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Distinguishing Between Normal and Cancerous Cell Types
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DOI: 10.1039/x0xx00000x Fourier transform infrared (FTIR) spectra of biological cells can reveal clinically important information about cells’

www.rsc.org/ composition, including their normal or cancerous status. The recently emerged diagnostic technique of spectral
cytopathology (SCP) combines FTIR with multivariate statistical analysis to detect cell abnormalities, differentiate between
cell types, and monitor desease progression. We demonstrate a new variant of SCP, a metasurface-enhaced infrared
reflection spectroscopic cytopathology (MEIRSC), that utilises judiciously designed plasmonic metasurfaces to localize and
enhance the evanescent field near the cell’s membrane, and to carry out spectroscopic interrogations of the cells attached
to the metasurface using reflected infrared light. Our findings indicate that the MEIRSC approach enables us to differentiate
between normal and cancerous human colon cells. The sensitivity of MEIRSC is such that a very small (about 50 nm deep)

portion of the cell can yield valuable diagnostic information.

antigens. For example, epithelial cell adhesion molecule
Introduction (EpCAM) is a common antigen for a variety of tumor cells.
Fluorescent staining for various positive markers can be used
for cell type differentiation such as distinguishing between
circulating tumor cells (CTCs) and leukocytes [8]; but, the same
issue of limited specificity remains. Moreover, the viability of
stained cells is not guaranteed.
Therefore, there is considerable interest in label-free
approaches to cytology that rely entirely on the native
properties of the cell. Infrared spectroscopic cytopathology
(SCP) [9], [10] is one such promising technique. It relies on
spectroscopic data obtained from coupling mid-infrared (MIR)
light to the vibrational modes of the constituent molecules (e.g.,
proteins, lipids, phospholipids, etc.). The cell’'s fingerprint
associated with the MIR part of the electromagnetic spectrum
which overlaps with molecular vibrations (wy =900 — 1,800c
m_l) provides a representation of the cellular
structure/function based on chemical bonds’ vibrations. It
provides an excellent (potentially clinical) tool for distinguishing
between different cell types and populations [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], and can be
applied to single cells or even to tissue sections [22].
MIR SCP is an inexpensive and automated tool that has already
been used in a variety of rather subtle cell-characterization
applications, including the investigations of the effects of anti-
cancer drugs on tumour cells [23] because of its sensitivity to
metabolic perturbations inside a cancer cell during the
treatment. Other successful applications of MIR SCP include the

The ability to distinguish between different phenotypic states of
a given cell, as well as between different types of cells, is crucial
for a variety of fundamental and clinical life sciences
applications. These include the monitoring of biochemical
processes in a living cell [1] (including its response to
therapeutics and other stimuli) and effective early cancer
screening [2], just to name a few. The science of differentiating
between tumorous and normal cells, commonly referred to as
cytopathology (or sometimes simply cytology), is an important
and established pre- and post-operative diagnostic tool.
Cytology relies on the visual inspection of the morphology of
stained cells by a pathologist, followed by an interpretation of
their state (e.g., cancerous, pre-cancerous, normal, etc.).
However, morphological features do not provide the needed
diagnostic sensitivity, which is presently in the 30%-87% range
[3]. For many diseases, such as cervical or lung cancer, both
sensitivity and specificity of cytology are even lower [4], [5].

More specific approaches to differentiating between different
cell types include immunological evaluation, i.e. they rely on
antibodies attaching to specific antigens that are over-
expressed by the cells. Immunologic and morphological
evaluations can also be combined [6], [7] for better specificity.
However, the specificity of immunologic approaches is also
limited because different cell types may express the same
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spectroscopic data can be at least as valuable for medical
diagnoses as the morphological information [3], various
spectroscopic modalities have been developed over the years
[10] [27], [29].

Briefly, the most common vibrational spectroscopic methods
for cellular analysis include Fourier Transform Infrared (FTIR)
transmission spectroscopy [28], [29], [30], [31], [32],
attenuated total reflection (ATR) FTIR spectroscopy [33], [22],
[18], [34], [35], and transflection [36], [27] spectroscopy. With
the exception of the ATR-FTIR spectroscopy, all these
techniques involve the transmission of IR light through the
entire cell. This can be a significant limitation, especially for
performing the SCP of live cells in their natural aqueous
environment. Because MIR radiation is absorbed by water, it
cannot be sent through the water on its way towards the cells
unless the water layer is narrower than roughly 10 um [37].
However, the extremely shallow depth of such channels is not
desirable because it can impose mechanical stress on the cells.
These limitations of the transmission-based measurements
explain why most of such measurements have been carried out
with dried/fixed cells. ATR-FTIR measurements of live cells in
the aqueous environment have been done in reflection because
the technique does not involve MIR light propagation through
water. However, the high-index prisms are too costly to be used
as single-use optical devices.

The second limitation of the transmission-based SCP is more
subtle, and is not related to the cells being alive or fixed. It has
to do with the fact that the multi-organelle structure of a cell is
rather complex, and the transmission spectra contain
information about molecular composition of all organelles
inside the cell. For many applications, it may be desirable to
focus on a specific region of the cell (e.g., the cellular
membrane), and the contributions from other, less relevant,
regions of the cell obscure the target of interest. For example,
it has been known for some time [38] that the cellular
progression from normal to cancerous is frequently
accompanied by significant molecular composition changes at
the cell’s surface, such as significant changes in extracellular
proteins [39] and downregulation of cell adhesion molecules
[40]. Therefore, there is a well justified need to be able to “see”
tens of nanometers deep into the cell, which can only be done
using evanescent fields [41], [42].

Another application that could benefit from evanescent field
spectroscopy is the identification of multi-drug resistant (MDR)
cancer cells. MDR is a clinically important cellular-level
phenomenon that is frequently caused by the drugs’ efflux from
the cells. The latter is mediated by the activity of over-expressed
trans-membrane transporter proteins [43], [44], [45], [46].
Therefore, if the primary goal of the spectroscopic interrogation
is to distinguish between MDR and non-MDR cells, then it is
clearly advantageous to collect the IR spectra from a small
portion of the cell that includes the membrane region.
Quantitative interpretation of the observed physical differences
between drug-resistant and drug-sensitive cells is another
important application where it is advantageous to collect
spectral signatures from the region around the cellular
membrane. For example, bio-mechanical properties of the

This journal is © The Royal Society of Chemistry 20xx

cellular surface, such as its stiffness [47], is a useful biomarker
for drug resistance [48]. A cell’s biomechanics is largely
determined by its near-surface biochemical properties, which
include the membrane, the underlying cortical cytoskeleton,
and the connecting proteins. All these sub-cellular structures
are located within less than a hundred nanometres from the
cellular surface [49], and could be potentially interrogated using
a spectroscopic technique that emphasizes their contributions.
Thus, there is a clear incentive to develop a reflection-based
spectroscopic technique that does not require passing MIR light
through the entirety of a cell, and can collect vibrational
signatures from a small region of a cell. An additional desirable
feature of such technique would be enhanced optical field
intensity at the cell that could potentially enhance the signal-to-
noise ratio of the reflected signal [50]. Once the technique is
developed, another important question can be experimentally
addressed: is the spectral information from such a small region
of a cell sufficient for distinguishing between different cell types
(e.g., cancerous or non-cancerous, drug-resistant or drug-
sensitive, pluripotent or differentiated)?

Plasmonic metasurfaces (see Fig. 1 for a specific metasurface
design used in this work) are periodic arrays of engineered
metallic antennas with tailored electromagnetic response over
a broad range of frequencies [51], [52], [53], [54], [55], [56],
[57], [58], [59]. Especially important for the SCP applications are
infrared metasurfaces because biomolecules constituting live
cells possess mid-infrared vibrational fingerprints that can be
used for their identification, thereby improving the specificity of
optical biosensing. Metasurfaces enable strong concentration
and enhancement of optical energy in their immediate
proximity [59], [60], [61]. The most straightforward qualitative
reason for the optical field enhancement at the metasurface is
the “lightning rod” effect: the electric field of the incident light
wave is enhanced because individual elements of the
metasurface act as highly-polarizable optical antennas. For the
more complex multi-antenna designs of the unit cell, even
stronger enhancement can be achieved as described below. Not
surprisingly, MIR metasurfaces have already been utilized to
detect and quantify the presence and spatial orientation
properties of protein monolayers [59], [50].

Similarly to other internal reflection elements (IREs) [62], such
as high-index ATR prisms, plasmonic metasurfaces produce a
locally enhanced optical field that exponentially decreases away
from the surface. However, unlike the ATR prisms that produce
spatial localization of the evanescent fields on a scale of a
micron, plasmonic metasurfaces enable field localization over a
distance of < 100nm. Moreover, the field enhancement
produced by the metasurfaces can be considerably higher than
that produced by the high-index prisms [50]. High field
enhancement is highly beneficial for spectroscopic applications
because stronger fields enhance the light-matter interaction,
thereby increasing the transduced signal (e.g., the spectral
features in the reflected signal corresponding to molecular
vibrations) from the biological material (cells, tissues, protein
monolayers) placed on top of the IRE. Moreover, strong field
localization enables us to probe the outer region of the cell that
is in more intimate contact with the metasurface than the rest
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of the cell [63]. The localization depth of the field at the
metasurface is comparable to the thickness of the cellular
membrane (several nanometers, including the extracellular
molecules), but much smaller than the total thickness of a cell
(several microns).

Motivated by the above properties of MIR plasmonic
metasurfaces for SCP applications, we describe a novel
spectroscopic technique, Metasurface-Enhanced Infrared
Reflection Spectroscopic Cytopathology (MEIRSC), and apply it
to several types of human cells (normal and cancerous). While
metasurfaces have already been wused for enhanced
spectroscopy and identification of protein monolayers [59], so
far there has not been an experimental study of metasurface-
enhanced spectroscopy of the whole cells. It is not a priori
obvious that metasurface-enhanced spectroscopy is a good
match for studying adherent cells.

For example, the very small localization length of the
evanescent fields presents not only an opportunity to study
cellular membranes, but also a challenge because a cell needs
to be in intimate contact with the metasurface in order for this
technique to work. It is reasonable to expect that the MEIRSC
should work because the separation between cells and the
sensing substrate is estimated [64] to be from 10-15 nm (for
focal contacts) to 30-50 nm (for close contacts). However, this
question can only be resolved experimentally, as we do in this
study using fixed cells from three cell lines. We note that, while
MEIRSC of live cells in their natural aqueous environment is
beyond the scope of this study, there are many applications that
require fixed cells [65]. For example, it may be desirable to
transfer the samples to other laboratories, or to pathologists for
further examination. Our study confirms that spectral
information collected from a small region of human cells
located in close vicinity of their membrane is sufficient for
differentiating between cell lines of normal and cancerous
colon. Multivariate analysis of the spectra [66], [22], [67], [68]
enabled us to clearly differentiate between human colon
normal (CCD 841) cell line and two colon carcinoma (RKO and
HCT 116) cell lines. However, it was not possible to differentiate
between the above colon carcinoma cell lines.

Experimental Procedure
Sensor Fabrication

The plasmonic metasurface sensors were fabricated with
standard electron beam lithography followed by metal
deposition (70 nm of Au on top of 10 nm of Cr adhesion layer)
and liftoff process. Infrared-transparent CaF, windows
(12.5 mm x 12.5 mm, 0.5 mm thickness, Laser Optex Inc.) were
used as substrates for the sensors. The periodic unit cell of the
designed structure is shown in Fig. 1a. The units are arranged as
two dimensional (2D) arrays with unequal periods Px and Py.
Further details about the unit cell of the metasurface, including
individual antenna sizes and periodicities, are given in the
Supplementary Information (SI) section, Fig. S1t. A 2D array of
these unit cells forms one individual sensor ‘pixel’. Each pixel is
a 120 x 120 um? square. Two pixel types with different spectral

This journal is © The Royal Society of Chemistry 20xx
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responses (due to their different geometric sizes) were used in
this study. The fabricated sensor array had 5 separate copies of
each pixel type (Pixel 1 and Pixel 2 on Fig. 1a) on each CaF,
substrate. Tuning of the spectral response for the different
pixels was achieved by scaling all the in-plane dimensions,
including the periods Px and Py of the unit cell. Pixels’ geometry
definitions, corresponding scaling factors, and the two
dominant resonance frequencies (dipole resonance and Fano)
are given in Sl section, Table S1t.

Cells Preparation

The three human colon cell lines used in the experiments
are listed in Table 1. All the cells were cultured in cell culture
medium (Thermo Fisher Scientific MEM solution) supplemented
with 10% fetal bovine serum (FBS, Corning) at 37°C and 5% CO,.
Prior to the experiments, the adherent cells were detached
using TrypLE Express (obtained from Gibco). The cell suspension
was then centrifuged at 1200 rpm for 2 min to pellet the cells.
The supernatant was discarded and the cell pellet was re-
suspended in fresh cell culture medium (without FBS). The
number of cells in a pellet ranges from 1-5 million, which
corresponds to roughly % to % of cells in a culture flask at
moderate to high coverage (on the culture surface of the flask).
This procedure removes cellular debris as well as dead cells
prior to incubation with the metasurface samples.

Cell Deposition

Because colorectal cancer cells are known to over-express
the epidermal growth factor receptor (EGFR) proteins [69], [70],
we facilitated their attachment to the metasurface by
functionalizing it with anti-EGFR antibodies (E2760, Sigma). To
facilitate antibodies’ attachment to gold metasurfaces, thiol
linkers (dithiolaromatic PEG6-NHNH,, SPT-0014B, SensoPath
Technologies) were attached to the antibodies using a method
described elsewhere [71]. The sensor surface was submerged in
antibody solution and placed on a rocking shaker (Fisher
Scientific Open Air Rocker) for 4 hours. Afterwards, it was gently
washed three times with milli-Q water to remove excess
unbound antibodies. Consequently, the plasmonic metasurface
was functionalized with antibodies to capture EGFR-expressing
cells.

A PDMS fluidic chamber was attached to the metasurface
with acrylic clamps, and a cell solution (~10° cells/mL, 90 pL
total volume) was injected into the chamber with the aid of a
syringe and tubing (Fig. 1c). The cells were allowed to settle
onto the metasurface for about 10 minutes (Fig. 1 and Fig. 2).
The sample was then incubated at 37°C and 5% CO, for four
hours. We found that incubation enhances the spectroscopic
signal originating from molecular vibrational lines. The
incubation time can be shortened to two hours and still observe
significant increase of spectral lines’ strength compared to
samples that were not incubated after cell deposition. Cell
coverage was roughly 20-30 cells per pixel. After allowing the
cells to spread on the metasurface in an incubator, the cells
were fixed by incubating them in a 4% paraformaldehyde (PFA)
solution for 20 minutes. Subsequently, the PDMS chamber was
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removed and the sample with cells was washed with milli-Q
water three times to remove any residual PFA. After the
fixation, the samples were allowed to dry for a day at ambient
conditions, followed by the measurements of the IR spectra in
reflection.

Data Collection

Reflection spectra from the metasurface pixels covered with
cells were measured through the substrate as illustrated in
Fig. 1d. The spectra were collected with a Thermo Scientific
Continuum microscope coupled to a Nicolet 6700 FTIR
spectrometer equipped with XT-KBr beamsplitter and liquid
nitrogen cooled MCT detector. The Y — polarized (see Fig. S1a)
incident light was used for all measurements. Data was
recorded at 4 cm? resolution in 650-4000 cm™? range. The
measurement area under the microscope was limited to a
100 pm x 100 um square. The collected spectra were then
analyzed using internally developed MATLAB scripts. Two
independent experiments were run for each cell line.

Data Analysis

Principal component analysis (PCA) was employed to
analyze the collected reflection spectra. MATLAB software was
used for all data analysis. Measured spectra were smoothed
using moving average filter to lower noise. Due to slight
variations in experiment conditions, the absolute values of
reflectance can fluctuate from measurement to measurement.
Therefore, all reflectance spectra were normalized to their peak
reflectance.

Second derivatives of the normalized reflection spectra (alch
) were calculated and used as input data for PCA because it has
been shown [27], [65] to emphasize the vibrational lines. In
order to give larger weight to native molecular vibrations, the
spectral regions that are close to plasmonic resonances of the
metasurface were discarded in the PCA. Full spectra were
truncated to include the data in the 1100-1580 cm! spectral
range for Pixel 1, and 1100-1770 cm-! for Pixel 2. Additionally,
all data in the 1300-1640 cm™ range was discarded for Pixel 2
because of the strong plasmonic resonance in that range.

PCA of all second derivative spectra was conducted using
MATLAB’s built-in functions with default parameters (singular
value decomposition (SVD) algorithm and data centering before
computing SVD). The two pixel types used in this study were
analyzed separately.

Experimental Measurement of the Evanescent Field Penetration
Distance from the Metasurface

We experimentally characterized the penetration depth of
the enhanced optical field produced in the proximity of the two
plasmonic metasurfaces (Pixels 1 and 2) used in this study. The
field penetration depth of the plasmonic metasurface was
quantified by using different thicknesses of polymethyl
methacrylate (PMMA) that was spin coated onto the
metasurface. The addition of PMMA changes the refractive
index surrounding the metasurface from that of the air, and
causes the spectral shift of the reflectivity curves. The

This journal is © The Royal Society of Chemistry 20xx

magnitude of the spectral shift is dependent on the PMMA layer
thickness t.

PMMA was spin coated onto the metasurfaces at four
different thicknesses: t =44 nm, 57 nm, 67 nm, and 136 nm.
The reflection spectra from the coated metasurfaces were
measured using the same methods as described in the Data
Collection section above. Spectral shift of the broad (“dipole”
[59]) peak in the reflection spectra was used to quantify the
field penetration depth. Experimental data of dipole peak shift
(AA) versus PMMA thickness (t) was fitted with a function in the
form of AA(t) = a(1 — e /") where @ and teat (the sought
after penetration depth) are free parameters. The experimental
data presented in Fig. 4 indicates that for both pixels (1 and 2)
the saturation thickness is tsat~45 nm. These observations are
in good agreement with the results obtained from numerical
simulations (Fig. 3b).

Results and discussion

Plasmonic Metasurfaces as IR-Reflective and Optically
Transparent Substrates for Vibrational Spectroscopy

One of the most desirable features of the plasmonic
metasurfaces is a large light intensity enhancement factor equal
to the near-field electric field intensity at the metasurface (|E2|)
divided by the electric field intensity in the incident pulse (|E%|).
The field enhancement, calculated directly on the metasurface
and plotted in Fig. 3a,b, has two important properties: (a) a
sharp and narrow field enhancement resonance related to the
so-called Fano resonance [59], [72] of the metasurface, and (b)
a spectrally broad “shoulder” in the field enhancement curve
that enables broadband sensing using a single pixel. While in
this study we are not taking advantage of property (a), property
(b) enables us to include spectrally distant molecular vibrations
into the PCA. This is particularly important for a pilot study, like
the one presented here, because it is not a priori clear which
molecular vibrations provide the clearest differentiation
between different cell types.

When a cell is near such a metasurface, the field penetrates
a small distance (tsat < 100 nm) into the cell, probing only a
peripheral region of the cell. In addition, probing the cells in
reflection from the metasurface makes it greatly insensitive to
the thickness of the cell layer. The metasurface also significantly
increases the reflectivity, thereby improving the signal-to-noise
(SNR) ratio and enabling shorter spectrum acquisition times.
Although not essential for this study, the fact that the reflected
signal is collected from the substrate side is beneficial for
conducting SCP studies in aqueous environment, where water
absorption is an important factor.

To demonstrate the effectiveness of the MEIRSC approach,
we have compared the reflection spectra for the CCD 841 cells
that were deposited either on the metasurface (see the
microscopy image in Fig. 3c) or on the bare CaF, substrate (see
the microscopy image in Fig. 3d). Reflectivity R(k) from the cells
on the bare substrate is very small: R(k) ~ 1+ 2% across the
entire spectral range of interest, 650 cm ™! < k < 4000 c

-1 L . .
m~", where k(measured in inverse centimeters) is the
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wavenumber which is related to the wavelength 4 (measured in
microns) according tok=10%/A. On the contrary, the
reflectivity from the cells placed on the metasurface is more
than an order of magnitude larger.

More significantly, the reflected spectrum from the cells on
a bare substrate does not have a sufficient SNR to identify the
molecular vibrational lines with certainty. To demonstrate that,
we have compared the second derivatives of the reflectivity, %
R, for the metasurface-enhanced (red line in Fig. 3e) and bare-
substrate (black line in Fig. 3e) data. Clearly, the signal from the
cells on the bare substrate is at the noise level (gray zone in
Fig. 3e), making it impossible to identify the vibrational
features. On the contrary, the metasurface-enhanced
vibrational features are much stronger than the noise and can
be easily identified (see Table 2 for a list of identified vibrational
lines and their origin).

To put MEIRSC in a proper perspective vis a vis other
evanescent field techniques that enable sub-micron
penetration into a cell, we note that the penetration depth of
IR field for the metasurfaces used in this work, tsq: ~ 45nm, is
comparable to the excitation depth (~ 60 + 100 nm) in the
Total Internal Reflection Fluorescence (TIRF) microscopy. TIRF is
a widely used method for investigating processes in and around
a cellular membrane [73], [74]. While TIRF imaging provides
excellent spatial and temporal resolution, it relies on the use of
fluorescent molecules. In contrast, metasurface-enhanced
spectroscopy requires no labelling of cells or molecules in them
because IR spectra of the molecules in and around the
membrane are the natural “fingerprints” of a cell.

Analysis of Cell Spectra

We used several human cell lines (see Table 1) to investigate
spectroscopic differences between different cell types. All of
these cell lines are derived from the same organ — colon. The
CCD 841 cells are normal, while RKO and HCT 116 cells are
cancerous. This allows us to look at the differences between
normal and cancerous cells originating from the same organ
(albeit derived from different patients).

We have used a monolayer of anti-EGFR antibodies to
immobilize the cells on the metasurface pixels (Fig. 2). Note that
this antibody is not very specific because all cell types analyzed
here express at least some EGFR on their surface. Therefore, the
antibody used here is employed for better attachment, not for
better specificity. Other moderately-specific  surface
engineering strategies for immobilizing cells on metasurfaces
can be utilized as well, e.g., using surfaces presenting adhesion
proteins or peptides [75], [76]. However, the main specificity in
SCP comes from the infrared spectra, not from the cell binding
ligands. Even though the antibodies alone also contribute to the
spectrum because they constitute a protein monolayer, we
have experimentally found that their spectrum contains much
weaker spectral features than those from the cellular spectra.
The reason for that is the small thickness (under 10nm) of the
protein monolayer.

All the cells were fixed prior to the collection of the IR
spectra. Fixing a cell causes the cell components to be

This journal is © The Royal Society of Chemistry 20xx
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immobilized in their final state. This allows for a more controlled
experiment as compared to live cells’ experiments, where the
cells’ conditions change with time. Recent studies [65] indicate
that spectral changes introduced by fixation are negligible in
comparison to changes induced by disease. In our case, fixation
had another benefit—it enhanced signals from vibrational lines.
Additionally, the presence of water dampens the signal from
the vibrational lines of interest. However, fixing the cells allows
us to dry the cells, thus making these vibrational fingerprints
become more prominent. There are nevertheless some water
molecules left even in dry fixed cells, however, as evidenced by
their (albeit diminished) spectral signature at 1670 cm™. These
are presumably water molecules that are hydrogen bonded
with other molecules in the cell.

Two representative IR reflection spectra (R(k), see Fig. 5a)
and their second derivatives (31%1?, see Fig. 5d) for the RKO cell
type are shown on Fig. 5. In the as-measured IR reflection
spectra, the vibrational lines except for Amide | and Amide Il are
difficult to see with the bare eye (see Fig. 5a). Note that the
reflection spectra in Fig. 5a do not look like the standard
absorbance spectra in transmission FTIR spectroscopy. Similar
phenomena have been observed in a different context of
measuring reflection and transflection spectra of single cells
[36], [77]. The unusual spectral shapes were explained as a
convolution of broadband Mie resonances of a cell with
vibrational modes of the individual constituent biomolecules. In
the case of metasurface-enhanced spectroscopy, the Mie
resonance of a cell is replaced by the plasmonic (dipole)
resonance of the metasurface. While it is possible, in principle,
to follow the same strategy as Refs. [36], [77] to obtain the
effective absorbance, we did not find that to be necessary. Note
that similar effects of spectral lines’” modification by plasmonic
resonances were observed for protein monolayers deposited
on top of plasmonic metasurfaces [59] and antenna arrays [50].

In the second derivative spectra (aﬁR), approximately 10
vibrational lines are much more clearly discernible (see Fig. 5d).
The most prominent vibrational features identified from our
measurements in the 900 cm ™! < k < 1800 cm ™! spectral
range are as follows: k¢ —o—p ~ 970cm %, k§62™ ~ 1080cm ~*
, kc.o~ 1150 cm ™ k3™ ~ 1230cm 1, kp_yy~ 1300 cm ™)
k¥mR ~ 1380 cm !, kR ~ 1450 cm ™, ky_;y~ 1540 cm 7},
ka_1= 1660 cm'l, and kESS—{) =~ 1740 cm'l_ Here the A—1,
A —1I, and A —1II |abels refer to Amide I-1ll vibrational modes
of proteins, respectively [68], [78].

Separate Amide Ill features at 1300 cm™ (combined C-H
stretch and N-H bend) and at 1240 cm ™! (combined C-N stretch
and N-H bend) have also been identified in the literature [78].
However, distinguishing the latter from the k3™ ~ 1230cm !
exceeds the accuracy of our technique. The original assighment
of the particular vibrations reflects the small penetration depth
of the MEIRSC technique compared with more conventional
transmission-based or ATR-based approaches to SCP. For
example, the phosphate vibrations at kBY and kPoE™
wavenumbers are frequently assigned to either nucleic acids
(DNA/RNA), or to phospholipids [22]. However, DNA/RNA are
primarily localized inside the nucleus which is too far away from
the cellular membrane to be probed by MEIRSC. Therefore, we
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conclude that these spectral lines, which are visible in Fig. 5d,
originate from phospholipids in the cellular membrane.

Therefore, based on our assumption that only a small
portion of the cell next to the membrane is sampled by MEIRSC,
the modes listed in Table 2 were identified as vibrational
fingerprints of proteins, lipids, and carbohydrates using
references [27] [36] [79] [80] [81] [82] [83]. There can be slight
shifts between table values of molecular resonance positions
and reflection dips derived from metasurface spectra, since in
the latter case the exact dip position is dictated by the
interaction between IR resonances of the molecular vibrations
and the much broader resonances of the metasurface itself.

Note that the Amide | line overlaps with the water
absorption line atk=1670cm™!, and as a result is
overshadowed by the absorption of water. De-convoluting
these two contributions requires precise control over water
content. In our experiments, this is achieved by drying the fixed
cells for a day. The Amide Il line, however, is clearly visible in the
spectrum, and is not distorted by water absorption.

In the absence of the cells, the reflection spectrum exhibits
a very strong and sharp (see Fig. S1b,c) Fano feature [59], [72]
that manifests itself in ultra-high field enhancement of the
evanescent fields of the metasurface (see Fig. 3a, shaded zone).
However, after the cells are deposited onto the sample and the
reflection spectrum is measured, the Fano feature diminishes
for those pixels with low cell coverage and disappears
completely in case of high cell coverage (see Fig. S2). This is due
to the loss of homogeneity because of the addition of cells.
Those units of a metasurface that have a cell attached to them
experience a significantly higher refractive index (and as a result
experience a redshift) compared to those not covered by cells.
This disparate behavior results in the disappearance of the
sharp Fano feature (which is a collective phenomenon that
depends on the existence of a large array of identical strongly
interacting unit cells), while preserving the broader dipole
feature. This phenomenon is discussed in more detail in
supplementary informationt. We note that the situation would
be different if the cells were embedded in an aqueous
environment because the refractive index of a cell is not very
different from that of water. This is not the case for the dry cells
SCP presented here; therefore, in this work we do not rely on
the extremely high evanescent field enhancement near Fano
resonances. Instead, we employ moderately high (just over an
order of magnitude, see Fig. 3a) field enhancement outside of
the Fano resonance region.

Quantitative Analysis of Cell spectra

Principal component analysis (PCA) was utilized to analyze
how the spectral signatures of different cell lines vary
quantitatively. We note that the reflection spectra and their
second derivatives plotted in Fig. 5 are only representative of a
single experiment on a single pixel. There is a considerable
variation between the spectra obtained from two nominally
identical pixels with similar coverage and distribution of the
cells on the metasurface. The key question to be answered by
our study is whether the difference between normal and

This journal is © The Royal Society of Chemistry 20xx

cancerous (or cancerous, but originating from different cell
lines) cells is larger than the variation produced by the variation
of the state of the cells that belong to the same type. This
question is answered by carrying out multivariate (PCA) analysis
that enables us to group the cells based on their spectra, and to
quantify the difference within the same cell type and between
different cell types.

Second derivatives of cell spectra were used as input data
for PCA because they are more sensitive to small spectral
differences between fixed cells [65]. The resulting 15t and 2nd
principal component scores, for both pixel sizes, are plotted on
Fig. 6a and 7a, for the Pixel 1 and Pixel 2, respectively. In both
cases, the first two principal components capture more than
85% of the data variance. Different symbols (ten for each cell)
correspond to the three different cell lines as explained in the
captions to Fig. 6 and 7. Each cell is represented by ten spectra:
two separate experiments, with five duplicates for each
experiment. Contrasting the CCD 841 cell line with RKO and
HCT 116 cell lines is especially interesting because they are all
human epithelial cells found in colon, with one (CCD 841) being
normal (i.e. non-cancerous), and the others (RKO, HCT 116)
being cancerous.

The two different types of metasurface pixels are tuned to
different resonant frequencies and hence provide the
possibility of probing wider spectral regions. Moreover,
comparing the results for Pixels 1 and 2 enables us to choose
the pixel that is most suitable for differentiating between
human colon cells. For example, for both pixels it can be
observed that cancerous and normal cells occupy separate
regions on the 2-dimensional principal component scatter plots
(Fig. 6a and 7a). However, the separation between the normal
and cancerous cells is clearer for Pixel 1. Therefore, we can
conclude that Pixel 1 would be preferable for a blind study that
requires assigning an unknown cell to a cancer/normal
category.

The reason for that is that we had excluded the Fano
resonance region from the analyzed spectral data sets for two
reasons. First, the close presence of the Fano feature in the
second derivative spectra distorts accurate identification of
molecular vibrational lines due to the strong convolution of the
Fano and vibrational features. Second, differences in cell
coverage on each individual sensor pixel can significantly
change the magnitude of Fano feature (as seen on Fig. S2),
further complicating interpretation of PCA results. In practice,
the excluded spectral ranges containing Fano resonances were
selected from the steepest slope regions (large |9kR|) for the
bare (Fig.S1b,c) metasurfaces. Even though these spectral
regions coincide with the desirable highest field enhancement
of the metasurface (grey area on Fig. 3a for Pixel 2), they had to
be discarded to avoid the extreme sensitivity of the spectra to
the cell coverage. Nevertheless, more than an order of
magnitude field enhancement outside of the Fano regions was
sufficient to develop a highly sensitive SCP tool.

Now we can interpret why the performance of Pixel 1 was
superior to that of Pixel 2. The difference between Pixels 1 and
2 lies in the spectral location of the Fano feature. Because all
dimensions of Pixel 1 are smaller than that of Pixel 2, its Fano
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feature is blue-shifted with respect to that of Pixel 2 (see
Fig. S1b,c). Specifically, the Fano resonance range lies entirely
above the Amide Il frequency. Therefore, the analyzed dataset
for Pixel 1 does not include features with wavenumbers above
Amide I, but does include most of the major mid-IR molecular
vibrational lines identified in Table 2 (Fig. 6b,c). On the other
hand, the dataset for Pixel 2 has a large portion of the spectrum
cut out from the analysis: approximately 1300-1640 cm™ (gray
shaded area on Fig. 7b,c) corresponding to the Fano spectral
region. Therefore, a smaller analyzed data set results in less
differentiation between the normal (CCD 431) and cancerous
(RKO and HCT 116) cells, as can be observed by comparing
Fig. 7a with Fig. 6a. Remarkably, even for Pixel 2, it is still
possible to distinguish cancerous and normal cells on the
principal component scatter plot despite the reduced dataset.

We further observe that the 15t principal component spectra
(the loading vectors) shown in Fig. 6b and 7b reveal that most
of the spectral features differentiating between the cells
correspond to the vibrational frequencies identified earlier and
listed in Table 2. For example, Fig. 6b reveals that most of the
variance (the first principal component vector) between the
normal and cancerous cells is contained in the strengths of the
Amide Il line (protein), C-H vibration (from lipids and proteins),
as well as the Amide lll/asymmetric phosphate vibration
(phospholipids and proteins).

The averaged (over ten data sets) spectra from Pixel 1
plotted in Fig. 6¢c reveal that the cancerous cells (RKO and
HCT 116) have almost identical average spectrain the 1100 cm™
to 1600 cm spectral range; whereas the average spectra of the
non-cancerous (CCD 841) cells are quite different in the same
spectral range. The datasets collected from Pixel 2 metasurface
provide complementary information about the difference
between normal and cancerous cells: Fig. 7b,c indicate that
there is considerable difference in the strength of the Amide |
(proteins) spectral line. Remarkably, only the first two principal
components are needed to clearly distinguish a normal cell from
a cancerous one. Therefore, the combined SCP results from
different pixels can be used to further increase the accuracy of
the, potentially clinical, cancer diagnosis. Because different
pixel types produce coverage sensitivity in different spectral
ranges, earlier attempts to combine the spectra from multiple
pixel types into a single PCA analysis produced less clear results
[63], highlighting the importance to analyze data from different
pixel types (Pixel 1 and Pixel 2 in this work) separately with PCA.

Conclusions

A novel characterization technique of biological cells —
metasurface-enhance infrared reflection spectroscopic
cytopathology (MEIRSC) — has been introduced and tested for
its ability to differentiate between cancerous and normal
human colon cells. We have measured MIR spectra of three
immortalized cell lines (CCD 841, RKO, HCT116) using
plasmonic metasurfaces. These structures have spatially
localized (~100 nm) high field enhancement (>20) over a broad
spectral range. These properties make metasurfaces ideal for
probing membrane and near-membrane regions of the cells,

This journal is © The Royal Society of Chemistry 20xx

Analyst

where significant differences between the molecular
composition of normal and cancerous cells could be expected.
Spectral measurements of fixed cells were carried out in air on
an area of 100 um x 100 um, requiring only a few tens of cells.
We have identified several characteristic molecular vibrations
from the measured IR spectra, corresponding to the bonds
present in the cells’ constituent molecules. Principal component
analysis of second derivatives of the reflection spectra revealed
spectral differences of cell types used. We were able to
distinguish between normal cells (CCD 841) and cancerous cells
(RKO, HCT 116) from the same organ — colon — demonstrating
the power of this method. An important finding is that even a
very small region of the cell (within tens of nanometers from
the membrane) contains sufficient biomarkers to enable cell
differentiation. Future work will investigate the possibility of
applying  MEIRSC to live cells in their natural aqueous
environment.
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Cell Type | Origin
CCD 841 Human colon normal (ATCC CRL-1790)
RKO Human colon carcinoma (ATCC CRL-2577)

HCT 116 Human colon carcinoma (ATCC CCL-247)
Table 1: List of the cell types used and their origins.
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1 Journal Name

2

3 o (cm?) Vibrational mode | Notes

4 970 C-O-P stretch, | Phospholipids;

5 phosphodiester generally weak

6 1080 Symmetric Phospholipids;

7 stretch of | carbohydrate

8 phosphate group | vibrations nearby:
9 vs(PO3") v(C-C), v(C-0), v(C-O-
10 H), v(-CO-0-C)

11 1150- C— O stretching | Carbohydrates

12 1170

13 1230- Asymmetric Phospholipids,

14 1245 stretch v(POz ) | phosphorylated

15 of a phosphate | protein

16 group

17 1300 Amide 1III, C-H | Proteins

18 stretch, N-H

19 bend

20 1380 5(CHs) Glycolipids, proteins
21 symmetric

22 bending mode

23 1450 C—H vibration: | Lipids, proteins

24 6as(CH3), 8(CHy)

25 ~ 1550 Amide II: §(NH) | Proteins

26 + v(CN)

27 ~ 1660 Amide I: v Proteins; merged with
28 (C=0) + 8(NH) | H,0 absorption

29 1740 v(C = 0) Lipids

30 vibration

31 Table 2: Table of molecular vibrational lines of interest. These lines
32 correspond to the peaks in OfR vs k plot. The listed modes have been
33 extracted from references [27] [36] [79] [80] [81] [82] [83].
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Fig. 1 Schematic of the device for metasurface-enhanced infrared reflection spectral
cytopathology (MEIRSC). (a) Plasmonic metasurface pixels composed of two rows (Pixel
1 row and Pixel 2 row) of pixels. Each pixel is a square array of unit cells. Each unit is
comprised of two unequal gold antennas (straight and bent) deposited on IR-transparent
substrate (CaF,). The units comprising Pixels 1 and 2 are scaled versions of each other.
(b) Left: sketch of a metasurface pixel (yellow shaded region) with deposited cells (blue
ellipses) on top. Cells do not cover the entire metasurface. Right: image acquired from
the experimental sample clearly depicting the metamaterial pixel (light square) and cells
(darker circular patches). (c) Cells are deposited onto the metasurface sensor with the
aid of a PDMS chamber. PDMS and CaF, are held together with acrylic clamps while the
cell solution is injected into the chamber. (d) The cells are simultaneously imaged (visible
light) in transmission and spectroscopically interrogated (MIR light) in reflection through
the substrate and metasurface. Visible light illumination: from the top, MIR illumination:
from the bottom. Both IR and visible collection optics: on the bottom.

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

Illumination for imaging

CaF,

Broadband IR To detector

J. Name., 2013, 00, 1-3 | 14

Please do not adjust margins




oNOYTULT D WN =

aOuvuuuuuuuuundADdDDDIEDNDMNDIAEDNDMNDAEWWWWWWWWWWNNNDNNNDNNNDN=S S @92 Qa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

Journal Name

4)

4 hour
incubation

Fabrication + Metasurface

Fixation

Antibody

deposition Antibody layer

Please do nui-idiust margins

Live Cell

v

¥

Fixed Cell

Fig. 2 Device preparation steps. (1)-(2) Metasurface pixels are fabricated onto IR
transparent CaF, substrate. (3) A protein (antibody) layer is deposited onto the
metasurface to form an artificial surface for the anchoring of the cells. (4) Live cells are
allowed to get immobilized on the antibody-presenting metasurface, and (5) adhere to

the surface during a 4 hour incubation at 37°C. (6) Cells
paraformaldehyde (PFA) solution and left to dry for one day before

are fixed with 4%
collecting IR spectra.
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28 Fig. 3 The principles and advantages of MEIRSC: evanescent field enhancement and
29 localization, high SNR. (a) Enhancement of evanescent optical fields by the plasmonic
30 metasurface. Field enhancement has been averaged over all the surfaces of gold, except
31 for the gold-substrate interface. Spectrally flat “shoulders” enable broadband
32 spectroscopy. Gray shaded area at the Fano resonance position includes the peak of field
33 enhancement (~220), but has been omitted from the figure because this spectral region
is not used in analysis of cell spectra. The inset shows the optical field distribution.
34 (b) Field intensity averaged over a plane positioned at Z = h above the metasurface.
35 (c)-(d) Optical microscopic images of CCD 841 cells on the metasurface and on the bare
36 CaF,, respectively. White dotted line in (c): outline of the sensor pixel. (e) Comparison of
37 signal strengths (second derivative of reflectivity) from the cell-covered areas with (red)
38 and without (black) metasurface. The curve without metasurface is flipped with respect
to the bare substrate because features are 1 out of phase for the two surfaces. The
39 metasurface used in this case is Pixel 2 and the cells are CCD 841. It is clear that the
40 metasurface significantly enhances the vibrational lines from the cells. The signal from
41 the bare substrate (black line) is difficult to discern from the noise (gray region), except
42 for the strongest vibrational lines (Amide | and I1).
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Fig. 4 Measurements of the penetration depth Esat of the metasurface evanescent field
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using variable-thickness PMMA coverage. The wavelength shift A% of the reflectivity
maximum for (a) Pixel 1, and (b) Pixel 2 depends on the PMMA thicknesses t. At t = Lsat
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the shift reaches 63% of its asymptotic value.
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Fig. 5 (a) Two representative normalized reflectivity spectra R(k) as a function of the
wavenumber K for the cell-covered metsurface Pixels 1 and 2. Only a few molecular
vibrational lines are clearly discernible from the overall shape of R(k). (b)-(c) Optical
microscope images of the cells on top of the Pixels 1 and 2 (white dotted outlines).
(d) Second derivatives (6,ch) of the spectra shown in (a). The molecular vibrational lines
from the deposited cells are much clearer in the second derivative spectra. In (a) and (d)
Pixels 1 and 2 are represented by the blue and red lines, respectively. Pixel 1 is a scaled-
down version of Pixel 2, with the in-plane scaling ratio of 0.86. The fixed/dried cells are
from the RKO (human colon carcinoma) cell line.

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

asymm. PO; ]

P
2

symm. PO:

&
#&ymm. PO
£

=1
=2

Please do not adjust margins

1200 1400 1600 1800 2000
Wavenumber(cm” l)

J. Name., 2013, 00, 1-3 | 18




Pleasedoran:L - dSBmarsins

1 Journal Name ARTICLE
2 a
3 ~ ; ; ; :
4 X 31| o CCD 84l -
5 5 o RKO
— 2r| b HCTI116 1
6 5
7 § 1 .
8 g
9 S 0 1
—
10 Bof ]
i
12 £t ]
o
1‘3‘ Y | . . | . .
15 -6 -4 -2 0 2 4
16 1" Principal Component (75%)
17 b
T YO A O < B
19 3 02! g ]
20 A > 4 >
o1 :
22 g ?
- g 0.1¢ 1
@)
: 3 W\
;2 g0 \/\A ]
& b
27 7 g
28 0.1 ¢ i | i i
29 1100 1200 1300 1400 1500
-1
30 Wavenumber (cm™ )
31 C
32 0.02 P ; > - =]
33 —ccp sl S | fa i
34 —RKO A 5 O |
—HCT 116 4 i
35 g i
36 0.01 | g i
&
39 ol
40 i i
41 i i
| ! =
42 i i
43 _001 D I | 1 L I<
44 1100 1200 1300 1400 1500
45 Wavenumber (cm'l)
46
47
48 Fig. 6 Principal Components Analysis (PCA) of the MEIRSC data collected from the three
human colon cell types deposited on Pixel 1. (a) Scatter plot of the 1%t and 2" principal
49 component scores. Normal and cancerous cell types occupy different parts of the plot,
50 despite considerable variation within each cell type. Points corresponding to the
51 CCD 841 cells (normal cells) clearly reside within an area on the left side of the plot,
52 whereas the RKO and HCT 116 cells (cancerous cells) occupy the right side of the plot.
Solid lines in (a) represent 80% confidence ellipses. Percentages in parentheses show
53 the variance captured by the respective principal component. The first two principal
54 components explain over 85% of variance. (b) 1t principal component spectrum
55 (loading vector) reveals multiple identifiable molecular vibrational lines. (c) Average
56 second derivative spectra for each cell type across all experimental measurements.
57 While the differences between the two cancer cell lines (RKO and HCT 116) are small,
the difference between those and the normal cell line (CCD 841) is significant.
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Fig. 7 PCA of the MEIRSC data collected from the three human colon cell types
deposited on Pixel 2. (a) Scatter plot of the 1%t and 2" principal component scores.
Normal and cancerous cell types occupy different parts of the plot, despite
considerable variation within each cell type. The separation of CCD 841 cells (normal
cells) from the RKO and HCT 116 cells (cancerous cells) is less dramatic than for Pixel 1.
Solid lines in (a) represent 80% confidence ellipses. Percentages in parentheses show
the variance captured by the respective principal component. The first two principal
components explain over 90% of variance. (b) 1%t principal component spectrum
(loading vector) reveals multiple identifiable molecular vibrational lines. Only low and
high wavenumber features are represented due to discarding of the Fano resonance
region in the spectra. Grey shaded areas in (b) and (c) mark the regions excluded from
PCA. (c) Average second derivative spectra for each cell type.
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Metasurface-enhanced infrared reflection spectroscopic cytopathology (MEIRSC) is used for label-
free distinguishing between normal and cancerous colon cell lines.
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