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Abstract

Thin silver film coated nanobowl Surface Enhanced Raman Spectroscopy (SERS) substrates are
used to capture exosomes in solution for SERS measurements that can provide biochemical
analysis of intact and ruptured exosomes. Exosomes derived via Total Exosome Isolation Reagent
(TEIR) as well as ultracentrifugation (UC) from the SKOV3 cell line were analyzed. Spectra of
exosomes derived v/a TEIR are dominated by a signal characteristic for the TEIR kit that needs
to be subtracted for all measurements. Differences in SERS spectra recorded at different times
during the drying of the exosome solution are statistically analyzed with Principal Component
Analysis (PCA). At the beginning of the drying process, SERS spectra of exosomes exhibit peaks
characteristic for both lipids and proteins. Later on during the drying process, new SERS peaks
develop, suggesting that the initially intact exosome ruptures over time. This time-dependent
evolution of SERS peaks enables analysis of exosomal membrane contents and the contents inside
the exosomes.

Introduction

Exosomes are microvesicles in the size range of 30 to 100 nm formed inside of
multivesicular bodies (MVBs) in the cell and released to the extracellular space upon
fusion of the MVBs and cellular membrane. Originally thought to function solely as a
waste pathway, recent studies revealed that exosomes actually carry functional biological
material and represent an important subset of microvesicular communication in the body.
Exosomes are highly enriched in protein, signaling lipids, and genetic material, including
mRNAs and miRNAs, all combining to mediate a vast amount of biological function.
Proteins exist as both membrane-bound and internally sequestered in the exosomes and are
known to facilitate molecular targeting, anti-apoptosis, membrane fusion, antigenic peptide
binding, signal transduction, T-cell stimulation and cytoskeleton arrangement.! The relative
abundance of exosomal protein, lipids, and genes vary with the composition and function of
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their parent cell, suggesting biological mechanisms in place for active sorting process during
exosome production.23

Especially intriguing in regards to disease diagnosis, exosomes secreted from abnormal
cells (e.g. under stress, tumor cells, or otherwise affected) are typically secreted in variable
number, and with a skewed distribution in composition. In recent studies, it was shown that
exosomes also play a significant role in cancer metastasis through regulation of tumorigenic
pathways, such as promoting angiogenesis in lung cancer ascites,” eliciting paracrine
endothelial signaling pathway contributing metastatic process,® and affecting T-cells by
inducing FAS ligand initiated apoptosis.87 Also, the relative abundance of miRNAs in
tumor-driven exosomes compared to healthy cell-driven exosomes indicates that exosomes
can be considered as probes of tumor formation.8 As exosomes are found in all body fluids
including blood, urine and saliva,® they are currently considered as means for non-invasive
cancer diagnostics.10

Out of the many, evolving methods to purify exosomes, two classes are the most

common: (1) differential/gradient ultracentrifugation and (2) low-speed centrifugation
commercial isolation kits. While commercial kits isolate roughly 100x greater number

of exosomes,11 and are user-friendly, the agent itself acts by precipitating vesicles with
polyethylene glycol or related polymers, resulting in contamination by non-exosome debris
and the polymeric agent itself. In comparison, differential ultracentrifugation methodologies
separate exosomes by size and/or buoyant density, leading to higher purification of the
desired vesicle population, but remain highly tedious and not fit for high-throughput
application. Furthermore, the lack of a unifying definition of what exactly constitutes

an exosome has lead to an uncertainty in choosing from the numerous protocols and
commercial reagents reported to purify exosomes. For these reasons, we mainly focused

on exosomes purified from a single commercial isolation kit due to consistently reproducible
SERS measurement for those exosomes, and used ultracentrifuge-purified exosomes for
comparison purposes.

The most common strategy for exosome analysis is the identification and classification of
gene, protein and lipid compositions through extensive genomic, proteomic and lipidomic
approaches.12-14 Despite providing high-resolution molecular information of exosomal
content, these methods require complicated, time-consuming protocols, and are extremely
cost inefficient in regards to the amount of exosome generation required for a single
measurement. Thus there are needs for simpler and faster methods to analyze molecular
components of exosomes, such as optical technologies. Although many optical methods
have been used to analyze exosomes, most of them provide only limited biochemical
information.1> For example, fluorophore assisted methods such as fluorescence microscopy
(FM),18 fluorescence correlation microscopy (FCM),17 and stimulated emission depletion
microscopy (SEDM)28 provide the biochemical information of only targeted biological
components in the exosome and other scattering techniques such as dynamic light scattering
(DLS),19 nanoparticle tracking analysis (NTA),2 and scattering flow cytometry (SFC)?!
only provide physical information such as size distribution of the exosomes.

Nanoscale. Author manuscript; available in PMC 2025 January 31.
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To address these shortcomings associated with characterizing exosome content by current
optical methods, we decided to employ Raman spectroscopy, an important analytical
technique with the potential to provide information about the biochemical content of
exosomes. In its simplest form, spontaneous Raman spectroscopy has been used in
combination with laser trapping for the characterization of extracellular vesicles derived
from Dictoyostelium discoideum cells. This study revealed that the ratio between the
lipids, DNA, and proteins changes for vesicles derived from cells in different physiological
states.?? Yet laser-trapping is a single exosome measurement technique and therefore is
extremely laborious, slow, and lacks surface specificity. Instead, Kerr et a/.23 reported
Surface-enhanced Raman Spectroscopy (SERS) analysis on ovarian tumor derived exosomes
by mixing the exosomes with gold nanoparticles, but quantitative SERS measurement
using metallic nanoparticles has been long-plagued by background Raman signals from
the nanoparticles’ stabilizing surface ligands, and inconsistency of the SERS intensity
arising from non-uniform hot-spot generation as a result of irregular aggregation of the
nanoparticles during drying processes.

In this paper, we show that nanobowl-like plasmonic substrates can be used to capture

and analyze exosomes for their chemical content via SERS measurements. The active
surfaces are fabricated via soft lithography on flexible PDMS substrates on which a thin
layer of silver is sputtered. Soft lithography is a fabrication method using elastomeric
molds such as PDMS. This method is an alternative technique for photolithography and its
common characteristic is the reliance on physical contact of the stamp with the substrate.
The physical contact is the mediator of the resulting pattern and its resolution is limited
only by van der Waals contact and atomic/molecular granularity. It has various advantages
including low cost and simplicity compared to traditional photolithography methods. Soft
lithography methods using colloidal particles have been studied previously for nanostructure
fabrication.24-27 These substrates have several unique advantages for the detection of small
biological vesicles such as exosomes. First, due to the small size of the nanobowls, very
few exosomes are captured and measured with a focused beam inside a single bowl,
allowing analysis of a few exosomes at a time. Second, the exosomes are trapped inside
the submicron-sized nanobowl and the signal is generated from a narrow volume near the
plasmonic surface. Third, both intact and burst exosomes can be analyzed. In addition, the
sputtered plasmonic surface has lower SERS background compared with SERS particles
prepared via reduction methods.

Experimental

Materials

DCM (dichloromethane) and ethanol were purchased from Sigma (St. Louis, MO), PDMS
( polydimethlysiloxane) elastomer kit was purchased from Dow Corning (Carrollton, KY).
Sulfate latex polystyrene beads and Total Exosome Isolation Reagent 4478359 (TEIR,
hereafter) were purchased from Life Technologies® (Grand Island, NY).

Nanoscale. Author manuscript; available in PMC 2025 January 31.
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Fabrication of nanobowl structures on a PDMS template

To obtain PDMS nanobowl templates, a 10 pL solution of 1 pm sulfate latex polystyrene
beads was dropped on a clean glass slide surface and dried in the oven (100 °C) for
approximately 10 minutes. The dried spot is roughly 3-4 mm in diameter. Pre-mixed PDMS
elastomer and initiator (10 to 1 ratio) was then poured gently on the dried latex beads layer
on top of the glass slide and cured for 2 hours in the oven at 100 °C. After 2 hours, the
hardened PDMS layer was peeled off from the glass slide and washed with DCM to remove
any latex beads bound to the PDMS surface. Highly uniform hexagonal nanobowl structures
with a lattice constant of 1.7 um, diameter of 800 nm and nanobowl depth of 300 nm were
obtained in this way on the PDMS. The area outside the nanobowl region was flat PDMS.
The size of the nanobowls was selected for the optimum SERS signal generation for the
incident laser wavelength of 633 nm.24

The prepared PDMS templates were then sputtered with a 40 nm silver layer using a Kurt J.
Lesker sputterer (Jefferson Hills, PA) at 10 mTorr and 300 mW.

Surface characterization

SEM was used for the structural characterization of the fabricated structures. All SEM
images were obtained using a Hitachi S-4100T (Tokyo, Japan) instrument.

Exosome isolation and preparation

Exosomes were isolated from conditioned cell media. Briefly, SKOV3 cells are plated at
~25% confluency in a T75 flask and incubated in appropriate growth medium supplemented
with 10% FBS. After 24 h, the media is replaced by one containing exosome-depleted

FBS (bovine exosomes were removed from 30% FBS/media by ultracentrifugation at 100
000g for 18 h) in order to ensure that the resulting exosomes in the cell culture medium
supernatant only originate from the plated cells. After 48 h the cell culture media is
harvested and centrifuged at 2000g for 30 min followed by 10 000g for 40 min, to remove
dead cells and cell debris/microvesicles, respectively. The exosome-containing supernatant
is incubated with TEIR at 4 °C overnight during before final centrifugation at 10 000¢ for

1 hat4 °C. The supernatant is aspirated to waste and the exosome-containing pellet is
re-suspended in 100 L of 1X PBS for every 1 mL starting cell culture media volume. At
this point, these exosomes are used as /s for downstream analysis, and are stored at —20

°C until thawing to room temperature just prior to use. Western blot analysis was used to
confirm the purity of the exosomal pellet. Exosomes were also extracted via differential
ultracentrifugation, following previously reported methodology?® and stored at —20 °C until
use.

Exosome characterization

Western blot analysis to measure exosome protein content.—The concentration
of total exosome protein extract was determined by BCA assay. 30 pug of cell lysate and

40 pg of exosome protein were loaded per lane for SDS PAGE ( polyacrylamide gel
electrophoresis). After protein separation on the gel, the contents were transferred by gel
electrophoresis and electroblotting. Blocking and washing the membrane before performing

Nanoscale. Author manuscript; available in PMC 2025 January 31.
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immunostaining against proteins enriched in exosomes was performed. As there are no
exosome specific markers, a combination of proteins that are enriched in exosomes from
all different cellular origins are commonly used for confirmation of exosome collection
and purity. We confirmed the exosomes for containing tetraspanins (e.g. CD9, CD63) and
proteins involved in multivesicular biogenesis (Tsg101 and alix), along with the negative
control Calnexin (not found in exosomes). This data is presented in Fig. 1A.

Nanoparticle tracking analysis (NTA).—NTA was run on the NanoSight LM10
equipped with a perfusion pump. Directly before NTA analysis, concentrated exosome
samples were thawed from storage and diluted at least 1000x% in freshly filtered PBS

(using a 0.01 um syringe filter; solution confirmed on the NTA to be free of nanoparticle
contamination). Diluted exosome solutions were passed thrice through 0.2 pm Nylon syringe
filters and immediately injected into the NTA at room temperature. Presented data represents
the average and standard deviation of three consecutive measurements of the same sample.
Each repetition recorded 1 minute of data, chosen so that at least 200 particle tracks were
analyzed per video, with 30 s of flow between measurements.

SERS measurements

Exosomes were diluted using PBS buffer from the purified stock solution after the

series of SERS measurements at different concentrations to determine the optimum
concentration for the most consistent SERS measurement. This was done by diluting the
exosome solution, and sampling the SERS signal in approximately 10-20 different spatial
locations (corresponding to different nanobowls). The exosome concentration for best signal
reproducibility corresponds to approximately 580 fM. For each sample, 20 pL of the
diluted exosome solution was then dropped onto the SERS substrates and air-dried until
the apparent liquid solution disappeared, resulting in exosomes captured in the nanobowls.
At this point we believe the exosomes remain intact in solution due to the fact that the
evaporation of the solution within the nanobowls has slowed significantly by increased
surface tension. SERS was then measured using a Renishaw InVia Raman microscope
(Gloucestershire, UK) with excitation wavelength at 633 nm and a 50x%, 0.75NA objective
lens that determines a spot size of approximately 1.25 pm. The exposure time was 10 s
and laser power (measured after the objective) was 42 pW. For the time-dependent study,
the same sample has been measured over the time period of O h, 1 h and 3 h after the
sample solution on the nanobowl substrate was apparently dried. The measurements were
performed on 10-20 different arbitrarily chosen spots of the substrate, and averaged for
data presentation unless described otherwise. The background SERS spectrum of the TEIR
kit solution was taken by drying the TEIR solution on the nanobowl substrate. The TEIR
solution is very viscous and did not dry completely as it eventually forms a hydrogel-like
structure on top of nanobowl substrate indicating its polymeric contents. Therefore the
SERS spectra were taken after trapping the gel between the nanobowl substrate and glass
cover slip.

FEM simulations

The uniformity of the SERS enhancement of the nanobowl array is demonstrated by FEM
simulations using the COMSOL Multiphysics software package. Perfectly matched layers

Nanoscale. Author manuscript; available in PMC 2025 January 31.
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(PML) boundary conditions were used to terminate the simulation area. Meshing elements
size was restricted to one tenth the wavelength. Using parameters similar to those in the
experiment (633 nm excitation, beam size of 1.25 um, focal plane x-axis, nanobowls with
800 nm diameter and 300 nm depth), and literature values for the permittivity of air (&

= 1.00058986), PDMS (& = 2.2776), and silver (e, = —16-0.5i), field distributions were
obtained for excitation in the center of the bowl and in between bowls, as seen in Fig. 2.
Comparison of the two cases indicates that the electric field distribution within a single bowl
does not depend significantly on the position of the excitation beam with respect to the bowl.

Results and discussion

Highly sensitive and reproducible silver thin-film coated, metallic nanobowl-structured
SERS substrates were previously developed in our group.242° These unigue nanobowl
structures provide the ideal geometry for trapping nano-sized vesicles, such as exosomes,
for SERS measurement, as the entire vesicle can be positioned within the SERS-active
metallic nanobowl, as illustrated in Fig. 3. On the other hand, Fig. 2 demonstrates that
exosomes trapped inside the bowls are exposed to a relatively similar density of “hot-spots”
regardless of the position of the excitation beam with respect to the bowl. Thus, unlike
nanoparticle-based SERS substrates, where the randomly aggregated nanoparticles create
significant variability in hot spot strengths, and the positioning of the analyte relative to

hot spots,30 the nanobowl-structured substrates provide more reproducible SERS intensities
that are more suitable for quantitative analysis of small analytes. While this aspect has been
explored in a different article,2% here we focus on the spectral characterization of exosomes.
An additional advantage of using the nanobowls for exosome analysis is the possibility of
measuring only the surface of the exosomes (which would contain the lipid bilayer and
surface ligand proteins) instead of the entire contents of the exosomes, since the SERS
active volume exists mainly within ~5 nm distance from the nanobowl surface,3! roughly the
thickness of a lipid membrane.

As the water is dropped on the nanobowl substrate, the water will spread similarly to the
“petal effect”, without trapping air in the nanostructure.32 As a result of the “petal effect”,
when water evaporates, the contact area between the water droplet and nanobowl structure
does not change and only the height of the water droplet decreases. This process continues
until a very thin film of water exists, which pushes the exosomes closer to the metal inside
the nanobowls.

Even after apparent air drying, the submicron-sized nanobowls may contain residual water
due to limited exposure to air of the solution contained in the very small curvature of a
nanobowl. Thus, we hypothesize that at this stage the exosomes could maintain their intact
form during the early time points of SERS measurement. Furthermore, despite the slowing
evaporation rate as a result of increased surface tension in the nanobowl, eventually (~hours)
the residual water evaporates enough such that the exosomes should burst under tension,
and release their internal contents to the SERS active nanobow! surface. This process

would result in a distinctive time-dependent SERS analysis of exosomal contents capable of
resolving differences between surface and internal exosomal contents as illustrated in Fig. 3.

Nanoscale. Author manuscript; available in PMC 2025 January 31.
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As a proof-of-concept test and in order to demonstrate the relative physical dimensions of
the nanobowls and exosomes, exosome-sized polystyrene beads (100 nm) were deposited
and trapped inside the nanobowl substrates and analyzed by scanning electron microscopy
(SEM) (Fig. 4). Polystyrene beads were used for electron microscopic analysis because
exosomes would easily burst under the electron beam. The polystyrene beads were indeed
trapped inside the bowl and no polystyrene beads were found outside (on top) of the
nanobowl structures, suggesting that the exosome-sized particles could be efficiently trapped
inside the nanobowls.

The purified exosomes have initial concentrations of 291 pM for UC and 249 pM for

TEIR as determined from NTA measurements. These exosomes were further diluted in the
range of 78 fM to 580 fM to determine the most reproducible SERS measurements. The
concentration used in this study was chosen for best reproducibility, which corresponds to
approximately 1 exosome per nanocbowl, or approximately 580 fM. This corresponds to

a sensitivity that is approximately 103 —fold lower than that reported in a recent Surface
Plasmon Resonance (SPR) — based study, and about 10 —fold lower then the sensitivity of a
chemiluminescence ELISA assay reported in the same study.33 However, as we can identify
1 exosome at a time in 1 nanobowl, our ultimate limit of detection should be limited only by
the area scanned.

Our first observation indicated that exosomes purified viathe commercial Total Exosome
Isolation Reagent® (TEIR) kit showed a definitive set of peaks at early time points (Fig.

5A, 0 h spectra), matching closely the background SERS spectrum of the blank TEIR
reagent itself (Raman peaks at 855, 1048, 1134, 1307 and 1473 cm™1, Fig. 5A). This
indicates a strong affinity of the TEIR kit contents to the surface of exosomes, something
entirely unexpected since the claimed function of the commercial precipitation reagents is to
precipitate exosomes, but not to adhere or bind them.

In fact, in a previous report in the literature, the SERS peaks we measured as originating
from the TEIR itself were mis-reported as exosome peaks.34 In that study, the authors

used ExoQuick Exosome Precipitation Solution (System Biosciences, Mountain View, CA)
which is different from the isolation kit that we used in this study but showed nearly
identical SERS peaks. The strong presence of peaks originating from the isolation kit must
be accounted for in future SERS studies employing this purification method.

In Fig. 5A, it is clearly shown that the spectrum of the TEIR solution is present in the
SERS spectra at all time points. At time 0 h, defined as the moment the surface of the
nanobowl area has been dried, the SERS spectra of exosomes only show the peaks from
TEIR. Since SERS is only sensitive to chemical components in the nearby vicinity (~5
nm) of the substrate, this observation indicates that the outer surface of the exosome is
completely surrounded by the compound found in the TEIR solution, apparently forming a
polymeric layer with a thickness of at least 5 nm. Over the duration of the measurement, as
the nanobowls continue to dry out, many more peaks appeared, which can be visualized by
blanking the TEIR solution observed from time 0 (Fig. 5B, 3 hour spectra).

Nanoscale. Author manuscript; available in PMC 2025 January 31.
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The major peaks which appeared over time are located at 615 (s, br, C—C twist protein)
cm™1, 645 (w, C—C twist Tyr) cm™1, 707 (w, aminoacid methionine) cm=2, 760 (m, Trp)
cm™1, 830 (m, Tyr) cm™1, 920 (s, protein) cm™1, 1000 (s, Phe) cm~1, 1050 (m, lipid) cm™2,
1120 (w, NA) cm™1, 1175 (m, Tyr, Phe) cm™1, 1211 (s, protein) cm™21, 1330 (s, phospholipid)
cm™1, 1394 (s, NA) cm™1, 1440 (s, lipid) cm™1, 1552 (w, Trp) cm™2, and 1600 (w, Phe)
cm~L. (Acronyms: s = strong, m = medium, w = weak, br = broad, NA = nucleic acid) As the
peak assignment shows, newly appeared peaks are mostly typical for proteins, nucleic acids
and lipids, which are main components of exosomes. We hypothesize that upon bursting, the
exosomal contents are freed from sequestration by the TEIR agent in order to interact with
the nanobowl surface and contribute to SERS signal. As an effort to statistically measure the
differences between the timed spectra shown in Fig. 4, Principal Component Analysis (PCA)
was performed for 10 individual spectra at each time point (Fig. 5C). The spectra cluster
along the PC1 and PC2 axes into different groups specific for the time points at which the
spectra were recorded.

In order to confirm that the emergence of the time dependent exosome peaks accompanying
nanobowl drying is due to the hypothesized TEIR binding phenomenon, we compared the
SERS experiment with exosomes purified by ultracentrifugation (Fig. 6). The averaged
SERS spectra (black lines) illustrate a consistency over time in these samples, instead of

an emergence of peaks as observed in the TEIR purified exosome samples from the same
SKOV-3 cells. Many of the peaks from UC purified exosomes are identical to the TEIR
purified exosomes, while some are simply altered in intensity (such as the peak at 1000
cm~L in both spectrum), and still others are wholly unique. The new peaks are located at 615
(s, C—C twist protein) cm™2, 645 (w, C—C twist Tyr) cm™1, 707 (s, amino acid methionine)
cm™1, 752 (s, NA) cm™2, 786 (m, NA) cm™1, 830 (w, Tyr) cm™1, 852 (w, Tyr) cm™1, 879

(w, Trp) cm™1, 920 (w, protein) cm=1, 937 (w, protein backbone) cm=1, 1000 (s, Phe) cm™1,
1050 (m, lipid) cm™1, 1120 (w, NA) cm™1, 1211 (s, Tyr, Phe) cm™2, 1256 (w, lipid) cm™1,
1303 (w, protein + lipid) cm™1, 1330 (s, phospholipid) cm™1, 1378 (w, lipid) cm™1, 1440 (w,
lipids) cm™1, 1466 (w, lipids), cm™2, 1552 (w, Trp) cm~2, and 1600 (w, Phe) cm™1. Also,
there are some of the purification method-specific Raman peaks observed in the spectra
including UC purified exosome specific peaks of 786 cm™, 852 cm™1, 879 cm™1, and

937 cm~1 or TEIR purified exosome specific peaks of 1175 cm~! and 1394 cm™=1. Al the
assigned peaks are summarized in Table 1.

We believe the discrepancy in SERS peaks between the two sets of exosomes mainly

result from the exosome specific selectivity of the TEIR kit. Thus, the UC purified sample
represents a broader population of exosomes, and possibly other similarly sized nanovesicles
not necessarily originating from MVBs.

The specificity provided by the TEIR kit would selectively purify exosomes of certain

kind while the ultra-centrifuged exosome may contain broader population distribution of
exosomes and other impurities of exosome-sized microvesicles and debris secreted from the
cell, something also supported by size distribution of the exosome samples presented in Fig.
1B. Here too, the UC sample is more varied in size, while the TEIR sample is fairly uniform
in size. Furthermore, while the number of SERS peaks increases for the ultracentrifuged
exosomes, so too does the spot to spot variation for a single UC-exosome nanobowl sample.

Nanoscale. Author manuscript; available in PMC 2025 January 31.
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The inconsistency between the SERS measurements of UC purified exosomes is represented
by significantly larger standard deviation (Fig. 5, grey lines) comparing to SERS of TEIR
purified exosomes (Fig. 4). PCA analysis showed mostly overlapped distribution, with only
a limited separation between the two different time sets of SERS spectra for UC exosomes
(Fig. 5C). The samples were measured up to 24 hours and there was no significant change in
peak positions after the 3 h time point.

Conclusions

Exosomes derived from SKOV3 cell line were captured and analyzed inside nanobowls
fabricated by soft lithography on PDMS substrates. Capturing of exosomes occurs when

the solution containing the exosomes dries to the top of the nanobowls. The exosomes
inside the bowls are still intact at this point, but will slowly burst as the solution inside the
bowls completely dries out. When the exosomes are still intact, the majority of the observed
SERS peaks are typical for the solution kit used for exosome isolation, indicating that
molecules from the kit wrap around the surface of exosomes to aid in the separation process.
SERS peaks typical for exosomes can be recovered by subtracting the signal originating
from the exosome isolation kit. Due to the nature of the electric field enhancement in

the SERS process, we attribute these peaks primarily to molecules in the vicinity of the
SERS substrate, at or near the membrane of the exosomes. As the exosomes inside the

bow! burst during the drying process, changes in the SERS spectra are observed. These
changes can be attributed to the fact that, as the exosomes dry, they burst and release

their molecular content, which can now be in close proximity to the SERS substrate and
experience enhancement of the Raman signal. PCA of spectra recorded at different time
points during the drying process further supports this hypothesis. SERS spectra from UC
purified exosomes are also recorded and compared with the TEIR purified exosomes to
provide additional support to the method.

We have shown that nanobowl-structured SERS substrates can capture and allow
measurements for molecular-level characterization of nanometer-sized biological vesicles
such as exasomes. This system can be used as a platform for disease diagnostics and the
study the biological functions of exosomes.
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Fig. 1.

(a§J Western blot characterization of SKOV3 cells and exosomes isolated via TEIR. SKOV3
total cell lysate and exosomal protein lysates (40 ug per lane) were compared by Western
blot using several antibody markers both specific and nonspecific for exosomes. CD63 and
CD?9 are both markers for extracellular vesicles (including exosomes and ectosomes), while
tsg101 and Alix are ESCRT-related proteins specific for MVB formation (exosomes only).
The molecular weight for each protein is indicated on the right side of the figure. (B) NTA
size analysis of exosomes.
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Fig. 2.
Near field surface plot of the electric field norm (£ = (|Ex|2 + | E,| ) with Gaussian

illumination at different incident laser beam position (left is centered on the bowl, right is
centered between bowls). Both the excitation and scattered fields are shown in these figures.

(1/2)
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Fig. 3.
Schematic diagram of the silver film coated nanobowl substrate preparation and its use in
SERS analysis of exosome both intact and ruptured forms.
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5.0 kV X18.0K I.6Z7rm

Fig. 4.
SEM image of a nanobowl substrate with 100 nm sized polystyrene beads trapped inside

bowls. Note that the polystyrene beads are additionally coated with gold after deposition on
the substrate. This step is necessary for SEM imaging.
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Fig. 5.

Ti?ned SERS spectra of exosomes derived from SKOV3 cell line; (A) comparison of

the timed exosome SERS spectra with TEIR control, (B) timed exosome SERS spectra
after subtracting TEIR control spectra background (black lines: averaged spectra of each
condition, grey lines: standard deviation), and (C) principal component analysis of timed
SERS spectra of exosomes derived from SKOV3 via TEIR.
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Fig. 6.

PC2 ) . PC1

The SERS spectra of SKOV3 derived exosomes with UC purification method (black line:
averaged spectrum, grey lines: standard deviation). (A) Average of spectra recorded at 1
hour, (B) average of spectra recorded approximately 3 hours after apparent evaporation, and
(C) principal component analysis of the SERS spectra taken at 1 hour and 3 hour time point.
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Summary of Raman peaks from exosomes purified by TEIR and UC methods (s: strong. m: medium and w:

weak)

Peak position (cm™1)

TEIR UC Origin

Ref.

615
645
707
752
760
786
830
852
879
920
937
1000
1050
1120
1175
1211
1256
1303
1330
1378
1394
1440
1466
1552
1600

3 £ 3 ©

7]

S C-C twisting protein
w C-C twisting Tyr
S Aminoacid

Nucleic acid

7]

Trp
Nucleic acid
Tyr
Tyr
Trp

Protein

£ £ £ £ £ 3

Protein
Phe
Lipid

2]

3

Nucleic acid
Tyr, Phe
Tyr, Phe
Lipid

@ =

s =

Protein + lipid

w

Phospholipid

=

Lipid

CH rocking
Lipid

Lipid

Trp

Phe

£ £ £ =

Nanoscale. Author manuscript; available in PMC 2025 January 31.

36
37
38
36
39
37
35
40
39
40
41
42
42
35
43
42

41
45
46
47
42
48
48



	Abstract
	Introduction
	Experimental
	Materials
	Fabrication of nanobowl structures on a PDMS template
	Surface characterization
	Exosome isolation and preparation
	Exosome characterization
	Western blot analysis to measure exosome protein content.
	Nanoparticle tracking analysis (NTA).

	SERS measurements
	FEM simulations

	Results and discussion
	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Table 1



