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I Plasmonic Nanoantennas

Out-of-Plane Plasmonic Antennas for Raman Analysis in

Living Cells

Rosanna La Rocca, Gabriele C. Messina, Michele Dipalo, Victoria Shalabaeva,

and Francesco De Angelis*

Currently, many techniques were developed for the investiga-
tions of cell cultures!'®! because it represents a fundamental
tool for the detection of anomalies and early diagnosis of
diseases, or more in general to investigate cell response to
external stimuli.l’l Analyses of proteins, deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA) are possible using
quantitative mass spectrometry,’] western blotting,[l poly-
merase chain reaction (PCR),’! and other conventional
molecular biology approaches that need the degradation or
the fixing of cells. Presently, the most frequently used method
to study molecular dynamics into living cells is fluorescence
analysis, being a cost-effective technique that allows fast
responses and high sensitivity. However, this approach still
presents some intrinsic problems related to its working prin-
ciples. For instance, fluorescence-based analyses need specific
biochemical protocols aiming at labeling molecules or tissues
of interest. This fact imposes limitations on the number of
molecules investigated and it also requires specific skills in
biochemistry. Furthermore, the exploitation of labels can pre-
sent issues related to cytotoxicity, especially when enhancers
such as quantum dots are used.™

Among recently proposed alternative techniques, Raman
spectroscopy is one of the most interesting. In fact, it is a
label free technique in which biomolecules can be distin-
guished according to their spectroscopic fingerprint, without
the need of any additional marker, thus overcoming issues
related to toxicity and biochemical skills. Raman spectros-
copy can give detailed information about the whole chemical
environment and it offers the possibility of mapping the dis-
tribution of cellular components in space and time.[*-4] On
the other hand, Raman scattering phenomena present cross-
sections in the order of 107° cm?, relatively low if compared
with absorption cross-sections of fluorescence (=107 cm?).["]
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Such a low sensitivity can be partially overcome by using
surface plasmon polaritons, usually called plasmons, as elec-
trical field enhancers in a process known as surface enhanced
Raman scattering (SERS).®! Literature reports several
examples of SERS analysis of living cells obtained through
the use of noble metal nanoparticles (NPs) as electric field
enhancers.”®¢ For example, the use of gold NPs helped the
observation of molecular changes during cell apoptosis,!”]
and transport phenomenal®! and were also used for molec-
ular imaging of living cells[''2?! cellular phenotyping,['Z
and for in vivo SERS measurements.'3l However, also this
approach presents some major limitations. First, NPs can
present high cytotoxicity and can cause biological contami-
nations. Different sterilization techniques were evaluated but
most of them can cause massive aggregation of the nanopar-
ticles followed by precipitation.'¥l In this view, the general
approach to use surfactants to prevent NPs aggregation is not
useful, since surface functionalization, even if carefully con-
trolled,[**] reduces the amount of available SERS sites and it
introduces a background in the Raman signal that makes the
lowering of the signal to noise ratio. On the other side, even
if NPs present random and unsteady distribution inside or
around the living cells, they can provide information related
to specific targeted areas of the cell. Unlike NPs, nanostruc-
tured surfaces do not need surface functionalization, and they
can be designed for providing intense plasmonic hot spots in
well-defined spatial distributions.['® Cells can be easily cul-
tured on those surfaces which offer high biocompatibility and
do not require advanced skills to be managed.

These intriguing properties have increased the interest
for elongated plasmonic nanostructures and recent lit-
erature shows several examples of ultrasensitive map-
ping,['”] biodetection,['82b] cellular investigation,'**%] and
manipulation.[22?] Unfortunately, cells tend to adhere on
the metal surface in random points thus frustrating the capa-
bility of exploiting a set of well-defined plasmonic hot spots
as predictable and stable detection points. Moreover, due to
the adhesion of the cellular membrane, spectroscopic infor-
mation is only limited to extracellular species.

Here we show that 3D SERS substrates presenting ver-
tical plasmonic nanoantennas protruding from the substrate
plane can overcome the main limitations introduced above
thus enabling the chemical analysis of living cells by means
of Raman spectroscopy. In the following we demonstrate that
cells cultured on such a 3D surface spontaneously grab the
vertical nanostructures in predictable points that coincide with
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the plasmonic hot spots, without the need of chemical func-
tionalization. The performance of the 3D antennas was tested
with mouse fibroblasts NIH/3T3 as in vitro model, while their
biocompatibility and morphology was tested both on NIH/3T3
cells and mouse neuroblastoma cells (Neuro2a or N2a).

Vertical 3D nanoantennas were obtained through a
recently developed fabrication method based on focused
ion beam technology whose details can be found in previous
works.[212¢l For sake of clarity we reported in Figure 1la a
scanning electron microscopy (SEM) image of a representa-
tive vertical antenna, whereas additional details are described
in the Supplementary Information. In this work a silver/gold
bilayer was used as coating for the nanoantennas, since the
underlying silver offers the already proven high plasmonic
enhancement, while the external thin gold coating leads to
high biocompatibility and chemical stability.[??]

The difference between vertical and planar approach is
sketched in Figure 1b. In case of vertical nanostructures, cells
tightly adhere to the tips of the plasmonic antennas, thus put-
ting in close contact the cell membrane with the plasmonic
hot spots. The distance between the plasma membrane and
the surface of the antenna is on the nanometer scale, leading
to a full exploitation of the plasmonic enhancement of
Raman signal. In this way the contact point is well predict-
able and it coincides with the plasmonic hot spot. Indeed,
planar SERS substrates can provide such a tight adhesion,

S| s

but contact points are randomly distributed, not easily pre-
dictable, and not necessarily correspondent to the spatial dis-
tribution of plasmonic hot spots. We also notice that, although
3D nanoantennas are more expensive than planar ones, or
other plasmonic or biosensing devices,[?**! they were dem-
onstrated to be recyclable.??l Furthermore they can provide
good sterility: in fact, potential biological contaminants can
be easily removed from nanoantennas by UV exposure.

Following this approach, different substrates were pre-
pared by fabricating 1.7 um high antennas with different
spatial arrangement (squared, triangular, and random) and
different pitch (2-5 pm). N2a and NIH/3T3 cell lines were
cultured on those 3D substrates without adhesion factors
(such as poly-lysine) for 2 days in vitro (2 DIVs) with the aim
of evaluating adhesion and proliferation mechanism. Statis-
tical analysis of cell adhesion on the various nanoantennas
pitch and spatial distribution were performed. In Figure 1
optical images of cells cultured on different antennas arrays
are reported (panels (b)-(e): squared arrays with variable
pitches; panels (f)-(h): comparison of squared, triangular, and
random arrangements).

As a first observation, it is clear that both cell lines grow and
proliferate well on the substrates with nanoantennas acting as
mechanical support. In fact, we have positively observed that
cells tend to settle preferentially on the antennas arrays rather
than on the unpatterned surface. No clear dependences on the

a) Random unpredictable
Predictable adhesion sites §
Adhesion o
Site
1 S e, L Wy
(iAW
SERS substrate

—
20 ym

Figure 1. Neuro-2a cells growth on nanoantenna arrays at different pitches: a) Sketches representation of the cell/nanoantenna (left) and cell/
planar SERS substrate (right) systems; b) 2 um, c,g) 3 pm, d,f) 4 pm, e,h) 5 um, f—h) patterns with squared, triangle, and random distribution,

respectively. Scale bar: 20 um.
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Figure 2. SEM and fluorescence images of a,b) Neuro-2a and c,d) NIH/3T3 cells cultured on 3D nanoantennas. The panels (a) and (c) show
interactions between filopodia and antennas arrays and in particular the NIH/3T3 (c) appears lying down on surface nanostructured; (b) neuro-2a
nuclei stained with Dapi dye (blue) on antennas; (d) NIH/3T3 stained for the F-actin (red), the vinculin protein (green) and nuclei (blue). Scale

Bars: 5 um (a), 10 um (b, c, and d).

antenna spatial arrangements or pitches were evidenced in
the range of parameters we investigated. We notice that since
adhesion efficiency does not depend on the pattern geometry,
it would be possible to use the antennas spatial arrangement
for achieving diffractive coupling effects (or grating effects)
that maximize the plasmonics enhancement.?*!

In order to qualitatively estimate the efficiency of cell adhe-
sion on the nanoantennas, we performed confocal imaging of
cells placed on nanoantennas disposed with squared arrange-
ment, as reported in Figure 2b,d. The fluorescence images
show the vinculin protein expression and F-actin filaments
distribution inside N2a and NIH/3T3 cell lines. As reported in
literature, the focal adhesion formation, as well as cell mobility,
is controlled by vinculin,[*] which is involved in the regulation
of cell survival and growth22"] and it has the ability to bind
F-actin filaments. Like vinculin, also F-actin plays an important
role in cell morphology, cell motility, and muscle function.?”]
Based on these results we can confidently state that N2a and
NIH/3T3 cells interact strongly with nanoantennas and grow
easily on them. A further insight of the in vitro development
morphology distribution has been obtained with SEM and
such results are reported in Figure 2b,d.

After 2 DIVs on the nanoantennas, the cells show good
adhesion and optimal morphology, forming strong connec-
tions with nanoantennas (Figure 2a,c). Moreover, the cell

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

bodies appear well supported by nanoantennas and the
ramifications well anchored to surrounding nanoantennas
(Figure 2a,c). In Figure 2a,c we observe that few nano-
antennas are broken or bent; this effect is entirely due to the
mechanical stress of dehydration required for SEM imaging:
in fact, all nanoantennas are standing vertically before dehy-
dration. Viability assays were performed to test the biocom-
patibility, after 2 DIVs the percentage of viable cells was
approximately 100% (Figure S1, Supporting Information).
Finally, after the evaluation of adhesion and biocompat-
ibility we assessed the capabilities of the 3D nanostructures
in terms of Raman analyses. Raman measurements were per-
formed on both NIH/3T3 and N2a living cells still immersed
in their cell media. Spectra were taken at different points of
the cells resting on the nanoantennas and show different vibra-
tional features related to various membrane cell components.
We did not notice significant differences or anomalies
between results coming from the two different lines, so for
sake of brevity and clarity here we are going to discuss in
details only data related to mouse fibroblasts NIH/3T3.
Figure 3a compares SERS spectra obtained on cells
laying on the antenna (red line in figure) and on flat sub-
strate (black line). SERS measurements were carried out
using a 60x water immersion objective, an excitation laser at
A =785 nm, with 10 mW of nominal laser power, and 10 s
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Figure 3. a) (left) SERS spectra obtained on NIH/3T3 cell lying respectively on the top of the antenna (red line) and on the bottom of the substrate
(black line). Measurements were performed with a Renishaw InVia micro-Raman microscope and all data were analyzed with Origin 9.1 (OriginLab,
USA) software program; (a) (right) SEM image of a 3D nanoantennas. b) Raman counts of the peak at 1482 cm™ in respect to the focus plane

along the antenna height.

of acquisition time. The strong signal intensities associ-
ated to cells on antennas with respect to those coming from
the substrate is a clear evidence of the high efficiency of
the antennas as enhancers of the electromagnetic field in the
NIR (near infrared) range.

By comparing peak intensities and measurement para-
meters, we estimated that cells on nanoantennas present
peak intensities 6.5 x 10* higher than that on the silver/gold
substrate.

In terms of pure field enhancement, this means that
antennas provide a magnification of the incoming electric
field 15 times greater than that provided by the rough silver/
gold substrate, corresponding to an absolute enhancement
factor of about 45 times the amplitude of the incoming laser
field.

Even if the latter outcome is in accordance with our pre-
vious results concerning the quantification of the enhance-
ment provided by these kinds of antennas.*'2<] We would
like to underline that a precise estimation of the total signal
enhancement should also include other parameters.

For example, most enhanced peaks, as the one at
1482 cm™!, do not present a counterpart on the substrate
spectrum, thus preventing the calculation of a maximum
enhancement value.

The presence of different features in the Raman spectra
from the same cellular system can be attributed to different
interactions of molecules with the surface, resulting in dif-
ferent relative intensity of the peaks. Indeed, the reconfigu-
ration of the lipidic membrane results in a change of the
spectrum both in spacel!®] and time,[?® making hard to com-
pare spectra acquired in two different positions at different
moments.

In general, we noticed that spectra collected on vertical
nanoantennas are always stronger than those collected on the
planar substrate. By assuming the presence of SERS enhance-
ment for molecules on a region of =15 nm from the surface,*}
we consider appropriate to attribute a lack of enhancement
from the substrate to a softer contact of the cell on it.

The large number of vibrational features reported in
Figure 3a can supply a large amount of information for the
study of the cell behavior. According to the current literature
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we reported possible attributions of peaks in Table 1. The
most intense peaks arise from the ring modes of tryptophan
(745 cm™) and other aromatic aminoacids (at 1214 cm™").5]
Other intense signal can be associated to Amide III alpha
helix (1323 cm™), amide II (1482 cm™), and double bonds
from tyrosine and tryptophan (1612 cm™) while, the two
peaks at 1214 and 1272 cm™ are characteristic of protein
secondary structures (o-helix and B-sheet).’!2Pl The fact
that these signals are associated to groups including nitrogen
atoms is a clear evidence of the plasmonic origin of the signal

Table 1. Positions of the peaks reported in Figure 3 and their possible
attribution obtained by comparison with literature data.

Peak position Possible attribution

[em™]

638 C-C twist phenylalanine, tyrosine

677

726 C-S protein, twist CH,, rocking A (Adenine)

745 Ring tryptophan

768 Ring tryptophan

871 C-C-N sym. stretching of lipids, C-0-C
carbohydrates

954 Hydroxyapatite, carotenoid, cholesterol

988 C-C BK stretching

1044 Phenylalanine

1123 0—-P-0 DNA backbone

1154 Tyrosine

1214 C-C¢Hs, tyrosine, tryptophan, phenylalanine

1272 Saccharides, proteins

1323 Amide Ill alpha helix

1368 CH5 symmetric stretching of lipids

1450 CH,, CH; deformation, phospholipids

1482 Amide Il

1572 G, A (Guanine, Adenine)

1612 C=C tyrosine, tryptophan

1650 Amide |
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enhancement, due to the strong interaction of nitrogen with
gold.2

In some cases, while the Raman spectrum collected out
of the antenna (Figure 3, black curve) shows strong Raman
bands at 1450 cm™' (protein CH deformation vibration,
phospholipids)*3»bl and 1650 cm™' (amide I), such fea-
tures are weakly enhanced (in the case of 1450 cm™') or not
enhanced at all in the SERS spectrum. Same behavior has
been already found in literature,’* confirming a selectivity
behavior of SERS approach in the investigation of cellular
membranes.

The reported spectra provide also structural information
related to proteins. The alpha helix structure (1323 cm™) is
often found in proteins related to anchor proteins or to ion
channels, while the feature at 988 cm™' corresponds to BK
(Big Potassium) channels. Further structural information
also offered the presence of the cholesterol peak (954 cm™),
which is involved in the fluidity of the cellular membrane. It
is also interesting to notice the presence of a DNA backbone
peak (1123 cm™). The simultaneous absence of the band at
735 em™, corresponding to the adenine ring-breathing mode,
means that native and not denatured DNA is present,3
indicating the good state of the cell. In addition to informa-
tion outlined above, the proposed approach can give many
interesting information of processes occurring on the cell
membrane or cellular activities in general. For instance, it
could represent a novel route for monitoring the membrane
phenotypic changes in primary cells, which could have a loss
of phenotype at increasing time in culture.* Also, it could
enable the study of secondary structures of membrane glyco-
proteins or the changes of channels, which regulate the flow
of charged ions inside the cell. Finally, it might be interesting
for monitoring variations of cholesterol within the phospho-
lipid bilayer of living cells.

In order to definitively confirm that the recorded Raman
signals come only from the tip (interface between plasmonic
hot spot and cell membrane), we acquired a set of spectra
by changing the focus of the collection objective along the
vertical direction. In Figure 3b the intensity of the peak is
reported at 1482 cm™! with respect to the focus plane along
the antenna height. As expected, the spectrum acquired on
the antenna tip presents ten times more counts than the
ones collected along the antenna body. We would like to
underline that supplied laser powers did not contribute to
damage or breaking of the cellular membrane as reported
in other works.['"l Indeed, such events should have gener-
ated a strong decrease of the Raman intensity in consecutive
measurements, due to a vanishing of the spectrum related to
membrane. Moreover, we never noticed any peaks related to
nucleic acids or other cytoplasmic components.

In summary, we showed that vertical 3D plasmonic
antennas are very efficient tools for the chemical analysis of
living cells. The tight adhesion between cells and antennas
enables sensitive SERS analysis of cell membrane elements in
well-defined and predictable points. Moreover, the silver/gold
bilayer coating allowed to combining high plasmonic field
enhancement with biocompatibility. By exploiting these fea-
tures, we were able to acquire SERS Raman spectra of living
cells using near-IR source, with very low laser intensities, and

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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without perturbing the culture with external contaminants.
Even in these mild conditions, obtained spectra presented
peaks with more than 10° counts and with an enhancement
approximately 40/45 times the amplitude of incident field.
This is a promising result in the view of precise quantitative
analysis of all biomolecules present in the cells environment.
Finally we stress the fact that cells are cultured with standard
procedures without any additional substances, tools, or skills,
thus making this technique fully compatible with the majority
of protocols currently used for in vitro investigations.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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