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ABSTRACT: Multiple myeloma (MM) is a hematological
malignancy characterized by abnormal plasma cell proliferation
within the bone marrow which leads to progressive bone marrow
failure, skeletal osteolytic lesions, and renal insufficiency, thus
severely affecting the quality of life. MM is always preceded by
monoclonal gammopathy of uncertain significance (MGUS),
which progresses to asymptomatic-MM (aMM) or symptomatic-
MM (sMM) at a rate of 1% per year. Despite impressive progress
in the therapy of the disease, MM remains incurable. Based on
these premises, the identification of biomarkers of MGUS
progression to MM is a crucial issue in disease management. In
this regard, exosomes (EXs) and their precious biomolecular cargo
could play a pivotal role in MM detection, stratification, and follow-up. Raman spectroscopy, a label- and manipulation-free
technique, and its enhanced version, surface-enhanced Raman spectroscopy (SERS), have been used for characterizing MGUS,
aMM, and sMM patient-derived EXs. Here, we have demonstrated the capability of Raman spectroscopy for discriminating EXs
along the progression from MGUS to aMM and sMM, thus providing useful clinical indications for patient care. The used SERS
devices, based on random nanostructures, have shown good potential in terms of sensitivity, but further developments are needed for
achieving reproducible and quantitative SERS results.

■ INTRODUCTION

Multiple myeloma (MM) accounts for more than 30,000 new
blood cancer cases in the US alone each year, and it is
responsible for about 2% of all cancer deaths.1,2 It is a
hematological malignancy characterized by abnormal mono-
clonal plasma cell proliferation and typical clinical features such
as hypercalcemia, osteolytic bone lesions, anemia, and renal
failure.3 MM is always preceded by monoclonal gammopathy of
uncertain significance (MGUS), which progresses to asympto-
matic-MM (aMM, which requires close clinical and laboratory
follow-up) or symptomatic-MM (sMM, which requires treat-
ment) at the rate of 1% per year, while the aMM progression to
sMM is about 10% per year.4

Even if MM outcome has extremely improved since the
advent of biological agents (proteasome inhibitors and
immunomodulatory drugs) and the introduction of monoclonal
antibodies in clinical practice,5 prognostic stratification for the
identification of those patient categories at higher risk to
progress to sMM and/or to experience a poor outcome still plays
a pivotal role for better patient care.6

MM onset from MGUS is the result of a complex interplay
between aberrant plasma cell clone and a permissive bone

marrow microenvironment (BMM) that sustains MM cell
expansion.7 Among BMM-derived factors involved in MM
pathogenesis, exosomes (EXs) have been recently considered as
central players in the cross-talk between malignant plasma and
BMM cells.8 Indeed, they facilitate material and, by
consequence, information transfer between the cells releasing
EXs and the target cells.9 These microvesicles, represented in all
biofluids, such as blood, plasma, serum, urine, saliva, amnion,
and cerebrospinal fluid, are characterized by a dimension
ranging from 30 to 150 nm. To date, EXs have been shown to be
involved in many aspects of MM pathogenesis and progression,
such as escape mechanism regulation, drug resistance, and
survival promotion as well as angiogenesis and osteolysis
induction.8
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In light of this evidence, this “vesicular dialogue” in MM
patients deserves a specific consideration and requires careful
evaluation and monitoring along all different phases of MM
development and progression. “Omics” techniques have allowed
identifying specific and detailedmolecular EX components, even
if these analytical methods rely on complicated and time-
consuming protocols10,11 and, notably, are unfeasible for assays
that require a large amount of EXs or in which their amount is
low.12 Therefore, new techniques able to identify and to
characterize exosomes during pathological routes could be of
paramount importance in cancer monitoring.
Vibrational spectroscopies hold great potential to overcome

these protocol limits. Raman spectroscopy (RS) is a non-
invasive, label-free technique based on the inelastic scattering of
laser light due to the interaction of photons with molecular
vibrations. RS can get biochemical information from the whole
biological sample. In the last decade, this spectroscopic
technique has been largely proposed for cancer detection,
characterization, and prognosis.13−15 In addition, RS is
becoming increasingly interesting for liquid biopsy of circulating
biomolecules, notably for cancer diagnostics.16

The relatively low Raman spectroscopy signal, when needed,
can be enhanced with the use of metal nanoparticles, such as
gold or silver, giving rise to surface-enhanced Raman scattering
(SERS). The combination of geometry and materials can
produce enhancements as high as 1014, which makes this
technique sensitive enough to reveal single molecules lying on a
surface.17,18 Because of its huge Raman signal amplification,
SERS has been used for EX detection and characterization.14,19

In this work, exosomes extracted fromMMpatient’s serum, as
well as their asymptomatic forms MGUS and aMM, have been
collected and characterized first by RS and later on by SERS.
Principal component analysis (PCA)was used to analyze Raman
and SERS spectra. RS was able to discriminate EXs derived from
the three plasma cell dyscrasia conditions (MGUS, aMM, and
sMM), emphasizing the importance of this technique as a new
tool for MM patient stratification.
We also compared Raman results with SERS micro-

spectroscopy, although limited to cheap SERS substrates
based on random nanostructures. This choice is dictated by
two concerns: (i) the comparison is made between two
techniques which are cost-similar and (ii) the literature widely
deals with non-uniform, random SERS substrates and/or
nanoparticles because of their availability. We achieved
satisfactory enhancements by SERS, which constitute a good

result toward few/single-molecule detection in bioclinical
assays, but we also found that SERS spectra have great variations
even for the EXs derived from one single individual. This
irreproducibility of SERS spectra, due to the randomness of the
substrate, does not lead to a fully quantitative analysis, limiting
our SERS devices to qualitative dissertations only.
On the other hand, it is worthy to notice that the Raman

results presented herein show, for the first time to our
knowledge, the capability to discriminate between the different
phases of MM disease by optical spectroscopy. Above all, the
discrimination between the two asymptomatic forms, MGUS
and aMM, can potentially lead to the development of a very
helpful tool for clinical decisions.

■ RESULTS AND DISCUSSION

Exosomes Characterization. Exosomes were extracted
from the patient’s sera as reported in the Materials and Method
section and, later on, characterized for both their size and
markers expression. The average size measured for all EX
samples was around 98 ± 46 nm, as reported in Figure 1A,
ranging in the typical EX range. Further characterization of the
EXs has been conducted by flow cytometry in order to
investigate the expression of two out of three of the classical
markers, such as CD9 and CD63.20 83% of the whole EX
population extracted by the miRCURY Exosome Isolation Kit
was positive for CD63, and 33% of the CD63+ one was
characterized by further positivity for CD9 (Figure 1B). This
double vesicular characterization “certified” us to state, as far as
we know, that the extracted vesicles can be identified as EXs
since they respect two important parameters (size and marker
expressions) set up by the International Society for Extracellular
Vesicles.21

Exosome Screening by Raman Spectroscopy. Samples
of MGUS-, aMM-, and sMM-derived exosomes have been
measured by Raman spectroscopy in the 750−1700 cm−1 range
with an 830 nm laser source, recording at least 10 spectra for
each sample. Subsequently, all Raman spectra have been
averaged by group, and MGUS, aMM, and sMM average curves
are reported in Figure 2A with grey shaded areas as standard
deviations. The three curves are very similar to each other, and
all of them exhibit the major Raman peaks/bands typical of
cellular biochemistry: a sharp, intense peak at 1003 cm−1

corresponding to the breathing vibration of phenylalanine; a
broadband at 1240−1340 cm−1 with vibrations from Amide III,
nucleic acids, and several fatty acids; a broad peak centered at

Figure 1.Characterization of purifiedMMEXs bymiRCURY Exosome Isolation Kit (Qiagen). MMEXs have been characterized by their size (A) and
their marker expression (B). (A) EX sizemeasurements performed byNanoSight showed as 98.9± 46.3 nm for all measured nano-vesicles. (B) Typical
tetraspanin protein markers, CD63 and CD9, have been also used as proof of the presence of EXs within the sample fractions collected. 83% of the
extracted EXs were positive for CD63. 33% of the CD63+ has shown positivity for CD9s.
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about 1445 cm−1 coming from CH deformations in lipids
(closer to 1440 cm−1) or proteins (closer to 1450 cm−1); and the
Raman band at 1640−1700 cm−1 comprising the Amide I
vibration of proteins and the CC stretches of lipids.
To highlight differences between MGUS, aMM, and sMM

spectra, a PCA has been performed on the whole dataset. The
first three principal components (PCs) account for nearly 90%
of the total variance, with 60.4% for PC1, 20.5% for PC2, and
8.6% for PC3. The subsequent PCs mainly account for noisy
variations and do not contain significant spectral features. Figure
2B shows the scatter plot of PC2 versus PC1 scores. A clear
separation between sMM exosomes on one side and MGUS-
aMMexosomes on the other side is evident. We can observe that
the main separation occurs along the PC2 axis, while the PC1
axis is spanned by all three groups of exosomes. A 3D scatter plot

of PC1, PC2, and PC3 scores is shown in Figure 2C, where the
score distribution along the PC3 axis is put in evidence. As it
occurs for PC1, PC3 axis also does not discriminate between the
different exosome populations. Indeed, all MGUS, aMM, and
sMM scores are well distributed among positive and negative
values of PC3.
In Figure 2B, the scores from MGUS, aMM, and sMM

exosomes roughly lay along diagonal directions parallel to each
other. Hence, the direction perpendicular to these diagonal lines
is the best suited for discriminating between the different groups
of exosomes. To this purpose, a rotation matrix is applied to the
PC axes computed by PCA. The applied rotation lays in the
PC2-PC1 plane and maps the old PCs to a new set of rot.PCs
(rot.PCs is a short notation used in the following for rotated-
PCs). The angle of rotation, 32° counterclockwise, has been
chosen so that the new rot.PC2 is the axis best dividing the
exosome scores (Figure 3A). This axes rotation has the
advantage that, among the new rot.PCs, the rot.PC2 alone is
solely responsible for the discrimination between the exosome
groups. A detailed analysis of the loading curve of rot.PC2
(Figure S2) allows for identifying which spectral regions
positively contribute to MM scores and which ones are instead
more expressed in the aMM and MGUS exosomes. Figure 3B
shows the average spectra where reddish shaded areas indicate
the spectral frequencies characteristic of sMM samples, while the
greenish areas are typical of MGUS and aMM samples. Among
all biomolecules contributing to the MM EX discrimination
(nucleic acids, polysaccharide, carbohydrate, and β-carotene),
the lipid content showed a major contribution. Fatty acid signal
and the saturation degree of their chains (spectral regions at
1150−1166 and 1200−1350 cm−1, respectively),22,23 as well as
the ceramide presence (1650−1685 cm−1 spectral region),24 are
mainly overexpressed in the cancer EX population. Moreover,
the Raman band at 1440−1450 cm−1, usually used for
discriminating between lipid and protein (as reported above),
is leaning here to the lipid region (1440 cm−1).23

The screening potential, and consequently the promise for a
diagnostic tool, is better appreciated if the rotated scores of
Figure 3A are translated in a quantitative representation by
means of a box plot (Figure 3C). In this plot, the box limits are,
respectively, the 25th, 50th, and 75th percentiles of each group,
the yellow full-symbol indicates the mean score value, and the
solid curve is the Gaussian distribution of the scores data. While
the difference between sMM and aMM-MGUS scores is well
clear even in the scatter plot of Figure 3A, this box plot
representation adequately helps to distinguish also the much
closer aMM and MGUS populations. More in detail, the mean
values of aMM and MGUS data are, respectively, −3.8 × 10−4

and−8.7× 10−4 score units of rot.PC2, while the corresponding
data groups are well separated both at levels of 25−75th
percentiles and by 1 standard deviation (not shown for clarity
sake).
Even if the biochemical characterization of EXs goes beyond

the aim of this work, some of the biochemical variations reported
heremight be interesting for all professionals working in the field
of EXs. Rot.PC2 loads revealed that the differences between EXs
from the asymptomatic and symptomatic phases are mainly due
to spectral features typical of lipids and their saturation degree.
This result is in agreement with the recent literature reporting
that lipids have a huge role in EX formation, composition, and
the execution of their signaling roles.24,25 Moreover, Record et
al., have shown that EXs contain two main ceramide species
(C18:0 and C24:1) and that these lipid molecules are very

Figure 2. Raman spectra and PCA analysis of different exosomes
groups. (A) Average curves of Raman spectra collected on exosomes
derived fromMGUS, aMM, and sMM patients. (B) PC2 vs PC1 scores
plots for the three exosome groups. (C) 3D scatter plots of PC1, PC2,
and PC3 scores produced by PCA analysis.
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abundant within EXs.26 This specific lipid composition might
facilitate EX internalization, increase the lipid content of the
recipient cell,27 and play a crucial role in several pathways of the
immune response.26,27

SERS Spectroscopy Results. As several authors have
already reported,19,28−30 SERS microspectroscopy has a
potential added value in the characterization of exosomes
and/or other microvesicles. In this work, we have used a cheap

and easily reproducible SERS substrate, constituted by a regular
array of micrometric circles in which Au nanoparticles are
randomly self-assembled by electroless deposition (see Materi-
als and Method section for details). SERS spectra are recorded
with a 633 nm excitation laser due to surface plasmon resonance
effects which typically occur close to this wavelength for Au
nanostructures,31 while standard Raman spectra were collected
with an 830 nm laser source (in the infrared region) to avoid
both exosomes photodamage and too large fluorescence effects.
In order to investigate potential wavelength-dependent effects,
standard Raman spectra have been measured with both 830 and
633 nm on some exosome samples (a typical result is shown in
Figure S4). The comparison shows that major Raman peaks/
bands are the same for both excitation wavelengths, but some
minor spectral features can be better appreciated with the 830
nm laser source (mainly because of smaller fluorescence effects).
For each exosome sample, many spectra have been recorded

by raster scanning over the microstructures. However, not all
these spectra can be considered SERS-enhanced due to their low
intensities. This behavior is well expected because of the random
distribution of Au nanoparticles within each microstructure.
After recording some hundreds of spectra for each exosome
sample, only those with high intensities have been considered as
SERS spectra in the following analysis. In Figure 4 all selected
SERS spectra have been arranged one after the other and shown
in a “landscape” fashion for MGUS, aMM, and sMM samples.
Within each one of these three classes, we can observe a large
variability of spectral features from one spectrum to the other.
Indeed, Figure 4 shows three irregular landscapes, where SERS
sharp peaks are not uniformly repeated across the spectra of the
same sample. It is worth noticing that multivariate approaches,
such as PCA and clustering analysis, did not produce satisfactory
results on the SERS dataset.
In order to deepen SERS analysis, we have restricted the

problem by choosing four SERS spectra for each exosome class.
Figure 5 shows the comparison between the SERS spectra with
the highest intensities for MGUS, aMM, and sMM exosome
samples. It is worthy to remind that SERS active modes can be
quite different from the Raman ones because selection rules can
be modified when the molecules are very close to the SERS
nanostructures.32,33 Within each group, some major peaks are
recurring in the four spectra. More in detail, the SERS curves of
MGUS exosomes exhibit notable peaks at about 970, 1200,
1520, and 1535 cm−1. Also, aMM curves have peaks at about
1180, 1345, 1400, and 1580 cm−1. Finally, spectra from sMM
exosomes show major peaks at about 1125, 1325, 1395, 1560,
and 1590 cm−1. Except for these peaks that are recurring in more
than one spectrum within each patient group, the four spectra
chosen for each group do not exhibit a similar profile to each
other. Also, there is a significant difference of intensity even for
the peaks just mentioned above. This signal variability, which
has to be expected in the case of SERS from disordered
plasmonic nanoparticles, makes the SERS analysis quite difficult,
and as a consequence, this SERS approach (based on random
nanostructures) does not result in a robust protocol potentially
suitable for clinical exploitation.

■ CONCLUSIONS
Despite remarkable progress in MM treatment, this malignancy
still remains incurable.8 When considering the natural history of
the disease, the development of a tool to monitor MM
progression since its early phases is an attractive and fascinating
challenge for the modern hemato-oncological community. The

Figure 3. Fine tuning of PCA results and exosome screening. (A)
Rotation matrix is applied to PC axes directly computed by PCA.
Consequently a novel set of axes is found, named rot.PCs (after rotated
PCs), and the rot.PC2 vs rot.PC1 scores plot is shown. (B) After
analyzing the rot.PC2 loading curve, the spectral regions mostly
contributing to sMM scores (positive values) and those contributing to
MGUS scores (negative values) are, respectively, evidenced as reddish
and greenish shaded regions. (C) Rot.PC2 scores of panel (A) are
reported as a box-chart for MGUS, aMM, and sMM exosomes, where
the yellow symbols indicate the average values and the solid curves are
the Gaussian distributions. The boxes instead indicate the 25th, 50th,
and 75th percentiles of each data group.
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discovery of the EX role in tumor progression and their use as
potential biomarkers has aroused huge interest in the field.
Indeed, EX detection and interpretation of their complex
content from the blood stream might be revolutionary for the
patient’s stratification, therapy, and outcome. However, the lack
of sturdy and standardized methods for characterizing them has
limited their clinical use so far.
In this work, we have shown the potential use of EX screening,

by means of Raman spectroscopy, to discriminate the patients
across the three different clinical conditions: MGUS, aMM, and
sMM. The combination of Raman spectroscopy with the
adopted multivariate analysis (PCA) has successfully stratified
patients belonging to these three groups. Interestingly, while
sMM patients are clearly separated from aMM and MGUS, the
latter groups present more similar although still distinct patterns.
These data, once validated on larger cohorts, open to the design
of an EX screening-based follow-up protocol for MGUS
individuals to identify patients at risk of progression to overt
MM. To our knowledge, this is the first time that Raman analysis
is used to provide a stratification of MM patients using EXs from
peripheral blood collection. Further improvements of the
presented approach could potentially lead to a novel assay for
the stratification of MGUS patients according to their risk to
progress to MM. In turn, this achievement would reduce the

need for multiple hospital access and allow to focus on high-risk
patients that require closer follow-ups.
Finally, SERS devices based on random Au nanostructures

have been used for EX analysis. SERS results have shown amuch
higher sensitivity, as revealed by the larger spectral intensities
and sharpness of SERS peaks, but a too poor reproducibility in
spectra collection. This limit is surely due to the intrinsic
randomness of Au nanoparticle distribution over the SERS
substrate: different spatial arrangements as well as different sizes
of nanoparticles produce disparate enhancing factors, and in
turn unequal SERS spectra. In order to avoid this disadvantage
and tomove toward a truly quantitative SERS analytical tool, the
plasmonic nanostructures used for SERS substrates must fulfill
very strict requirements in terms of sizes, uniformity, and spatial
arrangement. Much more can be done and achieved with very
regular and controlled SERS substrates, such as SERS devices
produced by nano-lithographic techniques. Typically, litho-
graphic protocols like the ones used for nano-electronics (e.g.,
electron beam lithography) are very well suited for this purpose,
but conversely they are quite expensive and not easily scalable
for mass production. These latter two drawbacks make SERS
substrates fabricated by nano-lithography unaffordable nowa-
days for the development of widespread bioclinical assays. One
compromise could be the investigation and development of

Figure 4. SERS spectra large variability. SERS efficiency and enhancement is strongly dependent upon the probed position over Au nanoparticles
because of the nanoscale size of hot spots. This in turn negatively affects SERS reproducibility, even within the same experimental session. Several SERS
spectra are reported close to one another, in the shape of a 3D landscape, for MGUS-, aMM-, and sMM-derived exosomes (at least 20 spectra for each
group are chosen among the most intense ones). This representation shows at once the large differences occurring in SERS measurements.

Figure 5. Selected SERS spectra. Because of large variability in SERS results, four spectra of each group are selected and displayed for comparison. The
chosen spectra are among those with the highest intensities so that SERS enhancement is ensured.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03813
ACS Omega 2020, 5, 30436−30443

30440

https://pubs.acs.org/doi/10.1021/acsomega.0c03813?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03813?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03813?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03813?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03813?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03813?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03813?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03813?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03813?ref=pdf


unusual lithographic techniques, such as nanosphere lithog-
raphy34 and template stripping replication,35 which lead to
uniform SERS substrates with both low cost and great potential
for mass production.

■ MATERIALS AND METHODS

Patients and Sample Collection. We obtained whole
blood samples from 14 newly diagnosed sMM, 13MGUS, and 4
aMM patients collected between September 2016 and June
2018 at the Medical Oncology Unit of University Magna
Graecia of Catanzaro (Table S1). None of the patients received
therapy before the collection of blood samples. Criteria for
diagnosis, clinical staging, and risk stratification were assessed
according to the International Myeloma Working Group
guidelines. Patients provided written informed consent in
accordance with the Declaration of Helsinki. Whole blood
samples were collected in red-top Vacutainer tubes.
Serum and Exosome Isolation. Blood was kept at room

temperature for 30 min, followed by centrifugation at 2000g for
10 min to ensure serum separation. The supernatant was
centrifuged at 3000g for 5 min to pellet cells, debris, and
platelets, and samples were stored at −80 °C in aliquots of 1.5
mL before use. EXs were isolated from frozen serum samples
(1.5 mL) using the miRCURY Exosome Isolation Kit (Qiagen)
according to the manufacturer’s instructions.
Nanoparticle Tracking Analysis. Nanoparticle tracking

analysis (NTA) was performed using a NanoSight LM10-HS
microscope equipped with NTA software v3.1 (NanoSight Ltd.,
UK). Each sample was diluted at 1:10.000 in sterile-filtered PBS
(Sigma, USA). The particle movement was analyzed by NTA
software. Only measurements with >1000 completed tracks
were analyzed.
Flow Cytometry. Total exosome isolation preparations

were characterized by flow cytometry using human CD63-
coated beads (Thermo Fisher Scientific, Inc.) in order to isolate
CD63-positive subpopulations of exosomes from total exosome
isolations derived from serum samples. The isolated exosomes
were stained for typical exosome markers such as CD63 and
CD9 analyzed with the Attune NxT Flow Cytometer (Thermo
Fisher Scientific, Inc.).
Raman Measurements, Spectra Pre-processing, and

Multivariate Analysis. Raman measurements were performed
with an InVia Raman microscope from Renishaw in a
backscattered configuration. The light from an 830 nm laser
source was focused through a long working-distance objective
50×/0.5 NA. The total power at the sample level was 150 mW/
cm2, and an integration time of 10 s was used for all
measurements in the spectral region between 750 and 1700
cm−1. Prior to each Raman sequence, the frequency shift was
calibrated by using the strong 520 cm−1 Si peak as a reference
signal.
The exosome samples obtained by isolation were resuspended

in PBS 1×, and the solution was deposited on a CaF2 slide. The
CaF2 substrate was chosen for its negligible Raman signal. A
drop coating deposition Raman (DCDR) protocol was
employed.36,37 More in detail, for each exosome solution, one
drop (4.0 μL) was deposited on the CaF2 slide, and Raman
measurements were performed after partial evaporation of the
solvent, in order to increase the exosome concentration, but
before the dry-state was reached. If needed, the drop coating and
DCDR protocol were repeated several times until a satisfactory
number of measurements were acquired for each solution. In our

experiments, at least 10 Raman spectra were collected for each
exosome sample.
All measured spectra underwent the same pre-processing

steps. First of all, an extended multiplicative signal correction
(EMSC)38 was applied to all spectra at once for removing
undesired physical variations, such as differences between
spectra due to reiteration of the DCDR protocol and/or to
different samples concentrations. Subsequently, all spectra were
normalized to the total area under the spectrum, and a 3rd order
polynomial subtraction was performed to ensure the same
baseline intensity for the whole dataset. After pre-processing,
PCA was performed on the spectral collection to highlight small
differences between the exosome groups. The first six PCs
account for nearly 90% of the total spectral variation, while the
first two PCs alone account for 60% of the data variance.
All pre-processing steps, as well as the PCA, were carried out

using the free software package Raman Tool Set (freely available
at http://ramantoolset.sourceforge.net).39

SERS Substrate Fabrication and SERS Measurements.
Microstructured arrays containing gold nanoparticles were
fabricated through a standard photolithography process in
combination with Au electroless deposition. Si substrates were
coated with a 1.0 μm thick S1813 photoresist by spinning and
then exposed to UV light using a Karl-Suss mask aligner. A
hexagonal array of 8.0 μm diameter circular holes with a pitch of
20 μm was produced in the resist layer. Subsequently, the
circular holes were filled with gold nanoparticles by immersing
the samples in a 5 mM aqueous solution of AuCl for 2 min at 50
°C. After rinsing, the resist mask was gently removed by acetone,
thus releasing an array of microcircles filled with Au nano-
particles (Figure S3). Most of the Au nanoparticles have lateral
dimensions well below 30 nm, and the electroless process
ensures very small gaps between the particles. Both these
conditions are ideal for achieving SERS hot spots due to
localized surface plasmon resonances, and this fabrication
process is very cost effective and well suited for mass production
of SERS devices.
SERS measurements were performed by depositing 2.0 μL

drops of exosome solutions over the microstructured Au arrays.
In SERS experiments, a 633 nm laser light was focused on the
sample through a 100×/0.9 NA objective. The laser power was
kept constant to 300 μW/cm2, while an integration time of 3.0 s
was used for all samples in order to make the spectra comparable
to each other asmuch as possible. Because of the diffraction limit
of the light, the exact position of SERS hot spots (at the
nanometer scale) cannot be inferred by imaging through the
optical objective (spatial resolution of roughly half a micron).
For this reason, SERS maps of several microstructured circles
were recorded with a 100 nm stepsize in a xy raster way for each
exosome sample. This approach produced a few thousands of
potential SERS spectra for each exosome sample to be analyzed,
but not all acquired spectra can be considered as SERS effective
due to spatial variations of the enhancement factors within each
microcircle.
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