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HIGHLIGHTS GRAPHICAL ABSTRACT

Generic immunocapture biosensor for
nanoparticle capture and analysis is pre-
sented.

Size and concentration of the captured
nanoparticles are determined using sur-
face plasmon resonance.

Sensor can be reused multiple times.
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ARTICLE INFO ABSTRACT

Keywords: Characterization of nanoparticles (NPs) and their subpopulations in heterogeneous samples is of utmost
Nanoparticles importance, for example, during the initial design of targeted NP therapies and the different phases of their
Surface plasmon resonance production cycle. Biological NPs such as extracellular vesicles (EVs) have shown promise in improving the
Biosensors

drug delivery capabilities compared to traditional NP-based therapies, for example, in treating cancer and
neurodegenerative diseases. This work presents a general antibody-mediated surface capture and analysis
protocol for NPs using a Protein A/G-functionalized surface plasmon resonance biosensor. The use of anti-
streptavidin antibodies allows regenerable capture of biotin-containing NPs such as large unilamellar vesicles
commonly used as drug delivery vehicles. Furthermore, the use of antibodies directed against glycophorin A
and B (CD235a and b) enabled diffusion-limited specific surface capture of red blood cell-derived extracellular
vesicles (RBC EVs). RBC EVs showed the efficacy of the biosensor in the determination of size and bulk
concentration of NP subpopulations isolated from a complex biological matrix. The mean size of the surface-
captured RBC EVs was comparable to the corresponding sizes derived for the entire EV population measured
with well-established NP sizing techniques, namely, nanoparticle tracking analysis and dynamic light scattering.
Taken together, the Protein A/G-functionalized biosensor provides a generic alternative to the existing NP-
capturing sensors based on, for example, covalent antibody attachment, hydrophobic surfaces or biotin-capped
self-assembled monolayers.

Extracellular vesicles
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1. Introduction

The use of nanoparticles (NPs) in therapeutic applications has
shown emerging progress, as evident from the recent success of mRNA
vaccines [1]. Their use still faces certain limitations, which can be
attributed to the uncertainties in, e.g., mechanisms of their cell internal-
ization [2] and events occurring at the nano-bio-interface [3]. There-
fore, efficient in vitro platforms in terms of throughput and reusability
for multifunctional studies of NPs to assess their efficacy are in high
demand. Label-free methodologies, such as surface-enhanced Raman
spectroscopy [4], surface plasmon resonance (SPR) [5-7], waveguide-
based scattering microscopy [8], scattered light imaging [9], and novel
combinations of techniques such as nanoparticle tracking analysis
coupled to asymmetrical flow field flow fractionation [10], and Raman-
enabled NP trapping analysis [11], are increasingly gaining traction
due to their ability to measure properties such as size, concentration,
refractive index, chemical composition, and cell uptake and localiza-
tion of NPs. Notably, the use of label-free techniques can evade the
possible modulation of cellular responses induced by the attachment of
fluorescent moieties [12], which, when present on the surface of the
NPs, may alter their biological identity.

Extracellular vesicles (EVs) are an important biological subset of
lipid-based NPs, which act in intercellular communication. As natural
vehicles for molecular transport, their use as carriers of therapeutic
cargo have extensively been studied [13,14]. In addition, biomolecular
fingerprints of EVs reflects the properties of their parent cells which
enables their use as novel biomarkers [15]. From major tissues, blood
is a rich source of EVs, as red blood cells (RBCs) vesiculate extensively
during their lifespan [16]. The separation of EVs from their biological
matrix, however, remains a challenge. A significant hurdle in the
preparation of EV-based therapies is the batch-to-batch variations and
the heterogeneity of the EVs, in terms of their biophysical properties,
such as size and presence of surface protein markers. To this end, the
capture of EVs on surfaces can act as an additional purification step
for studying diagnostically and therapeutically relevant EV subpop-
ulations. Surface-bound EVs are not prone to interferences from the
purification medium and vesicle diffusion or aggregation, which could
otherwise influence the downstream characterization or measurements
of interactions between EVs and analytes of interest. As a downside,
surface-immobilization may induce translational constraints that affect
the dynamics of these interactions [17]. In addition, the control of the
background signal from non-specific binding to the surface around the
immobilized EVs remains a complication if the signals from individual
EVs cannot be resolved.

Direct immobilization of antibodies on surfaces using, e.g., amino-
reactive cross-linking chemistry, generally does not guarantee the op-
timal orientation of the bound antibodies [18]. This can be overcome
by utilizing Protein A and G, proteins of bacterial origin, commonly
used in antibody purification as covalently bound to agarose beads or as
bioconjugated NPs [19,20]. Schmid et al. [21] presented a simple pro-
tocol for preparing site-directed Protein A-based SPR biosensors using a
homobifunctional dithiobis-succinimide-propionate (DSP) crosslinker.
Later, other strategies for site-directed immobilization of antibodies
have been presented utilizing various Protein A and G variants [22,23],
which, however, are not readily available for laboratories without facil-
ities for protein production. In contrast to these studies, we pursued to
have a more general system based on commercially available reagents.
Based on the work of Schmid et al. [21], we hypothesized that Protein
A/G, a recombinant fusion protein containing immunoglobulin (IgG) Fc
region binding domains from both Protein A and Protein G [24], could
be utilized in the preparation of SPR antibody-capturing sensors instead
of Protein A to support studies with a wider range of IgG subclasses.
Furthermore, instead of using the prepared sensors for immunoassay

applications, our aim was to use the Protein A/G sensors in combination
with dual-wavelength surface plasmon resonance detection to deter-
mine the size and concentration of captured NPs, such as biotinylated
vesicles and specific subpopulation of RBC-derived EVs. The conven-
tional capturing protocols for NPs require specific surface chemistries
for different types of particles, e.g., positively charged sensors for
viruses [25] and biotin-functionalized sensors for streptavidin-mediated
NP capturing [26]. These surface chemistries, however, leads to prac-
tically irreversible binding of the NPs and the regeneration of the
sensor surfaces for repeated capture cycles is challenging, consequently
increasing the number of sensors needed, and thus, the costs of the NP
assay.

In order to address the need for regenerable and generically ap-
plicable nanoparticle analysis platforms, we present in this work an
optimized protocol for the preparation of Protein A/G biosensors.
Sensors can be prepared in-house on non-functionalized gold sensors,
making them a cost-effective solution for the studies of NPs bear-
ing any surface antigens. The sensor also functions as a re-generable
biotin-capturing sensor when using an anti-streptavidin antibody as an
intermediate streptavidin binding agent. So far, the use of regenerable
biotin-capturing sensors have been limited to specifically designed
proprietary avidin mutants which reversibly bind to biotin [27]. As a
proof-of-concept, we demonstrate in this work the use of the Protein
A/G sensor with lipid-based nanoparticles, namely, synthetic large
unilamellar vesicles (LUVs) and RBC-derived EVs. Finally, we utilize the
formalism developed by Rupert et al. [5,6] for the simultaneous deter-
mination of the size and bulk concentration of the vesicles, showing the
use of the sensor in multiparametric NP screening and characterization.

2. Materials and methods
2.1. Chemicals

Protein A from Staphylococcus aureus (P7837), bovine serum albu-
min (05482), dimethyl sulfoxide (276855), monoethanolamine (E9508),
(3-aminopropyDtriethoxysilane (440140), glycine (33226), 2-propanol
(34863), hydrogen peroxide (95321) and ammonium hydroxide (221228)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (850355P, DPPC), 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyet-
hylene glycol)-2000] (880120P, DSPE-PEG2k) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-20-
00] (880129P, DSPE-PEG2k-Biotin) were obtained from Avanti Polar
Lipids (Alabaster, AL, USA). Recombinant Protein A/G (77677, product
of Pierce), streptavidin (434301), dithiobis(succinimidyl propionate)
(22585) and 0.1 pm sulfate latex beads (S37204) were purchased from
Thermo Fisher Scientific (Rockford, IL, USA). Purified anti-streptavidin
(410501, Clone: 3A20.2, Isotype: Mouse IgG2b, «), purified anti-human
CD235ab (306602, Clone: HIR2, Isotype: Mouse IgG2b, «), purified
anti-human CD41 (303702, Clone: HIP8, Isotype: Mouse IgGl, «)
and purified anti-human CD235a antibodies (349102, Clone: HI264,
Isotype: IgG2a, k) were produced by BioLegend (San Diego, CA, USA).
Chemicals from other manufacturers include Triton X-100 (807423)
from MP Biomedicals (Irvine, CA, USA), 99.5% (w/w) ethanol from
Altia Oyj (Helsinki, Finland) and xylitol (no product code available)
from Danisco (Copenhagen, Denmark). Phosphate-buffered saline (PBS)
was produced with a following recipe in 1 liter batches: 8.0 g of sodium
chloride (31434) from Honeywell Riedel-de Haén (Seelze, Germany),
0.2 g of potassium chloride (31248) from Honeywell Riedel-de Haén,
1.4 g of sodium phosphate dibasic dihydrate (0326) from J.T. Baker
(Phillipsburg, NJ, USA) and 0.2 g of monopotassium phosphate (4871)
from Merck (Darmstadt, Germany). Ion exchanged water from a Milli-Q
purification system (Merck) was used in all sample preparations.
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2.2. Sample preparation

2.2.1. LUV preparation

LUVs with a lipid composition DPPC:DSPE-PEG2k:DSPE-PEG2k-
Biotin (96:3.5:0.5 molar ratio) were prepared by thin-film evaporation
method. Briefly, lipids were mixed from their chloroform stock so-
lutions, and chloroform was evaporated at reduced pressure using a
rotavapor system with a 60 °C water bath. The lipid film was dissolved
in 1 mL of PBS (5 mg/mL total lipid concentration), and the test tube
was vortexed vigorously with brief incubations in the water bath to
maintain the temperature. Vesicles were diluted to the concentration
of 2.5 mg/mL and extruded 11 times through a 100 nm filter device
(T&T scientific, Knoxville, TN, USA) or 400 nm filter membrane (Avanti
Polar Lipids) at 60 °C. Vesicle solutions were cooled and stored at 4 °C
until use.

2.2.2. RBC EV preparation

Leukocyte-reduced erythrocyte concentrates from Finnish Red Cross
Blood Service were used as starting material for RBC EV isolation. Con-
centrates were handled anonymously, and only concentrates that could
not be administered clinically were used as accepted by the Finnish
Supervisory Authority for Welfare and Health (Valvira, Finland). RBC
EVs were isolated based on the protocol described by Valkonen et al.
[28]. First, erythrocyte concentrates were diluted 1:1 with cold calcium
and magnesium chloride-free 1 x Dulbecco’s phosphate-buffered saline
(DPBS) (A12856-01, product of Gibco, Thermo Fisher Scientific) and
centrifuged for 10 min at 800 x g at room temperature (RT) without
brake (Rotor A-4-81, Eppendorf Centrifuge 5810R). Supernatant was
transferred to new tubes. The erythrocyte pellet was resuspended ad.
50 mL to cold DPBS and centrifuged for 20 min at 1560 x g, RT
without brake. The supernatant was combined with supernatant from
the previous centrifugation step. The supernatant was centrifuged for
20 min at 3000 x g, RT with brake (brake setting 9). The supernatant
was transferred to Optiseal ultracentrifuge tubes (361625, Beckman
Coulter, CA, USA) and centrifuged for 60 min at 100 000 x g, 4 °C
(Rotor MLA-50, Optima MAX-XP ultracentrifuge, Beckman Coulter). Su-
pernatants were discarded, and pellets were resuspended in DPBS and
transferred to Ultra-Clear centrifuge tubes (344057, Beckman Coulter)
and centrifuged for 90 min at 100 000 x g, 4 °C (Rotor MLS 50, Optima
MAX-XP ultracentrifuge, Beckman Coulter). The obtained pellets were
suspended in cold DPBS and stored at —80 °C. Protein concentration of
the RBC EVs was measured using DC (detergent compatible) Protein As-
say Kit II (5000112, Bio-Rad, Hercules, CA, USA) as per the instructions
of the manufacturer in the presence of 0.5% (w/v) Triton X-100.

2.2.3. General protocol for sensor preparation

Gold sensor slides (BioNavis, Tampere, Finland) were first cleaned
in a boiling solution of water, hydrogen peroxide and ammonium
hydroxide (5:1:1 volume ratio) for 5 min, flushed with 70% (v/v)
ethanol and water, and dried with nitrogen flow. Then, the background
SPR spectra of the sensors were measured in PBS for 5 min. Sensors
were flushed with water and cleaned using oxygen plasma at 29.6 W
and 133-173 Pa (PDC-002, Harrick Plasma, Ithaca, USA) for 5 min.
Sensors were immediately immersed in a 10 mM solution of DSP
in dimethyl sulfoxide (DMSO) for 30 min. Protein A or A/G were
dissolved in PBS with the concentration of 1 mg/mL, sterile filtered
through a 0.2 pm membrane, and stored at —20 °C in 0.5 mL aliquots
until use. Sensors were immersed in DMSO and PBS and incubated in
0.5 mg/mL of Protein A or A/G solutions overnight (16-20 h). The
remaining reactive sites were blocked using a 30-minute incubation in 1
M monoethanolamine (MEA), pH 8.6. The sensors were then incubated
for 15 min in 10 mg/mL solution of bovine serum albumin (BSA) in PBS
followed by a 5-minute incubation in 0.2 M glycine-HCl (pH 2.5) and
stored in PBS at 4 °C until use. Sensors were immersed in PBS between
all incubations. The incubations were performed at room temperature
except for the incubation in Protein A or A/G solutions, which was
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performed at 4 °C. Sensors were reused three times (initiated by the
initial cleaning protocol) in the experiments where the preparation
conditions were varied, although a different sensor was always used
for each condition. For the calibration experiment using polystyrene
beads, (3-aminopropyDtriethoxysilane (APTES) functionalization was
performed by first cleaning a SiO, sensor (BioNavis) using oxygen
plasma and then placing the sensor in the mixture of 160 pl of APTES
and 2 mL of IPA for 4 h. The sensor was flushed with IPA, dried under
nitrogen flow, and stored at 4 °C until use.

2.3. Surface plasmon resonance

A multi-parametric dual-wavelength (670 and 785 nm) surface
plasmon resonance instrument (MP-SPR Navi 220 A, Bionavis) with two
parallel flow channels was used in the experiments (20 °C, flow rate of
20 pl/min). In each run, 5-minute injection of 300 mM xylitol in PBS
was used for the calibration of the sensitivity coefficients of the sensor.
Surface was regenerated using injections of 0.2 M glycine-HCl (pH 2.5)
mixed with isopropanol (1:1 v/v, later referred to as glycine-HCI-IPA)
(LUVs) or 0.5% (w/v) Triton X-100 followed by glycine-HCI-IPA (RBC
EVs). Geometry factors needed for the bulk concentration calculations
were determined using polystyrene beads with a concentration of 10
pg/mL in water.

2.4. Nanoparticle tracking analysis and dynamic light scattering

Concentrations and size distributions of particles in LUV (stored at
4 °C) and RBC EV (freezed aliquots) samples were measured using
nanoparticle tracking analysis (NTA, Nanosight LM14C, Malvern Instru-
ments Ltd., Malvern, UK). 3 x 60 s (LUVs) or 5 x 30 s (RBC EVs) videos
were taken with camera level 16, detection threshold 5, blue laser:
405 nm, 60 mW, and using software version 3.4, builds 3.4.003 (LUVs)
and 3.4.4 (RBC EVs). Optimal dilution for measurements was obtained
by diluting the samples with PBS to achieve concentrations of 20-100
particles per frame as recommended by the instrument manufacturer.
Dynamic light scattering (DLS) experiments were performed using an
automated Zetasizer APS instrument (Malvern Instruments Ltd, Worces-
tershire, UK) with dilutions of 0.5 mg/mL for the LUVs and 4x1010
particles/mL for the RBC EVs.

2.5. Determination of vesicle sizes and surface coverages from SPR mea-
surements

A general equation for the SPR response (R, change in the SPR
peak angle minimum in degrees) for an arbitrary particle on the sensor
surface can be written as

R =S (dn/dC,) c,cv,67' 0 (d, ), ¢))

where §' = sensor sensitivity coefficient, (dn/dC,) = refractive index
increment of the molecules forming the particle (units of mL/g), ¢, =
concentration of molecules forming the particle (units of g/mL), ¢ =
number of particles per unit area (units of cm=2), v, = integral volume
occupied by molecules forming the particle (units of mL), § = decay
length of the SPR evanescent field (units of cm), ¢ = dimensionless
factor that takes into account the integral volume of the particle in
relation to the SPR evanescent field and depends on the decay length
6 and particle diameter d [6]. Capital C throughout this work refers
to bulk concentrations, as per notation introduced by Rupert et al. [6].
Subscript "*’ refers to concentrations of molecules in the particle as
opposed to concentrations of particles.

Since SPR responses depend on the used wavelength and the physi-
cal properties of the sensor, in any applications of SPR, it is desired to
write Eq. (1) in terms of surface-mass density representing the adsorbed
mass of particles per unit area, I' = c,cv,, (units of g/cm? or ng/cm?):

6R

= ————. 2
S(dn/dC*)(p @
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Table 1
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Results from the optimization of the conditions for sensor preparation (mean =+ S.D.). Mean response for DSP (10 mM, 0.5 h) is

subtracted from the data for Protein A/G and Protein A.

SPR Surface-mass 0/0gsa (%) 0/0gsa (%) Antigen-to-
response (°) density for antibody antibody
(ng/cm?) ratio (%)
DSP 2mM, 0.5h 0.09 £ 0.05 42 + 22 43 + 23
2mM, 1.5h 0.17 + 0.04 81 + 20 84 + 21
10 mM, 0.5 h 0.18 £+ 0.02 88 + 11 92 £+ 12
Protein A/G 0.5 mg/mL, 2 h 0.22 £+ 0.15 102 £+ 72 43 + 30 51 +£1 66 £ 1
1 mg/mL, 2 h 0.17 £+ 0.07 78 + 33 33 + 14 54 + 12 66 + 2
0.5 mg/mL, 18 h 0.19 £ 0.07 92 £+ 35 39 £ 15 42 £ 5 63 +7
on plain gold 0.44 £+ 0.09 225 + 62 94 + 26 20 £ 13 39 + 16
on MEA after DSP 0.14 £ 0.08 67 £ 37 28 + 16 23 + 14 72 + 54
Protein A 0.5 mg/mL, 2 h 0.29 + 0.15 139 £ 71 62 + 32 12 £ 2 47 + 8
1 mg/mL, 2 h 0.34 £+ 0.13 161 £+ 60 72 £ 27 16 £ 2 76 + 15
0.5 mg/mL, 18 h 0.35 £ 0.01 164 £ 5 73 £ 2 15 + 2 64 £ 19

Since surface-mass densities do not depend on the used wavelength,
dual-wavelength SPR (4; = 670 nm, 4, = 785 nm, in our case) can
be utilized to determine the size (d = diameter) of the nanoparticle by
dividing the set of equations (Eq. (1)) for the two wavelengths [6]:

ﬁ_&(dn/dc*)jlaﬁ(P(dﬁz,)
RM SAZ (dn/dC*)/{z 51‘ P (d’612>

Another approach to quantify the coverage of particles on the surface
is to define surface coverage (), i.e., the fraction of area on the surface
occupied by N particles:

3

6=—2L—cA 4

where A, is the area of the particle projected on the plane of the sensor
surface (for spheres, A, = Tlx”d3 and A is the total surface area of the
sensor. Insertion of Egs. (1) and (2) to Eq. (4) gives the relationship
between the surface-mass density and surface coverage:

r
r

max

9= 5)
where I, = c¢,%,/A,. In this work, we use the relative surface
coverage, i.e., the surface coverage of the particles (9) divided by the
saturation coverage of spheres on a surface according to the random
sequential adsorption (RSA) model (6ggy = 54.7%). Therefore, the
values are reported as relative surface coverages, i.e., 8/6ggs With units
of %. The values of I',,, differ depending on the particles forming
the adsorbed film. These are presented in Supplementary material Egs.
S1-S3.

3. Results and discussion
3.1. Enhancement of the sensor preparation protocol

First, we investigated how the changes in incubation time and bulk
concentration of the homobifunctional DSP crosslinker affect the sur-
face coverage of DSP on the gold coated SPR sensor surface (Table 1).
The use of 10 mM DSP instead of 2 mM (with the same incubation
time) used by Schmid et al. [21] or prolongation of the incubation
time resulted in two times higher surface coverages of DSP (Table 1,
rows 1-3). This is in agreement with a previous study on self-assembled
DSP on gold by Suherman et al. Therefore, 10 mM of DSP with an
incubation time of 30 min was used as the basis for all subsequent
sensor functionalizations.

Next, the incubation time and concentration of Protein A/G or
Protein A were varied (Table 1, rows 4-6 and 9-11), and the binding
of an anti-streptavidin antibody and streptavidin was measured in
each case. Relative surface coverages were, in general, ca. 2 times
higher for Protein A (62%-73%) compared to Protein A/G (33%-
43%, Table 1, column 6/6gg,). The binding capacity of Protein A
for the anti-streptavidin antibody, however, was considerably lower

(12%-16%) compared to Protein A/G (42%-54%, Table 1, column
0/6rsa for antibody). For Protein A/G sensors, approximately every
two out of three antibody molecules bind streptavidin (63%—-66%,
Table 1, column Antigen-to-antibody ratio), which suggests that the
antibodies are well-oriented on the surface. In addition, incubation of
0.5 mg/mL Protein A/G on plain gold revealed that the protein becomes
fully packed on the surface relative to the jamming limit (94%), but
the relative surface coverage of the anti-streptavidin antibody was
reduced to approximately half (20%) compared to the site-directed
immobilization with Protein A/G (Table 1, row 7). A similar reduction
for the relative surface coverage of the anti-streptavidin antibody was
observed if the reactive N-hydroxysuccinimide (NHS) esters of DSP
were deactivated using monoethanolamine (MEA, Table 1, row 8). The
effects of changing incubation time and protein concentration on the
relative surface coverages determined for both Protein A and Protein
A/G immobilization were negligible. However, the variation between
the three repeat measurements for Protein A when using the overnight
incubation was clearly smaller compared to the shorter incubation
time (Table 1, column 6/6yg,). Consequently, and due to the fact that
overnight incubation was the recommended protocol in the original
study of Schmid et al. [21] for Protein A sensor preparation, we opted
to use an overnight (16-20-hour) incubation time for Protein A/G in
subsequent experiments. The optimized Protein A/G sensor preparation
protocol is schematically presented in Fig. 1.

Fig. 2 shows the comparison of the binding kinetics and surface cov-
erage of different IgG subclasses on the Protein A/G sensor. The binding
for the IgG1 subclass was generally low with an average relative surface
coverages of 27% in terms of the fraction of the jamming limit when
comparing to the corresponding average relative surface coverages for
IgG2 subclasses, which were in the range of 45%—-68%. This reflects the
higher capacity of IgG2 subclass antibodies to bind to Protein A/G. The
SPR responses in Fig. 2 also demonstrates that the Protein A/G surface
can be almost completely saturated in less than five minutes of injection
with the antibody concentrations used. The degree of dissociation, on
the other hand, varies slightly between the IgG subclasses. Hence, it
is beneficial to wait for a sufficiently long time between the end of
the antibody injection and the start of the NP capturing in order to
minimize the effect of antibody dissociation on the SPR response during
NP capturing.

3.2. Surface capture of LUVs and RBC EVs

The efficacy of the prepared Protein A/G sensors for NP capturing
were assessed by six sequential injections with increasing bulk con-
centrations for LUVs, and two different bulk concentrations for RBC
EVs (Fig. 3, Supplementary material Figures S3-S8 and S10-S15). As
expected, the slope of the SPR response for the LUVs increases with
increasing bulk concentration until the jamming limit of the surface
(54.7%) is approached. The binding of RBC EVs at a bulk concentration
of 4x10'° particles/mL was low compared to the concentration of
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Fig. 1. Schematic representation of the optimized Protein A/G sensor preparation protocol.
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Fig. 2. SPR responses during binding of different IgGs (IgG2a, IgG2b, and IgG1) on
the Protein A/G sensor (N = 3 =+ S.D.), Percentage values in the boxes indicate
mean surface coverages of antibodies relative to the jamming limit (6/6s,). The
concentrations used were 10 pg/mL for the anti-streptavidin antibody and 25 pg/mL
for other antibodies.

3x10!! particles/mL. Since a 10-minute injection time at the flow rate
of 20 pl/min was used in the measurements, the sample consumption
of this SPR surface capturing technique is relatively high. Non-specific
binding of LUVs and RBC EVs, however, were generally low relative
to the binding in the presence of antibodies (dashed lines in Fig. 3,
Supplementary material Figures S9, S16 and S17). This indicates that
the binding of these NPs is due to the specific interactions with the
bound antibodies. Therefore, the number of EVs positive in respect
to the specific antibody is the determining factor of the capturing
efficiency rather than the absolute EV bulk particle concentrations
measured using, e.g., NTA. Thus, in comparison with NTA, the factor
determining variations in the rate of binding in the SPR assay is the
concentration of EVs that are positive for the specific antibody. A
means to determine nanoparticle size by utilizing the ratio of the SPR
signal responses at two different wavelengths and the nanoparticle bulk
concentration from the rate of binding is described in the next sections.

In view of the regeneration of the sensor for consecutive mea-
surements, our preliminary tests with RBC EVs revealed that the sen-
sors could not be regenerated using glycine-HCI-IPA alone. Therefore,

an additional regeneration step with Triton X-100 was added before
glycine-HCI-IPA to solubilize the EVs. This protocol for sensor re-
generation allowed for at least five identical cycles of vesicle capture
(Supplementary material Figures S1, S18-S22). In addition to the full
regeneration of the sensors by the removal of the antibodies from the
surface, we investigated the use of Triton X-100 only for regeneration
without the need for recapturing antibodies. Interestingly, the last in-
jection of LUVs when using only Triton X-100 for regeneration resulted
in a markedly lower maximum SPR response compared to the first four
injections. This was probably due to the partial removal or restructuring
of the intermediate streptavidin layer. On the other hand, the most
significant decrease in the maximum SPR response for RBC EVs was
observed after the first capturing cycle. There is a possibility that trace
amounts of Triton X-100, when not removed using glycine-HCI-IPA,
can remain on the surface along with solubilized membrane fragments,
which diminish the binding of vesicles due to the limited available
number of binding sites on the surface. Finally, when the binding of
the CD235ab antibody was tested on sensors stored for two weeks in
PBS at 4 °C, only a slight decrease in the maximum SPR response (16.7
+ 5.4%) was observed.

3.3. Determination of size of LUVs and RBC EVs

Since the formalism based on dual-wavelength SPR developed by
Rupert et al. [6] allows direct measurement of particle size of NPs
captured on the sensors, it was of interest to compare the calculations
using SPR measurements with the hydrodynamic particle diameters
measured by NTA and DLS (Fig. 4). For 200 nm LUVs, a drastic
decrease in particle diameter calculated from SPR measurements is
evident when the jamming limit is approached. An explanation for this
behavior could be the deformation of vesicles [6,30], which would not
be as prominent phenomena for EVs that are more rigid compared
to LUVs. Both NTA and DLS measurements show that the peak of
the size distribution for 200 nm LUVs is around a diameter of ca.
150 nm, which suggests that a considerable number of vesicles have
a hydrodynamic size smaller than the mean value of ca. 200 nm. The
decreasing diameter for the individually calculated particle size from
SPR measurements for the last two LUV injections (25 pg/mL and 100
pg/mL) for both LUV samples suggests that smaller vesicles are favored
for binding due to the limited available surface area when the jamming
limit is approached. Repeated injection cycles using high concentration
of vesicles (100 pg/mL) indeed showed rather low mean diameters
calculated from SPR measurements, which highlights the importance,
in our case, to operate the SPR-based NP size determinations with
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Fig. 3. SPR responses (670 nm wavelength) of measurements with LUVs and RBC EVs (first experiments shown from N = 3 measurements). (A) 300 mM xylitol for calibration, (B)
10 pg/mL of anti-streptavidin antibody (LUVs) or 25 pg/mL of anti-CD235ab antibody (RBC EVs), (C) 25 pg/mL of streptavidin (LUVs only), (D) LUVs (C,, = 1.5625, 3.125, 6.25,
12.5, 25 and 100 pg/mL) or RBC EVs (C; = 4x10'° and 3x10'! particles/mL), (E) regeneration using glycine-HCI-IPA (LUVs) or 0.5% (w/v) Triton X-100 and glycine-HCI-IPA
(RBC EVs). Vesicle additions are marked by arrows. Bulk concentrations (C,,) of LUV injections are presented in units of ug/mL of lipids. Dashed lines show the responses without

antibodies (C, = 4x10'° and 2x10'! particles/mL for RBC EVs).

100 nm LUVs
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Fig. 4. The top panel shows the dependence of the vesicle diameter measured using SPR on the surface coverage of vesicles relative to the jamming limit (6/6gg, in logarithmic
scale, mean of N = 3 measurements). Squares mark the mean diameters for the individual LUV injections (bulk concentrations shown in the units of pg/mL of lipids). For RBC EVs,
surface coverages are shown for bulk concentrations of 4x10'° and 3x10'! particles/mL. The bottom panel shows the hydrodynamic vesicle diameter distributions in terms of
the particle concentration C, divided by the mean total particle concentration C, measured using NTA (orange bars). Green lines depict the corresponding distributions measured
using DLS normalized with the maximum of the NTA size distribution data. Vertical lines show the distribution means.

moderate relative surface coverages (6/0rsp = 10%-30%). Also, too
low surface coverages raise uncertainties in the size determination, as
evident from the large dispersion of data in Fig. 4.

Table 2 further compares the determination of mean vesicle diame-
ters using the SPR, NTA, and DLS techniques. For SPR, vesicle diameters
at relative surface coverages (0/0rs,) between 20%-25% were first
averaged, and then the mean vesicle diameters were determined from
three technical replicates. Interestingly, despite the similarities in the

size distributions between the 200 nm LUVs and RBC EVs, the former
had considerably higher deviation in the diameter at equal surface
coverages. This can be partly attributed to the nature of the serial
injection experiment performed for the LUVs, where a larger dispersion
in the vesicle sizes with increasing bulk concentrations for each injec-
tion can be expected due to the longer timescale of the experiment.
Interestingly, the mean size for RBC EVs determined by SPR is much
closer to the size derived by using DLS than NTA. This may reflect
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Table 2

Comparison of different methods for determining the mean vesicle size. Values represent
the mean + S.D. for N = 3 independent size measurements for the same sample, except
for the NTA data of RBC EVs, for which N = 5.

SPR (nm) NTA (nm) DLS (nm) Polydispersity
Index
100 nm LUVs 98.0 117.9 92.9 0.04
+ 14.1 + 1.4 + 6.7 + 0.03
200 nm LUVs 206.9 226.8 205.0 0.17
+ 95.8 + 7.7 + 20.1 + 0.01
RBC EVs 152.3 198.6 136.7 0.23
+ 1.86 + 7.4 + 11.3 + 0.07

LUV concentration, C,, (ug/mL)
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o

- 1 I
E 35 ,/
B @® 100nmLUVs
=301 @ 200nmLUVs o
3 "%

© 251 §
c i
L <
g 207 2
E /,,
5
o 1 0 T ,/’§
3 4
5 59 =
@ @ RBCEVs
§ 0 —— T T T

1 2 3

x 10"

RBC EV concentration, Cy (particles/mL)

Fig. 5. Measured bulk concentration of particles C, as a function of the LUV
concentration C,, and RBC EV concentration C; (N = 3 + S.D.). Data for RBC
EVs, where C, = 1.2x10'! and 2x10!'! particles/mL, is derived from the first three
injections of the regeneration experiments presented in Supplementary material Figure
S1.

the fact that the size determination in NTA is based on diffusion
coefficients measured for individual particles, while SPR and DLS are
based on ensemble-averaging of the SPR responses in the evanescent
field, and scattered light of the EVs, respectively. Alternatively, since
DLS is not well suited to study polydisperse nanoparticle samples such
as EVs [31], a smaller particle size derived using SPR compared to NTA
may reflect a lower mean diameter of the subpopulation of particles
captured on the SPR sensor surface.

3.4. Determination of bulk concentration of LUVs and RBC EVs

Since the SPR measurements are performed under global diffusion-
limited conditions, which is evident from the LUV titration experiment,
the slope of the SPR response can be utilized to calculate the bulk
concentration of particles in the sample (Fig. 5, see also Supplementary
material Eq. S4) [5,6]. In brief, the bulk concentration of the vesicles is
proportional to the rate of binding and the diffusion coefficient, which
was determined by using the vesicle diameters derived from the SPR
experiments. The protein concentration of RBC EVs solubilized with
Triton X-100 was measured to be 7.18 + 0.15 mg/mL, which translates
to 8.25x1071° grams of protein per particle and is comparable with
2.36x10716 grams/particle reported by Koponen et al. [32]. When
using the linear relationship between the particle number concentration
C; measured by NTA and the measured bulk mass concentration C,,
(Fig. 5, correlation coefficient (AC,,)/(AC,) = 7.36x 10711 ng/particle)
results in an estimation that ~9% of the RBC EVs are CD235ab-positive.
This result is similar to the value of 21% of CD235a-positive RBC
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EVs previously reported by Valkonen et al. [28]. Especially, when
considering batch-to-batch variations, differences in antibodies, and
the uncertainties in the correlation between total protein mass and
total mass of EV particles in the sample [6]. The effects of possible
blood protein contaminants on this estimate are also unknown. The
linear relationship between the actual LUV mass concentration and
concentration determined by SPR does not hold after the 25 pg/mL
injection of vesicles. This indicates that the surface becomes saturated
with vesicles, and thus, the rate of change in the SPR response may not
accurately reflect the bulk concentration of the vesicles in that regime
of surface coverage.

4. Conclusions

In this work, we have demonstrated antibody-mediated capture pro-
tocols for synthetic and biological nanoparticles by functionalizing SPR
gold sensors with recombinant Protein A/G. During the enhancement of
the preparation protocol of the sensors, we found that an increase in the
DSP cross-linker concentration with a constant incubation time leads to
increased surface coverage of the cross-linker. The use of Protein A/G
instead of Protein A in the sensor preparation increased the binding
ability and surface coverage of IgG2b subclass antibodies, although the
surface coverage for Protein A/G covalently attached to the DSP cross-
linker was lower than for Protein A. The surface capture of synthetic
vesicles and red blood cell-derived extracellular vesicles by the Protein
A/G sensor demonstrated that the achieved surface coverage of vesicles
is linearly proportional to the bulk concentration. To this end, an
estimation of the relative abundance of the captured EV subpopulation
could be performed together with the size determination utilizing dual-
wavelength SPR. Furthermore, regeneration of the biosensor surface
allowed multiple capturing cycles either by detergent-assisted removal
of vesicles from the surface or complete regeneration by removing the
antibodies using a mixture of glycine-HCl and isopropanol.

To conclude, the main advantages of the developed Protein A/G
biosensor include ease of preparation and regenerability combined
with low non-specific binding, which would be expected to be more
prominent given the source of the EVs used in our study. In the future,
we envision broadening the use of the Protein A/G sensors for the
parallel capture of specific subpopulations of blood-derived EVs using
SPR instrumentation with multiple flow channels. In addition, sup-
plementary post-capture antibody injections may be utilized to assess
the presence of additional surface biomarkers of EVs and other NPs.
Other beneficial uses of the Protein A/G sensor include for example
quality control and characterization of EVs during different stages of
EV purification or evaluating the purity of EV end products, which
is of importance when EV-based therapeutic applications are to be
transferred into clinical use.
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