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ABSTRACT: extracellular matrices interface with cells to promote cell growth and tissue development.
Given this critical role matrix mimetics are introduced to enable biomedical materials ranging from
tissue engineering scaffolds and tumour models to organoids for drug screening and implant surface
coatings. Traditional microscopy methods are used to evaluate such materials in their ability to support
exploitable cell responses, which are expressed in changes in cell proliferation rates and morphology.
However, the physical imaging methods do not capture the chemistry of cells at cell-matrix interfaces.
Herein we report hyperspectral imaging to map the chemistry of human primary and embryonic stem
cells grown on matrix materials, both native and artificial. We provide the statistical analysis of changes
in lipid and protein content of the cells obtained from infra-red spectral maps to conclude matrix
morphologies as a major determinant of biochemical cell responses. The study demonstrates an effective

methodology for evaluating bespoke matrix materials directly at cell-matrix interfaces.

KEYWORDS: embryonic stem cells, spectral imaging, extracellular matrices, biomaterials, tissue
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1. INTRODUCTION

Cell-matrix interfaces define the success of biomedical applications ranging from tissue engineering,
scarring and tumour models to organoids for drug screening.!* Cell responses to extracellular matrix
(ECM) materials that provide such interfaces constitute performance metrics essential for the
commercialisation of novel cell-based products. Cell imaging is a major source of information to
evaluate both the materials and interfaces. Up to date, various imaging modalities have been used to
characterise the physical behaviour of cells across length scales. Light microscopy helps investigate
changes in cell morphology and proliferation,* electron microscopy proves indispensable for elucidating
subcellular organisation,’ and atomic force microscopy (AFM) provides important insights into cell
topography.® However, none of these established approaches can reveal chemical information. To
address this shortcoming, analytical methods, which otherwise are developed to assess molecular
composition, are being reimagined into imaging capabilities. Mass spectrometry and atom probe
tomography, infrared (IR) and Raman spectroscopies become common tools to image cells and their

components, prompting the introduction of chemical imaging modalities to assign molecular spectra to



cells in a spatially localised manner.”!® In this endeavour, much interest focuses on the intracellular
distribution of drugs and metabolites. Molecules exhibiting chemistries, which are not normally present
in cells, e.g., unique atoms such as halogens, are favoured. Since this requirement is not always possible
chemical imaging employs labelling strategies, e.g., the use of isotopes.’ Irrespective of the approach
used, significant progress has been made in generating spectral or chemical maps of individual cells on
surfaces and in suspension enriching information content of drug uptake at intracellular interfaces.!’°
By marked contrast, the evaluation of cell responses at extracellular material interfaces remains in
infancy.

Connective tissues require ECM substrates, which support cell signalling, growth, and motility. Given
the importance of such substrates for tissue formation and repair, a variety of bioinspired ECM mimetics
has been developed. Such materials provide physicochemical cues to cell development by interfacing
with cell receptors and cytoplasmic projections.?! Cells respond with changes in morphology and
proliferation rates, which can be monitored using physical imaging modalities. However, the impact of
ECM materials on the biochemical composition of cells they interface with has yet to be shown. Here
we bridge this gap by generating and cross-comparing IR spectral maps of human primary and stem
cells seeded on native and synthetic ECMs.

2. EXPERIMENTAL SECTION

2.1. ECM mimetic materials

ECM mimetics used in the study were prepared as described elsewhere.?*>* Collagen and vitronectin
(Invitrogen) and were prepared as per the supplier’s protocols.

2.2.  SR-IR microspectroscopy

ECM-cell and control samples were imaged at the SR-IR beamline 22 of Diamond Light Source —
Multimode InfraRed Imaging And Microspectroscopy (MIRIAM) — using a Hyperion 3000 IR
microscope coupled with a Vertex 80V in vacuum interferometers (Bruker UK) to acquire IR maps in
scanning mode. Spectral and optical features of the beam can accessed directly from the beamline
performance description at: https://www.diamond.ac.uk/Instruments/Soft-Condensed-
Matter/B22/specs.html, and as described elsewhere.?®?’ 36x magnification objective/condenser optics

either in transmission or transflectance modes via a high sensitivity MCT detector 50 pm pitch size were
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used.?® Routine measurement conditions were 80 kHz scanner acquisition rate, coadding typically 256
scans (equivalent to 35 sec spectral acquisition per point), and microscope slits set to 10-15 um at the
sample plane by view-through slit blades in an outcoming beam path (i.e., quasi-confocal). Spectra were
collected using a 10 x 10 um? aperture, with a spatial resolution of 4 cm™. The oversampling of IR
mapping was set to ca. 2 times to achieve the best quality of hyperspectral images. Background
measurements were taken from Uncoated UV graded CaF; slides (26 x 22 x 0.5 mm) (Crystan Ltd,
UK). All measurements were conducted in transmission mode.

2.3. Pre-processing

Subsequent processing of FTIR spectra involved several steps, with OPUS software (OPUS 7.8, Bruker
Optics) utilized for baseline correction and normalization (Standard Normal Variate — SNV) and
smoothing. Spectra were cropped to specific regions of interest, including 2740-3000 cm™ (lipid
region) and 1510 cm'-1700 cm™ (protein region). SNV normalization was applied after baseline
correction to eliminate sample thickness effects and baseline offsets.

Principal Component Analysis (PCA) was performed as an unsupervised analysis to reduce the
dimensionality of microFTIR spectral vectors. This process generated principal components which were
calculated from the covariance of the datasets. PCA identified differences within the data sets, and PC
scores were used to plot variance on a 2D axis. The position of the score on the axis represented the
relative position of variance compared to other plots of variance.

2.4. Statistical analysis

Statistical analysis was used to compare chemical differences in cells on different substrates. Individual
cells in populations of 50-100 cells were imaged and analysed per sample substrate, with each substrate
done in triplicate for every condition used. IR signals were correlated using Pearson’s correlation and
significances and p-values were extracted

(https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.pearsonr.html). The Pearson

correlation coefficient and p values were utilized for testing non-correlation, and the Pearson correlation
coefficient was used to gauge linear connections between two datasets. The coefficient, ranging from -
1 to +1, denotes the strength of the relationship. Positive values denote corresponding increases, while

negative values indicate proportional decreases. All analysis was performed using R Statistical Software
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(www.r-project.org). Initial IR signals were subsets to lipid (1700-1500 cm™) and protein (3000-2800
cm™') regions. Subsequent sum-normalization was applied to each window. To enhance data quality,
aberrant wavelengths were filtered out using the mvOutlier package, while the mdatools package was
used to extract the first two principal components, which underwent scaling and centering of the IR
windows. The non-linear Iterative partial least squares method, known for its resilience to missing data,
was employed for this purpose. IR signal relationships were determined through Pearson’s correlation,
with significance metrics and p values. Figure 4 visualizes the PCA of the IR spectra, with each cluster's
bounding ellipse determined by Hotelling's T2. This method, rooted in the chi-square test, delineates
the 95% confidence boundary.

2.5. Cell culture and seeding

Human dermal fibroblasts (hDFs) were purchased from Invitrogen. Human embryonic stem cells
(hESCs), H7 (WAO7) and H14 (WA14) were originally established in the laboratory of James
Thomson.?® Early passage sublines of H7 (H7.s14) and H14 (H14.s9) used in this study were established
and maintained in the Centre for Stem Cell Biology.?’ Cell stocks of both sublines H7.s14 and H14.s9,
were characterised as karyotypically normal (based on 30 metaphases analysed by G-banding of cell
banks prior to experiments) and did not possess the commonly gained 20q11.21 copy number variant
(as determined by Fluorescent In Situ Hybridisation). H7.s14 and H14.s9 cells were used within 20
passages. The hDFs were maintained in Medium 106 supplemented with low serum growth supplement
(2% v/v) and antibiotics (10 pg/mL gentamicin; 0.25 ug/mL amphotericin B) in 25 cm? culture flasks.
The medium was then switched to the medium (Medium 106) supplemented with low serum growth
supplement (5% v/v) for the long-term evaluations (proliferation).

Human ESCs were cultured on flasks coated with 5 pg/ml of vitronectin (Life Technologies) diluted in
Dulbecco’s phosphate buffered saline and maintained in essential 8 medium (Life Technologies). The
cells were incubated at 37 °C, 5% COz and 95% air humidity. At 70-80% confluency cells were washed
with phosphate buffered saline (PBS) to remove the unattached cells and then adhered cells were
trypsinized (trypsin/ethylenediaminetetraacetic acid 0.025:0.01%) followed by trypsin neutralizer (all
from Invitrogen, UK). The harvested cells were seeded for subsequent cellular analysis. To evaluate

initial cell attachment and spreading, well-separated cells (zero cell-cell contact) were seeded on the



glass substrates coated at a low seeding density of 1x10% in a serum-free essential 8 medium. For cell
attachment (first hours) cells were seeded at a density of 4x10° in the serum-free medium on substrates
(sterile 96 well plates) coated with 50 pL. of ECM, collagen or vitronectin (0.4-0.5 g/L). The medium
was then switched to the medium used supplemented with low serum growth supplement (5% v/v) for
the long-term evaluations (proliferation) non-differentiating conditions, and with low serum growth
supplement (5% v/v) together with retinoic acid (10 uM) for differentiating conditions. Conditioned
media was prepared using Dulbecco’s modified eagle medium + F12 supplemented with serum (10%,
v/v), FGF (1:1000 dilution), ROCK kinase inhibitor (Y-27632), with amino acids.

2.6. Cell-matrix samples

All the samples were prepared following our published protocols.?*>> ECMs were assembled overnight
in 10 mM phosphate or 3-(N-morpholino) propanesulfonic acid buffers (pH 7.4, 100 uM total peptide
or protein) and then deposited onto CaF. windows, which are transparent in the infrared region and were
used for SI-IR and AFM. The windows and blotting filter paper were pre-sterilised by UV over 20 min.
Similarly, assembled ECMs were deposited (5-10 puL) on glow discharged (30 sec) Quantifoil R2/2 gold
grids (200 mesh) for TEM, pre-sterilised by UK over 20 min. The excess buffer was removed using
blotting filter paper, and the substrates were used straight away without drying. Cells were added to the
substrates, the cell media was exchanged after 30 min and the cell-matrix substrates were incubated
over 24 hours at 37°C (or defined time points if stated otherwise). The media was then removed, the
samples were fixed over 30 min using 4% formalin solution in PBS for SR-IR and AFM and over 15
min using 5% glutaraldehyde solution in 10 mM phosphate buffer for TEM, followed by washing (3x)
with the buffer, distilled water and drying prior to the analysis. Each sample was prepared in triplicate.
ECM substrates without cells were used as blank, control samples. Uncoated CaF: substrates were used
as negative controls during culturing cells.

The spectra and heatmaps presented are raw data without the removal of the matrix protein content. The
subtraction of the matrix contributions (substrates without cells) from the cell spectra was not deemed
appropriate, while no differences in SR-IR maps could be ascertained in protein content in samples

before and after the subtraction (not shown). Considering the imaging set up, the cells cover the



matrices, making them indistinguishable for imaging, and may produce their own collagen over time
increasing protein content.

2.7. Transmission electron and atomic force microscopy

Cell-matrix samples were prepared as above. Staining was performed using phosphotungstic acid (aq.
2%) over 5 min. The excess stain was removed by blotting. Electron micrographs were recorded in a
Tecnai T20 twin lens scanning transmission electron microscope (FEI Co.) at 200 kV, using a
proprietary FEI Eagle 4k x 4k CCD camera and were analyzed using Fiji analysis software. AFM images
(height) were obtained at MIRIAM B22 beamline using a Nanonic Nanonics MV1000 AFM and Au

coated silicon cantilever (BudgetSensors).30

AFM images were processed via line-by-line subtraction
of first-order fits to the background using Gwyddion.

2.8. Fluorescence imaging

Imaging was performed using fluorescently labelled antibodies (from Abcam and Invitrogen). For (I)
in Figures 5C and S35, cells were fixed using 4% paraformaldehyde (PFA) and blocked using 10% FCS
in PBS. Anti-SSEA3 IgM antibodies (rat) targeting stage specific embryonic antigen 3 (SSEA3) were
then added to the cell samples at 1:10 dilution and the samples were incubated for 1 hr. The cells were
washed (4x) with PBS (used in all subsequent washing steps) and secondary antibodies (anti-rat IgM-
Dylight-549, 1:100 dilution) were added to the samples followed by the incubation over 1 hr. The cells
were then washed (4x), permeabilised using 0.1% Triton X and washed again. Anti-OCT4 monoclonal
antibodies (rabbit) were then added at 1:100 dilution and the samples were incubated over 1 hr. The
cells were washed (4x) and secondary antibodies (rabbit, anti-IgG) labelled with DyLight™ 488 (anti-
rabbit, 1:100 dilution) were added for 1 hr, followed by the addition of Hoechst 33342 at 1:1000 dilution.
The cells were washed (4x) and ProLong™ Gold (Thermo Fisher, UK) was added to preserve the
florescence for imaging using a confocal laser scanning microscope IX81 (Olympus, UK), and an InCell
analyzer 1000 (GE Healthcare).

For (IT) in Figures 5C and S35, cells were fixed with PFA, blocked with 10% FCS in PBS, permeabilised,
washed and stained using Ki67 monoclonal antibodies (rabbit, 1:100 dilution) followed by secondary
antibodies labelled with DyLightTM 488 (anti-rabbit, 1:100 dilution), and Hoechst 33342 (1:1000

dilution). The cells were then washed (4x) and ProLong™ Gold (Thermo Fisher, UK) was added to



preserve the florescence for imaging using a confocal laser scanning microscope IX81 (Olympus, UK),
and an InCell analyzer 1000 (GE Healthcare, UK). For (III) in Figures 5C and S5, cells were fixed with
PFA, blocked with 10% FCS in PBS, permeabilised, washed and stained using anti-pFAK phospho-
Y397 (rabbit) followed by secondary antibodies labelled with DyLight™ 488 (anti-rabbit, 1:100
dilution) or high affinity F-actin probe (phalloidin B7474), followed by Hoechst 33342 (1:1000
dilution). The cells were then washed (4x) and ProLong™ Gold (Thermo Fisher, UK) was added to
preserve the florescence for imaging using a confocal laser scanning microscope IX81 (Olympus, UK),
and an InCell analyzer 1000 (GE Healthcare, UK).

3. RESULTS AND DISCUSSION

3.1. Experimental design

Changes in the biochemical composition of single cells that can be detected by IR in a given population
or between different populations or different cell types may relate to their dynamic heterogeneity or
different growth stages, but largely appear to be similar.?% 31-3? Partly, this is because spectral data is
complex and requires multivariate analysis methods such as the PCA, and partly because same matrix
types of same morphologies, typically collagens, are used as substrates for cell attachment and growth,
or no substrates used at all, which excluded the impact of matrix interfaces in cell development.!®-20-31-
3% Therefore, the aim of this study becomes three-fold. First, it is to obtain hyperspectral IR maps of
human primary and stem cells grown on a range of different ECMs. Second, it is to reveal biochemical
responses of the cells to these ECMs, focusing on comparative changes in total protein and lipid content
in single cells in independent samples of up to 100 cells for each matrix and condition used. Third, it is
to statistically cross-compare such responses using the PCA and to reveal probable differences in the
responses. To enable this, a principal variation factor in cell-matrix interactions was chosen to be the
morphology of the ECMs. Synthetic ECMs of de novo design, with varied fibrillar microstructure and
composition, were used.??>> None of these ECMs incorporates known biology, i.e., cell adhesion motifs
or receptor ligands, which may otherwise influence cell responses. The results of cross-comparisons are
then used to gain insights into the effect of changing biochemical composition on the proliferation of
stem cells. Thus, the overall rationale of the study is to understand if the cells change their chemical

composition significantly and comparatively in response to different matrix morphologies, if these



changes could be monitored by chemical imaging and how they translate into basic cell functions, such
as proliferation.

The study employs IR spectroscopic imaging which allows for correlation between Fourier transform
infrared (FTIR) microspectra and optical micrographs to map the biochemical composition of single
cells. -3¢ Referred to as microspectroscopy, the approach utilises changes in the IR-active vibrational
modes of molecules to measure molecular content and spatial distribution across large sample areas at
the microscopic scale without labelling.>”*** When coupled with synchrotron radiation (SR), this mode

of imaging reaches high spatial resolution and high signal-to-noise ratios to enable chemical single-cell

analyses.’®%
A
Detector
Objective
DIAMOND LIGHT SOURCE
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Figure 1. Experimental design. (A) SR-IR microspectroscopy. A schematic representation of IR imaging
developed at Diamond Light Source (Beamline B22). Adapted with permission from?’” © Optical Society of
America. (B) Electron (M1, M2, M4 and C1) and optical (M3) micrographs of the ECM materials used in the

study. Two micrographs given for M2 demonstrte the morphological heterogeneity of the material.

In this study, we probe the biochemical responses of hDFs and hESCs to ECM substrates, native and
synthetic, using SR-IR microspectroscopy established at Diamond Light Source (beamline B22). Figure
1A shows the SR-IR set up used in the study.

3.2. ECM mimetic materials



ECM mimetics used in the study are nano-to-microscopic fibrous materials self-assembled from de novo
polypeptide sequences, which are dubbed mimetics 1-4 (M1-M4) (Table 1). Previously we have shown
that such mimetics effectively promoted cell proliferation and exhibited bacteriostatic effects thereby
supporting differential biological responses.’*? This study cross-compares compositional changes in
cells grown on M1-M4 and on collagen type I (C1), which is a native ECM, and which was used as a
control substrate for the study (Table 1, Figure 1B). All these materials, M1-M4 and Cl1, are fibrous
products of protein self-assembly; that is, chemically equivalent, but are different from one another in
morphology; that is, physically distinct. We reason here that cells should tailor their biochemical
composition in response to matrix morphologies rather than chemistries. To directly probe cell
responses at the cell-matrix interfaces without the complexity of bulk properties such as gelation, cell

encapsulation and tensile strength, cell attachment experiments were used.

Table 1. ECM materials used in the study.

Name* primary secondary
structure structure
M1 KIAALKQKIAALKQKIAALKKEIAALEYEIAALEQEIAALEQ a-helix
M2 KIAALKQKIAALKKEIAALEYEIAALEQ a-helix
M3 cyclo(EIAALEGGGEIAALEQEIAALEYKIAALKGGGKIAALKQKIAALKQ) a-helix
M4 Ci13-CGCQLR-am B-sheet
C1 collagen type I PPII helix

*M — artificial mimetic matrices, C — native collagen matrix

3.3. IR hyperspectral mapping of human primary cells

All the ECM substrates used supported cell adhesion and proliferation, consistent with previous reports.
By contrast, the cells were not viable on uncoated CaF; windows used for mounting samples. No cell
attachement was observed indicating that the ECM substrates are necessary for cell support. Optical
microscopy was used to locate and image cells focusing on the centre and periphery of individual cells
(Figures 2A & S1). As gauged by transmission electron microscopy (TEM) and atomic force
microscopy (AFM), the cells effectively covered the matrices they were grown upon (Figure S2).
Protein content of cells proved to be higher than that in the matrices per unit area. Cells also tend to re-
arrange the matrix they grow on and shed their own collagen concentrating at the edges of the cells,
which is particularly characteristic of fibroblasts, stromal and stem cells (Figure S2).***5 This was

evident by comparing the obtained spectral heatmaps for lipid and protein content. In the same images,
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the areas with no cells present (blue) show similar or more content for protein maps when compared to

that for lipid maps, but never the other way around (Figures 2A & S1).
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Figure 2. Spectral mapping of human dermal fibroblasts at cell-matrix interfaces. (A) Representative optical
micrographs (uncolored) of hDFs, a single cell (upper) and a population (lower), grown over three days on CaF,
windows coated with M 1. (B) A representative FT-IR spectrum of (A, upper). (C) SR-IR maps (colored) of hDFs
correlated with and superimposed on the optical micrographs from (A), showing lipid and protein contents. The
rainbow scale changes from blue (no content) to white (saturated content). Numerical values refer to the
integrated absorption band as relative, arrbitrary units, and within the spatial coordinates of the optical
micrographs. (D) Spectral heat maps showing correlations in lipid and protein contents for hDFs seeded on
different matrices. The rainbow scale represents the Pearson correlation co-efficient and changes from blue
(negative correlation) to red (strong positive correlation). Yellow pixels indicating slight positive and negative
correlations closed to zero are labelled “+” and “-“ in the heatmaps to distingusih them from zero pixels whch

remained unlabelled.

FT-IR spectra revealed fingerprint bands for lipids, O-H, N-H and C-H stretching at 3050-2800 cm’!,

and proteins, C=0 stretching (amide I), N-H bending (amide IT) at 1700-1100 cm™!. Specific bands could
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be identified for methyl-methylene groups of aliphatic regions in lipids and proteins (1454 cm™), COO-
stretching vibrations of amino-acid chains (1396 cm™!), P=0 asymmetrical and symmetrical stretching
vibrations for phosphodiester groups (1238 cm™!' and 1080 cm™!), C-O stretching vibrations coupled
with C-O bending of the C-OH groups of carbohydrates (1030 cm™!), ribose phosphates (986-992 cm ™),
and the stretching vibration of DNA backbone (966 cm ™) (Figure 2B).

For all the matrices, the lipid content, as gauged by the integration of CH; and CH3 stretching vibrations
(2970-2840 cm™!), was smaller and more localised than the protein content characterised by amide I
and II bands (1510-1700 cm™!) (Figure 2B). Consistent with earlier observations,* the lipid content was
more appreciable in perinuclear regions suggesting the presence of lipid-rich organelles, e.g., the
endoplasmic reticulum (Figure 2C). Lower, but apparent lipid signals in the periphery of the cell may
be attributed to other lipid-rich organelles, e.g., mitocondria. According to the principal component
analysis (PCA), no statistically significant differences in lipid content could be ascertained for the cells
seeded on M2, M3 and C1 (Figure 2D). Significant differences were found between these three matrices
and M1 and M4, but not between M1 and M4. This is intriguing as M1 and M2 have the same amino-
acid compositions, and are chemically identical to M3, while M4 is the only matrix incorporating a lipid
group in its primary structure (Table 1). The differences observed in the lipid content are likely to relate
to differences in matrix morphologies. Indeed, M1 and M4 tend to form denser, carpet-like matrices of
smaller and thinner fibres, whereas M2, M3 and C1 are more heterogeneous materials comprising
thicker fibres that can extend microns in length. By comparison, the protein content of the cells varied
more significantly between the matrices (Figure 2D). Statistically notable differences were observed
between M1 and the other matrices, except between M1 and M2. Less significant positive correlations
were observed between these matrices. Cells on M2, M3, M4 and CI1 proved to give statistically
comparable levels of protein content, with no correlations observed. Negative correlations between cells
grown on M2 and M4 provided an exception, and were more significant. In contrast to all, C1 and M3,
which are morphologically similar matrices, showed significant positive correlations in the protein
content with the same directionality of variance, indicating that cell responses to these matrices were
significantly different from those to the other matrices, but the responses between C1 and M3 were not.

This is consistent with cell responses reported previously for C1 and M3, which featured comparable
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proliferation rates and enhanced filopodia expressions.?* * In addition, the two matrices span same
microscopic length scales by forming polygonal networks of extended and thickened fibres. M4 also
forms polygonal networks, albeit of shorter fibres, which might explain the lack of statistical differences
in protein content between cells on this matrix and those on M3 and C1. It also appeared that M1 and
M2 fibres, which do not network, promote somewhat different levels of protein expression in cells they
support. At least partly, this can be explained by that cells cultured on M1 had twice the proliferation
rate of the cells grown on M2.%* No statistically significant differences were found between M2 and M3
and M2 and C1, as opposed to significant differences between M1 and M3 or C1. This may reflect
similarly heterogenous compositions of thicker fibres in M2, M3 and C1 — a trend that mirrors that
observed for the lipid content (Figure 2D).

Collectively, the findings indicate that the chemistry of the matrices does not impact significantly on
cell responses as judged by changes in protein and lipid contents. Differences in the folding
characteristics of the matrices did not appear to give clear correlations either. Indeed, cell responses to
M1-M3, which are all a-helical by nature, were not identical. Similarly, C1, M4 and M3 which adopt
polyproline helix type II, B-sheet and a-helix conformations, respectively, gave statistically significant
differences in the lipid content, but not in the protein content.

The analysis revealed that the distinct morphologies of the matrices determine changes in the
biochemical composition of individual cells. Differences in the lipid content were less profound than
those in the protein content, suggesting that lipid synthesis is not impacted by cell-matrix interactions
to the same extent as the total protein. Given that there is four times more protein than lipid in the cell,
statistically more significant differences observed in the protein content are striking and indicate

differential cell responses to distinct matrix morphologies.

3.4. IR spectral mapping of human embryonic stem cells

The ECM materials used in this study do not incorporate specialist biology, e.g., known cell adhesion
motifs. The cell responses observed to these matrices appear as predominantly driven by differences in
matrix morphologies. The collagen matrix C1, which exhibits both fibrous morphology and endogenous
biology (i.e., cell adhesion motifs) provides an exception in this regard. Biology contributions such as

these are not critical for primary, differentiated cells but may impact on the growth of non-differentiated
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cells.*”* To help delineate biology contributions from those of matrix morphologies requires an
additional control coating: a non-fibrous, matrix protein that is able to support stem cell growth and
proliferation. Unlike the ECMs, V does not assemble, is non-fibrous, but is protein-based, i.e.,
chemically similar to the substrates, and is a native matrix protein, i.e., biologically intrinsic to support
stem cell differentiation. Unlike hDFs, hESCs are strongly dependent on adhesion to matrix proteins,
in particular vitronectin, which guides their differentiation.*’ With this in mind, we performed the same
analysis for hESCs under the same (non-differentiating) conditions using C1, as the fibrous native ECM,
M1 and M3, which were chosen to represent two most distinct morphologies of the ECM mimetics, and

vitronectin (V). Similar to hDFs, hESCs could only attach to coated CaF. windows (Figure 3A).
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Figure 3. Spectral mapping of human embryonic stem cells at cell-matrix interfaces. (A) Representative
optical micrographs (uncolored) of hESCs grown under non-differentiating conditions over three days on CaF,
windows coated with M3 (upper) and vitronectin (lower). (B) A representative FT-IR spectrum of (A, upper).
(C) SR-IR maps (colored) of hESCs correlated with and superimposed on the optical micrographs from (A),
showing lipid and protein contents. The rainbow scale changes from blue (no content) to white (saturated

content). Numerical values refer to the integrated absorption band as relative, arrbitrary units, and within the

14



spatial coordinates of the optical micrographs. (D) Spectral heat maps showing correlations in lipid and protein
contents for hESCs seeded on different matrices. The rainbow scale represents the Pearson correlation co-
efficient and changes from blue (negative correlation) to red (strong positive correlation). Yellow pixels
indicating slight positive and negative correlations closed to zero are labelled “+” and “- in the heatmaps to

distingusih them from zero pixels whch remained unlabelled.

FTIR spectra of the attached cells revealed the characteristic bands of lipid and protein (Figures 3B &
S3A). As expected, SR-IR maps indicated more protein than lipid in individual cells (Figure 3C). No
statistically significant differences in the lipid content were observed between hESCs grown on all the
ECM materials tested, but for all the content was statistically different from that for hRESCs grown on V
(Figure 3D). This is in contrast to hDFs for which significant differences in the lipid content were found
between M1 and M3, M1 and C1 (Figure 2D). Unlike for hDFs, no statistically significant differences
were found in the protein content for hESCs grown in all the coatings tested (Figure 3D). Such marked
differences between hDFs and hESCs in responses to the matrices, in particular to M1, M3 and CI,
prompted a cross-comparison analysis between these cells on the same matrices (Figures 4 & S3B).
By comparison, most significant differences between hDFs and hESCs were in the protein content for
M3, with most discriminating wavelengths corresponding to amide I regions in the spectra (Figures 4B
& S3B). PCA plots for M3 showed no significant overlaps between cluster bounding ellipses, but clear
separation within the negative and positive variability ranges (Figure 4A). For M1 some separation
between clusters could be ascertained, but strong overlaps were evident, whereas no differences could
be drawn with confidence for C1. For the lipid content, cluster overlaps for C1 and M1 were most
significant, indicating that differences in responses between the cells grown on these matrices were not
significant. C1 gave a relatively more spread cluster for hDFs, which may indicate that cell responses
were different from those of hESCs. However, the overlaps between the two cell types were most
significant for C1, whilst the spread appeared to be non-discriminating between positive or negative
values of the PCA plots (Figure 4A).

All three matrices are morphologically different (Figure 1B), while M1 and M3 are chemically
equivalent (Table 1). Since for hESCs the most significant differences, among all the matrices, were
found between M3 and V (Figure 3D), the cells grown on M3 and V under differentiating conditions

were tested.
15



A Lipid Protein
C1 M3 M1 C1 M3 M1

gy B *\
3 .}4 Lo -
o Teb® \
3 T‘, \
N o- Z'. o o ,;.,\.!\\
O - - /h oo P ¢ .'\
o \ g o . \ \
‘\_’/ ° b \.' \‘
\e/ ’\
10- |
-10= °
_20‘
-10 0 10 20 -10 0 10 20 -10 0 10 20 -20 =10 O 10 20 -20 -10 O 10 20 -20 -10 O 10 20
PC-1 PC-1
B
/ \\
/ //
\
\ //
\ j \
//"
/ \
/
3000 ' 2000 ' 2800 1700 1600 1500
Wavenumber/cm’ Wavenumber/cm’

Figure 4. Cross-comparison of human primary and embryonic stem cells at cell-matrix interfaces. (A) PCA
plots for hDFs (cyan) and hESCs (orange) grown on the matrix materials over three days. (B) Representative FT-

IR spectra of lipid and protein regions for hDFs (cyan) and hESCs (orange).

SR-IR maps of the cells grown on M3 and analysed at different time points shared no statistically
significant differences, with individual scores in the PCA clustered together (Figure SA, B). PCA
loading plots, used to identify IR regions contributing to the clustering, revealed that most variables
were in the spectral regions corresponding to lipid and protein contents. Comparatively more significant
changes appeared in the lipid content. The wavenumbers varied beyond the ranges of >0.1 and <—- 0.1,
indicating significant variations. Values in the PC1 loading reflect the expected fingerprint signals of
C-H stretching, CH3 and H-CO. The wavenumbers for the protein content remained largely within the
loading plot ranges (Figure 5B). In contrast, significant variations were observed in the biochemical
composition of the cells grown on V at different time points, which was evident in both score and
loading plots. As was the case for M3, the loading plots showed that changes in the lipid and protein

regions contributed most to the clustering observed in score plots. High positive values in the protein
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region were predominantly for amide I and II bands suggesting that a-helix and B-sheet structures
contributed most of the discriminating wavenumbers for the protein content. Variations in the lipid
content were similarly high for V.

This distinction suggests that cell responses on M3 are complete on day 1 without significant changes
in the biochemical composition over time. Further support for this came from cross-comparisons
performed under both conditions. These showed that differences between M3 and V were statistically
significant for cells grown under non-differentiating conditions, but not under differentiating conditions
(Figures 5SA, B & S3C). Variations in clustering for non-differentiating conditions could be observed,
but the differences remained statistically significant. Interestingly, contributions from the protein
content were more discriminating than those for the lipid content for both the differences under non-
differentiating conditions and the differences between differentiating and non-differentiating conditions
(Figures 5 A, B & S3C). In all cases higher values were detected for wavenumbers corresponding to
amide I bands indicating larger contributions from a-helical structures, likely actin filaments. These
values may also include contributions from cellular collagen. However, amide II (e.g., 1550 cm ™) and
amide III (e.g., 1240 cm™!) wavenumbers that typically accompany amide I bands for collagen did not

discriminate significantly (Figure 5B).
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Figure 5. hESC responses under differentiating and non-differentiating conditions. (A) Score plots and (B)
loading plots by PCA for the statistical analysis of hRESCs grown on M3 (left) and V (middle) under differentiating
conditions over time and cross-comparison of hESCs (right) grown on M3 or V over three days under
differentiating and non-differentiating conditions. (C) Fluorescence micrographs of hESCs (H7.s14) grown on V
and M3 over 3 days. Stain markers: Hoechst 33342 (blue) — nuclei (all); OCT4A (green) — stemness (I); SSEA3
(red) — stem cell surface (I); Ki67 (green) — proliferation (II); pFAK (green) — adhesion (III). (D) Cell count for
hESCs (H14.s9) grown on M3 and V over 24 hours, 3 and 5 days in different media: (a) — Essential 8™; (b) —

mTeSR™; (¢) - mTeSR™ + cholesterol; (d) — conditioned medium.

3.5. Impact of changes in biochemical composition on cell proliferation

The lipid and protein contents of hESCs grown on M3 were not statistically different for any of the
conditions and time points used and were not different from the contents of hESCs grown on V under
differentiating conditions. It should be noted that cell responses resulting in differences in biochemical

composition do not necessarily translate into changes in cell proliferation rates. Indeed, within different
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non-differentiating conditions tested each coating supported similar proliferation rates for two types of
hESCs used (Figures 5C, D, S4 & S5A). The rates were higher for the cells seeded on V than for those
on M3 over the first three days of incubation but did not increase significantly thereafter (Figures 5D &
S5B). The highest proliferation rates were observed for hESCs on M3 after longer incubations (Figures
5D & S5B). Interestingly, under differentiating conditions, both M3 and V promoted higher growth
rates when compared to those obtained under any of non-differentiating conditions (Figure 5D &S5B).
With the biochemical composition of hRESCs grown on M3 being same under any conditions used, these
findings indicate that the matrix or its morphology does not impact on the ability of hESCs to proliferate
and does not have a substantial impact on cell proliferation rates.

4. CONCLUSIONS

Extracellular matrices are postulated to support cell development and growth, mediate cell signalling
and instruct cell responses by providing niche environments. The impact of cell-matrix interactions is
largely studied using physical imaging approaches, which look into changes in proliferation rates and
cell morphologies including atypical features of cytoplasmic and nuclear organisation. The lack of detail
in the biochemical composition of the cell at cell-matrix interfaces has stimulated the development of
chemical imaging approaches, which help reveal information related to the molecular content of
individual cells, and more importantly to the relative variations of the content in response to different
matrices. Given that naturally occurring ECMs are protein-based materials; that is, chemically are nearly
identical, matrix morphology appears as the major determinant of cell responses at cell-matrix
interfaces. Notwithstanding differences in biological cues, many of which are shared between matrices
of different origins, e.g., cell adhesion motifs, matrix morphologies can vary significantly, including
shapes and dimensions of individual fibres, the extent of network or mesh formation.

In this study we obtained and applied hyperspectral infra-red imaging to map compositional changes of
cells which were seeded and grown on a range of artificial matrices (M1-M4). These matrices exhibit
similar chemistry, but lack known biological signal sequence motifs, and present distinct morphologies.
To allow comparison, collagen type I (C1) and vitronectin (V) were used as a native control ECM and
non-fibrous matrix protein, respectively. Both C1 and V are chemically similar to M1-M4, as they made

of the same proteinogenic amino acids, but support endogenous biology such as known cell adhesion
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motifs. Morphologically, C1 shares similar features with M3. The statistical analysis of hyperspectral
maps showed that cells tailor their biochemical composition protein and lipid content, in response to
matrix morphologies, in certain trends. Specifically, the responses of hDFs in protein content were most
apparent: responses to M1 and M2 — matrices formed of non-networking fibres — were significantly
different from those to C1 and M3 — matrices that do network. In the lipid content, the trend of
morphological differences appeared to reflect the fibre morphology more than that of networks.
Significantly different responses were found in the lipid content of cells grown on M3, M4 and C1,
which exhibit heterogenous, thicker, and large fibre morphologies, and the lipid content of cells grown
on M1 and M4, whose constituent fibres are thinner and shorter. The response of hESCs in the lipid and
protein content to all matrices and C1 were similar or the same, but significantly different to V, which
suggest that V does have a more apparent impact on cells than the matrices, likely in terms of
differentiation. Amongst all matrices and C1, most significant differences between the two cell types
were in the protein content for M3.

We also showed that changes in biochemical composition of the cells do not reflect their proliferation
or viability properties, with matrix morphologies having no apparent effect on proliferation rates.
However, ECMs proved to be indispensable for cell growth, for both human fibroblasts and human
embryonic stem cells. Matrices whose morphologies were similar to those of native collagen showed
similar proliferation rates with V, which is critical for the growth of embryonic stem cells. With no
significant changes observed in the biochemical composition of cells grown on such matrices beyond
the first day of incubation, the matrices are likely to promote or arrest the differentiation of the cells at
early stages. The findings provide important insights into the chemical responses of cells to their
physical extracellular environments and encourage more detailed and complementary cross-analysis
with physical imaging approaches and biochemistry assays to build up the structure-function maps of
cell behaviour thereby prompting the development of correlative imaging approaches. To this end, the
study effectively demonstrates an information-rich methodology that can be applied for evaluating
bespoke matrix materials directly at cell-matrix interfaces.

4.1. Considerations for future studies

As per the experimental design, the study focused on cell responses in 2D. Arguably, the interfacial
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cell-matrix contacts are most profound in 2D and more suitable for optical and chemical imaging given
the spatial resolution available. However, cell behaviour can be different in 3D environments.”® To date,
differences have been mostly shown to concern cell morphology, attachment and motility drawing upon
mechanical and morphological properties of extracellular matrices. In 2D, ECMs provide stiff substrates
that limit cell attachment to one plane, which results in cell multiple polarity, cell spreading and the
formation of cell monolayers. These resulting features are accessible to chemical imaging. In 3D, both
the cell behaviour and experimental designs for imaging are altogether different. ECMs in 3D provide
soft substrates (typically as hydrogels) that encourage adhesion in a much larger space, but hinder cell
spreading, polarity and monolayer formation.>! This is compounded by that cells in 3D must search and
reach out to matrix fibres to create focal adhesions by forming lamellipodial extensions, which promote
cell networking at different depths and planes, which is especially important for asymmetric cell
organisation supporting signal synchronicity as in neurons.’'? The resulting features include more
heterogenous distributions of cells per image area, which are often accompanied by spheroid formations,
more round cell morphologies, appreciable cell migration and matrix re-modelling, all of which remain
challenging for chemical imaging. Matrix behaviour is another factor to consider. In 2D, it concerns
with how the heterogeneity of matrix coverage impacts on cell responses as variations occur in matrix
morphology, e.g., M2 (Figure 1B). Given that in this study cells did not adhere without the matrices,
every cell is spatially supported by the matrix. However, to define, let alone quantify, variations of
matrix coverage under every cell using existing experimental setups for chemical imaging is not
straightforward. Therefore, attempts to make confident conclusions over spatial variations at any level
of statistical significance are deemed subject to method improvements, which favors aspirations for
future studies. In 3D, the complexity increases, but also makes correlations between the behaviour of
individual cells and matrix morphology more feasible, particularly with emerging 3D imaging set-ups.
Regardless of the application environment, however, future studies of biochemical cell responses look
into more robust developments of imaging modalities, in terms of resolution and throughput, and the
implementation of data analysis approaches, including machine learning generative models, able to
deconvolute and quantify the complex patterns of chemical changes in cell compositions. Recent

advances already demonstrate the value of enhancing chemical imaging, e.g., mid-IR photothermal
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imaging, including the application of label-free regimes and correlative approaches.*” 33->¢ However the
quantitative mapping of specific chemical changes in single cells, as opposed to comparative changes
in the total protein and lipid contents, requires method improvements which can enable the identification
of different classes of proteins and lipids, and their conformational states.
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