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BACKGROUND: Identification, enumeration, and charac-
terization of extracellular vesicles (EVs) are hampered by
the small size of EVs, a low refractive index, and low
numbers of antigens on their surface.

METHODS: We investigated the potential of a 48-
multiplex surface plasmon resonance imaging (SPRi) sys-
tem to perform EV phenotyping. Antigen surface density
of 11 antigens was measured on the human breast cancer
cell lines HS578T, MCF7, and SKBR3 and their EVs by
use of both SPRi and the widely used flow cytometry
(FCM).

RESULTS: For cells, the SPRi and FCM signals for antigen
exposure correlated (RHS578T cells

2 � 0.66, RMCF7 cells
2 �

0.78, RSKBR3 cells
2 � 0.60). With regard to EVs, SPRi

detected 31 out of 33 tested antibody–EV pairs, whereas
our flow cytometer detected 5 antibody–EV pairs be-
cause of high blank and isotype control signals. For
HS578T-derived EVs, the SPRi and FCM signals corre-
lated (R2

HS578T EVs � 0.98). However, on MCF7- and
SKBR3-derived EVs, insufficient antigens were detected
by our flow cytometer. To confirm that the SPRi re-
sponses correlated with mean antigen density on EVs, the
SPRi responses of EVs were correlated with antigen den-
sity on parental cells as measured by FCM (RHS578T

2 �
0.77, RMCF7

2 � 0.49, RSKBR3
2 � 0.52).

CONCLUSIONS: SPRi responses correlate with mean anti-
gen density. Moreover, SPRi detects lower antigen-
exposure levels than FCM because SPRi measures an en-
semble of EVs binding to the sensor surface, whereas
FCM detects antigens of single EV.
© 2017 American Association for Clinical Chemistry

Extracellular vesicles (EVs)5 are cell-derived nanopar-
ticles that consist of a phospholipid bilayer and a cargo of
proteins, RNA, and possibly DNA. EVs are present in all
body fluids with concentrations up to 1010 EVs/mL and
have typical size between 30 and 1000 nm (1–3 ). The EV
research field is currently growing exponentially (4 ) due
to the great promise of EVs as biomarkers in a variety of
diseases (5–8 ).

The size and origin of EVs imply that their measur-
able properties occupy the middle ground between
biomolecules and cells. Compared to biomolecules, EVs
are present in subpicomolar concentrations, have a typi-
cal mass near a gigadalton, and diffuse 10- to 100-fold
times slower than von Willebrand factor, the largest sol-
uble protein present in human blood (3, 9 ). Compared
with cells, EVs are 100- to 1000-fold smaller in diameter,
resulting in approximately 106- to 109-fold fewer
biomolecules. The characterization of EVs is done with
techniques originally developed for detection of either
biomolecules or cells, and they are suboptimal for EVs.
Current technical limitations could be overcome either
by improving the analytical sensitivity of currently ap-
plied techniques (10, 11 ) or by exploring new tech-
niques. Surface plasmon resonance imaging (SPRi) has
its origin in biomolecule analysis (12–14) and has re-
cently been applied for the detection of EVs (15–18).
Although for cells there is a quantitative relationship be-
tween antigen exposure and SPRi signal (19 ), applica-
tions to EVs assume no relationship or an ambivalent
relationship between antigen exposure and SPRi signal
(16 ). Understanding this relationship is a prerequisite for
using SPRi for body fluids in clinical studies.

Here we explored whether the SPRi signal depended
on mean EV antigen density and investigated the suit-
ability of SPRi for EV phenotyping by comparing SPRi
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to our flow cytometer for an antibody panel on both EVs
and parental cells.

Methods

CELLS AND EVS

Three human breast cancer cell lines (HS578T, MCF7,
and SKBR3) were cultured at 37 °C, 5% (v/v) CO2 in
Dulbecco’s modified Eagle medium, Roswell Park Me-
morial Institute 1640 medium (both Thermo Fischer
Scientific), and McCoy’s 5A medium (Sigma-Aldrich),
respectively. Media were supplemented with 10% (v/v)
fetal bovine serum (FBS), 2 mmol/L L-glutamine, 10
U/mL penicillin, and 10 �g/mL streptomycin (Thermo
Fischer). Cells of one T75 culture flask (Corning) were
detached by use of Accutase (Thermo Fischer), washed
(10 min at 180g) with PBS (pH 7.4; 154 mmol/L NaCl,
1.24 mmol/L Na2HPO4, 0.2 mmol/L NaH2PO4) sup-
plemented with 1% (v/v) FBS (PBS-FBS), divided into 2
culture flasks, and grown to 80%–90% confluence.

Cells of the first flask were harvested for cellular
analysis and kept on ice for up to 3 h before analysis. EVs
were obtained from the second culture flask (Fig. 1A).
Cells were incubated in FBS-free medium with the cyto-
static Paclitaxel (Selleckchem) to enhance EV release dur-
ing 60 h. The paclitaxel concentrations were 200 nmol/L

for HS578T, 100 nmol/L for MCF7, and 50 nmol/L for
SKBR3 cells to generate apoptosis (20 ). Cells were re-
moved from the culture supernatant by centrifugation
for 30 min at 1000g in 15-mL Greiner centrifuge tubes
(Sigma-Aldrich) with a Rotina 46RS centrifuge and a
4394 rotor (both Hettich). Subsequently, EVs in the su-
pernatant were concentrated approximately 10-fold by
pelleting twice for 40 min at 18000g in 1.5-mL micro-
tubes with screw caps (Sarstedt) by use of a Mikro 22R
centrifuge and a 1158 rotor (both Hettich). Samples were
then resuspended in 1.5 mL of 0.05-�m filtered PBS
(Nucleopore), kept at ambient temperature, and ana-
lyzed within 8 h from collection. Because of this proce-
dure, the EV samples were expected to have reduced con-
centrations of the smallest EVs.

ANTIBODIES

Eleven different antigens were selected for measurements
on cells and EVs. Nine antigens (CD44, CD49e, CD71,
CD221, CD227, EGFR, EpCAM, Her2, and Her3) are
breast-tumor related and expressed by at least one of the
included cell lines (19 ). Two antigens (CD9 and CD63)
are widely used in EV research (21 ). The selected anti-
body clones were commercially available in both an un-
conjugated and a phycoerythrin (PE)-conjugated form
for SPRi and flow cytometry (FCM), respectively (see

Fig. 1. EV sample description.
EV sample preparation consists of 60 hours preincubation of cultured cells with Paclitaxel (i) and subsequent centrifugation steps to remove
large cell fragments (ii), exchange the culture medium with PBS and concentrate the EVs (iii) (A).
Size distribution of HS578T-EVs as determined by resistive pulse sensing (B). Transmission electron microscopy image of HS578T-EVs (C).
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Table 1 in the Data Supplement that accompanies the
online version of this article at http://www.clinchem.
org/content/vol63/issue10).

SPRI

Surface plasmon resonance occurs when an electrically
conducting surface is illuminated with p-polarized light
and surface plasmons are excited (22 ). Maximum plas-
mon excitation and minimal internal reflection occurs at
a specific angle of illumination, called the resonance an-
gle (23 ). The resonance angle depends on the refractive
index contrast near the interface in the evanescent field.
The MX96 SPRi device (IBIS Technologies) monitors
the resonance angle continuously over time to detect RI
changes in the evanescent field of selected regions of in-
terest in a field of view of 7.8 � 4.7 mm.

The sensor surface (G-type Easy2spot SensEye,
Ssens) is precoated with a conducting gold layer and ap-
proximately 100-nm 3D hydrogel-like layer to reduce
nonspecific binding (24 ). A microfluidic printer (CFM
2.0, Wasatch Microfluidics) (25 ) was used to print an
array of 48 spots coated with antibodies (0.8 � 0.5 mm
each) in the field of view of the SPRi device. Each anti-
body was printed in triplicate, isotype controls in dupli-
cate, and the remaining spots were blank. All antibodies
were diluted to 5 �g/mL with an acetic acid buffer (pH
4.5, 19 mmol/L sodium acetate, 31 mmol/L acetic acid,
both Merck) supplemented with 0.05% (v/v) Tween 80
(Sigma-Aldrich) and printed for 15 min. Surface deacti-
vation was performed by incubation with 100 mmol/L
2-amino ethanol followed by 1% (v/v) BSA (both
Sigma-Aldrich).

Material capture on the sensor surface during SPRi
measurements results in RI increase (Fig. 2). The capture
rate is governed by sedimentation for cells (19 ) and by
particle diffusion for EVs (16 ). All cells should have been
sedimented within 10 min and in contact with the hy-
drogel layer. Nevertheless, cell SPRi signals reached a
maximum after 1 h, presumably due to continuous inter-
actions of the cells with the surface of the sensor (19 ).
Preliminary experiments on EVs illustrated that SPRi
signals still increased after 24 h due to the slow diffusion-
limited transport of EVs to the surface. To obtain com-
parable SPRi responses, to reduce the saturation effect for
cells, and to reduce sample deterioration for EVs, cells
were measured continuously during 30 min and EVs
during 60 min during incubation. Cells were measured
without flow for optimal sedimentation conditions. EV
capture was enhanced by application of flow as recom-
mended elsewhere (16 ), in this case a “back-and-forth”
flow of 18 mm/s (vmax), 3 s per cycle.

DEFINITION OF SPRI RESPONSE

Antibody spots were measured in parallel with isotype
controls on the same sensor to correct for antibody release

from the surface and nonspecific binding. For data pro-
cessing, the SPRi response was defined as the difference
between the mean SPRi signal of the antibody and mean
SPRi signal of the matched isotype control during the last
50 s of the measurement (Fig. 3A).

LIMIT OF DETECTION OF SPRI

The limit of detection (LOD) of SPRi was set at an SPRi
response that provided a 95% confidence that a positive
signal was truly positive. The LOD of 10.0 resonance units
(RU) was based on mean (0 RU, by definition) plus 1.65
times the measured standard deviation (6.1 RU) of the iso-
type control responses (26). One isotype signal was ex-
cluded (response 67.4 RU) because of a printing artifact;
none of the antibody spots had a printing artifact. Example
SPRi signals of SKBR3-EVs are shown in Fig. 3A, by use of
antibodies targeting Her2, EGFR, and corresponding con-
trols. The SPRi responses of both Her2 and EGFR (809 and
353 RU, respectively) exceeded the LOD.

DEPENDENCY OF SPRi RESPONSE ON CONCENTRATION

We tested the dependency of SPRi on sample concentra-
tion by measuring serial dilutions of SKBR3 cells and of
SKBR3-EVs while targeting Her2. First, different cell
concentrations were measured sequentially, starting from
the lowest concentration, on a single sensor with 8 anti-

Fig. 2. SPRi measurements.
A sample containing EVs is introduced on top of an array of anti-
body spots (A). EVs exposing complementary antigens are cap-
tured at the antibody-coated surface (B). EV capture increases the
refractive index in the approximately 300-nm-thick evanescent
field and changes the reflection of a laser to a charge coupled
device. SPRi follows the RI change for different antibody spots in
the charge coupled device image.

Sensitive EV Phenotyping with Surface Plasmon Resonance
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Her2 spots and a 10-min incubation per concentration to
reduce cell adhesion effects. A 5 min PBS wash was ap-
plied after each concentration. For this experiment, the
SPRi response was defined as the change in signal during
the incubation time. The same procedure was applied to
EVs with another sensor.

MINIMAL DETECTABLE NUMBER OF PARTICLES BY SPRI

The number of cells or EVs required to exceed the LOD was
estimated by multiplying the required concentration to ex-
ceed the LOD with the sample volume. The sample volume
for cells was the volume above 1 spot (125 nL) because all
cells sedimented within 10 min. The sample volume for EVs
needed to be estimated because (a) their mean diffusion
distance was small compared with the 300-�m chamber
height and (b) a back-and-forth flow was applied. For the
estimation, a model was made containing Stokes–Einstein
particle diffusion (27) for the probability that an EV with
diameter d starting from height h reached the sensor surface
by Brownian motion during measurement time t (see online
Data Supplement).

FCM OF CELLS AND EVS

Cells (45 �L) were labeled with 5 �L of conjugated an-
tibody for 30 min on ice (concentrations shown in Table
1 in the online Data Supplement), followed by centrifu-
gation (10 min at 180g; Rotina 46RS) to remove un-
bound antibody. Before EV labeling, PE-conjugated an-
tibodies were centrifuged (5 min at 19000g; Mikro 22R)
to remove aggregates. Subsequently, 45 �L of 10-fold
diluted EVs were labeled with 5 �L of antibody for 60
min at ambient temperature, followed by sample dilution
with 200-�L PBS (0.05 �m filtered).

The Apogee A50-micro flow cytometer (Apogee)
was equipped with a 50-mW 488-nm laser for fluores-

cence, and a 70-mW 405-nm laser for scatter excitation.
Triggering thresholds were 30 for small-angle light scat-
tering (SALS) and 20 for large-angle light scattering
(LALS; and/or-gate), and different detector voltages were
used for cells and EVs due to their large difference in size
(cells SALS: 285 V, LALS: 280 V, PE 575/30 nm: 370 V;
EVs SALS: 345 V, LALS: 340 V, PE 575/30 nm: 480 V).
All measurements were performed for 60 s at a flow rate
of 4.5 �L/min and results were published online (28 ).
Molecules of equivalent soluble fluorescence (MESF) cal-
ibration was performed by use of Quantibrite PE beads
(BD Biosciences).

LIMIT OF DETECTION OF FCM

To allow comparison with SPRi, we defined the specific
fluorescence intensity (SFI) as the mean fluorescence in-
tensity (MFI) of the antibody minus the MFI of the
corresponding isotype control (see Table 1 in the online
Data Supplemental). Because both MFI values include
the intensity caused by background, background is sub-
tracted in this procedure. Consequently, the resulting
SFI correlates with specific antibody–antigen interac-
tions. The FCM LOD was set at an SFI of 85.1 MESF
(the mean isotype SFI was 0 MESF, by definition, plus
1.65 times SD 56.7 MESF), analogous to the SPRi LOD.
Fig. 3B shows example fluorescence intensities of
SKBR3-EVs for Her2, EGFR, and corresponding con-
trols. The SFI of Her2 (100 MESF) exceeded the LOD,
while the SFI of EGFR remained below the LOD.

DETERMINATION OF CELL AND EV CONCENTRATIONS

Cell concentrations, in number per milliliter, were deter-
mined by use of a hemocytometer (Bürker) by counting
150–300 cells as described elsewhere (29 ). Because no
technique accurately measures the concentration of all

Fig. 3. Antigen detection on SKBR3-derived extracellular vesicles by SPRi and FCM.
Results of the antigens Her2, EGFR, isotype control, and blank are shown for SPRi (A) and FCM (B).
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EVs (30 ), the concentration was estimated by combining
results from multiple resistive pulse sensing (qNano, Izon
Science) measurements with NP200, NP400, and
NP800 nanopores (31 ). The 3 particle size distributions
were combined into 1 as described elsewhere (30 ). Total
EV concentrations were determined between 150 and
1000 nm due to the detection limits of the pores. As an
example, the size distribution of HS578T-EVs is shown
in Fig. 1B.

TRANSMISSION ELECTRON MICROSCOPY

Because resistive pulse sensing does not differentiate EVs
from other particles (5, 16 ), the presence of EVs was
verified by transmission electron microscopy (TEM;
Technai, FEI) as described previously (32 ). Representa-
tive images of each EV sample were taken (Fig. 1C) and
the percentage of non-EV particles was determined from
the total number of particles (�150 nm) in the images.
TEM imaging indicated that �20% of particles larger
than 150 nm were non-EVs (data not shown).

STATISTICS

The SPRi response was computed for linear regression
with the logarithm of the SFI of FCM. All statistical
analyses and statistical modeling were performed with
Matlab 2015a (Mathworks). We report R2 regardless of
whether we performed correlation analysis or regression
with a linear function of form “ax � b.”

Results

DEPENDENCE OF SPRi RESPONSE ON CONCENTRATIONS OF

CELLS AND EV

The dependence of SPRi on cell or EV concentration was
determined with serial dilutions of SKBR3 cells (Fig. 4A)
and EVs (Fig. 4B) with 8 anti-Her2 coated spots. Cell
concentrations ranged from 1.8 � 105 to 5.6 � 106

cells/mL and EV concentrations ranged from 2.1 � 108

to 1.7 � 109 EVs/mL. The mean SPRi responses yielded
an R2 of 0.96 for cells and 0.99 for EVs. For further
SPRi measurements, cell concentrations were equal-
ized to 1.5 � 106 cells/mL, whereas EV concentrations
could not be equalized, as the resistive pulse sensing
measurements were performed in parallel with SPRi
measurements.

In addition, Fig. 4A shows the required minimal
concentration of 2 � 105 SKBR3-cells/mL on Her2
spots to exceed the LOD within 10 min of binding,
which corresponded to approximately 23 attached cells
from the 125-nL sample above the spot. With regard to
EVs, Fig. 4B shows the minimal concentration of 2 �
108 SKBR3-EVs/mL required to exceed the LOD. To
estimate the number of captured EVs, we developed a
theoretical model that took both particle diffusion and
the back-and-forth flow into account (see online Supple-
mental Data). On the basis of this model, we estimated
that an effective sample volume between 10 and 40 nL
above the spot contributed to the EV capture on the
surface, which corresponded to a detection limit of 1 �
103 to 5 � 103 SKBR3-EVs.

CORRELATION BETWEEN SPRI AND FCM RESULTS

To determine the relationship between SPRi response
and antigen density, SPRi responses of cells and EVs were
measured and compared to the SFI measured with our
flow cytometer. Two outliers were excluded, CD44 and
CD49e on HS578T-cells (Fig. 5A). Linear regression for
the cell line data combined gave an Rall cells

2 of 0.71 (see
Fig. 2 in the online Data Supplement), indicating that
phenotyping of cells with SPRi was indeed possible.
Moreover, the regression function for all cells also de-
scribed the data of the individual cell lines (Fig. 5A–C).
Determining the R2 of the data of individual cell lines
compared to the overall regression function yielded

Fig. 4. SPRi responses for different concentrations of SKBR3 cells and EVs.
Each data point represents the mean SPRi response after 10 min of incubation of 8 Her2 antibody-coated spots. Error bars represent the
standard deviation between the spots.
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RHS578T Cell
2 � 0.66, RMCF7 Cell

2 � 0.78, and RSKBR3 Cell
2 �

0.60. These correlations demonstrated that the relationship
between the SPRi response and the SFI was not substantially
different between these cell lines.

With regard to EVs, results from SPRi and FCM
measurements were also compared (Fig. 5D–F). In con-
trast to cells, for EV samples the concentrations could
not be equalized. Measured concentrations of EVs were
0.8 � 109 HS578T-EVs/mL, 3.1 � 109 MCF7-EVs/
mL, and 0.7 � 109 SKBR3-EVs/mL, with median diam-
eters of 193 nm, 185 nm, and 200 nm, respectively.
Antibody-EV combinations were excluded from the
comparison between SPRi and FCM when the signal
was below the LOD for either SPRi or FCM. In total,
31 of the 33 antibody-EV combinations exceeded the
LOD of SPRi with up to 136-fold the LOD. The 2
SPRi responses below the LOD were Her3 on both
MCF7-EVs and SKBR3-EVs. In contrast to SPRi, our
flow cytometer detected 5 of 33 antibody-EV combi-
nations above the LOD, CD44-PE, CD49e-PE and
CD71-PE on HS578T-EVs, EpCAM-PE on MCF7-

EVs, and Her2-PE on SKBR3-EVs. Therefore, this
apparent lack of analytical sensitivity of our FCM in-
strument precluded the comparison between SPRi and
FCM measurements. Regression was performed on
HS578T-EVs only, giving RHS578T-EVs

2 � 0.98 (dashed line
in Fig. 5D). Additional inclusion of the first result below the
FCM LOD reduced the R2 from 0.98 to 0.69.

Alternatively, antigen exposure on EVs could be
compared to the antigen exposure of their parental cells as
measured with FCM. Correlations between the SPRi re-
sponses on EVs and the SFI on cells (Fig. 6) resulted in an
RHS578T

2 � 0.77, RMCF7
2 � 0.49, and RSKBR3

2 � 0.52.
The correlations indicated that SPRi responses on EVs
were likely to also depend on the antigen density.

Discussion

Because of the few antigen molecules on EVs, phenotyp-
ing of EVs is challenging for both SPRi and FCM. Our
study shows that SPRi is an analytically sensitive method
for detection of antigens on EVs.

Fig. 5. Correlation between antigen detection by SPRi and FCM, performed for 3 different cell lines on cells and corresponding EVs.
Eleven antigens were measured with both techniques on all samples, and each antigen represented by a different marker in the scatter plots
after correction for corresponding isotype controls. SPRi responses on cells correlated with the specific fluorescence intensity (SFI) of FCM with
linear regression for 31 of 33 antibody– cell combinations (black solid line). Corresponding R2 were determined with the 11 points for each of
the 3 samples on the overall correlation (RHS578T

2 = 0.66, RMCF7
2 = 0.78, and RSKBR3

2 = 0.60) (A–C). On EVs, a correlation could be determined
only for HS578T-EVs (dashed line, RHS578T

2 = 0.98) (D–F).
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The first reason for this analytical sensitivity is that
the background signals in the SPRi results are low com-
pared with our FCM results, which results in high signal
to background ratios. We hypothesize that the hydrogel
on the SPRi sensor could cause the low SPRi background
because it prevents occupation of the strongest part of the
evanescent field by nonspecifically captured EVs. In con-
trast, specifically captured EVs may be pulled into the
hydrogel and the strongest part of the evanescent field by
the formation of multiple antibody–antigen interactions.
Furthermore, the SPRi background remains low as non-
specifically captured EVs are weakly bound and may be
released by Brownian motion. In contrast, specifically
captured EVs form multiple stronger bonds and there-
fore hardly disassociate from the sensor surface, as illus-
trated by constant SPRi responses during the sample dis-
association phase (Fig. 3A).

The second reason for the analytical sensitivity of
SPRi is that SPRi measures an ensemble of EVs, resulting
in larger responses, particularly interesting for low anti-
gen densities. Indicatively, EVs with a diameter of 200
nm have 40 antigen copies if released from a 10-�m
parental cell with 105 antigen copies, assuming equal
antigen density of EVs and parental cell. Most cellular
antigen densities are lower (33, 34 ), resulting in EVs ex-
posing a few antigen copies. Nevertheless, such EVs can
still be captured in SPRi and thus contribute to the over-
all response. FCM measures single EVs, and most com-
mercial FCM devices, including our Apogee A50, require
at least approximately 100 PE molecules per EV to ex-
ceed the background (34, 35 ). This could explain why
31 out of 33 antibody–EV combinations exceeded the
LOD on SPRi, while 5 of 33 exceeded the LOD on our
flow cytometer. For future experiments, we recommend
performing a quantification of the detection efficiency

and background to facilitate the comparison of results
between flow cytometers (36 ).

The SPRi response depends on the mean antigen
density, as well as EV concentration and diameter. In
contrast to previous assumptions (16 ), we conclude that
the SPRi response depends on the antigen density for two
reasons. First, the SPRi response is positive for the anti-
body–EV combinations that exceed the LOD on FCM
(Fig. 5D–F). Second, SPRi responses on EVs show a
relationship with exposure of their parental cells as mea-
sured by FCM (Fig. 6) and parental cell exposure re-
ported elsewhere (19, 37–39), albeit higher exposure was
expected for CD221 and Her3 (39, 40 ). Possible expla-
nations for the dependence of SPRi on antigen density
include that a higher antigen density enhances (a) the EV
capture chance, (b) the hydrogel penetration, and/or (c)
EV spreading over the sensor surface due to increased
interaction.

The influence of EV concentration was evaluated by
measuring serial dilutions of SKBR3 samples. The SPRi
response for both cells and EVs linearly depends on the
concentration, possibly due to linear increase of the cap-
ture rate. For cells, the concentration vs SPRi response
curve contains a minor nonlinearity, presumably due to
the continuous adhesion and spreading of cells on the
sensor surface (Fig. 4A).

In theory, SPRi responses are diameter-dependent,
as apparently confirmed by the differences between EVs
and their parental cells. EVs, which are approximately
100-fold smaller than cells, generate an approximately
250 times lower SPRi response, which is in line with the
theoretical diameter dependency (d1.7) published previ-
ously (16 ). Further experimental verification of this de-
pendency requires protocols to prepare different EV sam-
ples with monodisperse diameters (41 ).

Fig. 6. Correlation between EV SPRi responses and antigen density of parental cells as measured with FCM.
Overall antibody SPRi responses on EVs correlated to exposure of their parental cells, as shown by correlations of RHS578T

2 = 0.77, RMCF7
2 = 0.49

and RSKBR3
2 = 0.52.
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With regard to the minimal concentration or mini-
mal required number of captured particles, 2 � 108

EVs/mL or 1 � 103 to 5 � 103 EVs were required to
exceed the LOD while targeting Her2 on SKBR3-EVs.
Although the detection limit depends on the target anti-
gen and antigen density, our results are comparable to the
earlier reported 1.3 � 109 EVs/mL (16 ) or 3 � 103 EVs
(15 ). The detection limit for the number of captured
particles could be further reduced by defining smaller
regions of interest on the surface in SPRi.

In summary, we demonstrate that SPRi is suitable
for the analytically sensitive, qualitative phenotyping of
EVs for a single target antigen per spot. Moreover, SPRi
responses are dependent on EV concentration, diameter,
and mean antigen density. Quantitative EV phenotyping
in complex body fluids remains beyond reach as long as
contributions of the particle concentrations and diame-
ters are not resolved from the SPRi response. A first ap-
proach to unravel these contributions is to expand SPRi
with a polychromatic light source to resolve the mean
layer thickness of EVs captured on the surface (16, 42 ).
This information gives insight into the total volume of
captured material and therefore about the combination
of number of captured particles and their diameter. Al-
ternatively, all spots could be coprinted with a second
antibody targeting a general cytoplasmic antigen such as
cytokeratin. Subsequently, a lysis buffer could cause re-
lease of the cytoplasmic antigen from the EVs and gen-
erate a second SPRi response proportional to the total
volume of EVs captured on the spot. Such approaches
could improve the monitoring of processes occurring at

the sensor surface, which is a prerequisite to make SPRi
successful for standardized quantitative EV phenotyping.
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