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We use photothermal induced resonance (PTIR) imaging and spectroscopy, in resonant and non-resonant
mode, to study the cytoplasmic membrane and surface of intact cells. Non-resonant PTIR images appar-
ently provide rich details of the cell surface. However, we show that non-resonant image contrast does
not arise from the infrared absorption of surface molecules and is instead dominated by the mechanics of
tip—sample contact. In contrast, spectra and images of the cellular surface can be selectively obtained by
tuning the pulsing structure of the laser to restrict thermal wave penetration to the surface layer.
Resonant PTIR images reveal surface structures and domains that range in size from about 20 nmto 1 pm
and are associated with the cytoplasmic membrane and its proximity. Resonant PTIR spectra of the cell
surface are qualitatively comparable to far-field IR spectra and provide the first selective measurement of
the IR absorption spectrum of the cellular membrane of an intact cell. In resonant PTIR images, signal
intensity, and therefore contrast, can be ascribed to a variety of factors, including mechanical, thermo-
dynamic and spectroscopic properties of the cellular surface. While PTIR images are difficult to interpret
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in terms of spectroscopic absorption, they are easy to collect and provide unique contrast mechanisms
without any exogenous labelling. As such they provide a new paradigm in cellular imaging and membrane
biology and can be used to address a range of critical questions, from the nature of membrane lipid
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Introduction

Techniques for cellular and subcellular imaging have a promi-
nent place in the analytical repertoire of biomedical scientists.
Front place is taken by visible light microscopy in all its incar-
nations, from white light transmission microscopy to fluo-
rescence microscopy. Resolution is generally limited by optical
diffraction, although the development of super-resolved
optical microscopy has extended it to the single molecule
level." While visible microscopy provides a wealth of morpho-
logical information under easily accessible and physiologically
relevant conditions, molecular information generally requires
exogenous labelling, which increases experimental complexity
and limits applications.

The highest resolution is provided by electron microscopy,
reaching a few nanometers for subcellular imaging.> However,
the requirement for sample freezing and possible beam
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domains to the mechanism of pathogen infection of a host cell.

damage exclude measurements at environmental conditions,
notably of live samples.

Scanning probe microscopy techniques, generally variants
of Atomic Force Microscopy (AFM), are seeing increased appli-
cation to cellular studies, including live cells, with constantly
improving performance.® They fill a specific and increasingly
diverse niche of the cell imaging landscape in providing
unique access to a range of topographical, mechanical and
electrical properties, occasionally with resolution down to the
single macromolecule. Their main drawback is imposed by the
requirement for contact or proximity between sample and
probe, which requires indentation for intracellular studies,
with a few exceptions.

In recent years, an increasing role has been occupied by
spectroscopy-based microscopy techniques. Spectroscopic
imaging relies on the local measurement of absorption, emis-
sion, or inelastic scattering of electromagnetic radiation by the
sample to obtain spatially-resolved, molecular or atomic infor-
mation. Local composition, orientation, dynamics, plus elec-
tronic, atomic and molecular properties, and intermolecular
interactions can all be assessed, depending on the wavelength
in use and the underlying physical process. Spectromicroscopy
techniques rely on endogenous spectroscopic properties of the
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sample, without the need of external labels, and are therefore
suitable for the characterization of untreated and occasionally
live samples.

Among spectromicroscopy techniques, IR absorption spec-
troscopy has seen extensive application to the study of bio-
molecules,” including complex biological matter, such as
tissues and cells.” Despite years of intensive interest, two direc-
tions are still open for development, the use of IR absorption
to study living or functional samples® and the measurement of
subcellular structures.” The latter capability clashes against
the resolution limits imposed by diffraction on conventional
optical measurements, of the order of the wavelength, approxi-
mately 2.5-25 pm in the mid infrared (mid-IR) spectral region
that is commonly used for molecular studies. While such
resolution allows investigation of single eukaryotic cells, and
of their larger subcellular entities (the nucleus, vacuoles), it
prevents application to most subcellular structures and to
single prokaryotic cells.

Several techniques have been developed or adapted to
extend resolution beyond the diffraction limit. An early devel-
opment was the introduction of Scanning Near Field Optical
Spectroscopy (SNOM). The technique was first demonstrated
using visible light® and later extended to the mid-IR region.’
SNOM allows measuring samples as thin as single phospholi-
pid bilayers with nanoscale resolution,'® but the need to
operate in a transmission configuration limits application to
thicker samples, such as eukaryotic cells. The constrains of
transmission measurements are circumvented by using a scat-
tering SNOM configuration (s-SNOM), which allows nanoscale
IR spectroscopy by using the light scattered at the interface
between a nanoscale metallic tip and the sample.” s-SNOM
has been successfully used in the spectroscopy and imaging of
viruses, single protein molecules,’* single phospholipid
bilayers, demonstrating a sensitivity of about 1000 phospholi-
pid molecules,'* and erythrocyte membranes.'® The main con-
straint of the technique is its limitation to surface studies
imposed by the need for tip-sample proximity. Another tech-
nique, PiFM (Photo-induced Force Microscopy)'* relies on
measuring the force between induced optical dipoles at the
interface between a metallized AFM tip and the sample."
PiFM allows both spectroscopic investigation of the sample
and imaging with spatial resolution limited by tip size.'®
Similarly to s-SNOM, the technique is presently restricted to
surface studies.

In contrast to other techniques, Photothermal - Induced
Resonance (PTIR) spectroscopy (often termed AFM-IR) relies
on the photothermal effect to induce local sample expansion
following light absorption.'® In PTIR the expansion is
measured by a mechanical detection scheme instead of an
optical one, using an AFM probe in contact with the sample."”
In the most common implementation, with pulsed excitation,
the rapid deflection of the cantilever excites its resonant
modes and the resulting oscillation is recorded as a voltage by
the standard four-quadrant AFM position detector.'® PTIR is
used in spectroscopy studies by scanning the wavelength of
the light source while recording the movement of the cantile-
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ver. The spectral response has been shown to track the IR
absorption spectrum of the sample recorded with far-field
optics. PTIR can also be used as an imaging technique, by per-
forming an AFM scan while simultaneously exciting the
sample at one wavelength. An alternative imaging approach is
the collection of spectral hypercubes, by recording extended
PTIR spectra in a two-dimensional array of points and using
the intensity of bands in each spectrum to reconstruct an
image. PTIR is currently seeing increased applications in the
study of biological samples with nanoscale resolution. Tissue,
single cells, subcellular structures and purified biomolecules
have all been investigated.”*72%>!

An alternative scheme to probe the photothermal response
is to monitor the pressure and density gradients associated to
the thermal expansion zone, as in Infrared Photoacoustic
Microscopy (IR-PAM). The thermal expansion is detected by
the deflection of an optical laser beam, yielding a spatial
resolution that is limited by the wavelength of the probing
beam, in the optical range, down to UV wavelengths, instead
of that of the exciting beam, in the infrared range.**

Among photothermal techniques, PTIR provides the
highest spatial resolution. We have recently shown that the
spatial resolution of PTIR is limited by the interplay between
the size of the photothermal expansion zone and the size of
the tip.>® By increasing frequency and duration of excitation
pulses, it is possible to achieve conditions of super-resolution
relative to the wavelength of the thermal wave and resolution
values in the 10’ s of nanometers range become accessible.

The most distinctive feature of PTIR is the indirect mechan-
ical detection scheme of light absorption, which combines
multiple factors in signal generation, in addition to the spec-
troscopic properties of the sample. The mechanics of tip-
sample interaction®*>® and the thermal properties of the
sample and its environment®® all contribute to signal intensity
and even to spatial resolution.

Constraints are given by the limited sensitivity of non-res-
onant PTIR spectroscopy, which requires samples thicker than
100 nm, and the large depth response, which extends beyond
1 pm. As a consequence, successful application of non-res-
onant PTIR to the study of cellular samples has been reserved
to the study of extended structures, such as lipid droplets and
biopolymer beads.?” The limitations can be partly overcome by
operation under resonant conditions, where the pulsing fre-
quency of the laser matches a resonant frequency of the canti-
lever, giving enhancement proportional to the Q factor of the
resonance. Resonant-mode PTIR extends the sensitivity to
molecular monolayers,*® but does not provide the selectivity
required to separate the response of a membrane from that of
the whole cell. However, recent results have shown that depth
response, surface selectivity, sensitivity and resolution can be
controlled by tuning the pulse structure of the excitation
laser,”® opening the way to the use of PTIR for the selective
measurement of cell membranes. In the present work, we
control the pulse structure of the excitation to selectively probe
for the first time the cell surface and the cytoplasmic mem-
brane, both in imaging and in spectromicroscopy experiments.

Analyst, 2020, 145, 5940-5950 | 5941


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0an00696c

Open Access Article. Published on 24 July 2020. Downloaded on 6/10/2025 5:28:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

We also discuss limitations and advantages of using the tech-
nique for spectroscopic and imaging studies of the cellular
membrane.

Experimental
Cell sample preparation

Epithelial cheek (buccal) cells of the investigator were collected
by performing a cheek swab with a cotton bud, transferred to
CaF, or ZnSe optical windows (25 mm diameter and 1 mm
thickness; Crystran, Poole, UK) and measured without further
treatment, as previously described.*”

PTIR measurements

PTIR measurements were carried out on a nanoIR2 instrument
from Anasys Bruker (Santa Barbara, CA, USA). A Daylight
Solutions MIRCat 1300 external cavity quantum cascade laser
(QCL) and an optical parametric oscillator (OPO) laser were
used for excitation, both in the top-down configuration. The
beam can be polarized vertically (electric field polarized 20° to
the normal) or horizontally (electric field polarized 90° to the
normal) and is focused to an elliptical spot approximately
100-200 pm long. Silicon probes with a 20 nm gold coating
(PR-EX-nIR2-10, Anasys Bruker) and an overall tip diameter of
100 nm, were used for AFM and PTIR measurements.

The setup of the instrument is described in Fig. 1. The
basic design relies on multiple light sources, used for sample
excitation, that are interfaced with an AFM head via an optical
coupling box. In the configuration used in these experiments
an OPO laser and a QCL are used. The coupling box contains
optics to filter the beam, polarize it, measure its power, and
steer it to the AFM head. The AFM is a modified conventional
AFM design where the beam is focused on the sample in an
upside-down geometry at an incident angle of approximately
70°.

Non-resonant PTIR

Non-resonant operation involves irradiation of the sample at
an absorbing wavelength with a series of short laser pulses, to
excite multiple cantilever resonances. The pulsing frequency is
lower than any of the resonant frequencies of the cantilever,
which allows for the full decay of cantilever oscillations
between pulses. The OPO laser used in non-resonant experi-
ments delivers 10 ns pulses at 1 kHz frequency. Oscillations of
the cantilever are recorded by the AFM detector as a decaying
deflection signal and their amplitude is used to quantify the
photothermal response of the sample. The decaying deflection
signal can be processed along two different channels to
provide a measure of the PTIR response. In the IR Peak
channel, the maximum peak-to-peak amplitude of the oscil-
lation is plotted as a function of wavelength to obtain a PTIR
spectrum for a stationary tip position (Fig. 1C). Alternatively,
the IR Peak channel can be plotted as a function of tip posi-
tion at a fixed wavelength to obtain a PTIR map. In the IR
Amplitude channel, the Fourier Transform of the IR Peak
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Fig. 1 PTIR experiment and setup. A. Scheme of instrumental setup.
The instrument is based on a conventional AFM head integrated with
laser light sources and a set of optics for coupling, shaping, and moni-
toring of the beam. B. The sample compartment. The sample is located
at the focal point of the beam and under contact with the AFM probe.
lllumination is with a top-down geometry. Sample irradiation at an
absorbing wavelength causes sample expansion and is detected by the
deflection and oscillation of the cantilever. C. In non-resonant oper-
ation, the PTIR signal can be quantified using the maximum peak-to-
peak amplitude of the cantilever oscillation, as extracted from the ring-
down of the cantilever. This is called the IR Peak output. D. In non-res-
onant operation, the PTIR signal can also be quantified using the ampli-
tude of a resonance peak, among the resonances of the excited cantile-
ver. This is called the IR Amplitude output. E. Comparison of the PTIR
spectra obtained by plotting the IR Peak and the IR Amplitude signal as a
function of wavenumber.

channel is used to obtain the full frequency spectrum of the
oscillating resonant modes of the cantilever (Fig. 1D). One
resonance is then selected via the application of a Gaussian
filter and its amplitude is plotted as a function of wavelength,
to produce spectra, or of tip position, to produce maps. IR
Peak and IR Amplitude spectra are similar (Fig. 1E), except for
total amplitude and signal-to-noise ratio. Non-resonant
measurements were performed using the control and analysis
package Analysis Studio version 2 from Anasys Bruker. For the
present work PTIR spectra in non-resonant mode were col-
lected by using the signal in the IR Amplitude channel and
selecting the resonance at 64 kHz using a Gaussian filter with
30 kHz bandwidth. Laser power varying between 0.2 mW and
1.0 mW was used for excitation while the wavelength was
scanned over the 900 e¢cm™'-3000 cm™' spectral range in
1 em ' steps. Under these conditions, the temperature
increase in the sample is estimated to be of the order of 1 K
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(see ESIt), which allows measurements for an extended time
without significantly affecting the sample. Images in non-res-
onant PTIR operation were collected by scanning the AFM
probe at a rate of 0.1 Hz or 0.08 Hz and co-averaging 16 or 8
scans respectively. The averaging is optimized to ensure that
collection of the PTIR signal is equal to or faster than collec-
tion of the AFM signal. Images have pixels ranging in size
from 2 nm to 11.7 nm, ensuring that AFM resolution is limited
by tip size. The IR Peak channel and the IR Amplitude channel
were used to plot PTIR maps. The resonance at 195 kHz was
selected for all imaging measurements using a Gaussian filter
with 50 kHz bandwidth.

Resonant PTIR

Resonant operation provides greater signal intensity by match-
ing the pulsing frequency of the laser to a specific cantilever
resonance. A signal enhancement of the order of the Q factor
of the cantilever is obtained. In addition, tuning of the pulsing
frequency allows control of the depth response and resolution
of the measurement. In the present setup, frequency matching
is performed by locking the pulsing frequency of the QCL to
the selected cantilever resonance. In this configuration, the
PTIR signal is only extracted from the Amp 2 channel. The
channel provides the amplitude of the desired resonance after
selection by a Gaussian filter with 50 kHz bandwidth, similarly
to the IR Amplitude channel in non-resonant operation. Non-
resonant measurements were performed using the control and
analysis package Analysis Studio version 3.14 or later from
Anasys Bruker.

The pulsing frequency, pulse length and pulse spacing were
chosen to obtain the desired in-plane resolution and depth
response, while matching a cantilever resonance, as previously
specified.>® The AFM probe was raster scanned at 0.4 Hz with
a pixel resolution in the X and Y directions corresponding to a
4.7 nm, 6.25 nm, or 7.8 nm pixel size. 256 pulses were aver-
aged for each pixel. Power at the sample was measured by the
reference detector of the instrument and was 0.1-0.5 mW in
the spectral region used for this investigation. PTIR images
were not normalized to laser power. For resonant mode
imaging, the PLL algorithm was used when specified in the
text (Fig. 4), to correct for changes in resonance frequency fol-
lowing changes in tip-sample contact and to ensure that res-
onant conditions are maintained throughout the scan.

PTIR spectra in resonant mode were collected by using the
same conditions for excitation as for imaging experiments.
The tip was kept stationary at one location while the wave-
length was scanned over the desired spectral range.

Results and discussion
Non-resonant PTIR measurements

Non-resonant PTIR was previously used to study intact primary
epithelial buccal cells.?® Epithelial buccal cells are a con-
venient system for methodological studies on cells because of
their availability and ease of collection. They are frequently
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used in testing optical microscopes and for the demonstration
of contrast and resolution performance of new techniques and
methods for cellular imaging.?*** Furthermore, the cells can
be studied intact, without the need for fixation and in air,
under which conditions they have shown to be remarkably
stable to PTIR investigation.>® Preliminary PTIR measurements
of buccal cells have been reported and have revealed an unu-
sually strong response from unidentified spheroidal structures,
presumably organelles or lipid droplets.>® The present work
extends the study of these cells using high resolution AFM and
PTIR imaging to investigate the cell membrane. Fig. 2 shows
the example of a buccal cell measured by non-resonant PTIR.
ESI Fig. 27 shows the same cell mounted in the sample com-
partment. Fig. 2A provides an overview of the cell topography
in AFM contact mode. The nucleus is clearly visible in the
middle of the cell and corresponds to the highest topographic
location of the cell, similarly to adherent cells. Fig. 2B shows a
higher resolution scan of a small portion of the cell surface on
top of the nucleus, indicated by the frame in panel A. The
surface is highly irregular, corresponding to the folding of the
cell membrane and associated polymers on top of the cell. The
yellow arrows point at locations where PTIR (IR Amplitude)
spectral measurements were subsequently performed. The
resulting spectra are shown in Fig. 2C, while Fig. 2D shows the
PTIR image at 2921 cm™ "' of the same area recorded synchro-
nously with the AFM scan.

The spectra of Fig. 2C show dominant bands in the Amide I
and Amide II regions, around 1650 cm™' and 1545 cm ™’
respectively. Some of the spectra also show a weak but sharp
absorption band between 1710 em™ and 1750 cm™'. Weaker
bands are seen at lower frequencies. In the specific case of
intact buccal cells, it has already been shown that non-res-
onant PTIR spectra qualitatively reproduce the band pattern of
far-field FTIR spectra of fixed” and untreated® cells and of the
most abundant cellular components. The spectra are also
similar to non-resonant PTIR spectra recorded in some
locations of fixed fibroblasts.”

The PTIR image of Fig. 2D shows the response of the
sample when exciting in an absorption band characteristic of
long alkyl chain containing molecules, which includes acyl
lipids and fatty acids. As already reported, the PTIR signal in
the IR Peak channel is not proportional to cell thickness and
the highest intensity is given by unidentified organelles.>
Their observation is confirmed by imaging with the IR
Amplitude channel. They appear as micrometric spots with
higher intensity in several locations of the image and have
been highlighted by the color scheme in Fig. 2D. Comparison
of the spectra in Fig. 2C with the measurement location
reveals that all spectra measured at the location of an organelle
show the absorption band at 1710-1750 cm™", however this is
not seen when the spectrum is measured away from the orga-
nelles themselves.

Overlaid to the organelles is a fine pattern with rich details,
which shows much higher contrast when measuring on top of
the organelles themselves. The pattern is not observed using
the IR Peak output and has not been reported before. Contrast
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Fig. 2 Non-resonant PTIR images of buccal cells and of their cellular
membrane. A. AFM Height image of a buccal cell. The frame shows the
region subsequently mapped in B and D B. Higher resolution AFM
Height image of a portion of the cell shown in A. Arrows point at
locations where PTIR spectra of panel C were measured. The frame
shows the region mapped at higher resolution in panels E to I. Note that
part of the higher resolution images extends over the edge of the region
imaged in B. C. Non-resonant PTIR spectra of selected locations in
panels B and D. The frame shows the region mapped at higher resolu-
tion in panels E to I. D. Non-resonant PTIR (IR Amplitude) map at
2921 cm™ of the same region as in B. The frame shows the region
mapped at higher resolution in panels E to I. Arrows point at locations
where PTIR spectra of panel C were measured. E. Higher resolution AFM
Height image of a region of B. The frame indicates the region that is
graphically expanded in M. F. AFM Deflection image of the same region
as in E. G. Non-resonant PTIR (IR Amplitude) image at 2921 cm™ of the
same region as in E. The frame indicates the region that is graphically
expanded in M. H. Non-resonant PTIR (IR Peak) image at 2921 cm™ of
the same region as in E. |. Contact frequency image of the same region
as in E. L. Cutout of the PTIR (IR Amplitude) image at 2921 cm™ in |,
lower right corner. M. Cutout of the AFM Height image in E, lower right
corner. Panels A and B have been adapted from ref. 20, in accordance
with the terms and conditions of the Creative Commons Attribution (CC
BY-NC-ND 4.0) license. Part of the experimental dataset used for this
figure was also used in ref. 20 for a different type of analysis.
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decreases rapidly away from the high intensity location, indi-
cating that it is related to the intensity of the signal itself. To
further investigate the fine pattern, higher resolution AFM and
PTIR images were collected on top of one of the organelles.
Fig. 2E and F show the resulting AFM Height and Deflection
images. Fig. 2G and H compare the PTIR images recorded
from the IR Amplitude and IR Peak channels, respectively.
Fig. 21 shows the change in the cantilever contact frequency
when scanning through the sample. Details extracted from
Fig. 2C and E are shown in the panels of Fig. 2L and M
respectively.

The PTIR image from the IR Amplitude channel (Fig. 2G)
reveals with high contrast several structures. They include
apparent filaments, globular structures and clusters of the
latter that form a crown pattern (one of the latter is detailed
in Fig. 2L). The lowest apparent size of these structures is as
small as 10-20 nm, observed for the filaments. This pattern
is absent in the corresponding AFM height and deflection
maps (Fig. 2E and F), showing that it is not directly related to
changes in topography. However, the IR Amplitude map does
accurately track the variation in contact resonance frequency
during the PTIR scan (Fig. 2I), indicating that changes in the
signal arise from changes in the mechanical properties of
tip-sample contact, which appear to modulate the contrast
observed in IR Amplitude maps. The map in Fig. 2H shows
the corresponding PTIR image recorded using the IR Peak
channel. The IR Peak signal shows no high-resolution pat-
terns in the image and tracks instead the AFM height and
deflection images. Comparison of Fig. 2 panels confirms
that contrast in Fig. 2G and I (and also the finer details in
Fig. 2D) is dominated by changes in the contact frequency of
the AFM probe during scanning. This is particularly obvious
when analyzing the structures that look like filaments.
Comparison with the Height channel maps indicates that
their location corresponds to that of the crevices formed by
folding of the surface. We conclude that the “filaments” are
not specific cellular structures but represent instead the
change in contact resonance frequency that accompanies the
sharp change in tip-sample contact as the tip crosses over a
gap. The use of resonance filtering to isolate single frequen-
cies in the IR Amplitude channel implies that frequency
shifts caused by mechanical factors bring the resonance to
the edge of the filter bandwidth and lead to a decreased
signal. Therefore, frequency shifts are manifest as intensity
changes in the IR Amplitude map but not in the IR Peak
map.

The crown like pattern in Fig. 2L consists of a ring of five or
six hemispherical structures around a central core. The pattern
cannot be observed in the matching AFM height panel of
Fig. 2M, where it appears as an undifferentiated convex struc-
ture. Therefore, PTIR contrast must arise from differences in
mechanical properties of the various regions. Several of these
patterns can be observed in Fig. 2G or I. Further work is
necessary to identify these structures. They could be large
protein complexes or -clusters of structured membrane
domains with very different mechanical properties. In the
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general case, higher PTIR signal is expected from stiffer struc-
tures, indicating that the central core is softer than the sur-
rounding crown.

The high spatial resolution of the patterns in Fig. 2E and H
confirms that the origin of the contrast is not in the spectro-
scopic properties of the membrane itself. The in-plane resolu-
tion and depth response of PTIR depends on the pulse struc-
ture of the excitation laser, including the pulsing frequency.
Like all measurements based on the photothermal effect, the
spatial resolution depends on the extension of the photother-
mal expansion zone, and is different from resolution in AFM
images, which is limited by tip size. High spatial resolution in
PTIR, of the order of 10’s nm, and shallow depth response can
be obtained only when using pulsing frequencies higher than
100 kHz and pulse duration longer than 100 ns, to restrict the
size of the photothermal expansion volume.>* In contrast,
measurements in Fig. 2 are recorded using a laser pulsing fre-
quency of 1 kHz, with 10 ns pulses. In-plane spatial resolution
at this pulsing frequency is estimated at 160 nm (ESIT) and the
depth response is expected to cover the whole thickness of the
cell.** A photothermal measurement would not allow resolving
the fine structures shown in Fig. 2G and L. Their observation
can be accounted for only if contrast has a mechanical origin
and resolution is comparable to tip size. While Fig. 2G and L,
and the finer details of Fig. 2D, may provide a fascinating rep-
resentation of the cellular surface, they do not represent IR
absorption, but changes in the mechanical properties of the
tip-sample contact. As the mechanical properties of the
surface are also affected by structures below the immediate
surface layer, it is possible that some of the objects in Fig. 2G
and L are not in direct contact with the tip but are deeper
within the cell.

Careful observation of Fig. 2D shows the relationship
between the mechanical contrast of fine surface images and
overall signal intensity. Contrast is high in the more strongly
absorbing regions of the sample and decreases away from
them. We conclude that IR absorption from the interior of the
cell is responsible for the PTIR response, but the signal is
further modulated by changes in the mechanical properties of
the sample, which provide the finer contrast details.

Fig. 3 compares the response in the different channels by
showing a profile extracted from the same position in the
images from different channels. The profile is selected to run
across convex and concave regions of the sample (Fig. 3A),
including gaps, with a vertical excursion of approximately
20 nm (Fig. 3E, black trace). The profile runs in a region of
relatively low deflection (Fig. 3B), corresponding to a few mV,
and appreciable changes in deflection can be measured only
at the crossing of a gap (Fig. 3E, orange trace). Along the
same profile, the IR Peak (Fig. 3C) and IR Amplitude (Fig. 3D)
images show much higher signal. The large difference
between the deflection signal and the IR Peak and IR
Amplitude signals confirms that there is little or no crosstalk
between PTIR and deflection channels, despite some simi-
larities between the corresponding images. The IR Amplitude
profile (Fig. 3E, red trace) has similar intensity as the IR Peak
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Fig. 3 Line profiles in different non-resonant images of the cell. The
figure compares line profiles extracted from the same location (red
dashed line) of images recorded synchronously on different channels
using non-resonant excitation. A. Height image. B. Deflection
image. C. IR Peak image. D. IR Amplitude image. E. Comparison of
profiles. Height, black trace, left black scale. Deflection, orange trace,
right orange scale. IR Peak, green trace, right red scale. IR Amplitude,
red trace, right red scale.

profile (Fig. 3E, green trace) but shows the modulation
caused by the changing contact frequency, as previously dis-
cussed. The IR Amplitude profile is also less noisy than the
IR Peak and Deflection profiles, in part because the signal is
obtained by filtering a single resonance, thus removing the
noise from outlying frequency regions. It is notable that the
IR Amplitude profile is substantially different from the
Height profile. Local maxima in IR Amplitude signal corres-
pond to gaps in the surface topography, while some local
minima correspond to apexes in topography. The discrepancy
leads further support to the proposition that the IR
Amplitude signal is heavily affected by the modulation of tip-
sample contact.
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Resonant PTIR measurements

In its simplest description, a cellular membrane comprises a
phospholipid bilayer, about 5-6 nm thick, and associated bio-
polymers, including proteins and polysaccharides, leading to a
thickness of the order of 10-20 nm. The conditions used for
the non-resonant PTIR experiments in Fig. 2 do not provide
the surface selectivity nor the sensitivity to measure the cellu-
lar membrane itself or its immediate proximity. To achieve the
required selectivity and sensitivity, measurements were per-
formed at higher laser pulsing frequency and under resonant
conditions, matching the pulsing frequency of the laser to a
cantilever resonance. Resonant operation extends sensitivity of
the measurement to ultrathin samples, down to a monomole-
cular layer,® while the use of higher pulsing frequencies pro-
vides increased surface selectivity by reducing the depth exten-
sion of the photothermal expansion volume.>?

Fig. 4 shows the result of this approach to the imaging of
the surface of a buccal cell. PTIR imaging at lower frequency
provides images with very low structure and higher noise
levels, while imaging at higher frequency reveals a wealth of
detail and lower noise images. At the highest frequency used
in Fig. 4E and F (821 kHz) the photothermal depth response
extends to about 100 nm (ESIf), according to the classical
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Fig. 4 PTIR images of the cellular surface of buccal cells with res-
onant-mode excitation. A. AFM height image of a cell surface. B. AFM
deflection image of the same region as in A. C—E. PTIR images of the
same region as in A using 1654 cm™! excitation and 65 kHz, 312 kHz and
821 kHz pulsing frequency respectively. F. Detail of E showing surface
structures. No resonance tracking was implemented for these images.
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description of thermal wave propagation.’® The non-linear
thermal response observed from soft matter,”® including cellu-
lar samples,>*® can further reduce this value by up to one
order of magnitude, bringing it to 10-20 nm, roughly the
thickness of the cell membrane and its associated
biopolymers.

Fig. 4D-F show a wealth of structures, which can be classi-
fied roughly into two groups, particles and extended domains.
Particles are circular or elongated structures that range in size
from about 20 nm to 70 nm (3 to 8 pixels of 7.8 nm each), as
seen in the detail of Fig. 4E. Most of the particles are smaller
than tip size (50 nm radius) and close to the value reported for
the limiting in-plane resolution of the measurement under the
present conditions.>> Many of them can be associated to
convex protuberances in the AFM height map of Fig. 4A. Based
on their dimension and shape, they could be tentatively identi-
fied with larger complexes of proteins or other biopolymers,
smaller lipid phases within the membrane or protein-lipid
assemblies. Residual deposits from the biopolymers in saliva
cannot be ruled out. Interestingly, the size of the smaller struc-
tures corresponds to that of the smaller membrane domains
reported from mobility experiments based on optical trap-
ping,’” in agreement with predictions from the updated fluid
mosaic model®® and the lipid rafts model.*®

Extended domains are larger portions of the cell surface
that are characterized by uniform PTIR intensity, such as the
clear region that occupies the lower half of Fig. 4E (or the
whole of Fig. 4F), about 1 um in size. They can be differen-
tiated by the higher intensity of the signal relative to the sur-
roundings, suggesting greater stiffness. The description
suggests a tentative identification with the extended domains
denominated coalesced lipid rafts.’® In cellular membranes,
lipid rafts can be directly imaged wusing fluorescence
microscopy of tagged molecules.*"** To date few reports
describe the optical imaging of lipid domains in intact cells
without the use of exogenous labels, and rely on inelastic scat-
tering techniques, such as Raman microscopy,” and Tip-
Enhanced Raman Spectroscopy (TERS) imaging.** The present
work demonstrates the capability of label-free visualization of
phase separation in the membrane of intact cells using PTIR
imaging.

While control of the depth of the photothermal expansion
allows us to avoid signal contributions from the bulk of the
cell and obtain selective signal form the cellular surface, it
does not remove the dependence of the PTIR signal from the
mechanical properties of the sample. Images in Fig. 4 were col-
lected without actively matching the pulsing frequency and
contact resonance frequency, which also introduces an
additional mechanical contribution to contrast. Nonetheless,
even when using correction tools, such as the PLL algorithm
of the instrument, mechanical contributions are presently un-
avoidable because of the very design of the PTIR experiment,
which relies on tip-sample contact. Efforts are underway to
correct it post-measurement®® or to reduce it by operating in
tapping mode.*® Such developments may eventually allow the
separation of spectroscopic and mechanical components in
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the PTIR signal of some sample typologies. However, improve-
ments in our understanding of how the properties of deep-
seated structures affect surface measurements will be necess-
ary before such corrections can be extended to more complex
heterogeneous samples, including eukaryotic and prokaryotic
cells.

Spectroscopic and mechanical properties of the sample are
not the only contributions to the contrast observed in Fig. 4. It
has been proposed that the thermal properties and geometry
of both sample and environment can affect not only signal but
also contrast and resolution, by affecting the rate of thermal
relaxation.”®?” In the case of cellular samples, crevices and
concave regions give rise to stronger PTIR signal than apexes
and convex regions. This is observed for non-resonant (Fig. 2
and 3) and for resonant excitation (Fig. 4), where weaker signal
is provided by the smaller convex structures. An additional
factor that complicates the interpretation of PTIR maps is the
interfering contribution to the PTIR signal from effects other
than photothermal expansion, including photoacoustic emis-
sion and photoinduced forces. O’Callahan et al. have proposed
that their contribution can be discriminated using the force
spectrum in the wavelength range of interest.*® While this
approach can be successfully applied to interpret PTIR spectra
in a single location, it cannot be easily extended to single wave-
length maps.

The resulting description of PTIR signal generation reveals
a complexity that arises from the combination of the microme-
chanical detection scheme, which introduces a dependence of
the signal from the mechanical properties of the sample and
tip, with the measurement of the photothermal effect, which
introduces a dependence from the thermomechanical and
optical properties of the sample. These contributions to the
signal are difficult to disentangle when measuring structurally
and compositionally complex samples, such as cells. For these
samples and contrary to what is often assumed, contrast in a
PTIR image with single wavelength excitation cannot be simply
reduced to differences in light absorption and care must be
exercised when using the images for quantitative compo-
sitional analysis.

When the IR absorption of the sample is of interest, single
location PTIR spectra, rather than images, are a more reliable
reporter of the spectroscopic properties of the sample. During
such measurement, the tip remains stationary in the same
location while the wavelength of the excitation source is
scanned. Provided that all factors that affect signal intensity
are wavelength independent, PTIR spectra track the corres-
ponding far-field absorption spectra. While the former con-
dition needs to be verified case by case, a similarity between
PTIR and far-field spectra is often observed for many samples,
including cells.*’

We now expand the use of single resonant PTIR spectra to
perform spectroscopic studies of the surface of the cell.
Spectra of the cellular membrane have been recorded by
using higher pulsing frequency and longer pulses, to maxi-
mize the selectivity of the response relative to the cell
interior, as in imaging experiments. Spectra of the
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1500-1800 cm ™" spectral region were measured for different
locations and are shown in Fig. 5, together with AFM height
(Fig. 5A) and PTIR images at 1655 cm™ " (Fig. 5B) where the
measurement positions have been marked. The overlapping
pattern of negative sharp bands due to atmospheric water
vapor absorption has not been removed by post processing to
avoid spectral distortion.
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Fig. 5 Resonant-mode PTIR spectra of the cellular membrane of a
buccal cell. A. AFM Height image of a cellular surface
region. B. Resonant-mode 820 kHz PTIR image at 1655 cm™ of the
same region. The arrows point to the position used for spectral
measurements. C. Resonant-mode PTIR spectra recorded in the marked
locations. The vertical scale of the spectra has been staggered to facili-
tate comparison. D. Resonant-mode 820 kHz PTIR image at 1622 cm™
of a region of the cell surface. E. Resonant-mode 820 kHz PTIR image at
1654 cm™* of the same region as in D.
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The spectra in Fig. 5C have similar or identical appearance
and the same bands are observed in all of them, with similar
relative intensity. The main difference is the overall intensity
of the signal, with the intensity of the strongest peak at
1655 cm™~' changing by about 100 mV among spectra. The
PTIR map at 1655 cm™" (Fig. 5B) also shows changes in inten-
sity of the order of 100 mV, demonstrating that the overall
intensity of the spectra tracks the intensity of the signal
throughout the map. This is further confirmation that contrast
in single wavelength PTIR maps is affected by factors other
than spectroscopic absorption. The higher intensity obtained
from concave structures, relative to convex ones, may be
related to the higher Young modulus measured for the former
in models of biological membranes.>’

To further test the relationship between PTIR images and
spectra of the cell surface, Fig. 5D and E compare PTIR images
recorded at two different wavelengths, 1654 cm ™' and
1622 cm™'. The images show different levels of signal intensity
and contrast but are very similar in all other aspects, and the
same structures can be observed in both. The difference in
signal intensity qualitatively tracks the difference in IR absorp-
tion of the sample at the two wavenumbers, in agreement with
the spectra of Fig. 5C. The comparison allows us to reaffirm
that PTIR signal generation does increase with sample absorp-
tion, despite the contribution of other factors.

The spectra in Fig. 5C are qualitatively similar to the ones
observed in far-field IR absorption spectra of cells, with two
dominant peaks around 1545 cm™"' and 1655 cm™".° The two
peaks are typically assigned to the Amide I and Amide II
modes of the amide group of polypeptide chains, although
some amino acid side chains, lipids and other molecules can
also contribute.®® One difference from cellular far-field
spectra, and from protein spectra in general, is the relative
intensity of the two peaks. The two are comparable in Fig. 5C,
while in far-field IR spectra the Amide I peak is markedly more
intense than the Amide II peak. A discrepancy, in the opposite
direction, has also been noted in fixed cells” and its origin is
presently unclear. The relative intensity of Amide I and Amide
II bands in non-resonant PTIR spectra of buccal cells (Fig. 2C)
is similar to the one observed in far-field measurements. The
difference may arise from the widely different volumes
measured in the two experiments. Non-resonant measure-
ments have a deeper response from the low pulsing frequency,
of the order of the micrometer** and probe the whole cell
thickness. Resonant measurements are performed at high
pulsing frequency and probe only the surface layer of the cell.
According to this interpretation, the difference between
Fig. 2C and 5C could arise from the presence of surface
species that absorb at 1545 cm™" or from anisotropy in the
orientation of absorbing molecules in the surface layer.
However, it cannot be presently ruled out that the difference
could also arise from differences in the signal generation
mechanism between resonant and non-resonant experiments.

Another notable difference from non-resonant spectra is
the absence of absorption bands in the 1700-1750 cm ™" range
of resonant spectra. The carbonyl groups of protonated acids
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and their esters, including fatty acids, phospholipids, and tri-
glycerides, absorb here. Their absorption can be appreciated
in the IR transmission spectra of lipid rich samples, including
cells, but also in the PTIR spectra of large subcellular struc-
tures®® and the remains of cellular organelles after fixation.?
An absorption band at 1742 cm ™" is observed in non-resonant
PTIR measurements (Fig. 2C) and is associated to the still un-
identified organelles that generate a strong PTIR signal in
these cells. The band is also observed in the non-resonant
PTIR spectra of organisms that accumulate acyl-lipids.>” In
contrast, the ester carbonyl band has not been observed in
PTIR spectra of supported purple membranes'® and is very
weak in sSSNOM spectra of single bilayers of pure phospholi-
pids,'* while measurements of protein Amide bands in single
membranes have proven easy, both by PTIR'® and sSNOM.>?
Therefore the failure to observe the lipid ester band in the
spectra of Fig. 5 is fully consistent with the relative weakness
of the absorption when compared to Amide bands in a single
membrane sample. The observation corroborates the proposal
that the spectra of Fig. 5C arise from the cellular membrane
and its proximity.

In addition to the spectroscopic differences detailed in the
previous paragraphs, direct comparison of non-resonant and
resonant spectra (see ESI section S5 and Fig. S21) shows that
the latter are accompanied by higher noise levels. The domi-
nant source of noise is tentatively attributed to a contribution
from the thermal noise associated to cantilever resonant fre-
quencies.”® Optimization of experimental conditions for res-
onant operation requires a careful evaluation of the tradeoff
between gain and noise levels at the specific resonance in use.

The results support the viability of single PTIR spectra for
studies of the cell surface, in contrast to the difficulties
encountered in imaging applications. We demonstrate it by
using cells that are untreated, to ensure the integrity of the cel-
lular membrane. The measurements can also be extended to
fixed and adherent cells, provided that care is taken in asses-
sing the spectroscopic contribution from any associated
chemical modification (e.g. lipid removal during fixation, or
the presence of poly-lysine as an adhesive). In general, it is
expected that these conclusions are not limited to the case
under investigation but can be extended to other complex
samples.

While the cells used in the present experiments were not
tested for viability, live epithelial cheek cells can be collected
with the same protocol and successfully cultured. By proper
control of environmental conditions, such as humidity, it is
foreseeable that live epithelial cheek cells could be measured
by PTIR in the very same conditions described in this work,
without resorting to an aqueous environment.”® The mild con-
ditions of the measurement, corresponding to mild photother-
mal heating, ensure sample viability for extended periods of
time. Furthermore, the same method could be extended to
other cells that can be maintained under similar conditions.
Developments in this direction would make PTIR a valuable
technique for biochemical studies of this cell class. Relevant
bioanalytical applications can also be envisioned with relation
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to pathologies of epithelial tissues, including the oropharyn-
geal and nasopharyngeal cavity, the pulmonary alveolar
surface and eye membranes.

Conclusions

We show that non-resonant PTIR measurements of intact epi-
thelial eukaryotic cells provide images and spectra of the core
of the cell. Surface associated structures are also observed in
non-resonant PTIR images, but their contrast is defined not by
their IR absorption but by shifts in the contact frequency of
the cantilever, which provides a representation of the mechani-
cal properties of the tip-sample contact. Selective imaging and
spectroscopy of the surface of the cell is possible by operating
in resonant-mode at higher laser pulsing frequency, thus limit-
ing the photothermal depth response to a surface layer. Even
under these resonant conditions, PTIR image contrast is still
determined by a combination of mechanical, thermodynamic,
and spectroscopic properties of the sample. Surface geometry
also contributes to signal intensity, with concave surfaces pro-
viding stronger signal than convex surfaces. Unfortunately,
non-spectroscopic contributions to signal intensity are often
neglected in the interpretation of PTIR imaging data, at the
cost of unreliable conclusions. We stress that care must be
exercised when using PTIR images for compositional analysis
of the sample, by wrongly assuming that intensity is a simple
direct representation of light absorption.

In terms of spectroscopic analysis, operation at high
pulsing frequency provides spectra of the surface components
of the cell that can be qualitatively related to far-field IR
absorption spectra. Strong signals are observed from bands in
the Amide I and Amide II region, tentatively assigned to mole-
cules in the membrane or in its proximity. However, despite
the shallow depth response used in the measurement, no
signal is observed from the carbonyl absorption of lipids and
fatty acids, indicating that the contribution of such molecules
is much weaker.

The complexity of the PTIR response is a limitation when
the aim is the spectroscopic imaging of sample composition,
but it can be turned into an advantage for general imaging
purposes. The variety of mechanisms involved in contrast
generation results in rich images, where individual structures
can be differentiated based on the combined effect of their
spectroscopic, mechanical and thermal properties. In the
present experiments, we use it to image components of the cel-
lular surface and identify structures with properties expected
for membrane domains, as described in the fluid mosaic®®
and lipid raft models.*®

Overall, PTIR imaging delivers the resolution of electron
microscopy, the combined contrast of scanning probe and
spectroscopic microscopy, and the sampling ease of light
microscopy, making it widely applicable to the biomedical
field, for fundamental research and diagnostic purposes. One
currently relevant example is the potential application to the
study of the mechanisms of internalization of bacterial and
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viral pathogens in epithelial host cells. The sampling tech-
nique used for the present measurements bears strong resem-
blance to the one used in testing for COVID related infection
of the oropharyngeal cavity and PTIR imaging measurements
could be easily adapted to the rapid diagnostic screening of
infected samples.
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