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ABSTRACT: The egress of α-synuclein in neuronally derived
exosomes predates the clinical presentation of Parkinson’s disease
(PD), offering a means of developing a predictive or prognostic test.
Here, we report the reagentless impedimetric assay of two internal
exosome markers (α-synuclein and syntenin-1) from neuronal
exosomes. Exosomes were efficiently extracted from patient sera
using anti-L1CAM conjugated zwitterionic polymer-modified magnetic
beads prior to lysis and analyzed by electrochemical impedance spectroscopy. The quantification of α-synuclein level across 40
clinical samples resolved statistically significant differences between PD patients and healthy controls (HC).

Parkinson’s disease (PD) is the second most common
neurodegenerative disease with increasing prevalence but,

currently, no cure. It is primarily characterized by a movement
disorder arising from a loss of dopaminergic neurons in the
substantia nigra and intraneuronal α-synuclein (α-Syn)
aggregation.1 PD is typically preceded by a long prodromal
phase and can progress to dementia in advanced stages
associated with diffuse α-Syn aggregation throughout the
brain.2,3 Currently, there is no blood or cerebrospinal fluid
(CSF) biomarker in clinical practice for predicting PD in the
prodromal phase or objectively assessing disease progression.
The development of efficient methods to assay key biomarkers
in the earliest stages of PD will undoubtedly underpin
therapeutic intervention when disease-modifying therapies
become available.
Exosomes are endosome-derived vesicles (40−140 nm)

secreted by most cell types and detectable in most biological
fluids including blood and CSF.4−6 They have been implicated
in cell−cell signaling and the egress of unwanted proteins. We
have very recently shown that the content of neuronally
derived exosomes isolated from serum reflects pathological
changes in the brain even at the prodromal stage of PD.4

However, neuron-derived exosomes constitute approximately
15% of total circulating exosomes4 and contain proteins at low
concentrations requiring both effective extraction and a
sensitive assaying of their contents. Exosomes are most
typically isolated by differential ultracentrifugation (UC), a
process which is laborious, equipment heavy, and associated
with low isolation efficiency.7,8 Moreover, the standard
differential ultracentrifugation methods do not discriminate
between exosomes and other structures such as larger
extracellular vesicles or protein/lipid aggregates.9,10 In recent
years, immunoaffinity-based technology has been widely used
to improve the efficiency and purity of exosome subtype
isolation, and appropriately modified magnetic beads (MBs)

have become a valuable part of this toolbox.11,12 They are,
however, also readily fouled, and their “magnetic pull down”
thus collects an unhelpfully low ratio of specific exosome to
fouling material during immunocapture in complex biological
fluids like serum, compromising the specificity of any
downstream exosomal protein assay.13,14 This is especially
troublesome for proteins such as α-Syn which is present in
biofluids primarily in a free form and in much lower abundance
when exosome bound.2 The use of capture beads with higher
levels of selectivity could mitigate this limitation. Of the
nonfouling interfaces available, those based on highly hydrated
zwitterionic polymers like poly(carboxybetaine methacryla-
mide)) (pCBMA) are the most potent.15 The most effective
high density “brush type” interfaces are only realistically
accessible through surface-initiated polymer growth, such as
that through an appropriately designed reversible addition−
fragmentation chain transfer (RAFT). Once prepared, these
films can be further modified with antibodies in generating
specifically receptive interfaces.16,17

Conventional lab-based biomarker quantification is by
enzyme-linked immunosorbent assay (ELISA); this is labori-
ous, has high cost, and is often insufficiently sensitive.18

Electrochemical assays can be conveniently run with higher
sensitivity, enhanced simplicity (single step and/or “reagent-
less”), and lower cost.19−22 There has been much interest in
assessments of α-Syn in PD from serum and CSF, though, thus
far, these assessment have been of limited clinical value.23−25
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Although a number of analyses of exosomes have been
reported by electrochemical methods, these are almost
exclusively of exosomes themselves and not internal protein
markers.26,27 We have recently reported the analysis of the
internal cargo protein syntenin-1 (Synt-1) from UC-isolated
serum exosomes.28 In this current study, polymer brush-coated
magnetic beads were generated via RAFT and conjugated to
anti-L1CAM (i.e., L1 cell adhesion molecule) antibodies for
the specific immunocapture of neuronally derived exosomes. It
was envisaged that improved levels of capture specificity would
enable the use of comparatively simple sensor surfaces without
detrimental loss of specificity.29−31 The isolation of exosomes
was followed by lysis and a robust impedimetric quantification
of two internal markers in a manner that enabled a statistically
significant differentiation of PD from control samples.

■ MAGNETIC BEAD CHARACTERIZATION AND
EXOSOME ISOLATION

As noted, nonspecific adsorption can negatively influence
downstream exosomal proteins detection and analysis. To
bypass this, magnetic beads (∼2.4 μm) were coated with a
zwitterionic polymer pCBMA via the RAFT process and were
further modified with the anti-L1CAM antibody (Figure 1).

Successful polymerization of pCBMA on beads was resolved by
infrared attenuated total reflection spectroscopy (IR-ATR)
(Figure S1A).32,33 Zeta potential assessments (Figure 1A) were
measured before (Fe3O4, −33.8 ± 3.2 mV) and after
(pCBMA@Fe3O4, −2.3 ± 1.2 mV) polymerization, indicating
a near-zero overall charge34,35 as desired for optimal perform-
ance.36,37 The antifouling properties of the pCBMA@Fe3O4
MBs were confirmed through a markedly reduced (∼90%)
nonspecific adsorption of bovine serum albumin (BSA) when

compared to native Fe3O4 beads (Figure S1B) It is noteworthy
that, even after antibody conjugation (i.e., anti-L1CAM
modified pCBMA@Fe3O4 MBs), antifouling performance is
not significantly compromised.38,39 We further demonstrated
that pCBMA@Fe3O4 MBs, unlike commercially available
carboxylate MBs, exhibited good antifouling properties when
incubated with soluble recombinant α-synuclein, irrespective
of the antibody used (anti-L1CAM or anti-HA as shown in
Figure 2 A). This is critically important in supporting the
selective and clean isolation of exosomes from serum samples.

The anti-L1CAM antibody-coated pCMBA were then
assessed for immunocapture of neuronal exosomes in serum.
SEM image analysis clearly showed exosomes bound to anti-
L1CAM conjugated pCBMA@Fe3O4 MBs (Figure 2B) but not
control beads (i.e., anti-HA Ab-coated pCBMA@Fe3O4 beads,
inset in Figure 2B). Captured exosomes were eluted using a
pH 2.9 glycine solution, followed by neutralization with a Tris
buffer and negative staining for TEM (Figure S1C). The image
resolves double-membrane and cup-shaped vesicles with a
diameter of ∼100 nm, typical of exosome morphology and
size.40 To further confirm their molecular composition,
captured vesicles were lysed and processed for immunoblotting
(Figure 2C). The transmembrane markers L1CAM and CD 81
and the internal protein marker Synt-1 were detected in lysates
from anti-L1CAM@ pCBMA@Fe3O4 MBs samples but not in
control lysates (samples incubated with anti-HA-coated
pCBMA@Fe3O4 MBs).
We also confirmed that anti-L1CAM-modified pCBMA@

Fe3O4 MBs are effective in isolating from serum neuronal
exosomes containing α-Syn (Figure 2D).

Figure 1. Schematic representation of (A) the synthesis of pCBMA-
coated MBs and anti-L1CAM Ab conjugation. Inset shows zeta
potential of bare MBs before (marked as Fe3O4) and after
polymerization (pCBMA@Fe3O4). (B) Neuronal exosome isolation
using anti-L1CAM pCBMA-coated MBs. (C) Label-free impedimetric
assays for two internal markers (Ab1 = anti-α-Syn antibody, Ab2 =
anti-Synt-1 antibody).

Figure 2. (A) Histogram depicting the quantified adsorption of
recombinant α-Syn on different Ab-modified pCBMA@Fe3O4 MBs
surfaces. The commercial carboxylic acid-terminated MBs were used
as the control. (B) SEM image of serum-captured exosomes on anti-
L1CAM-modified MBs versus anti-HA (control)-modified MBs
(insert). Scale bar 1 μm. (C) Immunoblotting of lysates of
immunocaptured vesicles confirming the detection of both trans-
membrane proteins (L1CAM, CD81) and internal protein Synt-1
from exosomes. Specific electrochemiluminescence detection of α-Syn
(D) in neuronal exosomes immunocaptured from serum with anti-
L1CAM vs anti-HA (control)-modified pCBMA@Fe3O4 MBs.
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It is noteworthy that the ratio of CD81 content in L1CAM+
(neuronal exosomes)/CD9+ (generic exosomes) was calcu-
lated to be ∼11% based on a comparative analysis of
immunoblot intensities (Figure S2). Taken together, these
observations strongly support the selective isolation of serum
neuronal exosomes containing α-Syn by anti-L1CAM-modified
pCBMA@Fe3O4 beads. The overall immunocapture efficiency
was also examined using anti-CD9-modified pCBMA@Fe3O4
(Figure S3) and resolved 81% by nanoparticle tracking
analysis.
Subsequent to this analysis of selective exosome capture, we

sought to quantify internal markers electrochemically. Mixed,
low initial impedance and high impedimetric baseline stability,
self-assembled monolayers (SAMs) comprising 3-mercapto-
propionic acid (3-MPA), 2-mercaptoethanol (2-MU) were
generated on gold electrodes prior to antibody loading (Figure
S4). These interfaces were thereafter applied to the analysis of
exosomal content (Figure 1C) after controlled lysis;
specifically, both α-Syn and Synt-1 were assayed. The former
is associated with PD,3 whereas the latter, as prior indicated, is
a generic cargo protein.

■ LABEL-FREE IMPEDIMETRIC ASSAYS IN SPIKED
SERUM

Prior to the analysis of real patient samples, we initially set out
to gauge the reliability of biomarker quantification through the
repeat analysis of prepared spiked solutions for both α-Syn and
Synt-1, including analyses with control proteins (e.g., C-
reactive protein (CRP) and BSA) at greater than 106 times
excess of the expected marker levels (Figure S5). Reliable
triplicate quantifications of both markers (Figure S6) were
demonstrable within 30 min with limits of detection (LOD)
and quantification (LOQ) at 0.3 and 0.8 pg/mL for α-Syn,
respectively (Figure S7A), notably better than most prior
exosomal analyses.41 The assays herein are significantly more
sensitive than commercial electrochemiluminescence kits (by
almost an order of magnitude), much cheaper, much faster,
and require markedly less sample input (100 vs 500 μL).

■ CLINICAL SAMPLE ANALYSIS

A statistical analysis across 40 clinical samples in a cohort study
between PD and HC (n = 20 per group) was conducted to
access the applicability of internal neuronal exosomal
biomarkers to differentiate between PD and HC using 10 μL
of exosome lysate immunocaptured from 100 μL of input
serum using anti-L1CAM-coated pCBMA@Fe3O4 MBs. Box
plot analyses (Figure 3) confirmed an elevation of α-Syn in
neuronal exosomes in PD (p value of 4.3 × 10−4, i.e., <0.0001).
There was no difference in the content of the generic exosomal
protein Synt-1 (p = 0.34) between the two groups. To further
assess the reliability of the electrochemical assay in measuring
neuronal exosome-associated α-Syn and Synt-1, we cross
referenced the same samples with the electrochemilumines-
cence kit platform (Figure S9) where the difference between
PD vs HC was also observed (p = 1.48 × 10−5 albeit with 500%
greater serum volume). Absolute quantifications of α-Syn using
EIS were higher than those detected by electrochemilumi-
nescence. This may be a reflection of differences in assay
sensitivity and selectivity at the respective surfaces (32 mm2 in
96-well chemiluminescence plate vs 9 mm2 in EIS sensor and
different surface chemistries).42−44 To the best of our
knowledge, this is the first time that a reagentless electro-

chemical method has been shown to be of clinical value in
analyzing the protein content of exosomes.

■ CONCLUSIONS

Anti-L1CAM-modified polymer brush-coated MBs enable the
selective immunocapture of neuronal exosome subpopulations
from 100 μL of serum prior to a sensitive (sub pg/mL) and
reagentless impedimetric assay. The cleanliness of the initial
isolation enables subsequent electroanalyses to be performed
on a standard and readily scalable monolayer film from much
lower levels of serum than required for electrochemilumines-
cence or ELISA. Significantly, these analyses further confirm
the value of exosomal of α-Syn as a relevant biomarker in PD.4

The study herein offers a solution for effectively verifying
biomarkers in clinical translation and also lays a foundation for
on-chip integration of immunocapture and reagentless analysis
of exosome biomarkers in a scalable manner.
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Figure 3. Box plots for impedimetric exosomal quantifications of (A)
α-Syn and (B) Synt-1 from 40 clinical samples (PD and HC, n = 20
per group). In the box plots, the lower and upper boundaries indicate
the 25th and 75th percentiles, respectively. The line within the box
marks the median, and the blue circle within the box marks the mean.
Diamonds represent individual patient sample data points (the mean
value of nine measurements across three electrodes for each clinical
sample).
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