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Abstract: Two key features of cancer cells are sustained proliferation and invasion, which is preceded
by a modification of the adhesion properties to the extracellular matrix. Currently, fluorescence-based
techniques are mainly used to detect these processes, including flow cytometry and fluorescence
resonance energy transfer (FRET) microscopy. We have previously described a simple, fast and
label-free method based on a gold nanohole array biosensor to detect the spectral response of single
cells, which is highly dependent on the actin cortex. Here we used this biosensor to study two cellular
processes where configuration of the actin cortex plays an essential role: cell cycle and cell–matrix
adhesion. Colorectal cancer cells were maintained in culture under different conditions to obtain cells
stopped either in G0/G1 (resting cells/cells at the initial steps of cell growth) or G2 (cells undergoing
division) phases of the cell cycle. Data from the nanohole array biosensor showed an ability to
discriminate between both cell populations. Additionally, cancer cells were monitored with the
biosensor during the first 60 min after cells were deposited onto a biosensor coated with fibronectin,
an extracellular matrix protein. Spectral changes were detected in the first 20 min and increased
over time as the cell–biosensor contact surface increased. Our data show that the nanohole array
biosensor provides a label-free and real-time procedure to detect cells undergoing division or changes
in cell–matrix interaction in both clinical and research settings.

Keywords: cell cycle; cell adhesion; extracellular matrix; cancer cell; plasmonics

1. Introduction

According to the World Health Organization, cancers caused 10 million deaths in 2020
and continue to be the leading cause of death in the world. The most prevalent ones are
breast, lung, colorectal and prostate cancers, lung and colorectal cancers being the most
common causes of cancer death [1].

Two biological features common to all cancers that hinder successful treatment and re-
covery of patients are their proliferation capacity and their ability to invade the surrounding
tissue and to generate metastasis.

In contrast to normal cells, which control their growth by ensuring homeostasis,
cancer cells are characterized by a sustained and dysregulated proliferation. Several
mechanisms have been proposed to explain this and all of them activate intracellular
signaling cascades that promote cell-cycle progression [2]. Furthermore, cancer cells not
only sustain proliferation but also enable replicative immortality. Therapeutic strategies
have been designed against these cancer-promoting mechanisms, such as inhibitors of the
EGF receptor [3], cyclin-dependent kinase inhibitors and telomerase inhibitors, among
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others [2]. Despite the efficacy of some of them, controlling cancer cell proliferation
continues to be a challenge in clinical research.

The invasiveness of many cancers is another challenge needed to be faced by re-
searchers. The spreading of cancer cells allows the formation of new cancers in adjacent
or distant tissues (metastasis), and this highly complicates surgical and pharmacological
treatments. As a first step of the invasion process, cancer cells alter their adhesion proper-
ties, weakening cell–cell attachment and strengthening cell–matrix adhesions by means of
adhesion molecules such as integrins and cadherins [4]. Cell adhesion has been studied by
using techniques such as polyacrylamide traction force microscopy (PA-TFM) and three-
dimensional traction force quantification (3D-TFM) [5]. Modifications of the actin cortex,
which surrounds the periphery of the cell underneath the plasma membrane, facilitates
cancer cell movement as it provides traction forces to the cell [6]. Proteins involved in
cancer cell adhesion have been targeted by different therapeutic approaches, including the
use of miRNAs [7,8] and blocking monoclonal antibodies [9,10], in an attempt to avoid
cancer spreading.

Cell identification and biological processes can be revealed through changes in the op-
tical properties of cells and, consequently, their refractive index (RI) is a relevant biophysical
parameter. Different techniques have been applied to measure this parameter in different
cell types and to study its spatial distribution within the cellular compartments [11,12].

Due to its high RI sensing sensitivity, the extraordinary optical transmission (EOT)
phenomenon is the base of many biosensing tools for detecting small changes in the
concentration of biomolecules dispersed in fluids [13,14]. EOT in metallic nanohole films is
being explored as a tool for personalized medicine through the label-free analysis of live
cells [15,16] because the EOT-based biosensors can reveal subtle changes in the interactions
between the cells and the nanostructured films within the penetration depth of the excited
plasmons [5,17,18]. The EOT-based techniques are suited to sense the outer layer of cells
because the thickness of the plasmon penetration depth, for gold nanostructured films, is
about 200 nm [19]. This region includes the actin cortex, which plays an important role in
cellular processes such as cell division, cell migration and tumor cell invasion [20,21] by
means of actin polymerization–depolymerization mechanisms.

The EOT-based biosensing techniques are an attractive label-free platform for health-
care settings because of the easy integration of their optical setup [22]. Thus, they are an
alternative to more complex and fluorescence-dependent techniques to study cells and
tissues. Recently, we described a plasmonic system based on a nanohole array biosensor
to discriminate live single cancer cells from normal cells [23]. Other techniques, including
confocal refractive index microscopy, terahertz spectroscopy and quantitative phase imag-
ing [24–26], have been used for label-free imaging of living cells or cell-derived structures.
The confocal imaging techniques have an advantage in investigating whole cells, which
is due to their larger propagation depth, when there are no specific subcellular structures
to target.

Our plasmonic system was tested with a number of colorectal cancer cell lines and
primary colon cancer cells from surgical specimens. In all cases, the biosensor detected
changes in the optical properties between cancer cells and normal cells that included skin
fibroblasts, peripheral blood mononuclear cells and colon epithelial cells [23]. Moreover, we
showed that the discrimination capacity of the system mostly relied on the configuration
of the actin cortex, a complex network of polymeric actin assembled into long filaments
located just underneath the plasma membrane, within the short penetration depth of the
surface plasmon. This encouraged us to further study the capacity of the biosensor to detect
cellular processes where the actin cortex plays a relevant role. Among them, there are two
key processes typically associated with cancer development and progression: sustained cell
proliferation and changes in cell–matrix interaction that precede migration of cancer cells.

Cancer cells have a dysregulated control of their cell cycle as a result of sustained
proliferative signals and evasion of growth suppressors [2]. Thus, proliferation rates are
higher in cancer cells than in normal cells. Flow cytometry is commonly used to analyze



Biosensors 2022, 12, 674 3 of 11

the different phases of the cell cycle during division, which requires the use of fluorescent
DNA-binding dyes. The principle of this procedure is that dyes bind in proportion to the
amount of DNA present in the cell. Therefore, during the S phase, the DNA content is
duplicated with the corresponding increase in the fluorescence signal.

Healthy tissues control their homeostasis partly through cell–cell and cell–extracellular
matrix (ECM) interactions and changes in these adhesion processes is a major hallmark
of cancer. Moreover, epithelial–mesenchymal transition (EMT) is a program that allows
epithelial cancer cells to change their adhesion properties, boosting their motility and
invasive capacity. EMT is then considered the primary element driving cancer progression
to metastasis [27]. Atomic force microscopy has been used in the study of cell–substrate
and cell–cell interactions at the single-cell level [28] and permits the adhesion of living
cells. Although it is a sensitive technique that can be applied even to characterize the
interaction of single molecules, it requires complex instrumentation and it is time consum-
ing. Moreover, the thermal drift in this system restricts adhesion studies to short contact
times [29]. Alternatively, fluorescence resonance energy transfer (FRET) microscopy has
been used to quantify several features of the cell–substrate interface including molecular
changes induced by this interaction [30] and to study cell migration and adhesion by using
fluorescent probes [31].

Here we proved the capacity of a nanohole array biosensor as an alternative easy-
to-implement and label-free way to detect the interaction of cancer cells with the ECM
and to discriminate between cell cycle phases G0/G1, which precedes DNA synthesis
(S phase), and G2, where the DNA has been duplicated and cells initiate mitotic division.
This biosensing method could be complementary to other systems able to study these
cellular processes at the molecular level.

2. Materials and Methods
2.1. Optical Biosensor

The optical system and the configuration of the nanohole array biosensor have been
extensively described elsewhere [23]. Briefly, the biosensor is composed of a nanostructured
gold film deposited on a glass slide coated with a Ti film. The nanostructures are constituted
by a square periodic array of circular nanoholes. The spectral shift (∆λ) of the light
transmitted through the biosensor greatly depends on the refractive index (RI) of the
material placed within 200 nm above the metallic surface, a region where the electric field
is enhanced at plasmonic resonance conditions. The optical sensitivity of this spectral
biosensor is in the order of 400 nm/RIU for resonant wavelengths around 750 nm. Its
design was guided by simulations performed through Lumerical software (Ansys Inc.,
Canonsburg, PA, USA) and it was fabricated by e-beam lithography in the CIC nanoGUNE
Research Center (Donostia, Spain). The optical system is a modified version of a motorized
upright Eclipse Ni bright transmission microscope (Nikon Co., Tokio, Japan) coupled to
an Andor Shamrock 303-i spectrograph (Oxford Instruments PLC, Oxfordshire, UK). We
randomly focus individual cells within the nanostructured surface for RI measuring.

2.2. Cell Lines

Colorectal cancer cell lines CaCo2, HCT116 and SW480 were acquired from ATCC
(Manassas, VA, USA). All cells are adherent with epithelial morphology. CaCo2 cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Biowest, Nuaillé, France)
supplemented with 20% fetal bovine serum (FBS) (GE Healthcare-Hyclone, Chicago, IL,
USA); HCT116 cells were cultured in McCoy’s 5A (Biowest, Nuaillé, France) supplemented
with 10% FBS and SW480 cells in L-15 medium (ATCC) with 10% FBS. A mixture of
antibiotics including 100 U/mL penicillin and 100 µg/mL streptomycin (Lonza, Basel,
Switzerland) was added to all cell cultures. Cells were incubated at 37 ◦C and 5% CO2 in a
humidified incubator (HeraCell, Heraeus, Hanau, Germany).
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2.3. Cell Cycle Synchronization

Cancer cells were synchronized in the G0/G1 phase by incubating them in the presence
of 10–12.5 µM lovastatin (Sigma Aldrich, St. Louis, MO, USA) for 24 h. Synchronization
in the G2 phase was achieved with the addition of 0.05 µg/mL colchicine (Thermo Fisher
Scientific, Waltham, MA, USA) to cell cultures for 24 h. Cells were then collected in
phosphate buffered saline (Sigma Aldrich) for further analyses.

2.4. Fluorescence Activated Cell Sorting (FACS)

For cell-cycle analyses, cells were collected and permeabilized with 70% ethanol for
30 min. Cells were washed and incubated with 50 µg/mL propidium iodide (Sigma Aldrich)
and 100 µg/mL ribonuclease A (Sigma Aldrich) as described previously [32]. Samples
were kept in the dark at 4 ◦C until use. Flow cytometry was performed in a FACsAria II
cytometer (BD Biosciences, San Jose, CA, USA).

2.5. Plasma Membrane Staining

CaCo2 cells were stained by using cell mask green plasma membrane stain (Thermo
Fisher Scientific) following the manufacturer’s recommendations. Images of stained cells
were obtained with a A1R spectral scanning confocal microscope (Nikon Co.) that incorpo-
rates a total internal reflection fluorescence (TIRF) module.

2.6. Optical Measurements with the Biosensor

To study the cell–matrix interactions 2.5 × 105 cells were resuspended in culture
medium and deposited on the nanohole array biosensor pretreated with fibronectin as
an ECM protein [33] and maintained at 37 ◦C by using a homemade heating chamber. A
solution of 10 µg/mL fibronectin (Sigma Aldrich) was used for coating the gold surface of
the biosensor for 1h at room temperature. Experiments were performed in triplicate. For
each experiment, 10 cells were randomly selected and the spectrum of the transmitted light
was sequentially measured every 20 min.

For cell-cycle analyses, cells synchronized in G0/G1 phase or G2 phase were de-
posited onto the biosensor and 25 cells (in triplicate) were subjected to optical transmission
measurement in each condition.

All measurements were made under the same experimental conditions, using phosphate-
buffered saline as a medium. First, a full scanning of the fibronectin-coated biosensor was
performed to assure its homogeneity [34]. Second, a reference spectrum was taken by selecting
an area without cells. Finally, a spectrum of the cell was taken. ∆λ was obtained from the
comparison of both spectra [23].

2.7. Statistical Analyses

Thresholds for ∆λ were set following the Youden index optimization criteria [35].
Data are represented as mean ± standard deviation of three independent experiments.
Differences between groups were tested by Student’s t-test. The significance level was set
at p < 0.05. All statistical analyses were performed using GraphPad Prism 5.0 (GraphPad
Software, Inc., San Diego, CA, USA).

3. Results and Discussion
3.1. The Biosensor Is Able to Detect Different Phases of the Cell Cycle

We used our previous optical setup with the plasmonic nanohole biosensor (Figure 1a)
to detect spectral shifts in cells (Figure 1b). No significant changes in transmission were
detected in the measurements performed in this work. To test the capacity of the biosensor
to discriminate between different phases of the cell cycle, cancer cells were synchronized
either in G0/G1, which precedes DNA synthesis, or the G2 that goes after DNA has been
duplicated and precedes mitotic division (Figure 1c). Colorectal cancer cells were cultured
with lovastatin, which mediates inhibition of DNA replication and arrests cells in early
G1 phase by disrupting the proteasome pathway [36,37]. Thus, most cells would be either
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in the G0 (quiescent/resting state) or G1 phase. As we used a fluorescent DNA dye to
measure DNA content in a flow cytometer, resting G0 cells and cells in G1, an interphase
state that represents the first step of cell growth, appear in a single peak (DNA content 2N,
diploid) followed by a flat S phase in the FACS profile where the DNA is being duplicated
(Figure 1d).
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Figure 1. Cell-cycle phases and synchronization strategies. (a) Micrograph showing the sensing
nanostructured area. The period of 550 nm is indicated. (b) An example of a spectral profile. ∆λ

corresponds to the spectral shift when a cell is located on the biosensor area. (c) Schematic represen-
tation of phases of the cell cycle. G0 phase, quiescent/resting state; G1 phase, cell growth starts by
synthesizing proteins; S phase, DNA is duplicated; G2 phase, cells prepare to enter mitotic division.
Colchicine was used to synchronize cells in G2 phase, and lovastatin was used for synchronization in
G1. (d) A typical graphical representation of a cell cycle analysis by flow cytometry, that serves to
verify the efficiency of synchronization. The X-axis shows the fluorescence intensity of propidium
iodide (PI) in arbitrary units.

Once the S phase has finished, the DNA content is 4N (tetraploid), which corresponds
to the G2 phase. Following treatment with lovastatin or colchicine, about 80% of all cancer
cell lines were arrested in the G0/G1 or G2 phase, respectively, as determined by FACS
analyses (Figure 2).

Then, we deposited synchronized cells onto the biosensor to determine the spectral
shift of the transmitted light, which depends linearly on the refractive index of the material
placed within the 200 nm above the metallic surface, a region with the strongest electric field
caused by plasmonic resonance [23]. Optical measurements obtained in all three cancer
cell lines gave similar results. Interestingly, cells in G0/G1 showed RI values significantly
higher than cells in G2 (Figure 3).
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deviation. * p < 0.05, ** p < 0.001.

There are two arguments to discard that the compounds used for cell-cycle arrest affect
the RI of the analyzed cells. Lovastatin inhibits the proteasome, which is present in the
cytoplasm, mainly the pericentrosomal area and in the nucleus [38], and colchicine binds
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to soluble tubulin in the cytoplasm to prevent microtubule elongation [39]. Thus, neither
one specifically targets cellular structures within the plasmonic area. In addition, the RI of
colchicine is higher than that of lovastatin (1.58 vs. 1.53). If the compounds would have
a significant contribution, plots in Figure 3 would be the other way around, with higher
values of ∆λ in G2.

As we previously described, differences in RI between cancer and normal cells are
mainly influenced by the actin cortex, which lies within the short penetration depth of
the surface plasmon generated in the biosensor. Changes in thickness and density of the
actin cortex may explain these differences [23]. Consistent with this, it has been shown that
the thickness of the actin cortex is lower in mitosis compared to interphase in cancer cells,
which inversely correlates with an increase in cortex tension [40].

There are different procedures that enable discrimination between G0 cells and G1
cells by FACS, which require fixation and permeabilization [32], two processes that have
been shown to change actin cortex organization [41]. Thus, although we are aware that
our experimental approach does not allow us to distinguish these two phases of the cell
cycle, the biosensor is intended to be used in live cells without the need of disrupting
manipulations. Considering that propidium iodide single-staining FACS is routinely used
not only in experimental research but also in clinical settings, providing information to
evaluate tumor aggressiveness and prognosis [42], the plasmonic biosensor could have
some advantages over this standard technique.

Additionally, once the optical measurements have been determined, cells with RI
values corresponding to G0/G1 could be isolated by using micro-pipetting cell pickers,
successfully used to obtain single cells [43], for further studies that provide a more accurate
identification of their cell-cycle status.

3.2. The Cancer Cell–Matrix Interaction Can Be Monitored by the Optical Biosensor

Another key feature of cancer cells is their ability to modify their cell–cell and cell–
ECM interactions to promote invasion of the surrounding tissue and eventually to establish
a distant metastasis [2]. Typically, the actin cortex is thicker in rounded cells than in spread
cells. Using high-resolution imaging, it has been shown that cortex thickness is reduced at
high spread areas, which is also found during monocytic differentiation that takes place
concurrent to cell spreading [44]. Based on this and taking into account the key contribution
of the actin cortex to the spectral changes detected by the biosensor, we studied whether our
optical system could monitor the process of cell attachment to a substrate. To have a more
physiologically relevant model, the biosensor was coated with fibronectin, a ubiquitous
ECM protein. Cells deposited onto the substrate increase their contacts (focal adhesions)
with the ECM generating tension forces that will allow cell spreading. These contacts
may be transmitted from the periphery, where they allow the cell to be more sensitive to
changes in the microenvironment [45], to the center of the cell, as it can be deduced from
the TIRF images (Figure 4a) and as it has also been previously modeled [46]. Cancer cells
were stained with a fluorescent membrane marker and deposited on a fibronectin-coated
slide for TIRF microscopy, which has been widely used for studying cell adhesion and the
dynamics of the outer layers of the cell [47]. The penetration depth of TIRF microscopy
depends on the angle of illumination resulting in a range of depths that typically vary from
70 to 200 nm [47]. Then, TIRF microscopy allowed us to focus on the first 200 nm above the
surface, which is the penetration depth of the surface plasmon detected by the biosensor.
As shown in Figure 4a, 60 min after cells were deposited onto the slide, there were more cell
cortexes within the plasmonic area as determined by an increase in the fluorescent signal.
Thus, we envision a model where the size of the cell cortex under the plasmon influence
increases over time (Figure 4b).
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Figure 4. Cell–matrix interaction dynamics. (a) CaCo2 cells were labeled with a cell membrane
fluorescent dye and immediately placed on fibronectin-coated slides and analyzed under a TIRF
microscope. The critical angle was maintained until the end of the 60 min observation period. Images
were acquired with a 100× immersion objective. Scale bar: 10 µm. (b) Schematic representation of
the cell–substrate interaction over time. The penetration depth of surface plasmon, about 200 nm, is
indicated to highlight the part of the cell that is detected by the biosensor.

Colorectal cancer cells were deposited on a fibronectin-coated biosensor and values
of the spectral shift (proportional to the mean effective RI) were taken every 20 min.
Consistently, in all cases, RI was increased over time, although the time-course profile was
different in each cell line, most likely reflecting different cell adhesion dynamics (Figure 5).
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Figure 5. The biosensor detects cell–matrix interactions in real time. Colorectal cancer cells were
deposited onto the fibronectin-coated biosensor and values of the spectral shift (∆λ) were obtained
every 20 min. µ represents the mean and σ the standard deviation. * p < 0.05, ** p < 0.001.

Coupling of the cell to the ECM is due to focal and fibrilar adhesions that connect
the actin cytoskeleton to the ECM through adhesion receptors from the integrin family,
including the fibronectin receptor. At the cellular level, adhesion molecules do not function
just as molecular glue but are highly dynamic. The formation of adhesive bonds depends
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on forces both self-generated internally by the cells or stemmed from cell–cell contact or
inhomogeneous substrates [48]. These forces may change over time. For instance, the
cytoskeletal protein tensin that along with the fibronectin receptor form cell–matrix fibrilar
adhesions, has a highly dynamic behavior over time, moving either along the cell margins
or in more central locations within a time period of 50 min [49]. These changes in the
cellular location of adhesion molecules modify the cell–matrix contacts and may explain
the variation of the spectral response we detect over time in the different cell lines as our
system detects nanometric fluctuations in the cell–matrix boundary.

Adhesion depends on interaction between cellular receptors including integrins and
cadherins, and ligands on the ECM. This interaction triggers cell pathways that promote
cell spreading over the substrate and strengthening of cell–substrate adhesions [50]. Thus,
the composition and density of adhesion receptors on the cell surface, as well as the strength
of receptor-ligand bonds and the type of ECM present, may lead to different adhesion
dynamics. Moreover, adhesion dynamics involve changes in the cellular traction forces,
generated during rearrangement of ECM ligands, in the process of forming stable cell–
substrate adhesion contacts [30]. In line with this, here we used fibronectin as the ECM
protein, and differences in the expression of fibronectin receptors have been described
among colorectal cancer cell lines [51,52].

Overall, our study addresses the use of a label-free biosensor for real-time detection of
changes in cell cycle status or cell–matrix adhesion of live cancer cells, which could provide
information about cancer aggressiveness and prognosis.

4. Conclusions

Sustained proliferative signaling and activation of invasion and metastatic programs
are two major hallmarks of cancer development and progression that have attracted interest
from researchers to develop novel detection and therapeutic strategies. Flow cytometry is
widely recognized as the gold standard for quantification of cellular populations and cell-
cycle analyses and represents a key tool in cancer diagnosis. Ki-67 immunohistochemical
staining is also an indispensable nuclear antigen to study cell proliferation in cancer tissue
sections. However, both techniques need to pretreat biological samples and use staining
protocols to obtain accurate results. We have used a real-time, label-free optical biosensor
to distinguish between resting cells or cells initiating proliferation and proliferating cells
entering mitotic division. In addition, we also proved that this optical system can be
used to study cell–matrix interactions. Cancer invasion is associated with a profound
reorganization of the cytoskeleton to weaken cell–cell attachment and strengthen cell–
matrix adhesions. Interest has been gained to develop strategies able to elucidate the
adhesion properties of cancer cells at the single cell level over time to find markers that
anticipate cancer invasion. Confocal refractive index microscopy based on the polarization-
sensitive absorption of graphene [26] has also been used for the label-free imaging of living
cells when there are no specific subcellular structures to target.

Overall, we propose our optical biosensor as an easy-to-implement approach that
focusses on the cell cortex to study two key features of cancer cells, in both research and
clinical settings.
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