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Abstract

The management of cancer patients has markedly improved with the advent of personalised

medicine where treatments are given based on tumour antigen expression amongst other.

Within this remit, liquid biopsies will no doubt improve this personalised cancer manage-

ment. Identifying circulating tumour cells in blood allows a better assessment for tumour

screening, staging, response to treatment and follow up. However, methods to identify/cap-

ture these circulating tumour cells using cancer cells’ antigen expression or their physical

properties are not robust enough. Thus, a methodology that can identify these circulating

tumour cells in blood regardless of the type of tumour is highly needed. Fourier Transform

Infrared (FTIR) microspectroscopy, which can separate cells based on their biochemical

composition, could be such technique. In this feasibility study, we studied lung cancer cells

(squamous cell carcinoma and adenocarcinoma) mixed with peripheral blood mononuclear

cells (PBMC). The data obtained shows, for the first time, that FTIR microspectroscopy

together with Random Forest classifier is able to identify a single lung cancer cell in blood.

This separation was easier when the region of the IR spectra containing lipids and the

amide A (2700 to 3500 cm-1) was used. Furthermore, this work was carried out using glass

coverslips as substrates that are widely used in pathology departments. This allows further

histopathological cell analysis (staining, immunohistochemistry, . . .) after FTIR spectra are

obtained. Hence, although further work is needed using blood samples from patients with

cancer, FTIR microspectroscopy could become another tool to be used in liquid biopsies for

the identification of circulating tumour cells, and in the personalised management of cancer.
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Introduction

Liquid biopsy is gaining more interest worldwide as a means to improve the management of

patients with cancer. It involves the identification and analysis of circulating tumour DNA, cir-

culating tumour RNA (microRNA, long non-coding RNA, messenger RNA), DNA or RNA

from exosomes, and/or circulating tumour cells (CTCs) [1, 2]. The possible applications of liq-

uid biopsy are varied, including early diagnosis and screening of cancer, assessment of treat-

ment response, monitoring patients during follow-up, and even treatment selection through

identification of tumours’ subtypes leading to an improved personalised therapy [2].

CTCs, the subject of this work, are cancer cells present in the peripheral blood that origi-

nated from the primary tumour or its metastases. These cells can be found as individual cells

or as clusters. As individual cells, the number of CTCs in blood could range from 1 to>50

CTCs per 7.5 mL of blood. As clusters, also known as circulating tumour microemboli, they

can contain at least 2 CTCs and some of them might contain more than 50 CTCs [3, 4]. Fur-

thermore, together with these CTCs, other cells such as leukocytes, cancer associated fibro-

blasts, endothelial cells, and platelets can also be present [3, 5, 6]. In the case of lung cancer

(the type of tumour studied in this work), different numbers of CTCs’ cut-off in blood have

been proposed to link the presence of CTCs in peripheral blood with prognosis and survival

[7]. Moreover, the only technique to link the presence of CTCs in blood and cancer prognosis

that has gained FDA approval so far is the CellSearch [8].

Difficulty to account for the exact number of CTCs in blood has led to the development of

several methodologies to enrich the presence of CTCs in peripheral blood [8]. Broadly speak-

ing, the methods of enrichment can be classified as: 1.) Label-dependent, where CTCs are

removed from blood based on the expression of antigens on the surface of CTCs and not by

the surrounding blood components (positive CTC selection) or against antigens expressed by

blood cells only (negative CTC selection/depletion), and 2.) Label-independent, where CTCs

are removed based on their physical properties (cell size, density, deformability, dielectric

properties or a combination of physical features) [7, 9]. Methods using positive selection

through cancer markers have the disadvantage that those cells not expressing the chosen

marker(s) will be lost. In addition, a selection of different antibodies against cancer antigens

might be required for different types of cancer, thus, increasing the costs. Making matters

more difficult is also the so-called Epithelial–Mesenchymal-Transition (EMT). EMT is a de-

differentiation process in which epithelial cells gain mesenchymal traits that confer stem-cell

like properties and favour migration [10]. This is associated with the loss of epithelial markers,

thus making the isolation of CTCs using antibodies against epithelial markers unsuccessful.

All this could also indicate that commonly used methods of positive selection might have been

underestimating the numbers of CTCs in blood [11]. Taken together, all this indicates that we

are still lacking a robust methodology to identify CTCs in peripheral blood of patients with

cancer. Ideally, a method to identify CTCs would require identifying CTCs of most, if not all,

tumours, be fast, robust, with high throughput and disturbing to a minimum the management

pathway of patients with cancer.

Fourier Transform Infrared (FTIR) microspectroscopy could be a technique that could

contain most of these characteristics. It has the ability to identify biochemical changes (at pro-

tein, lipid, DNA and RNA level amongst other) in cells and tissues with numerous studies

showing that FTIR microspectroscopy can become a diagnostic tool for cancer diagnosis [12].

The application of FTIR microspectroscopy in the identification of CTCs in blood samples

would be based on the very different biochemical properties of cancer cells when compared to

blood cells. This should, in theory, facilitate the recognition of CTCs in blood. Also, the meth-

odology should disrupt to a minimum the management of patients with cancer. One of the
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main issues with FTIR microspectroscopy is the substrate where samples are placed. Glass

slides of 1 mm thickness used in pathology departments absorb infrared light losing valuable

information on proteins, DNA and RNA (the so-called fingerprint region, 1000 to 1800 cm-1)

with information on lipids remaining (lipid region, 2700 to 3100 cm-1) [13–15]. Recently, we

developed for the first time a methodology in which the use of thin (0.13–0.17 mm) glass cov-

erslips used in pathology departments as substrates allowed not only the study of the lipid

region but also the study of the fingerprint region down to 1350 cm-1 [16, 17]. More impor-

tantly, we extended this work showing that FTIR microspectroscopy could differentiate

between cancer cells and peripheral blood mononuclear cells (PBMC) placed on these glass

coverslips [16].

Based on this preliminary work, we carried out the present study in order to assess whether

FTIR microspectroscopy could become a tool to be used in the identification and posterior

analysis of individual CTCs in peripheral blood. This feasibility study is, to the best of our

knowledge, the first time where FTIR microspectroscopy is used to identify individual cancer

cells in blood samples placed on glass substrates. Furthermore, it could set up the basis for a

protocol to study cancer cells in blood from patients with cancer.

Materials and methods

Cells

For this work, the following epithelial cell lines were used: A549 (European Collection of Cell

Cultures–ECACC), lung adenocarcinoma, and CALU-1 (ECACC), lung squamous cell carci-

noma. Cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) with 4.5 g/L glu-

cose and 10% foetal bovine serum (FBS), 5% antibiotic (100x), 5% L-glutamine (200 nM), 1%

Hepes buffer solution (1 M), 5% sodium pyruvate (100 nM) and 5% non-essential amino acids

(100x) (Merck, UK). Media was changed every three to four days. Cells were passaged by

removing culture medium, adding trypsin/EDTA (Merck, UK) and incubating cells for 5 min-

utes. Following this incubation period, cells were collected and centrifuged at 1200 rpm for 5

minutes. Supernatant was removed and the pelleted cells resuspended in fresh medium. All

cells were incubated at 37˚C and 5% CO2. The standard trypan blue exclusion method was

used to assess cell viability. Cells were regularly tested for mycoplasma contamination.

PBMC were obtained through venepuncture from healthy volunteers. The study had ethical

approval by the Keele University FMHS Faculty Research Ethics Committee (MH-210190).

Healthy volunteers at Keele University participating in this research (older than 18 years of

age) gave informed, written consent prior to venepuncture. The volunteers’ data were anon-

ymised linked. Only J.S.-S. had access to these data. Blood samples were collected between 1st

December 2021 and 30th November 2022, and the study was carried out between 1st December

2021 and 31st January 2023. Blood (4 mL) was placed in EDTA containing tubes and taken

immediately to the laboratory for sample preparation (in the same building).

Sample preparation

Cancer cells were removed from culture flasks as described above. Following centrifugation at

1200 rpm for 5 minutes, cells were resuspended in 0.9% saline. 105 cancer cells were mixed

with 1 mL of blood. In order to remove red cells from blood, 1 mL of blood containing cancer

cells was incubated with 10 mL Ammonium-Chloride-Potassium (ACK) lysing buffer

(Thermo Fisher Scientific, Loughborough, U. K.) for 5 minutes at room temperature. Blood

was then centrifuged at 300 x g for 5 minutes. The supernatant was removed leaving the pellet

containing PBMC and cancer cells. The pellet was gently mixed with 5 mL of cold 0.9% saline

and centrifuged at 300 x g for 5 minutes. The supernatant was removed, and the pellet
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resuspended in 0.5 mL 0.9% saline. The resuspended mixed PBMC and cancer cells were

immediately used to prepare cytospun samples.

Red cells depleted samples containing PBMC and cancer cells were deposited on glass cov-

erslips (24 x 50 mm, 0.13–0.17mm thickness, GalvOptics, Basildon, U.K.) using a cytospin.

Twenty μL of the sample were deposited into the cytospin funnel and the cytospin was ran at

900 rpm for 1 minute. The glass coverslips with the deposited cells were immediately fixed

with 100 μL 4% paraformaldehyde (PFA) and incubated for 15 minutes at room temperature.

After fixation, samples were washed with 0.9% saline once and deionised water thrice. For

each cell line, 3 independent experiments were prepared, and for each independent experi-

ment, 6 samples were set up. Thus, 18 samples were prepared for each cell line. Each indepen-

dent experiment corresponded to cells at different passage number. For each individual

sample 12 to 15 individual cancer cells could be analysed.

Staining

To confirm the presence of the cancer cells in the doped blood samples a Giemsa stain was

used. Giemsa stain is a differential stain containing a mixture of azure blue, methylene blue,

and eosin dye. Pathology laboratories commonly use Giemsa staining for blood work such as

leukaemia and malaria diagnosis. A staining solution was prepared by diluting a stock Giemsa

solution (Atom Scientific) (methanol <25%, glycerol <25%, ethylene glycol <25% and

Giemsa powder) at a ratio of 1:40 with a Gurr buffer (Giemsa solution: Gurr buffer) (Thermo

Fisher Scientific). The Gurr buffer was produced by adding the Gurr buffer tablet to 100 mL of

distilled water as per the manufacturer instructions to produce a pH 6.8 phosphate buffer. The

staining solution was dropped onto the sample area of the coverslips and incubated at room

temperature for 45 minutes. After this time period, the staining solution was poured off the

coverslips and any excess stain was washed off with the Gurr buffer. The samples were air

dried to remove excess moisture from the washing. The areas of the samples that were mea-

sured with FTIR microspectroscopy were imaged under a microscope to confirm the identity

of the cancer cells.

FTIR microspectroscopy

IR spectra of the non-stained samples (Fig 1A) were obtained using a Thermo Nicolet iN10

(MX) imaging microscope. Developing this methodology into a clinical application will entail

mapping areas of blood samples containing individual CTCs. Thus, IR spectra of individual

cancer cells were obtained by mapping each individual cancer cell using an aperture size of 15

x 15 μm with a 10 μm stepwise both in the X axis and the Y axis. The size of each individual

cancer cell for both cell lines is 20–25 μm diameter. For PBMC, the cell size is 7–10 μm diame-

ter. In order to include the whole individual cancer cell, each map consisted of 16 individual

spectra. This method would ensure that at least one 15x 15 μm aperture size spectrum will

include only cancer cell and not an area devoid of cell. For PBMC, IR spectra were obtained

from clusters of PBMC as individual PBMC did not yield enough IR signal (see discussion).

Each map of each PBMC cluster contained 16 IR spectra. The same system was used to map

big areas containing both a single cancer cell and groups of PBMC (Fig 1B). These big maps

were used to test the methodology and to identify individual cancer cells in blood samples.

Spectra were collected at 4 cm-1 resolution, with 256 co-added scans. Background measure-

ments were obtained under the same conditions from areas of coverslip without a biological

sample. Data pre-processing was carried out as follows: spectra were cropped to the area to be

analysed and spectra were processed and corrected for Mie scatter using Extended Multiplica-

tive Signal Correction EMSC as we have previously described [18]. The spectral analysis of
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Fig 1. Brightfield image of a cytospun sample containing PBMC and individual A549 cancer cells (A). The same

image containing the limits of a map region studied with FTIR spectroscopy (B). The same sample area following

staining with Giemsa (C).

https://doi.org/10.1371/journal.pone.0289824.g001
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cells included the areas between 3500 cm-1 and 2700 cm-1 for the lipid and amide A (N–H

stretching mode of proteins and nucleic acids around 3300 cm−1) region, and between 1800

cm-1 and 1350 cm-1 for the fingerprint region. Data pre-processing was carried out using Qua-

sar software (version 1.7.0)(https://quasar.codes).

Data analysis

Data analysis was carried out using Quasar software. Principal Component Analysis (PCA)

was carried out to identify differences between cancer cells and PBMC. Also, pre-processed

data transformed by PCA to reduce dimensions was fed into a Random Forest (RF) classifier.

All the single spectrum identified for each individual cancer cell (as described above) and all

spectra of PBMC were used as training set. The testing sets were IR maps obtained from areas

containing PBMC and one individual cancer cell (Fig 1B shows a representative example).

Thus, the method was aimed at assessing whether FTIR microspectroscopy could identify a

single cancer cell in blood and surrounded by PBMC.

Results

The first step in this work was to identify the best cancer cell concentration in blood samples.

105 cancer cells were mixed with 1 mL of blood. The reason to use this cancer cell concentra-

tion in blood was to obtain samples with enough number of individual cancer cells to allow

data analysis and, at the same time, not to end up with groups of cancer cells clumped together

in the final samples as the aim was to study individual cancer cells. Using this methodology, a

concentration of 5 x 104 cancer cells per mL of blood yielded very small number of cells to

obtain enough data for analysis. On the other hand, 2 x 105 cancer cells per mL of blood

yielded groups of cancer cells clustered together and very few individual cancer cells. The clini-

cal application is to use FTIR microspectroscopy to identify single CTCs in blood, thus the

methodology was adapted to study single individual cancer cells in blood.

The next step was to obtain the FTIR spectra of both individual cancer cell lines and clusters

of PBMC. These spectra were obtained using non-stained samples. However, in spite of the

lack of staining, it was easy to identify the individual cancer cells from the PBMC due to its

size and shape (Fig 1A). Nevertheless, all samples were stained once the FTIR spectra of indi-

vidual cancer cells and PBMC clusters were obtained (Fig 1C shows a representative example).

Once stained, each individual cancer cell and clusters of PBMC were identified in the stained

samples in order to confirm that they corresponded to the same cells studied with FTIR micro-

spectroscopy in the same sample prior to staining. The correlation between the cells studied in

the non-stained samples and then checked in the same samples after they had been stained

was 100%.

As stated in Materials and Methods, 16 IR spectra were obtained from each individual can-

cer cell. However, for each individual cancer cell, one spectrum out of the 16 mapping spectra

was used for analysis. This spectrum was chosen by identifying the spectrum of each map that

contained the highest ratio between amide I and the trough at 1800 cm-1. Being the Amide I

the most intense absorption band in proteins, the spectrum with the highest ratio would indi-

cate that this spectrum is obtained from an area covering only cell and not areas devoid of cell.

Nevertheless, visual analysis was also carried out for each individual cancer cell studied to con-

firm that the chosen spectrum for each individual cancer cell covered only cell and not areas

devoid of cell. For PBMC, all 16 IR spectra of each individual map studying PBMC clusters

were used for analysis. Due to the small size of PBMC (7 μm to 10 μm), an aperture of 15 x

15 μm would cover a single PBMC but also an area devoid of PBMC. In this case, it would be
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easier to separate PBMC from cancer cells rather than when comparing clusters of PBMC and

individual cancer cells as we intended here.

Fig 2 shows the mean spectrum for each lung cancer cell line and PBMC clusters. The num-

ber of spectra for PBMC is much higher than for each cancer cell line as the FTIR spectra of

the PBMC clusters included those obtained in the samples containing CALU-1 cells and those

obtained in the samples containing A549 cells. The main difference between the spectra of can-

cer cells and the spectrum of PBMC lies in the less intense bands for PBMC for both the lipid

and Amide A region and the fingerprint region between 1350 cm-1 and 1800 cm-1 and the less

pronounced shoulder at 1740 cm-1 for PBMC when compared to both cancer cell lines.

Once FTIR spectra of cancer cells and PBMC were obtained, the next step was to assess

whether PCA could separate cancer cells in the presence of PBMC from these PBMC. Figs 3

and 4 show the PCA and corresponding loadings for the fingerprint region between 1350 cm-1

and 1800 cm-1 and the lipid and amide A region. As can be seen in Fig 3A, there was a separa-

tion between cancer cells and PMBC when the fingerprint region between 1350 cm-1 and 1800

cm-1 was studied. Similarly, there was also a separation between cancer cells and PMBC when

the lipid and Amide A region was analysed (Fig 4A).

The application of FTIR microspectroscopy in liquid biopsies will entail the detection of

individual cancer cells in blood samples. In order to assess this hypothesis, all FTIR spectra of

A549 individual cancer cells and all FTIR spectra of cluster PBMC obtained from the 18 sam-

ples mixed with A549 cells were included in the RF training set and used to test for the pres-

ence of individual A549 cells in new maps of areas of cytospun blood (devoid of red cells)

samples containing PBMC and individual A549 cancer cells. The same procedure was carried

out for CALU-1 cell line, i.e., all FTIR spectra of CALU-1 individual cancer cells and all FTIR

spectra of cluster PBMC from 18 samples mixed with CALU-1 cells were included in the RF

training set and used to test for the presence of individual CALU-1 cells in new maps of areas

of cytospun blood (devoid of red cells) samples containing PBMC and individual CALU-1

Fig 2. Mean FTIR spectra of A549 cells (235 spectra from 235 individual cells), top spectrum, CALU-1 (265

spectra from 265 individual cells), middle spectrum, and of PBMC (700 spectra), bottom spectrum. Spectra are

offset for clarity.

https://doi.org/10.1371/journal.pone.0289824.g002
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cancer cells (Fig 1B shows a representative example of such maps). For each cell line, 8 maps to

be tested were obtained. We were able to identify a single cancer cell in an FTIR map using

either the fingerprint region between 1350 cm-1 to 1800 cm-1 or the lipid and Amide A region

for both A549 and CALU-1 cancer cell lines. Fig 5 shows a representative example. As can be

seen in Fig 5C, the individual CALU-1 cell can be identified in the false colour image as pre-

senting with higher intensity when compared to the rest of the studied map.

The next step was to study whether this methodology would be able to identify not only the

same type of lung cancer cells used for data training but also cells from a different lung cancer

subtype. To this purpose, we used all the spectra of A549 cancer cells as training set to identify

Fig 3. PCA of A549 cells (filled squares), CALU-1 cells (filled triangles) and PBMC (open triangles) for the fingerprint

region between 1350 cm-1 and 1800 cm-1 (A) and corresponding loadings (B).

https://doi.org/10.1371/journal.pone.0289824.g003
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individual CALU-1 cells in maps containing PBMC and CALU-1 cells only. Similarly, all the

FTIR spectra obtained from CALU-1 cells were used as training set and tested on maps con-

taining PBMC and individual A549 cells only. The data obtained indicated it was possible to

use FTIR spectra A549 as training set which was then able to identify single CALU-1 cells. The

same applied when FTIR spectra of CALU-1 cells was used as training set in order to identify

individual A549 cells. Fig 6 shows a representative example where A549 cells’ FTIR spectra

were used as training set to identify a single CALU-1 cancer cell.

Fig 4. PCA of A549 cells (filled squares), CALU -1 cells (filled triangles) and PBMC (open triangles) for the lipid and

Amide A region between 2700 cm-1 and 3500 cm-1 (A) and corresponding loadings (B).

https://doi.org/10.1371/journal.pone.0289824.g004
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Discussion

Over the last few years, the management of lung cancer has moved rapidly towards a more per-

sonalised treatment. The appearance of new immunotherapy and tyrosine kinase inhibitory

drugs amongst other, is tailoring the treatment of cancer to each individual patient and

tumour [19]. Liquid biopsy, as described above, has the potential to enhance this personalised

cancer management. In the case of CTCs, its isolation from blood allows further characterisa-

tion of tumours and of potential metastases. However, robust methods to identify and isolate

these CTCs in blood are needed.

It is clear that the biochemical properties of CTCs (in their epithelial form or during the

EMT process) are very different from the blood cells [10]. It can thus be hypothesised that

exploiting these marked biochemical differences should lead to systems that can identify and

isolate these CTCs. In the case of FTIR microspectroscopy, most of the in vitro work done on

its potential clinical application has been aimed at differentiating cancer cells and/or tissues

from their non-malignant counterparts. On the other hand, one of its full applications in clini-

cal practice will be the possibility of identifying individual cancer cells in fluids and/or tissues.

While this might be complex for tissues which contain different types of cells, and in some

cases malignant cells quite similar to non-cancerous cells like in well-differentiated tumours, it

would be easier when comparing cancer cells to blood cells.

The study described here shows that when cancer cells are mixed with blood cells, FTIR

microspectroscopy can separate between cancer cells and PBMC for both the lipid and Amide

Fig 5. Brightfield image of a cytospun sample containing PBMC and individual CALU-1 cancer cells (A). The same image following Giemsa staining (B). FTIR

spectra false colour intensity maps of the spatial rectangular region showed in A for the lipid and Amide A region (C) and the fingerprint region between 1350

cm-1 and 1800 cm-1 (D).

https://doi.org/10.1371/journal.pone.0289824.g005
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A region, and the fingerprint region between 1350 cm-1 and 1800 cm-1. The lipid region con-

tains the peaks at 2850 cm−1 and 2920 cm−1 amongst other which correspond mainly to the

CH2 stretching modes of methylene chains in membrane lipids [20, 21]. On the other hand

and within the fingerprint region, the peak at 1740 cm-1 corresponds to the C = O stretching

mode of phospholipids in cell membranes [22]. It has been described that cancer cells have an

abnormal cell membrane composition [23]. In fact, and as can be seen in Fig 2, the shoulder at

1740 cm-1 is more intense for both cancer cell lines when compared to PMBC. Furthermore,

the metabolism of lipids in cells is different depending on whether these are cancerous or not

[24]. Cancer cell division and growth requires a ready and steady supply of lipids to produce

cell membranes but also as a source of energy due to its higher proliferation rate when com-

pared to non-malignant cells [25]. This higher presence of lipids in cancer cells (stored in

droplets) has been deemed a hallmark of cancer aggressiveness [26]. Thus, it could be argued

that lipid content and metabolism in cancer cells could be used to identify cancer cells through

the use of FTIR microspectroscopy [27]. Regarding the fingerprint region between 1350 cm-1

and 1800 cm-1, it contains, amongst other, the Amide I (around 1650 cm-1) and amide II

(around 1540 cm-1) which give information about proteins’ concentration and structure. It is

obvious that the protein metabolism of cancer cells from solid tumours differs from that of

PBMC. Thus, the data presented here strengthens the view that the use of both the lipid and

Amide A region, and the fingerprint region between 1350 cm-1 and 1800 cm-1 in FTIR micro-

spectroscopy could be good parameters to identify single CTCs in blood. However, the identi-

fication of single cancer cells in the big maps was better when the lipid and Amide A region

Fig 6. Brightfield image of a cytospun sample containing PBMC and individual CALU-1 cancer cells (A). The same image following Giemsa staining (B). FTIR

spectra false colour intensity maps of the spatial rectangular region showed in A for the lipid and Amide A region (C) and the fingerprint region between 1350

cm-1 and 1800 cm-1 (D).

https://doi.org/10.1371/journal.pone.0289824.g006
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was used as training set when compared to the fingerprint region used as training set. On the

other hand, it has to be taken into account that the identification of single cancer cells was eas-

ier when the PBMC surrounding cancer cells were scarce rather than present in big clumps.

An example is seen in Fig 5A on the left hand side of the rectangular mapping area where a

clump of PBMC produces high intensity in the false colour map in Fig 5C. This was the case

when the spectral data from the same lung cancer cell line were used for training and testing

(for both CALU-1 and A549) but also when CALU-1 cell line spectral data were used as train-

ing to identify single A549 cancer cells, and when A549 cell line spectral data were used as

training to identify single CALU-1 cancer cells. Taken together, these data indicate that FTIR

microspectroscopy could be a tool to identify single cancer cells in blood and that this identifi-

cation could be made easier when samples have been PBMC depleted. Further work is needed

to confirm this using blood from patients with cancer, specially taking into account that these

cultured cancer cells will differ from the primary cancer cells present in patients

The next step is bringing this technique to a clinical application. Such development will

need for FTIR microspectroscopy to disrupt as little as possible the standard working pathways

in pathology departments. The use of glass coverslips for FTIR microspectroscopy as substrates

allows further cell characterisation using pathology techniques such as staining (as we have

shown in this work, Fig 1C) and/or immunohistochemistry. Coverslips containing cytospins

can be glued to standard pathology slides (around 1 mm thickness) and stained using auto-

mated systems already available in pathology departments. We tested whether the extra thick-

ness of this sample (standard glass slide plus glued coverslip) would interfere in the automated

staining process used in the pathology department at UHNM and this was not the case. Fur-

thermore, once stained (or after immunohistochemistry), the sample can be covered with

another coverslip for long storage. The coverslips used in this work can also be exploited to

study tissue samples using FTIR microspectroscopy as we have already described [16]. This

would allow further studies to assess whether FTIR spectra of lung cancer CTCs are similar to

lung cancer cells present in lung tissue from the same patient.

Another issue to be taken into account is the time needed to obtain FTIR spectra and data

processing to obtain a result. In this work, maps were obtained to assess the feasibility of this

technology to identify individual cancer cells in blood. It took around 15 minutes to obtain the

map of a single cell using a 15 x 15 μm aperture with a step size of 10 x 10 μm in X and Y axes.

However, in a clinical set up and in order to increase speed, other methodologies such as focal

plane array, which covers a bigger area and, hence, is able to obtain FTIR spectra of bigger

areas faster, could be used. The methodology could also be modified to increase the speed to

obtain a result such as using wider apertures and/or bigger stepwise sizes. Thus, further work

is needed to optimise this methodology. Nevertheless, there is no doubt that as this technology

develops, faster instruments and faster algorithms to identify these cancer cells in blood can be

developed.

In summary, this feasibility study shows it is possible to identify individual lung cancer cells

mixed with PBMC using FTIR microspectroscopy. In cases where live CTCs are needed for

further characterisation, FTIR microspectroscopy could become a screening tool to identify

those blood samples containing CTCs. Further work is now being carried out to assess whether

this is the case for other types of tumours, and to improve the algorithms for cancer cell identi-

fication in blood.
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6. Ring A, Nguyen-Sträuli BD, Wicki A, Aceto N. Biology, vulnerabilities and clinical applications of circulat-

ing tumour cells. Nat Rev Can. 2023; 23(2): 95–111. https://doi.org/10.1038/s41568-022-00536-4

PMID: 36494603

7. Syrigos K, Fiste O, Charpidou A, Grapsa D. Circulating tumour cells count as a predictor of survival in

lung cancer. Crit Rev Oncol Hematol. 2018; 125: 60–68. https://doi.org/10.1016/j.critrevonc.2018.03.

004 PMID: 29650278

8. Rushton AJ, Nteliopoulos G, Shaw JA, Coombes RC. A review of circulating tumour cell enrichment

technologies. Cancers. 2021; 3(5): 970. https://doi.org/10.3390/cancers13050970 PMID: 33652649

9. Eslami-S Z, Cortés-Hernández LE, Thomas F, Pantel K, Alix-Panabières C. Functional analysis of cir-

culating tumour cells: the KEY to understand the biology of the metastatic cascade Br J Can. 2022; 127

(5): 800–810. https://doi.org/10.1038/s41416-022-01819-1 PMID: 35484215

10. Chen L, Bode AM, Dong Z. Circulating Tumour Cells: Moving biological insights into detection. Thera-

nostics. 2017; 7(10): 2606–2619. https://doi.org/10.7150/thno.18588 PMID: 28819450

11. Mansilla C, Soria E, Ramı́rez N. The identification and isolation of CTCs: A biological Rubik’s cube. Crit

Rev Oncol Hematol. 2018; 126: 129–134. https://doi.org/10.1016/j.critrevonc.2018.03.027 PMID:

29759554

12. Baker MJ, Byrne HJ, Chalmers J, Gardner P, Goodacre R., Henderson A. et al. Clinical applications of

infrared and Raman spectroscopy: state of play and future challenges. Analyst. 2018; 143(8): 1735–

1757. https://doi.org/10.1039/c7an01871a PMID: 29504623

13. Bassan P, Mellor J, Shapiro J, Williams KJ, Lisanti MP, Gardner P. Transmission FT-IR chemical imag-

ing on glass substrates: applications in infrared spectral histopathology. Anal Chem. 2014; 86(3): 1648–

1653. https://doi.org/10.1021/ac403412n Epub 2014 Jan 17. PMID: 24410403

14. Pilling MJ, Henderson A, Shanks JH, Brown MD, Clarke NW, Gardner P. Infrared spectral histopathol-

ogy using haematoxylin and eosin (H&E) stained glass slides: a major step forward towards clinical

translation. Analyst. 2017; 142(8): 1258–1268. https://doi.org/10.1039/C6AN02224C PMID: 27921102

PLOS ONE Fourier transform infrared microspectroscopy and cancer cells in blood

PLOS ONE | https://doi.org/10.1371/journal.pone.0289824 August 24, 2023 13 / 14

https://doi.org/10.1016/j.critrevonc.2020.103112
https://doi.org/10.1016/j.critrevonc.2020.103112
http://www.ncbi.nlm.nih.gov/pubmed/33035734
https://doi.org/10.3390/ijms23179952
http://www.ncbi.nlm.nih.gov/pubmed/36077348
https://doi.org/10.1038/nrclinonc.2013.253
https://doi.org/10.1038/nrclinonc.2013.253
http://www.ncbi.nlm.nih.gov/pubmed/24445517
https://doi.org/10.1016/j.biotechadv.2018.05.002
https://doi.org/10.1016/j.biotechadv.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29753882
https://doi.org/10.1038/514309a
http://www.ncbi.nlm.nih.gov/pubmed/25318518
https://doi.org/10.1038/s41568-022-00536-4
http://www.ncbi.nlm.nih.gov/pubmed/36494603
https://doi.org/10.1016/j.critrevonc.2018.03.004
https://doi.org/10.1016/j.critrevonc.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29650278
https://doi.org/10.3390/cancers13050970
http://www.ncbi.nlm.nih.gov/pubmed/33652649
https://doi.org/10.1038/s41416-022-01819-1
http://www.ncbi.nlm.nih.gov/pubmed/35484215
https://doi.org/10.7150/thno.18588
http://www.ncbi.nlm.nih.gov/pubmed/28819450
https://doi.org/10.1016/j.critrevonc.2018.03.027
http://www.ncbi.nlm.nih.gov/pubmed/29759554
https://doi.org/10.1039/c7an01871a
http://www.ncbi.nlm.nih.gov/pubmed/29504623
https://doi.org/10.1021/ac403412n
http://www.ncbi.nlm.nih.gov/pubmed/24410403
https://doi.org/10.1039/C6AN02224C
http://www.ncbi.nlm.nih.gov/pubmed/27921102
https://doi.org/10.1371/journal.pone.0289824


15. Rutter AV, Crees J, Wright H, van Pittius DG, Yousef I, Sulé-Suso J. Fourier transform infrared spectra
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