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ABSTRACT: Parasite extracellular vesicles (EVs) are potential biomarkers that could be exploited for the diagnosis of
infectious disease. This paper reports a rapid bioassay to discriminate parasite and host EVs. The EV detection assay utilizes a
label-free photonic crystal (PC) biosensor to detect the EVs using a host-specific transmembrane protein (CD63), which is
present on EV secreted by host cells (modeled by murine macrophage cell line J774A.1) but is not expressed on EV secreted by
parasitic nematodes such as the gastrointestinal nematode Ascaris suum. The surface of PC is functionalized to recognize CD63,
and is sensitive to the changes in refractive index caused by the immobilization of EVs. The biosensor demonstrates a detection
limit of 2.18 X 10° EVs/mL and a capability to characterize the affinity constants of antibody-host EV bindings. The
discrimination of murine host EVs from parasite EVs indicates the capability of the sensor to differentiate EVs from different
origins. The label-free, rapid EV assay could be used to detection parasite infection and facilitate the exosome-based clinic

diagnosis and exosome research.
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Recently, membranous extracellular vesicles (EVs), includ-
ing nanoscale exosomes and other vesicles derived from
cancer cells, have also been found in the blood of cancer
patients.' > These membrane-bound phospholipid nano-
vesicles are actively secreted by both prokaryotic and
eukaryotic cells, includinzg mammalian cells and pathogens
like parasitic helminths. ¢ EVs secreted from helminths
contain effector molecules such as functional proteins and
small RNAs, and as with other systems. There is emerging
evidence demonstrating that EVs released from helminths
could traffic within the host’s body fluid and interact with the
immune system to modulate the host immune response.”””
EVs have also been considered an important mediator of the
cell to cell communication; because of the membrane-based
structure, they are more stable than proteins and nucleotides
biomarkers that are secreted alone, which arouses the potential
to use EVs to diagnose infectious diseases and other human
diseases like cancer.

Rapid, multiplexed exosome analysis can be used to detect
minute amounts of various biomarkers for diseases that are
currently difficult to diagnose and monitor such as cancer,
infectious, autoimmune, and degenerative diseases. Fluores-
cence-based approaches, such as bead-based assays, have the
multiplexing capability and high sensitivity but require
excessive volumes of serum.'”'’ Compare to conventional
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methods based on immunoblotting or enzyme-linked immu-
nosorbent assay (ELISA) assays,'”~"® the PC-based label-free
assay eliminates the labeling step. The outputs of PC-based
devices can be measured in real time and the assay time can be
significant reduced.'®>° Recently, several biosensors have
been reported for the analysis of exosomes,”' ™" using surface
plasmonic resonance,”” nuclear magnetic resonance,”® and
electrochemical aptasensor.”’

The paper reports the discrimination of EVs derived from
murine macrophages and parasites using a photonic crystal
(PC) biosensor. The PC biosensor, consisting of a
subwavelength grating, is essentially a narrowband optical
reflector that reflects a particular wavelength of a broadband
excitation. The capture of EVs on the biosensor increases the
refractive index on the sensor surface and results in a change in
the light reflectance of the PC. Using the PC biosensor, we
have developed a label-free binding assay to detect EVs
according to their membrane-specific proteins, and distinguish
EVs secreted by a murine macrophage cell line (J774A.1) and a
parasitic nematode (Ascaris suum). In addition, the developed
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Figure 1. (a) Schematic diagram of the extraction of EVs from culture media. The EVs samples are centrifuged and resuspended before being
flowed into the microfluidic chip. (b) Ilustration of the microfluidic PC biosensor chip. Four channels are designed for the host, parasitic, positive,
and negative reference samples, respectively. (c) Schematic structure of the PC grating and the label-free detection mechanism. The PC surface
functionalized with the antibody (black box) exhibits resonant reflection (black curve in the reflection spectra). The binding of EVs to the antibody

(red box) shift the narrowband reflection by a spectral shift of AA,.
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Figure 2. (a) Flowchart for the functionalization of the PC biosensor. (b) Measured wavelength shift as a function of time during the
functionalization process. The black, red, blue, and green portions of the curve denote the PVA, GA, antibody, and BSA coating. (c) Resonant
wavelength shift of the sensor after each step of the real-time measurement shown in (b).

assay can measure the binding of EV to its ligand in real time,
thus enabling characterization of the EV-antibody binding
affinity.

B EXPERIMENTAL SECTION

Preparation of Host and Parasite EV Samples. The host and
parasite EVs were isolated from spent murine macrophage and
parasitic nematode culture media, respectively. Murine macrophage
cell line (J774A.1) were cultured in DMEM containing 10% FBS
(Thermo Fisher Scientific, Waltham, MA), 100 units of penicillin
(Thermo Fisher Scientific, Waltham, MA), 100 ug/mL of
streptomycin (Thermo Fisher Scientific, Waltham, MA), and 2 mM
L-glutamine (Sigma-Aldrich, St. Louis, MO). Female adult Ascaris
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suum were collected from a local abattoir and maintained in Ascaris
Ringer’s solution at 37 °C. Culture media was collected after 24 h and
filtered using 0.22 pm syringe filters (Millipore Sigma, Burlington,
MA) to remove debris then EV were purified by differential
centrifugation as previously described.” The EV pellets were
resuspended in 100 pL PBS solution and stored in a —80 °C freezer.
The presence of EVs in these isolated preparations was confirmed
using Nanoparticle Tracking Analysis (NanoSight LM10, Malvern
Instruments, Malvern, UK). Figure la illustrates the process of
preparing membranous extracellular vesicles, including nanoscale
exosomes. The details of the materials and supplies are given in the
Supporting Information.
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Figure 3. (a) Kinetic binding of anti-CD63 with host and parasite EVs at the concentration of ¢ = 2 X 10'" EVs/mL. (b) Measured resonance
wavelength shifts as a function of 6 different concentrations of EVs from 2 X 10° EVs/mL to 2 X 10" EVs/mL. The experiment data is fitted (red
dash curve) and the ECy is determined by the blue dash lines. (c) Box plot of the A/, for host and parasite EVs at 2 X 10" EVs/mL in comparison
to the results of positive and negative references. (d) SEM images of the host and parasite EVs immobilized on the PC surface at the concentrations

of 2 X 10" EVs/mL. Scale bar: 1 ym.

PC Biosensors Embedded in Microfluidic Channels. The PC
biosensor used in this study consists of a one-dimensional (1D)
grating substrate, which is coated with a high-refractive-index thin film
as shown in Figure 1b. The high-refractive-index thin film acts as a
light confinement layer and supports the resonance modes that are
evanescently confined to the PC surface. The grating modulation
allows the phase matching of excitation light to the PC resonances
and results in the narrowband reflection.*®

The PC biosensors can detect chemicals and biomolecules via the
biochemical interactions occurring on their surfaces. The adsorbed
molecules on the sensor surface cause a change in the effective
refractive index, which shifts the peak in the reflectance. The amount
of spectral shift is proportional to the concentration of the target
molecule as shown in Figure lc. Since its early demonstration,”” the
PC biosensor has gained significant attentions and been utilized for
the analysis of various biomaterials, such as pathogens, DNA, proteins,
enzymes, cells, and toxins.>?~**

The details of the PC fabrication and readout instrument are
described in the Supporting Information. In brief, the submicron
grating structure of the PC biosensor was fabricated inexpensively
using the nanoreplica molding method.*® The molding silicon stamp
(LightSmyth Technologies, Eugene, OR) carries a 1D grating with a
period of 555.5 nm. The grating pattern was replicated on the surface
of glass coverslip using UV curable epoxy (Norland Products,
Cranbury, NJ). A titanium oxide (TiO,) was deposited on the
replicated grating. To facilitate the detection of EVs, the fabricated PC
structures were incorporated with microfluidic channels as shown in
Figure 1b. Four microfluidics channels were created, and each channel
contained the PC grating (0.5 mm X 4 mm) in the middle. A
broadband white light (Ocean Optics, Largo, FL) was used as the
excitation and the light reflected off the PC grating was analyzed using
a compact spectrometer (Ocean Optics, Largo, FL).** The measured
reflection spectra were analyzed to find the peak reflection wavelength
(4;). The optical readout system was positioned below the
microfluidic chip and aligned to the PC regions one at a time.

1618

Before the sensors are used for the EV analysis, we functionalized
the sensor surface using the EV specific antibody. The PC biosensor
with the antibody coating is illustrated in the Figure 1b. When the
EVs bind to the antibodies (red box in Figure 1b), the reflection peak
wavelength will redshift (Figure 1c) and the amount of wavelength
shift (A4,) will correspond to the concentration of EVs.

B RESULTS AND DISCUSSION

Surface Functionalization for the PC Biosensor. Before
the PC biosensor was used for the analysis of EVs, we
functionalized the sensor surface using a four-step process.””
Figure 2a summarizes the major steps of the functionalization
process (see details in the Supporting Information). During the
process, the resonant wavelength shift was recorded every 2 s
and plotted in Figure 2b. The initial step (black line in Figure
2b) was the coating of a porous polymer layer (Polyvinyl-
amine, PVA) that can provide a high-density amine group. The
PVA coating process lasted 5 h and was followed by a wash
using DI water. Then, a bifunctional linker, glutaraldehyde
(GA), was pumped into the channels. After 1.5 h incubation
(red line in Figure 2b), the channels were washed using DI
water. Before the solution of capture antibody, anti-CD63, was
introduced into the channels, the buffer solution was changed
to the PBS (pH = 7.4) and the resonance wavelength was
measured. The anti-CD63 solution (0.1 mg/mL) was
incubated inside the channels for overnight and then washed
using the PBS solution. The final step was using the bovine
serum albumin (BSA) solution (0.5% in 0.85% sodium
chloride) to block the unoccupied aldehyde groups on the
GA layer for 4 h. The results of the anti-CD63 coating and
BSA blocking are shown in Figure 2b as the blue and green
portions, respectively. After the BSA blocking, the biosensors
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were ready for the analysis of EVs. The 4-step functionalization
process took less than 20 h, which can be optimized in the
future.

Figure 2c¢ summarizes the resonant wavelength shift after
each step of the process based on the real-time measurement
shown in Figure 2b. The first two columns in Figure 2¢
represent the sensor signals after PVA and GA coatings. The
wavelength shifts are approximately A4, = 0.15 and 0.2 nm,
respectively. The third column shows ~0.4 nm wavelength
shift owing to the change of buffer from DI water to PBS. The
absorption of the anti-CD63 and BSA blocker results in A4,
~0.5 nm and ~0.25 nm, respectively. The measured resonance
wavelength shift for each step was calculated based on the
previous step. In each column, the error bar was the standard
deviation calculated using nine independent measurements
from nine PC sensors.

Detection of EVs Secreted by Murine Macrophages.
As a label-free detection approach, the PC biosensor can
monitor the analyte—ligand binding process by recording the
sensor output in real time. The host EVs were extracted from
the murine macrophage cell culture and prepared to obtain a
concentration of 2 X 10'! EVs/mL. Figure 3a shows the sensor
output over time when the host and parasite EV solution was
flowed through the microfluidic channel at a flow rate 30 uL/
min. The reflection spectrum was measured every 2 s and the
AA, values were calculated. After 180 min, the ligand—analyte
binding reached an equilibrium. Then, we washed the channels
using PBS to remove the unbounded EVs and let the binding
process enter the dissociate phase. After the PBS wash, the EVs
binding results in a A/, of approximately 0.7 nm. The positive
and negative reference experiments were tested using the
biosensor. For the positive reference experiment, the GA-
coated PC biosensors were used to capture EVs without
targeting a specific membrane protein. The positive reference
experiment exhibited an output of A4, = 1.8 nm. In contrast,
the negative reference experiments were carried out on the
BSA-blocked PC surface without anti-CD63 antibody. The
sensor output is nearly zero for the negative reference
experiment. The details of the reference experimental
processes are given in Supporting Information. As shown in
the sensorgrams in Figure 3a, the label-free signals still slowly
increase at the saturation region. According to the pervious
study’® on the label-free sensorgrams, our dynamic response
curves in Figure 3a include both the binding reaction and the
EV diffusion processes. To identify the limit of detection
(LOD), we measured host EV samples at a dilution serial of six
concentrations ranging from 2 X 10° EVs/mL to 2 X 10"
EVs/mL. The samples were diluted consecutively by a factor of
2 in PBS. Figure 3b shows the dose—response curve, A/,
versus EV concentration, in logarithmic scale. At 2 X 10! EVs/
mL, the sensor output starts to saturate with A, = 0.7 nm.
The dose—response data was fitted with a sigmoidal curve (the
red line in Figure 3b) with a reduced chi-squared (y*) value of
0.854. The error bar in the dose—response curve represents the
standard deviation (o) of AA, measured using nine different
PC biosensors. The LOD of this sensor was calculated by the
summation of the noise signal arising from the negative
reference and the 30 of the EV sample at the lowest
concentration. The LOD is found to be 2.18 X 10° EVs/mL
that falls in the range of the clinically relevant concentration of
EVs from 1 X 10° to 3 X 10" exosomes/mL.>’ % Therefore,
the presented sensor will find it useful in applications of clinic
diagnosis. The value of the equilibrium dissociation constant,
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Kp, can be determined by the ligand half maximal effective
concentration (ECg,) based on the Michaelis—Menten
equation.*”*" In our case, based on the obtained dose response
in Figure 3b, the value of K, was found to be ECsy = 2.36 X
10'° EVs/mL using the fitted curve (see red dashed curve).

Differentiation of Host and Parasite EVs. In the present
study, the surface protein chosen to distinguish the EVs that
are released by the host and the helminth is CD63, which is a
well-established exosome marker.”* Recent studies showed that
CD63 presents on the surface of other vesicles too.”” However,
ongoing proteomic analysis by our group demonstrates that
the EVs released from Ascaris suum do not contain the
homologue of CD63, and that CD63 homologues are not
found in the Ascaris genome. The absence of these proteins
strongly suggests that the composition of Ascaris suum EVs is
different to that from the host cells. Indeed, recent analysis by
our group suggests parasite-derived EVs have widespread
species- and stage-specific protein composition.” Such differ-
ences in surface protein expression allows us to develop the EV
differentiation assay.

The box plot in Figure 3¢ shows the resonance wavelength
shift for host and parasite exosome detection with the positive
reference and negative reference. Bars indicate mean and 25th
and 75th percentiles and lines indicate mean +1.5 times the
interquartile range. From the box plot in Figure 3c, the
exosome vesicles from the host with a concentration of 2 X
10! EVs/mL have around 0.7 nm resonance wavelength shift,
with this value between the positive reference and negative
reference experiment. The detection of the parasite EVs using
the anti-CD63 antibody-coated PC sensor generated a nearly
zero output. For the positive reference experiment, the EVs
were captured regardless of the type of transmembrane
proteins. The positive reference experiment shows a signal of
1.6 nm shift. Figure 3c demonstrates the capability to
discriminate EVs from host cells and parasites. Compared to
the host EVs, the parasite EVs do not carry CD63 antigens.
The details of the PC sensor outputs of the parasite EVs, its
positive reference, and negative reference experiments are
shown in the Supporting Information. The reference experi-
ment can be used to estimate the noise level of our sensor
system. As shown in Figure 3¢, the overall system noise level is
0.03 nm, which can be calculated using the standard deviation
of the negative reference test. The label-free assay can be
utilized to diagnose infectious disease using EVs. Figure 3d
shows the scanning electron microscope (SEM) image of the
host EVs and parasite EVs immobilized on the PC surface at
the concentrations of 2 X 10" EVs/mL. The average size of
the EVs is approximately 100 nm. The PC-based label-free
assay can be used for the rapid differentiation of exosome
vesicles from host and parasite in 2 h.

Bl CONCLUSIONS

In summary, we have demonstrated the use of the PC
biosensor for rapid and specific discrimination of EVs extracted
from the culture media; furthermore, incorporation of the PC
biosensor into microfluidic channels allows for parallel
quantification of EVs from different sources. The advantages
of the PC-based label-free assay include the low-cost and
disposable sensor, short assay time, and improved spectral
sensitivity. The PC biosensors are less expensive than the gold
coated nanohole array used in work of H. Im et al*
Compared with the SPR device, the narrower line width of the
PC resonance enables the detection of EVs without using a
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signal enhancer. Simplicity of the PC-based EV assay would
permit detection in nonlaboratory settings, thus eliminating the
use of additional label reagents. The obtained LOD for
precleaned EV samples is 2.18 X 10° EVs/mL. We expect that
the detection limit may be further improved through the use of
nanoparticles to enhance the sensor signal or by optimizing the
PC structure to achieve resonances with reduced spectral line
width.***> This work focused on a single exosomal protein
marker but EVs membrane carries more than one markers. The
analysis of multiple exosomal markers simultaneously will allow
tracking the origin of EVs in complex samples such as blood.
Our future work will utilize the PC-based microarray
technology®® to generate a profile of surface protein markers
on the target EVs. With minimal sample processing, simple
assay, and high throughput, the implementation of PC
biosensor will enable EV analysis in point-of-care applications,
such as diagnosis of parasite infections in the near future.
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