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Quantifying nanoscale biochemical heterogeneity in
human epithelial cancer cells using combined AFM and
PTIR absorption nanoimaging.
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Subcellular chemical heterogeneity plays a key role in cell
organization and function. However the biomechanics under-
lying the structure-function relationship is governed by cell
substructures which are poorly resolved using conventional
chemical imaging methods. To date, advances in sub-
diffraction limited infrared (IR) nanoscopy have permitted
intracellular chemical mapping. In this work we report how
image analysis applied to a combination of IR absorption
nanoimaging and topographic data permits quantification of
chemical complexity at the nanoscale, enabling the analysis
of biochemical heterogeneity in mammalian cancer cells on
the scale of subcellular features.

1. Introduction

Chemical heterogeneity on the micro and nanometre
length scales is a key feature of living systems [1]. On
the cell membrane, the spatiotemporal confinement of
proteins and lipids which govern cell adhesion, signal-
ling and cell-cell interactions occur in specific, sub-
micron geometries [2]. While the association between li-
pids and proteins within these microdomains directly af-
fects biological functions and dynamic cell processes,
their relationship is poorly understood in part due to the
current limitations on nanoscale localization of mem-
brane features [3]. Research into this topic has suggested

Cell topography and a chemical complexity map of a cancer
cell subsection, illustrating biochemical heterogeneity local-
ized with nanoscale resolution.

that lipid rafts are involved, with diameters from 20-100
nm, a range which makes their direct visualization chal-
lenging using conventional microscopy [4]. Hinterdorfer
et al [2] note the importance of plasma membrane heter-
ogeneity for function as any factor that influences the
structure of a cell can also alter its mechanical and chem-
ical properties [5]. Similar work has led to a growing
recognition that mechanical factors crucially influence
cell function, and are involved in numerous diseases in-
cluding cancer [6].

As the biomechanics underlying the structure-function
relationship is governed by cell substructures (which in-
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fluence cell function through dynamically mediated load-
bearing [7]), they can adversely affect function when in-
hibited, e.g. by a decrease in cell motility and migration
[8]. Therefore quantifying the underlying biochemical
heterogeneity and cytomorphology of subcellular fea-
tures is of key interest in understanding disease and real-
izing advances in diagnostics and therapeutics.

Probe-based multimodal, tip-hybridized and force map-
ping methods enable cellular analysis on the scale of ful-
ly resolved cell substructures [9]. Atomic Force Micros-
copy (AFM) [10] has had tremendous success in answer-
ing complex questions in biology [11] brought about by
its ability to image both in air and in buffer solutions
(aqueous or non-aqueous) over a wide range of tempera-
tures and down to atomic resolution. In spite of having
similar overall morphology, researchers have so far de-
tected malignant transformation and discriminated the
mechanical properties of tumour and control cell popula-
tions with AFM [12]. Despite having demonstrated im-
aging of pathogens and cancer, scanning probe based
tools have not seen wide use in mainstream biological
research, in part due to the persistent difficulties associ-
ated with imaging soft, live cells in situ. Additionally,
there is a need for methods which are non-destructive,
yet capable of chemical specific hanoimaging in situ.

One such method, IR nanospectroscopic absorption im-
aging [13], is based on detection of photothermal in-
duced resonance (PTIR), which can perform spectro-
scopic mapping and label free chemical identification of
cell components on the nanoscale. The technique (also
referred to as AFM-IR) is based on the fact that a small,
sensitive cantilever placed in contact with the sample
surface during pulsed photothermal excitation will be
displaced with a magnitude proportional to the material
absorption coefficient at the excitation wavelength. [14,
15]. Although the cantilever deflection is proportional to
the light absorbed, PTIR measurements provide only an
indirect measurement of absorption, as the signal ob-
tained also depends on the physical and thermal proper-
ties of the contact material [16]. In terms of physical
properties, we would expect soft materials to elicit high-
er deflections as a result of the local elastic coefficients
involved. Similarly, the thermal properties of the materi-
al, which include thermal conductivity, thermal capaci-
tance (which is itself a function of temperature and mate-
rial phase) and critically, the thermal expansion coeffi-
cient can also limit the accuracy of the spectral meas-
urements, especially in heterogeneous media where the
local sample properties are challenging to precisely de-
fine.

However, where these properties are approximately in-
variant as a function of wavelength and position, spectra
and infrared maps of the local absorption co-efficient can
be obtained. This has led to the use of the PTIR tech-
nique for absorption imaging and spectroscopy of nu-

merous biomaterials, including lipids [17], proteins [18],
bacteria [19] and live cells [20]. When probing small fea-
tures such as viruses within a host organism [21], the
power of the method for discriminating heterogeneous
chemical signals far below the optical diffraction limit
becomes apparent.
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Figure 1 Cell characterization. The fixation quality and cell in-
tegrity on sapphire was confirmed by Fluorescence microscopy
as in (a) — scale bar 20 microns. IR spectra and its derivative
(b) indicate several peaks of interest in the laser range (2500-
3100cm™) present in the spectral derivative (1-4).

In this work we exploited a combination of IR absorption
nanoimaging and topographic data, which enabled the
chemical analysis of sub-50nm resolution-resolved
membrane boundaries, label free localization of nuclei
and the production of subcellular chemical complexity
maps. As many cell processes related to disease are gov-
erned by the position and dynamics of subcellular fea-
tures [22], we utilized the chemical complexity maps to
quantify the nanoscale biochemical inhomogeneity of
cancer cells with a view to understanding the subcellular
biomechanics underlying carcinogenesis.
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2. Experimental

Choice of Source

For single wavelength applications, high quality lasers
are essential for artefact free imaging [23]. Specifically,
for IR nanospectroscopy the laser must have a suitably
narrow linewidth, a low signal-to-noise ratio (SNR), and
ideally be compact [24] with wide spectral tuneability
[25]. Our studies were performed using a pulsed 2KHz
repetition rate benchtop Optical Parametric Oscillator
(OPO) laser using a 1064nm pump with both near and
mid IR tuneability with a 4nm average linewidth for the
wavelength range used (2500-6900cm™). The laser
average power was 4mW with pulses of c.a.10ns peak
power duration with a focused 0.01cm spot diammeter.

Image Aquisition

The AFM was operated in contact mode using silicon
nitride tips mounted on a V-shaped cantilever with a
nominal spring constant of 0.05 N/m. A force setpoint of
2 - 5nN was applied. A Stanford SR650 (Sunnyvale, CA,
USA) programmable filter was used to amplify the AFM
output. The signal was routed to an oscilloscope (Agilent
Inc., Santa Clara CA, USA). The AFM tip deflection was
averaged every 16 - 256 laser pulses (before being
sampled) to increase the signal to noise, depending on
laser stability. The effective spatial lateral resolution was
limited by the tip-surface area and the scanning and
sampling rates, yielding lateral resolution below 100nm
[26], although the depth resolution is significantly larger.
The beam was directed upward using gold coated mirrors

into a lens which focused the laser light towards the
sample, typically to a 50-100um spot size. Nanoscale IR
spectroscopy of samples is performed by detecting the
local displacement of the tip by thermally induced
dilation of the surface topography [16]. As the
wavelength of the IR laser source is tuned into resonance
with a vibration mode of the sample chemical species,
absorption of IR radiation increases [15].

Culture

Sapphire was chosen as a substrate (UQG Optics,
Cambridge) due to its insolubility and linear absorption
response across the laser range. The substrates were
sterilized by autoclaving and placed into a 6 well plate.
A human colon adenocarcinoma cell line (SW480) at a
concentration of 10° cells/ml was seeded in the wells
with 2 ml DMEM medium and incubated at 37° C in a
5% CO2 atmosphere for 24 hours. Flow cytometry of the
SW480 cells showed high viability (96.8%) for the
culture used for spectral analysis. The integrity of the
nuclei and membrane as well as cell adhesion to the
sapphire substrates was assessed with fluorescence
microscopy (Zeiss Axiolmager M1) as in Figure 1(A),
which indicated monolayer growth. An unstained sample
was selected for FTIR (Agilent, 600 series Santa Clara,
CA) of the bulk. FTIR spectra (Figure 1B) illustrated the
presence of four absorption bands (2851cm™, 2872cm?,
2925cmt, 2956cm™) which have all previously been
associated with lipids and proteins [27] due to the
presence of methylene groups.
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Figure 2 Topographic analysis. The highest point in a cell’s topography or any arbitrary choice of height contour does not necessari-
ly correlate to its nucleus. In (a) the AFM topography shows a collection of columnar colon cancer cells with overlapping mem-
branes (labeled ) on the substrate (scale bar 10 um). (b) The same area with the four main topographic boundaries color coded as a
percentage of cell height. The cytoskeleton and background are coded blue and white respectively. Contour regions which corre-
spond to cytoplasm (orange, v) are below the uneven, highest topographic features (yellow, ). In (c) we see the height distribution
for a cell, with the substrate (o), membrane (), cytoplasm (y) and top features (8) indicated as a percentage of the total scan pixels.

The inset (i-iv) shows the height distribution similarity for four cells.
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3. Results

AFM analysis

Analysis of cell morphology and profile was performed
using AFM. The objective was to assess whether height
alone is sufficient as a discriminant of subcellular
features. Figure 2A shows a typical shaded topography
of columnar colon cancer cells. The image was divided
based on four height regions (labelled o, B, y, & in order
of increasing height). Figure 2(B) shows the four
boundaries colour coded as a percentage of cell height
The boundaries of these regions, defined as the
percentage of maximum height, was iteratively changed
and compared to the known cell boundaries found by
fluorescence staining of the nuclei and mitochondria.
Good agreement was found for the outer membrane
boundary at Bmin=3.4% (Figure 2C) however no choice of
the y and & height cutoff agreed with the four nuclei
boundaries determined by DAPI staining.

This is consistent with the fact that the highest point in a
cell’s topography does not necessarily correlate to the
cell nucleus, but may simply indicate another cell feature
such as a clustering of organelle mass. Despite its
capacity for nanoscale resolution imaging, the inability
for contour isolation of substructures is clearly a
limitation on the use of AFM height measurements alone
for discriminating subcellular features. This limitation is
further compounded by the inherent cell-to-cell variation
in morphology [27] such as in Figure 2(C i-iv) which
shows the height distribution for four different cells, but
also the variation in the population. The substrate is
easily recognized as it is evident as a dominant sharp
peak (o), which is defines the lowest point in the height
distribution

Infrared nanoscopy

Previous studies have indicated that infrared
nanospectroscopy of cells is spectrally accurate, and can
be correlated with results from conventional FTIR [14].
Examination of a cell subregion, specifically, an area
containing both membrane, cytoplasm and nucleus was
undertaken in order to probe nanosized features, as
shown in Figure 3(A). Analysis of a cell subsection
permits visualization of finer topographic features, and
also serves to highlight the sub-diffraction limited
resolution of the method. Inspection of the image shows
a general trend of increasing height moving away from
the edge of the plasma membranes towards the centre of
the cell.
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Figure 3 (a) AFM measured topography of a cell subsection
with the two line profiles (indicated 1,2 shown in C and D),
scale bar 3 microns. A shaded topography-absorption overlay is
shown in (b). Here, morphology is described by shaded
topography (such as with real objects) whereas chemical
composition, in this case a single wavelength infrared map, is
indicated by the color. For chemically homogenous regions, the
cell topography and absorption profile are coincident as a
function of position, as shown in (c). However, where there is
more than one chemical species present, the absorption
coefficient changes as a function of position, which is observed
as a deviation of the IR absorption intensity from the
topographic profile (d - black arrows). In this way, correlating
height and absorption signal can indicate regions of chemical
heterogeneity and the presence of multiple chemical species.
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The relationship between the infrared signal and the
physical properties of the sample has been described in
previous work for chemically homogenous materials.
These results indicated that for simple homogenous
materials such as protein thin films [18], the infrared
signal is strongly correlated with the sample height
above the background. However, there is a theoretical
precedent on the micron scale for the signal dependence
on volume, as opposed to specifically on density which
would be the more logically intuitive factor influencing
absorption. Therefore resolving this issue requires
analysis of heterogeneous materials in the context of
simpler homogenous analysis, which we now discuss.

Figure 3B shows the corresponding IR absorption map
recorded simultaneously with the AFM image. Here
morphology is described by shaded topography whereas
chemical composition, in this case a mapping of the
2960cm absorption peak, is indicated by the colour. As
with the topographic signal, there is a general trend of
increasing absorption towards the centre of the cell, an
observation which agrees with prior line profile
comparisons for homogenous materials [17]. However
there is local complexity in the relationship between
absorption and topography.

For chemically homogenous regions, the cell topography
and absorption profile are coincident as a function of
position, as shown in Figure 3(C). However, where more
than one chemical species is present, the absorption
coefficient changes as a function of position, which is
observed as a deviation of the IR absorption intensity
from the topographic profile (Figure 3D). We note that
this variation cannot be accounted for by inherent noise
in the measurement as if this was the case, deviations of
the IR absorption from the profile would occur
universally rather than for distinct, selected cell features.
Additionally, the IR signal (averaged here every 256
peak deflections) of homogenous samples does not show
similar hotspots and deviations [17]. Examining the
relationship between cell topography height and
absorption enables assessment of chemical heterogenity.
This is because absorption scales with the volume of the
material contributing to the IR signal [21] only if the
material is homogeneous i.e. if it is comprised of
consistent biochemical species, possessing in this case a
C-H density that correlates with the band analysed.

Signal Analysis

Before detailing the signal analysis, it is important to
note several specifics of the data handling. High quality
IR spectroscopy at the nanoscale is sensitive to a range
of demanding linear calibrations. These primarily in-
volve calibration of the source intensity as a function of
wavelength, beam profile, position and time. The de-

pendence of the incident light intensity, |1 on output
wavelength was monitored using a PbSe Fixed Gain IR
Detector (Thorlabs, UK, Ely) which in turn has its own
dimensionless spectral response, M(A). Therefore for, n
pulses, the absorption coefficient in terms of the maxi-
mum of the Fourier Transform (FT) of the cantilever de-
flection response V = f__ (V) is described proportion-

ally by
1 (A VM)
A )

Here we note that the relationship between tip deflection
and FT spectral peak is logarithmic and o is the IR
detector dark current and Vo is the background amplitude
of the transformed peak. The laser spot size can be easily
determined from a digital microscope video of the tip via
a visible tracer which is assumed to be Gaussian. The
precise beam profile can also be ascertained by acquiring
the absorption signal of a blank substrate.

M)

As the AFM raster scans the image area, the readout is a
1D vector which needs to be reshaped into a square ma-
trix in order to be visualized. Time synced masked raster
regions were employed in order to correlate the IR and
AFM datasets. Image colouring was performed using the
Gwyddion software package. The colour coding used
was chosen in order to maximize the detail of cell sur-
face features in good contrast but gives little information
about the noise and signal from the substrate, which is
less experimentally relevant for this work. Cantilever re-
sponse co-averaging is required for good signal, and also
reduces image noise. After analysis, the infrared images
were post-processed using a conservative 2D-median fil-
tering algorithm in order to reduce the level of single
pixel errors.

Figure 4(A) shows a plot of the PTIR absorption at
2960cm as a function of height index for a sample area
including both cytoplasm and nucleus averaged every
400 height index points. Here, we define height index as
the dimensionless 1D vector of indices associated with
the sorted heights in the image, such that the IR
absorption values are sorted by height.The dotted line
represents linearity, which shows a surprising level of
agreement given the absorption dependence on volume,
and that the deflection is recorded logarithmically. This
implies that the choice of recording either FT peak
maxima or raw deflection maxima does not significantly
influence the resulting image features. We note that the
absorption explicitly depends on the sample height and
density associated with the region of tip contact. It is
therefore significant that the absorption signal deviates
more from the topography at higher, nucleic regions.
This is consistent with the understanding that cell nuclei
are more chemically complex than the cytoplasm.

Copyright line will be provided by the publisher
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Figure 4. In (a) the IR signal is plotted as a function of height
index for a 470x470 pixel scan area including both cytoplasm
and nucleus (averaged every 400 height index points). A
greater variation of the absorption signal from the topography
is evident at higher, nucleic regions. (b) The distribution of
values obtained for the ratio of absorption amplitude to
normalized height. Ratio values from the nucleus are presented
in yellow whereas the rest of the cell is shown as grey.
Although the nucleus exhibits higher IR absorption values
(Figure 3), it absorbs less (0.75-1.6) as a proportion of local z-
height than the rest of the cell (1.6-10).

Another way to represent this is to observe the
distribution obtained for the ratio of absorption
amplitude to height shown in Figure 4B. Both height and
absorption are have been renormalized with ranges from
zero to unity. The ratio values from the nucleus are
presented in yellow whereas the nucleus and cytoplasm
are counted in grey. The precise border of the dominant
nucleus peak was found by multigaussian peak fitting of
the ratio histogram. Although the nucleus exhibits higher
IR absorption values (Figure 3), it absorbs less (0.75-
1.65 vs. 1.5-10) as a proportion of local z-height than the
rest of the cell. This reduction implies a lower chemical
density of absorbing species at 2960cm for the nucleus.
We attribute this to the dominant absorption of lipids
rather than proteins over the broad 2930cm™ absorption
band.

These results indicate that the nucleus is distinguishable
in height-normalized absorption maps based on two
factors; the increased chemical heterogenity evident on
its surface (Figure 4A) and the relatively low absorption
of the nucleus as a proportion of local z-height compared
to the rest of the cell (Figure 4B). The ratio map defined
over the raster scanned area is

R=aoz )

Whereo is the Hadarmard product and a and z define the
normalized IR absorption and height matrices respective-
ly. Visualization of R, as in Figure 5(B), can be per-
formed by a false colour map of the ratio value at each
point of the raster scan, for example using the contrast
defined in Figure 5(A). Physically, the laser pulse fre-
quency and cantilever ringdown time can be chosen to be
less than the AFM z-piezo feedback response. In this
way, the two signals can be present in different frequen-
cy regions of the output. This permits the components of
the ratio map, absorption and height, to be read simulta-
neously and without interference. The minima and max-
ima used are defined by the data ranges, and serve to
scale the data so as to rule out unequal weighting in fa-
vour of either variable.

Quantifying Nanoscale Heterogeneity

A prominent nucleus peak is indicated by the lowest, red
peak in the histogram (Figure 5A). The membrane
regions exhibit on average more absorption per unit
height than the nucleus with a range from 2<R <10
that demonstrates a complex, multipeaked behaviour
which we tentatively attribute to the presence of both
hydrophobic and hydrophilic membrane regions.

The ratio values present in the background are far larger
because although the absorption is low (T =~ 78% ), z is
defined as near zero at the substrate height. We measure
the cell connectivity quantitatively by MinkowskKi
functional analysis of the images [28], which measures
local structural propeties and has been succesfully used
to measure local properties of nanostructures [29]. This
function represents a measure of the interconnectivity of
the dataset. For a height normalized IR map, a sharp
peak in connectivity corresponds to a strong correlation
between the IR absorption and height profiles. Similarly,
regions containing large deviations in profile are said to
be poorly connected. The actual peak magnitude is
depends on the proportion of each species in the scan
area, however the peak width also indicates
heterogeneity.

Copyright line will be provided by the publisher
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Analysis of the Minkowski connectivity confirms several
interesting trends (Figure 5C), such as the connectivity
of the background (>9.5), which is expected for sapphire.
It also displays a ‘two tier’ behaviour of the membrane
with regions of both high and low chemical
heterogeneity present. The nucleus displays a broad and
prominent reduction in connectivity.

In this way, monovariate infrared imaging can permit a
measurement of biochemical heterogeneity. In fact, the
emphasis on combined topographic-absorption maps for
just one wavelength highlights the degree of local
complexity already inherent in a single wavelength map,
a fact that could be overlooked in a multivariate study.
However we note that a full understanding of precisely
which chemicals are present at each location would
require detailed multivariate analysis, which should be
explored in future work. Additionally this study is
spectrally limited from the range of the laser source.

3. Discussion

The application of combined AFM-PTIR data analysis to
biological systems has been demonstrated by probing
cancer cells with PTIR nanoimaging and performing ab-
sorption to height ratio map of the images obtained.
These studies indicate that while complex biological sys-
tems can be chemically probed with this method, the ac-
tual deflection observed is not only a function of the ma-
terial absorption coefficient, but also of the amount of
the absorbing material that is present in the vicinity of
the tip [21]. This is likely a significant contributor to the
intensity variation observed in previous studies when
imaging the same region at different wavelengths [18-
21]. Further to this we illustrate that a combined topo-
graphic-IR analysis not only permits chemical discrimi-
nation on the nanoscale, but can also give insight into
chemical heterogeneity at sub-optical diffraction limited
resolution.

It is plausible given the current rate of research into the
PTIR methods that future studies will extend past 2D
multispectral imaging into 3D localization and chemical
discrimination of subsurface features, in fact subsurface
localization of nanostructures in cells has already been
reported [14]. A key step on the way to realizing this is
to fully quantify the influence of height on the absorption
signal. We provide this study as a further [26] attempt to
quantitatively describe the influence of ‘z’ in PTIR based
imaging with a view to potential future studies in 3D na-
noscale chemical mapping, but also as a point of refer-
ence in understanding the nature of surface chemical
homogeneity of cancer cells on the nanoscale.
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Figure 5 (a) Colour coding used for the ratio of absorption am-
plitude to normalized z-height. The boundaries indicated are for
the nucleus (red-1.65), endoplasmic membrane (6.55 - green)
and the plasma membrane (blue-9.5). The false colour coding
applied to a typical subcellular scan area is shown in (b). In this
way, combining information from the topography and PTIR
greatly enhances the image clarity, permitting chemical locali-
zation of the nucleus (1) without the need for pre-treatment or
fluorescent labelling. The membrane outer perimeter (at 3) is
defined at sub 50nm resolution with an SNR of 61. The Min-
kowski connectivity (c) of the cell’s mapping confirms the high
connectivity (homogeneity) of the background, the ‘two tier’
behaviour of the membrane and the chemical heterogeneity of
the nucleus.
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In this respect the primary observation made is the need
for further work to define the absolute rather than rela-
tive chemical image complexity, for example by imaging
of multiple cell lines at varying stages of carcinogenesis,
and performing a multivariate comparison of their inter-
connectivities.

Recent advances in morphological and cell image analy-
sis for biomedical engineering applications tend to focus
on localization, segmentation estimation and modelling
of cell parameters. Here we report on the extension a na-
nometric technique capable of chemical identification
which allowed for several unique imaging properties for
human epithelial cells including sub-50nm resolution
chemically resolved membrane boundaries and label free
localization of cell substructures. An assessment of the
Minkowksi connectivity for the height normalized ab-
sorption images quantified biochemical inhomogeneity
in the mammalian cancer calls, which indicated maxi-
mum chemical heterogeneity within the nuclei and some
membrane regions. This was confirmed against with the
expected results from the sapphire background which
showed high levels of chemical self-similarity and con-
nectivity.

Several limitations of this method are apparent, the most
experimentally prominent being the presence of water
which is a strong IR absorber that somewhat constrains
the available IR spectral window. However, spectral de-
convolution was not necessary in these studies as the
primary analysis was performed on single wavelength
maps, so the presence of evenly distributed water merely
serves a linear offset on the single wavelength absorption
intensity. PTIR nanoimaging can also be limited by the
possible presence of a contaminant layer on the surface
of the sample, which has previously been reported in
AFM studies. Such impurities increase the noise on ab-
sorption co-efficient measurement due to the contami-
nants acting as a spatially varying contributor to the de-
flection. This source of error can be minimized by re-
peated washing of the surface with PBS and water,
which was used as a buffer. Additionally the contami-
nant layer is assumed to be homogenous and is typically
very thin (2-3 nm) compared to cell heights.

4. Conclusion

We illustrate a promising new functionality of PTIR
nanoimaging by verifying that sub-diffraction limited in-
frared microscopy based on photothermal induced reso-
nance, in combination with topographic data, enables
several unique imaging properties for human epithelial
cells including sub-50nm resolution chemically resolved
membrane boundaries and label free localization of nu-

clei. We outline how by normalizing for cell height, in-
frared absorption nanoimaging can also quantify local
chemical complexity by image analysis with Minkowski
functions. In this way, combined AFM-PTIR absorption
imaging can uniquely assess and map biochemical inho-
mogeneity in mammalian cancer cells on the nanoscale.
By enabling chemical imaging on the scale of cell sub-
structures we can now probe the biomechanics underly-
ing the structure-function relationship with unprecedent-
ed resolution. As PTIR nanoimaging is capable of imag-
ing live cells, it is now possible to explore the role of
chemical heterogeneity at varying stages of carcinogene-
sis.
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