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Synchrotron nano-FTIR
spectroscopy for probing
anticancer drugs at subcellular
scale
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The cellular response to cisplatin was assessed in human osteosarcoma cells, using synchrotron-

based (SR) Fourier Transform InfraRed nanospectroscopy (nano-FTIR) at the MIRIAM beamline B22 of
Diamond Light Source (UK). This label-free mapping method delivered simultaneous morphological
and biochemical information on a subcellular level (i.e. 100 s nanometer or better). Based on specific
spectral biomarkers, the main biochemical constituents affected by the drug were identified at distinct
locations within the cell’s inner body. Cisplatin was shown to have a noteworthy effect on proteins,
mostly within the cytoplasm. A clear drug impact on cellular lipids was also observed. Within current
literature on s-SNOM, this nanospectroscopy work represents a first successful application in life
sciences providing full fingerprint nano-FTIR spectra across intact human cancer cells.
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Osteosarcoma is a cancer with a poor prognosis, incident mainly among children and adolescents, for which new
and more effective chemotherapy strategies are urgently needed’. At present, high-grade osteosarcoma is mainly
treated with DNA-damaging agents such as cisplatin (cis-(NH;),PtCl,), which was introduced to the clinics in
the late 1960 s as the first anticancer metallodrug®. Its antineoplastic activity is hindered by low bioavailability,
toxicity and acquired resistance which greatly undermine chemotherapy success’. A better understanding of the
drug’s ex vivo/in vitro mode of action, particularly regarding its biological impact at the cellular and subcellular
levels, is therefore crucial for increasing its effectiveness and improving patient outcome.

Previous studies by synchrotron-based Fourier Transform IR microspectroscopy (SR micro-FTIR), micro-
Raman and inelastic neutron scattering (INS), yielded relevant results on the drugs’ metabolic effect and cel-
lular response to chemotherapy, but they did not allow access to the effect on specific sub-cellular regions®!*.
The present work applies SR nano-FTIR as an innovative way of probing the effect of cisplatin within human
osteosarcoma cells, targeting the organelle scale at a resolution better than 100 nm, and spatial sampling (step
size) between 200 and 500 nm to cover an entire cell. This type of information is paramount for understanding
the cytotoxicity pathways of anticancer agents and therefore to achieve an improved efficacy, sensitivity, and
specificity. The current experiment constitutes the first life sciences application of scattering- Scanning Near-
field Optical Microscopy (s-SNOM) at Diamond Light Source (UK). By revealing the action of a consolidated
metallodrug at the subcellular scale, the results of this study are expected to foster the development of novel
metal-based chemotherapeutic agents against osteosarcoma, which is a pressing clinical need.

IR Nanospectroscopy (nano-FTIR) combines s-SNOM with infrared illumination and FTIR-based spectral
detection'>'%. When the infrared beam is focussed at the interface of the sample surface and the atomic force
microscope (AFM) tip, the local IR electric field is enhanced non-linearly between the tip and reflective sample
substrate. By modulating the tip-sample distance using the intermittent contact, or tapping mode of the AFM,
lock-in amplification can then be used to detect the near-field components of the scattered light from the region
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within tens to a few hundred of nanometres around the tip, overcoming the resolution limits of micro-FTIR
spectroscopy due to the optical diffraction limit. Hence, nano-FTIR provides the label-free chemical analysis
capability of FTIR coupled to the extremely high spatial resolution given by s-SNOM, as already applied in
life science studies’®~'8. When coupled to the broad bandwidth and brightness of synchrotron IR radiation, it
becomes a tool of choice for in situ spectroscopy and mapping of tissue and cellular constituents, as well as for
monitoring drug distribution and drug-biomolecule interactions, providing both morphological and biochemical
information in the same experiment'**> Among the strong points of Synchrotron Radiation (SR) in nano-FTIR
we count the unique spectral broadness, seamless IR coverage, high stability and a diffraction limited spot size
at the sample, ideal for non-destructive nanospectroscopy of e.g. biosamples.

Materials and methods

Cell culture and sample preparation

Human osteosarcoma MG-63 cells were grown as monolayers at 37 °C, in a humidified atmosphere of 5% CO,,
in a DMEM-HG medium supplemented with 10% (v/v) heat-inactivated FBS, 1% (v/v) penicillin (100 U mL™)/
streptomycin (100 mg mL™) and sodium bicarbonate-20 mM (pH 7.4). Upon harvesting by trypsinization (at
80% confluence), the cells were centrifuged, and the pellet was resuspended in culture medium, then seeded
onto Au-coated silicon substrates (10 x 10 mm?), at a concentration of 5x 10* cells/cm? (prepared at University
of Coimbra). After incubation for 48 h (allowing the cells to attach), the tested drug (cisplatin) was added at a
12 uM concentration, and the cells were allowed to grow for a further 48 h. This drug dosage and incubation
period (ICs, at 48 h) were previously optimised for this type of cells**?*. The growth medium was removed, the
cells were washed twice with 0.9% NaCl (w/v), formalin-fixed according to published procedures®, and washed
several times with de-ionized water (to remove any residual salt). Prior to spectroscopic analysis, the substrates
were allowed to air-dry. All samples were prepared in duplicate, in a single experiment.

Synchrotron-based nano-FTIR spectroscopy

SR nano-FTIR data were obtained on formalin-fixed human osteosarcoma MG-63 cells, with and without cis-
platin added in the culturing phase. Topography, whitelight (i.e. total intensity) infrared maps and mechanical
response (tapping amplitude and phase) images were acquired by AFM tapping in s-SNOM mode, at the new
nanolR endstation of the MIRIAM beamline (B22) of the Diamond Light Source, UK*** using a s-SNOM setup
(Neaspec/Attocube GmbH, Munich, Germany). This instrument comprises an AFM tip as a near-field probe,
illuminated by the broadband synchrotron radiation of the beamline. The scattered IR signal from the tip-sample
interface is detected by a liquid nitrogen-cooled, high sensitivity, mercury cadmium telluride (MCT) detector,
to yield IR amplitude and phase information (related to local reflectivity and absorption spectra, respectively),
with a spatial resolution in the range 10 to 100 nm*”*. The cells were seeded on Au-coated substrates which,
due to the strongly reflecting properties and biochemical compatibility, allow an enhanced near-field infrared
signal along with good cell adherence.

FTIR acquisition was performed within the 650-4000 cm™ region, via the nanoIR endstation equipped with a
ZnSe beamsplitter in an asymmetric Michelson interferometer. Experimentally, nano-FTIR spectra of cells were
measurable with sufficient signal quality in the fingerprint region, thus the focus of this study is in the 600 cm™
to 1800 cm™ IR range. Topography, IR scattering amplitude and phase up to the 4th harmonic were detected
simultaneously, at selected locations within each cell, using the s-SNOM tapping mode at a tapping amplitude
of ca. 100 nm, by a PtIr-coated AFM tip oscillating vertically (setpoint circa 80%) at the lowest mechanical reso-
nance frequency of the cantilever (ca. 70 kHz). The synchrotron IR beam was incident at a shallow angle onto the
sample plane. Images and spectra at the first and higher harmonics of the cantilever mode were acquired. In this
work we present the second harmonic maps and spectra only, as they represent an effective compromise between
near-field signal intensity and spatial resolution. Spectra were obtained by averaging 100 interferograms, for an
integration time of 10 ms per point of each interferogram which contains 500 points, at a spectral resolution of
10 cm™, and were normalised to a background scan acquired on a Si substrate (collected before each new sample
measurement). Line scans across the cells were also obtained, at step sizes up to 500 nm (from 30 to 90 points
per line) in order to cover the whole cell dimension. Each spectrum (at each cellular location) took ca. 10 min of
acquisition time for an acceptable signal-to-noise ratio (S/N), and line scans took between 5 to 15 h. During the
experiments, cells were studied after treatment with different reagents and at different concentrations. For the
system considered here, point spectra and a linescan were performed for a concentration of 12 uM of cisplatin
on a single cell. For the controls, four cells were probed, measuring point spectra and linescans and only datasets
with sufficient spectral quality were considered for further analysis.

To avoid artefacts, the AFM tips were regularly changed (as soon as any degradation in the topography map
was visible). At the MIRIAM beamline B22 of Diamond the beam intensity reaching the sample is about 1 mW
(integrated over the whole mid-IR range), which ensures there is no significant sample heating or radiation
damage to the mammalian cells.

Recorded spectra were analysed using Quasar 1.9.0%. A rubber-band baseline correction of the phase signal
was performed, followed by a Savitzky-Golay smoothing of the data, based on a 2nd order polynomial (window
size 15 points) on data after post zero filling (equivalent to a spectral step of 2.5 cm™). In order to better assess
spectroscopic differences in different parts of the cell, k-means clustering analysis was performed on the nanoIR
spectra of each of the samples (control and drug-treated) separately. Three (drug-treated) and two (control)
clusters were clearly identified with the highest silhouette score after removing, in total, three spectra that were
spectral outliers.
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Results and discussion

Synchrotron-based nano-FTIR measurements were carried out for both drug-free (control) and cisplatin-exposed
human osteosarcoma cells (MG-63 cell line). For the latter, a drug concentration of 12 pM was used, for an
incubation time of 48 h, in agreement with the corresponding 50% cell growth inhibition (IC50) values formerly
determined by the authors for cisplatin-like Pd-compounds?, and to allow for a better comparison of various
drugs. Topography, mechanical response and optical images were obtained simultaneously (the optical amplitude
and phase being directly correlated to the sample s IR reflection and absorption, respectively), revealing a high
sub-cellular heterogeneity at the nanometre scale (Fig. 1A-C). Although the features detected by nano-FTIR
arise mainly from chemical differences (IR absorption), it is worth noting that in s-SNOM the phase signal is
interpreted as an absorption in a linearized approximation valid for thin and low absorbing samples. The cellular
images show well resolved cell and organelle contours, demonstrating the very good adherence of the MG-63
cells to the Au-coated substrate, as well as the effectiveness of the fixation procedure. An additional example of
a control cell measured by nano-FTIR/s-SNOM can be found in the Supplementary information Fig. 3.

Cell thicknesses up to 0.8 um were measured for the formalin-fixed cells under study (typical for this class
of samples®*?!), with differences observed across the cell. A maximum thickness was recorded near the nucleus,
a particularly dense organelle surrounded by the less dense cytosol (Fig. 1D). As expected, the signal-to-noise
ratio obtained by nano-FTIR is intrinsically lower than the one corresponding to a micro-FTIR experiment,
since the probed area is much smaller for the former (ca. 4 orders of magnitude). The nano-FTIR signal is only
detectable thanks to the enhancement due to the antenna effect of the AFM tip. As shown in Fig. 2, key spectral
information is gained by nano-FTIR in the important spectral region below 1000 cm™ (e.g. bands ascribed to
phosphate groups or backbone modes of DNA), as the near-field signal is further enhanced at longer wavelengths
with respect to the typical diffraction limit constraints given by micro-FTIR in transmission when using optical
microscopy and optical slits below 10 pm.

s-SNOM is mostly a surface-sensitive technique, and nano-FTIR is ideal for thin sample thicknesses on a
100 nm scale®?. The nano-FTIR experiments currently carried out in the mid-IR region were performed using a
highly reflective substrate, in order to enhance the s-SNOM signal from the cell. In general, the penetration depth
is sufficient to probe cell constituents beyond the cell membrane, such as the nucleus (plus nucleoli) and lipid
droplets. The nano-FTIR spectral profiles comprised bands from the main cellular components (Fig. 2A, Table 1):
proteins (Amide I and II bands at 1650 and 1540 cm™ respectively), lipids (e.g. 8(CH,) at 1440-1460 cm™) and
DNA/RNA (e.g. v(CC), v(CO), v(OPO)p,cwone 20d v(PO,), at 780, 960, 1046 and 1245 cm™)®. The detection
of characteristic IR signals from DNA gives clear evidence that the nano-FTIR is probing below the cellular
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Figure 1. Images of a human osteosarcoma cell (MG-63, formalin-fixed), obtained by synchrotron-radiation
nano-FTIR spectroscopy: (A)—AFM topography; (B)—mechanical tapping amplitude; (C)—IR scattering
image (optical amplitude, second harmonic). (D)—AFM-derived cell thickness along the line depicted in (A).
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Figure 2. FTIR spectra of human osteosarcoma cells (MG-63, formalin-fixed): (curve A) synchrotron-radiation
nano-FTIR spectrum, cells grown onto Au-coated substrates, collected at the spot shown in the infrared image
of the cell (spectral data averaged over 21 spectra recorded at the same point); (curve B) synchrotron-radiation
micro-FTIR average spectrum, cells grown on CaF, disks ®. Inset: nano-IR whitelight image of the cell, showing
the point where spectrum (A) was acquired.

Drug-free Drug-exposed “Assignment
Wavenumber (cm™) | Wavenumber (cm™)
781 778 V(CC)pna
967 977 V(CC)/V(CO)pra
1052, 1086 1066 V(OPO)px sipidsr VIC-OH) caponya
1129 1136 V(CO)pxa-deoyrivs VICN)/V(CO)
1171 1166 V(CO)pua
1246 1242 V2 (PO;) s V(CN)/V(CO)/V(CC) presr Amiide TIT
1280 1284 V(CC)pas 8(C = Cyipigs
1337 v(CC)pna» (CH,)
1465 1446 8(CH,)
1503 8(CH,), v(CC)
1521 v(CC)
1546 1539 Amide II, v(C=C)
1657 1633 3(C=CH), v(C=C) Amide I
1668 1656 8(NH,), V(C = O)proteines $(C= Oy Amiide T
1733 1748 V(C=0)er

Table 1. Experimental nanolR vibrational wavenumbers (cm™) and band assignments °, for human
osteosarcoma MG-63 cells, before and after drug exposure (cisplatin-12 pM, for 48 h). In bold the bands
with a significant shift i.e. greater than the spectral resolution used. “v—stretching; §—deformation; s—
symmetric; as—anti-symmetric; carbohyd—carbohydrates; deoxyrib—deoxyribose; Amide III, Amide II—
(8(CN-H) + V(CN))roteinss Amide [—v(C=0)

proteins*

membrane. Several significant spectral bands can be identified in comparison to the micro-FTIR data previ-
ously reported for the same MG-63 cells, measured by transmission far-field SR micro-FTIR® (Fig. 2 (curve B)).

Subcellular IR mapping was attained, unveiling the impact of cisplatin on cellular proteins and lipids, as well
as on DNA, which was evidenced, respectively, by significant changes in: Amide I/Amide II protein bands; CH,
deformations (mainly from lipids); and v(CO) (from DNA) (Fig. 3). Negative bands at about 806, 1000-1100
and 1265 cm™ in these spectra are attributed to a contamination of the AFM tips with PDMS affecting the back-
ground, as previously observed by Bechtel et al.** (polymer present in tips packaging). Independently of these
artefacts, the spectra are otherwise consistent with former micro-FTIR and micro-Raman data obtained by the
authors for cisplatin-treated breast cancer cells®*'°.

SR nano-FTIR data was collected sequentially along a line across both control (drug-free) and Cisplatin-
exposed cells, revealing variations in chemical composition within the cellular milieu, at distinct cellular
regions—membrane, cytoplasm or nucleus (Fig. 4).
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Figure 3. Synchrotron-radiation nano-FTIR spectra, for human osteosarcoma cells (MG-63, formalin-fixed)
both untreated and treated with cisplatin, averaged over all the points of the linescans shown in corresponding
topgraphic images (inset).
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Figure 4. Synchrotron-radiation nano-FTIR spectroscopic linescans across human osteosarcoma cells (MG-63,
formalin-fixed): (A) control (drug-free) with 90 points; (B) cisplatin-exposed (12 pM, 48 h) with 31 points. The
colour coded image shows the overall O2A signal of the cell. k-means clustering analyses were performed on the
respective series of spectra, and 2 (on control) or 3 (on drug-treated sample) clusters were identified. The points
of the linescans are colour coded according to the assigned clusters. The corresponding average spectra (bold
line), including variance, are shown below.

Separate k-means cluster analyses were performed for the control and drug exposed cells and two (control) or
three (drug-exposed) distinct clusters were identified (Fig. 4), corresponding to different numbers of spectra: for
the control 79 spectra are within C1 and 10 within C2, and one spectrum was discarded due to a high level of
noise; for the treated cells, 15 spectra are within C1, 11 within C2 and 4 within C3. Regarding the cisplatin-treated
samples, the initial k-means analysis gave 4 clusters. However, since C4 was found to have only one spectrum
(displaying a strong feature centred at ca. 1340 cm™) it was considered an outlier and removed from the overall
representation. More details are provided in the SI document.

Signals from DNA and lipids were clearly detected in both the drug-exposed and the drug-free cells. The
characteristic features from proteins (Amide I and Amide II) were distinctly observed for the control sample
(across the whole cell) (Fig. 4A), while they could only be detected at specific cellular locations in the drug-treated
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cell (Fig. 4B). In the drug-exposed cell, cluster C2 (mostly from the cellular border) displayed the Amide I and
Amide II signals (at 1650 and 1550 cm ™, respectively), while spectra from the cytoplasm (cluster C3) exhibited
a significant variation of the CH, deformation modes (at ca. 1450 cm™, mainly from lipids and proteins). Clus-
ter Cl, corresponding to the perinuclear region, showed the most distinctive changes in the protein bands, as
well as the presence of DNA (phosphate and ring modes) and lipids (both saturated and unsaturated—bands at
800-1320 cm™, and 1420-1500 cm™'%, respectively). This chemical heterogeneity, namely the inhomogeneous
protein distribution within drug-incubated cells, has been previously observed by photothermal nanospec-
troscopy in human cervix adenocarcinoma (HeLa) cells®. Overall, the spectral profiles currently obtained for
drug-free and cisplatin-exposed cells revealed a clear drug impact on the cellular proteins, as well as on the
lipids and DNA.

Furthermore, features at ca. 1756 and 1742 cm™ (for control and cisplatin-containing cells, respectively)
were assigned to fatty acid esters (Table 1), and detected both for the drug-free and drug-treated cells, mainly
in thinner regions of the cells (Fig. 4A,B). These are therefore suggested to be due to the lipidic components
of the cellular membrane or to lipid droplets within the cytoplasm. Additionally, the bands between 1424 and
1503 cm™ show high intensity in all clusters from the cisplatin-treated cells (Fig. 4B), and are significantly less
intense in the control samples (Fig. 4A): they are assigned to the §(CH,) modes of aliphatic chains mainly from
fatty acids, but also have contributions from proteins and carbohydrates*-¢.

The cell’s morphology can also be inferred from their AFM-derived images (Fig. 5A), from which it is pos-
sible to retrieve the cell thickness along the scanned area (Fig. 5B). Morphology may be directly correlated with
the cellular chemical composition, which is an added value of these type of AFM-nano-FTIR experiments. There
was an evident increase in cell thickness in the nuclear region of the cell, either in the presence or absence of
cisplatin, but this cell thickness variation along the cell width yielded quite distinct profiles for drug-free and
drug-treated samples (Fig. 1D vs Fig. 5B), revealing a noticeable drug effect on cell’s morphology (apart from
cell s biochemical composition): there is a much more gradual thickness change along the cell for the non-treated
as compared to the treated cells—ca. 130 nm increase at the nucleus, with an overall maximum height of 550 nm,
vs ca. 500 nm increase at the nucleus, with an overall maximum height of 850 nm, respectively. This seems to
be in accordance with the recognised mode of action of cisplatin and cisplatin-like drugs, which are known to
prompt cell death mainly through apoptosis, a process that involves a series of typical morphological features
such as nuclear condensation and fragmentation, and membrane disruption®. Regarding the cellular biochemical
profile as probed by nano-FTIR, the proteins - mainly represented by the Amide I signal - were found to vary
significantly between untreated and drug-treated cells (Figs 3 and 4). The data presently gathered evidence a very
strong effect of cisplatin on the protein constituents of osteosarcoma cells, which agrees with previous studies
by the authors (via micro-Raman) on the effect of cisplatin-like drugs on human triple-negative breast cancer
cells®?8. Indeed, protein metalation is expected to induce conformational rearrangements, and may also trigger
unfolding processes and even aggregation.

As for the cellular lipids, the spectral profile in the range between ca. 1400 and 1500 cm ™! revealed notewor-
thy variations among drug-free and drug-exposed cells (Figs 3 and 4). Moreover, intracellular differences in the
bands ascribed to lipids were detected, mainly in the drug-treated sample (Fig. 4). Within a eukaryotic cell there
is a local lipid metabolism, i.e. lipids are synthesised according to the cellular location leading to a unique lipid
composition of the different organelles®®*’. Hence, such a heterogeneous cellular distribution of the different
types of fatty acids (e.g. saturated vs unsaturated) is expected. The present results revealed a noticeable effect
of cisplatin on the cellular lipidic content, which varied across the cell —mostly between the cytoplasm and the
regions near to the membrane (Fig. 4B), clusters C1/C3 vs C2). This is in line with reported studies (by mass
spectrometry) evidencing a significant impact of cisplatin on membrane lipids in rat tumour cells*!, which is
suggested to be closely linked to the cisplatin-elicited cellular apoptosis.
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Figure 5. (A)—AFM topographic image of cisplatin-exposed (12 pM, 48 h) human osteosarcoma cells (MG-63,
formalin-fixed), showing the points where nano-FTIR data were collected (line scan, measuring data at every
900 nm); (B)—AFM-derived cell thickness across the scanned region.
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Conclusions

Nano-FTIR studies on cisplatin-treated human osteosarcoma cells were carried out, through s-SNOM measure-
ment of IR whitelight maps and absorption spectra via broadband IR synchrotron radiation. Untreated osteosar-
coma cells were also measured, as a control reference. The whole cell profile at the sub-micron (subcellular) scale
was probed, yielding topographic and biochemical information which provides detailed insights into the drug’s
impact on the cellular metabolism. Cisplatin, as a widely used chemotherapeutic drug, showed a remarkable
effect on the proteins’ signal, as well as on lipids and DNA, varying according to the cellular region — either the
membrane, the cytoplasm or the nucleus. Namely: i) a drug impact on protein content, mainly in the nucleus and
perinuclear areas; ii) an influence on the lipids, which show a heterogeneous distribution within the cell. Overall,
amajor drug impact was observed on the cellular proteins, the protein-rich cytoplasm being severely affected by
the presence of cisplatin. These observations are the combined outcome of a direct cisplatin interaction with the
biomolecules (known to occur mainly through Pt-coordination to N and/or S atoms, e.g. in proteins and DNA),
and of the cellular response to the chemotherapeutic insult.

With the caveat that reproducibility of nano-FTIR experiments is an open question in Life Science applica-
tions, in addition to the intrinsic biovariability across mammalian cells even from the same line, these results
support the use of synchrotron nano-FTIR as a suitable nanospectroscopy probe in biomedical research, with
relevance for human health through the study of drug-exposed cancer cells, since it is able to provide a label-free
characterisation within the cellular millieu under different therapeutic conditions.

The new information currently gathered adds to previous data obtained on different scales by micro-FTIR
and THz spectroscopies, plus micro-Raman and neutron scattering methods (inelastic and quasi-elastic)%*™!,
and goes a step further in providing a subcellular insight on the effect of the drug on specific cellular regions
and biochemical components.

The methodological improvement gained through these experiments contributes to the new analytical
approach offered by IR nanospectroscopy in the study of the mode of action of metallodrugs at a molecular and
subcellular level, which is key for the development of improved anticancer agents, aiming at a better prognosis
for oncology patients.

Data availability
Data will be available upon request via the corresponding authors of this paper.
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