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Superhydrophobic bowl-like SERS substrates
patterned from CMOS sensors for extracellular
vesicle characterization
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Using a regular CMOS sensor as a template, we are able to fabricate a simple but highly effective
superhydrophobic SERS substrate. Specifically, we decorated the microlens layer of the sensor with
7 um polystyrene beads to obtain a PDMS patterned replica. The process resulted in a uniform pattern
of voids in the PDMS (denoted nanobowls) that are intercalated with a few larger voids (denoted here
microbowls). The voids act as superhydrophobic substrates with analyte concentration capabilities in
bigger bowl-like structures. Silver nanoparticles were directly grown on the patterned PDMS substrate
inside both the nano- and microbowls, and serve as strong electromagnetic field enhancers for the
SERS substrate. After systematic characterization of the fabricated SERS substrate by atomic force
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microscopy and scanning electron microscopy, we demonstrated its SERS performance using
4-aminothiophenol as a reporter molecule. Finally, we employed this innovative substrate to
concentrate and analyze extracellular vesicles (EVs) isolated from an MC65 neural cell line in an ultralow
sample volume. This substrate can be further exploited for the investigation of various EV biomarkers for
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Introduction

Surface Enhanced Raman Spectroscopy (SERS) is a powerful
approach for the detection of extremely low analyte concentra-
tions in various biological samples.’™ As with Raman spectro-
scopy, SERS is capable of accurately recording a unique
fingerprint and identifying the molecular composition of
samples of interest in real-time, in a non-invasive manner.>®
SERS is in fact a surface-sensitive technique that relies on the
amplification of Raman scattering of molecules that reside near
(~within 5-10 nm) or are adsorbed on a plasmonic active
surface.””® Therefore, it is a reliable label-free method able to
provide the spectral data of molecules.’®"*

An innovative approach is to combine the properties of a
good SERS platform with the capabilities of a superhydrophobic
substrate. A superhydrophobic substrate presents a surface
that consists of unique micrometric patterns able to trap tiny
air pockets underneath the liquid droplet to induce a large
contact angle.”>"® This is called the Cassie-Baxter state and is

“ Department of Bioengineering, McGill University, Montreal, Quebec, H3A 0E9,
Canada. E-mail: sebastian.wachsmannhogiu@mcgill.ca

b Department of Biomedical Engineering, University of California, Davis, CA 95616,
USA

¢ Department of Biochemistry & Molecular Medicine, University of California, Davis,
CA 95616, USA

This journal is © The Royal Society of Chemistry 2020

early diagnosis of different diseases using liquid biopsy.

characteristic of water droplets on superhydrophobic surfaces,
defined by a solid-water contact angle larger than 150° and a
rolling angle smaller than 10°.'* Liquid state samples are
consequently repelled by forcing the droplet to preserve its
original shape rather than spread all over the surface. Hence,
this special substrate is able to concentrate analytes in a small
area, dependent only on the initial droplet size.'>'® In order to
generate an intense electromagnetic field, sufficient for high
Raman signal enhancement, on a superhydrophobic substrate,
the easiest method is to create hot-spots between noble metal
nanoparticles deposited on solid substrates.

Considering that SERS can be used to differentiate between
healthy or diseased cells as well as extracellular vesicles (EVs)
isolated from these cells,’”° SERS is more and more employed
as a diagnostic tool for early-stage disease detection. EVs are
membrane vesicles secreted by all kinds of cells and fall
into three major categories: exosomes, microvesicles and apop-
totic bodies.?*' EVs carry RNAs, proteins, and lipids and
have a complex function that includes mainly cell to cell
communication.”>>* In fact, they possess unique characteris-
tics reflecting the cells of origin and can transport a complex
biologically active cargo.>® Also they can be found in different
body fluids like blood, saliva, and urine, and are therefore
considered as liquid biopsy sources for high efficiency diagnosis
of incipient stage diseases.”**® Unfortunately, conventional EV
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isolation and purification methods rely on tedious and multistep
processes that lead to a very low yield of EVs. This complicates
the task of downstream analysis, which usually requires large
concentrations of EVs. To overcome this, highly sensitive
approaches such as SERS need to be complemented by enrich-
ment methods to increase the concentration of EVs. One way to
achieve this is by using superhydrophobic substrates that are
both able to concentrate the EVs and provide the material
roughness needed for SERS enhancement.

A previous study reported SERS analysis of EVs concentrated
using an array of silicon micropillars coated with a thin film of
Teflon like polymer to ensure hydrophobicity."” Sivashanmugan
et al.*® developed a plasmonic SERS substrate using silver nano-
cubes deposited on a gold nanorod array substrate for investiga-
tion of exosomes at concentrations 10*-10° times lower than
those in blood samples. Recently, Yan et al®*® used SERS to
analyse exosomes isolated from different biological sources
deposited onto a hybrid substrate of a quasi-periodic array of
gold pyramids covered with graphene. Lee et al.*" also reported
SERS analysis of exosomes after capturing them inside a reduced
area of SERS active 3D nanobowls. They proved by simulations
that the few trapped EVs are exposed to a quite uniform density
of hot-spots inside the Ag coated bowl structures. However, all
these studies employ complex methods for substrate fabrication
and use large volumes of EV samples for SERS analysis.

In this study, we propose a simple, inexpensive, and highly
effective substrate capable of concentrating EVs from at least
10 times lower volumes than previously reported while optimi-
zing SERS enhancement. This substrate may be implemented
in the rapid diagnosis of early-stage diseases using non-invasive
liquid biopsy.

Here, we used a regular CMOS sensor as a template for our
substrate fabrication. CMOS chips are ideal candidates for
miniaturization of point of care devices for sample identifi-
cation, imaging, signal processing, and readout.** > However,
we leverage here only the existing patterned surface of the
CMOS chip decorated with a few, larger 7 um polystyrene
beads. By pouring PDMS on top of this surface, we fabricate,
via soft lithography, an innovative PDMS substrate consisting
of nano- and microbowl structures. These structures exhibit
superhydrophobic properties that enable us to concentrate and
trap EVs in bowls.

The in situ grown silver nanoparticles (AgNPs) inside these
bowls provide strong electromagnetic field enhancement to the
analyte signal. The substrate was further characterized using
scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM). The SERS properties and performance of this
substrate were then evaluated using 4-aminothiophenol (4-ATP)
as a reporter molecule. Subsequently, we analysed EVs isolated
by ultracentrifugation from a MC65 neural cell line and were
able to record high quality Raman and SERS fingerprint spectra
of EV components.

Thus, due to the ability to concentrate the analyte via super-
hydrophobicity and to achieve SERS enhancement via metallic
nanoparticles, this innovative substrate provides an ideal platform
to investigate EVs with sample volumes as low as 0.5 pl.
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Experimental

Materials

Silver nitrate (>99%), sodium citrate dihydrate (>99%),
L-ascorbic acid, and 4-aminothiophenol (97%) were purchased
from Sigma-Aldrich. The PDMS (polydimethylsiloxane) Sylgard
184 silicone elastomer kit was purchased from Dow Silicones
Corporation. Polystyrene beads with 7 pm diameter were pur-
chased from Corpuscular, Inc. and diluted in Milli-Q water
(1:1000 v/v dilution) before use. The CMOS sensors (model
0V5647) used in this report were purchased from OmniVision
Technologies.

Substrate fabrication

To fabricate the SERS substrate, we used a regular CMOS sensor
as a template. The original lens and IR filter of the chip were
removed to reveal the microlens sensor array of 3670 pm X
2740 pm, containing approximately 5 million lenses that can be
replicated into nanobowls. Then, we dropped a 10 pl solution
containing ~1400, 7 um polystyrene beads on top of the
microlens layer of a CMOS chip and placed it in an oven at
60 °C to allow water evaporation. In the meantime, we prepared
a PDMS polymer by mixing the elastomer and the initiator from
the kit in a ratio of 10:1. PDMS was carefully poured onto the
chip surface and cured for 2 hours at 60 °C. After curing, PDMS
was peeled off from the chip and used as a Raman substrate. To
obtain a SERS substrate, we grew Ag nanoparticles directly onto
the patterned PDMS surface. We obtained an efficient SERS
substrate by growing in situ AgNPs directly on the patterned
PDMS substrate using a method adapted from a previously
reported protocol.*® Specifically, we dropped successively 20 pl
volumes of 25 mM ascorbic acid (AA), 25 mM sodium citrate
and 25 mM silver nitrate (AgNO3) directly onto the substrate
surface, gently mixed the solutions by pipetting, and allowed
the mixture to react for 5 minutes. Then, we discarded the
colloidal AgNPs from the surface and rinsed the substrate with
Milli-Q water.

EVs isolation and purification

Cell culture supernatant (approximately 100 ml) from the
MC-65 neural cell line was collected and centrifuged at 300 x g
for 10 min at 4 °C to clear out potentially remaining whole cells.
The supernatant was then centrifuged at 2000g for 15 min at 4 °C
to pellet dead cells and cell fragments and debris. This step was
followed by a 10 000g spin for 30 min at 4 °C to remove larger
microvesicles. All the low-speed spins (300-10000g) were per-
formed using a Beckman Coulter Microfuge 20R centrifuge with
a FA361.5 Biosafe rotor. Next, the samples were ultracentrifuged
(UC) two times at 120 000g for 70 min at 4 °C to pellet extracellular
vesicles, dispersing in ultrapure water between spins. UC was
performed using a Beckman Optima TLX Ultracentrifuge with an
SW 28 swinging bucket rotor. The resulting pellets were finally
resuspended in up to 100 pl of ultrapure water and stored at
—80 °C until use. It is noted that the samples were aliquoted
(20 pl) to reduce freeze-thaw cycling.

This journal is © The Royal Society of Chemistry 2020
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Characterization methods

Scanning electron microscopy (SEM) images were recorded
using a Quanta 450 FEG electron microscope operating at an
accelerating voltage of 10 kV and magnification of up to
~30000 in a high vacuum environment.

Atomic force microscopy (AFM) images of the CMOS sensor
and the patterned PDMS substrate were performed using a
Bruker MultiMode8 system in contact mode.

Nanoparticle Tracking Analysis (NTA) was carried out using
a NanoSight model LM10 (Malvern Panalytical Ltd, UK),
equipped with a blue (405 nm) laser and an sCMOS camera.
The isolated EVs were thawed to room temperature and
typically diluted 500-fold in filtered ultrapure water. Filtered
ultrapure water (typically ~2 ml) was also used to thoroughly
flush the NTA tubing to confirm the background to be free of
any nanoparticle contamination prior to the next sample addi-
tion. 1 ml of each diluted sample was loaded into a single-use
syringe and the syringe was placed on an automated syringe
pump (Harvard Bioscience, MA, USA) for injection. Three
consecutive 30 s videos of each sample under flow conditions
with at least 130 particles per frame during each run were
recorded at camera level 12. The data were analysed using
NanoSight NTA 3.1 software with the detection threshold set to
5 and screen gain 10 to track a statistically relevant number of
particles, concurrently minimizing the distorting background
artefacts.

Raman and SERS measurements were performed with a
WITec Alpha300R Confocal Raman Microscopy system,
equipped with a 633 nm laser line and a maximum power of
5 mW at the sample. Maximum laser power was used for
spontaneous Raman measurements and reduced laser power
was employed for SERS measurements. Single spectra were
recorded under a 50x objective (NA 0.8, WD 0.58 mm) and
SERS mapping over a 30 x 30 pum area was recorded under a
100x objective (NA 0.9, WD 0.31 mm) corresponding to a
spatial resolution (pixel size) of 0.858 pm. This is smaller than
the size of the nanobowls (1.38 pum) and the size of the
microbowls (up to 7 um), indicating that we investigate samples
within nano- and microbowls.

For EVs characterization, the exposure time for obtaining
Raman and SERS spectra was 1 min and 10 s, respectively. For
data analysis we used the WITec Project FIVE 5.1.

Results and discussion

Fig. 1A schematically illustrates the fabrication of the substrate
employed for the analysis of EVs. We used an inexpensive,
commercial CMOS sensor as a template for substrate fabrication.
The CMOS sensor presents a layer of a large area (3670 pm x
2740 pm) with perfectly arranged, close-packed microlenses
arranged in a square pattern, with a diameter of 1.4 pm, for a
total of approximately 5 million microlenses. This surface was
used as a template for the PDMS-based superhydrophobic
substrate. PDMS is an inexpensive hydrophobic elastomer
highly employed to confer water-resistance to solid surfaces,

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Schematic illustration of the substrate fabrication (a) deposition
of polystyrene beads on the lenses layer of a CMOS sensor, (b) topo-
graphically patterned substrate that resulted after PDMS peeling-off from
the sensor template, (B) SEM images of (a) polystyrene beads deposited on
the CMOS sensor surface, (b) impregnated PDMS with nano- and microbowls,
(C) AFM images of the (a) CMOS sensor surface, (b) patterned PDMS substrate
and (D) corresponding profiles of the AFM images presented in (C).

for the fabrication of flexible substrates and pattern replication
since it can easily adjust to every surface irregularity to assist
the formation of superhydrophobic surfaces. When used as a
mold for PDMS patterned replica, the CMOS surface produces a
superhydrophobic substrate that is able to concentrate EVs by
preventing the spreading of the EVs solution droplet. The
droplet touches the superhydrophobic substrate over a rela-
tively small area and, as the water evaporates, the dried EVs are
restricted to a small area on the substrate. In addition, by
depositing sparse 7 um polystyrene beads on top of the sensor
surface (Fig. 1A.a and B.a), we are able to obtain a patterned
PDMS replica with bowl-like structures representing both
CMOS lenses and polystyrene beads. For an easier description,
we will further denote the bowls resulting from sensor array
structures as nanobowls, and the bigger bowls originating from
the polystyrene beads as microbowls.

The morphological features of these nano- and microbowl
structures are presented in Fig. 1B-D. Since there are only a
few microbowls located at a relatively high distance from
each other on the substrate, the superhydrophobicity of the
substrate will not be disrupted. Additionally, the microbowls
improve the concentration of the EVs by trapping them inside
in a small area. Due to this property conferred by the unique
nanogeometry, the substrate is suitable for the detection of EVs
and can be explored as a Raman/SERS substrate.

J. Mater. Chem. B, 2020, 8, 8845-8852 | 8847
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However, to build an effective SERS substrate, a careful
choice of plasmonic materials and structures is needed. Noble
metals such as gold and silver, in particular, at the nanometre
scale are most commonly used for plasmonic substrate fabrica-
tion as they can not only induce a strong electromagnetic field
near the surface but are also chemically inert and confer
biocompatibility to the substrate.>”**

To produce a good SERS substrate, the patterned PDMS was
coated with AgNPs via in situ synthesis as described in the Experi-
mental section. In this way, we obtain a large area of uniformly
distributed NPs with a high density of plasmonic hot-spots.
As shown in Fig. 2B in the SEM images, in situ synthesized AgNPs
indeed reside not only in the microbowls (inset (i)) but also in the
nanobowls (inset (ii)). Once the analyte EVs come into proximity
with these plasmonic active NPs, their Raman signal will be
increased as a result of both the enhanced electric-field created by
NPs, and the enhanced concentration due to superhydrophobicity.

To better illustrate the uniformity and periodicity of the
nanopatterns in the obtained PDMS substrate, we recorded
AFM images. Fig. 1C.a shows the AFM image from the sensor
surface used as a mold for our substrate. This surface presents
an array of perfectly arranged lenses with a 1.4 pm diameter
and 0.8 pm depth between them, as measured from the profile
shown in Fig. 1D.a. Using this surface, we obtained a large
substrate area with perfectly arranged nanobowls with a dia-
meter of ~1.38 pym and a depth of 440 nm, as measured from
the corresponding profile from Fig. 1D.b. The uniformity is
determined by the CMOS sensor surface that is precisely copied
as the liquid PDMS is able to fill all the spaces between the
closely packed microlenses. On the other hand, from spot to
spot, the uniform structure of the substrate is disrupted by
bigger bowls, as shown in Fig. 1C.b, resulting from the repro-
duction of the substrate with polystyrene beads on top. Here,
due to system limitations of the AFM, we used 3 pm beads to
illustrate the size and distribution of particles on the substrate.

<
%\ In-situ preparation of AQNPs

’¢ on PDMS substrate

A

Fig. 2 (A) Schematic illustration of the SERS substrate fabrication by in situ
preparation of AgQNPs on the PDMS patterned with different sized bowls.
Coloured droplets represent: green — ascorbic acid, cyan — sodium citrate
and grey — silver nitrate. (B) SEM image of the AgNPs grown on the
patterned PDMS substrate; insets show the AgNPs grown inside of both
(i) microbowls and (i) nanobowls.

8848 | J Mater. Chem. B, 2020, 8, 8845-8852

View Article Online

Journal of Materials Chemistry B

The bigger bowls formed by these beads exhibit a diameter
of 2.7 ym and a depth of 2.75 um, as measured from the
corresponding profile in Fig. 1D.b. By translating this informa-
tion to the 7 um beads, we can conclude that we can obtain
bowls of approximately 6 pm in diameter that can facilitate the
concentration of EVs.

To evaluate the superhydrophobicity, a water droplet was
cast on top of the fabricated substrate (Fig. 3A.a). The droplet is
nearly spherical in shape due to the repulsive effect of the
micropatterned substrate that imposes a large contact angle,
indicating a Cassie-Baxter superhydrophobicity regime.*’
The superhydrophobic effect of the SERS substrate remains
unchanged even after AgNPs are grown inside the nano- and
microbowls (Fig. 3A.b). It is important to mention that the size
of the droplet footprint after water evaporation is identical to
the initial size of the droplet which means that the EVs of
interest will be concentrated exclusively onto the restricted area
determined by the sample droplet size.

Next, to evaluate the SERS performance of the substrate
obtained as described above, 4-ATP was used as a reporter
molecule. This molecule has high affinity for binding with
AgNPs via the thiol group and forms a uniform layer on the
test surface. 10~* M 4-ATP dissolved in ethanol solution was
dropped on the SERS substrate and incubated for 30 minutes
to interact with the AgNPs inside the bowls. Subsequently, the
surface was thoroughly washed with water such that only
molecules bound to AgNPs could be detected.

As shown in Fig. 4A and B, high-quality spectra were
obtained under 633 nm laser irradiation. The characteristic
SERS fingerprint of 4-ATP was obtained in both nano- and
microbowls from the substrate. A particularly large enhance-
ment obtained in the microbowls (Fig. 4B) clearly confirms that
the analyte is trapped and concentrated inside these structures.
The data shown in the figure presents the average spectra (red
spectra) and standard deviation (grey area) recorded from more
than 10 different spots and show the characteristic peaks of the
benzene and amine group. More specifically, they exhibit a
typical SERS response of 4-ATP molecules with characteristic
bands located at 1075, 1140, 1190, 1303, 1390, 1440 and 1575 cm ™ *,
previously assigned to a1 and b2 vibration modes.***!

To calculate the substrate SERS enhancement factor (EF) in
microbowls, we measured under similar experimental condi-
tions the Raman and SERS spectra of different concentrations
of 4-ATP molecules. Note that a higher laser power is required
to acquire Raman spectra. Fig. 4C illustrates the obtained
spectra. Based on these data, quantitative assessment of the

A g :
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g e F
§ sof,.~
£
"¢ |
s 500 600 700 800
Wavelength (nm)
Fig. 3 (A) Superhydrophobic property of the fabricated substrate (a) before

and (b) after AGNP growth; (B) transmission spectra recorded from (a) flat
PDMS and patterned PDMS (b) substrates before and (c) after AGNP growth.
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Fig. 4 SERS spectra of 4-ATP molecules recorded from (A) nanobowls, (B) microbowls and (C) comparison between 4-ATP Raman (blue spectra) and
SERS (red spectra) signals recorded under similar conditions. (D) Optical image of the SERS substrate with 4-ATP, (E) SERS map of the same area and
(F) overlay of the optical image and the corresponding SERS map. SERS map of the substrate recorded at different z-levels (G) focused on the surface of

nanobowls and (H) focused at the bottom of the microbowls.

signal enhancement factor (EF) was done and it was deter-
mined to be 1.55 x 10°.

To further evaluate the distribution of hot-spots that are
responsible for the enhancement, SERS maps were recorded by
scanning a 30 x 30 um area including the microbowl structure.
Fig. 4D shows the optical image of the SERS substrate and
Fig. 4E shows the SERS map that resulted after plotting the
intensity of the 1440 cm™" band of 4-ATP over the scanned
region. The intensity distribution of the SERS signal matches
the intensity observed in the optical image (Fig. 4F), indicating
that AgNPs indeed enhance the Raman signal of 4-ATP mole-
cules. In addition, the SERS map reveals that compared with
nanobowls, higher SERS intensities are recorded inside the
microbowls, suggesting a higher accumulation of AgNPs and/or
a higher concentration of the analyte. Moreover, a detailed
analysis of the enlarged areas shown in Fig. 4G and H demon-
strates that a strong SERS intensity can be recorded from a
large volume of microbowls, further confirming the higher level
of analyte entrapment in the bigger bowls of the substrate.
Indeed, the green circle in Fig. 4G, corresponding to a micro-
bowl structure, shows a 14 times higher intensity signal compared
with the same surface area decorated with nanobowls (pink circle
in Fig. 4G). Moreover, as shown in Fig. 4H, this trend can also be
observed when we change the focus of the laser beam towards the

This journal is © The Royal Society of Chemistry 2020

bottom of the bowls (green and pink circles). However, when we
collect individual spectra from the nano- and microbowls, we get
approximately 3 times higher intensity for the microbowls (Fig. 4A
and B). This is a consequence of surface morphology that helps to
concentrate/grow more AgNPs inside larger bowls. In this way,
additional hot-spots are formed in the microbowls which can
capture and subsequently amplify the signal of analyte molecules.

This interesting result confirms once again not only the
growth of AgNPs in the fabricated voids but also the higher
molecule concentration in the microbowls.
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Fig. 5 NTA size distribution of EVs.
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Fig. 6 (A) (@) Raman spectra recorded under 633 nm laser excitation from an ultralow volume of the EV sample deposited on the substrate, (b) SERS

spectra of EVs recorded with a 5.2 times lower laser power and (c) Raman spectra of EVs recorded under similar conditions with the SERS spectrum.
(B) Raman spectra of EVs recorded from (a) nanobowls and (b) microbowls and (C) SERS spectra of EVs measured from inside of (a) nanobowls and

(b) microbowls.

To demonstrate the ability of the substrate to be used for the
detection of biological samples of significant interest, we focused
next on the concentration and characterization of EVs. EVs were
isolated from the MC65 neuronal cell line and isolated by
ultracentrifugation, as described in the Experimental section.
As determined by the NTA analysis (Fig. 5), EVs have sizes
ranging mainly from 100 nm to 200 nm and a concentration of
1.4 x 10" EVs per millilitre.

Fig. 6A.a presents the Raman spectrum of EVs recorded
under 633 nm laser excitation. The Raman spectra exhibit the
specific peaks of EVs known to arise from their primary chemical
constituents: protein, lipids, and nucleic acids. Specifically, peaks
located at 830, 1038 and 1443 cm ! are attributed to the
vibrations from lipids,"”*"** the peaks arising at 820, 920 and
1211 ecm ™" are coming from proteins,'®*"** while the 786 and
852 cm ' bands originate from nucleic acid and tyrosine ring
breathing modes of the DNA/RNA bases.>'***>

Using the described SERS substrate, we recorded SERS
signals from EVs (Fig. 6A, curve b) using ~1 mW laser power.
SERS spectra acquired exhibit similar features; however, the
peaks show higher intensities and are in some cases shifted
with respect to the Raman position due to their interaction with
the plasmonic substrate. To explain this result, we hypothesise
that EVs come in contact with the hot-spots created between
AgNPs attached to the substrate in different orientations
leading to selective enhancement of specific Raman vibrations
of molecules or molecular groups in closer vicinity to the hot-
spots.*> We note that no Raman signal could be achieved using
the same parameters (Fig. 6A, curve c), which confirm the great
enhancement capacity of our SERS substrate.

Another important characteristic of a good, reliable SERS
biosensing platform is the reproducibility of the signal in
different regions of the substrate. Fig. 6A presents an average
collection of individual SERS spectra of EVs from more than
10 different spots within the substrate. The standard deviation
is shown by the grey area in the spectra and the coefficients of
variation are 10.67% and 23.87% for the 1390 cm ™" peak of EVs
in nanobowls and microbowls, respectively).

As mentioned before for the 4-ATP reporter molecule, the
enhancement factor in the microbowls is approximately 3 times
higher than that in the nanobowls. Higher enhancement can

8850 | J. Mater. Chem. B, 2020, 8, 8845-8852

also be observed for EVs in the microbowls, as shown in Fig. 6B
and C. Better EVs spectra are recorded from the inside of the
microbowls using both Raman and SERS substrates. In the case
of the Raman substrate, the enhancement is coming from the
EVs concentration on a restricted area of the substrate and a
higher entrapment in the bigger bowls. On the other hand, in
the case of SERS, the topography concentration effect is cumulated
with an additional SERS effect from plasmonic active hot-spots
resulting in up to ~6 times higher amplification of the EV signal
(Fig. 6C).

Therefore, our SERS substrate is a good candidate for the
analysis of EVs as potential disease biomarkers.

Conclusions

In this study, we successfully combined the ability of our super-
hydrophobic substrate to concentrate the analyte with the cap-
ability of in situ AgNPs growing to obtain a highly efficient SERS
substrate for the characterization of analytes at low concentra-
tions. We used a polystyrene bead-decorated CMOS sensor as a
template for a PDMS replica capable of concentrating analytes
inside the patterned bowls. In these structures, we grew AgNPs
that are able to concentrate light into intense electromagnetic
fields. We have demonstrated the performance of this SERS
substrate using a common Raman reporter molecule, namely
4-ATP, which attaches onto the Ag nanoparticles via the thiol
group and forms a monolayer that allows for the quantification of
the enhancement ability and reproducibility of the substrate.
Microbowls from superhydrophobic SERS substrates act as
capturing and concentrating structures for the analyte. They also
highly enhance the Raman signal of the analyte due to the hot-
spots created at the bottom of the microbowls by the AgNPs.
Finally, this substrate was employed to analyse very small volumes
of EVs isolated from the MC65 neuronal cell line. This SERS
substrate could be further implemented for portable and
inexpensive point-of-care diagnostic applications.
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