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ABSTRACT: Lateral flow immunoassays (LFIAs) are widely used for point-of-care diagnostic
devices due to their simplicity, low cost, and rapid results. In this work, we demonstrate that a
heterosandwich design LFIA can be an effective tool for verifying the presence of different
proteins on the same particles. As a case study, we address a recent controversy regarding the
presence of the protein LICAM on the extracellular vesicles (EVs). EVs are crucial for cell
communication and may serve as valuable disease biomarkers, including for neurodegenerative
disorders. EVs from neuronal cells can cross the blood-brain barrier and be selectively isolated
from plasma. Although L1CAM has been suggested as a marker for neuron-derived EVs, recent
studies report that LICAM exists as a cleaved soluble protein in plasma, not associated with EVs.
We propose a heterosandwich LFIA to detect and quantify LICAM and a confirmed EV marker,
tetraspanin CD63 or CD9, on the same EV. This assay, together with several control experiments
on EVs isolated from plasma by size exclusion chromatography (SEC), demonstrates that
although most LICAM in plasma is present as soluble cleaved proteins, 13% of the EVs are
strongly associated with this protein. This evidence is confirmed by dynamic light scattering measurements, showing a significant size
increase of gold nanoparticles conjugated with LICAM antibodies when exposed to EVs but not to cleaved soluble LICAM. Our
results validate the selective immune-isolation of LICAM-EVs, resolving the controversy by confirming that LICAM is indeed
associated with a significant fraction of EVs despite the presence of its soluble form in plasma.

1. INTRODUCTION domain.'”"® L1CAM has a relatively specific expression in
neural tissue. However, in June 2021, Norman et al'’
published a study claiming that LICAM is found as soluble
protein in plasma and cerebrospinal fluid and therefore, it is

Extracellular vesicles (EVs) are membrane structures secreted
by cells that act as key mediators in cell—cell communication
by transferring their cargo (lipids, nucleic acids, proteins) to

recipient cells.”” Recent research has demonstrated that EVs not associated with circulating EVs. This affirmation questions
can serve as biomarkers of different diseases, and their cargos the use of LICAM as a marker for isolating neuron-derived
can provide information about disease progression.3’4 Neuron- EVs and challenges the numerous studies that have relied on
derived EVs can cross the blood-brain barrier (BBB)>° and are L1CAM to report differences between healthy controls and
present in body fluids such as the cerebrospinal fluid or plasma. patients with various neurodegenerative diseases. The state of
Therefore, the isolation of brain-derived EVs could represent a the debate has been exhaustively discussed in a recent,
kind of “liquid biopsy”” providing valuable information about comprehensive, review”’ which raised four main issues. (i)
conditions or diseases affecting this nearly inaccessible tissue. LICAM expression is not restricted to neuronal cells; (ii) the
As an example, EVs have been identified as a carriers of crossing of BBB by EVs has only indirect evidence; (iii) one
misfolded proteins associated with chronic neurodegenerative antibody against L1CAM has been reported to cross-react with

diseases such as Alzheimer’s disease,® dementia,” and
Parkinson’s disease.'’ Additionally, many miRNAs carried by
neuronal EVs are differentially expressed during a$ing and are
increasingly recognized as aging biomarkers.'~'* Research -
groups around the world have selectively isolated neuronal EVs Rec_e“'ed: October 14, 2024
relying on the L1 cell adhesion molecule (L1CAM, also known Revised:  February 16, 2025
as CD171) as a membrane marker.">'® LICAM consists of a Acce_Pted’ March 20, 2025
long extracellular (ecto)domain composed of six immunoglo- Published: March 25, 2025
bulin-like domains linked to five fibronectin type III repeats, a

single transmembrane domain, and a short cytoplasmic

a-synuclein (an EV cargo protein), potentially invalidating the
positive biomarker outcome of some studies; (iv) the
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association of the LICAM extracellular moiety with EVs could
be transient due to cleavage of the protein ectodomain,
resulting in most of the LICAM found in plasma and
cerebrospinal fluid existing as cleaved soluble epitopes. In
general, the demonstration and quantification of the presence
of specific proteins on the surface of extracellular vesicles are
challenging. Specific antibodies with fluorescent tags are often
used in combination with sophisticated techniques such as
super-resolution optical microscopy, high-resolution flow
cytometry or nanoparticle tracking analysis.

To investigate the above-described controversy, we used
lateral flow immunoassay (LFIA) technology to test for the
presence of LICAM on the surface of EVs as a transmembrane
protein. Nowadays, LFIA is a well-established technology for
the rapid, selective, and cost-effective detection of biomarkers
in various biological fluids. Blanco-Lopez et al. developed the
first LFIA for EVs using tetraspanins or specific markers for
capture and detection.”’ > This approach complements
traditional methods for quantifying EVs, offering a simpler
and more accessible means to assess the presence and
concentration of biomarkers on the surface of EVs. In this
work, we developed a heterosandwich LFIA that yields a
positive result only when both L1ICAM and confirmed EV
surface markers are simultaneously present on the same EV.
We selected tetraspanins CD9 and CD63, generally accepted
as EV surface markers, for this purpose. We isolated EVs from
the plasma of 11 healthy volunteers using size exclusion
chromatography (SEC) and assayed the obtained fractions
with the developed LFIA. The amount of EVs carrying both
L1ICAM and tetraspanins was measured, indicating that
LICAM is stably present as a protein associated with the
membrane of a fraction of plasma circulating EVs, addressing
the fourth point mentioned earlier.

2. RESULTS AND DISCUSSION

Figure 1 illustrates the experimental design of the main LFIA
platforms used in our investigation, with detailed methods
provided in the materials and methods section. The
heterosandwich LFIA relies on the recognition of two different
antigens on the EV surface by their respective detection or
capture antibodies (Abs). The detection Ab is labeled with
gold nanoparticles (GNPs) that act as colorimetric (red)
reporters. The capture Ab is immobilized on the test line of a
nitrocellulose strip and interacts with the respective antigen
when the solution (sample + detection Ab) is applied and
flows by capillary action. In an optimized assay the capture
antibodies are in large excess with respect to the antigens,
ensuring that all the EVs are blocked on the test line (that is
the first line of Abs that they encounter).

The LFIA platform includes a control line consisting of
capture Ab against the detection Abs where the free detection
antibodies bind. In the present case, the detection antibody
was originated from mouse, so that the control line is
composed of antimouse immunoglobulin.

In case of a positive test, EVs labeled by the detection Abs
and free detection Abs accumulate in the test and control lines,
respectively, resulting in the familiar two red lines response (as
in the fast COVID-19 dipstick test). The quantification of EVs
is performed by measuring the intensity of the test line with a
reflectance reader and comparing it to a calibration curve as
proposed elsewhere’*> and described in Section S3.1 in the
SL
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Figure 1. Schematic representation of the LFIA dipstick for EV
detection. (A) aCD9/aCD63@GNP configuration with a positive
response in the presence of CD9+CD63+EV. Specific antibodies
against CD9 tetraspanin are immobilized on the test line (TL). (B, C)
aL1CAM/aCD63@GNP configuration with a positive (L1CAM
+CD63+EV) and negative (cleaved L1ICAM free in solution)
response, respectively. Specific antibodies against LICAM protein
are immobilized on the test line. In both configurations, antimouse
immunoglobulin antibodies are immobilized on the membrane at
control line (CL) and bind the excess detection Abs. EV, if present in
the sample, are detected by the detection antibody (aCD63) labeled
with GNPs. Adjacent to the schematics, pictures of the LFIA strips are
presented along with the measured optical densities at both the TL
and CL in the case of: (A) aCD9/aCD63@GNP exposed to plasma-
derived EVs; (B) aL1CAM/aCD63@GNP exposed to plasma-
derived EVs; (C) aL1CAM/aCD63@GNP exposed to soluble
L1CAM.

In our study, we designed two different LFIA configurations,
both utilizing the CD63 tetraspanin antibody conjugated with
GNP (aCD63@GNP) as the detection Ab. In the first
configuration (aCD9/aCD63@GNP), we immobilized the Ab
against the CD9 tetraspanin (¢CD9) on the test line to detect
EVs carrying both CD63 and CD9 tetraspanins (hereafter
CD9+CD63+EVs), which likely represents a large fraction of
circulating EVs. The rationale for selecting detection and
capture Abs is described in detail in refs 21,22. Figure 1A
shows that in the aCD9/aCD63@GNP configuration, a
positive response is observed only when both CD9 and
CD63 are present on the surface of the same EV.

The second configuration introduces an Ab against LICAM
(aL1CAM) on the test line (aL1CAM/aCD63@GNP),
proposed for the first time as a time-saving tool to probe the
presence of LICAM on the EV surface. Here, a positive signal
will appear only if both LICAM and CD63 are present on the
same EV (LICAM+CD63+EVs), as shown in Figure 1B. If the
sample contains the soluble form of LICAM, it will be
captured and accumulated on the test line but will not produce
a positive signal since the detection Ab (aCD63@GNP) only
binds to CD63, and not to the LICAM epitope, therefore only
the control line will turn red. This scenario, illustrated on the
right of Figure 1C, highlights the assay’s specificity, with
optical density readings for such samples falling below the limit
of quantification and thus indistinguishable from blank
samples. Experimentally, we observed that the presence of
soluble LICAM in the concentration range 2 ng/mL—100 ug/
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Figure 2. Dynamic Light Scattering of fractions obtained by SEC. (A) Dependence of the Z-averaged HD diameter on fraction number. The dotted
line represents the lower dimensional limit of EVs. (B) Particles size distribution of some representative fractions. (C) total protein content
evaluated according to the BCA assay (open squares) and UV absorption (closed diamonds).

mL does not induce any positive response in this
heterosandwich LFIA.

2.1. Characterization of the SEC Fractions. Given the
complex and heterogeneous nature of EVs, a major challenge
in the field is confirming their presence with certainty. To
ensure that the positive signals observed on the test line of the
LFIA are due exclusively to the presence of EVs rather than
nonspecific interactions, protein aggregates or contaminants,
we used a comprehensive characterization strategy using
multiple complementary techniques. EVs were isolated from
the plasma of 11 healthy volunteers (S females and 6 males)
using size exclusion chromatography (SEC) to allow direct
comparison with the study by Norman et al."” For each of the
11 donors, the plasma was fractionated by SEC and fractions 7
to 18 were analyzed for: (i) hydrodynamic (HD) diameter by
means of dynamic light scattering (DLS), (ii) total protein
content evaluated both through absorbance measurements at
260 and 280 nm and by the bicinchoninic acid (BCA) assay,
(iii) The contemporary presence on the same particle of
specific EVs’ markers, which we define as CD9+CD63+EVs
and L1ICAM+CD63+EVs using LFIA, and (iv) detection of
single or aggregated protein (SAP) contamination using the
CONAN assay.”” Additionally, a subset of plasma samples
from three donors was analyzed for phospholipid content,
which is a key component of the EV membrane. For this
analysis, SEC fractions from the three donors were pooled and
subjected to liquid chromatography-mass spectrometry (LC-
MS).

This analysis helps differentiate between fractions containing
EVs from other particles lacking phospholipids, therefore
strengthening our ability to accurately identify EVs in the
sample. To quantify human serum albumin (HSA) and total
L1CAM protein concentration we used ELISA, while Western
blot analysis and transmission electron microscopy (TEM), in
accordance with MISEV guidelines, were also employed to
further characterize the samples.

Due to polydispersity, the Z-averaged HD diameter obtained
from second order cumulant analysis of DLS measurements
was used to describe each fraction. Figure 2A illustrates the
dependence of this descriptor on the fraction number. The
points represent the mean values obtained for the same
fraction separated from the plasma of the 11 analyzed subjects,
with error bars representing the standard deviation. Fractions 7
to 12 contained particles with a Z-averaged HD diameter
ranging from 200 to 30 nm, matching the size of small EVs."2°
According to the literature, particles smaller than 30 nm are
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expected to be nonvesicular extracellular particles (such as
exomeres and supermeres) or single or aggregated protein
(SAP).”® However, the size resolution power of SEC is limited,
and fractions can contain particles of different sizes. The
analysis of DLS allows the retrieval of the size distribution
function (SDF) for each fraction (see Section 4.8 for details).
Figure 2B displays the SDFs of representative fractions from a
given subject. As the fraction number increases, a decrease in
average size is observed, but it should be noted that, for
fractions above the 12th, the SDF covers a wide range of
dimensions and contains a non-negligible number of particles
with diameters larger than 30 nm. This result, corroborated by
the NTA measurements of Figure S3 of the SI, demonstrates
that EVs could be present even in the later fractions, where
soluble proteins are mainly eluted.

The protein content of the fractions was routinely assayed
using both ultraviolet (UV) spectrometry and the BCA assay,
yielding consistent results. As illustrated in Figure 2C, protein
content remained below 1 mg/mL up to fraction 11, thereafter
increasing dramatically to values well above 10 mg/mL in later
fractions. This pattern likely results from the SEC separation
process, which confines larger particles, such as the EVs, in the
earlier fractions, leaving soluble proteins to accumulate in the
later ones. ELISA quantification of soluble HSA, reported in
Section S3.2 in SI, showed early fractions of the SEC to be
depleted of small soluble proteins such as HSA, which
increases significantly in later fractions. The purity of fractions
in terms of soluble SAP was assessed using the CONAN
assay.”® This assay specifically targets soluble proteins capable
of forming a corona around the nanoparticles used as probes,
thereby excluding membrane proteins on the EVs. The data,
shown in ST Section S3.3, indicate that fractions above the 12th
are heavily enriched with proteins. This general trend holds
true across all subjects. The 12th fraction is free from proteins
only in some cases (4/11).

All SEC fractions from the plasma of the 11 subjects have
been assayed using LFIA with the aCD9/aCD63@GNP
configuration, giving a positive result for fraction from 9 to 18.
The concentrations of EVs for all fractions of the 11 subjects
are listed in the Table SI in the SI. Figure 3A displays the
mean values and standard deviations of EV concentrations
(averaged over the cohort of the 11 subjects) as a function of
the eluted fractions. The large standard deviations reflect the
variability in the number of EVs found in the plasma of
different subjects (up to 1 order of magnitude), while still
remaining within the average concentration values reported for
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Figure 3. (A) EV quantification by LFIA in SEC fractions from
plasma. Full dots indicate the quantification of EVs using LFIA
aCD9/aCD63@GNP, while full diamonds represent the quantifica-
tion of EVs using aL1ICAM/aCD63@GNP configuration. Blue and
orange symbols represent the fractions that are protein-free, or protein
contaminated, respectively. Also shown, as empty stars, are the peak
areas of the phosphatidylcholine signal measured by LC-MS (right
ordinate). (B) Ratio of LICAM+CD63+EVs with respect to
CD9+CD63+EVs. Each value represents the mean, and the error
bars refer to the standard deviation calculated for all 11 subjects
studied.

EVs from plasma.”” The data in Figure 3A demonstrates the
presence of CD9+CD63+EVs in all SEC fractions from 9 to
18.

This result has been confirmed by LC-MS analysis, focused
on phosphatidylcholines (m/z = 760 and 786, and the
corresponding Na+ adducts) as probes for phospholipid

concentration of particles with both CD63 tetraspanin and
L1CAM on their surface (LICAM+CD63+EVs). Figure 3A
shows that the amount of LICAM+CD63+EVs measured in
each fraction, although showing a similar trend, is much
smaller than that measured for CD9+CD63+EVs.

Figure 3B shows the fraction of L1CAM+CD63+EVs
relative to CD9+CD63+EVs, evidencing a constant value of
0.13 =+ 0.02 across fractions 9—14, where L1CAM-containing
EVs exceeded the assay’s limit of quantification. This indicates
that the proportion of LICAM-carrying EVs in plasma remains
constant, regardless of the fractions or individuals. Vesicles
were visualized by TEM in SEC fractions where L1CAM
+CD63+EVs were detected by LFIA, showing sizes and
morphology compatible with EVs (see Section $3.6 in SI).

The levels presence of tetraspanin CD63 and LICAM in
pooled SEC fractions (across subjects) was analyzed by
Western blot. Moreover, the presence of albumin was also
evaluated with Coomassie blue staining, using BSA as a
reference standard. Overall, the obtained results, detailed in
Section S3.7 of SI, demonstrate the presence of these proteins
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Figure 4. (A) Comparison between total L1ICAM protein measured with ELISA (histograms, left ordinate) and LICAM+CD63+EV content in the
SEC fractions (dots, right ordinate). Each measured sample is a pool of the same SEC fraction from three different subjects. The mass of LICAM
measured in the ELISA was converted into proteins/uL considering an average mass of LICAM of 200 kDa. The measured concentration of
L1CAM in fractions 8—13 ranges from 10’ tol0® proteins/uL. (B) Representative control experiments performed according to aL1CAM/
aCD63@GNP configuration. (B1) LFIA strip of Fraction 7, which is negative for LICAM+CD63+EV, spiked with soluble recombinant LICAM.
(B2) LFIA strips of fractions 10, 11 and 12, which are positive for LICAM+CD63+EV. (B3) LFIA strips of the same fractions (10, 11, 12) spiked
with soluble recombinant L1CAM, resulting in a reduced signal intensity. signal histograms are shown, with only fraction 11's (*) data shown for
clarity. Experiments are performed in triplicates.
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Figure S. (A) Size distribution of gold nanoparticles conjugated with LICAM antibodies (dL1CAM@GNP, orange), SEC fraction 10 (blue), and
their mixture (gray). (B) Size distribution of aL1CAM@GNPs alone (orange), in the presence of SEC fraction 17 (black), and in the presence of
soluble LICAM at concentrations found in early and late SEC fractions (10 yg/mL dark green and 1 pg/mL light green). All the experiments are

performed in PBS solutions.

in fractions 10 to 18, with a substantial enrichment of L1ICAM
and albumin in the later fractions.

Additionally, all fractions were assayed for total LICAM
protein (both soluble and EV bound) using a commercial
ELISA homosandwich assay. Figure 4A shows how the
concentration of the LICAM epitope varies drastically across
fractions, being low in earlier fractions and increasing
substantially in later ones. According to these data, the content
of LICAM in fractions 7—14 is about 1% of the total LICAM
measured in all fractions up to 18. This observation aligns with
findings by Norman et al, who, on the basis of LICAM
distribution across fractions, concluded that LICAM is not
associated with EVs."

In Figure 4A, we also show the concentration of LICAM
+CD63+EVs measured across eluted fractions. Despite the
predominance of soluble LICAM in plasma, there is a distinct
part of L1ICAM associated with EVs, which, in turn, are
efficiently captured and measured using anti-L1CAM antibod-
ies by LFIA.

This finding could reconcile the large amounts of soluble
L1CAM found in plasma with the effectiveness of EV-isolation
procedures based on LICAM antibodies.

2.3. L1CAM Bound to EVs: LFIA Validation. To validate
that the positive signals observed in our heterosandwich
aL1CAM/aCD63@GNP platform are due to the presence of
L1CAM bound to EVs, we conducted a series of control
experiments to exclude potential false positives or artifact-
induced responses due to the possible presence of soluble
L1ICAM in the samples.

The first experiments included isotype (negative) controls
using two different capture antibodies that matched the isotype
of the mouse anti-LICAM (IgGl). We tested two antibodies
without specific affinity to any antigen in the sample: a mouse
IgG1 antibody against mycotoxin (Clone mab22)*® and a
commercially available mouse IgG1 antibody against synthetic
hapten. The absence of nonspecific binding for EVs was
confirmed by the negative results of these assays, as detailed in
Section S3.8 of the SL

To further rule out potential cross-reactivity between the
capture antibody aL1CAM and EV-membrane proteins other
than L1CAM, the procedure was replicated using rabbit-
purified aL1CAM as capture antibody to test fractions from
four subjects. The assay results were identical to those
obtained using the mouse antibody, within experimental
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error (see Section S3.9 in SI). evidencing the specificity of
the assay for EV-bound LICAM. The rabbit-purified aL1CAM
and the mouse-purified aL1CAM have completely different
colloidal stabilities”” suggesting large structural differences. It is
highly improbable for two antibodies generated in two
different organisms through immunization with the same
purified recombinant Human L1CAM to have the same affinity
for EV-associated proteins that are not the natural antigen.

To address the concern that soluble LICAM, not associated
with EVs, could produce a false positive in the LFIA, we
conducted several control experiments using aL1CAM/
aCD63@GNP configuration. Figure 1C schematically illus-
trates our hypothesis that soluble LICAM alone would not
generate a positive signal on the test line. To validate our
hypothesis, we performed spike-in experiments.

Representative results, shown in Figure 4B, use fraction 7 as
a control due to its negligible content of EVs. The addition of
soluble recombinant LICAM protein (0.5 mg/mL) to fraction
7 did not elicit a positive response on the aLICAM/aCD63@
GNP test line (Figure 4B1), thereby confirming experimentally
that soluble LICAM does not cause a false positive. We further
tested whether the simultaneous presence of nonassociated
soluble LICAM and EVs would affect the LFIA result. To do
this, we spiked fractions 10, 11, and 12 (known from Figure 3A
to be rich in EVs) with soluble LICAM protein. The results,
shown in Figure 4B2,B3, indicate a decrease in test line
intensity by about 30%. This reduction occurs because soluble
LICAM competes with EV-bound LICAM for the capture
antibodies on the test line, thereby reducing the number of
EVs labeled with detection antibodies (¢CD63@GNP) that
are immobilized on the test line,which in turn decreases the
signal.

All these control experiments corroborate the coexistence of
L1CAM and CD63 on the same EV.

For selected samples, we used aCD9 as capture antibody
and aL1CAM as detection antibody (aCD9/aL1CAM@
GNP). This approach yielded positive results, as reported on
Section $3.10 of the SI, corroborating the presence of LICAM
on EVs carrying CD9 tetraspanins.

2.4. L1CAM Bound to EVs: DLS Validation. To add
further evidence to our study, we measured the size of gold
nanoparticles conjugated with L1ICAM antibodies
(aLICAM@GNP) in the presence of LICAM+CD63+EVs
and/or cleaved soluble L1ICAM using DLS.
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Figure SA shows the size distribution of both aLICAM@
GNP and SEC fraction n. Ten (positive to the aL1CAM/
aCD63@GNP LFIA and thus containing L1ICAM
+CD63+EVs), before and after mixing. The aL1CAM@GNP
are characterized by a size distribution centered at 55 nm,
accounting for the metallic core size of 40 nm + the antibody
shell thickness of about 7 nm. Fraction 10 has a monomodal
size distribution with a maximum at 33 nm and, as discussed in
Section 2.1, includes particles up to 100 nm, compatible with
the presence of EVs.

Due to the significant scattering power of the GNPs
compared to EVs, this experiment primarily measures the
diffusion coefficient of the GNPs. The diffusion coefficient of
GNPs will be lower if the conjugated aL1CAM binds to large
EVs, resulting in larger hydrodynamic sizes.

Figure SA also shows that when aLICAM@GNP is added
to fraction 10, the size distribution shifts toward larger
diameters, with a maximum above 100 nm. This shift indicates
the binding of aLICAM@GNP to L1CAM protruding from
the EVs surface.

Note that the experiments are performed in PBS solution
where the aLICAM@GNP are stable and do not aggregate
(orange trace in Figure SA). Indeed, the Ab protein corona
stabilizes the GNP at a NaCl concentration of at least 0.68 M
(more than a 4-fold the PBS ionic strength) as explained in the
Section 4.

To demonstrate that the observed size increase is not due to
binding to soluble LICAM, control experiments were
performed. Figure 5B compares the size distribution functions
of aLICAM@GNPs alone and in the presence of soluble
LICAM at concentrations found by ELISA assay in early
fractions rich in EVs ([LICAM] = 1 ug/mL) and in late
fractions rich in proteins ([LICAM] = 100 pg/mL). The three
SDFs are indistinguishable, evidencing that binding of soluble
L1ICAM to aLICAM@GNPs does not affect the GNPs’
hydrodynamic size. Further confirmation comes from mixing
aL1CAM@GNPs with SEC fraction 17, which is negative in
the aL1ICAM/aCD9@GNP LFIA (it does not contain
L1CAM-bound EVs as shown in Figure 3A). As shown in
Figure 5B, also in this case the SDF remains unperturbed with
respect to that of the pristine aLICAM@GNPs, confirming
that the size increase observed for fraction 10 is due to the
specific binding of aLICAM@GNPs to L1CAM associated
with EVs and not to binding to soluble LICAM or to
nonspecific binding with other proteins on the EV surface.

3. CONCLUSIONS

We analyzed plasma samples from 11 healthy subjects using
custom-developed heterosandwich LFIA platforms. EVs
containing CD9 and CD63 tetraspanins are present in fractions
9—18 eluted from the SEC column. The presence of EVs, even
in the later fractions, can be attributed to the limited resolution
of SEC in terms of size separation. Using an analogous
approach, we have identified EVs containing both CD63 and
the LICAM protein in fractions 9—14. The nature of the assay
confirms that LICAM in these fractions is associated with EVs
rather than being present as a soluble protein. This evidence
has been independently proved by DLS showing a significant
size increase of GNP conjugated with aL1CAM when exposed
to EVs but not to cleaved soluble L1ICAM. Based on the
findings here presented, we conclude that while most of the
plasma L1CAM is present in a soluble form (likely as cleaved
epitope) a non-negligible (13%) fraction plasma EVs

containing CD63 and CD9 is effectively associated with
LICAM and can be efficiently isolated using L1ICAM
antibodies. Additionally, this study represents the first time
of employing heterosandwich LFIA as a low-cost and time
saving method to probe the composition of the EV
membranes, and this strategy can be extended also to other
membrane proteins. This approach can be extended to any
marker, provided that antibodies are available and the
concentration of the associated EVs is high enough to fulfill
the LOQ of the LFIA. For markers present at very low
concentrations, as in some disease-related EVs, a preconcen-
tration step may be necessary to achieve reliable detection.

4. EXPERIMENTAL SECTION

4.1. LFIA Materials. Citrate capped gold nanoparticles
(GNPs) with a nominal diameter of 40 nm and a
concentration of 1.5 X 107" M have been purchased from
BBI Solutions—U.K.

The recombinant anti-L1CAM antibody Rabbit Monoclo-
nal, hereafter referred to as rabbit-aL1CAM, was purchased
from Sino Biological Europe GmbH—Germany (catalogue
number 10140-R001). It was obtained from a rabbit
immunized with purified, recombinant Human LI1ICAM
protein and stored in a 0.2 um filtered solution in PBS at 1
mg/mL.

The recombinant anti-L1CAM antibody Mouse Mono-
clonal, referred to as mouse-aL1CAM, was purchased from
Sino Biological Europe GmbH—Germany (catalogue number
10140-MMO1) (Sino Biological Cat# 10140-R014, RRI-
D:AB_2860093).

It was obtained from a hybridoma resulting from the fusion
of a mouse myeloma with B cells obtained from a mouse
immunized with purified, recombinant Human L1CAM. It is
also stored in a 0.2 ym filtered solution in PBS at 1 mg/mL.

The anti-CD9 V]J1-20, referred to as aCD9, was purchased
from Sino Biological Europe GmbH — Germany (PURE Bulk
catalogue number 9PU).

The anti-CD63 mouse monoclonal antibody, referred to as
aCD63, was purchased from Immunostep Salamanca-Spain
(catalogue number 63PU) as a 1 mg/mL solution in PBS.

The antimouse IgG, produced in goat, was purchased from
SIGMA (COD M8642).

The water-soluble L1ICAM Protein, Human, Recombinant
(Cod 10140-HO8H) was purchased from Sino Biological
Europe GmbH—Germany. The expected molecular weight,
including glycosylation, is 200 kDa.

The antihapten Mouse IgGl Isotype antibody was
purchased by Immunostep.

The antimycotoxin Mouse IgG1 (clone MAB#22) Isotype
antibody was a generous gift of Dr. Chris Maragos of the
National Centre for Agricultural Utilization Research. Details
can be found in ref 28.

The LFIA strips were assembled using a nitrocellulose
membrane purchased from MDI Advanced Microdevices PVT
(Ambala Cantt, India) (25 mm wide and 15 ym pore size, ref
70CNPH-N-S540). The cellulose sample pad (10 mm wide),
glass fiber membrane (GFCP001000), and absorbent pads (22
mm wide) were from Millipore (Darmstad, Germany) and
Whatman (Piscat- away, NJ), respectively. The different parts
of the strips were manually assembled using backing cards (6 X
30 cm?) from Millipore (Darmstad, Germany).

4.2. EVs Isolation. Human peripheral blood was collected
from 11 healthy volunteers in EDTA-treated tubes. Plasma was
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obtained after a 15 min centrifugation at 3000g. Plasma
samples were aliquoted and stored at —20 °C until further use.
Plasma samples were thawed at room temperature and
centrifuged at 2000g for 2 min at 4 °C to remove any
aggregates due to thawing. Subsequently, EVs were isolated by
SEC using qEV Columns (IZON, qEV original 35 nm)
following the manufacturer instructions. Briefly, columns were
washed with at least 10 mL of PBS. The column was allowed to
completely drip out before introducing 0.5 mL of the plasma
sample. Once the plasma had fully passed through the frit, PBS
was incrementally added to the column’s top in 0,5 mL
portions which were subsequently collected in 0,5 mL
fractions. In this case, fraction 1 refers to the eluent collected
immediately after the addition of the plasma sample. Fractions
7—18 were collected.

4.3. Preparation of Immunostrips. An IsoFlow reagent
dispensing system (Imagene Technology, USA) was used to
dispense the antibodies on the detection and control lines at a
rate of 0.100 mL/mm. The concentration of the antibody
solutions dispensed on the test line (with rabbit or mouse
aL1CAM or aCD9) and control lines (anti-IgG) were 1 mg/
mL. The nitrocellulose membrane was then dried overnight at
room temperature to ensure the immobilization of the
antibodies. The membrane was placed on a backing card
with the sample and absorbent pads overlapping by 2 mm.
Subsequently, the complete card was cut into separate 4 mm
dipstick strips using a guillotine Fellowes G amma (Spain).

The minimum detection antibody (@CD63 or aL1CAM)
concentration needed for the stabilization of GNPs was
determined using the protocol described in ref 30. The samples
were directly prepared in multiwell plates. Briefly, 20 uL of
increasing anti-CD63 antibody concentrations (final concen-
trations ranging from 0.1 to 20 pug/ mL) in 10 mM phosphate
buffer (PB) at pH 7,5 were added to 250 L of 1.5 X 107° M
GNP suspensions. The mixtures of GNP-antibody were
allowed to equilibrate for 30 min, after which 100 uL of 1.85
M NaCl in 10 mM PB were added to the samples (the final
NaCl concentration was 0.68 M). The antibody concentration
that resulted in a stable solution of nanoparticles was
determined to be 10 pug/mL and selected for the conjugation
protocol. Next, 100 uL of the anti-CD63 solution were
combined with 1.5 mL of the GNP suspension (1.5 X 107"
M) to achieve a final concentration of 10 yg/mL. The mixture
was gently mixed for 1 h. Following that, 100 uL of blocking
solution (1 mg/mL BSA in 10 mM PB, pH 7.4) were added to
block any remaining surfaces of antibody-colloidal gold
conjugates. After a 45 min reaction, the mixture was divided
in two and centrifuged at 10,000 rpm for 20 min at room
temperature. 700 uL of the supernatant were discarded, and
the resulting pellet was resuspended in 100 uL of the
stabilization solution, prepared as 10% sucrose, 1% BSA in
PB 2 mM. The GNPs-anti-CD63 conjugates (¢CD63@GNP)
were then stored at 4 °C until further use.

4.4. LFIA Procedure. For the test we use a running buffer,
previously optimized to minimize nonspecific binding and
enhance signal intensity, consisting of 10 mM HEPES pH 7.5,
100 mM NaCl, 0.05% Tween-20 and 1% BSA. The
immunostrips were vertically immersed in a running solution
containing a small aliquot (usually 1 yL) of the SEC fractions,
10 uL of the GNP-anti-CD63 solution and the running buffer
up to a total volume of 100 yL. The strips were allowed to run
20 min before reading the results.

A strip reader ESE Quant LR3 lateral flow system (Qiagen
Inc., Germany) was used to quantify the intensity of the test
line by reflectance measurements. The dead volume of the
SEC column (first eluted 4 mL) was used as negative control
(blank). The quantification of EVs is performed by comparing
the intensity of the test line to a calibration curve as proposed
elsewhere”*” and described in Section S3.1 in the SI The
reference solution used for the calibration curve is a pool of
fractions 9, 10, and 11 from three different subjects.

In those SEC fractions where the intensity of the test line
exceeded the upper limit of the calibration curve, the samples
were suitable diluted prior to the LFIA. When the reading was
below 10 times the signal-to-noise ratio of the blank, meaning
the concentration in the running solution is below the limit-of-
quantification (LOQ), a larger sample volume was mixed with
the running buffer to obtain the 100 uL of the running solution.
In any case, the actual volume of the sample loaded was taken
into account for the final concentration calculation (see
Supporting Information Section S3.1 for details).

4.5. ELISA for HSA and L1CAM Determination. The
Albumin Human ELISA Kit (Cat. N. EHALB) and the Human
L1CAM ELISA Kit (Cat. N. EH290RB), both from Invitrogen,
were performed on SEC fractions, following the manufacturer’s
recommendations. Each measured sample is a pool of the same
SEC fraction from three different subjects.

4.6. Bicinchoninic Acid Assay. For analysis of protein
concentration in SEC fractions, the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific) was performed, following the
manufacturer’s recommendations.

4.7. Colorimetric Nanoplasmonic (Conan) Test of EVs
Purity. The protein depletion of SEC fractions was assessed by
means of the Conan assay based on the interaction between
EVs and GNPs. The procedure and the physical basis of the
method are reported in the paper by Zendrini et al.;*> and are
summarized below.

In the presence of pure EVs, GNPs adsorb and cluster at
their lipid membrane. This results in a redshift of the
plasmonic absorption, as well as in a change in the color of
the solution from pink to blue. Should be noted that, in the
case of a very concentrated EV preparation, the amount of
GNPs per vesicle is not enough to come into contact and the
GNPs adsorbed on the vesicle lipid membrane are so far apart
that clustering is negligible. GNP aggregation is also prevented
in the presence of single and aggregated proteins (SAP) that
are able to adsorb on the surface of GNDPs, forming a
nanoparticle—protein corona complex. In both situations, the
surface plasmon resonance peak remains unchanged with
respect to that of the water dispersed GNPs, and the solution
remains pink. As the color pink of the solution can be due to
either the presence of proteins or a high concentration of EVs,
consecutive dilutions of the sample are prepared to distinguish
between these two situations. In fact, in the absence of protein
contamination, dilutions of EVs will allow the clustering of
GNPs at the EV surface, and the solution will turn blue.
According to this hypothesis, if none of the dilutions turns
blue, the sample is contaminated.

For the assay, 200 uL of a suitable dilution of the SEC
fraction (usually 1 pL of sample +199 uL of water) were
incubated with 300 uL of GNPs (synthesized following the
Turkevich method,®" at initial concentration of 4.5 nM) and
100 uL of PBS, for 10 min at room temperature. The UV—
visible (UV—vis) spectrum of solutions was collected in the
region between 400 and 900 nm using an Agilent 8453 UV—
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vis diode-array spectrophotometer and the GNPs aggregation
was calculated using the aggregation index value (AI). This
value is the ratio of the extinction peak of monodispersed
GNPs in water to the sum of the extinction at 650 and 850 nm
(indicative of the red-shift wavelength)

Abs@maximum

"~ Abs@650 + Abs@800

The relative aggregation index, Al (%) is then evaluated as the
ratio (%) of the sample Al to the AI of untreated
monodispersed GNPs

Al (%) = (AI sample/AI GNPs)%

Al (%) < 20% corresponds the SAP limit of detection (LOD)
value, corresponding to a SAP concentration of 0.05 mg/mL.
Therefore, EV samples showing an Al, < 20 can be
considered highly pure. The assay also requires the preparation
of an “internal reference” sample (obtained mixing 200 yL of
water with 300 mL of GNPs and 100 mL of PBS) whose Al
(%) defines the threshold below which the GNP aggregation is
due to the interaction between GNPs and EVs with a very low
SAP content. Therefore, samples (possibly after dilution) with
an Al (%) lower than the internal reference Al (%) can be
considered pure while a AI (%) higher of the internal reference
(also after sample dilution) means that sample is SAP
contaminated.

4.8. Dynamic Light Scattering (DLS). Measurements
were conducted in disposable plastic cuvettes using a Zetasizer-
Nano ZS from Malvern. The instrument operated with a 4 mW
He—Ne laser (633 nm wavelength) and a fixed detector angle
of 173° (NIBS). The parameters (attenuator, optics position,
and number of runs) were optimized by the instrument during
data collection. Typically, the time autocorrelation function
(ACF) of scattered light intensity was obtained by averaging
12—16 consecutive runs, each lasting 10 s. The ACF of
scattered light intensity was then converted into the ACF of
scattered electric field. To estimate the average hydrodynamic
size, the ACF of the electric field was fitted using a second-
order cumulant expansion. This estimation is known as the z-
averaged hydrodynamic (HD) diameter and represents an
average over all particles in solution.” In addition, the analysis
of the ACF allows to retrieve the intensity-weighted size
distribution function (SDF) of the particles in solution by
inversion of Laplace transform of the ACF using a standard
regularized non-negative least-squares analysis implemented by
the manufacturer’s software. The resulting intensity-weighted
size distribution function provides information about the
fraction of light intensity scattered by particles of different
sizes.

4.9. TEM. Two consecutive SEC fractions from the plasma
of three different donors have been pooled. EV samples were
deposited onto a carbon-coated copper grid and negatively
stained for 1 min with 2% uranyl acetate. Samples were
analyzed using a JEOL 1011 electron microscope (JEOL Ltd.,
Tokyo, Japan) operated at 100 kV.

4.10. Western Blot and SDS-PAGE Analysis. EV
samples from pooled SEC fractions, from three different
donors, were first concentrated by ultrafiltration then mixed
with reducing or nonreducing $X LaemmLi buffer and boiled
for 5 min at 95 °C. Samples were run on 8% or 10% SDS-
PAGE gels and transferred to PVDF membranes (Amersham;
GE Healthcare, Munich, Germany). Membranes were blocked
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with 5% skimmed milk in T-TBS and incubated overnight at 4
°C with anti-L1CAM (1:1000) and anti-CD63 (1:500, Santa
Cruz Biotech; CA). Membranes were then washed and
incubated with IRDye 800CW goat antimouse secondary
antibody (LI-COR Biosciences GmbH, Germany; 1:10,000)
and then visualized with LI-COR Odyssey Imaging System
(LI-COR Biosciences GmbH, Germany).

The global protein content was analyzed by Coomassie blue
staining.

4.11. Nanoparticle Tracking Analysis. The size
distribution of EVs and their absolute concentration was
determined by means of Nanoparticle Tracking Analysis
(NTA) using a NanoSight NS300 instrument (Malvern,
Worcestershire, U.K.) and NTA 3.3 software

4.12. Phospholipids Analysis. HPLC grade solvents,
chemicals and TBAI (tetrabutylammonium iodide) were
purchased from Sigma-Aldrich and ZnO was purchased from
Carlo Erba. All the reagents were used as received. Each
measured sample is a pool of the same SEC fraction from three
different subjects.

The distribution of fatty acids in the lipids was determined
by transesterification/hydrolysis reactions carried out in a
Pyrex vial sealed with a Sovirel cap and equipped with a
magnetic bar. 0.4 mL of each SEC fractions from n. Seven to
n.18, were pooled to a total volume ~5 mL and left to react for
6 h in the presence of 10 mL of methanol, 3 mg of ZnO and 70
mg of TBAI at 70 °C.** After completion, the reaction mixture
was cooled to room temperature, transferred into a centrifuge
tube, and centrifuged at 3500 rpm for 15 min. A white solid
ZnO layered at the bottom, and an upper methanol/water
phase was subjected to workup for the extraction of esters and
free fatty acids, which were subsequently characterized by GC-
MS using a Shimadzu GC 17-A linked to a Shimadzu GC/MS
QPS0S0A selective mass detector (capillary column: HP-S MS,
30 m).

Identification of phospholipids present in the different SEC
fractions was carried out using a HPLC-MS IT-TOF Shimadzu
equipped with ESI interface by direct infusion. 400 yL of each
sample were diluted in 1.5 mL of a CH;OH/H,O solution
(1:2), then S uL were direct injected into the instrument. The
liquid carrier employed was an isocratic mixture of CH;OH/
H,0/CH,CN (2:4:1) set at a flow rate of 0.2 mL per minute.
The ESI interface was set at a temperature of 200 °C. The
measurement range of the masses was set from 500 to 1000 m/
z, while the precursor fragments were sampled from 100 to
1000 m/z. The nebulizing gas (nitrogen) was regulated with a
flow of 1.5 L/min. Mass spectra MS' and MS* were recorded
for both the positive and negative channels. Mass Spectra were
elaborated with LCMS solution software suite (V3.80.410)
(Shimadzu).
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