Optical photothermal infrared microspectroscopy discriminates for the first time different types of lung cells on histopathology glass slides.
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ABSTRACT
The debate of whether glass substrate can be used in Fourier Transform Infrared spectroscopy is strongly linked to its potential clinical application. Histopathology glass slides of 1 mm thickness absorb the mid-IR spectrum in the rich fingerprint spectral region. Thus, it is important to assess whether emerging IR techniques can be employed to study biological samples placed on glass substrates. To this purpose, we used Optical Photothermal Infrared (O-PTIR) spectroscopy to study for the first time malignant and non-malignant lung cells with the purpose to identify IR spectral differences between these cells placed on standard pathology glass slides. The data in this feasibility study showed that O-PTIR can be used to obtain good quality IR spectra from cells from both the lipid region (3000-2700 cm-1) and the fingerprint region between 1770-950 cm-1 but with glass contributions from 1350 cm-1 to 950 cm-1. A new single unit dual range (C-H/FP) Quantum Cascade Laser (QCL) IR pump source was applied for the first time, delivering a clear synergistic benefit to the classification results. Furthermore, O-PTIR is able to separate between lung cancer cells and non-malignant lung cells both in the lipid and the fingerprint regions. However, when these two spectral ranges are combined, classification accuracies are enhanced with Random Forest modelling classification accuracy results ranging from 96%-99% across all three studied cell lines. The methodology here described for the first time with a single unit dual range QCL for O-PTIR on glass is another step towards its clinical application in pathology.
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One of the emerging questions in the application of Fourier Transform Infrared (FTIR) microspectroscopy in clinical practice is, glass or no glass as substrate. The debate on whether glass could be used as substrate to study, using FTIR microspectroscopy, tissue and/or cellular samples in bio-medicine and in other fields of research has been going on for some time1,2. In medicine, like in other fields, marrying the way FTIR microspectroscopy can yield data from biological samples and the standard clinical practice in pathology is not an easy task. While infrared (IR) spectroscopists usually use IR transparent substrates across the bulk of the IR spectral region such as CaF2 or BaF2, or reflective substrates like low-E slides, pathologists use glass slides. Glass slides, when used for traditional FTIR spectroscopy suffer from significant IR absorbances in the fingerprint region3-5 essentially blocking out this most informative region between 1800-800 cm-1. On the other hand, CaF2 and BaF2 substrates are brittle, not as robust as glass and are significantly more expensive than glass. If we also take into account that pathologists prefer automated systems for sample preparation, the use of CaF2 and BaF2 substrates does not hold much promise for a full clinical application of FTIR microspectroscopy. Moreover, the extra cost of using hundreds if not thousands of these substrates in already economically stretched health services worldwide would make their use prohibitive from the health economics point of view. It has to be recognised also that the implementation of a new methodology in clinical practice such as FTIR microspectroscopy will have higher chances of success if it is able to cause minimal disruption of the standard working clinical practice. Thus, glass slides as substrates, in spite of the issues raised above, are one aspect that will aid the potential clinical adoption of FTIR spectroscopy.
In previous studies, we have shown that glass thickness and composition plays an important role in obtaining spectral data from the fingerprint region5,6. In fact, by using thin coverslips (0.13-0.17 mm thickness) used in pathology departments we showed for the first time it is possible to obtain data from the Amide I region5. More important, by choosing the right glass composition (soda-lime glass), spectral data down to 1350 cm-1 can also be obtained6.7. However, these thin coverslips are also fragile when used within the working requirements in pathology departments such as within automated systems for disease diagnosis. Thus, a big step towards bringing FTIR microspectroscopy into pathology would be to use as substrates for biological samples, glass slides of around 1 mm thickness, as already handled in pathology departments. To this purpose, emerging IR techniques such as Optical Photothermal Infrared (O-PTIR) microspectroscopy might offer the possibility of studying cell and/or tissue samples placed on glass substrates and provide good quality IR spectra. 
O-PTIR microspectroscopy is a relatively new technique based on the principles of IR photothermal spectroscopy and can be described as a pump-probe optical spectroscopy technique. In short, the pump probe which is typically a pulsed and widely tuneable Quantum Cascade Laser (QCL) is used to excite vibrational modes in the sample. The pulsed absorption generates a local modulated heating event – the IR photothermal response. This manifests itself through subtle modulated thermal expansion and refractive index changes, that are both monitored via a short wavelength optical probe beam, typically at 532nm. The changes in reflected (or transmitted) probe beam intensity as a function of IR wavelength tuning of the QCL is then demodulated through a lock-in amplifier to generate what is essentially a pure IR absorbance spectrum. The recent advent of O-PTIR spectroscopy, has enabled for the first time, submicron infrared microscopy in far-field reflection mode, generating “FTIR transmission-like” spectral quality, without dispersive scatter artefacts and distortions such as Mie Scattering associated with traditional FTIR spectroscopy or other emerging QCL based IR microscopy systems, with the added benefit of being uniquely compatible with glass slides, a fact that has been exploited in this study.
Photothermal spectroscopy is not new and has been exploited for decades with techniques such as PhotoAcoustic Spectroscopy (PAS) and Atomic Force Microscopy-based infrared (AFM-IR) spectroscopy (nano-IR). Where O-PTIR differs to them is that it uses an optical (green laser) probe for detection, being analogous to the microphone in PAS and the AFM tip in AFM-IR. The use of this optical probe is the key enabling breakthrough in O-PTIR allowing for non-contact, submicron measurements, providing for advantages in capabilities relative to traditional FTIR/QCL microscopy but also in instrument architecture, thus enabling the first combined (correlative) IR and Raman (IR+Raman) platform that provides for simultaneous IR and Raman spectral information at the same time, and from the same spot, with the same submicron spatial resolution. These unique and exciting synergistic capabilities are now spawning interest in life science applications8,9.
On this basis, we have used O-PTIR microspectroscopy to study a non-malignant lung cell line and 2 lung cancer cell lines placed on standard 1 mm thickness glass slides. The working hypothesis in this feasibility study was to assess whether O-PTIR microspectroscopy could identify spectral differences between these cell lines prepared as cytospins on thick glass slides (nominal thickness of around 1 mm) with the long term goal of working towards a clinical pre-screening tool to rapidly and accurately identify malignant cells from non-malignant cells. 
EXPERIMENTAL SECTION
Cells
The cells used in this study were CALU-1, an epidermoid lung cancer cell line from the European Collection of Cell Cultures (ECACC), A549, a lung adenocarcinoma cell line (ECACC), and NL20, a non-malignant lung epithelial cell line (ATTCC, UK). Lung cancer cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) while NL20 cell line was cultured in Ham's F12 culture according to provider’s instructions. For all three cell lines, cell growth was carried out in tissue culture flasks (Sarstedt, UK) at 37 °C and 5% CO2. The culture medium was changed every 3–4 days. CALU-1 and A549 cells were detached from the tissue culture flasks before reaching confluence (5 days after seeding) using trypsin/EDTA. NL20 cells were detached before reaching confluence (5 days after seeding) using Hanks’ Balanced Salt solution (HBSS) supplemented with foetal calf serum (FCS) and EDTA according to the provider's instructions. Cells were then collected and centrifuged at 1200 rpm for 5 min. Supernatant was discarded and the pellet resuspended in fresh medium. Cell viability for all three cell lines was determined with the standard trypan blue exclusion method.
Sample Preparation
Samples were prepared as cytospins. Cells were collected as described above, transferred into 15 mL tubes and centrifuged at 1200 rpm for 5 minutes at room temperature. The supernatant was then removed and the pelleted cells were resuspended in 0.9% NaCl. Cell concentration was brought to 106 cells/mL; 20 μL of this cell concentration were placed in a cytospin funnel and cells were then cytospun for 1 minute at 900 rpm on glass slides (24 x 50 mm x 1 mm thickness, Thermo Scientific, UK). Samples were fixed with 4% buffered paraformaldehyde in 0.9% NaCl for 20 minutes at room temperature. Excess formalin was removed by washing once with 0.9% NaCl and thrice rinsed with distilled water. Samples were then air dried at room temperature. For each cell line, 3 independent experiments, each of them in triplicate, were prepared. For each replicate, a minimum of 5 individual cells were studied.
Optical photothermal infrared microspectroscopy 
A mIRage, O-PTIR Microsope from Photothermal Spectroscopy Corp. (PSC, Santa Barbara, CA) was used. A dual range (C-H/FP) QCL, covering 3000-2700 cm-1, 1800-914 cm-1 in a single unit was used as a pump beam operating at 100kHz pulse rate, 100% power at 2.5% duty cycle. The probe beam was a 532nm laser operated at 28% power. The standard room temperature silicon photodiode detector was used to record the reflected probe beam intensity. Spectra were collected at 6 cm-1 spectral resolution with a single scan (no averaging) per replicate spectra with each spectrum taking ~1sec to scan. Spectra were collected in reflection mode using an all reflective Cassegrain style objective (40x, 0.78NA, 8 mm working distance). A background QCL power spectrum was collected once per day off a clean Kevley Low-E slide. The system was purged with dry nitrogen gas to minimise water vapour interferences. Nine spectra for each individual cell were obtained mostly from the nuclear region of cells (Figure 1) based on our previous work showing that the main spectral differences between cells reside in the nucleus and not in the cytoplasm10,11. For each cell line, 50 cells were studied. Figure 1. Representative example of lung cancer CALU-1 cells showing where O-PTIR spectra were randomly obtained from.

Data processing and analysis
All processing and data analysis was done using the Orange Spectroscopy (v0.5.6) [https://doi.org/10.1080/08940886.2017.1338424; https://doi.org/10.5281/zenodo.4287478] toolbox in Quasar (v0.9.0)[https://quasar.codes]12. With O-PTIR, since detection is via the visible beam (after IR excitation) and not the IR beam itself, IR Mie Scattering does not occur, hence no corrections for it were needed. Initially, a Savitsky-Golay filter (derivative order=2, polynomial order=2, window=15) was applied. To focus the modelling on spectral regions that are most information rich, spectra were cut to include only 3000-2800 cm-1 and 1770-1350 cm-1. This was followed by a Standard Normal Variate (SNV) normalisation using the full range, after spectral cutting. Intracellular replicate spectra (n=9) were then averaged to provide a single spectrum per cell.
Three different spectral regions (and combinations) were assessed. 1. The lipid region only, covering 3000-2800 cm-1, 2. The fingerprint region, 1770-1350 cm-1 and 3. A combination of lipid and fingerprint regions, 3000-2800 cm-1, 1770-1350 cm-1.
Average spectra were put through a Principal Component Analysis (PCA) for dimension reduction with the new transformed data (at the point of 99% explained variance) and were then fed into a Random Forest (RF) classifier (with 500 trees) and also a K-Nearest Neighbours (KNN) classifier (with 3 nearest neighbours, using Euclidean distance). Spectra were first divided 2/3 training and 1/3 testing for training before being fed into the classifiers. This random division between test and training data was repeated 100 times and each time fed into the classifiers to increase model robustness. 
Modelling metrics were assessed through confusion matrix and Receiver Operator Characteristic (ROC) Curves. The processing flow diagram is shown in Figure 2. Quasar workflows and data are available upon reasonable request.
Figure 2. Flow diagram of data processing and modelling.














RESULTS AND DISCUSSION
This is the first study to use O-PTIR microspectroscopy on standard histopathology glass slides for thin cells. The first step of this work was to identify the areas within the IR spectrum from which biochemical information could be obtained. Standard FTIR microspectroscopy is unable to obtain spectral information within the fingerprint region (1800-900 cm-1) when samples are placed on glass slides of nominal value of 1 mm thickness3-5. However, and as can be seen in Figure 3, high quality spectra could be obtained in the fingerprint region down to ~900 cm-1. However, below ~1350 cm-1, a variable contribution from glass was superimposed over the biochemical information from cells. Potential for subtraction of this glass contribution that would allow to still identify spectral cell signals in this region is an area for investigation in a subsequent study. It is interesting to note that glass contribution to the spectrum and, thus, the shape of the whole spectral band ranging from 1350 cm-1 to 900 cm-1 was different for each of the cell lines studied, but with also greater variability as indicated by the greater spread in the dotted lines (denoting the one standard deviation spread, Figure 3). It is likely that differences in cell thickness have a role in the observed greater spectral variability in the 1350-950 cm-1 range (glass region). Such cell thickness differences are expected to generate differing degrees of glass contribution relative to cellular contributions. This variability is likely to appear with samples that are ~ <5 µm in thickness, with other O-PTIR studies showing that tissues sections of 5 µm thickness or greater do not show any glass contributions8. The relative insensitivity to glass that O-PTIR has shown is enabled by the reflection geometry. In this configuration, the IR beam interacts with the sample first, where it is attenuated and generates the photothermal IR effect. The visible (532nm)
Figure 3. Mean spectra (± SD) for A549 (bottom spectrum), CALU-1 (middle spectrum) and NL20 (top spectrum) cells. Each spectrum is the mean of 50 spectra. Spectra are offset for clarity.


probe beam detects this IR photothermal effect, also in reflection mode. It is important to highlight here that the data acquired from the fingerprint region ranging from 1770 cm-1 to 1350 cm-1 opens up a whole array of possibilities to study cytology and/or tissue samples prepared at pathology departments on standard glass slides. Taking into account that good quality FTIR spectra can be obtained from cells placed on coverslips6,7, it could hypothesised that O-PTIR microspectroscopy could even study cells/tissues placed on 1 mm thickness glass slides and covered with 0.13-0.17 mm thickness coverslips as it is standard practice in pathology. However, work will be required to assess what extra glass contribution coming from the glass coverslip could affect the O-PTIR spectrum. Of note, pathology samples are also stained with Haematoxylin & Eosin (H&E) or Papanicolau as examples, and as it is standard practice in pathology. Although staining causes a reduction of the lipid bands in the lipid region and a decrease of the 1740 cm-1 band (C=O stretching mode of phospholipids13) due to the use of alcohol in the staining process, it only causes changes in the amide II and a stronger band at around 1305 cm-1 when cells are stained with H&E without affecting the amide I band14. Taken all this together, and although we are fully aware that further research is needed to bring this technique to a full clinical application in pathology, this work using O-PTIR microspectroscopy is another step towards bringing IR spectroscopy to clinical practice.
PCA using the lipid region between 3000 cm-1 and 2800 cm-1, the fingerprint region between 1770 cm-1 and 1350 cm-1 and the combination of these two regions was carried out. The best PCA scores plot for cell line separation was with the combination of these two regions (Figure 4a with the corresponding PC1 and PC2 loadings in Figures 4b and 4c of the lipid and fingerprint regions, respectively).
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Figure 4. PCA, PC1 vs PC2 scores plot of the combination of the fingerprint region (1770 cm-1 to 1350 cm-1) and the lipid region (3000 cm-1 to 2800 cm-1) for NL20 (open circles), A549 (filled triangles) and CALU-1 (filled squares) cells (a) and loadings for the lipid region (b) and fingerprint region (c).



Whilst the PC1 vs PC2 scores plot only accounts for 83% of the variance and thus the information content used in generating the PC1 vs PC2 score plot, it has provided enough separation to extract out some insightful chemical differences by examining the associated loadings plots. In figure 4b, the lipid region loadings plot, two relatively strong positive features are observed for PC1 at 2926 cm-1 and 2854 cm-1, originating from the C-H stretching vibrations of CH2 (asym) and CH2 (sym) respectively15-17. It is well known that changes in lipid metabolism and content indicate differences between malignant and non-malignant cells18-20. Within the fingerprint region, the main difference resides around the amide I (Figure 4c). Absorption in the Amide I region is sensitive to protein conformation, thus, changes in this band would indicate conformational changes in cell proteins and/or the expression of a new set of proteins. This links with the well-known fact that cancer cells are able to re-program its metabolism which enables them to acquire a biochemical profile different from their non-malignant cells of origin.
In order to assess the potential for using O-PTIR microspectroscopy for automated cell typing of these three cell lines, two different classification models - Random Forest and K-Nearest Neighbour were explored. We also explored the effects on the classification of not performing a second derivative (SG parameters were set to derivative order = 0, Polynomial order = 2, Window = 15) versus the “full” preprocessing as per Figure 2 in conjunction with comparing RF vs KNN and comparing the three spectral windows (fingerprint, lipid and fingerprint+lipid), and assessing how different spectral regions 
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	Fingerprint (1770-1350)
	KNN
	0.964
	0.899
	7
	0.982
	0.932
	11
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	0.997
	0.959
	
	0.991
	0.936
	

	
	
	
	
	
	
	
	

	Lipid region (3000-2800)
	KNN
	0.955
	0.908
	6
	0.953
	0.886
	11

	
	RF
	0.991
	0.925
	
	0.991
	0.938
	

	
	
	
	
	
	
	
	

	Fingerprint + lipid
	KNN
	0.954
	0.870
	8
	0.985
	0.935
	13

	
	RF
	0.989
	0.926
	
	0.998
	0.975
	


 Table I. Model comparisons for FTIR spectra for fingerprint and lipid regions and combination of both regions (CA (classification accuracy); AUC (Area Under Curve), PC (Principal Component)) at the 99% explained variance point.


(lipid, fingerprint and lipid+fingerprint) impact on the classification accuracy. As can be seen in Table I, the best combination producing the highest classification accuracy was RF modelling when combining both the lipid and fingerprint regions, together with second derivative processing. As classification metrics, we utilised the average (across all three cell lines) “Area Under the Curve (AUC)” from all three ROC (one for each cell line), as well as the averaged (across all three cell lines) Classification Accuracy, CA (number of correct classifications as a percentage of total classifications). A summary of these results are presented in table I. It can be said that all combinations of spectral preprocessing, spectral range and classification model type, returned good CAs at >90%, with the highest achieved using second derivative, lipid+fingerprint and RF, returning excellent values for AUC at 0.998 and 0.975 (97.5%) for CA. It is interesting to note the apparent synergy in the addition of the lipid region, a novel capability enabled by the first demonstration of the single unit dual range (C-H/FP) QCL, with the combined Fingerprint+lipid second derivative data set, having a substantially better classification accuracy (97.5%) compared to the individual fingerprint and lipid regions with 93.6% and 93.8% respectively. Curiously, combining the two spectral regions with RF when a second derivative was not applied did not result in a better classification accuracy.
Taking the best performing combination of second derivative analysis, with combined fingerprint+lipid spectral regions and RF modelling, a more detailed assessment of its performance is presented through a confusion matrix in Table II. Here we can see that individual classification accuracies (sensitivities) range from ~97% for A549 and NL20 (non-malignant) up to ~99% for CALU, with specificities ranging from 98% to almost 100%. This further illustrates the remarkable cell identification accuracies of O-PTIR microspectroscopy, further enhanced by our use of the novel single unit dual range (C-H/FP) QCL, which has enabled the synergistic combination of two important spectral regions, the lipid and fingerprint. All of this is made even more clinically relevant by the fact that these results are achieved using samples on standard glass slides.
Finally, we present an overview of the three ROC curves in Figure 5. ROC curves are an excellent means to visualise the classification model performance as they show how the true positive rate changes with false positive rate. The AUC of a ROC curve is a measure of the classification model performance. With AUC values of 1 indicating a perfect classification and value of 0.5 indicating an essentially random classification. The results obtained here indicate an excellent classification results, with AUC values ranging from 0.997 for NL20 up to 1.000 for CALU.




Table II. Confusion matrix for random forest analysis for the combination of the fingerprint region (1770 cm-1 to 1350 cm-1) and the lipid region (3000 cm-1 to 2800 cm-1). Values in parenthesis are the instances expressed as a percentage of the total actual. The total number of predictions of 1500 comes from the fact that the 2/3:1/3 train:test randomised split is repeated 100 times. The software rounds this to 66% training and 34% test, with 34% of 150 providing for 51 test samples, which when multiplied by 100 repeats gives 5100.
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	A548
	CALU
	NL20
	Total Actual
	Sensitivity
	Specificity

	Actual
	A548
	1640 (96.5%)
	0 (0.0%)
	60 (3.5%)
	1700
	96.5%
	98.6%

	
	CALU
	10 (0.6%)
	1682 (98.9%)
	8 (0.5%)
	1700
	98.9%
	99.7%

	
	NL20
	39 (2.3%)
	10 (0.6%)
	1651 (97.1%)
	1700
	97.1%
	98.0%

	
	Total Predicted
	1689
	1692
	1719
	5100
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Figure 5. Receiver Operator Characteristic (ROC) Curves for all three cell lines, using the best performing classification model (second derivative, fingerprint+lipid, & RF). A) A549, B) CALU and C) NL20.




CONCLUSIONS
In order to bring IR spectroscopy towards a clinical application in pathology it is important that the technique fits as much as possible within the standard clinical practice and brings value to the routine and workflow of pathologists. We have demonstrated that the O-PTIR technique, which for the first time enables the use of standard glass substrates for cell characterisation and classification brings the adoption of IR spectroscopy a step closer towards clinical application by providing a path to the automated and objective screening of samples. This technique has shown potential to identify pathological from non-pathological samples, thereby relieving a substantial workload pressure from pathologists, allowing them to focus mainly on the pathological samples. On the other hand, being able to study cells at submicron level allows characterising different areas within the cell (nucleus, cytoplasm). As further enabling novelty, we have also shown the first application of a single unit dual range (lipid and fingerprint region) QCL, which has shown a synergistic benefit with substantial improvement in classification accuracies, relative to individual spectral regions. O-PTIR microspectroscopy, has shown separation between cancer cells (A549 and CALU) and non-malignant (NL20) cells placed on standard glass histopathology slides with classification accuracies ranging from 96% to 99%. Although we are fully aware that further research is needed to bring this technique to a full clinical application in pathology, this work paves the way towards IR spectroscopy as another tool in pathology for a rapid and objective sample screening and disease diagnosis.
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