
Biomedical Physics & Engineering
Express

     

PAPER • OPEN ACCESS

Submicron infrared imaging of an oesophageal cancer cell with chemical
specificity using an IR-FEL
To cite this article: J Ingham et al 2018 Biomed. Phys. Eng. Express 5 015009

 

View the article online for updates and enhancements.

This content was downloaded from IP address 2.27.175.126 on 07/01/2019 at 12:23

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of Liverpool Repository

https://core.ac.uk/display/186329396?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1088/2057-1976/aaea53


Biomed. Phys. Eng. Express 5 (2018) 015009 https://doi.org/10.1088/2057-1976/aaea53

PAPER

Submicron infrared imaging of an oesophageal cancer cell with
chemical specificity using an IR-FEL

J Ingham1, TCraig1, C I Smith1 , AVarro2, DMPritchard2, SDBarrett1, D SMartin1, PHarrison1,
PUnsworth1, J DKumar2, AWolski1,3, ACricenti4,MLuce4,M Surman3,5, YMSaveliev3,5,
PWeightman1 andMRFSiggel-King1,3,5

1 Department of Physics, Oliver Lodge Laboratory, University of Liverpool, Liverpool, L69 7ZE,UnitedKingdom
2 Department of Cellular andMolecular Physiology, Institute of TranslationalMedicine, University of Liverpool, Liverpool, L69 3GE,

United Kingdom
3 Cockcroft Institute, Sci-TechDaresbury,Warrington,WA4 4AD,UnitedKingdom
4 Istituto di Struttura dellaMateria, CNR, via del Fosso del Cavaliere 100, Rome, Italy
5 Accelerator Science andTechnologyCentre (ASTeC), STFCDaresbury Laboratory, Sci-TechDaresbury,Warrington,WA4 4AD,United

Kingdom

E-mail:michele.siggel-king@stfc.ac.uk

Keywords: cancer, oesophageal, chromosome, infrared, SNOM, FEL, cell

Abstract
This work reports the use of an infrared spectroscopic version of scanning near-field optical
microscopy (IR-SNOM) and shows that it is possible to reveal subcellular entities via their chemical
constituents in a label-free human oesophageal adenocarcinoma cell (OE33). This work presents the
first high spatial resolution (∼0.15 μm) study of features imaged at various wavelengths within a
cancer cell. The clear illumination of sub-micron sizedmoieties within a cell is amajor step forward
and is a key requirement for understanding cancer and for the study of other diseases and healthy
tissue. The stable and tuneable light sourcewas provided by the infrared free electron laser on the
ALICE accelerator atDaresbury. The images reveal a structure with a size andwavelength absorption
that are consistentwith a chromosome and open the possibility of observing other localized structures,
such asmicrovesicles, that play an important role in the development and spread of cancers.

1. Introduction

There is considerable interest in the development of
label-free imaging techniques that provide chemical
information with high spatial resolution. Such techni-
ques find application in a wide variety of fields
including material science and nanotechnology but
they are of particular interest in the biological and
medical sciences. The latter fields have benefitted in
recent years from the development of super resolution
imaging techniques that operate in the visible region of
the electromagnetic spectrum and overcome the
diffraction limit by the use of a variety of fluorescent
proteins that are used to label particular features of
interest in biological systems [1, 2]. Infrared (IR)
techniques have the advantage over experiments in the
visible region of the spectrum in that they can provide
chemical signatures of molecules without the need to
insert active elements into the specimen. For this
reason there has been considerable progress in the

development of IR imaging techniques to provide
insight into biomedical processes and in particular to
provide cost-effective and accurate diagnostics for a
range of cancers [3]. Of the IR imaging techniques,
Fourier transform infrared (FTIR) imaging [4] is the
most commonly used in the study of cancer. Despite
its high spectral resolution, the spatial resolution that
can be obtained over the wavelength region of this
study (5.7–8.1 μm) is limited by diffraction to roughly
half of thewavelength. It has been shown that scanning
near-field optical microscopy (SNOM) has the poten-
tial to provide images with significantly higher spatial
resolution [3, 5–9] than those obtained with FTIR.
However, in common with all scanning probe techni-
ques, SNOM acquires its data sequentially point-by-
point, and hence data acquisition times are inherently
longer compared to other IR imaging techniques that
use array detectors.

There are a number of approaches to the develop-
ment of IR-SNOM techniques, each of which has
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strengths and weaknesses, none of which are com-
pletely understood [3, 5–14]. The principal SNOM
techniques are photothermal imaging, which uses a
sharp tip to record changes in the local thermal expan-
sion of a specimen under IR illumination [13, 14],
scattering scanning near-field optical microscopy (s-
SNOM), which employs a detector phase-locked to an
oscillating sharp tip [10–12, 15–18], and aperture
SNOM, which collects and detects the light directly
under an aperture tip. [6–9]. The first two techniques
are able to achieve resolutions of 10’s of nm. The com-
mercially available Bruker Anasys nanoIRTM AFM-IR
instruments [19] use a sharp tip, together with thermal
imaging, to achieve<10 nm spatial resolution for che-
mical imaging and boast monolayer measurement
sensitivity. However, the lateral resolution that can be
achieved is dependent upon the sample and on biolo-
gical samples is ∼10’s of nm. The aperture SNOM is
the only SNOM technique so far that has been shown
to reveal information on the variation of the chemical
composition within a cell and it can do so at lateral
resolutions of 100 nm, which is ideal for the study of
the larger subcellular features and large molecules.
The use of sharp tips and/or a narrow aperture sig-
nificantly reduces the IR signal collected from the spe-
cimen and puts time constraints on the collection of
imageswith acceptable signal-to-noise levels.

In a recent work, high quality IR-SNOM images of
a human oesophageal adenocarcinoma cell (OE33) at
subcellular spatial resolution were obtained [9] using
the highly stabilized IR free-electron laser (IR-FEL) on
the ALICE accelerator at Daresbury [20, 21] for experi-
ments in both reflection and transmission SNOM
modes. This earlier work compared the IR-SNOM
images with images of the same cell obtained using
FTIR in order to compare the two techniques. This

work reports an analysis of the whole cell images
obtained in the previous study [9] and of a set of small
high-resolution images taken from within the cell in
order to establish the potential of the technique to
reveal important information on the detailed chemical
structure of cells. The first IR observations of a feature
attributed to a human chromosome in a cancer cell
and a feature with the expected size of a microvesicle
are reported. Changes in chromosomes and the pre-
sence and behaviour of microvesicles are currently the
focus of considerable research in cancer; the demon-
stration that this technique has the capability to deter-
mine the presence, location and chemical
composition of these structures has the potential to
make major contributions to research in these and
relatedfields.

2. Experimental

The SNOMdata presented in this paper were obtained
during the experiments reported earlier [9] using the
IR-SNOM installed on the end-station of the IR-FEL
beamline at the Accelerators and Lasers In Combined
Experiments (ALICE) energy recovery accelerator at
the STFC Daresbury Laboratory [20, 21]. The wave-
length of light from the FEL could be varied continu-
ously from ∼1818 to ∼1136 cm−1 (5.5–8.8 μm); the
bandwidth (FWHM) typically varied from ∼23 at
1667 cm−1 (∼0.09 at 6.0 μm) to ∼20 at 1250 cm−1

(∼0.13 at 8.0 μm). The IR-FEL operates at a macro-
pulse repetition rate of 10 Hz. The stability of the
intensity of the macro-pulses was ∼1% when running
under optimum conditions [21]. The IR-light from
the FEL was transported to the experimental area
through an evacuated beamline and exited the beam-
line through a KBr window. A schematic of the

Figure 1. Schematic of the FEL and aperture IR-SNOMend-station set-up. The IR laser pulse was generated in the FEL and exited the
evacuated beamline through aKBrwindow (W). The schematic shows themirrors (M), lenses (L), beam splitter (BS), polarizer (P),
filters (F) and the reference detector (Io). The samplewasmounted onto aCaF2 slide, whichwas rastered in the horizontal plane. The
chalcogenide fibre (C)moved in the vertical dimension to follow the contours of the surface. The SNOMsignal was detected using an
MCTdetector. The light path for reflectionmode is shown by the solid line; the dashed line shows the transmission path. Amirror
(M1) can be inserted or removed to select themode.
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experimental set-up is shown in figure 1. Higher
orders of light from the FEL were filtered out and the
light was attenuated using a set of polarizers. A CaF2
beam-splitter was used to divide the IR-light so that
approximately 80% went to the SNOM and 20% was
used as a reference signal (Io). The Io signal was
monitored with a pyroelectric power meter (Gentec-
EO,Quebec, Canada)which provided ameasure of the
relative intensity of eachmacro-pulse.

The end-station was configured for the standard
reflection mode for an IR-SNOM, where the light was
focused onto the sample at a grazing incidence angle of
approximately 15°. Experiments in transmission
mode, where the FEL beam was perpendicular to the
plane of the slide and focused through the CaF2 slide
onto the sample, were made possible by removal of a
mirror. The SNOM imaging tip was etched onto an
IR-transmitting chalcogenide fibre of core diameter
6 μm; the tip was gold-coated [22] to create a small
aperture through which the light was collected. The
sample was then rastered under the tip using shear-
force feedback to keep the tip-to-sample distance con-
stant. The raster scan rate was 10 Hz, which was lim-
ited by the repetition rate of the FEL. In both modes
the signal was collected by the aperture fibre in the
near-field region above the specimen. A liquid nitro-
gen cooled mercury–cadmium–telluride (MCT)
detector was used to detect the IR-light that was trans-
mitted through the fibre. The SNOM was mounted
onto an inverted optical microscope, which was used
to locate the specific areas of interest on the sample
and to position themwithin the SNOMscan area.

Human Caucasian oesophageal adenocarcinoma
cells from an OE33 culture [23] were obtained from
HPA Culture Collections (Sigma, Dorset, UK) and
maintained and prepared for experiments as pre-
viously described [9]. In brief, the cells were cultured
at 37 °C in a 5% CO2 atmosphere in Roswell Park
Memorial Institute (RPMI 1640) growth media
(Sigma) supplemented with 2 mM glutamine (Sigma),
10% v/v foetal bovine serum (FBS) (Invitrogen, Pais-
ley, UK) and 1% v/v penicillin/streptomycin (Sigma)
until they reached 70%–80% confluence. Sterile CaF2
discs (20 mm diameter×2 mm thick) were then
placed in wells of a tissue culture well plate. The cells
(2×104 ml−1) were seeded on each disc and incu-
bated in a 5% CO2 incubator at 37 °C for two days.
After two days the media was removed and the cells
were fixed with a 4% v/v paraformaldehyde (PFA)
(Sigma) solution and stored in 1x phosphate buffered
saline solution at 4 °C until required. Prior to imaging,
the slide was rinsed with Millipore ultrapure water
(18MΩ cm), the back surface wiped and then left to
dry for a minimum of 90 min. The slide was then
mounted onto the SNOM.

At each wavelength the topography, raw SNOM
intensity and the IR-reference data (Io) were collected
simultaneously. Images of the whole cell were
acquired with 110× 110 pixels and a raster step size

setting of 1 μm. High-resolution images of a small
region within the cell were acquired with 80× 80 pix-
els and a raster step size setting of 0.1 μm. For both sets
of images the same scanning tipwas used.

Images were collected at a small number of care-
fully chosen wavenumbers, which correspond to part-
icular contributions to the chemical structure of the
cell. The choice of wavelengths was determined from
the extensive literature on the results of FTIR studies
of proteins, nucleic acids and other biological mole-
cules [24–27]. These studies indicate that the Amide
bands are associated with the secondary structure of
proteins and that the peak of the Amide I band at
∼1650 cm−1 predominately reflects the α-helix struc-
ture of proteins. There is somewhat weaker evidence
for associating a peak at ∼1538 cm−1 with the β-sheet
structure of proteins. Studies of nucleic acids indicate
that a peak at 1242 cm−1 is associated with a nucleic
acid asymmetric phosphate stretch involving DNA
and/or RNA [6, 9, 26, 28, 29]. Similarly a wavelength
at 1751 cm−1 can be attributed to a carbonyl stretch
that is mainly associated with lipids. In addition, in
order to provide a neutral reference, images were col-
lected at 1370 cm−1. This wavenumber is not domi-
nated by a single chemical moiety although there is a
contribution from the CH3 deformation band of lipids
[26, 28]. Images taken at 1370 cm−1 roughly follow the
topography of the sample. The number of images that
could be acquired was limited due to the finite time
allocated on the accelerator-based IR-FEL source and
the time required to collect each image. To ensure
reproducibility, at least two images were obtained for
all the results presented in this work.

Various pre-processing techniques were applied to
the raw IR-SNOM images [9]. In brief, the images
were first normalized for fluctuations in the FEL
power by dividing the raw image signal by the Io image
signal. The second step was to correct for the non-lin-
ear response of the piezoelectric drives of the x–y stage
of the SNOM. Finally multiple IR-SNOM images were
co-registered, using the topography images, to take
account of small offsets that can occur between scans.
Other common image processing techniques, such as
median filtering, were used when appropriate to
reduce noise levels without compromising image
quality.

3. Results and discussion

The potential of IR-SNOM to reveal chemical contrast
information within a cell at ∼1 μm resolution was
demonstrated in an earlier study of the OE33 cancer
cell [9]. The instrumentmakes it possible to obtain IR-
SNOM images at a single wavelength over a wide range
of areas: large areas at low spatial resolution or smaller
regions at higher spatial resolution (∼0.15 μm). In this
paper we demonstrate the ability of the IR-SNOM
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technique to reveal distinct structures in the OE33
cancer cell by increasing the imaging resolution.

3.1.Whole cell IR-SNOM images
Images of the whole OE33 cancer cell are shown in
figure 2. Optical microscope images have been shown
[9]; a 400× image is included as figure 2(a). A
topographical image of the cell is shown in figure 2(b)
and figures 2(c)–(d) show the IR-SNOM images
obtained at 1242 cm−1 in reflection and transmission
modes, respectively. Images similar to figures 2(c) and
(d)were obtained at each of the other fourwavelengths
studied [9]. The images infigure 2 are 58 μm×75 μm
with a pixel size of 1 μm. The small areamarked by the
black rectangles, which is entirely within the cell, was
chosen for detailed investigation in this work.

A comparison of the reflection and transmission
IR-SNOM images of the whole cell with their corresp-
onding topographical image (figure 2) demonstrates
that the IR-SNOM images do not simply follow the
topography of the cell; a detailed analysis [9] estab-
lished that while the IR-SNOM signal is influenced by
topography this is not a dominant effect. The two IR-
SNOM images, taken at the same wavelength, but in
reflection or transmission, are very different.

There is a strong dependence of the intensity of
features observed in the near-field on the vertical dis-
tance from the SNOM aperture, and as a result it is
presently not possible to deduce the detailed chemical
structure of the cell from a collection of two-dimen-
sional images. As discussed earlier [9] the cell is∼2 μm
thick and, although the whole thickness of the cell is in
the near-field, the intensity of the signal from a chemi-
cal moiety varies as k2/d4 where k=2π/λ, λ is the
wavelength and d is the distance of the moiety from
the SNOM aperture. Under the conditions of the pre-
sent study, and considering only the k2/d4 term, it is
estimated that the measured intensity from a chemical
moiety reduces by almost two orders of magnitude as
the molecule is located 1 μm deeper into the speci-
men. This simple model does not fully describe the
complexity of how the signal varies but the rapid
decrease in the near-field signal strength with d is a

major limitation on determining the detailed chemical
structure of the cell. It may be possible with a careful
calibration of the instrument to obtain three-dimen-
sional information on the chemical composition of
such specimens in the future [9]. However it is possible
to characterize chemical structures that have a strong
contribution to the measured intensity from a chemi-
cal moiety. This is demonstrated by several examples
in later sections.

The variation in the chemical composition of the
cell with depth, coupled with the dependence of the
evanescent wave on depth, is the most likely explana-
tion [9] of the difference in the two-dimensional dis-
tribution of intensity of the signal observed in
reflection and transmission at 1242 cm−1 from the
nucleic acids (figures 2(c) and (d)). These images show
that the nucleic acids are distributed inhomogen-
eously in the cell. In a normal healthy cell that is not
undergoing mitosis, the DNA would be expected to
reside entirely within the nucleus and the nucleus
would be expected to dominate the topography. The
topography together with the images from the nucleic
acids indicate that the cell does not have all the char-
acteristics of a ‘normal’ cell with a well-defined
nucleus. The cellmay have been undergoingmitosis or
alternatively the abnormal topography and nucleic
acid distributionmay just reflect the characteristic dis-
order of a cancer cell. In both cases the nucleic acids
may not bewholly enclosedwithin the nucleus.

3.2.Observation of subcellular features
To visualize themultiple chemical components within
the cell a composite colour image was created by
combining whole cell images (taken at a step size of
1 μm) at three wavelengths into a single image:
1242 cm−1, 1370 cm−1 and 1538 cm−1 were assigned
to the red, green and blue channels, respectively
(figure 3(b)). If at a given pixel location the (normal-
ized) intensities at eachwavelength are similar then the
pixel colour would be a dark shade of grey, as seen by
the area surrounding the cell. In this image there is a
clear separation of the colours, which highlights the
features that occur at different wavelengths and at

Figure 2.AnOE33 cancer cell. (a)Opticalmicroscopy image (400x). Contour plots from (b) topography (SNOMshear-force), (c) IR-
SNOM in reflection at 1242 cm−1 and (d) IR-SNOM in transmission at 1242 cm−1. The IR-SNOM images are 58 μm× 75 μm.The
black rectangle in each image shows the location for high-resolution imaging.
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different spatial locations. In other words, those
features that are strongly influenced by the chemical
structure of the cell. The presence of the red colour, at
various locations, further illustrates that the contrib-
ution from the nucleic acids is distributed inhomogen-
eously in the cell.

In order to explore the detailed chemical structure
in the cell, higher-resolution line scans were obtained

across the whole of the cell using a scanning step size of
0.5 μm. Figure 4 shows line scans of the higher-resolu-
tion topography and IR-SNOM obtained at
1242 cm−1 across the left edge of the cell. These lines
were taken in a horizontal direction across the cell at
the location shown by the line in the topographic
image (figure 4(a)); each is an average of five line scans.
The 1242 cm−1 line scan of the nucleic acid

Figure 3. (a)Contour plot of theOE33 cancer cell (b)Composite colour image created by combining images taken at 1242 cm−1 (red),
1370 cm−1 (green) and 1538 cm−1 (blue). The images are 58 μm×75 μm.

Figure 4. Line scans taken through the cell. (a)Topography imagewith approximate position of line scan indicated by blue line, (b)
topography line scan and (c) line scan at 1242 cm−1. Line scans taken through the cell are an average offive lines.
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concentration shows an interesting feature at the edge
of the cell, which clearly does not correlate with the
topography. Given the <10 μm width of this feature,
and its chemical composition, it is feasible that it could
arise from a microvesicle about to leave the cell.
Microvesicles range in size from 0.1 to 2 μm and are
the focus of considerable research since they spread
cancer genes [30], play a role in the metastatic spread
of cancer [31], are a pathway for the suppression of the
immune system [32] and offer new therapeutic oppor-
tunities [33]. Their chemical structure is of consider-
able interest and the strong signal from nucleic acids
associated with this feature is consistent with the
expected DNA or RNA composition of a microvesicle.
The importance of this observation is that it demon-
strates that the aperture SNOM technique has the cap-
ability to study such structures in detail.

3.3.High-Resolution IR-SNOM images
High-resolution topography and IR-SNOM reflection
images of the small region of 5.0 μm×5.5 μm, taken
at the location of the black rectangle in figure 2, were
obtained at five wavelengths. The raw images were
processed to give the images shown in figure 5. The
topography is shown in the linear grey scale image
(figure 5(a)). The images shown in figures 5(c) to (h)
were obtained respectively at 1242 cm−1, 1370 cm−1,
1538 cm−1, 1650 cm−1, 1751 cm−1 and 1242 cm−1.
The intensities in each light image have been separately
normalized between 0 and 1 and are represented as
shown in the colour bar (from dark to light with
increasing signal intensity). The signal-to-noise ratio

in the lipid image (figure 5(g)) is low for two reasons:
firstly, at this wavelength the FEL is operating with the
undulator gap at the extreme limit of its lasing range so
the output is both unstable and of relatively low
intensity, and secondly the lipid signal arises from a
thin bilayer of molecules. The images acquired at
1242 cm−1 were taken at the beginning (figure 5(c))
and end (figure 5(h)) of the data collection.

Line profiles of the intensity obtained from the
high-resolution images in figure 5 are shown in
figure 6, where the line from which the profiles were
taken is shown on the topography image (figure 6(a)).
Each line profile was obtained by interpolating along
multiple parallel lines adjacent to the chosen line; each
point included data from a width of about 3 pixels.
Each profile was then separately normalized between 0
and 1.

The most prominent feature in the IR-SNOM
images in figure 5 is the intense narrow ribbon-like
feature in the 1242 cm−1 image (figure 5(c)), which
extends from themiddle of the top to the bottom right
and roughly coincides with an increase in the topo-
graphy of the cell (figures 5(a), 6(a) and (b)). The fea-
ture has a width that varies from about 0.55 μm to
0.85 μm, which is well below the diffraction limit of
the IR light. Features following the same general trend
as the leading edge of the 1242 cm−1 feature can be
observed in the other IR-SNOM images (figures 5(d)–
(g) and 6(d)–(g)) but the locations of the left hand
edges of these features do not coincide exactly. The
finding that the SNOM signal is influenced by, but not
dominated by, topography [9] is confirmed by the line

Figure 5. IR-SNOMreflection images of a 5.0 μm×5.5 μmarea of the cell. (a)Topography imagewith height scale bar, (b) table
showing assignments of wavenumbers, (c)–(g) IR-SNOM images at 1242 cm−1, 1370 cm−1, 1538 cm−1, 1650 cm−1, 1751 cm−1

respectively and (h) repeat of 1242 cm−1. The colourmaps show increasing signal intensity fromdark to light.
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profiles shown in figure 6. Apart from the line profile
observed at 1751 cm−1, where the errors are relatively
large, all the other profiles show a significant increase
in intensity roughly in the region where the topo-
graphy increases. However there are significant differ-
ences in the profiles obtained at different wavelengths
and these also differ in detail from the line profile of
the topography. In particular the profile obtained at
1242 cm−1 peaks prior to the maximum increase in
topography and prior to the increase in the other three
wavelengths. The profile obtained at 1538 cm−1 also
peaks then falls away as the topography continues to
increase while the profiles obtained at 1370 cm−1 and
1650 cm−1 continue to increase in line with the topo-
graphy signal.

Three of the small-area high-resolution images
from figure 5 have been combined into the composite
colour image shown in figure 7(a). This image was
formed in the same way as figure 3(b), by combining
the SNOM reflection images obtained at 1242 cm−1,
1370 cm−1 and 1538 cm−1 into the red, green and blue
channels, respectively. The clear separation of the col-
ours further illustrates that the features seen at the dif-
ferent wavelengths occur at different spatial locations.

For example, the diagonal red feature shows that in
this region there is relatively high intensity at
1242 cm−1 and low intensities at the other wave-
lengths. Overlaying this colour image over a surface
plot of the topography (figure 7(b)) highlights the
separation of chemical features seen at the different
wavelengths and shows that they do not just follow the
topography, as would be the case if they were only due
to artefacts of scanningmicroscopy.

3.4.Determination of spatial resolution and
reproducibility of images
IR-SNOM line profiles that exhibit abrupt changes in
intensity, such as that shown in figure 6(e), can be used
to estimate the spatial resolution of the technique. The
distance over which the intensity changes from 20% to
80% gives a value of 0.15±0.05 μm, which is
equivalent to a spatial resolution of∼λ/40, or 20 times
less than the diffraction limit. This value was obtained
from the analysis of multiple profiles from different
images and wavelengths. As far as the authors are
aware this is the first time a cell has been imaged over
such a large area with such high spatial resolution
using IR radiation. The above value of 0.15±0.05 μm

Figure 6. Line profiles taken from figure 5 showing the relationship between the spectral profiles and spatial resolution. Each line
profile (b)–(h)was obtained by interpolatingmultiple parallel lines adjacent to the line shown in (a) from awidth of about 3 pixels. The
line profiles have been separately normalized between 0 and 1. Error bars (2σ) are shown to the right of each profile.
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is the spatial resolution of the high-resolution images
taken with 0.1 μm step size. The diameter of the
aperture of the SNOM fibre is taken to be approxi-
mately the same as the measured lateral resolution for
a high-resolution image. The whole cell images,
acquiredwith a 1 μmstep size, have a spatial resolution
≈1 μm. For the high-resolution images, the tip was
well matched to the step size with a small amount of
over-sampling. However, for the whole cell images,
the tip aperture was significantly smaller than the pixel
size, resulting in under-sampling and a decrease in the
signal-to-noise.

In order to assess the reproducibility of the results
throughout the study, the first image at 1242 cm−1 was
repeated following the acquisition of the other wave-
lengths for both the whole cell images and for the
high-resolution images. The repeat scan for the latter
is labelled as ‘1242 cm−1 repeat’ and is shown as the
last image and line profile [figures 5(h) and 6(h),
respectively]. The two sets of data are qualitatively the
same; the repeat scan shows a negligible offset of the
peakmaximumby about 0.1 μm.

3.5.Observation of a feature attributed to a
chromosome
The narrow ribbon-like feature in figure 5(c), dis-
cussed above, was investigated further by obtaining a
series of small (8 μm×8 μm) overlapping IR-SNOM
images at 1242 cm−1 to determine the full spatial
extent of the feature. These images were pre-pro-
cessed, as described above, cropped and assembled
into a mosaic, which is shown in figure 8. From this
image it can be seen that the feature has a definite
beginning and end confirming that it is not a
topographical artefact. Edge effects from surface
inhomogeneities can appear as artefacts in the SNOM
images and manifest themselves by an enhanced

SNOM intensity that is related to a change in
topography. If the ribbon-like feature did arise from
an edge effect then it would follow the topography and
continue beyond the top and bottom part of the image
shown infigure 8.

The observations that the feature is clearly deli-
neated only in the image obtained at 1242 cm−1

(which is representative of nucleic acids) and that the
size of the feature is 11 μm×∼0.7 μm, are both con-
sistent with the feature being a human chromosome,
which are of course predominately composed of DNA.
Further evidence would be required to confirm the
exact identity of the observed feature. However, the
result is important because it is the first demonstration
of the ability of the IR-SNOM technique to chemically
image features consistent with a human chromosome
in a cancer cell. The authors know of no chemical
technique that could identify the chemical composi-
tion of such a feature inside a cell with the same or bet-
ter spatial resolution. The observation of this feature
establishes the potential to study chromosome
abnormalities that give rise to a large number of
human diseases [34]. They also play a fundamental
role in many cancers [35, 36] including inducing the
important, but little understood, transformation of
epithelial cells to mesenchymal cells that lead to
metastasis [37]. Furthermore, given the spatial extent
of the feature and the cell within which it was located,
it would be difficult to study in the IR with any other
technique.

4. Conclusions

The combination of an IR-SNOM,with an imaging tip
of aperture diameter ∼0.1 μm, and the tuneable
ALICE IR-FEL has been shown to yield excellent
images of dimensions 5.0 μm×5.5 μmwith a spatial

Figure 7.Alternative visualization of high-resolution IR-SNOM images. (a)Composite colour image created by combining the images
(figures 5(c)–(e)) taken at 1242 cm−1 (red), 1370 cm−1 (green) and 1538 cm−1 (blue). (b)Overlay of the composite colour image over
a surface plot of the topography (figure 5(a)). This visualization helps show that the 1242 cm−1 (red) and 1370 cm−1 (green) signals
occur at different locations with respect to the topography, indicating that neither is solely an artefact of the topography.
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resolution of 0.15±0.05 μm. Tuning of the IR-FEL
radiation to the wavelengths of particular biomarkers
has revealed chemically differentiated subcellular
structures in a human oesophageal adenocarcinoma
cell. Signals from the topography, IR-SNOM, and IR-
reference were collected simultaneously, making it
possible to relate the topography of the cell to its
chemical structure. The general topographic and
chemical structure of the cell indicate that the cell may
have undergone mitosis or alternatively showed the
disorder that is characteristic of cancer cells. An
advantage of the technique is that high spatial resolu-
tion (∼λ/40) can be obtained over a wide range of
areas and IRwavelengths thus yielding information on
the chemical structure of the specimen. These advan-
tages would clearly apply to other areas of research
including soft condensed matter, solid state materials
and biological studies.

The technique has yielded the first IR observation
of a feature that is consistent with a human chromo-
some in a cancer cell and has a unique capability to
locate and study the physical and chemical structure of
such features. Chromosome abnormalities are a fea-
ture of a large number of human diseases [34]. They
also play a fundamental role in many cancers [35, 36]
including inducing the important, but little under-
stood, transformation of epithelial cells to mesenchy-
mal cells that lead tometastasis [37].

The aperture SNOM technique has also been
shown to have the capability of studying the physical
and chemical structure of a feature that is consistent
with microvesicles. Microvesicles are the focus of con-
siderable research since they spread cancer genes [30],
play a role in the metastatic spread of cancer [31], are a
pathway for the suppression of the immune system
[32] and offer new therapeutic opportunities [33].
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