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ABSTRACT: Exosomes are small extracellular vesicles
released by cells for cell-cell communication. They play
important roles in cancer development, metastasis, and drug
resistance. Exosomal proteins have been demonstrated by
many studies as promising biomarkers for cancer screening,
diagnosis, and monitoring. Among many detection techni-
ques, surface plasmon resonance (SPR) is a highly sensitive,
label-free, and real-time optical detection method. Commer-
cial prism-based wavelength/angular-modulated SPR sensors
afford high sensitivity and resolution, but their large footprint
and high cost limit their adaptability for clinical settings.
Recently, a nanoplasmonic exosome (nPLEX) assay was
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developed to detect exosomal proteins for ovarian cancer diagnosis. However, comparing with conventional SPR biosensors, the
broad applications of nanoplasmonic biosensors are limited by the difficult and expensive fabrication of nanostructures. We have
developed an intensity-modulated, compact SPR biosensor (25 cm X 10 cm X 25 cm) which uses a conventional SPR sensing
mechanism and does not require nanostructure fabrication. Calibration from glycerol showed that the compact SPR biosensor
offered sensitivity of 9.258 X 10°%/RIU and resolution of 8.311 X 10~ RIU. We have demonstrated the feasibility of the
compact SPR biosensor in lung cancer diagnosis using exosomal epidermal growth factor receptor (EGFR) and programmed
death-ligand 1 (PD-L1) as biomarkers. It detected a higher level of exosomal EGFR from A549 nonsmall cell lung cancer
(NSCLC) cells than BEAS-2B normal cells. With human serum samples, the compact SPR biosensor detected similar levels of
exosomal EGFR in NSCLC patients and normal controls, and higher expression of exosomal PD-L1 in NSCLC patients than
normal controls. The compact SPR biosensor showed higher detection sensitivity than ELISA and similar sensing accuracy as
ELISA. It is a simple and user-friendly sensing platform, which may serve as an in vitro diagnostic test for cancer.

KEYWORDS: surface plasmon resonance, biosensor, exosome, in vitro diagnostics, cancer

E xosomes are nanosized vesicles (30—150 nm) released by
all kinds of cells into the extracellular environment. They
are stably present in all bodily fluids such as blood, urine, and
saliva. Exosomes carry nucleic acids (DNAs, RNAs), proteins,
and lipids from their parent cells, and are capable of
transferring these materials to recipient cells for intercellular
communication.' > Exosomes are actively involved in cancer
development, metastasis, and drug resistance, which makes
them promising biomarkers for cancer screening, diagnosis,
and monitoring.”> Recently, exosomal proteins have shown
very high sensitivity and specificity in diagnosing many cancers.
For example, exosomal CD151, CD171, and tetraspanin 8 in
plasma distinguished lung cancer patients from healthy
control.’ Exosomal LRG1 was found to be a potential urinary
biomarker for the detection of nonsmall cell lung cancer.”
Levels of exosomal glypican-1 informed pancreatic tumor
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burden, and distinguished early- and late-stage pancreatic
cancer patients from healthy controls and patients with benign
pancreatic diseases.” Exosomal CA-125, EpCAM, CD24
combination biomarkers distinguished ovarian cancer patients
from healthy controls with very high sensitivity and specificity.’

Many techniques have been applied to measure the levels of
exosomal proteins, such as Western blot, enzyme-linked
immunosorbent assay (ELISA), flow cytometry, surface
plasmon resonance (SPR), and LC-MS.'"™"* Among these
techniques, SPR is a highly sensitive and real-time optical
detection method. It is a label-free technology and does not
require tedious sample handling steps, making it very attractive
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Figure 1. (a) Setup of compact SPR biosensor (left) and the photo and schematic diagram of the biochip (right). (b) Sensing mechanism of
compact SPR biosensor. (c) Calibration of sensing performance of compact SPR biosensor with 1%, 2%, and 3% glycerol solutions. (d) Real-time
SPR response upon the addition of PBS, PEG mixture, Neutravidin, and anti-EGFR antibodies during the biochip surface modification.

for exosomal protein analysis. For instance, Rupert et al. used
the Biacore 2000 SPR instrument (GE healthcare) to measure
the CD63 expression of exosomes derived from the human
mast cell line, HMC-1.2."> When the exosome concentrations
were in the picomolar range, SPR showed high signal-to-noise
ratio (SNR) of ~100, which was comparable with ELISA assay.
Grasso et al. used the Biacore 3000 SPR instrument (GE
healthcare) to detect six surface proteins (CD63, CD9, CD24,
CD44, EpCAM, and HER2) of exosomes isolated from culture
medium of breast cancer cells and from plasma samples of
healthy controls, demonstrating that SPR can serve as a
bioanalytical procedure for clinical applications."' More
recently, Sina et al. utilized a custom-built SPR platform and
detected >10-fold higher HER2+ exosome subpopulation in
serum samples from HER2+ breast cancer patients than
HER2- patients and healthy controls."*

Commercial prism-based, wavelength/angular-modulated
SPR sensors can provide a resolution of 1077 refractive index
unit (RIU) for single point detection, corresponding to a
minimum detectable surface concentration of ~0.3 pg/
mm?2.">'® However, their large detection spot and the need
of a bulky coupling prism limit their effectiveness for compact
and miniaturized biosensing and restrain their adaptability to
clinical settings."” In the past decade, miniaturized versions of
prism-based SPR sensors have been reported to enable
applications requiring integrated, low-cost, compact devices
for rapid bioanalytical measurements.'®'” For example, Texas
Instruments develoIped a portable SPR system, Spreeta 2000,
in 1999—2000.2%* Recently, several portable, prism-based
SPR biosensors have been developed to detect antibodies,”***
pathogens,”* and bacteria;*> however, their applications in the
detection of exosomal proteins have not yet been explored.

In addition to the portable SPR biosensors developed based
on conventional SPR sensing mechanism, nanoplasmonic
biosensors that employ nanoscale topographies are a new
category of SPR based biosensors. Im et al. developed a
portable nanoplasmonic exosome (nPLEX) assay based on
transmission SPR through periodic nanohole arrays.”*>” The

nPLEX assay analyzed ascites samples from ovarian cancer
patients and noncancerous cirrhosis patients (controls). With
exosomal CD24 and EpCAM as the biomarkers, the nPLEX
assay distinguished ovarian cancer patients from controls with
97% diagnostic accuracy, demonstrating that SPR biosensors
are potent in vitro diagnostics for cancer. However, comparing
with conventional SPR biosensors, the broad applications of
nanoplasmonic biosensors are limited by the difficult and
expensive fabrication of nanostructures.

In this work, we have developed an intensity-modulated,
compact SPR biosensor that uses conventional SPR sensing
mechanism (i.e,, SPR on a simple gold-coated surface) and
does not require the fabrication of any nanostructures. We
have evaluated its sensing performance in detecting exosomal
proteins as biomarkers for cancer diagnosis. Obviously,
miniaturized SPR sensors cannot compete with high-end
SPR systems in sensitivity, but because exosomes are ~100 nm
in diameter and should be easier to resolve, the superior
resolution provided by commercial high-end SPR systems are
unnecessary in this particular sensing application. Our compact
SPR biosensor has shown high enough sensitivity/resolution in
detecting exosomal proteins. We have demonstrated better
detection sensitivity of compact SPR biosensor than ELISA.
Besides, the small footprint of the compact SPR biosensor (25
cm X 10 cm X 25 cm) makes it easy to be adapted to clinical
settings.

Lung cancer was selected as the disease model because it is
one of the most lethal diseases for both men and women
worldwide. Current screening and diagnosis methods, such as
low dose computed tomography (CT), bronchoscopy, and
tissue biopsy, are compromised by high false positive rate, low
sensitivity, invasive procedure, and high cost. Detection of
exosomal proteins via compact SPR biosensor has great
potential to become a complementary and companion
diagnostics for lung cancer. Epidermal growth factor receptor
(EGFR) and programmed death-ligand 1 (PD-L1) are two
protein biomarkers overexpressed in many lung tumors. The
levels of EGFR and PD-L1 are closely correlated with lung
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cancer stage and metastasis, and the diagnostic and prognostic
value of EGFR and PD-L1 has been validated in large cohorts
of lung cancer patients and lung cancer cell-derived
exosomes.”” >* Therefore, we selected EGFR and PD-L1 as
the biomarkers in this study. We have demonstrated the
teasibility of using compact SPR biosensor to detect the
exosomal EGFR and PD-L1 in cell culture medium and serum
samples from lung cancer patients and normal controls. We
have also demonstrated that the compact SPR biosensor
showed better sensing performance than ELISA.

B EXPERIMENTAL SECTION

Setup of the Compact SPR Biosensor System. As shown in
Figure la, the compact SPR biosensor consisted of a prism, a small
rotation stage, a continuous wave solid-state laser at 785 nm, a splitter,
and two photodetectors. The input laser beam was split into two
beams by an optical splitter (50%/50%). One laser beam (50% of
laser energy) went through the prism to launch SPR at the gold
surface to interact with exosomes bound on the surface. The other
laser beam (S0% laser energy) was used as the reference beam. The
reflection intensity and reference intensity were recorded by two
photodetectors and used to quantify the expression of exosomal
proteins.

Fabrication of SPR Biochip. Glass slides (Fisher Scientific, 12-
550-A3) were cleaned subsequently in acetone, isopropyl alcohol, and
deionized water (DI water) with 10 min sonication for each step. A 2
nm Ti adhesion layer followed by a 49 nm Au thin film were
deposited on the sensing area of the glass slide by electron-beam
evaporation (Indel system) at the deposition rate of 1 A/s. A
polydimethylsiloxane (PDMS) layer with a hole of 6 mm in the
middle was bound on the glass surface to serve as the sample well.

Biochip Surface Modification with Antibodies. The surface of
the biochip was first coated with the mixture of methyl-polyethylene
glycol-thiol (PEG200, MW = 200 g/mol, Thermo Fisher Scientific,
Rockford, IL, 26132) and biotinylated-polyethylene glycol-thiol
(biotin-PEG1000, MW = 1000 g/mol, Nanocs, Boston, MA, PG2-
BNTH-1K) at molar ratio of 3:1 and the concentration of 10 mM in
PBS by incubation at room temperature for 1 h. After washing off
unbounded PEG by PBS, 0.05 mg/mL NeutrAvidin (Thermo Fisher
Scientific, 31000) was added to react with biotin for 1 h at room
temperature. The unreacted NeutrAvidin was washed off by PBS.
Finally, biotinylated anti-EGFR antibodies (Abcam, Cambridge, MA,
ab24293), biotinylated anti-PD-L1 antibodies (Thermo Fisher
Scientific, 13-5983-82) and biotinylated anti-IgG antibodies (Thermo
Fisher Scientific, 13-4714-85) were added at the concentration of 0.05
mg/mL and incubated at room temperature for 1 h to attach the
antibodies on the biochip surface through biotin—avidin interaction.
After the removal of unbounded antibodies by PBS washing, the
biochip was ready for use.

Cell Culture. AS49 nonsmall cell lung cancer (NSCLC) cells and
BEAS-2B normal human bronchial epithelial cells were obtained from
the American Type Culture Collection (Manassas, VA). The cells
were cultured in RPMI 1640 media (Thermo Fisher Scientific, 11875-
093) supplemented with 10% fetal bovine serum (FBS, Thermo
Fisher Scientific, 26140-079) and 1X penicillin streptomycin (PS,
Thermo Fisher Scientific, 15140-122). The cells were seeded at 2 X
10° cells/mL in P100 Petri dishes (Greiner Bio-one, Monroe, NC)
and incubated in a CO, incubator at 37 °C. The cells were
subcultured every 2 days.

Exosome Isolation from Cell Culture Medium. A549 cells and
BEAS-2B cells were first cultured in regular cell culture medium, i.e.,
RPMI 1640 medium supplemented with 10% FBS and 1X PS. When
the cell culture reached 90% confluence, the regular cell culture
medium was removed. The cells were washed with PBS twice and
then cultured in starving medium, i.e, RPMI 1640 basal medium
without FBS and PS. Two days later, exosomes were isolated from
starving medium using total exosome isolation kit (from cell culture
medium; Thermo Fisher Scientific, 4478359) following manufac-
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turer’s protocol with minor revision. Briefly, the starving medium was
centrifuged at 4000 g for 30 min to remove cells and centrifuged at
10 000 g for 1 h to remove cell debris. Then one part of total exosome
isolation kit was added into two parts of cell culture medium. The
mixture was incubated at 4 °C overnight, and then centrifuged at
10000 g for 1 h at 4 °C to pellet exosomes. The supernatant was
removed and the exosome pellet was resuspended in PBS at the cell
culture medium to PBS volume ratio of 50:1.

Human Serum Samples. Human serum samples were collected
from healthy donors and NSCLC patients prior to treatment. De-
identified human serum samples were obtained from Roswell Park
Comprehensive Cancer Center (Buffalo, NY) after the approval from
University at Buffalo Institutional Review Board (UB IRB).

Exosome Isolation from Human Serum Samples. Total
exosome isolation kit (from serum, Thermofisher Scientific, 4478360)
was used to isolate exosome from serum samples following the
manufacturer’s protocol with minor revision. Briefly, serum samples
were centrifuged at 10 000 g for 30 min to remove debris. Then, one
part of the total exosome isolation kit was added into five parts of
serum samples. The mixture was incubated at 4 °C for 30 min and
centrifuged at 10000 g for 1 h at 4 °C to pellet exosomes. The
supernatant was removed and the exosome pellet was resuspended in
PBS at the serum to PBS volume ratio of 1:1.

Characterization of Exosomes. Exosomes isolated from cell
culture media were diluted 100-fold with PBS. Exosomes isolated
from human serum samples were diluted 10 000-fold with PBS. Then
the size, size distribution, and number concentration of exosomes
were measured using the nanoparticle tracking analysis (NTA) system
(NanoSight, LM10, Malvern Instruments Ltd., Westborough, MA).
For all measurements, the detection threshold was set at 6, the screen
gain was set at 8 and the camera level was set at 14. For exosome
imaging, 7 uL of exosome solution was loaded on 400 mesh carbon-
coated copper grids, followed by negative staining using 2% uranyl
acetate. The morphology of exosomes was observed by JEOL 2010
transmission electron microscopy (TEM).

Exosomal Protein Characterization by Compact SPR
Biosensor. To measure the expression of exosomal proteins by
compact SPR biosensor, DI water was first applied to the biochip to
set the SPR angle and collect the baseline intensity signals (I,q.)-
Then, DI water was replaced with PBS, and the intensity signals of
PBS (Ipgs) were recorded. Exosomes were subsequently loaded after
removing PBS, and incubated on the biochip at room temperature to
allow the capture of exosomes by antibodies. Finally, the biochip was
washed with PBS three times to remove unbounded exosomes, and
the intensity signals of captured exosomes (I ysome) Were recorded.
The expression of exosomal protein (E) was calculated using the
following equation:

E = Iexosome - IPBS

IPBS -1 water

(1

Exosomal Protein Characterization by ELISA. The expression
of exosomal EGFR and exosomal PD-L1 was measured by ELISA
(Abcam, ab10050S; Thermo Fisher Scientific, BMS2212) following
manufacturers’ protocols. Briefly, exosomes were isolated from cell
culture media or serum samples as described above. Exosomes were
diluted and added in ELISA plates. For EGFR ELISA assay, the plates
were incubated at 4 °C overnight. For PD-L1 ELISA assay, the plates
were incubated for 2 h at room temperature. After washing off
unbounded exosomes, biotinylated detection antibodies was added
and incubated with exosomes for 1 h at room temperature. After
washing off excessive detection antibodies, horseradish peroxidase
(HRP)—streptavidin was added. EGFR antibody coated plates and
PD-L1 antibody coated plates were incubated for 45 and 30 min at
room temperature, respectively. Then, 3,3',5,5’-tetramethylbenzidine
(TMB) one-step substrate reagent was added and incubated for 30
min in the dark. Finally, the stop solution was added and the
absorbance at 450 nm was read by microplate reader immediately.

Scanning Electron Microscopy (SEM). Field emission scanning
electron microscope (FESEM) with Oxford energy-dispersive X-ray
spectrometer (EDS - Hitachi SU70) was used to characterize the
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Figure 2. (a) Representative real-time response of compact SPR biosensor upon the addition of water, PBS, AS49 exosomes at concentration of 4 X
10" exosomes/mL, and PBS washing buffer. (b) SEM images of the biochip surface before (left) and after (right) the capture of EGFR positive
exosomes. (c) Exosomes derived from AS49 lung cancer cells showed higher exosomal EGFR expression than those from BEAS-2B normal cells.
Both A349 exosomes and BEAS-2B exosomes were applied on the biochip at concentration of 4 X 10'° exosomes/mL. (d) With anti-IgG control
antibodies modified biochip, no significant nonspecific binding of AS49 exosomes was observed. A549 exosomes were applied on the biochip at

much higher concentration, i.e., 2 X 10! exosomes/mL.

exosomes captured by the antibodies. Briefly, after unbounded
exosomes were washed off by PBS, the biochip was air-dried at
room temperature. The biochip was then coated with carbon and the
exosomes were observed by SEM.

B RESULTS AND DISCUSSION

Setup and Sensing Mechanism of Compact SPR
Biosensor. The setup of the compact SPR biosensor is shown
in Figure la with all compact optical components assembled
on an optical breadboard. A photo and the schematic diagram
of the SPR biochip are also shown in Figure la. The key
module of the compact SPR biosensor is the central rotation
stage, the compact prism, and the biochip, which has footprint
of 6.35 cm (L) X 6.35 cm (W) X 6.35 cm (H). The excitation
source is a Coherent OBIS laser with the dimension of 7 cm
(L) X 4 cm (W) X 3.8 cm (H). With the laser source included,
the total footprint of our system is 25 cm (L) X 25 cm (W) X
10 cm (H), which was highly compact comparing to
commercial units. The solid state laser may be integrated
with the central module using the optical fiber interface to
further reduce the footprint to as small as 10 cm (L) X 10 cm
(W) x 10 cm (H) or even smaller.

In the compact SPR biosensor, the splitter separated the 785
nm laser beam into two beams, i.e., a sensing beam (50% laser
energy) and a reference beam (50% laser energy). The sensing
beam went through the prism and reached the biochip that sat
on the small rotation stage. By adjusting the angle of the stage,
the surface plasmon (SP) mode was launched at the gold
surface, which interacted with biomolecules bound on the
surface. The binding of exosomal proteins to antibodies
changed local refractive index, affected the optical properties of
the SP modes, changed the intensity of the reflected laser
beam, and thus permitted optical detection of exosomal
proteins (Figure 1b). The intensity of reference beam was used
to normalize the reflection intensity signals. In this work,
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normalized intensity (i.e., reflection intensity/reference inten-
sity X100%) was reported as SPR signals.

To calibrate the sensing performance of compact SPR
biosensor, we introduced glycerol solutions with different
concentrations (1%, 2%, and 3%) and refractive indices to
measure the reflection intensity change. As shown in Figure lc,
continuous increase of reflection intensity was observed with
increased concentrations of glycerol solutions. The signal of
reflection intensity returned to the background level after the
glycerol was washed off with DI water. By considering the
SNR, the compact SPR biosensor obtained sensitivity of 9.258
X 10%%/RIU and resolution of 8.311 X 10~° RIU, which is
better than Spreeta 2000 (resolution of 107>~10~* RIU)* and
comparable with a typical intensity-modulated SPR sensor
(resolution of (2—5) X 107° RIU).***” Although the
sensitivity and resolution of compact SPR biosensor are
approximately 2 orders of magnitude lower than those of
commercial high-end SPR systems, we have demonstrated
below that this sensing capability is sufficient to resolve
exosomes for lung cancer diagnosis.

Preparation and Surface Modification of the SPR
Biochip. To prepare the SPR biochip, a 2 nm Ti film was
deposited on the glass slide followed by a 49 nm Au film. The
Ti film was used to enhance the adhesion of the Au film and
thus to optimize the reliability of the biochip. Then, a PDMS
layer with a hole in the middle was attached to the glass slide
to generate the sample wells (diameter of 6 mm). With this
design, the users can simply use a pipet to add/remove samples
into/from the sample wells. This design does not require extra
training and equipment (such as syringe pumps), and is
compatible with most standard clinic sample handling
processes.

To detect exosomal proteins, the biochip surface was
modified with the mixture of PEG200 and biotin-PEG1000,
Neutravidin, and biotinylated antibodies. The surface mod-
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Figure 3. Exosomal EGFR expression measured by ELISA (a) and compact SPR biosensor (b) at increasing AS49 exosome concentrations from 0

to 4 X 10" exosomes/mL (n = 3).

ification can be monitored by our compact SPR biosensor. As
shown in Figure 1d, when the mixture of PEG200 and biotin-
PEG 1000 (molar ratio of 3:1, 10 mM in PBS) replaced PBS,
the reflection intensity increased from ~2% to ~15%. When
unbounded PEG mixture was removed by PBS washing, the
reflection intensity reduced and stabilized at ~11%. The
difference of reflection intensity, ~9%, before and after PBS
washing demonstrated the successful coating of PEG mixture
on the biochip surface. Similarly, we observed ~19% and ~9%
net increases after the surface was modified with Neutravidin
and biotinylated anti-EGFR antibodies, respectively, indicating
the successful conjugation of antibodies on the biochip surface
through biotin—avidin interaction. Since the biochip surface
was modified with the mixture of PEG200 and biotin-
PEG1000 at molar ratio of 3:1 and the antibodies were
conjugated on the surface through biotin—avidin interaction,
25% of the biochip surface can be used to capture exosomes.
Apparently, the molar ratio of PEG200 and biotin-PEG1000
determines the exosome capture efficiency. We selected the
molar ratio of 3:1 because it was reported to provide the
highest capture yield.”” The molar ratio of PEG200 and biotin-
PEG1000 may need to be optimized in the future with our
compact SPR biosensor to maximize the exosome capture
efficiency.

Characterization of Cell-Derived Exosomes by Com-
pact SPR Biosensor. To demonstrate the feasibility of
exosomal protein characterization, the compact SPR biosensor
was used to measure the EGFR levels of exosomes isolated
from A549 cell culture medium. A representative real-time SPR
response curve was shown in Figure 2a. DI water and PBS
were first applied on the biochip to obtain baseline signals for
normalization. AS49 exosomes were added at the concen-
tration of 4 X 10'° exosomes/mL. An immediate increase of
reflection intensity was observed because the refractive index
of exosomes is significantly different from PBS. The intensity
signal was stabilized at ~13.4% at ~10000 s, suggesting that
the steady-state was reached. After the unbounded exosomes
were washed off by PBS, as expected, the reflection intensity
was reduced to ~9.5% with the SNR of 274. This was SPR
signal from EGFR positive exosomes. Based on the reflection
intensities of water (~2.0%), PBS (~6.5%), and EGFR positive
exosomes (~9.5%), the expression of exosomal EGFR was
calculated to be ~0.7 using eq 1. Moreover, SEM was used to
confirm the capture of EGFR positive exosomes by anti-EGFR
antibodies (Figure 2b). These results demonstrated the
successful capture and characterization of exosomes using the
compact SPR biosensor.
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To demonstrate the capability of distinguishing cancer-cell-
derived exosomes and normal-cell-derived exosomes, exosomes
derived from BEAS-2B normal bronchial epithelial cells were
added on the biochip at the same concentration of 4 X 10
exosomes/mL as AS49 exosomes, and the expression of
exosomal EGFR was measured using the compact SPR
biosensor. As shown in Figure 2c, the EGFR expression of
AS49 exosomes was ~1.6-fold higher than that of BEAS-2B
exosomes, indicating that exosomal EGFR successfully
distinguished A549 cancer-cell-derived exosomes from BEAS-
2B normal-cell-derived exosomes.

To exclude the potential nonspecific binding of exosomes,
the biochip surface was modified with anti-IgG control
antibodies. A549 exosomes were added to the biochip at
much higher concentration, ie., 2 X 10! exosomes/mL, and
incubated on the biochip for 2 h at room temperature. As
expected, significant increase in reflective intensity was
observed right after AS49 exosomes were added on the
biochip. No further intensity increase was observed during the
2 h incubation. After three PBS washes, the reflection intensity
reduced back to the PBS level, suggesting that nonspecific
binding of exosomes to anti-IgG control antibodies was
negligible (Figure 2d).

Sensing Performance Comparison between Compact
SPR Biosensor and ELISA. To demonstrate the superior
performance of compact SPR biosensor, we compared its
sensing performance with that of conventional ELISA. A serial
dilution of AS49 exosomes was prepared with increasing
concenrations from 0 to 4 X 10 exosomes/mL. The
expression of exosomal EGFR was measured by ELISA and
the compact SPR biosensor. As shown in Figure 3a, ELISA
detected exosomal EGFR at the A549 exosome concentration
of 4 X 10" exosomes/mL with the coefficient of variation
(CV) of 54.3%. We also increased the AS49 exosome
concentrations up to 40 X 10'° exosomes/mL, the ODs at
450 nm were below the limit of detection of ELISA (see Figure
S1 in Supporting Information); therefore, ELISA was not able
to measure exosomal EGFR levels accurately. However, the
compact SPR biosensor detected exosomal EGFR at the A549
concentration of 4 X 10'° exosomes/mL with the SNR of 274
and CV of 9.8% (Figure 3b). Besides, the compact SPR
biosensor successfully detected exosomal EGFR in AS49
exosomes at the concentration as low as 2 X 10'° exosomes/
mL with SNR of 27 and CV of 16.6%. Since the SPR biochip
and ELISA kit used same anti-EGFR antibodies (abcam,
ab24293), the exosome capture efficiency in both assays should
be similar. Therefore, our results demonstrated that the
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Table 1. Summary of Patient Characteristic

D morphology race gender age

1 Adenocarcinoma, NOS White M 65—69
2 Adenocarcinoma, NOS White F 75=79
3 Adenocarcinoma, NOS White F 60—64
4 Adenocarcinoma, NOS White F 55-59
S Adenocarcinoma, NOS White F 55-59
6 Normal White M 70—74
7 Normal White M 65—69
8 Normal White F 70—74
9 Normal ‘White M 75=79
10 Normal White F 50—-54

stage exosome size (nm) exosome concentration (10'% exosome/mL)
11 109 5.20
v 91 5.26
IIA 115 3.35
IITA 95 2.87
v 128 2.73
78 3.99
85 8.15
118 4.54
111 3.34
99 5.62

detection sensitivity of compact SPR biosensor is better than
that of ELISA. The compact SPR biosensor showed higher
detection senstivitity may be because the sensing target, i.e.,
exosomes, has diameter ~100 nm, which is relatively large and
easier to detect by SPR mechanism than the colorimetric
detection mechanism in ELISA.

Characterization of Human Serum-Derived Exo-
somes by Compact SPR Biosensor. To demonstrate the
clinical utility of compact SPR biosensor, serum samples from
lung cancer patients (n = S) and normal controls (n = S) were
used. Table 1 summarized the patient characteristics.
Exosomes were isolated from S50 pL serum samples and
resuspended in S0 uL PBS. The exosome size and number
concentrations were measured using the nanoparticle tracking
analysis (NTA) system. Figure 4a showed a representative size
distribution of exosomes isolated from the serum sample and
the TEM image of the exosomes. The size of exosomes from all
serum samples was around 100 nm (Table 1). No significant
difference was observed in exosome number concentration
between lung cancer patients and normal controls, suggesting
that exosome number concentration might not be a sensitive
biomarker to distinguish lung cancer patients from normal
controls (Figure 4b). The expression levels of exosomal EGFR
were measured by both compact SPR biosensor and ELISA. A
representative real-time SPR response curve for the detection
of exosomal EGFR was shown in Figure 4c. Significant increase
in reflection intensity was observed, demonstrating the
successful detection of exosomal EGFR. Both compact SPR
biosensor and ELISA effectively detected exosomal EGFR
from SO uL serum samples (Figure 4d,e). However, neither
compact SPR biosensor nor ELISA detected significant
difference in the exosomal EGFR levels between lung cancer
patients and normal controls, which may be due to the small
sample size. Although exosomal EGFR has been shown to be a
promising biomarker for lung cancer by a few studies, the field
is still in its infancy and no conclusive results have been
reached yet. For example, Yamashita et al. detected higher
exosomal EGFR levels in S out of 9 lung cancer patient serum
samples compared to normal controls, while Jakobsen et al.
detected lower exosomal EGFR levels in plasma samples from
lung cancer patients (n = 109) compared to normal controls (n
=110).>>*" Therefore, the diagnostic value of exosomal EGFR
needs to be validated with a large cohort of patients. In order
to compare the sensing accuracy between compact SPR
biosensor and ELISA, the exosomal EGFR level of normal
control #8 was used as the normalization factor to normalize
the expression of exosomal EGFR measured by each assay. As
shown in Figure 4f, no significant difference was observed in
the normalized exosomal EGFR levels between the compact
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SPR biosensor and ELISA, suggesting that compact SPR
biosensor afforded same sensing accuracy as ELISA.

The levels of exosomal PD-L1 in serum samples were also
measured by both compact SPR biosensor and ELISA. As
shown in Figure 4g, the SPR biosensor successfully detected
exosomal PD-L1 in S0 pL serum samples. Besides, higher
exosomal PD-L1 levels were observed in serum samples from
lung cancer patients than normal controls (Figure 4h),
suggesting that exosomal PD-L1 might be a promising
biomarker for lung cancer diagnosis. It should be noted that
the utility of exosomal PD-L1 as a diagnostic biomarker needs
to be further validated in large cohorts of patients, in patients
with additional lung cancer histology (such as squamous
NSCLC, small cell lung cancer), and in patients with earlier
stages of disease (such as stage I). However, ELISA was not
able to detect exosomal PD-L1 in 50 uL serum samples,
indicating that compact SPR biosensor is more sensitive than
ELISA, agreeing well with the results shown in Figure 3. The
reason ELISA could not detect exosomal PD-L1 may be
because the low abundance of exosomal PD-L1 in serum
samples. From SPR results, the expression of exosomal PD-L1
was about 30% to 50% of the expression of exosomal EGFR.

In the future, the operating parameters of the compact SPR
biosensor, such as sample volume and incubation time, need to
be optimized for each specific exosomal protein biomarker to
further enhance the biomarker’s detection sensitivity and
specificity. The compact SPR biosensor will also be optimized
to incorporate multiwell design and realize high-throughput
detection. The possibility of on-chip exosome enrichment and
purification will be investigated to eliminate the off-chip
exosome isolation process, and therefore serum samples could
be directly used in the biosensor. The sensing performance of
compact SPR biosensor and the diagnostic/prognostic value of
exosomal protein biomarkers need to be validated in large
cohorts of patients with broad characteristics, such as different
stage of diseases (Stage I, II, III, and IV) and lung cancer
histology (adenocarcinoma NSCLC, squamous NSCLC, and
small cell lung cancer).

B CONCLUSIONS

We have developed a highly sensitive, compact SPR biosensor
to capture exosomes and characterize exosomal proteins for
cancer diagnosis. Glycerol solutions were used to calibrate the
sensing performance of the compact SPR biosensor, which
showed detection sensitivity of 9.258 X 10°%/RIU and
resolution of 8.311 X 107¢ RIU. With lung cancer as the
disease model, compact SPR biosensor successfully detected
the expression levels of EGFR in AS49 exosomes at
concentration as low as 2 X 10'° exosomes/mL with SNR of

DOI: 10.1021/acssensors.8b00230
ACS Sens. 2018, 3, 14711479


http://dx.doi.org/10.1021/acssensors.8b00230

ACS Sensors

160 -
140 - ‘1'\
& 1204 ||
SE100 | | |
880 |
L | \‘
gF o0 | |
§% 40
o [\
20{] \_
/ NG
0 100 200 300 400 500 600 700 800
Particle Size (nm)
40% -
- +PBS washing
2 30% |
[7] L
[
$ \\‘
;5 . Exosomes from Stage IlI
§ 20% 1 NSCLC patient
2
510% | water EGFR positive exosomes
z
| o
0% +— : ; ,
0 5000 10000 15000
Time(s)
NS = ELISA
3 2000
£
o .
£ -
= 1500 . :
2 ~
B .
€ 1000 .
@ -
o
&
o 500
4
w
[U]
w0
Lung cancer patients Normal controls
20% -
PN |
2 .
Z PBS washing
[
€ Exosomes from Stage Il
T 10% - NSCLC patient serum ‘L
N —
®
£
S PD-L1 positive exosomes
= PBS g
0% Water . . .
0 4000 8000 12000
Time(s)

o

Exosome concentration

NS
8.0E+12 -

7.0E+12 -
6.0E+12 -
5.0E+12 -
4.0E+12 -
3.0E+12 -
2.0E+12 -
1.0E+12 -
0.0E+00 -

(exosome/mL)

normal
controls

lung cancer
patients

NS
* SPR

£ s

0 o

w g o
w® 4

£

8 .
o 3 .
>

) .
5

2 .

L2

[

o 1

-]

3

w 0

Lung cancer patients Normal controls

x = ELISA
o .
@, NS NS SPR
2.0 =
S 15 i .
" — :
1.0 < : = g
.I. = :
S 05
’ 0.0
S Lung cancer patients Normal controls
' * SPR
:.' 3
(=]
o
= *
£
o 2
2 *
X *
b o * *
© *
s 1 ——
7 *
@ *
e
Q.
>
woo

Lung cancer patients Normal controls

Figure 4. (a) Representative size distribution of exosomes isolated from a serum sample (normal control #10) measured by NTA and the
morphology of exosomes imaged by TEM (inset). (b) No significant difference was observed in the number concentrations of exosomes between
lung cancer patients and normal controls. (c) Representative real-time response curve of compact SPR biosensor detecting exosomal EGFR in
serum sample from a Stage III lung cancer patient. Expression of exosomal EGFR in serum samples measured by (d) compact SPR biosensor and
(e) ELISA. (f) Compact SPR biosensor showed the same detection accuracy as ELISA in measuring exosomal EGFR levels in serum samples. To
compare compact SPR biosensor with ELISA, all data were normalized to normal control #8. (g) Representative real-time response curve of
compact SPR biosensor detecting exosomal PD-L1 in serum sample from a Stage III lung cancer patient. (h) Expression of exosomal PD-L1 in
serum samples measured by compact SPR biosensor. ELISA was not able to detect exosomal PD-L1 levels in serum samples. (50 yL serum sample
was used in all measurements. n = 5. *: p < 0.05. NS: no significant difference).

27 and CV of 16.6%, which was much more sensitive than
ELISA (4 X 10 exosomes/mL with CV of 54.3%). The
compact SPR biosensor also detected higher EGFR levels in
exosomes derived from AS549 cancer cells than those from
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BEAS-2B normal cells, suggesting that it was capable of
distinguishing lung cancer from normal control. The clinical
translational potential of compact SPR biosensor was evaluated
using serum samples from lung cancer patients and normal

DOI: 10.1021/acssensors.8b00230
ACS Sens. 2018, 3, 1471-1479


http://dx.doi.org/10.1021/acssensors.8b00230

ACS Sensors

controls. Although no significant difference was observed in
the expression of exosomal EGFR between lung cancer
patients and normal controls, the compact SPR biosensor
showed comparable sensing accuracy as ELISA. The compact
SPR biosensor successfully detected exosomal PD-L1 in 50 uL
serum samples; however, ELISA was not able to detect
exosomal PD-L1 in the same amount of serum samples, further
demonstrating that compact SPR biosensor had higher
detection sensitivity than ELISA. In addition, compact SPR
biosensor detected higher exosomal PD-L1 levels in serum
samples from lung cancer patients than normal controls,
suggesting exosomal PD-L1 might be a promising biomarkers
for lung cancer diagnosis.

The compact SPR biosensor is a simple and user-friendly
sensing platform that offers sensitive, label-free, real-time, and
cost-effective detection of exosomal protein biomarkers. It may
serve as a liquid biopsy assay that complements more invasive
and expensive diagnostic tests and assists in cancer screening,
diagnosis, treatment response monitoring, and prognosis.
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