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Raman spectroscopy detects biochemical changes due to different cell culture

environments in live cells in vitro
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Abstract

The in vitro cell culture environment can impact on cell biochemistry and cell cycle. The
manifestation of such substrate-induced changes in cell cycle in the Raman
microspectroscopic profiles of cell cultures is investigated at the level of nucleolus, nucleus
and cytoplasm. HeLa immortalised human cervical cells and HaCaT dermal cells were
cultured on three different substrates, conventional polystyrene cell culture dishes, CaF»
slides as a commonly used Raman substrate, and glass slides coated with Collagen Rat Tail,
as a mimic of the extra cellular matrix (ECM) environment. A cell cycle study, based on
percentage DNA content, as determined using Propidium lodide staining and monitored by
flow cytometry, was performed on cells of both types, grown on the different substrates,
confirming that the in vitro cell culture environment impacts significantly on the cell cycle.
Live cell in vitro Raman spectroscopic analysis of cells on the 2D CaF, and 3D Collagen
substrates was performed and data was analysed using principal components analysis (PCA).
The spectroscopic analysis revealed differences in profiles which reflect the differences in

cell cycle for both in vitro culture environments. In particular, the Raman spectra of cells


mailto:alan.casey@dit.ie

grown on CaF, show indicators of cell stress, which are also associated with cell cycle arrest
at the GO/G1 phase. This work contributes to the field of Raman spectroscopic analysis by
providing a fresh look at the significance of the effect of in vitro culture environment to cell

cycle and the sensitivity of Raman spectroscopy to such differences in cell metabolism.
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1. Introduction

The transition from 2D to 3D culture models in vitro has been a significant development in
the understanding of differences in tumour formation mechanisms in vitro [1, 2, 3, 4]. 3D cell
culture has the architectural structure to mimic the in vivo environment [5, 4] via an extra-
cellular matrix (ECM) and aims to produce cultures which possess the phenotype and
functional characteristics of their in vivo counterparts, resulting in a more realistic biological
response in vitro [3]. Over the last decade, new models such as Collagen gels and more
complex multicomponent systems such as Matrigel have emerged, providing the cell a

suitable ECM [6, 7].

It has been demonstrated that the different culture environments do not significantly affect
the viability and health of the cells, and any apparent differences in viability levels between
2D and 3D culture have been demonstrated to be a result of the differing physical
characteristics of the 2D and 3D environments which cause an increase in conversion rates of
quantifying viability dyes [8, 9]. However, while not necessarily affecting the viability of the
cells, it has subsequently been shown that, compared to 2D cultures, the 3D environment can
influence cell cycle as a result of cell cycle arrest in the GO/G1 or S phase and retardation of

the S-G2/M transition, as indicated by flow cytometric analysis [10].

Raman microspectroscopy can be employed to further explore this phenomenon at a
biochemical level. The technique has been shown to be a powerful analytical technique for
the analysis of biological materials [11, 12, 13], and it has a high molecular specificity. The
advantages of Raman spectroscopy in the analysis of cells, tissue and bio-fluids have been
extensively demonstrated in recent years [14, 15, 16]. It allows rapid, non-invasive and high
spatial resolution acquisition of structural and biochemical information through the

acquisition of point spectra and/or spectral images [13, 17, 18, 19]. As a label free technique,



Raman spectroscopy presents several advantages in the study of live cells compared to high
content molecular analysis with optical imaging, in which cellular processes are visualised
through specific labels. In comparison to infrared spectroscopic analysis, Raman offers
submicron spatial resolution and has the advantage that water has a relatively weak
contribution, which is an extremely strong infrared absorber. Due to these advantages, Raman
spectroscopy offers a better possibility to study cells in an aqueous environment and thus
keep cells alive during the experiments under normal physiological conditions [20]. The
technique has thus been widely used for the analysis of cell-drug and cell nanoparticle
interaction at a sub-cellular level [21, 22]. Currently, in bio-spectroscopy, one of the most
widely used substrates is CaF> windows, as the material permits the transmission of visible,
near and mid IR light with low losses and UV grade CaF does not have any characteristic
Raman bands in the cellular spectral fingerprint region (400-1800 cm™) which allows the
analysis of biological samples [23]. Although CaF. has many advantages, such as low
background signal and high optical transmission, this substrate is expensive and significantly
increases sample analysis costs for clinical applications [24]. Standard glass and quartz have
stronger backgrounds and are more frequently used during stimulated and coherent anti-
stokes Raman setups, in which the Raman signal is relatively strong or turned to a specific
wavenumber [23]. Some studies have previously investigated metal-coated Raman substrates
for biological analysis [25, 26]. However, the release of metal ions in the biological
environment can have adverse effects on live cultured cells, hindering the lifetime of the

sample [26].

This work aims to investigate how the substrate-induced changes in cell cycle are manifest in
the spectroscopic profiles of the cell cultures. To do this, and for consistency with previous
studies [8, 9, 10], normal and cancer cell lines were chosen for growth on both a

commercially available 3D basement membranes (Collagen) and 2D systems (Polystyrene,



CaF»). The cell cycle for each cell line on each substrate was profiled using flow cytometric
analysis, and the spectral signatures of the cytoplasm, nucleus and nucleolus of cells grown
on standard glass slides coated with collagen were compared to those of cells on the CaF.

substrate, with the aid of principal components analysis (PCA).

2. Materials and methods

2.1 Materials

Dulbecco’s Modified Eagle Medium, (Nutrient Mixture F-12, DMEM/F12), foetal bovine
serum (FBS), L-glutamine, ampicillin, streptomycin, and trypsin were purchased from
Sigma-Aldrich Ltd (Arklow, Co. Wicklow, Ireland). Collagen | Rat-Tail (Gibco™, Catalogue

Number A1048301), was purchased from Biosciences (Dublin, Ireland).

2.2 Cell culture

HeLa cells (human cervical cancer; ATCC CCL-2; purchased from ATCC (Manassas, VA,
USA)) and HaCaT cells (human dermal keratinocyte; purchased from the Leibnitz Institute
DSMZ—German Collection of Microorganisms and Cell Cultures), were both adapted to
culture in DMEM/F12 supplemented with 10% foetal bovine serum, 1% L-glutamine,
penicillin and streptomycin (50 mg/l), [8, 27, 28, 29], under standard conditions of 5% CO>
at 37°C and humidity of 95%. Cells were cultured until they reached approximately 80%

confluency.

2.3 Collagen substrate preparation

Collagen | Rat Tail (Gibco) was used for preparation of the Collagen gel; 2.5 mg/ml sterile

solution was mixed with sterile 1 M sodium hydroxide (NaOH), Phosphate-buffered Saline



x10 (PBS10x) and sterile distilled water. After mixing, a 200 ul solution was placed in Matek
35 mm glass bottomed culture vessels for Raman spectroscopy studies and incubated between
45 min and 1 hr at 37°C to allow gel to formation. All preparation steps were performed on

ice to ensure premature gelation did not occur.
2.4 Flow cytometry

Cells were seeded in T-25 cm? flasks at a density of 1.5 x 10° (5 ml of medium) per flask. For
Collagen, two flasks pre-coated with 1 ml Collagen 2.5 mg/ml and two flasks without
Collagen (2D). For CaF, cells were seeded at a density of 1.5 x 108 200 ul of cell
suspension were deposited per slide, on three slides and kept in polystyrene Petri dishes with
3 ml of growth medium. Flasks were incubated in a 5% CO; at 37°C for 24 h; all samples

were analysed with the aid of a BD Accuri™ C6 Flow Cytometre.
Cell cycle analysis

Cells were grown in 3D and 2D at the same initial seeding concentration of 1.5 x 10° cells
per flask and again 5 ml medium volume in T-25 cm? flasks and 3 ml in polystyrene Petri
dishes. After 24 hr incubation, cells were washed twice with prewarmed PBS and were
collected by trypsinization, after which the trypsin was removed by centrifugation (1200
RPM for eight min), after which cells were fixed in ice cold, 70% ethanol and prepared for
analysis immediately or stored in the fridge for a maximum of 2 days. Briefly, for analysis,
cells were washed twice with PBS, to remove any residue fixative and resuspended in 2 ml
PBS. 100 pg/ml Ribonuclease was added to ensure that only the DNA content was stained.
After 5 min incubation with RNase at room temperature, DNA content was then stained with
Propidium lodide (PI) at a staining concentration of 50 pg/ml. The sample was again

incubated at room temperature for 20 min, after which it was immediately analysed. A



minimum of 10,000 single cell events per sample were analysed. The experiments were

performed in triplicate.
2.5 Sample Preparation for Spectroscopic Analysis

HeLa and HaCaT cells were harvested by trypsin detachment and seeded in Matek 35 mm
glass bottom culture vessels pre-coated with 100 pl of collagen 2.5 mg/ml at a final
concentration at a density of 1 x 10° cells per-dish in a volume of 200 pl of 10% FBS
supplemented DMEM/F12. For CaF-, cells were seeded at a density of 1 x 10°, and 200 pl of
cell suspension were deposited per slide and kept in polystyrene Petri dishes with 3 ml of
growth medium. After 24 hr incubation in 5% CO- humidified incubator at 37°C, the medium
was removed, cell were washed with pre-warmed PBS and medium was replaced with Phenol

Red free medium supplemented with 10% FBS for spectroscopic measurements.
2.6 Raman spectroscopy measurements

A Horiba Jobin-Yvon LabRAM HR800 spectrometer equipped with a 785nm, 300 mW diode
laser as source (70 mW at the sample), a 16-bit dynamic range Peltier cooled CCD detector,
and a x100 immersion objective (LUMPIlanF1, Olympus, N.A. 1.00) was employed
throughout the study, producing a spot on the sample of ~1 um diameter. The 300 lines/mm
grating and 100 um confocal hole was used to acquire spectra from the two different
substrates and both cell lines (HeLa, HaCaT) in the fingerprint region, from 400 cm™ to 1800
cm?, and accumulated twice for 30 seconds to improve the signal to noise ratio. The system
was pre-calibrated to the 520.7 cm™ spectral line of silicon. Point spectra were acquired from
subcellular regions on the different substrates, Collagen and CaF,. 20 point spectra each from
the cytoplasm, nucleus and nucleolus of live cells were acquired (60 spectra per cell line) and

20 cells were analysed per substrate.



2.7 Data analysis

Raman spectral pre-processing and analysis were performed using Matlab 2017 (Mathworks,
USA), using algorithms developed in house and the scripts are adapted from the CLIRSPEC
Open Access Scripts [30]. Prior to analysis, any obvious outliers which had an anomalously
high background or low signal to noise were removed from the dataset (maximum 5 per
dataset of 20) and the remaining spectra were smoothed (Savitsky-Golay filter, 5th order, 7
points). The reference spectrum constituting background signal was subtracted and spectra
were vector normalised to improve spectral quality and minimise the possible background
contributions into the spectra. After pre-processing, principal components analysis (PCA)
was employed as an unsupervised multivariate approach to analyse the Raman data. The
order of the PCs denotes their importance to the dataset. PC1 describes the highest amount of
variation, PC2 the second greatest and so on. In all analyses, the first two principal
components accounted for > 63 % of the variance of the datasets, and higher order PCs did
not add further clarity to the analysis. This statistical method was preferred for this study to
highlight the variability existing in the spectral data set recorded during the different
experiments. Another advantage of this method is the observation of loadings which
represent the variance for each variable (wavenumber) for a given PC. Analysing the loadings
of a PC can give information about the source of the variability inside a data set, derived from

variations in the molecular components contributing to the spectra.

3. Results

3.1 Cell cycle analysis for HeLa and HaCaT cell lines on different substrates

The cell cycle is constituted by the G1 phase (cell growth), followed by S phase (DNA
synthesis), and then by G2 phase (cell growth), whence the mitotic phase is reached, at which

the cell undergoes mitosis and cytokinesis, leading to the formation of two daughter cells, in



the GO phase, which then progress to the G1 phase, etc.. In order to determine whether there
were any differences between the cell cycle profiles of the cells cultured on the 3D in
comparison to the 2D substrates, cell cycle analysis studies were performed on both cell lines
on polystyrene, CaF> and Collagen, revealing significant cell line dependent differences in
profiles of cell grown on different substrate/environments (Fig. 1). For the case of HaCaT
cells, minimum differences are apparent between the cell cycle profiles of cells grown on
polystyrene, compared to the 3D Collagen environment (Fig. 1a). The cell cycle profile of
HeLa Cells, however, shows significant differences between the two (Fig. 1b), indicating
relatively fewer cells in the S and more cells in the G2M phases in the conventional 2D

growth environment, as previously been reported by Gargotti et al.[10].

On CaF, substrates, favoured for Raman spectroscopic analysis, the cell cycle profile is
markedly different for both cell lines. For the HaCaT cells, there were significant increases to
the number of cells grown on CaF; in the GO/G1 phase, with a corresponding reduction of
cells in the G2/M phase, indicating that the cells may have been arrested in the GO/G1 phase
as a result of culture on the CaF, substrate compared with those grown on 3D culture (Fig.
1a). Although elevated with respect to those on collagen, the cell populations of HelLa cells
on CaF are not as significantly different to that of the HaCaT, the population levels in the S

and G2/M phases are similar within the standard deviations of the measurements.
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Figure 1. (a) HaCaT cell cycle analysis, cells were grown on three different substrates (Polystyrene,
Collagen and CaF,), and percentage of cells at GO/G1, S, and G2/M phases of cell cycle. Data are
expressed as a percentage of three independent experiments + SD of three individual experiments. (b)
HelLa cell cycle analysis, cells were grown on three different substrates (Polystyrene, Collagen and
CaF,), and percentage of cells at GO/G1, S, and G2/M phases of cell cycle. Data are expressed as a
percentage of three independent experiments + SD of three individual experiments. Statistically
significant differences between the 3D and CaF cultures and the polystyrene cultures are denoted
by **P < 0.01 and *** P < 0.001.
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3.2 Raman spectroscopic analysis of HeLLa and HaCaT cells on CaF: substrate

The ability to acquire Raman spectra from cells in the presence of the saline without
interference to the spectra has been demonstrated by [31], resulting in a series of band
assignments for cellular components at molecular level [11, 32, 33] (see table 1). After
initially culturing the HaCaT cells (normal keratinocyte) for 24 hr on CaF, and 3D culture
(Collagen), the medium was replaced with phenol-free DMEM, which is used to improve the
visibility of the cells and subcellular features under white light illumination, before taking
any point spectra of live cells. Twenty-point spectra were acquired from each cellular region
of 20 different cells, as previously described by Bonnier et al. [31]. Figure 2 shows scatter
plots of PCA (a) and the loading of the first PC (b) corresponding to cytoplasm, nucleus and
nucleolus of HaCaT cells grown on CaF.. Different cellular regions are indicated respectively
by, blue for cytoplasm, red for nucleus and green for nucleolus. The spectra corresponding to
the nucleus and nucleolus (nuclear areas) are clearly differentiated from cytoplasm of HaCaT
cells grown on CaF> according to PC1 (Explained variance 41%) based on their biochemical
features. In the first PCA loading obtained from comparison of the combined nuclear region
and cytoplasm of HaCaT cells grown in CaF», the spectra relating to the cytoplasm of HaCaT
cells scored negatively (PC1< 0), while nucleus and nucleolus spectra scored positively (PC1
>0) (Fig. 2 b). To facilitate the analysis of the loadings, table 1 details common assignments
of cellular spectral features derived from literature [11, 32, 33]. In the loading, positive
features are dominated by nucleic acid features (785 and 810 cm™) corresponding to
biochemical composition of nucleus and nucleolus. On the other hand, negative features of
the first loading show lipid and protein features such as those at 715, 1003, 1438 and 1600-
1700 cm™ (Fig. 2 b, table 1). Similar differentiating profiles have previously been observed,

for example for lung cancer cell lines [34].
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Figure 2. PCA scatter plot (a) and loading of PC1 (b), corresponding to comparison of cytoplasm,
nucleus and nucleolus region of HaCaT cells grown on CaF; substrate. The 0 line is indicated with
black dashes. PCA scatter plot (c) and loading of PC1 (d) corresponding to comparison of cytoplasm
region, nucleus and nucleolus region of HeLa cells grown on CaF; substrate. The ‘0’ line is indicated
with black dashes.

HelLa cells were cultured under the exact same conditions as the HaCaT cells and the same
data acquisition was applied. Briefly, the HelLa cells were grown on CaF. and 3D culture
(Collagen) and spectra were acquired from cytoplasm, nucleus and nucleolus of individual

cells. Figure 2 shows the scatter plots (2c¢) and the first loading of PCA (2d), corresponding to

12



cytoplasm, nucleus and nucleolus of HeLa cells grown on CaF». The spectra corresponding to
the nucleolus are clearly differentiated from the cytoplasm of HelLa cells grown on CaF;
according to PC1, although, in comparison with the observations for HaCaT cells, the spectra
for the nucleus are less well differentiated, and straddle the positive and negative sides of
PC1, which represents the most significant variance (33%) among the data. The loading of
PCL1 of HelLa cells grown in CaF, is nevertheless dominated on the positive side by nucleic
acid features associated with the nuclear region and negative features of protein features
associated with the cytoplasm (Fig. 2 d). The differentiating loadings of PC1 in figure 2 are
remarkably similar for the two cell lines and are consistent with those observed in numerous

studies of a range of cell lines, conducted under similar experimental conditions [31, 34, 35].

A comparison between HelLa and HaCaT cells grown on CaF, and 3D culture (Collagen)
was performed. Figure 3 shows the scatter plots and the loading of the first PCs
corresponding to a pairwise comparison of cytoplasm, nucleus and nucleolus of HelLa and
HaCaT cell lines after 24 hr growth on the CaF. substrate. The scatter plots of PCA and data
sets relating to the different cell lines are colour coded, blue for HaCaT cells and red for
HelLa cells. Although a complete differentiation is not observed for any of the subcellular
regions, the data is partially discriminated for each. The spectra relating to HaCaT cells
predominantly scored negatively according to PC1 (PC1<0), while those of HeLa cells scored
positively (PC1>0). The different cell lines are best differentiated by their nucleolar regions,

consistent with the studies of different lung cell lines, by Farhane et al. [34].
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Figure 3. PCA scatter plots (a) and loadings of PC1 (b), corresponding to comparison of cytoplasm,
nucleus and nucleolus of HaCaT and HeLa cells grown on CaF,. The ‘0’ line of PC1 is indicated with
black dashes. Band positions corresponding to dominant features of the PC1 are indicated on the
loadings.

Figure 3a (cytoplasm) shows the scatter plots of PCA corresponding to pairwise comparison
of the cytoplasm of HeLa and HaCaT cell lines according to PC1, which represents the most

significant variance (34 %) among the data, originating from biochemical differences in the

14



cytoplasm of the different cell lines. Figure 3b (cytoplasm) shows the loading of the first PC,
corresponding to cytoplasm of HelLa and HaCaT cells. The predominant features which
differentiate the HelLa and HaCaT cells are the positive features associated with
phospholipids, nucleic acid, lipids, protein, collagen, DNA and RNA (715-9, 873 cm™, 1265
cm?, 1299 cm™ and 1655-80 cm™). On the other hand, the dominant negative features
include those associated with DNA/RNA and amino acids (785 cm™, 810 cm™ and 1575 cm
1) (table 1). Figure 3a (nucleus) compares the spectra corresponding to the nucleus of HelLa
and HaCaT cell lines according to PC1, which represents the most significant variance (42
%) among the data, originating from biochemical differences in nucleus of different cell
lines. Figure 3b (nucleus) shows the loading of the first PC, which differentiates the nucleus
of HeLa and HaCaT cells. The predominant features which differentiate the HeLa and HaCaT
cells are identified as the positive features characteristic of amino acid, methoxy groups,
collagen, phospholipids, protein and lipids (1003 cm™, 1029 cm™, 1204 cm?, 1445 cm™,
1615 cm™tand 1655-80 cm™) (table 1). Figure 3a (nucleolus) shows the spectra corresponding
to the nucleolus of HeLa and HaCaT cell lines according to PC1, which represent the most
significant variance (44 %) among the data. Figure 3b (nucleolus) shows the first loading of
the PCA, corresponding to the nucleoli of HeLa and HaCaT cells. The positive features of the
loading are dominated by HelLa cell related bands, while negative features relate to the
HaCaT cells. The predominant features which are used to differentiate the HeLa and HaCaT
cells are observed as the negative features associated with amino acid, nucleic acid and

DNA/RNA (729 cmt, 785 cm™?, 830 cm™, 852 cm™ and 1094 cm™) (table 1).

15



Table 1. Assignments of Raman Bands of cells grown on CaF, and Collagen substrate [11, 32, 33].

Band Assignment
715-9 cm! C-N (membrane phospholipids head)/adenine, CN2(CHzs)s (lipids),
choline group
729 cmt Adenine
785 cmt U, T, C (ring breathing modes in the DNA/RNA bases), backbone O-
P-O (RNA)
810 cm? phosphodiester (Z-marker) DNA
830 cm? proline, hydroxyproline, tyrosine, v2 PO- stretch of nucleic acids
850 cm’t most probably due to single bond stretching vibrations for the amino
acids and valine and polysaccharides
852 cm? proline, hydroxyproline, tyrosine
873 cm! symmetric breathing of tryptophan (protein assignment)
918 cm™! proline, hydroxyproline
938 cm™! proline, hydroxyproline
980 cm’t C-C stretching B-sheet (proteins)
1003 cmt phenylalanine, C-C skeletal
1029 cm™? O-CH3 stretching of methoxy groups
1081 cm™? v 1C03%, vsPO43, v (C-C) skeletal of acyl backbone in lipid or collagen
1094 cm™? DNA
1167 cm™ lipid
1184 cmt Guanine, Cytosine
1249 cm? Amide I, Guanine and Cytosine
1265 cm™? Amide Il of collagen, Amide 111 (collagen assignment), Amide I,
Vv(CN), 6(NH) amide III, a-helix, collagen (protein assignment)
1299 cm? Lipid
1315 cm? Guanine (B, Z-marker)
1335 cm’? nucleic acid, collagen
1438 cm't CHas, CH2 deformation

16




1445 cm?
1448-9 cm™™
1575 cm?
1587 cm™?
1615 cm™
1655-80 cm

1660 cm™

8(CH2), 8(CHs), CH2CHjs bending

CH2CHs deformation

ring breathing modes in the DNA bases, G, A (ring breathing modes of
the DNA/RNA bases)

phenylalanine, hydroxyproline

tyrosine, tryptophan, C=C (protein)

C=C (lipids), Amide I (proteins)

Amide |

3.3 Raman spectroscopic analysis of HeLa and HaCaT cells on Collagen substrates

Figure 4 shows the scatter plots (a) and the first loadings of PCA (b) corresponding to

cytoplasm, nucleus and nucleolus of HaCaT cells grown on 3D culture (Collagen). The

spectra corresponding to the nucleus and nucleolus (nuclear areas) are clearly differentiated

from those of the cytoplasm of HaCaT cells grown on 3D culture (Collagen), according to

PC1 which represents the most significant variance (34%) among the data originating from

differences in biochemical composition between the nuclear and cytoplasmic areas.

According to the loading of PC1 of HaCaT cells grown in 3D culture (Collagen), the spectra

relating to the cytoplasm of HaCaT cells scored negatively(PC1<: 0), while nuclear and

nucleolus spectra scored positively (PC1 = 0) (Fig. 4 b).
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indicated with black dashes. PCA scatter plot (c) and loading of PC1 (d) corresponding to comparison
of cytoplasm region, nucleus and nucleolus region of HeLa cells on 3D culture (Collagen). The ‘0’
line is indicated with black dashes.

Figure 4 shows the PCA scatter plot (c) and the loading of PC1 (d) corresponding to
cytoplasm, nucleus and nucleolus of HelLa cells grown on 3D culture (Collagen). Different
cellular regions are colour coded as before, blue for cytoplasm, red for nucleus and green for
nucleolus, respectively. In contrast to the spectra obtained from CaF,, the spectra
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corresponding to the nucleus and nucleolus (nuclear areas) are clearly differentiated from
those of the cytoplasm of HeLa cells grown on 3D culture (Collagen), according to PC1
(explained variance 42%). According to the loading of PC1 obtained from comparison of
nuclear region and cytoplasm of HeLa cells grown in 3D culture (Collagen), the spectra

relating to the cytoplasm of HelLa cells scored negatively (PC1< 0), while nuclear and
nucleolus spectra scored positively (PC1 = 0) (Fig. 4 d). Notably, although a better

discrimination between the subcellular regions of HaCaT cells was observed, the
differentiating profiles of PC1 obtained from the analysis of cellular compartments of HelLa
cells on CaF, and collagen surfaces showed a high degree of consistency in terms of Raman

spectral bands in negative and positive features of the loadings.

Figure 5 shows the scatter plots and the loading of the first PC corresponding to cytoplasm,
nucleus and nucleolus of HeLa and HaCaT cells lines after 24 hr growth in 3D culture
(Collagen). The scatter plots of PCA and data sets relating to substrates are colour coded as,
blue for HaCaT cells and red for HelLa cells. Figure 5a (cytoplasm) shows the spectra
corresponding to the cytoplasm of HelLa and HaCaT cell lines according to PC1, which
represent the most significant variance (37 %) among the data, originating from biochemical
differences of the cytoplasm of the different cell lines. The spectra relating to the cytoplasm
of HaCaT scored negatively according to PC1 (PC1<0), while the cytoplasm of HelLa spectra
scored positively (PC1>0). Figure 5b (cytoplasm) shows the first loading of the PCA,
corresponding to pairwise comparison of cytoplasm of HelLa and HaCaT cells. The positive
features of loading 1 can be attributed to HeLa cells, while negative features represent HaCaT
cells. The most dominant features which differentiate the HeLa and HaCaT cells are the
positive features of lipids/phospholipids, nucleic acids, DNA/RNA, amino acids and collagen
(717-9 cm, 785 cm, 810 cm™, 850 cm™, 918 cm?, 938 cm™, 1003 cm™, 1081 cm™, 1265
cm?, 1299 cm™, 1438 cm™ and 1655-80 cm™) (table 1). Figure 5a (nucleus) shows the
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spectra corresponding to the nucleus of HeLa and HaCaT cell lines according to PC1, which
represents the most significant variance (31 %) among the data, originating from biochemical
differences in the nucleus of different cell lines. The spectra relating to the nucleus of HaCaT
scored negatively according to PC1 (PC1<0), while those of the nucleus of HelLa spectra
score positively (PC1>0). Figure 5b (nucleus) shows the first loading of the PCA,
corresponding to cytoplasm of HeLa and HaCaT cells. The positive features of the loading of
PC1 represent the differentiating biochemical features of HeLa cells, while negative features
relate to the HaCaT cells. The most dominant features which differentiate the HelLa and
HaCaT cells are the positive features of phospholipids/lipids, nucleic acids, DNA/RNA,
amino acids, proteins and collagen (717-9 cm™, 785 cm™, 850 cm™, 938 cm™, 980 cm™, 1003
cm?, 1029 cm?, 1094 cm™?, 1249 cmt, 1335 cm?, 1448-9 cm™ and 1656-80 cm™) (table 1).
On the other hand, the dominant negative features include those of lipids, guanine, cytosine,

adenine and dipeptides (1167 cm™, 1184 cm™ and 1587 cm™).

Figure 5a (nucleolus) shows the spectra corresponding to the nucleolus of HeLa and HaCaT
cell lines according to PC1, which represent the most significant variance (35 %) among the
data, originating from biochemical differences in nucleolus. The spectra relating to the
nucleolus of HaCaT scored negatively (PC1<0), while nucleolus of HelLa spectra scored
positively according to PC1 (PC1>0). Figure 5b (nucleolus) shows the first loading of the
PCA, corresponding to nucleolus of HelLa and HaCaT cells. The positive features of the
loading of PC1 can be related to HeLa cells, while negative features relate to the HaCaT
cells. The most prominent loadings which differentiate the HeLa and HaCaT cells are the
positive features of phospholipids/lipids, nucleic acid, DNA/RNA, proteins, Guanine,
collagen and protein (717-9 cm™, 785 cm™, 980 cm™, 1094 cm?, 1315 cm®, 1335 cm?

1448-9 cm?, 1575 cm™ and 1660 cm™) (table 1).
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Figure 5. Scatter plots (a) and first loadings of PCA (b) corresponding to comparison of cytoplasm,
nucleus and nucleolus of HaCaT and HeLa cells on 3D culture (Collagen). The ‘0’ line is indicated
with black dashes. Band positions corresponding to dominant features of the PC1 are provided on the

loadings.

3.4 Comparison between CaF2 and Collagen

A comparison between the spectra of cells grown on CaF. and 3D culture (Collagen) was

performed (see supplementary materials); scatter plots and the loadings of the first PC

21



corresponding to cytoplasm, nucleus and nucleolus of HeLa and HaCaT cells are provided in

figures 6 and 7, respectively.

Figure 6 is a representation of the scatter plots obtained from the pairwise comparison of
different cellular regions of HelLa cells grown on CaF, and Collagen substrates. Notably, for
all cellular regions, HeLa cells show little or no discrimination between 3D culture

(Collagen) and CaF in the scatter plots of PCA (Fig. 6 a-c).
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Figure 6. Scatter plots of PCA corresponding to comparison of cytoplasm (a), nucleus (b) and
nucleolus (c) of HeLa cells grown on CaF; and 3D culture Collagen substrate. The black dashes are
used to indicate the ‘0’ line.

Figure 7 is a representation of the plots obtained from pairwise comparison of cytoplasm,
nucleus and nucleolus of HaCaT cells grown on different substrates. In contrast to the results
from HeLa cells, clear discrimination is observed between 3D culture (Collagen) and CaFz in
the scatter plots of PCA for each subcellular region (Fig. 7). The scatter plots of PCA and
data sets relating to the different cell lines are colour coded, blue for HaCaT cells grown on
CaF; and red for HaCaT cells grown in collagen. The spectra relating to cells on CaF;
predominantly scored negatively according to PC1 (PC1<0), while those cells in Collagen
scored positively (PC1>0). Figure 7(a) (cytoplasm) shows the spectra corresponding to the
cytoplasm of HaCaT cells on CaF, and HaCaT cells in collagen according to PC1, which
represent the most significant variance (51 %) among the data, originating from biochemical
differences in the cytoplasm of the cells grown on different substrates. Figure 7b (cytoplasm)
shows the loading of the first PC, corresponding to cytoplasm of HaCaT cells grown on CaF:
and HaCaT cells grown in Collagen. The dominant negative features include those of
phospholipids/lipids, nucleic acid, DNA/RNA and amino acid (717 cm™, 785 cm™, 1003 cm™*
and 1094 cm™) (table 1). Figure 7a (nucleus) compares the spectra corresponding to the
nucleus of HaCaT cells grown on CaF., and HaCaT cells grown in Collagen according to
PC1, which represents the most significant variance (52 %) among the data, originating from
biochemical differences in nucleus of different substrates. Figure 7b (nucleus) shows the
loading of the first PC, which differentiates the nucleus of HaCaT cells grown on CaF> and
HaCaT cells grown in collagen. The predominant features, which differentiate the HaCaT
cells grown on CaF, and HaCaT cells grown in Collagen, are identified as lipids in the

positive loadings (1438 cm™), while the dominant negative features include those of
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phospholipids/lipids, nucleic acid, DNA/RNA and amino acids (717-9 cm, 785 cm™, 1003
cm™ and 1094 cm™) (table 1). Figure 7a (nucleolus) shows the spectra corresponding to the
nucleolus of HaCaT cells grown on CaF, and on Collagen according to PC1, which
represents the most significant variance (63 %) among the data. Figure 7b (nucleolus) shows
the first loading of the PCA, corresponding to the nucleoli of HaCaT cell grown on CaF; and
HaCaT cells grown in collagen. The negative features of the loading are dominated by
HaCaT cells grown on CaF- related bands, while positive features relate to the HaCaT cells
grown in Collagen. The predominant differentiating features are observed as the positive
features of lipids at 1438 cm™ and the negative features of phospholipids/lipids, nucleic acid,
DNA/RNA, amino acids (717-9 cm™, 785 cm®, 1003 cm™, 1094 cm™ and 1575 cm™) (table

1).
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Figure 7. Scatter plots and first loadings of PCA corresponding to comparison of cytoplasm,
nucleus and nucleolus of HaCaT cells on CaF2 and 3D culture Collagen substrate. The ‘0’

line is indicated with black dashes.

4. Discussion

3D culture better mimics the extracellular conditions encountered by cells in their native

environment and can facilitate the acquisition of accurate information on cell differentiation,

migration and cell homeostasis [5, 36]. 3D cell culture has the architectural structure to
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mimic the in vivo extra cellular matrix (ECM) and aims to produce cultures which possess the
phenotype and functional characteristics of their in vivo counterparts, resulting in a more
realistic biological response in vitro [3]. New models such as Collagen and more complex
multicomponent systems such as Matrigel have been developed to provide an ECM to grow
the cells in vitro [7, 37]. However, a number of studies have shown that there can be
modifications to the cell composition, metabolism and also phenotype when the cells are

grown in ECM compared to 2D culture [38, 39].

The translation from 2D culture to 3D culture has been seen to influence cell cycle by
inducing an interruption at the S-phase of cell cycle, as evidenced by flow cytometric
analysis of cell cycle phase transitions using a Propidium lodide stain for the DNA content
[10]. Notably, in comparison to cells grown in a conventional 2D environment (Polystyrene),
significant differences in the cell cycle profile of both cell lines was observed on the CaF2
substrate, manifest as significantly higher cell numbers in the GO/G1 phase, and
correspondingly lower numbers in the S and G2/M phases, particularly for the case of HaCaT
cells. A different trend is observed for the Collagen substrates, although to a lesser extent,
and therefore there is a greater similarity of the profiles of the conventional polystyrene Petri
dish and 3D collagen environment, particularly for the HaCaT cell line. Comparing the cell
cycle profiles of the two cell lines, the differences between the 2D CaF, and collagen

environment are more pronounced for the HaCaT cell line.

In this study, we used two different types of cell lines which represent normal and cancer
cells models, and are among the most commonly used human cell lines in scientific research.
The PCA of data collected in this work demonstrates a clear separation and they do not show
high variances. In all cases, the cellular samples are mixed populations, and microscopically,
the different phases of the cell cycle are not discernible. The Raman microspectroscopic

profiling of the subcellular regions is of random cell selections within the population. In the
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case where the subcellular regions of the cells are not mutually differentiated, as is the case
for example for the comparison of cell lines on either CaF2 or collagen substrates (Fig. 3 and
5), or HeLa cells on CaF, compared to collagen (Fig. 6), pairwise PCA simply identifies the
variance within the combined dataset, and the PC loading represents that variance. Although
some differences in cell cycle profile are evident in Fig 1a, b, as discussed in “Cell cycle
analysis for HeLa and HaCaT cell lines on different substrates” section, these differences are
not apparent in the comparison of the spectral profiles of the subcellular regions, indicating
that it is difficult to directly correlate such differences in cell cycle profile with the

spectroscopic profiles.

Spectroscopically, HaCaT cells grown on the CaF. and collagen environments are best
differentiated in all subcellular regions, as shown in figure 7. Notably, comparing the cell
cycle profiles for the two different substrates in figure 1a, it can be seen that the most
significant differences are the relative populations in the GO/G1, and in the G2/M phases. The
loadings of the differentiating PCs in figure 7 indicate distinctive nucleic acid contributions
for all subcellular regions, particularly that at 785 cm™, assigned to ring breathing modes of
the DNA/RNA bases, as well as backbone O-P-O stretching of RNA. Notably, in all cases,
these present as positive bands for cells grown on CaF», and a similar differentiating profile is
observed for the nucleoli of HaCaT cells compared to HelLa, on CaF.. This feature, and the
doublet of features at 785cm™ and 810 cm™ observed in the differentiating loading for
cytoplasm of HaCaT vs HeLa cells grown on CaF> (Fig. 3), have previously been observed in
studies of oxidative stress in nanoparticle exposed cell cultures, and may be related to non-
coding RNA formation as a result of reactive oxygen species generation [22]. This band has
also been seen to be prominent in the study of the subcellular interactions of the

chemotherapeutic agent, doxorubicin, particularly in the cell nucleus and nucleolus [40]. The
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spectroscopic differentiation reveals therefore signatures of cellular stress, which are not

evident in the 3D cell culture environment.

CaF is a microcrystalline material, which in itself renders it as an ideal substrate for either
infrared or Raman spectroscopy, as any intrinsic vibrational modes are low frequency, below
the fingerprint regions of biological interest (<500cm™) [41]. It is generally considered
biocompatible, and therefore optimal for Raman microscopic profiling of cells [26].
However, the cell cycle profiles of figures 1a and 1b clearly show that the cell populations
are significantly perturbed by the crystalline substrate. In contract, the cell cycle profiles of
the conventional 2D polystyrene Petri dish and 3D collagen substrates are comparable, at
least for HaCaT cells. For HelLa cells, in contrast, there is a significant difference between the

cell cycle profiles on the conventional 2D and 3D substrates [10].

5. Conclusion

The study demonstrates that the cell culture environment can considerably influence the cell
cycle profile, and therefore the diversity of biochemical profiles of individual cells within a
mixed cell population, depending on substrate and also cell type. Using Raman
microspectroscopy, these differences manifest as spectroscopic markers of cellular stress
which are particularly prominent in cells on CaF, substrates, widely used for Raman analysis.
The study therefore flags a potentially important consideration for applications of Raman
spectroscopy for cellular analysis, particularly of external factors such as anti cancer agents

whose mode of action are understood to be cell cycle specific [42].

In contrast, the ECM mimicking material, Collagen is seen to be an ideal substrate for Raman

spectroscopic measurements it absorbs the cell culture medium, facilitating a pro-longed
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viability of cultured cells, even on glass substrates, and when compared to CaF», it is
minimally disruptive to the cell cycle profile, as measured against cells grown on

conventional polystyrene Petri dish substrates.

As a substrate for Raman microscopy, due to its low density, collagen has minimal
contribution to the spectral background. The underlying glass substrate has similarly
negligible contribution and, in immersion, the background is that of the medium, dominated
by water, facilitating spectral pre-processing. Preparation time is low and the Collagen option
is therefore significantly lower cost when compared to standard Raman substrates

strengthening its potential.
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Supplementary Material:

Raman spectra recorded on different substrates

A good substrate for biological applications of Raman spectroscopy should have
characteristics such as an adherent surface to support the culture of cells, and the background
signal should be low to avoid masking the Raman signals from the sample. The polystyrene
of conventional Petri dishes itself has a strong Raman signatures, many of the bands of which
overlap with features of interest for analysis of cellular spectra, and thus Raman compatible
substrates such as CaF» are favoured [1]. Figure S1 shows the mean Raman spectra obtained
from 3D culture (Collagen on glass) and CaF2 substrates. The data recorded from different
substrates show that the 3D culture and CaF> yield similar spectra. No specific features from
the Collagen or the underlying glass can be seen and the ~1640 cm™ band in the CaF, and the

Collagen spectrum is that of the water [2].
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Figure S1. Comparison of Raman spectra of two substrates. Mean spectrum of Collagen and CaF; are
indicated with red and black, respectively. The dashed circle highlights the characteristic contribution
of water at ~1640 cm™™.
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