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Abstract: Extracellular vesicles (EVs) are micro and nanoscale lipid-enclosed packages that
have shown potential as liquid biopsy targets for cancer because their structure and contents
reflect their cell of origin. However, progress towards the clinical applications of EVs has been
hindered due to the low abundance of disease-specific EVs compared to EVs from healthy cells;
such applications thus require highly sensitive and adaptable characterization tools. To address
this obstacle, we designed and fabricated a novel space curvature-inspired surfaced-enhanced
Raman spectroscopy (SERS) substrate and tested its capabilities using bioreactor-produced and
size exclusion chromatography-purified breast cancer EVs of three different subtypes. Our
findings demonstrate the platform’s ability to effectively fingerprint and efficiently classify, for
the first time, three distinct subtypes of breast cancer EVs following the application of machine
learning algorithms on the acquired spectra. This platform and characterization approach will
enhance the viability of EVs and nanoplasmonic sensors towards clinical utility for breast cancer
and many other applications to improve human health.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Raman scattering is an inelastic form of light scattering that can provide information about the
chemical bonds present in the scattering material. The obtained spectra can then be used as a
unique fingerprint of the material, enabling many successful applications in biological sensing
including cancer detection and classification [1–3]. However, conventional Raman spectroscopy
requires a relatively abundant sample and long signal acquisition times to provide accurate results
due to the low probability of the inelastic scattering. This has hindered the utility of Raman
spectroscopy for many applications, particularly in clinical scenarios where sample amounts are
limited and long signal acquisition times are impractical.

Surface-enhanced Raman Spectroscopy (SERS) [4] is a powerful sensing method capable of
increasing the degree of Raman scattering by many orders of magnitude, drastically improving
its potential for use in applications involving limited or rare samples. SERS works by exploiting
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plasmonic resonances at the substrate surface which can enhance the local intensity of light and
thus the amplitude of the Raman signal [5,6]. Since the first demonstration of SERS, significant
work has been done to find the optimum geometric structure for SERS substrates [7–10],
indicating the importance of nanoscale features. To have precise control over the nanostructure
geometry, most of these fabrication methods use different types of nanometric lithography such
as electron-beam lithography (EBL) [11,12], focused ion beam (FIB) [13–15] and combinations
of soft and nanoparticle lithography [16–18]. Soft and nanoparticle lithography are mostly
preferred to their counterparts (EBL, FIB) as they more easily achieve three dimensional structures
and do not require sophisticated equipment, making them more accessible and less expensive.
For instance, nanometric beads in polydimethylsiloxane (PDMS) have been coated in silver to
fabricate three dimensional nanobowl SERS structures [18,19].

A novel technique for SERS design and fabrication based on the notion of transformation optics
[6,20] has also been explored by several groups [21], demonstrating that the substrate curvature
can further enhance the Raman signal. This was achieved by coating the surface of polystyrene
nanoparticles with gold. After dissolving polystyrene, the curved gold plate was transferred to
another substrate and silver nanoparticles were added to the gold surface using cluster beam
deposition [22]. Sensitivity down to single molecule detection was achieved, but as a significant
portion of this enhancement was due to the plasmonic interaction of silver nanoparticles, it again
suffers from weak chemical stability. The fabrication of such structures is also very complicated
and the final mechanical stability is low due to the weak adhesion of the transferred gold layer to
the new substrate.

As a result of these advances in SERS substrate fabrication and signal amplification, applications
involving rare or limited biological samples have become more clinically viable. One promising
type of SERS analysis with rapidly growing interest involves cancer detection and identification
by using extracellular vesicles (EVs) as liquid biopsy markers. EVs are micro and nanoscale
lipid-enclosed packages that circulate in all bodily fluids and their cargo are indicative of their
cell of origin. Establishing the Raman spectra of cancer-specific EVs may be useful in diagnosis
or treatment monitoring, and different methods of SERS detection have been used for the
characterization of cancer EVs and other biological applications. These generally fall into two
main categories including labeled, where substrates are functionalized with probes that target
specific antigens on the EV surface using antibodies, aptamers, or peptides [23–28], and label-free
[19,29–33].

Regarding breast cancer, SERS has been used in several studies to distinguish cancerous and
noncancerous cells [34–37], while only a few recent proof-of-concept studies have examined the
classification potential for EVs. One study successfully classified MCF-10A (nontumorigenic
breast epithelium) and MDA-MB-231 (triple negative breast cancer) EVs using a novel nata de
coco-based silver nanoparticle hybrid material following standard cell culture with EV-depleted
serum and subsequent density gradient purification [38]. However, while density gradient
purification is a well-established and highly effective method for removing non-EV contaminants,
the depletion of exogenous bovine EVs from serum supplements using ultracentrifugation is
known to be only partially effective [39], and the remaining bovine EVs may convolute the
acquired EV spectra. In another study, EVs from MCF-7 (ER+/PR+), MDA-MB-231, and
MCF-10A cells grown in commercially available EV-depleted serum and isolated by repeated
ultracentrifugation were successfully classified by gold colloid SERS [40]. However, protein and
other co-precipitated contaminants are known to persist even after repeated ultracentrifugation
steps with a great cost to total EV yield [41], again potentially confounding the acquired spectra
and strongly encouraging further studies which mitigate these issues. In addition, no study has
yet obtained spectra nor classified breast cancer EVs from HER2-positive cells, an important
subtype used in clinical breast cancer scenarios.
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As EVs consist of non-chromophore biomolecules, they naturally have a very low SERS signal
[42] and furthermore due to the relatively large size of EVs (30-150+ nm) and the small active
SERS distance of plasmonic particles (usually less than 5 nm), the use of plasmonic nanoparticles
and unlabelled EVs is problematic and unlikely to generate strong SERS signals [43]. On the
other hand, labeled SERS can be used to selectively isolate and characterise specific subtypes of
EVs from complex mixtures, but the labels can inhibit the access of EVs to the plasmonic surface
and the obtained spectra may lack valuable information about the biomolecular contents of the
captured EVs. Thus efficient identification and characterisation of EVs at low concentrations
using SERS is still an ongoing challenge.

In this study, we expand on these recent efforts by designing, fabricating, and testing a
space-curvature inspired SERS substrate composed of a tightly packed nanocup pattern with
improved granularity on its gold surface. We prove both numerically and analytically, that
in combination, these geometric features significantly increase the SERS enhancement for
chemical species and are particularly amenable for label-free biological applications such as EV
characterization. This highly effective structure is also readily accessible compared to many
other reported SERS substrates, requiring only nanoparticle and soft lithography followed by
a two step sputter deposition of gold. In addition, the use of CELLine adherent bioreactors
allowed the production of vast numbers of EVs compared to conventional cultures, without the
risk of contamination with exogenous bovine serum EVs, while size exclusion chromatography
provided a simple and effective method for removing contaminating proteins. Finally, we explore
the substrate’s potential utility in biomedical applications by classifying, for the first time, three
distinct subtypes of breast cancer EVs by applying several machine learning algorithms to the
acquired spectra.

2. Methodology

Our surface is designed using transformation optics to achieve extremely high electric fields
around nanometric surface features. The main idea is that the gradient index material conjugated
with the normal plasmonic waveguide can first increase the wave coupling from the incident
laser into the plasmonic surface [44] and second, the presence of the material distribution can
help the propagated plasmonic wave confine near the material gradient so that it propagates
for longer distances [45]. Both of these statements have been proven semi-analytically using
coupled mode theory [46]. However, material gradients cannot be directly used around a
SERS surface as it would prevent the investigated analyte from reaching the surface where the
maximum electromagnetic wave confinement and resulting maximum Raman enhancement exist.
Transformation optics can be applied to solve this problem by transforming the material gradient
into a curvature in space without changing the behaviour of the electric field. This is the reverse
process of the usual applications of transformation optics in which the physical effects of space
curvature are implemented by material distribution.

2.1. Design method

Consider a relative permittivity and permeability distribution of εϕϕ and µϕϕ as shown in Fig. 1(a).
This material is placed on top of a flat metallic surface and also has rotational symmetry along
the vertical z axis as illustrated in Fig. 1(a). Theoretically, any plasmonic nanoparticle placed
inside this area will create a resonant electric field with significantly higher amplitude than a bare
particle. However, any high index material will prevent the analyte from reaching the surface of
the particle where we have the maximum electric field and hence the highest Raman emission.
We can apply the reverse method of transformation optics to turn this material gradient into a
curved empty space so that particle is not surrounded by any material. As we have cylindrical
symmetry, quasi-conformal transformation optics [47] can be applied. The detailed process
of this reverse transformation was previously described [20,48]. This transformation changes
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the flat substrate into a surface with constant curvature as illustrated in Fig. 1(b). By placing a
nanoparticle in the curved substrate we have the benefit of further amplification of the resonant
field while the analyte can freely reach the nanoparticle surface.

Fig. 1. (a) εϕϕ and µϕϕ distribution in R-Z plain (b) curvature that can mimic the material
distribution in (a)

COMSOL Multiphysics was used to model this concept by simulating different scenarios in
which a gold nanoparticle with variable size is placed on either a flat or curved gold substrate as
shown in Fig. 2(a) and (b). This plasmonic structure was illuminated with 785 nm light from
the top and we solved for the resulting electric field. The amplitude of the normalized electric
fields relative to the incident field for the flat and curved substrate are shown in Fig. 2(c) and
(d), respectively. It can be seen that the electric field around the nanoparticle is enhanced in
both cases while the size of the hot-spot is clearly significantly bigger for the curved substrate.
However, for a quantitative assessment, the volumetric average of the normalized electric field
in the hotspot area (area which is marked by the blue cylinder at the contact point of spherical
nanoparticle and substrate (Figs. 2(a) and (b)) is calculated.

The result for the flat and curved substrates, when various thicknesses of the substrate and
sizes of nanoparticles were considered, are shown in Fig. 3(a) and (b), respectively. The electric
field enhancement ratio is also demonstrated in Fig. 3(c). As expected the average electric field is
enhanced for almost all values for the thickness of substrate and the size of nanoparticle.

It should be noted that these simulations do not accurately model the small region where the
ideal nanoparticle touches the substrate due to the minimum meshing size [6]. This may cause
some error in the results in this region but as this is a localized effect it does not significantly
alter our results. Furthermore, such idealized shapes are impossible to fabricate and in fact the
Finite Element Model (FEM) shape could be a more realistic approximation compared to our
ideal model. This problem has been addressed analytically for structures smaller than 200 nm in
[6,49] and we have also attempted to solve this problem for the larger structures by introducing a
novel simulation method [50,51].

Knowing the expected electric field distribution allows the calculation of the expected Raman
enhancement using the method in [5]. They demonstrated that the Raman enhancement is
proportional to the amplitude of the enhanced field near the plasmonic structures divided by
the amplitude of the incident electric field, all to the fourth power. This expected enhancement
is shown in Fig. 4(a) along with the improvement compared to the flat substrate in (b) for a
range of different designs. The amount of enhancement for flat and curved substrate is found
to be between 1 to 3 orders of magnitude higher for some nanoparticle sizes and the substrate
thicknesses. To show the effect of the substrate radius of curvature on Raman enhancement,
we also simulated the scenario in which the nanoparticle radius was chosen to be 20 nm with
10 nm substrate thickness and we varied the radius of substrate curvature between 250 nm to
750 nm. The calculated ratio of Raman enhancement between the flat and curved substrate for
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Fig. 2. A spherical nanoparticle on (a) flat and (b) wrapped substrates, and normalized
electric field distributions around the nanoparticle in (c) flat and (d) wrapped substrate.

Fig. 3. Volumetric average (a) and (b) of normalized electric field in the designated hotspot
in Fig. 2(a) and (b) for the flat and wrapped substrate, respectively, and (c) The ratio of (b) to
(a).

this scenario is shown in Fig. 4(c). To clearly demonstrate that this enhancement is due to the
curvature of the substrate and not the nanoparticle, we also simulated a cubic nanoparticle for
both a flat and curved substrate, as is shown in Fig. 5 and again the curved substrate results in a
significantly higher electric field.

2.2. Nano fabrication

A combination of soft and nanoparticle lithography were used to fabricate the described warped
substrate. First, a cleaned positively charged glass slide was washed with acetone followed by
isopropyl alcohol to remove any residue from the glass surface. Then, the glass slide was oxygen
plasma treated using radio frequency reactive ion etching(50W 50% Oxygen inlet 300s, Nordson
March CS-1701). This process adds OH−1 to the surface of the glass and makes it hydrophilic.
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Fig. 4. (a) Expected Raman enhancement by the wrapped substrate, (b) the ratio of expected
Raman enhancement of Wrapped to flat substrate, and (c) the effect of the radius of the
curvature in Raman enhancement.

Fig. 5. The distribution of normalized electric field around the cubic nanoparticle in the (a)
flat and (b) wrapped substrates.

A suspension of 1µm polystyrene beads (89904-5ML-F, SigmaAldrich) was diluted to the ratio
of 5 percent solid in ultrapure MilliQ water and sonicated for one hour to avoid any aggregation
in suspension. Then 50 µl of the prepared suspension was dropped on the oxygen plasma cleaned
glass slide. The glass slide was gently tilted until a uniform spread of suspension was achieved
on the top surface. Then, the suspension was dried in a controlled environment at 25oC and
60% humidity while the slide was placed on a surface with 10 degree slope from horizontal. We
have found that this process is more efficient than Langmuir and spin coating to fabricate a large
number of samples. Large areas of mono layer beads with sizes around few millimeter square
especially in the middle of glass slides can be achieved using this method. The dried glass slide
is then put in an oven at 65oC to completely dry the slide and increase the adhesion of beads to
the glass surface.

Next, we created a negative mold of the beads using PDMS (Sylgard 184, Dow) mixed with
its curing agent at a 10:1 ratio. The PDMS was degassed to remove bubbles, then poured onto
the prepared glass slide with a thickness of 1 mm, and degassed again. After being baked at
65o C for 2 hours, the PDMS was gently peeled from the glass slide with some beads typically
remaining stuck to the PDMS. Any remaining beads were removed from the PDMS using an
acetone sonication bath for 15 minutes. Acetone does not change the surface structure but it
diffuses into the PDMS causing it to swell up. This effect can be reversed by putting the PDMS
in an oven for 24 hours at 100oC. This thermal processing also improves the subsequent gold
coating leading to cleaner gold on the surface of PDMS.

The resulting PDMS surface was gold coated using direct current sputtering with a 99.99%
pure gold target. The coating process was done with the rate of 0.5 nm per minute until a 12.5 nm
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thickness was achieved then the deposition rate was increased to 6 nm per minute (Q150R S,
Quorum). This method first provides a uniform layer on the PDMS surface, then the higher
deposition rate leads to a larger grain size of the gold at the top of the structure. We used this
sputtering setting based on the simulation results in Fig. 4. The overall process of the fabrication
is depicted in Fig. 6.

Fig. 6. Nanobead and soft lithography fabrication shematic showing (a) nanoparticle depo-
sition on a cleaned and processed glass slide, (b) pouring PDMS on deposited nanoparticles,
(c) peeling off the cured PDMS, (d) cleaning the resulting PDMS mold of nanoparticles
(scale bar = 5 µm), (e) resulting PDMS mold after cleaning (scale bar = 20 µm), (f) two
step sputter deposition of gold with trapping of 300 nm beads to represent EVs (scale bar =
500 nm), (g) size distribution of generated gold nanoparticles using two step gold deposition
(scale bar = 2 µm)

2.3. Bioreactor culture and EV isolation

One of the several schemes used to classify breast cancer includes the receptor status of the cells,
including estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2). In this study, for the first time, EVs from three different cell lines representing
different subtypes on the breast cancer spectrum, including MCF-7 (ER+/PR+/HER2-), BT-474
(ER+/PR+/HER2+) and BT-20 (triple negative) [52], were cultured in CELLine AD 1000
bioreactor flasks as previously described [53] and used for SERS analysis. Briefly, cells were
seeded in the cell chamber in DMEM (Gibco) with 10% FBS (Merck) and 1% Pen/Strep (Gibco)
and gradually adapted to Advanced DMEM/F-12 (Gibco) with 2% CDM-HD (Fibercell), 1%
Glutamax (Gibco), and 1% Pen/Strep (Gibco) over the course of 4 weeks. To isolate EVs, the 15
ml of conditioned media from the cell chamber of the bioreactor was centrifuged at 2,000 xg
for 10 min to remove cells and other debris. The supernatant was then centrifuged at 10,000 xg
for 30 min (JA.30-50 Ti rotor, Avanti, Beckman Coulter) to pellet the large EVs (also known as
microvesicles). This supernatant was then ultracentrifuged at 100,000 xg for 70 min (JA.30-50
Ti rotor, Avanti, Beckman Coulter) to yield a crude small EV pellet (also known as nanovesicles).
This pellet was resuspended in 700 µl PBS and stored at -80 C until needed.

500 µl of the crude small EV suspension was purified by loading it onto a 35 nm qEV Original
size exclusion chromatography column (SEC, Izon) and fractions 7 through 26 were collected
using an automated fraction collector (Izon, 500 µl per fraction). High-Sensitivity BCA assay
(Pierce, ThermoFisher Scientific) was performed for each of the collected fractions to determine
their protein concentration.
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2.4. EV characterization

SEC-purified small EV fractions were diluted in Phosphate buffered saline (PBS) at a 1:100 ratio
and measured with a NS300 Nanosight (Malvern Panalytical). Three 30 second videos were taken
under low flow conditions (Screen gain:2, Camera level:8) and characterized using the Nanosight
3.4 software (Screen gain:10, Detection threshold:7) to calculate mean and mode particle
diameters, concentration, and size distributions of each fraction. These results, combined with
protein amounts from the BCA assay were used to determine the EV-rich, protein-contaminant
poor fractions, which were then pooled for SERS and transmission electron microscopy (TEM).
These pooled fractions were also then characterized using NTA and BCA.

Prior to TEM or SERS, EV samples were transferred from PBS buffer to ultrapure water by
loading 500 µl of the purified small EVs into a Vivaspin 500 (Sartorius) centrifugal concentrator
with a 100 kDa cutoff and spun at 10,000 xg until most of the PBS had flowed through the filter
(roughly 10 min). 450 µl of ultrapure water was then added to the filter and the centrifugation
process was repeated twice more before finally suspending the EVs in 100 µl ultrapure water.
This preparation step is critical for both TEM and SERS to reduce the presence of salt crystals
following dehydration of the sample.

Negative staining TEM of purified small EVs was conducted by adsorption onto Formvar-
coated copper grids (Electron Microscopy Sciences) for 5 min. Excess liquid was removed with
filter paper (Whatman) and the copper grid was then transferred to 20 µL of 2% uranyl acetate
for 2 min. Excess liquid was again removed with filter paper and the grid was allowed to dry
under a lamp for 10 min. Grids were visualized on Tecnai G2 Spirit TWIN (FEI, Hillsboro, OR,
USA) transmission electron microscope (TEM) at 120 kV accelerating voltage. Images were
captured using a Morada digital camera (SIS GmbH, Munster, Germany).

3. Result and discussion

3.1. EV isolation and purification

EVs were effectively separated from contaminating proteins using size exclusion chromatography.
EV-rich fractions, based on NTA and BCA data, were found to be 8-10 (green boxes) and were
pooled and used for NTA, TEM and SERS (Fig. 7 A-C). NTA demonstrated the expected size
distributions of purified small EVs from cell culture and TEM also showed a typical round
morphology of the expected sizes (Fig. 7 D-F). Pooled EV samples (Fig. 7 G) were normalized
to equal particle concentration using NTA measurements before loading onto SERS substrates.

The use of CELLine AD 1000 bioreactor cultures combined with SEC purification provided
several advantages compared to previous studies in this field. First, the 10 kDa semi-permeable
cellulose acetate membrane separating the 15 ml cell culture chamber from the 1 L media
chamber allowed the use of 2% FBS in the media chamber and passive diffusion of waste products
and smaller nutrients between chambers, while preventing exogenous FBS EVs from entering
the cell chamber. In addition, the chemically defined CDM-HD serum replacement additive
further supported growth of the high density culture. Often, EVs isolated from cultured cells
are collected in one-off experiments, using large numbers of conventional flasks which require
either inefficient FBS EV-depletion strategies or FBS starvation of the cultured cells, both of
which could produce confounding factors in the final EV product. The bioreactors not only
prevented these issues, but provided a much higher concentration of EVs in the conditioned
media compared to conventional cultures due to the high cell density. In addition, the natural
turnover of cells within the bioreactor culture allowed the consistent harvest of EVs twice per
week over the course of up to five months (publication in progress) while replacing the media
chamber only once per week. This allows more high-risk and creative experimental designs,
such as the SERS fingerprinting and classification in this study, as the EVs are not seen as a
limited or expensive reagent. The 15 ml of highly concentrated conditioned media also enables
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Fig. 7. Size exclusion chromatography purification of small EVs showing protein and
particle amounts of each collected fraction for (A) MCF-7, (B) BT-474 and (C) BT-20. NTA
size distributions and TEM images of pooled EV-rich fractions for (D) MCF-7, (E) BT-474
and (F) BT-20 small EVs (scale bars = 500 nm), (G) and pooled particle and protein counts
for all three samples from a single isolation.
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several efficient and cost-effective purification workflows, which are essential for rigour and
reproducibility as the EV SERS field continues to grow. In this experiment, for example, we
chose to use ultracentrifugation as a concentration strategy to reduce the 15 ml volume to 500
µl, followed by loading the sample onto a small SEC column to remove contaminating proteins
(Fig. 7 A-C). However, the initial 15 ml product could also be concentrated using ultrafiltration
and used with a similar column, or even loaded directly onto a larger SEC column without
concentration, depending on the equipment available.

3.2. Reproducibility test

The functionality of the designed surface was tested by obtaining Raman spectra from aqueous
solutions of both Rhodamine b (Rb) and breast cancer EVs of different concentrations. Rb was
used as a chemical standard to test the reproducibility of the designed SERS and also to determine
the degree of Raman enhancement caused by the surface using our quick drying method, which is
essential for EVs. Additionally, breast cancer EVs were investigated to demonstrate the potential
of the fabricated SERS in cancer detection and classification. For the Raman measurements 1 µl
per square millimetre of samples was dropped on the fabricated SERS and quickly dried at 40o C
until no water was observed on the surface. This minimizes the coffee ring effect and increases
the uniformity of the analyte across the SERS substrate.

The Raman measurement was done using a Horiba LabRAM HR Evolution confocal Raman
microscope using a 50X microscope object and 785 nm laser. The laser power was controlled
using a neutral density filter and set to 5 to 10 percent of the maximum power (100 mW) depending
on the sample type. All measurements were obtained with a 10s acquisition time and only one
accumulation. Then, the baseline was established and noise was removed using asymmetric least
squares smoothing established in [54].

Sixteen spectra obtained from three different concentrations of Rb are shown in Fig. 8(a),
(b) and (c) for the concentrations of 10−4, 10−5 and 10−6 M, respectively. The yellow area
corresponds to the maximum and minimum of the obtained spectra in each Raman shifts also the
standard deviation is represented using cyan color. The curved substrate could identify the peaks
of Rb even at 10−6 M while the lowest concentration that can be detected using the flat SERS

Fig. 8. The obtained Raman spectra of Rb with concentrations of (a) 10−4M, (b) 10−5M,
and (c) 10−6M using the curved SERS substrate, and (d) 10−5M using flat SERS substrate.
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substrate was found to be 10−5 M with almost half of the peaks’ height. This corresponds to
around 20 times amplification achieved by the curvature of the substrate, as predicted in Fig. 4(b).
Another important aspect of Fig. 8 is that it shows that the signal strength is directly related to the
concentration, allowing quantification of the samples once a proper calibration has been done,
which could also be incredibly valuable in biomedical applications.

To further test the reproducibility, Raman spectra of three replicates from the same BT-20 EVs
with the concentration of ≈ 1 × 1010 EVs/ml were obtained. Spectra from each sample were
obtained from separately fabricated SERS and 25 measurements were done from 25 different
and random points where the minimum distance of one laser spot size was maintained. The
normalized spectra from these three separately fabricated SERS of small EVs from BT-20 cells
are shown in Fig. 9(a)-(c). Again, excellent reproducibility can be seen giving us confidence
that any variability between substrates does not significantly affect the spectra acquisition. We
also attempted to obtain SERS spectra from BT-20 EVs using the flat SERS substrate. However,
due to the weak enhancement achieved by the flat substrate and the smaller hotspot areas (see
Figs. 2(c) and 5(b)), we were unable to obtain any meaningful spectra.

Fig. 9. Three replicates (a), (b) and (c) of BT-20 EV Raman spectra.

3.3. Effect of concentration on the Raman spectra

To demonstrate the effect of concentration on statistical analysis of the data we plotted the PCA
of the normalized Rb data in Fig. 10. The normalization removes the amplitude of the signal
but preserves the wavenumbers of the different peaks. Although the major peaks of Rb almost
perfectly match in the spectra, the PCA analysis shows some difference between samples. There
are number of reasons for this such as the contamination during the fabrication process and the
difference in molecular orientation in hotspot areas due to the different speed of crystallization on
the SERS surface. In fact, there is always some small amount of contamination on the substrates
due to impurities of gold target, PDMS burning due to the DC sputtering and the solution drying
process. The other major reason is the difference in the drying speed which leads to the presence
of water in tiny geometrical features on SERS surface. This effect has been investigated in detail
for drying of EV solution and its corresponding effects on Raman spectra in [19].

The effect of concentration was also investigated for the EVs spectra in this work. The small
EV solution from BT-20 cells was diluted to a concentration of ≈ 1x109 EVs/ml and the spectra
were obtained from 100 random points on the SERS surface. For the sake of clarity, 30 spectra



Research Article Vol. 12, No. 7 / 1 July 2021 / Biomedical Optics Express 3976

Fig. 10. 2D PCA transformation of the normalized spectra of Rb in Fig. 8.

of each of the 1x109 and 1x1010 concentrations are shown in Fig. 11(a), and the PCA analysis is
depicted in Fig. 11(b). Similar to the Rb spectra, there are some differences between the spectra
using PCA, although the location of the major peaks remain the same.

Fig. 11. Normalized Raman spectra of (a) BT-20 cell line with different (≈ 1x1010 and
≈ 1x109 EVs/ml) concentrations, and (b) 2D PCA transformation of the BT-20 EV spectra
with different concentrations.

Next, the Raman spectra of EVs from two cell lines of other breast cancer subtypes, MCF-7
and BT-474, were obtained with equal concentration of ≈ 1x1010 to investigate the classification
potential using the proposed sensor. The average spectra of each type of breast cancer EV are
shown in Fig. 12. In this figure the mean, maximum/minimum and standard deviation are shown
in red, yellow and cyan color, respectively and it can be seen that the sensor provides excellent
reproducibility as before. In addition, each prominent band has been labelled according to the
biochemical substance responsible for the peak following the analysis of Movasaghi et al. [55].
The PCA analysis of these spectra is shown in Fig. 13(a). As can be seen, each breast cancer
subtype can be easily distinguished leading to accurate classification using several algorithms.

As a demonstration of the potential of our method we used the same PCA transformation
developed for the high concentration samples on the spectra of BT-20 EVs with concentration of
≈ 1 × 109 (i.e. ten times lower) and plotted the results in Fig. 13(b) along with the original data.
As expected, the BT-20 EV spectra with different concentrations lie almost on top of each other
and are well separated from the spectra of EVs from the other breast cancer subtypes. This is
important as it shows that our method can robustly classify breast cancer types irrespective of EV
concentrations. Compared to patient plasma samples, which have reported EV concentration
ranges anywhere from ≈ ×107 to ≈ ×1013 EVs/ml and an average of ≈ 2× 1010 EVs/ml based on
a careful review of the literature [56], the 20 µl of of ≈ 1 × 109 EVs/ml clearly indicates that this
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Fig. 12. Normalized Raman spectra of (a) BT-20, (b) BT-474 and (c) MCF-7 EVs with
their specified band for each type of biomolecule.

Fig. 13. 2D PCA transformation of (a) EV spectra from BT-20, BT-474 and MCF-7 EVs
with the concentration of ≈ 1 × 1010 EVs/ml, and transformation of Raman spectra of (b)
BT-20 cell line EVs with the concentration of ≈ 1 × 109 when it is transformed by the
obtained transformation in (a).

approach is clinically viable. Often, 500 µl to 2 ml of plasma can be obtained per patient, and
the number of EVs from that sample that would be analysed using SERS is highly dependent on
any pre-purification steps, the specific patient, and whether the whole EV population is analysed
or only a disease-specific subset of EVs.

To properly test our classification scheme, we applied six different classification algorithms,
all trained on the high concentration samples within our data set. The algorithms used were: C
support vector classifier with RBF kernel (CSV), k-nearest neighbours (KNN), linear discriminant
analysis (LDA), Random forest (RF), Gaussian process classifier (GPC), and decision tree (DT).
The results are shown in Fig. 14 with the probability of each point in PCA plane to be BT-20 being
represented using a color map. All the chosen classification algorithms successfully identify
all the EV spectra correctly including BT-20 at a lower concentration. This shows the power of
this sensor to classify the EVs at lower concentration, which is 100 times more sensitive than
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ELISA, a standardized fluorescence or absorbance-based microplate assay usually performed
using antibody-conjugates [31].

Fig. 14. Probability distribution in 2D PCA plain obtained using CSV, KNN, LDA, RF,
GPC and DT classifiers.

4. Conclusion

In this study, we demonstrate the use of a novel space curvature-inspired and label-free SERS
substrate for the classification of EVs of three distinct breast cancer subtypes with varying
concentrations. Culturing the various cell lines in CELLine AD 1000 bioreactors enabled the
isolation of copious amounts of EVs that are cultured in physiologically relevant conditions and
which could be rapidly purified from contaminating proteins using automated size exclusion
chromatography. Due to the incredibly high yields, we were able to demonstrate the minimal
dependence of the Raman spectra on EV concentration over several orders of magnitude. In
addition, clear differences in the averaged Raman spectra allowed the rapid classification of breast
cancer subtypes using machine learning algorithms.

It is important to note that these are highly homogenous and purified samples compared to
patient samples, in which the number of breast cancer EVs relative to other cell type-derived EVs
could be very limited. However, these results serve as a proof of concept that, given sufficiently
specific upstream isolation technology, either directly on the SERS or using other platforms (e.g.
affinity-based microfluidics), that the Raman spectra of EVs could serve as valuable diagnostic
or monitoring tools in breast cancer and many other diseases.
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