (MW 5000)
with antibodies at 4 °C overnight followed by
purification with a 10 kD Nanosep filter. The shorter
MU-TEG was wused to minimize nonspecific
interactions of exosomes and SERS AuNRs with the
Au slide.

To examine the specificity of the chemically
modified Au slide and the SERS AuNRs for exosome
capture and detection, we isolated and purified
exosomes from the MM231 model breast cancer cell
line. Exosomes were isolated from conditioned
culture supernatant using the standard differential
method. In this isolation method, cell debris was
separated by low-speed centrifugation (430 x g) and
microvesicles by medium speed centrifugation
(16,5000 x g). Exosome pellet was collected after

ultracentrifugation at 100,000 xg. The exosomes were
characterized by NTA to determine their
concentration and size distribution. The MM231
exosomes have sizes of 168 + 49 nm (mean * standard
deviation (SD)) (Figure 3D). Figure 3E shows SERS
spectra of CD63-targeted exosomes compared with
several controls. The isotype IgG control gave a signal
intensity of 48 a.u. at 1497 cm™. When anti-CD63
antibodies were used, the signal intensity increased to
1582 a.u., which was 33 times stronger than that of
IgG control. When exosomes, antibodies, or both
exosomes and antibodies were absent, the signals
were 44, 17, and 19 a.u., respectively (Figure 3F).
These studies demonstrated that the SERS AuNRs
and the antibody capture Au slide specifically
captured exosomes with targeted surface proteins and
detected them without significant nonspecific
interference. The captured exosomes with CD63
antibodies were further confirmed using fluorescence
imaging with DiO as the membrane labeling agent
(Figure 3G). The fluorescence image also shows that
exosomes were distributed evenly on the Au surface.
In each experiment, SERS spectra from different
locations in the Au array wells were collected and the
averaged spectrum was used for analysis to account
for variation in exosome density at different locations
in the well (Figure S2).
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To examine the sensitivity of the assay, we did a
titration experiment with a series of dilutions using
CD63 as the capture antibody. Figure 4A shows the
averaged SERS spectra (n=3) from exosomes with
different concentrations. The dose (exosome
concentration) — response (averaged SERS intensity of
the 1497 cm?® peak with SD from the triplicate
experiments) curve based on data in Figure 4A is
shown in Figure 4B. The studies showed that the limit
of detection (LOD) was 2x10¢/mL (3.3 fM). The
concentration of exosomes in human plasma is
>10%/mL [97]. Thus, our assay can detect exosomes at
a concentration 500 times lower than a typical
concentration of exosomes in plasma. This sensitivity
was achieved using a 200 um Raman probe (A = 785
nm) with low laser power (50 mW). The acquisition
time for each spectrum was only 1 s. The as-acquired
spectrum was baseline-corrected by the EZRaman
Reader V8.1.8 MV signal acquisition software to
separate broad emission SERS background. Based on
the exosome volume (15 pL), concentration
(2x106/mL), the size of the well (2 mm), and the size
of the laser spot (200 pm), we calculated that the LOD

on the Au slide was 300 exosomes. The SERS signal
intensity was linearly proportional to the
concentration of exosomes at a range of 10¢ to 108
exosome/mL, with a correlation coefficient Rz = 0.97
(Figure 4B inset). The working concentration we used
was 6.25 x 107 /mL with a working volume of 15 pL.
This sample consumption is comparable to that of the
most recent high-sensitivity exosome detection
technique based on plasmon resonance light
scattering properties of gold nanoparticles [62].

To examine the feasibility of the Raman assay for
exosome molecular profiling, we analyzed 8 surface
proteins from three different categories: epithelial
marker EpCAM, breast cancer markers CD44, HER2,
EGFR, IGFR, and exosome markers CD81, CD63, CD9
on the model MM231 exosomes. Figure 4C shows the
averaged SERS spectrum for each target protein (n=3)
and Figure 4D shows the expression profile of all 8
proteins on MM231 exosomes using the data in Figure
4C. Isotype IgG was used as the negative control to
examine the nonspecific interactions of the antibodies.
The results show that MM231 exosomes have high
expression of CD44 and the three exosome markers

http://www.thno.org



Theranostics 2018, Vol. 8, Issue 10

2730

A B C
Exosome concentration (/mL) — | —EpcAM
- —sx10* 4000+ ' =] 2200 ——CD44
= 4000 5x10° - o HER2
AL 1x10° 2 —. 2000+ —_ :Eg:l;
P —s5x10° Z 30004 =
= 3000 . 2] —CD81
@ 110/ %“ S 15004 CD83
_.q__') —5x10 c 2000 .E ——CD9
7 (] - -—
E 20()0‘ :‘12150210 E OExusuzmeC:ncen?raun:(w?:rl:lL) w 1000' —|QG l
2 —25x10° g:) 5 | |
L 1000 o 1000+ W 500 A |
‘ g L o o
300 600 900 1200 1500 1800 100 10° 10° 100 100 10 300 600 900 1200 1500 1800
Raman Shift (cm-1) Exosome Concentration (/mL) Raman Shift (cm-1)
D E F
30004
304
— 2500
;; 254
z 20004 ;
@ ‘(_ur 204
f =
*E 1500 § 5]
- ©
3 1000 g
w -3 104
2 500 < ied
o4 0 EGFR

EpCAM CD44 HER2 EGFR IGF1R CD81 CD83 CD9 IgG
Protein Exoression

EpCAM CD44 HER2 EGFR IGF1R CD81 CD63 CD8 IgG

Protein Expression

00 05 10 15 20 25 3.0 35
ELISA

Figure 4. Evaluations of the capabilities of the Raman exosome assay for detection and protein profiling of exosomes. (A) Average SERS spectra (n=3) of exosomes at different
concentrations captured with CDé63 antibodies. (B) Dose (exosome concentration) - response (mean SERS signal intensity of the 1497 cm-! peak) curve. Linear range is shown
in the inset. (C) Average SERS spectra (n=3) from exosomes using different capture antibodies. IgG was used as the control. (D) Expression profile of target proteins on
exosomes determined with the Raman exosome assay. Data are presented as the mean intensity of the 1497 cm-! peak with standard deviation (n=3). (E) Expression profile of
target proteins on exosomes determined with ELISA. Data are presented as the mean absorbance (A = 450 nm) with standard deviation (n=3). (F) Correlation of the Raman
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CD81, CD63, and CD9. They have very low
expression of EpCAM and the other three breast
cancer markers HER2, EGFR, and IGF1R. These
results are consistent with a literature report using a
SPR method [59]. MM231 cells are known to
overexpress (3+) CD44 with low expression (0-1+) of
HER2, EGFR, and EpCAM [98-103], which was
further confirmed by flow cytometry analysis (Figure
5). This suggests that exosomes reflect the surface
marker expressions on their parental cells and thus
can be used as a resource for cancer biomarkers. Our
SERS method was further validated using the gold
standard ELISA. ELISA was carried out using the
indirect approach, in which exosomes were adsorbed
onto 96-well plates and then labeled with antibodies
targeting each protein. The antibodies were
recognized with HRP-conjugated secondary IgG
antibody and then detected with the chromogenic
substrate TMB. Figure 4E shows the protein profile on

MM231 exosomes using ELISA. Similar to the results
with the SERS method, the exosomes have high
expression of CD44, CD81, CD63, and CD9 and low
expression of EpCAM, HER2, EGFR, and IGFIR. A
quantitative comparison shows that our Raman assay
has a high correlation to ELISA, with a correlation
coefficient R? of 0.97 (Figure 4F). Compared to ELISA,
our Raman assay is simpler and faster. With the
functionalized Au chips, the sample preparation only
requires exosome capture and labeling, which takes
about 1.5 h. However, ELISA involves a cumbersome
procedure including exosome adsorption, plate
blocking, primary antibody binding, secondary
antibody binding, and the enzyme-catalyzed signal
production, with a total sample processing time > 24
h. In addition, this assay provides point-of-care use
because of the portable nature of the Au chip and
Raman spectrometer.
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Figure 5. Flow cytometry analyses of the expression of surface protein markers on cancer (MM231, MM468, and SKBR3) and normal (MCF12A) cells. Cells were labeled with

PE-conjugated antibodies. PE-conjugated IgG was used as the control.

To evaluate whether our method can
differentiate exosomes from different cancer cell lines
and differentiate cancer cells from normal cells, we
profiled exosomes from two additional breast cancer
cell lines, MM468 and SKBR3, and one normal
(immortalized) breast cell line, MCF12A. Flow
cytometry measurements revealed that the surface

markers of MM468 cells are EpCAM (strong), HER2
(moderate), and IGFR (moderate) (Figure 5). The
surface markers of SKBR3 cells are EpCAM (strong)
and HER2 (strong). Both cell lines have different
marker expression patterns from the MM231 cancer
cells. The MCF12A normal cells are EpCAM positive,
but their level is much lower compared to that of
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respectively.

MM468 and SKBR3 cells. The size of exosomes
derived from MM468, SKBR3, and MCF12A was 170 +
54, 165 * 38, 156 + 32 nm, respectively (Figure S3).
Figure 6 shows a comparison of the protein profiles
on exosomes from these cancer and normal cells. The
exosomes exhibited significantly (p < 0.01) different
surface marker profiles across different cell lines.
Exosomes from MM468 cells have high expression of
EpCAM and moderate expression of HER2 and
IGFIR. Exosomes from SKBR3 cells have high
expression of EpCAM and HER2. As described above,
exosomes from MM231 cells have high expression of
CD44 and negligible EpCAM. Exosomes from the
MCF12A normal cells have moderate EpCAM
expression. Compared to the protein expression on
the surface of these cells from flow cytometry
analysis, it is clear that exosomes reflect their
originating cells” surface protein marker expressions,
irrespective of cell lines. Thus, exosomes can be used
to identify signature markers for cancer detection by
surface protein profiling. All cell lines are positive for
the three exosome markers CD81, CD63, and CD9.

To evaluate the clinical potential, we used the
Raman assay to analyze exosomes in breast cancer

patients. Due to the heterogeneous breast cancer
types, we chose HER2-positive patients (n=10) for a
proof-of-concept study. The disease includes invasive
lobular carcinoma, infiltrating ductal carcinoma, and
adenocarcinoma of the breast in stages I, II, and IIL
We obtained patient plasma samples from the
XpressBank at Asterand Bioscience. Although
research has shown that liquid nitrogen-frozen
exosomes are stable for over 5 years [104], we used
samples collected within the last three years to ensure
high quality. To collect plasma samples from healthy
donors (n=5), we obtained fresh whole blood and
extracted exosomes by differential centrifugation.
Using NTA, we determined that exosomes in plasma
samples had mean sizes from 120 nm to 170 nm, with
concentrations from 1.0x10°/mL to 3x10%©/mL
(Figure 7 and Table 1). There were no significant
differences in the sizes between cancer patients and
healthy donors. The concentration was heterogeneous
in patients and healthy donors. Exosome
concentrations in patient 2 and patient 5 were much
higher than those in the other patients. Exosome
concentrations in healthy donors were higher than
those in most patients. The variations in concentration
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cannot be exclusively ascribed to the age of the
samples since all the healthy samples were freshly

collected at the same time and newer than all the
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patient samples. Thus, the concentration depends on
the individual, irrespective of disease state.
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Figure 7. Size distributions of exosomes in human plasma samples from breast cancer patients and healthy donors characterized with NTA.
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Table 1: Characterization of the size and concentration of
exosomes in human plasma samples.

Sample  Clinical diagnosis Stage Size (nm) Concentration
D (exosomes/mL)
Patient 1 Invasive lobular carcinoma I 129+29  (4.2£0.5) x 10°
Patient 2 Infiltrating ductal carcinoma I 161+43 (1.6 £0.1) x 1010
Patient 3 Adenocarcinoma 111 158 + 44 (2.0£0.3) x 10°
Patient4 Invasive lobular carcinoma I 145+ 38 (1.9£0.2) x 10°
Patient 5 Invasive lobular carcinoma I 137+42  (1.3£0.1) x 101
Patient 6 Invasive lobular carcinoma I 144+ 33 (22+0.2) x 10°
Patient 7 Infiltrating duct carcinoma 1 151+38  (1.4£0.1)x10°
Patient 8 Infiltrating ductal carcinoma I 148+37  (1.1+£0.1) x10°
Patient 9 Adenocarcinoma I 168 + 36 (21+£0.2) x 10°
Patient 10 Infiltrating ductal carcinoma I 154+35  (1.2£0.1) x 10°
Healthy 1 - 157+34  (9.0+£0.3) x 10°
Healthy 2 - 152+£33  (7.5£0.6) x 10°
Healthy 3 - 133+25  (1.8+0.2) x 10°
Healthy 4 - 169 £37  (8.8£0.5) x 10°
Healthy 5 - 161+32 (7.6 +0.2) x 10°

Based on our in vitro studies, EpCAM, CD44,
and HER? are biomarkers to distinguish breast cancer
exosomes from normal cell-derived exosomes. Thus,
we chose these three markers to analyze exosomes
from the plasma samples (Figure 8), together with the
three exosome markers CD81, CD63, and CD9 (Figure
9). The levels of EpCAM and HER2 were significantly
higher in the tested breast cancer patient samples than
in the control groups (p < 0.01 for both markers). The
levels of CD44 (p = 0.097), CD81 (p = 0.037), CD63 (p =
0.049), and CD9 (p = 0.038) were not significantly
different in the patient samples than in the controls.
Our finding of HER2 marker (AUC = 1 from ROC
curve, Figure S4) on exosomes in the HER2-positive
breast cancer patient is consistent with previous
studies with a SPR method [60]. In addition, we
identified EpCAM as another biomarker to
differentiate exosomes from breast cancer patients
from normal controls (AUC = 1, Figure S4). EpCAM
has been previously identified as an exosome-based
biomarker for ovarian cancer in ascites samples [47].
Here we report EpCAM as an exosome-based
biomarker for breast cancer. The early promise of
these proteins for breast cancer diagnosis, however,
requires further validation with larger cohorts.

Conclusion

In conclusion, we have developed a simple,
rapid, inexpensive, highly sensitive, and highly
specific Raman-based assay for point-of-care
detection and molecular profiling of exosomes. Using
the assay and model exosomes from breast cancer
cells, we showed that exosomes reflect their donor
cancer cells’ surface biomarker expressions,
suggesting the potential of exosomes as biomarkers
for cancer detection and investigation. Our assay can
be used to differentiate different subtypes of cancer
cells and differentiate cancer cells from normal cells.

Using the assay, we have identified HER2 and
EpCAM biomarkers on exosomes for diagnosis of
HER2-positive breast cancer patients. The assay can
be widely used for basic and clinical cancer research.
Using the classic high speed and high throughput
micro drop printing technology, the assay can be
readily translated into a microarray platform, offering
throughput close to 1,000 test sites on a single Au
chip. In addition, the microdrop printing technology
can automate the sample processing steps,
dramatically enhancing the efficiencies of exosome
molecular analysis. This next-generation Raman
exosome assay has the potential to revolutionize
exosome research and realize a novel cancer liquid
biopsy approach for cancer research and early
detection. We would like to point out that our method
is a detection method that requires initial exosome
isolation. Future development should also consider
methodology improvement that allows for direct
detection of exosomes in plasma.
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