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Abstract

Background: Extracellular Vesicles (EVs) are sub-micrometer lipid-bound particles released by most cell types. They
are considered a promising source of cancer biomarkers for liquid biopsy and personalized medicine due to their
specific molecular cargo, which provides biochemical information on the state of parent cells. Despite this potential,
EVs translation process in the diagnostic practice is still at its birth, and the development of novel medical devices for
their detection and characterization is highly required.

Results: In this study, we demonstrate mid-infrared plasmonic nanoantenna arrays designed to detect, in the liquid
and dry phase, the specific vibrational absorption signal of EVs simultaneously with the unspecific refractive index
sensing signal. For this purpose, EVs are immobilized on the gold nanoantenna surface by immunocapture, allowing
us to select specific EV sub-populations and get rid of contaminants. A wet sample-handling technique relying on
hydrophobicity contrast enables effortless reflectance measurements with a Fourier-transform infrared (FTIR) spectro-
microscope in the wavelength range between 10 and 3 um. In a proof-of-principle experiment carried out on EVs
released from human colorectal adenocarcinoma (CRC) cells, the protein absorption bands (amide-I and amide-lI
between 5.9 and 6.4 um) increase sharply within minutes when the EV solution is introduced in the fluidic chamber,
indicating sensitivity to the EV proteins. A refractive index sensing curve is simultaneously provided by our sensor

in the form of the redshift of a sharp spectral edge at wavelengths around 5 um, where no vibrational absorption of
organic molecules takes place: this permits to extract of the dynamics of EV capture by antibodies from the overall
molecular layer deposition dynamics, which is typically measured by commercial surface plasmon resonance sensors.
Additionally, the described metasurface is exploited to compare the spectral response of EVs derived from cancer cells
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can be correlated with cell malignancy.

Graphical Abstract

An IR Plasmonic Sensor

with increasing invasiveness and metastatic potential, suggesting that the average secondary structure content in EVs

Conclusions: Thanks to the high protein sensitivity and the possibility to work with small sample volumes—two key
features for ultrasensitive detection of extracellular vesicles- our lab-on-chip can positively impact the development
of novel laboratory medicine methods for the molecular characterization of EVs.

Keywords: Biosensors, Plasmonics, SEIRA, IR spectroscopy, Extracellular Vesicles, Nanomaterials

Operating in Liquid

SPR-SEIRA

Background

Extracellular Vesicles (EVs) are spherical lipid vesi-
cles with a diameter of tens to hundreds of nanometers
released by living cells both in physiological and patho-
logical conditions. They are known to carry in their
interior a molecular “cargo” that reflects the conditions
of the cell of origin. Because of both their availability in
biofluids and the information brought by their molecular
cargo, EVs are playing a key role in the development of
novel liquid biopsy approaches for cancer diagnosis and
therapy monitoring [1-7]. The clinical potential of EVs is
further confirmed by the growing number of publications
concerning their diagnostic use, which led to the discov-
ery of potential biomarkers for different cancer types [8—
12]. Despite this potential, EVs have still not been widely
applied in diagnostics, and a change in the paradigm of

their analysis is highly demanded to boost their clinical
translational process [13].

In this context, Fourier Transform Infrared (FTIR)
spectroscopy in the mid-IR wavelength range of 2 to
20 pm is rapidly emerging as a promising tool for molec-
ular profiling of EVs, as it provides label-free biochemical
information in terms of their lipid, protein, and nucleic
acid content [13-24]. FTIR spectroscopy is especially
useful for EV analysis when operated in the attenuated
total reflectance (ATR) mode, in which the sensing vol-
ume is restricted to an evanescent-wave domain with a
thickness of a few hundred nanometers, located at the
interface between a total-reflection crystal and either an
aqueous solution or its dry deposit [25]. However, the
typical transverse focal spot size in ATR-FTIR is of the
order of millimeters, and this translates into the require-
ment that a high number of extracellular vesicles should
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be present in the starting solution. Another problem of
ATR-FTIR is that it measures the chemical content of the
entire solution or of its dry deposit, which in the case of
serum can include fragments of cell membranes, plasma
protein aggregates (e.g., albumin), etc., without any spe-
cific sensitivity to EVs and their cargo. In particular, the
amide-I IR absorption band, which carries most of the
information related to the protein folding state, has to be
measured on an almost pure protein population because
signatures of all proteins overlap spectrally with each
other. Compared to ATR-FTIR, a further reduction of the
sensing volume and an increase in specificity towards EV
particles would therefore be highly required, for example,
by introducing immunocapture techniques in FTIR spec-
troscopy, as we do here.

Antenna-enhanced IR spectroscopy, performed with
lithographic gold nanoantennas fabricated on IR trans-
parent substrates, has been demonstrated in various
forms, including the surface-enhanced infrared absorp-
tion (SEIRA) effect [26—31]. The formation of intense
plasmonic hotspots on the nanoantenna surface and at
the nanoantenna resonance frequency in the IR enables
a very strong reduction of the required sample volume
for sensing. If compared to the surface-enhanced Raman
spectroscopy (SERS) [32], SEIRA does not require a dis-
tance between the gold surface and the target molecule
of the order of the molecule size, and therefore it is more
suitable for sensing the molecules in an exosome cargo.
A more mature plasmonic technology that is already
employed in medical diagnostics is represented by sur-
face plasmon resonance (SPR) sensors working in the
visible range, which provide high sensitivity to changes
in the refractive index at the metal/liquid interface, how-
ever without being able to assess the chemical content of
the molecular film [33]. To increase specificity, antibody-
antigen pairs are commonly employed in SPR sensing:
an antibody monolayer is prepared on the metal surface
before exposure to the target solution, in which an anti-
gen is present.

In this work, we provide the proof of concept of a novel
plasmonic biosensor for the quantification and molecu-
lar characterization of EVs, capable of working both in
liquid and dry phases. Similarly to other SPR sensors
targeting EVs [13, 34—38], our device relies on immuno-
capture, allowing us to reduce the detrimental effect of
contaminants and select specific EV subpopulations. At
variance with conventional SPR biosensors, which mostly
function in the UV-VIS range, our device is designed to
operate in the mid-IR range of the electromagnetic spec-
trum, which contains the specific absorption signatures
of biomolecules within EVs. For this purpose, we realized
and tested a nanostructured metasurface consisting of a
periodic array of NanoAntennas (NAs) that combines, in
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the same lab-on-chip platform, the enhanced chemical
specificity of SEIRA and the high quantitative sensitiv-
ity of SPR with antibody/antigen pairs. On the one hand,
this approach can contribute to achieving a significant
improvement in the current EV detection capabilities of
FTIR spectroscopy; on the other hand, it permits over-
coming the intrinsic lack of chemical specificity in con-
ventional UV-VIS plasmonic sensors.

Interestingly, the combination of SPR sensing and
SEIRA nanoantennas has been achieved without any
increase in the measurement time duration by exploit-
ing the “multiplex” advantage of FTIR spectroscopy
over dispersive spectroscopy: all wavelengths are meas-
ured simultaneously in the same interferometric spec-
tral acquisition, taking a few seconds. We have therefore
designed plasmonic antenna structures with two main
features (i) a dipole resonance frequency in the 1550—
1750 cm ™! range (wavelengths around 6 pm), which we
use for SEIRA spectroscopy of the amide-I and amide-
II bands of proteins and (ii) a sharp reflectivity drop at
1800-2200 cm™' i.e, in the transparency window of
non-aromatic organic molecules, which we use for SPR
sensing to study the reaction dynamics and provide quan-
titative information on the EV concentration, which is
highly relevant in diagnostics. Sample delivery has been
engineered through novel fluidic schemes. The device has
been tested in a real-world scenario by exposure to EV
solutions produced by human cancer cell cultures, which
have been thoroughly characterized by different micros-
copy techniques before the IR sensing experiments.
Additionally, we exploited our resonant metasurface to
compare the spectral response of EVs extracted from
cancer cells with increasing invasiveness and metastatic
potential. Our preliminary results show a potential alter-
ation in the average secondary structure content of EVs,
estimated by Amide I spectral band deconvolution, whit
an increase in p-structures with increasing cell invasive-
ness and malignancy.

Results

Optical characterization of the plasmonic device in air

and liquid environment

In Fig. 1a, we show a schematic view of our integrated
fluidic-plasmonic biosensor. The plasmonic part of the
device consists of a double resonant dipole nanoantenna
array designed to exhibit resonances at two different
wavelengths, approximately at 3.5 and 6 pm. Nanoan-
tennas are realized in gold on a transparent CaF, opti-
cal window and arranged in 200 pm x 200 pm arrays
(see “Materials and methods” section). A Scanning Elec-
tron Microscopy (SEM) micrograph of a representative
antenna array is reported in Fig. 1b. The optical window
is placed in a 3D-printed device holder (Fig. 1a) designed
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Fig. 1 a Schematic view of the fluidic-plasmonic device. b SEM micrograph of representative double resonant nanoantenna array. ¢ Schematic
view of the optical setup. d Schematic view of the deposition of the 10 pl droplet solution into the fluidic device

for two main purposes: (i) enabling measurement on a
few-microliters droplet, (ii) facilitating the acquisition
of real-time reflectance spectra under an FTIR spectro-
microscope. Similar to the work of Adato and Altug [26],
the plasmonic chip is illuminated from the dry backside
of the CaF, substrate while the nanoantennas are dipped
in the target solution (Fig. 1c). At variance with the
above-mentioned paper, our device holder exploits a wet
sample handling technique based on the surface energy
contrast between the hydrophobic Teflon-decorated
bottom surface of the device (Fig. 1a, red area) and the
hydrophilic CaF, window. On the one hand, such hydro-
phobicity contrast prevents the sample solution from
wetting the underlying Polylactic Acid (PLA) surface,
thus reducing the volume needed to contact the CaF,
window, as well as possible sample contamination due to
the interaction with the surface; on the other hand, it per-
mits stable pinning of the solution droplet on the sensing
part of the plasmonic device, thus allowing for an effort-
less alignment of the IR beam. To further facilitate the
sample droplet deposition, we introduced a slanted sur-
face in the lateral wall of the PLA holder, which is instru-
mental for guiding the tip of a conventional 20 uL pipette
so that the sample droplet is released precisely under
the sensing part of the device (Fig. 1d). Droplets can be

removed using the same tip guidance structure and sub-
stituted without damaging the overlaying nanostructures
for the sequential acquisition of background and sample
spectra. This experimental setting allowed us to perform
experiments using 10 pL droplets, thus substantially
reducing the required sample volume compared to more
complex and expensive fluidic arrangements.

Figure 2a shows a set of reflectance spectra acquired
on the fabricated arrays as a function of the nanoan-
tenna length (see “Materials and methods” section).
Measurements were performed in air with a blackbody
source and referenced to a flat gold area at a different
location on the chip surface. The effect of the incident
electric field (E) direction was investigated by selec-
tively recording spectra for the two linear polarizations,
namely parallel (E;) and perpendicular (E|) to the long
axis of the rod-shaped antennas. Under E, illumina-
tion, two intense antenna resonances can be observed
for all the devices, showing substantial overlap with the
vibrational signatures of the amide I-II region and the
CH stretching bands (Fig. 2a). A comparison between
E,, (continuous green line) and E | (grey dashed line) is
reported in Fig. 2b. As expected, for the perpendicular
polarization, plasmon resonances are not excited over
the investigated spectral range. In Fig. 2c, we investigate
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Fig. 2 a Reflectance spectra of the metasurface as a function of the frequency for different values of the lattice constant. b Effect of the incident
field polarization. ¢ Resonance wavelength as a function of L. d Reflectance spectra of a representative nanoantenna array in air and liquid

the relationship between the resonance wavelength in the
amide I-II region and the nanoantenna length, L;. Data
follow the expected linear scaling in the investigated
spectral range 1700-2100 cm™!, suggesting that the two
sets of rod-like nanoantennas are weakly coupled, and
their optical response can be tuned independently by
changing L, and L,, respectively, as expected [26—28, 39].
The fitted regression line is superimposed on the data.
The following fitted slope (m) and intercept (q) were
g = 0.62+0.18(p = 0.014),m = (2.7 - 1073+ 1-107%)
(p=2-1073), both statistically significant. A similar
scaling was already demonstrated in previous papers
investigating gold nanorods on silicon [27, 31, 39] and
CaF, [26, 28, 39, 40] substrate. The above-described lin-
ear behavior has a key role in developing SEIRA-based
biosensing applications as it offers an effective method to
obtain a fine-tuning of the resonance to the vibrational
range of interest, in this case, the protein amide-I band at
1660 cm ™! and the protein amide-II band at 1537 cm ™.
It is worth explicitly pointing out the difference
between the devices designed in refs [26] and [28] and
our device, despite the similarity of the lithographic
design. In these previous works, the electromagnetic
design aimed to obtain a double resonance, i.e. two
independent dipole antennas of different lengths for

sensing two IR bands simultaneously (amide-I of pro-
teins and C—H stretching of lipids). In the present work,
we aimed at sensing mainly the amide-I band with the
long antenna, and we exploited the Fano resonance
between the tail of the short-antenna resonance and the
long antenna peak to obtain a sharp spectral reflectivity
edge. Sharp spectral edges can be generally exploited for
refractive-index sensing of non-absorbing molecules, and
indeed the edges in Fig. 2a fall in the 1800-2200 cm ™!
range in which no absorption of biological molecules is
expected. The price paid in our design to enhance the
Fano resonance and obtain a sharp edge is that the short
antenna resonance is extremely broad, and therefore, the
field enhancement in the C-H stretching region (2800—
3100 cm™?) is weak. To sum up, in our plasmonic design,
we obtain both a strong field enhancement in the amide-
I range (1570-1720 cm™!) and a sharp edge for mass-
sensing in the nearby transparency range of biomolecules
(1800-2200 cm ™), which can then be probed with the
same FTIR apparatus. The relatively narrow wavelength
window of operation (4.5-6.5 pm) still leaves room for
the future substitution of the FTIR spectro-microscope
with a more compact tunable quantum cascade laser
module [41].
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In Fig. 2d, we show the comparison between the reflec-
tance spectra of a selected array measured in air (dashed
line) and Dulbecco’s Phosphate Buffer Saline (DPBS)
solution (continuous cyan line). The two spectra show
similar features, with some notable exceptions. Specifi-
cally, the spectrum measured in a liquid environment
shows the expected shift associated with the change in
the index of refraction of the dielectric half-space, as
well as the unavoidable superposition of the broad IR
absorption bands of liquid water (centered at 1650 and
3300 cm™!). Despite the presence of such absorption
bands, the measured reflectance confirms the presence
of a significant multiresonant near-field enhancement in
the spectral region of interest, thus being suitable for bio-
sensing applications. The described behavior was tested
on many devices showing an excellent reproducibility of
the optical response both in air and liquid environment.

Real-time in-situ monitoring of the formation of molecular
monolayers

The extreme sensitivity of our device and its ability to
operate in real-time in a liquid environment is demon-
strated by monitoring one of the preliminary functionali-
zation steps required for EV immunocapture (Fig. 3a—f),
namely the conjugation of the metasurface with bioti-
nylated anti-CD63, a specific monoclonal antibody with
a high affinity for the corresponding tetraspanin (Fig. 3a).
As detailed in Fig. 3b, the Au nanorods were first coated
with a mixture of biotinylated polyethylene glycol (PEG)
molecules conjugated with neutravidin, a tetrameric
biotin-binding protein (see “Materials and methods” sec-
tion). A 10 uL droplet of antibody solution in DPBS was
then inserted into the device holder. For this purpose, a
0.025 mg/mL (0.17 uM) solution of biotinylated Anti-
CD63 was reconstituted in DPBS. The antibody solution
concentration was determined spectrophotometrically
in the UV-VIS range by analyzing the protein peak at
280 nm. FTIR reflectance R(t) spectra were acquired in
the time interval of 32 min after droplet deposition, with
2-min steps. The reflectance change was computed as a
ratio using the spectrum taken at time zero R(0) as the
denominator and all other spectra R(t) as the numera-
tor, thus getting rid of the spectral contribution of the
previously conjugated biotin and neutravidin molecules.
The R(t)/R(0) ratios in Fig. 3c display an s-shaped fea-
ture at 1800-2100 cm™?, which is related to the refrac-
tive index increase after antibody deposition, and two
dips at 1560 and 1650 cm ™!, corresponding to the amide-
II and amide-I band center, respectively. The intensity of
both the S-shaped feature and the amide dips increases
with time after antibody deposition and finally saturates
at a plateau level. This clear time-dependent trend can
be associated with the progressive functionalization of
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the nanoantennas with Anti-CD63 molecules, occurring
through protein—protein binding interaction (Fig. 3a, b).
In Fig. 3d, we show enlarged detail of the absorption dif-
ference in the amide I and II region calculated at different
times as AA = —In(R(t)/R(0)). The characteristic pro-
tein—protein binding kinetics can be effectively measured
by computing the spectral integral of the amide I and II
bands after linear baseline correction. The integrated
absorbance change (Fig. 3f) shows an abrupt increase in
the first few minutes, followed by a slower increase, and
it reaches a plateau after t=10 min. A sigmoidal function
is fitted to the experimental points, and the best regres-
sion curve is reported. We notice that the time trend dis-
played in Fig. 3 is qualitatively consistent with the typical
trends measured during antibody layer formation with
conventional refractive index sensing techniques, such
as SPR. Despite their fine mass sensitivity, our sensor
displays a key advantage over conventional SPR tech-
niques, as they do not show chemical sensitivity to dif-
ferent molecular species. Conversely, spectroscopic data
in Figs. 3d and f show that our sensor is endowed with
exquisite chemical sensitivity, which permits the recogni-
tion of specific molecular classes, as also shown in previ-
ous experimental papers [26, 28].

In Fig. 3e we show the SPR sensing signal measured as
the redshift of the zero-crossing point of the S-shaped
curve fitting to the 1800-2100 cm ™ feature observed in
the ratios R(t)/R(0) of Fig. 3c. Interestingly enough, this
temporal trend appears to be highly correlated to the one
displayed in Fig. 3f, with an abrupt increase occurring in
the first 10 min, followed by signal saturation. This highly
correlated behavior between SPR sensing and Amide
bands chemical sensing is not surprising for a pure pro-
tein sample like the one used for the described function-
alization. Additionally, the data in Fig. 3 have allowed us
to estimate the molar sensitivity of our plasmonic device.
In our case, absorption arises from a 100 um x 100 pm
area in the focal plane, which is defined by the micro-
scope’s numerical aperture and the size of the array. The
physical gold structure of the long nanoantennas (L; in
Fig. 1a) covers about 10% of this region, which gives us
an area of approximately 10~ m? This interaction region
should be further reduced considering that the field
enhancement is not homogeneous over the antennas’
length, leading to a smaller filling fraction of the plas-
monic hotspots. For this reason, the device sensitivity
was estimated by considering only the detection volume
at the close vicinity of the nanorod tips. The extension
of this region has been estimated through electrody-
namic simulation of our nanostructures with the Green
dyadic method (GDM) performed for an incident field
of 6.050 pum [42], which showed the occurrence of a sig-
nificant field enhancement over a 150 nm range from the
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tip end, resulting in two approximately semi-spherical
plasmonic hotspots (Additional file 1: Figs. S1 and S2), in
agreement with [26]. Considering the antenna length L;
of 1800 nm (Fig. 1g), we obtain an effective sensing vol-
ume of approximately 1/6 of the solution volume above

the whole nanorod. Considering an evanescent field
extension of approximately 20 nm above the nanoantenna
surface approximately matching the antibody monolayer
thickness, we obtain an effective interaction volume of
the order of 0.3-107'3 L. In this volume, we can estimate
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the presence of approximately 5.1 £ 0.5 zeptomoles of
protein n=17-10"M-03-107¥1=51-10"%
moles). This estimation places the realized device among
state-of-the-art SEIRA sensors available in the literature
[27].

Real-time cancer-derived EV detection in a liquid
environment

In this paragraph, we investigated the possibility of using
our plasmonic-fluidic platform to detect EVs in real time
in a liquid environment. For this purpose, we purified
exosomes from HT29 human cancer cells [43], which
were chosen as a model system. This cell line is widely
used to study different aspects of the biology of human
cancer, with emphasis on colorectal cancer, but has also
attracted a lot of attention thanks to their capability of
expressing characteristics of mature intestinal cells, such
as enterocytes or mucus-producing cells, including the
gene expression of transporters and metabolic enzymes
[43-48]. The biomedical relevance of the HT29 cell line
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for the study of extracellular vesicles is further stressed
by strong experimental evidence demonstrating that
HT29-derived EVs play a key role in enhancing the liver
metastatic potential of Caco2 colorectal cancer cells in
murine models of colorectal liver metastasis [49].

We cultured the HT29 cancer cells in exosome-
depleted fetal bovine serum (FBS) to prevent the pres-
ence of EV contaminants derived from serum, carrying
out three identical replicates of the experiments, leading
to consistent results. A representative SEM micrograph
of the cultured cells is reported in Additional file 1: Fig.
S3. The precipitated EVs were characterized with Atomic
Force Microscopy (AFM, Fig. 4a), Transmission Elec-
tron Microscopy (TEM, Fig. 4b, c), Nanoparticle Track-
ing Analysis (NTA, Fig. 4d), and Western blot (Fig. 4e).
Figure 4a shows a representative AFM topography of the
extracted nanoparticles (top), together with a selected
height profile (down). A characteristic "cup-shape" mor-
phology, with an aspect ratio of 8—10 can be observed,
as reported in the literature in similar conditions [50].
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Fig.4 Characterization of the EVs isolated from HT-29 cells. a Representative AFM topography of purified EVs together with a selected line profile.
(scale bar 300 nm). b, c Representative TEM images of purified EVs. Scale bars 80 nm (b), and 50 nm (a). d Nanoparticle tracking analysis of EVs
isolated from HT-29, size distribution with a video frame. E Western blot analysis of EVs markers (Alix, CD63) and non-EVs marker (Cytochrome C) in
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Two representative TEM images with different magni-
fications (Fig. 4b, c) acquired on the same sample type
show the expected EV morphology, which consists of
round-shaped nanoparticles surrounded by double-layer
membranes. The NTA allowed an evaluation of the EV
diameter distribution (Fig. 4d), which shows a modal size
of approximately 100 nm, consistent with literature data
on EVs extracted from HT29 cells [51]. Finally, Western
blot has been used to confirm the presence of extracellu-
lar vesicles. Figure 4e shows EV markers (CD63 and Alix)
in the nanoparticles composing the pellet obtained from
HT-29 through the precipitation process. Conversely, the
negative marker cytochrome c is detectable only in the
whole cell lysates while is absent in the EV samples, as
expected.

For the IR-sensing experiment, a 10 pL solution droplet
derived from samples characterized in Fig. 4 was inserted
into the fluidic holder containing our Anti-CD63-
conjugated nanostructures. The time-dependent EV
immunocapture, schematically represented in Fig. 5a, is
monitored through the same spectral quantities defined
in Fig. 3, namely: the R(t)/R(0) ratio (Fig. 5b), the base-
line-subtracted absorption difference in the amide I-II
bands AA(t) = —In(R(t)/R(0)) (Fig. 5¢), and the two sen-
sorgrams obtained from the SPR shift (Fig. 5d) and the
integrated AA intensity (Fig. 5e).

As expected and similar to Fig. 3c, R(t)/R(0) signals
are s-shaped about 1800—2100 cm™! and display two
dips in the 1500-1700 cm™! spectral range, which are
related to the RI increase and the amide I-II bands of
EV proteins, respectively (Fig. 5b). The zero-crossing
point in the 1800-2100 cm™! range of Fig. 5d shows an
abrupt increase in the first 2 min, followed by a slower,
and approximately linear, increase afterward, which can
be modeled with the sum of a line and a sigmoidal func-
tion (continuous black curve in Fig. 5d). As discussed
in the Additional file section (Additional file 1: Fig. S4),
where we provide additional experimental evidence, the
first abrupt increase in the NA redshift is likely to be
correlated to the specific interaction between NAs and
EVs mediated by CD63-immunocapture, while the sub-
sequent linear increase is probably related to unspecific
interaction with the unconjugated substrate surface. Very
interestingly, the integrated AA intensity (Fig. 5e) dis-
plays a similar temporal trend, with an abrupt increase
in the first 2 min, followed by a roughly linear increase.
Despite the similarities between these time trends, a
lower noise can be observed in the SPR shift (Fig. 5d)
compared to the integrated AA (Fig. 5e). Such noise dif-
ference has not been observed during the device func-
tionalization with antibodies (Fig. 3e vs. Fig. 3f). This
finding can be explained in terms of the different bio-
chemical compositions of antibodies that are 100%
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proteins, and exosomes, which contain different molec-
ular classes (proteins, lipids, carbohydrates, and nucleic
acids) and therefore can show a varying protein content.
In the Additional file 1 section, we provide a preliminary
estimation of the minimum number of measurable EVs
with our devices, which is of the order of several hun-
dreds of particles. This estimation is obtained by using
experimental findings in the literature [52], the electro-
dynamical simulation in Additional file 1: Fig. S2, and the
estimated protein sensitivity in the previous paragraph.

Plasmonic-aided IR characterization of EVs derived

from cancer cells with increasing invasiveness

and metastatic potential.

This paragraph aims at evaluating the applicability of our
plasmonic metasurface to the study of EVs derived from
cancer cells with different degrees of invasiveness. In this
context, the investigation of the same cancer cell line dif-
ferentiated in an epithelial or mesenchymal phenotype
is extremely relevant, as the epithelial-to-mesenchymal
transition (EMT) plays a key role in tumor progression
and metastatic expansion [53-56]. As a model system,
we used human colorectal adenocarcinoma Caco-2 cells,
which represent an effective model of differentiation
as they can be gradually shifted upon chemical treat-
ment from a proliferative and aggressive mesenchymal
phenotype to a less invasive epithelial one. For this pur-
pose, we exploited an N-acetyl-L-Cysteine (NAC) based
treatment exerting an inhibitory effect on the activation
of c-Src tyrosine kinase, a widely studied proto-onco-
gene, whose expression and activity is increased in sev-
eral malignant conditions [57]. Among the wide range
of ¢-Src functions, particularly relevant for our model is
its ability to disassemble cell—cell junctions by phospho-
rylating E-cadherin and (-catenin, and promoting the
translocation of the latter in the nucleus, where it exerts
an oncogenic action [55, 58, 59]. The effectiveness of this
treatment was already demonstrated in-depth in previ-
ous papers from some members of our group, verifying
the occurrence of multiple epithelial markers upon NAC
treatment. These markers include the formation of cell-
cell junctions accompanied by an increase in the expres-
sion of E-Cadherin and a -catenin relocation, the arising
of a regular polygonal cell morphology showing the typi-
cal brush-border microvilli and a general switch in gene
expression from mesenchymal to epithelial phenotype
[55, 58, 60].

Before EVs extraction and analysis, we confirmed the
occurrence of cell differentiation upon NAC treatment
(10 mM) using confocal fluorescence microscopy (CEM)
and scanning electron microscopy (SEM). In Fig. 6a,
b, two representative CFM images of the two cell phe-
notypes are shown. In these images, E-cadherin was
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stained with Alexa-488 and cell nuclei with Hoechst (see
“Material and Methods” section). Qualitative observa-
tion of Fig. 6a, b shows clear changes in cell shape and

arrangement, accompanied by a remarkable increase
in the E-cadherin expression at the cell-cell junctions
upon NAC exposure (6a) compared to the untreated
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Fig. 6 Representative CFM images of untreated (a) and NAC-treated (b) Caco2 cancer cells. Scale bar 10 um. c comparative analysis of E-cadherin
expression in the two sample types obtained by computing the average green fluorescence intensities on cell-to-cell profiles using tens of CFM
images. Representative 3D reconstructions from confocal image stacks for untreated (d) and treated (e) cells, respectively. Representative SEM
micrographs of the cell surface for untreated (f) and treated (g) cells. Scale bar 2 um
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counterpart (6b). The increased E-cadherin expression
in the treated sample is quantitatively verified in Fig. 6c,
where we report a bar plot analysis obtained averag-
ing the green fluorescence intensity of hundreds of cell-
to-cell profiles, from tens of independent CFM images.
The method used to segment nuclei for cell recognition
and pick the cell-to-cell profiles is widely described in
Romano et al. [54]. Data are reported as mean = sem.
Two representative 3D reconstructions from confocal
image stacks are reported in Figs. 6d and e for untreated
and treated cells, respectively. In the untreated sample
(6d), a layer of flat cells can be observed, consistently

with the occurrence of a mesenchymal phenotype. On
the contrary, in the NAC-treated sample, cells tend to
assume a cuboid-like shape, accompanied by an intense
expression of E-cadherin at the cell-cell junctions, con-
sistently with the presence of a more epithelial pheno-
type. Two representatives SEM micrographs of the cell
surface for the untreated and NAC-treated samples are
reported in Fig. 6g and f, respectively. Consistently with
the occurrence of an epithelial phenotype, the cell surface
of the NAC-treated sample displays the de-novo forma-
tion of the typical brush-border membrane, composed of
microvilli with a thickness of about 100 nm and a length
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of a few hundred nanometers. Conversely, cells in the
untreated sample display a smoother surface, consistently
with the occurrence of a more mesenchymal phenotype.
In Fig. 7, we investigate the spectral response of EVs
extracted from the two cancer cell phenotypes, namely
the more aggressive mesenchymal phenotype and the less
invasive epithelial one. For the device functionalization,
we adopted the same protocol described in Figs. 3 and 5,
namely gold NAs were functionalized with a molecular
sequence composed of a mixture of PEG molecules, Neu-
travidin, and Anti-CD63, which were subsequently used
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for EV immunocapture. Each functionalization step was
carried out in a liquid environment, as previously
described. After each step, the patterned metasurface
was rinsed in de-ionized water, dried under nitrogen flux,
and measured in the PIR geometry (Fig. 1c) with an
unpolarised IR source. In Fig. 7a, we show enlarged detail
of the spectral response in air of our PEG-conjugated
gold NAs in the 1480-1800 cm™! spectral range (blue
dashed line). Consistently with Fig. 2d, NAs’ reflectance
shows the expected spectral behavior and the absence of
specific absorption signals of proteins in the Amide I/II
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Fig. 7 a Enlarged detail of the reflectance of our PEG-conjugated metasurface in the 1430-1800 cm™, spectral range measured in a dry
environment (blue dashed line), together with the spectral response of the same sample after Neutravidin and Anti-CD63 functionalization
(black solid line) and the red-shift compensated reflectance of the PEG conjugated metasurface. b enlarged detail of the reflectance of our
PEG-conjugated metasurface in the 1430-1800 cmn~'environment (blue dashed line), together with the spectral response of the same device
after EVimmunocapture and the red-shift compensated reflectance of the PEG conjugated metasurface. ¢ Absorbance in the Amide I/1l region of
Anti-CD63 and Neutrovidin molecules with (green dashed line) and without (orange dashed line) immunocaptured EVs. d Enlarged detail of the
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peak deconvolutional analysis with gaussian fits is superimposed on each plot
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region. The device reflectance measured after Anti-CD63
functionalization is reported as a black continuous line in
the same figure. As expected, the qualitative observation
of the aforementioned curve highlights two features that
confirm device functionalization: (i) the presence of the
typical absorption signature of Amide I and II bands, (ii)
the occurrence of a redshift of the spectral NA response
of approximately 10 cm™'. The same analysis is carried
out after EV immunocapture in Fig. 7b, where we show
the reflectance of PEG-conjugated NAs before (blue
dashed line) and after EV immunocapture (black contin-
uous line). To obtain data in Fig. 7b, we used EVs
extracted from Caco2 cells in the epithelial phenotype.
Similarly to the previous case, functionalized NAs show
the presence of marked absorption signatures in the
Amide I and II band and a redshift of approximately
12 cm™, due to the local changes in the index of refrac-
tion. A comparative analysis of Fig. 7a and b show that
both, the redshift and the Amides I/II absorption inten-
sity are greater in Fig. 7b compared to Fig. 7a. This was an
expected result as, similarly to Fig. 7a, the metasurface in
Fig. 7b is conjugated with neutravidin and Anti-CD63. In
addition, Fig. 7b shows the contribution of the captured
EVs which enhances the plasmonic redshift and deepens
the signature of protein absorbance. Starting from these
measurements, we computed the Absorbance A of cap-
tured molecules by using the equation A = —ln(,ﬁis,

where R is the reflectance of functionalized NAs and R, is
the initial reflectance of PEG-conjugated Nanoantennas
after redshift compensation (red dashed lines in Fig. 7a,
b). The computed Amide I/II signals are shown in the
upper panel of Fig. 7c for Neutravidin and Anti-CD63
(orange dashed line) and Neutravidin, Aniti-CD63, and
EVs (green dashed line). Concerning Fig. 7c, a caveat is
necessary, as we are not interested in the cumulative
absorbance of Neutravidin, Anti-CD63, and EVs, but
rather in the absorption signature arising from a pure EV
sample, which is computed in Fig. 7c (lower panel) by
subtracting the two mentioned curves. A linear baseline
was removed from the spectrum after curves subtraction.
Interestingly, Fig. 7c (lower panel) displays the typical
shape of amide I and II bands, suggesting the possibility
to perform a quantitative analysis of the Amide I band
shape to estimate the average secondary structure con-
tent of proteins within EVs. In Fig. 7d, we show enlarged
detail of the amide I for EVs extracted from Caco2 cancer
cells in the mesenchymal (upper panel, black dashed line)
and epithelial phenotype (lower panel, black dashed line).

To estimate the average secondary structure content-
ment within bonded EVs, we used Amide I band decon-
volution, a quantitative analysis technique that permits
to separate merged absorption signatures through the
identification of inverse peaks in the second derivative
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spectra, followed by Gaussian fitting to quantify the cor-
responding intensity of the absorption signals contribut-
ing to the band shape. This procedure was carried out
using the software package Origin Pro 2022, which is
endowed with a dedicated application for peak deconvo-
lution. Three contributions were highlighted, which are
centered at approximately 1640 cm™ (assigned to native
beta-sheets), 1665 cm™! (assigned to a-helix and random
coil structures), and 1680 cm™! (assigned to the antiparal-
lel B-sheets and B-turns). These assignments are in close
agreement with those used for deconvolving the Amide
I band of complex protein aggregates measured with
nano-IR [61]. The three corresponding Gaussian curves
are reported in green, red, and blue, respectively, and are
shown together with the cumulative fitted curves (blue
dashed line). The perceptual absorption intensities of the
three types of secondary structures were also reported in
the plot. Interestingly, we found that EVs derived from
the more aggressive and malignant cell phenotype con-
tain a higher percentage of B structure, compared to the
epithelial phenotype, as quantified by means of the alpha
over beta ratio (a/p) according to [62]. More specifically a
value of% =1.340.03 and 1.73 £0.10 are obtained for the
epithelial and the mesenchymal phenotype, respectively
(2=3.73, p=0.00019 for a two-tailed Z test).

Discussion

It is well known that cancer genesis and development
affect protein abundance, structure, conformation, and
dynamics. As such, the investigation of cancer-induced
protein heterogeneity has a key role in the search for
disease biomarkers, in the understanding of pathogenic
mechanisms, as well as in drug development [63-66].
Protein heterogeneity in cancer-derived EVs has been
strongly correlated with tumor malignancy, progression,
and metastatic potential, stimulating the search and vali-
dation of novel liquid biopsy approaches for cancer detec-
tion, staging, and therapy monitoring. In this context,
while large-scale proteomic studies unveiled remarkable
alterations in the protein content of tumor-derived EVs
[64, 67, 68], the protein conformational state appears to
be less investigated. To tackle this issue, we presented
here the proof of concept of a fluidic-plasmonic biosen-
sor for EV quantification and molecular characterization,
also capable of providing quantitative information on the
EV protein conformational state.

The combined use of plasmonic and fluidic biosensors
has been already demonstrated in EV research, lead-
ing to the realization of effective devices with potential
diagnostic applications capable of evaluating the expres-
sion of protein markers on the EV surface [13, 34-38].
Most of these devices operate in the UV-VIS range
and exploit the SPR effect for EV quantification after
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immunocapture. At variance with these devices, our
lab-on-chip is the first plasmonic EV sensor designed to
operate in the mid-IR range of the electromagnetic spec-
trum. The key feature of our device is the combination of
SPR sensing with SEIRA nanoantennas (Figs. 3, 5, and 7).
Similarly to UV-VIS sensors, we exploited the SPR effect
for EV quantification after immunocapture, a clinically
valuable piece of information as tumorigenesis affects
many pathways regulating EV release. EVs are indeed
shed by tumor cells in higher numbers in comparison to
normal cells, and a higher concentration is thus associ-
ated with increasing tumor mass or severity, making EV
quantification extremely important as a prognostic bio-
marker [1-7, 36, 69-77].

Our sensor goes beyond simple mass characteriza-
tion, as it is specifically designed to target the mid-IR
Amide I and II absorption bands of proteins, which pro-
vide quantitative information on protein conformational
state in terms of the average secondary structure content
[78-81]. Notably, this information can be obtained in a
non-destructive fashion, leaving the EV lipid shell intact,
which is especially important for membrane proteins,
whose separate characterization would require the use of
perturbative treatments with detergents. Although this
non-destructive characterization could be in principle
obtained with conventional ATR-FTIR spectroscopy [15,
54, 78-85], our device offers several advantages in terms
of sensitivity and sample purity. The increased sensitivity
of our methods is provided by the strong electromagnetic
field enhancement provided by the SEIRA effect. More
specifically, the incident electromagnetic field in our
device is amplified from several hundred to more than a
thousand times close to the resonant nanostructures, as
estimated with electro-dynamical simulations based on
the Green Dyadic Method [42] (Additional file 1: Figs. S1
and S2). To fully exploit this field enhancement, we take
the advantage of immunocapture, which increases EV
concentration along the nanorods, reducing the water
content in the close vicinity to the surface, where the field
enhancement is maximum. At the same time, immuno-
capture strongly limits the detection of non-EV particles
related to purification methods. EV extraction from com-
plex media is, in fact, a challenging task as these mole-
cules are highly heterogeneous in size, content, function,
and origin, and the purified samples might be affected by
a wide range of contaminants [86—89]. Thanks to the syn-
ergistic effect of SEIRA and EV immunocapture, we man-
aged to monitor the dynamical interaction of EVs with
the sensing part of the device through the acquisition of
the specific spectral fingerprint in the amide I/II region
of proteins within extracellular vesicles.

To further stress the potential diagnostic relevance
of studying the Amide I/II band shape of EVs with our
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device, we carried out a comparative analysis of EVs
derived from intestinal cancer cells with different degrees
of invasiveness and metastatic potential. For this pur-
pose, we used a NAC-based pharmacological treatment
on Caco2 intestinal cells, able to precisely control the
Epithelial-to-Mesenchymal (EMT) transition in-vitro
(Fig. 6), a key process for tumor expansion and metas-
tasis. Thanks to this treatment, we extracted EVs from
Caco2 cells with different phenotypes, namely a mor