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Abstract

Extracellular Vesicles (EVs) are produced by each cell for communication
and carry molecular signatures of the host cell. Therefore, the analysis of
EVs is essential for disease detection and prediction of the state of host cells.
We employ an Ag-coated nano-bowl PDMS substrate for molecular analysis
of distinct EVs isolated from different cell types using Surface Enhanced
Raman spectroscopy (SERS). The local field enhancement of the optimized
SERS substrate was evaluated using the 3D Finite Difference Time Domain
(FDTD) simulation that exhibits a high local field due to the cavity geometry.
Apart from Raman signal enhancement, the nano-bowl-based substrate having
large curvature restricts the Brownian motion of EVs at suspension, facilitating
reproducible signal enhancement. The overall study demonstrates the utilization
of the SERS technique as a label-free, rapid and sensitive analysis of EVs.
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Introduction

EVs are nanobodies confined by lipid bilayer membranes
which are naturally produced by all kind of cells, and carry diverse
biochemical loads of proteins, lipids, and nucleic acids (i.e., RNA
and DNA) [1]. EVs display a biological complexity and diverse
heterogeneity according to their origin. Adequate analysis of the
composition and biochemical load of EVs may thus provide critical
information towards their exploitation for personalized medicine,
disease prediction and diagnosis [2]. These vesicles include a diverse
range of biomolecules including proteins, nucleic acids, and lipids,
which resemble the composition of their parent cells [3]. For instance,
tumor-derived EVs are composed of tumor-specific chemicals,
making them suitable candidates for use as biomarkers in tumor
diagnosis. Furthermore, EVs in blood plasma show great potential as
a liquid biopsy source and could provide valuable insights into the
molecular properties of early-stage melanomas [4]. Therefore, the
characterization of EVs is crucial for disease diagnostics. However,
detection of circulating EV's is complex due to their very small size
(~100 nm), and potential chance of mixing with other proteins
and molecules of similar dimensions [5]. Several methodologies
have been explored to characterize the biomarkers carried by EVs.
These methodologies include ELISA, WB, NTA, to mention a few.
However, they do not come without draw backs such as consumption
of a considerable amount of sample, sample processing, to name
a few [6]. Therefore, it is essential to develop a method that can
accurately and simultaneously characterize numerous EVs in a

highly sensitive manner and address the current obstacles as well
as enable the utilization of EVs as reliable biomarkers for the early
disease detection.Recently various advanced nanophotonic and
nanoelectronics approaches have been proposed for the detection
of biofluids and biomarkers corresponding to diseases. For instance,
Liu et al detected hepatic cell fate marker albumin in vitro and living
cell labeling with up conversion nanoparticles (UCNPs), which are
conjugated with Antibody (Ab) and Rose Bengal Hexanoic Acid
(RBHA) [7]. Xu et al reported single-crystal patterned graphene-
sheet into Graphene Field-Effect Transistor (G-FET) biosensor that
detected imatinib at as low as 15.5fM [8]. However, these techniques
require addition instrumentation and does not give the information
of molecular energy label. Raman spectroscopy offers molecular
fingerprint of samples in terms of its vibrational energy level [9].
The technique requires a small amount of samples and does not
require external tagging process. However, the biomolecules exhibit
inherently low Raman signal intensity, requiring high laser power
and long integration time, that could lead to potential damage of
molecules [10]. Surface Enhanced Raman Spectroscopy (SERS) is a
popular technique that enhances the low Raman signal intensity and
enables detection of analytes at low concentrations. The enhancement
in SERS occurs due to the light trapping activity of metallic (Ag or
Au) nanostructures at nanoscale [11]. Briefly, the trapped electric field
generates hotspot regions around the vicinity of the nanostructures
at the Localized Surface Plasmon Resonance (LSPR) condition.
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In this way, the analyte molecule localized on hotspots exhibits
enhanced Raman signal. SERS is already being employed for the
detection of a diverse set of molecules for chemical, and biomedical
applications [9,12]. For example, Das et al detected different species
and strains of pathogenic bacteria using Si nanowire SERS chip and
machine learning [13]. Li et al have reported a micro-extraction
SERS membrane made of gold@silver nanoparticles (Au@AgNPs)
and Nanospikes (NSs) on polymethyl methacrylate (PMMA) and
detected microcystin—-LR up to 5 x 10°° ug/L [14]. Wang et al detected
the serum extracellular vesicles for detection of early melanomas
[15]. Yang et al distinguished EVs from different biological sources
based on the SERS signatures collected using a graphene-covered Au
coated quasi-periodic array of pyramids [16]. However, most of the
existing literature reports the spectra of dried EVs since the EVs in
suspension exhibit high Brownian motion hindering reliable in-focal
measurements. Drying of EVs can lead to membrane modification,
change in protein content and is prone to supplying false spectral
information due to membrane alteration [17,18]. Therefore, it is
desirable to perform SERS measurements of EVs in suspension to
capture their chemical morphology. A few attempts towards trapping
of EVs have been described, making use of a plasmonic tweezer,
microfluidic set up, surface topology assisted passive trapping etc
[19-23]. Among these, surface topology assisted passive trapping
methodology restricts the high Brownian motion of bioparticles and
passively traps the particle facilitating in-focal measurements [21,24].
Different surface topologies such as curved surfaces using nanopore,
nanocavity, nano-bowl have been explore for passive trapping [24].
Here, the surface barriers of the structured surface restrict the motion
of particles in the lateral plane (XY plane) and the incident laser assists
in restricting the motion along the axial plane (Z-plane). Another
advantage of such structured surfaces it that it also provides a larger
surface area for additional plasmonic enhancement.

In this work, we described the SERS activity of plasmonic nano-
bowl surface and demonstrated the utility of the SERS substrate for
label-free characterization of EVs in suspension state. The nano-
bowl surface topology is fabricated using a monolayer Polystyrene
(PS) beads template. The topology of the PDMS surface resembles a
honeycomb which is suitable for SERS enhancement due to its larger
surface area compared to a flat substrate. Apart from the enhanced
hotspot regions, it exhibits high surface barriers that could provide
potential trap-sites for bio-nanocarriers. In this context, distinct EVs
derived from three different malignant leukemia cells (HAP1, HAP1-
F3KO, and THP1), were analyzed using the developed method to
explore molecular signatures of EVs and the associated cell of origin.
The THP1 cell line is a monocytic cell line commonly used to model
macrophage functions, intercellular communication, and signaling
[25]. The HAP1 cell has one copy of the chromosome, making it a
valuable model for genetic research. HAP1 F3KO cells are genetically
engineered HAPI cells without the tissue factor (F3) gene, which has
an essential role in blood coagulation [26]. Thus, the EV's derived from
the mentioned cell lines contain a variety of biomolecules from the
host cell, which helps find out the role of intercellular communication
and disease diagnosis.

Experimental

The honeycomb inspired PDMS nano-bowl was fabricated and

optimized using nanosphere lithography technique, as previously
described [24,27]. Briefly, a 2.5% Polystyrene (PS) bead suspension
(size: 1 um) was spin coated on a plasma treated glass plate. The
coated glass plates were subsequently submerged at an oblique angle
into 4% Sodium Dodecyl Sulfate (SDS) in DI water. The hydrophobic
solution repelled PS beads and a controlled immersion process led to
the formation of a monolayer at the air-water interface. The floating
monolayer of PS beads was scooped using a clean Si wafer and kept on
a hot plate at 110°C for 20 min for increased adhesion. The PS beads
template was further spin coated with PDMS solution at 800 rpm for
20 s and subsequently cured at 70°C for 2 hours. Finally, the cured
PDMS was peeled off and washed with dichloromethane and DI water
to remove any beads residue.

To coat with Ag, the structured PDMS was placed inside a sputter
coater (Cressington 208HR) for an optimized coating of 40 nm.

Isolation and Characterization of Extracellular Vesicles

Three million cells, Haploid human cell line (HAP1) and its
derivative TF-knock out cell line (HAP1-F3KO) both from Horizon
Discovery Ltd., were seeded in T-175 flasks in 40 ml IMDM+10%
FCS. Cells were incubated overnight at 37°C, 5%CO, and cell culture
media was replaced by 40 ml IMDM + 10% exosome free FBS. Cells
were incubated for 24 hours at 37°C, 5%CO,. Next, the culture media
was collected and EVs were isolated by sequential centrifugation.
Briefly, cell culture media was centrifuged at 300xg for 5 min in a 5810
Eppendorf centrifuge, swing bucket rotor A-4-81. Supernatant was
transferred to a fresh tube and centrifuged at 2.500xg for 10 min in
a 5810R Eppendorf centrifuge, swing bucket rotor A-4-81. Pellet was
discarded and the supernatant was loaded into 50 mL, Polycarbonate
Bottle with Screw-On Cap (Beckman Coulter) and centrifuged for
20.000xg for 30 min, 4°C in an Avanti J-26 XP centrifuge (Beckman
Coulter) equipped with JA-25.50 fixed angle rotor. EVs were
resuspended in 900 pl of 20 mM HEPES, 150 mM NaCl buffer and
stored at -80°C until use.

THP1 monocytic cell line (American Type Culture Collection,
ATCC) were cultured in 20 ml of RPMI+5% exosome free FCS in
T-75 flasks, 37°C, 5%CO,. Fifteen ml of cell suspension were collected
and centrifuged 250gx for 5 min. Supernatant was transferred to a
fresh tube and centrifuged at 2500xg for 10 min in a 5810 Eppendorf
centrifuge, swing bucket rotor A-4-81 to remove cell debris. Next,
30 ml of cell culture supernatant were pooled and concentrated in
an Amicon-Ultra 15 Centrifugal filter units (Ultracel-50, Merck
Millipore) centrifuging at 4,000rpm for 10 min in a Megafuge 1.0
(Heraeus Sepatech) centrifuge equipped with a swing bucket rotor
BS4402/A. The concentrated cell culture media was loaded into a
pre-washed 10 ml Sepharose CL-2B (GE Healthcare Bio-Sciences)
size exclusion chromatography column. Sample was allowed to
enter the column matrix and PBS was added continuously. The
eluate was collected in 15 sequential fractions of 0.5 ml each. Protein
quantification was used to identify the EV-rich fractions, which were
then pooled and stored at -80°C until use.

Enumeration and Characterization of Extracellular
Vesicles

Isolated EVs were characterized for particle concentration and
size distribution using a ZetaView' PMX110 nanoparticle tracking
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analyser (Particle Metrix GmbH) equipped with a 488nm laser. EVs
were diluted in PBS to obtain a particle concentration within the range
10° - 10* particles/ml. Data analysis was carried out with ZetaView
(version 8.05.14 SP7) software. The presence of classical EV markers
was carried out by bead-based flow cytometry analysis using CD9,
CD81, and CD63 capture beads. Detection was carried out using a
tetraspanin antibody mix (labeled with PE. Signal was acquired by
flow cytometry using a CytoFLEX flow cytometer (Beckman Coulter,
Indianapolis, USA) and data was analyzed using CytExpert 2.0
(Beckman Coulter, Indianapolis, USA) software.

Determination of Plasmonic Enhancement using 3D FDTD
Simulation

3D Finite Difference Time Domain (FDTD) simulations using
Lumerical software were performed to investigate the distribution of
hotspots with an enhanced electric field. The simulation model was
constructed using a simplified model of the nano-bowl structure as
an inverted hemisphere having a diameter of 550 nm, as characterized
from FESEM images. The thickness of Ag coating was set to be 40 nm.
The refractive index of PDMS was set to 1.43, and the refractive index
of Ag taken from the Palik data set [11]. The simulation geometry
was considered for a single bowl to restrict the simulation memory
requirements. The incident laser profile was chosen to be Gaussian,
with an excitation wavelength of 532 nm, a bandwidth of +5 nm and
propagating in the -Z direction. The simulation domain was set to
Perfectly Matched Layer (PML) boundary conditions. The mesh size
was kept auto-nonuniform, and the override region closing the entire
nano-bowl was set to 3 nm for all dimensions. The frequency-domain
field profile monitors were utilized to check the local electric field map
at various planes of the nanostructure.

Spectra Acquisition Methodology

To acquire the Raman spectra in suspension state, the fabricated
SERS film was plasma treated and a 1.5 pm thick rectangular PDMS
chamber positioned on top of the SERS substrate. 5uL of the sample
solution was cast inside the chamber and sealed using a glass coverslip
from the top. The sealed solution was characterized with a Renishaw
In-Via Micro Raman spectrometer (100X, 0.85 NA). A 532 nm
excitation laser, 10 mW laser power, and 30 s integration period were
used for each SERS measurement. To conduct additional analysis, the
acquired spectra were background removed and baseline corrected.
The SERS spectra of each sample was collected multiple times
considering the same spot and different spots on the sample solution
placed on a substrate.

Results and Discussions
Morphology of Nano-Bowls

Figure 2 (a) depicts an FESEM image and (b) the corresponding
histogram plot of the nano-bowl diameters obtained from 1 um PS
beads.

Local field enhancement

Next, we investigated the amount of plasmonic enhancement
offered by the optimized nano-bowl geometry. Figure 3 (a) shows the
schematic diagram FDTD simulation set-up, and Fig. 3 (b) reveals the
local field map along the YZ plane for the optimized SERS substrate.

Beads floating
(a) Transfer of beads from wafer
into the water

(c) Self assembled

(b) Monolayer formation at PSbeads

air-water interface

(f) Ag coated Nanobowl

(e) Nanobowl PDMS film )
PDMS film

(d) Coating of PDMS
solution

Figure 1: Schematic representation of the fabrication of the PDMS SERS
chip. a) The monolayer PS beads float at the air-water interface in the
hydrophobic SDS solution. b) The bead monolayer is scooped onto a fresh
Si wafer. c) Self assembled bead monolayer on the Si wafer. d) To create
nano-bowl structure from the PS beads template, the coated wafer is spin
coated with PDMS for soft lithography. e) Cured PDMS peeled off from the
template. This process leads to the fabrication of nano-bowl surface topology
on PDMS film. f) Structured PDMS coated with Ag for SERS activity.

05 055 06 065 07 075
Nanobowl diameter (micron)

Figure 2: (a) FESEM image of nano-bowl! cured from monolayer PS beads
template. (b) Histogram plot of nano-bowl diameters of the corresponding
substrate.

The reason for the SERS enhancement in nano-bowl structures is the
ability to produce enhanced electric field due to curvature induced
focusing of electromagnetic field [28]. The curved structure, acting as
a lens, focuses the laser light spot tightly creating higher intensity of
hotspots compared to the flat surface [29]. The shape anisotropy of the
Ag-PDMS film also induces a higher density of hotspots compared to
a flat film due to increased surface area.

Passive Trapping Activity of Nano-Bowl

We propose the surface-topology assisted trapping of EVs
inside the nano-bowl. Rapid passive retention activity by the nano
bowl morphology has previously been demonstrated for synthetic
bio-nanoparticles in previous work by the authors [24]. Briefly, the
nano-bowl shape naturally guides EVs towards its the center of the
nano-bowl, confined in XY plane. For the Z-direction, the incident
laser will apply momentum to the EVs towards the surface and help to
stabilize the analytes within the focal spot of the nano-bowls, thereby
improving the capture efficiency during measurement.

Characterization of EVs

EVsisolated from HAP1, HAP1-F3KO, and THP1 cell lines had a
similar size with an average mode size 0of 161.6+77.1, 157.66+77.1, and
166.3£69.9 nm (Figure 4 A), respectively. Particle concentration was
5.8x10® particles/ml for EVs derived from HAPI1. EVs from HAPI-
F3KO were at 6.9 x10® particles/ml while the ones from THP1 were
at 2.4 x10° particles/ml. Analysis of the expression of common EV
tetraspanin markers (Figure 4B) showed that the EVs were positive
for CD63, CD81, and CD9.
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Table 1: Raman spectra of EVs and corresponding vibrational bands [31-34].

Raman shift (cm™) | Assigned vibrational modes Biomolecules
643-645 Tyrosine Proteins
700-704 cholesterol Lipids

717 C-N* stretching Phospholipids
Stretching (O-P-0O) . . I
810-812 phosphodiester Nucleic acid A type helix
1000-1004 Phenylalanine Protein
1050-1130 C-C stretching Lipids
1155-1160 Stretching (C-C) of polyene Carotenoids
1175-1177 Tyrosine Protein
1207-1210 Phenylalanine (F,), Tyrosine
(Yy)
1230-1305 Amide 11l 7
1260-1270 C-H, distortion in acyl chain Lipid
1295-1305 ” 7
1300-1350 Tryptophan Protein
1435-1465 Distorsion C-H,, C-H, Protein, Lipids
1450-1490 Guanine ring Purine A Nucleic acids
1515-1540 Stretching polyene Carotenoids
1550-1555 Tryptophan Proteins
1570-1580 A, Gring Nucleic acids
1602-1604 Ergosterol Lipids
1615-1617 Tyrosine (Y1) 7
1619-1621 Tryptophan (W1) 7
1650-1670 Acyl chain Lipids
1640-1700 Amide | Protein
1670-1690 C=0 stretching [pyrimidine Nucleic acids
1720-1750 C=o stretching in ester Lipids
35,3
@ £ O I 2o
; I x 236
i k g
§ 20 17.7
[ 4 £
i N 118
H 5.97
! \ 0
: -300 200 -100 0O 100 200 300 0.0994
------------------------------------------------------------ y(m) (x10A-9)

Figure 3: (a) Schematic presentation of the FDTD simulation set up. (b) Local

field distribution of Ag-coated PDMS nano-bowl substrate. The simulation

shows enhanced local field due to shape anisotropy.

SERS Spectra of EVs

SERS spectra were acquired from EVs isolated from three distinct
cell lines, THP-1, HAP1, and HAP1-F3KO. as shown in Figure 5 (a).
The THP1-derived EVs show distinct spectral features, with a peak
at 809 cm™ attributed to nucleic acid. The SERS peaks are assigned
at 1264 cm! for lipids, 1322 cm™ for proteins, 1409 cm™ for lipids,
1447 cm™ for proteins and lipids, and 1620 cm™ for proteins [30]. The
intensity bar plot at 1264, 1409, and 1620 cm™ are depicted for THP1-
derived EVs. HAP1-derived EVs show unique spectral features at 916
cm’! attributed to nucleic acid, 1171, 1354, 1566, and 1612 cm! for
protein. The SERS spectra of HAP1-F3KO-derived EV's exhibit Raman
peak at 788 cm™, indicating the pyrimidine ring of nucleic acid. The
shift at 880 cm™ is assigned to proteins, 1264 cm™ showing Amide
III protein, 1140, and 1411 cm™ for protease protein, respectively.
The HAP1-F3KO derived EVs offer enhanced spectra at 1000, 1265
cm for lipids, 1169, 1352, 1411, 1515, and 1606 cm for proteins,
respectively. The Raman shifts and corresponding biomolecules are

A HAP1 HAP1-F3KO THP1

T 3xt0e T axtos T oxt08

? 2 2

< K <

o S 3x10¢. o

‘é 2x10¢ ‘é § 4x10¢

c c 2xt0s c

S S S

B 1x10s © T 2x10¢

€ T 1x108 €

8 8 8

2 2 2

8 o 8 o 8 o

0 200 400 600 800 0 200 400 600 0 200 400 600
Size (nm) Size (nm) Size (nm)
B HAP1 HAP1-F3KO THP1
cD9 cp9 CDs9-
;5 cps1 cos1 cps1
g CD63: CD63: CD63:
IGG: 1GG: IGG-
o 2000 4000 6000 o 2000 4000 6000 [ 2000 4000 6000
AMFI AMFI AMFI

Figure 4: A. Size distribution of EVs isolated from HAP1, HAP1-F3KO,
and THP1 cell lines. B. Analysis of common EV tetraspanin markers (CD9,
CD81, and CD63) by means of bead-based flow cytometry.

listed in Table 1. Figure 5 (b-d) represents an intensity variation plot
considering 15 different measurements from three distinct EVs.

A closer comparison of three EVs revealed that the THP1-derived
EVs do not show any distinct peak in the 1100-1200 cm™ region
dedicated to proteins and carotenoids. Further, the SERS spectra
revealed that the peaks of THP1 EVs mainly occur due to functional
groups of lipids and proteins. The shift at 1000 cm™ for HAPF3KO
is distinct and occurs due to protein structure. HAP and HAPF3KO
show similar spectral features, indicating that their membrane
composition is similar. Although there are similarities, HAP EV's show
an enhanced peak at 916 cm?, 1354 cm’’, 1566 cm™, and 1580 cm!,
showing additional peaks of proteins and nucleic acids, which can be
related to the state of the cells (viability, passage, proliferation etc).
The sharp peaks at 1354 cm’, and 1612 cm™ for HAPI-isolated EV's
are shifted to 1352 cm™ and 1606 cm, respectively, with a decreased
intensity for HAP1-F3KO derived EVs. Further, a clear distinction of
spectral pattern for these two EVs in the region (1500-1600 cm™),
where the protein peak at 1566 cm™ and the peak due to the nucleic
acid at 1580 cm™ in HAPI isolated EVs are not present in the HAP1
F3KO derived EVs.

Of note, although HAP1 and HAP1-F3KO cell lines are similar, the
cells were cultured separately and the differences that are shown here
between EVs from the two different lines may reflect the differences

(a)

Ioteusity (a0)

HAPIFIKO o

900 1000 1100 1200 1300 1400 1500 1600 1700

800 1000 1200
Raman i Raman shif (car”)

1400 1600
i (car')

o
900 1000 1100 1200 1300 1400 1500 1600
Ramas

Figure 5: (a) Raman spectra of EVs from various sources isolated in HEPES
buffer. (b-d) bar charts with the distribution of the dataset of corresponding
Raman shifts for 15 independent measurements. The standard deviation in
intensity value is shown for each Raman shift.
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between the situation of cells. Although the SERS intensity count
was modest due to its suspension state, the spectra of EVs displayed
additional vibrational peaks of a heterogeneous structure.

Conclusions

The proposed SERS methodology enabled the identification of EV's
from diverse cell lines. The simulation results for an Ag coated curved
PDMS model showed plasmonic enhancement due to its geometry.
Instead of the non-uniform distribution of nanoparticles provided by
sputtering as in the experimental samples, a continuous Ag film was
adopted in the simulation model for complexity reasons. Therefore,
we expect more anisotropy and corresponding enhancement in
the local filed for the actual geometry. The SERS intensity of EVs
exhibit enhanced signal with a significant variation (~10 %) in
intensity among different EV measurements. This could impact the
reliability and diagnostic utility of the SERS-based EV detection
method. Based on previous results of this technology with other bio-
nanoparticles, the major reason for the signal variability is attributed
to the heterogeneous nature of EVs itself. The size, composition and
orientation of EVs will affect the signal reproducibility. Future studies
should provide more statistics for interpretation, where image analysis
should assist towards accurate interpretation within the range of the
variation in the spectra.

The drying of EVs samples on the proposed nano-bowl substrate
can further enhance the SERS enhancement. However, drying could
lead to the alteration of the membrane morphology which could show
false spectral peaks [15]. Since the electro-negative surface of EVs
repels the negatively charged metal layer, it is challenging for EV's to
adhere or come very close to the negatively charged metals substrate.
As SERS is pre-dominantly a near-field enhancement (Figure 3b),
the enhancement reduces with the increasing distance between the
EVs and the substrate. In future work surface modification will be
explored to increase the adhesion of EVs inside the trap.

Additionally, the selectivity of the SERS measurements for
different EVs can be performed by functionalizing the SERS substrate
with antibody-specific surface functionalization. This investigation
aims to develop a proof-of-concept method to provide valuable details
about the membrane morphology and differentiation of EV subtypes
without additional chemical reactions or multiple characterization
steps. In the future, this platform will be tested to characterize EVs for
actual human samples.

Highlight
o This manuscript reports a facile method of fabrication of

susceptible, cost-effective, and honeycomb like nano-bowl SERS film
using a monolayer Polystyrene (PS) beads template.

o The fabrication technique is simple, low-cost, and acceptable
for mass production.

o The fabricated SERS substrate is optimised, and a 3D FDTD
simulation investigates the enhancement mechanism.

o The unique nano-bowl film morphology exhibits high
surface barriers that could provide potential trap-sites for bio-
nanocarriers to enable in-focal measurements in suspension.

e The low-cost reusable SERS substrate is sensitive to

detecting Extracellular Vesicles (EVs) derived from three different
malignant leukemia cells (HAP1, HAP1-F3KO, and THP1) to explore
molecular signatures of EVs and the associated cell of origin.
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