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ABSTRACT: Exosome-like vesicles (ELVs) are nanovectors AuNPS
released by cells that are endowed with a variety of molecules, ELVs
including proteins, nucleic acids, and chemicals that reflect the
molecular signature of the producing cell. Given their presence in
many biofluids, they form an easily accessible biomarker for early
disease detection. Previously we demonstrated the possibility of
identifying individual ELVs by analyzing their molecular
signatures with surface-enhanced Raman scattering (SERS) after
functionalization of ELVs with 4-(dimethylamino)pyridine SERS spectrum
(DMAP)-stabilized gold nanoparticles (AuNP). Although this ' —_

strategy was capable of distinguishing ELVs from different cellular ® 1 ) & M
origins, the quality of the SERS spectra was suboptimal due to d

high background coming from the DMAP stabilizing molecules at

the AuNP surface. In this study we demonstrate that it is possible

to eliminate interfering SERS signals from stabilizing molecules at the AuNP surface by overgrowing in situ the ELV-attached
AuNPs with a silver layer so as to form a core—shell nanoparticle (Au@AgNPs) directly at the ELV surface. As such it
represents the first known strategy to generate clear SERS spectral fingerprints of delicate biological structures without
interference of linker molecules that are needed to ensure colloidal stability of the plasmonic NP and to allow them to associate
to the ELV surface. This new strategy using core—shell plasmonic NPs as SERS substrate showed higher near-field
enhancements than previous approaches, which resulted in SERS spectra with improved signal-to-noise ratio. This allowed us to
discriminate individual vesicles derived from B16F10 melanoma cells and red blood cells (RBC) with an unprecedented
sensitivity and specificity >90%. Importantly, thanks to the higher near field enhancement the acquisition time could be reduced
by 20-fold in comparison to previously reported strategies, paving the way toward high-throughput label-free single ELV
identification.

Electrostatic Insitu
attachment Au@AgNP formation
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B INTRODUCTION

Exosome-like vesicles (ELVs) are nanometer-sized vesicular
structures composed of an aqueous core enveloped with a lipid
membrane containing nucleic acids and soluble and mem-
brane-associated peptides.' ELVs originate from the endo-
somal pathway and are formed by the inward budding of late
endosomes and subsequent fusion of the resulting multi-
vesicular bodies with the cell membrane. Increasing evidence

from the parent cell, they have been recognized as candidate
biomarkers for early detection and monitoring of various
diseases including cancer.”*

In recent years, the observed difference in omics profiles
between extracellular vesicles from healthy versus diseased cells
has led to the development of various diagnostic assays.”””
The most common method used for ELV detection is ELISA,
which requires relatively large volumes of highly concentrated

demonstrates their involvement in intercellular communication
and removal of waste products out of the cell. Upon release of
these vesicles by cells in the body, a large fraction end up in the
different body fluids, which makes them easily accessible for
detection.” As these vesicles contain molecules derived directly
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samples and the use of selective antibodies or labels against
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Figure 1. In situ Au@AgNP formation as a strategy to obtain a clear spectral fingerprint of individual ELVs. Schematic representation of ligand-
stabilized AuNP attached to the outer ELV surface and Au@AgNP in which the ligand coating is replaced by an outer silver layer.

previously identified biomarkers on the ELV membrane.'® The
development of optical biosensing methods, in particular
plasmonic systems, allowed to develop surface plasmon
resonance (SPR) sensors, overcoming the sensitivity of
ELISA at least by 2 orders of magnitude.'’ Despite the
improvements in detection sensitivity, this approach still relies
on antibody-mediated detection of previously determined ELV
surface markers. Therefore, quite some effort has gone into
developing new label-free and nondestructive methodologies
for ELV detection. A particularly promising technique in this
regard is surface-enhanced Raman spectroscopy (SERS),
which makes use of plasmonic properties to obtain information
about the vibrational modes of molecules with high
sensitivity.'”~'* SERS is a plasmonic phenomenon associated
with the collective oscillation of the conductive electrons of
noble metal nanoparticles (NPs), known as localized surface
plasmon resonance (LSPR). LSPR excitation induces an
enhanced electromagnetic field surrounding the metallic
nanoparticle (near-field) with a spatial distribution that
depends for a given metallic nanostructure on its geometry,
its orientation with respect to the incident polarization,
illumination wavelength, and dielectric environment.'>'¢
When a Raman-active molecule is located within the enhanced
electromagnetic field, the number of inelastically scattered
photons containing information about the molecular compo-
sition of the sample is dramatically increased by several orders
of magnitude. In this way, SERS substantially enhances the
signal-to-noise ratio of Raman spectra, enabling the detection
of very few molecules or even single molecules on or near
plasmonic nanoparticles."” Currently, most SERS-based
diagnostic approaches for ELVs focus on identifying spectral
features that can be attributed to specific macromolecules that
are linked to the parent cells."®** So far, however, most of
these analyses were performed on the ensemble ELV
population, which contains vesicles of many types of cells
when isolated from body fluids. This makes detection of low
abundant subpopulations of exosomes that are linked to the
disease state of interest challenging, especially when the aim is
to detect the disease in an early stage.

In previous work we reported on a new approach to identify
individual ELVs by SERS after functionalization with
plasmonic gold nanoparticles (AuNPs) on the outer surface
of the vesicles, as schematically depicted on the left-hand side
in Figure 1."> While we demonstrated successful identification
and classification of ELVs according to their originating parent
cells, the quality of the SERS spectra was substantially limited
by the intense signal coming from the surface ligand of the

AuNP (4-(dimethylamino)pyridine (DMAP)). Interfering
SERS signals from stabilizing molecules at plasmonic surfaces
complicates the analysis of spectral fingerprints of analytes
considerably since these stabilizing molecules are closest to the
AuNP surface, being the region of highest near field
enhancement. At the same time the stabilizing molecules
cannot easily be left out as they are needed for colloidal
stability and binding to the ELV surface. In the here presented
work, we aimed to develop a strategy to effectively remove
interfering signals from stabilizing molecules at the AuNP
surface so as to improve SERS-based classification of individual
ELVs. To this end, we show that it is possible to overgrow in
situ a silver layer on the ELV-attached AuNPs, so as to form
Au@AgNPs directly at the ELV surface without destroying the
delicate ELV. The expected benefits are twofold. Apart from
generating cleaner and more informative spectra, it will
generate higher near-field enhancements (SERS spectra of
better signal-to-noise quality) of the vesicle surface, which is
now in direct contact with the metal surface (Figure 1). This
hypothesis was first verified theoretically through simulations
and subsequently confirmed experimentally. As such it
represents the first known strategy to generate clear SERS
spectral fingerprints of individual ELVs without interference of
the surface ligands that are needed for colloidal stability and to
initially attach the plasmonic NPs to those structures. As a
proof-of-concept of the detection potential of this approach,
we show that vesicles derived from B16F10 melanoma cells
can be successfully discriminated from red blood cell (RBC)-
derived vesicles. PLS-DA analysis of the resulting Raman
spectra reached an unprecedented sensitivity and specificity
above 90% for both types of ELVs. Combined with a 20-fold
reduction in measurement time, the presented approach
provides an important and essential step toward making
high-throughput label-free identification of single ELVs a
reality.

B MATERIALS AND METHODS

Materials. The following materials were used as obtained: HAuCl,
(Aldrich), Ag,SO, (Aldrich), sodium citrate (Sigma-Aldrich), sodium
ascorbate (Aldrich), tetraoctylammonium (Aldrich), 4-
(dimethylamino)pyridine (DMAP, Aldrich), toluene (Sigma-Aldrich),
sulfuric acid (Sigma), sodium hydroxide (Sigma), iodixanol (Sigma-
Aldrich), phosphate buffered saline PBS (Invitrogen), fetal bovine
serum (FBS, Hyclone), penicillin (Invitrogen), streptomycin (In-
vitrogen), Dulbecco’s modified eagle medium (Invitrogen), sodium
pyruvate (Invitrogen), CaF, Raman grade slides (Crystran Ltd.), and
a Beckman L8-70M ultracentrifuge equipped with a SWS55t1 rotor
(Beckman instruments).

DOI: 10.1021/acsami.9b11473
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acsami.9b11473

ACS Applied Materials & Interfaces

Research Article

Nanoparticle Synthesis. The synthesis of gold nanoparticles was
performed using the method described by Gittins and Caruso.”
Briefly, HAuCl, aqueous solution was added to a tetraoctylammo-
nium bromide in toluene solution under gentle stirring. Next, NaBH,
was added to the mixture. After 30 min the toluene phase was
separated from the aqueous phase and washed three times using
sulfuric acid, NaOH, and ultrapure water. Equal volumes of the AuNP
in toluene solution and an aqueous DMAP solution were mixed and
left to equilibrate for 1 h. During this period the AuNPs transfer from
the organic toluene phase to the aqueous phase, concomitantly
exchanging the tetraoctylammonium bromide coat for a DMAP
coating. Finally, the aqueous phase, containing the AuNP coated with
DMAP, is separated from the toluene phase. The morphological
characterization of the DMAP-coated AuNPs was performed by
combining UV-—vis spectroscopy (Nanodrop 2000c; Thermo
Scientific), dynamic light scattering (DLS), and electrodynamic
modeling using Mie theory. The overall results after combining all
of these different techniques and modeling indicate that the average
diameter was 7 nm with a zeta potential of +18.5 mV. The
concentration was estimated to be around 1.9 X 10'® NP/mLby using
the experimental extinction intensities at the maximum wavelength
and Mie theory calculations of the extinction cross section for
spherical particles with the corresponding diameter (determined by
DLS).

Nanoparticle Coating of ELVs. ELVs were mixed with DMAP—
AuNP at different AuNP:vesicle ratios by mixing equal volumes using
a pipet as described previously."® After 10 min incubation at room
temperature, the samples were diluted in ultrapure water and further
analyzed. Changes in the zeta potential of ELVs as a function of the
AuNP:vesicle ratio were measured. 100% coating of the ELV was
considered to be the ratio at which, theoretically, the AuNPs added
are sufficient to fully cover the total surface of ELVs present. This was
calculated as previously reported.” Isolated ELVs were mixed with
DMAP—AuNP using the same experimental conditions as previously
reported (ie., for B16F10-derived ELVs 100% coating corresponds
with 800 AuNPs added per vesicle and for RBC-derived ELVs 100%
coating corresponds with 1200 AuNPs per vesicle). Lower cover
percentages were calculated according to these values.

Silver Coating of AuNPs. The generation of a silver layer onto
the AuNPs was achieved by following the indications of previously
reported procedures.”® The optimal conditions were found to be the
addition of 100 L of Ag* (0.03 M) and 200 uL of sodium ascorbate
(0.01 M) per 10 mL of AuNPs (1.9 X 10" NP/mL) and let it react
for 30 min at pH = 8—9 (see Figure 4A). The amounts or coating
agents used were adjusted as a function of the final concentration of
AuNPs used to functionalize the ELVs considering the loading
capacity for achieving colloidal stability (determined previously by
DLS).

Cell Culturing and ELV Isolation. B16F10 melanoma cells
(ATCC CRL-6475) were cultured in Dulbecco’s Modified Eagle
Medium (Invitrogen), supplemented with 1-glutamine (2 X 107 M),
10% heat-inactivated FBS, sodium pyruvate (1 X 107> M), penicillin
(100 U/mL), and streptomycin (100 pg/mL) at 37 °C in a
humidified atmosphere containing 5% CO,. For the purification of
ELVs, cells were first washed with phosphate buffered saline, and the
cell medium was replaced with vesicle-depleted medium. The latter
was prepared by ultrafiltration of a complete cell culture medium
through a 300 kDa filter (Millipore) using an Amicon stirred cell
setup (Millipore) under 3 bar nitrogen pressure to remove bovine
vesicles. Cells were incubated for 24 h, after which the conditioned
cell medium was harvested for vesicle purification.

RBCs were isolated out of the blood from a healthy volunteer as
described previously’” with minor modifications. Briefly, blood was
collected in K,EDTA-coated tubes (Venosafe) and spun at 1500g for
15 min (Heraeus Multifuge 1S-R) within 10 min after blood
collection. RBCs were retained, washed twice, and suspended in
Ringer buffer for 2 days at 37 °C while shaking.

ELVs produced by B16F10 melanoma cells and RBCs were purified
from a conditioned cell medium or Ringer buffer, respectively, by
differential centrifugation followed by density gradient UC as

previously described."® Briefly, the conditioned cell medium or
Ringer buffer was centrifuged for 10 min at 3000g. Next, the
supernatant was concentrated by ultrafiltration. The concentrated
sample was centrifuged at 10000g for 10 min with an SW55ti rotor,
and the supernatant was placed on top of an iodixanol-based density
gradient. The gradient was produced according to the manufacturer’s
instructions. Briefly, 1 mL of different iodixanol dilutions (12.5%,
25%, 37.5%, and 50%) was carefully laid underneath one another by
using a 21G needle. The samples were then centrifuged at 150000g
for 15 h. Next, the gradient was fractionated per 0.5 mL and
centrifuged again at 150000g for 150 min. Finally, the pellet was
washed one more time and suspended in ultrapure water. The fraction
containing the ELV associated proteins was used for further
characterization and Raman spectroscopy experiments. The vesicles
in this fraction are termed ELVs throughout the article. Extensive
characterization of the obtained ELVs using the described isolation
strategy can be found in Stremersch et al.”® Briefly, with respect to
ELV purity, in this work we started from ELVs isolated by using
density gradient ultracentrifugation, which is a very stringent
purification method that minimizes the presence of nonvesicular
components such as protein and RNA complexes.”” In addition, a
very elaborate profiling of ELVs isolated with this purification strategy
has been done by our group which was submitted to the EV-track
databzaise (EV-track ID: EV160001) receiving a very high score of
87%.~°

Concentration, Size, and Zeta-Potential Measurements. The
concentration of purified ELVs was determined by light scattering
based single particle tracking using a NanoSight LM10 instrument
(Malvern Instruments Ltd.) equipped with a 405 nm laser. Prior to
analysis, the concentrated vesicles were diluted in HEPES buffer (pH
7.4; 20 X 107> M) to obtain a concentration in the range of (1.0-9.0)
X 10 vesicles/mL to guarantee reliable measurements. Movies of 60 s
were recorded and analyzed with the NTA Analytical Software version
2.3 (Malvern Instruments Ltd.). The size and zeta-potential of ELVs
and metal-functionalized ELVs were measured by dynamic light
scattering using a Zetasizer Nano ZS (Malvern Instruments Ltd.),
equipped with Dispersion Technology software.

SERS Measurements. Isolated ELVs were mixed with DMAP—
AuNP by using the same experimental conditions as described above.
When indicated, the silver coating was applied. Next, samples were
diluted in ultrapure water to <5 X 107 ELVs/ uL to facilitate the
recording of single vesicles. A droplet (60 L) of the diluted sample
was placed on a CaF, substrate. SERS spectra were acquired on a
WITec Alpha 300 R+ confocal Raman microscope equipped with a
—65 °C cooled CCD camera (Andor iDus 401 BR-DD) and a 785 nm
laser (Toptica XTRA II) and collected through a water dipping
objective (Zeiss 63x/1.0 W Plan Apochromat) with a S00 ms
integration time and 15 mW incident power (in our previously
reported strategy the integration time was 20-fold higher = 10 s)."
The 785 nm laser was chosen to limit photodegradation and
autofluorescence.”®*’ All spectra were recorded at different locations
in the sample. The presence of a metal-functionalized ELV in the focal
volume was confirmed by light scattering.

Analysis of SERS Spectra. For statistical analysis, the obtained
spectra were preprocessed as described previously.’® To assess the
ability of Raman spectroscopy to discriminate RBC- and B16F10
melanoma-derived ELVs, a partial least-squares discriminant analysis
(PLS-DA) was performed by using PLS Toolbox from eigenvector
Research, Inc. in MATLAB. A detailed description of the PLS-DA
method can be found in the Supporting Information.

Transmission Electron Microscopy (TEM). TEM images were
obtained at the VIB-UGent Transmission Electron Microscopy-Core
facility by using a JEM 1400plus transmission electron microscope
(JEOL, Tokyo, Japan) operating at 80 kV. Nanoparticle samples were
prepared by adding one drop (~50 uL) of the colloidal dispersion
onto Formvar/C-coated hexagonal copper grids (EMS G200H-Cu)
for 20 min and washed five times in double-distilled H,O. To visualize
the ELV’s or NP-functionalized ELVs, the grids were glow discharged
for 10 s and placed on top of the drop (~S0 uL) for 20 min, coated
side of the grid down. The grids were stained with 1% (w/v) uranyl
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Figure 2. Near-field optical characterization of AuNP-coated ELVs. (a) Spatial distribution of AuNPs arranged in close packing around a 120 nm in
diameter sphere (ELV). The gap between NPs was 2 times the length of a DMAP molecule (gap = 1.3 nm). The complete distribution of particles
can be separated in planes, as shown in the right inset, for the near-field calculations. (b) Spatial distribution of E-field enhancement at 785 nm at
the middle plane of the vesicle. The zoom-in (depicted as the pink box) shows the E-field enhancement around a single AuNP attached to the
vesicle surface. The blue dashed circle indicates the region where DMAP molecules are present at the AuNP surface. It shows that those molecules
experience a much stronger E-field enhancement as compared to the vesicle surface.
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Figure 3. Theoretically expected EFEF across the ELV membrane. (a) Schematic illustration showing the colloidal SERS substrate at the ELV
membrane before (i) and after the generation of a Ag layer (ii). Without Ag layer the vesicle membrane is separated from the AuNP surface by the
DMAP coating, implying a lower EFEF across the ELV membrane, which is located between 1 and 8 nm from the nanoparticle surface
(EFEFAverage /r»1)- After applying a Ag coating, the metal surface is in direct contact with the ELV membrane, leading to a higher average EFEF
across the ELV membrane, which is now positioned between 0 and 7 nm from the nanoparticle surface (EFEF Average /r0)- (b) Theoretically expected
average EFEF across the vesicle membrane is shown at 785 nm as a function of nanoparticle coverage density before (EFE]F"AVMge /1) and after

chemical modification (EFEF Average /r»0) With a silver layer.

acetate for 10 s and air-dried for 24 h before imaging on the
transmission electron microscope

Computational Methods. The Mie theory, which constitutes an
exact solution to the problem of absorption and scattering of light by
an object composed by concentric spheres,>’ was employed to
simulate the optical properties of the functionalized vesicles. In
particular, we used the generalized multiparticle Mie theory (GMM)
formulation developed by Xu.>* This valuable method is a suitable
and rigorous formulation of the scattering problem able to exactly
solve the complex problem of interaction between an electromagnetic
field and an aggregate of spheres and was used to simulate the
extinction, scattering, and absorption cross sections of a vesicle of 120
nm completely covered with 10 nm AuNPs with an interparticle
distance of 1.3 nm, corresponding to 2 times the length of the coating
agent DMAP (DMAP length = 0.65 nm). The wavelength-dependent
complex refractive indices for Au and Ag were obtained from the
literature.”> As the GMM code is restricted to applications in
homogeneous media, we used an effective medium approximation®*
to account for the interface between the vesicle surface and the
aqueous environment. We consider that particles were immersed in a
dielectric environment with an effective refractive index of n s = 1.35,

which was calculated as 20% of the refractive index of the membrane
(n, = 1.45) and 80% of water (n, = 1.33).

We also studied the local electric field enhancement distribution
around each NP for both DMAP—AuNP and Au@AgNPs covering
(in different percentages) a vesicle of 120 at 785 nm as irradiation
wavelength (the same wavelength used for the SERS experiments).
We used the GMM-FIELD code® to compute the electromagnetic
field enhancement factor (EFEF). We obtained information about
different EFEFs according to the description of the system (see Figure
2A). For computing the average EFEF over a particular region, we
spatially selected the region of interest in the calculation by a
maximum and minimum limit on the calculated values (I, and
[in)- The calculation was performed for different cross sections
through the vesicle as shown in Figure 2A. In all the calculations the
direction of the incident wave-vector k is parallel to the z-axis. For the
core—shell systems, under the quasi-static approximation, the effective
permittivity at 785 nm was calculated as previously described based in

Maxwell—Garnett effective medium theory.>**®
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Figure 4. Generation of Au@AgNPs. (a) TEM image of AuNPs prior (i) and after formation of Au@AgNPs (ii) and size distribution determined
by TEM analysis (iii). (b) Experimental extinction spectra of DMAP—AuNPs of 7 nm (AuNPs); AgNPs generated by direct mixing of silver sulfate
and ascorbic acid (AgNPs); Au@AgNPs generated by adding silver sulfate and ascorbic acid to a colloidal dispersion of Au seeds. (c) Extinction
spectrum of the Au@AgNPs after 30 and 24 h of the addition of the silver sulfate and ascorbic acid and simulated extinction spectrum of Au@

AgNPs (12 nm = 7 nm core + 2.5 nm shell).

B RESULTS

Simulations of the SERS Response of DMAP—AuUNP-
Coated and Au@AgNP-Coated ELVs. We started with
evaluating the proposed concept from a theoretical point of
view. The SERS intensity (Iggpg) is directly related to the
electromagnetic field enhancement factor (EFEF) according to

Isgrs = Fs03CoprgEFEF (1)

where Fg is an instrumental factor, og is the Raman cross
section of a particular molecule, and Cgyg is the concentration
of those molecules. Assuming small Raman shifts, EFEF scales
with the fourth power of the electric field enhancement E(w)/
Ey(w):

EFEF = [ () 2)
i (lE Y
e [ Ey() ] (3)

where I['(@)| is the square of the enhanced electric field at the
frequency @ of the incident radiation."”*” ™ To theoretically
predict the expected improvement in SERS intensity of the
here-proposed Au@AgNP SERS substrate compared to the

previously used AuNPs functionalized with DMAP molecules
(DMAP—AuNP), we performed simulations of the electric
field enhancement for both types of particles attached to a
vesicle of 120 nm in diameter, which is the modal diameter of
B16F10-derived ELVs."> As DMAP is a rigid molecule with a
length of 0.65 nm, close packing of particles on the vesicle
surface was considered with an average interparticle distance of
1.3 nm. Figure 2a shows the spatial distribution of NPs
considered in our simulations, in which the plotted points
correspond to the AuNP center positions. Note that the
distribution includes more than a single layer of particles in
agreement with previous TEM characterization of DMAP—
AuNP-coated B16F10 ELVs." For calculation of the near-field
response each plane has to be calculated separately. As an
example, Figure 2b shows the electric field enhancement at 785
nm for the middle plane of the ELV. The distribution pattern
reveals that the interparticle regions where the DMAP
molecules are located (blue dashed line in zoom-in image)
are preferentially excited rather than the vesicle surface.

This can also be explicitly seen in Figure 3a, where the
electromagnetic EFEF is plotted in function of the radial
distance from the AuNP surface. We calculated the average
EFEF over a distance from 0 to 1 nm from the AuNP surface,
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Figure S. Generation of Au@AgNPs in situ over AuNP-functionalized ELVs. (a) DLS measurements of the colloidal stability of B16F10 melanoma
ELVs for increasing coverage of the ELV surface with DMAP—AuNP. Error bars represent the standard deviation on the mean value (n = 3). (b)
Before and after the generation of the silver layer for 40% and 100% AuNP coverage. (c) Representative TEM images of (i) BL6F10 melanoma
ELVs and (ii) ELVs with 40% AuNPs coverage before and (iii) after the generation of the silver layer.

which is where the DMAP molecules are located, finding an
enhancement value of 4.1 X 10°. Instead, the average EFEF
from 1 to 8 nm from the AuNP surface, where the vesicle
membrane is located, amounted to only 4.3, which is 9.5 X 10*
times less (Figure 3a). The reason behind this difference in the
average EFEF is related to the fact that the DMAP molecules
are located in the interparticle region of the NPs. As the
simulations show that the maximum near-field enhancement is
located in the gaps between optically excited plasmonic NPs
(the so-called hot spots), it is no surprise that the DMAP
molecules experience higher enhancement factors than the
molecules located at the surface or inner core of the ELVs. The
EFEF distribution pattern reveals that the interparticle regions
where the DMAP molecules are located are preferentially
excited, while low enhancements are reached at the surface and
the outer fraction of the lumen of the ELVs. This, in
combination with the high Raman cross-section of DMAP,
explains why these molecules contributed so strongly to the
ELV SERS spectra in the original study (cf. Figure 1a)."”

By first coating the ELVs with DMAP—AuNP and then
overgrowing them with a silver layer in situ, we expect direct
contact of the plasmonic Au@AgNP with the vesicle surface
instead of the DMAP coating (Figure 3a(ii)). In that case, the
average EFEF over the vesicle surface is substantially higher as
for DMAP—AuNPs, as shown in Figure 2b for different

nanoparticle densities at the vesicle surface (100% corresponds
to full coverage assuming close packing with an interparticle
distance of 1.3 nm). The best enhancement is seen at a
coverage of 40%, for which the generation of a silver coating
(Au@AgNPs) increases the average EFEF by 6.9 times. At
higher coverage of the ELV surface the enhancement drops
again due to plasmon coupling between the nanoparticles, i.e.,
trapping the enhanced field between the particles rather than
letting it extend to the ELV membrane.

Optical Characterization of DMAP—AuNP- and Ag@
AuNP-Coated ELVs. According to the theoretical simulations,
the generation of a silver layer onto the already attached
AuNPs is expected to substantially increase the SERS signals of
the ELVs. As a next step, therefore we investigated whether it
is indeed possible to generate such a silver coating onto AuNP-
functionalized ELVs while maintaining an intact and colloidal
stable ELV suspension. We first verified successful formation of
Au@Ag core—shell particles in colloidal dispersion (i.e.,
without ELVs present). The chemical modification was
performed according to Samal et al. by gradual reduction of
Ag" ions usin§ ascorbic acid (AA) as reducing agent at room
temperature.”® Figure 4a shows TEM images of the AuNPs
before and after the formation of an additional silver layer. The
AuNP are originally 7 + 3 nm and become 12 + 4 nm after
formation of the silver layer, indicating an average shell
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thickness of 2.5 nm. Figure 4b shows the extinction spectrum
of a colloidal dispersion of DMAP-functionalized AuNPs
(DMAP—AuNPs) and the spectrum obtained 30 min after the
addition of silver sulfate and AA. As a reference, the spectrum
of AgNPs obtained by direct mixing of silver sulfate and AA is
shown as well, which had a size of 8 + 2 nm (Figure S1). The
extinction spectrum of the Au@Ag core—shell system clearly
differs from the initial spectrum of both the AuNPs and
AgNPs. In agreement with previous reports, the generation of
the Ag coating resulted in a strong blue-shift and attenuation of
the main AuNP LSPR (from 522 to 490 nm) with the
appearance of Ag-like optical properties (band around 418
nm).>** Figure 4c shows the spectrum 30 min and 24 h after
the addition of the silver sulfate and ascorbic acid, confirming
that after 30 min no further chemical modifications occurred.
Also shown is the simulated spectrum of Au@AgNP which
captures the main features of the experimental UV-—vis
spectrum quite well.

The next step was to generate the silver coating onto
DMAP—AuNPs after they had been attached to the surface of
B16F10 melanoma cell-derived ELVs (B16F10). This implies
an additional challenge, as the reactants should not alter the
ELV colloidal stability. We first evaluated the colloidal stability
of ELVs mixed with different ratios of DMAP—AuNPs. Figure
Sa shows the z-average vesicle diameter obtained by DLS as a
function of the AuNP/vesicle ratio, showing that a colloidal
stable system is obtained starting from a coverage of 35%
(calculated as previously published),"* which also corresponds
to a complete inversion of the zeta potential to positive values.
Exemplary TEM images of ELVs before and after functional-
ization with DMAP—AuNPs (for 40% coverage) are shown in
Figures Sc(i) and Sc(ii). Next, we tested the effect of
overgrowing the ELV attached DMAP—AuNP with a silver
layer for two AuNP/vesicle coverage ratios, ie., 40% and
100%, respectively. As shown in Figure Sb, applying the silver
coating did not change the size appreciably, clearly indicating
that it did not interfere with colloidal stability. TEM images
show that the particles are still present at the ELV surface after
generation of the Ag layer. To show that these particles are not
caused by reduction of Ag* ions to Ag® by the biomolecules
present at the ELV surface, a control experiment was
performed where ELVs are mixed with an Ag" solution but
without AA as a reducing agent. UV—vis confirmed that the
reducing agent is required to generate the formation of the
AgNPs (Figure S2), showing that reduction of Ag® is not
spontaneously induced by the ELV biomolecules.

Comparison of the SERS Response of DMAP—AuNP-
and Ag@AuNP-Coated ELVs. Next, we experimentally
compared the SERS response of individual BI6F10 melanoma
ELVs coated with DMAP—AuNPs and Au@AgNPs. According
to the theoretical simulations, we considered the condition of
40% coverage of the ELV surface with those nanoparticles. In
addition, we included 100% coverage with DMAP—AuNP as a
reference, which was the system in our previous work.'> As can
be seen in the representative spectra in Figure 6, the DMAP
signals are prominently present in the SERS spectra from
DMAP—AuNP-coated ELVs (blue arrows). Instead, in
accordance with our hypothesis, applying an extra silver layer
on the surface of the DMAP—AuNPs removed the DMAP
signal and generated a “clean ELV fingerprint”. The gain in
EFEF for four characteristic ELV bands (red bands in Figure
6) after applying the silver coating was calculated according to

5000
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Figure 6. SERS characterization of ELVs coated with Au@AgNPs or
DMAP—AuNPs. Experimental SERS spectra of B16F10 melanoma
ELVs for (i) 40% coverage with Au@AgNPs, (ii) 40% coverage with
DMAP—AuNPs, and (iii) 100% coverage with DMAP—AuNPs. The
blue arrows indicate the most intense Raman-active modes of DMAP,
which are prominently present in both (ii) and (iii) but not in (i).
The spectra shown are the average of 10 individual ELV spectra.

band area (40% Au@AgNPs)
band area (40% DMAP—AuNPs)
(4)
As shown in Table 1, the average experimental gain was 5.1 +

1.6, which is close to the theoretically expected ideal gain of
6.9.

experimental gain =

Table 1. Theoretical and Experimental Enhancement
Gains”

ratio 40% Au@Ag NPs/40% DMAP—AuNPs

theoretical EFEF average 6.9

experimental 1339—1300 cm ™ 42
811-793 cm™' 4.9
722715 em™' 74
673—660 cm™" 38
average S1+ 1.6

“Effective band area for different Raman modes in the experimental
conditions (specified in Figure S) and the GMM theoretical
simulations of EFEF, .. for irradiation at 785 nm of a 120 nm
vesicle covered with NPs.

Identification of Individual ELVs by SERS Spectral
Analysis. To evaluate the detection capabilities of the new
approach, we proceeded to measure the SERS spectra of ELVs
derived from B16F10 melanoma cells (B16F10) and from red
blood cells (RBC). These cell types were selected as a proof of
concept to demonstrate that cancerous ELVs can be
discriminated from RBC ELVs which will be present in high
quantities in patient blood samples. For these experiments we
selected a 40% particle coverage, as described above. Spectra
were recorded from individual ELVs sedimented on a CaF,
coverslip (Figure 7a). Figures 7b and 7c show representative
SERS spectra for both ELVs (B16F10 and RBC) coated with
40% DMAP—AuNPs and 40% Au@AgNPs. As already noted
above, because of the Ag coating much cleaner SERS spectra
are obtained, allowing clear identification of biomolecules
present in the ELV membrane. Table 2 gives an overview of
identified biomolecules, assigned by comparison with already
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Figure 7. Discriminating different types of ELV functionalized with DMAP—AuNP and Au@AgNP. (A) Schematic representation of the
procedure: (i) ELVs from B16F10 melanoma cells or RBCs are electrostatically coated with DMAP-AuNPs (40% coverage); (ii) in situ
functionalization with a silver layer around the ELV-attached DMAP—AuNPs; (iii) SERS spectra of individual ELVs deposited on a CaF, coverslip
are recorded with a confocal Raman microscope. Exemplary SERS spectra of individual B16F10 melanoma- and RBC-derived ELVs are shown in
panels b and ¢, respectively. The spectra represent the average of at least 10 spectra measured over the same single vesicle. The 2D principal
component analysis (PCA) for B16F10 and RBC ELVs DMAP—AuNPs and Au@AgNPs is shown in panels d and e, respectively. The indicated

ellipsoids comprise 95% of the data points for each ELV type.

reported vibrational modes.”® Thanks to the clean fingerprint
with the Au@AgNP, more vibrational modes could be
identified for these types of ELVs as compared with our
previous study (i.e., amide bands I and II and DNA/RNA
related vibrational modes).

The increase in molecular information that is obtained using
the new coating strategy translates into a better separation of
the BI6F10 ELV and the RBC ELV data points when running
an unsupervised principal component analysis (PCA) (Figure

7d,e). This minimal overlap between the two clouds of data
points (Figure 7e) indicates that the variation present in the
total set of recorded Raman spectra using the Au@AgNP
coating strategy is mainly the result of a difference in ELV cell
source. This is in contrast to the originally used DMAP—AuNP
strategy for which clearly also other factors contributed to the
variation in recorded spectra.”’ This further demonstrates the
added value of this new coating approach for SERS-based
discriminative analyses.
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Table 2. Enumeration and Tentative Assignment of SERS
Vibrational Modes for B16F10- and RBC-Derived ELVs
Using the Au@AgNPs Core—Shell Approach

40% Au@
AgNPs
Raman previously
shift identified in assignment of the vibrational
(em™) BI6F10 RBC isolated ELVs modes”?
406 m cholesterol
521 w m  ref 13 S—S stretching (proteins)
546 w m ref 13 cholesterol
645 w s ref 21 C—C twisting Tyr
668 s sh T, G (DNA/RNA)
707 m sh ref 21 amino acid
786 s w ref 21 nucleic acid
1000 s refs 21, 22, 20  Phe
1179 s m  ref2l v(C—C) and v(C-0)
(phospholipids)
1211 m s ref 21 Tyr, Phe
1243 m sh refs 13, 22 amide III (proteins)/
asymmetric phosphate
stretching (nucleic acids)
1307 m sh refs 13, 21, 22 C—N asymmetric stretching
(protein)/CH;CH, twisting
(lipid)
1326 m s refs 13, 21 ®wCH,CH, twisting (nucleic
acids
1381 sh s ref 13 SCH; symmetric (lipids)
1411 m m ref 13
1465 w sh  refs 13, 21 lipids
1490 s sh ref 20 DNA
1542 m m ref 22 amide II (proteins)
1563 s s ref 13 Trp
1592 sh s ref 22
1618 sh sh  ref 13 v(C=C) (proteins)
1632 sh sh amide I a-helix and f-
structure (proteins)
1664 m sh amide I (proteins)/DNA

“s: strong; m: medium; w: weak; sh: shoulder. by. vibration; &:
deformation; @: wagging; T: thymine; G: guanine; Tyr: tyrosine; Phe:
phenylalanine; Trp: tryptophan.

The final step was to investigate and quantify whether the
Au@AgNP coating indeed allowed more reliable classification
of individual ELVs compared to the DMAP—AuNPs. To
quantify the discriminative power of the developed system, a
partial least-squares discriminant analysis (PLS-DA) model
was trained by SERS spectra obtained from DMAP—AuNP- or
Au@AgNPs-coated ELVs from B16F10 melanoma cells and
RBCs (Table 3). The specificity and sensitivity of the model
were determined by cross-validation (Venetian Blinds option
in PLS_Toolbox). A sensitivity of 68.6% and 83.3% and a
specificity of 83.3% and 68.6% for 40% DMAP—AuNP-coated
B16F10 ELVs and RBC ELVs were obtained, respectively.

Instead, with Au@Ag core—shell NPs the sensitivity and
specificity were always above 90% for both types of ELVs,
confirming the superiority of this system.

B DISCUSSION

There is a general trend in the field of ELV-based diagnostics
to develop label-free strategies. In this context, several SERS
substrates with different degrees of discriminative power have
been previously suggested.” Park et al. recently reported a
plasmonic SERS substrate using a carpet of AuNPs on which
the ELVs can be deposited. The authors demonstrated that
this substrate has the capability of discriminating ELVs derived
from lung carcinoma cell lines and primary human pulmonary
alveolar epithelial cells."* Another approach was described by
Lee et al. using Ag-coated “nanobowls” for identification of
SKOV3-derived ELVs.”' Although both substrates succeeded
for the identification and discrimination of ELVs, neither of
these demonstrated SERS characterization at a single exosome
level. The latter is important from a diagnostic point of view as
the ultimate goal is to enable detection of low abundant
subpopulations of ELVs from different origins in body fluids
containing complex mixtures of ELVs.

Recently, we presented a simple but promising approach to
achieve single ELV identification by SERS. We demonstrated
that ELVs can be functionalized with DMAP stabilized AuNPs
by electrostatic interaction while maintaining the colloidal
stability of the ELV dispersion. While different types of
individual ELVs could be successfully discriminated from one
another, one of the main drawbacks of this approach was that
the signal from the DMAP stabilizer was higher than the
signals of the ELV biomolecules. Even though one can suggest
the possibility of using other types of surface ligands with a
lower Raman cross section than DMAP to increase the signal
ratio between the ELV biomolecules and the AuNPs surface
ligands, the simulations that we performed in this study
revealed that the maximum near-field enhancement is located
in the gaps between optically excited plasmonic NPs, rather
than the ELV membrane (Figure 2a). As DMAP molecules are
located in the interparticle region of the NPs, it is no surprise
that they contribute the strongest to the SERS spectrum, thus
effectively hiding much of the intrinsic ELV information that is
needed to reliably determine their identity. This is also valid
for other type of ligands, as they will be located at the regions
of highest near-field enhancements. To overcome this
limitation, here we proposed in situ chemical modification of
ELV attached DMAP—AuNPs by generating an additional
silver layer to form Au@Ag core—shell nanoparticles at the
ELV surface. Not only will this silver layer remove interference
of the DMAP molecules from the SERS spectra, in addition it
will generate higher SERS intensities due to the plasmonic
properties of a core—shell system as shown by Samal et al.”®
The former is important for correct ELV identification, while

Table 3. Comparison of the PLS-DA Classification of the Spectra of B16F10 and RBC Derived ELVs between the Previously
Reported Method (AuNPs) and the Here Presented New Approach (Au@AgNPs)

PLS-DA prediction

SERS substrate sample n
40% DMAP—AuNPs B16F10 35 24
RBC 36 30
40% Au@AgNPs B16F10 12 11
RBC 32 31

correct identification

wrong identification sensitivity (%) specificity (%)

11 68.8 83.3
6 83.3 68.6
1 91.7 96.9
1 96.9 91.7
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the latter allows to reduce the measurement time, which is of
interest for high-throughput single ELV identification.

Theoretical simulations confirmed higher enhancements for
the Au@AgNP in agreement with literature.”® In addition, the
simulations indicated that 40% coverage of the ELV surface
provides the highest enhancement. This is in agreement with
previous studies demonstrating that for a fixed irradiation
wavelength, and for a given metal the EFEF decreases with the
clusterization degree of plasmonic NPs until it reaches an
almost constant value."> This effect is due to a combination of
intrinsic damping (determined by the imaginary part of the
dielectric constant of the metal at the chosen excitation
wavelength) and extrinsic size effects, ie, the radiation
damping mechanism which increases with the volume of the
whole cluster. Indeed, for a given metal, by increase of the
aggregate size, the amount of radiation scattered by the system
increases and thus the energy available to create EFEF hot
spots decreases.”

We next evaluated whether the Ag layer could be applied
without affecting the colloidal stability of the ELVs. DLS
measurements and TEM images confirmed that the chemical
modification had no significant effect on the colloidal stability
of the ELVs (see Figure S). Upon analysis of SERS spectra of
individual ELVs, it could be confirmed that the chemical
modification (Au@AgNPs) allows to remove the DMAP
molecules from the Au surface so they no longer contribute to
the SERS spectra (Figure 6). The exact mechanism behind this
removal is still unclear, but we hypothesize that the higher
affinity of the silver atoms to the Au surface displaces the
physisorbed DMAP molecules, similar to what was observed
for the displacement of covalently attached molecules from
AuNP by sodium borohydride.”” The effect of having cleaner
SERS spectra became readily apparent when trying to
discriminate ELVs derived from B16F10 melanoma cells and
ELVs from red blood cells. With the Au@AgNPs a sensitivity
and specificity >90% were obtained, which is a marked
improvement over the DMAP—AuNPs for which a sensitivity
and specificity of only 60—80% were found. In addition, 40%
coverage with Au@AgNPs showed higher enhancements as
theoretically predicted, reducing the integration time by 20-
fold over our previously reported system of 100% surface
coverage with DMAP—AuNPs. This is an important step
forward since single ELV analysis requires high throughput to
detect small subpopulations of interest in the large pool of
isolated ELV from patient samples.

As a next step toward implementation into a diagnostic
context, it will be of interest to verify whether this SERS-based
technology with modified coating approach can discriminate
between ELVs generated by more related parent cells such as,
for example, ELVs released by primary melanocytes and
cancerous melanoma cells. We are, however, hopeful as
previous reports covering Raman spectroscopy and SERS
measurements on bulk vesicles have shown the potential to
discriminate between vesicles from very similar parent cell
types”’ as well as from the same parent cell type cultured under
altered environmental conditions.””

B CONCLUSIONS

In previous work, we demonstrated that the identification of
individual ELVs derived from different cell types is feasible by
SERS after functionalization with AuNPs. Despite the fact that
we were able to demonstrate the feasibility of single ELV
identification, the quality of the SERS spectra was substantially

limited by the intense signal coming from the AuNP coating
agent needed for colloidal stability and attachment to the ELV
surface. Here, we markedly improved this colloidal strategy for
identification of individual ELVs by applying an extra silver
layer in situ to remove interfering signals generated by the
AuNP coating that is required for colloidal stability and
binding to the ELV surface. This Au@AgNPs core—shell
system allowed us to detect more subtle differences in the
molecular composition and consequently to more reliably
identify the origin of individual ELVs. In addition, the higher
enhancement fields generated by the core—shell system
allowed to decrease the acquisition time by a factor 20. This
is critical for future diagnostic implementation as it is to be
expected that disease-related ELVs have low abundance
relative to those from healthy cells when analyzing patient
biofluids. Moreover, this strategy preserves the simplicity and
high-throughput potential of a self-assembling SERS substrate
around individual ELVs. We envision that this approach can be
combined with microfluidics for automated and fast SERS
measurements. These features will help to overcome the
technological challenge of upscaling this technology for future
clinical applications.
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