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Introduction

Detection of lipid efflux from foam cell models
using a label-free infrared method
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Cardiovascular diseases are still among the leading causes of mortality and morbidity worldwide. The build-
up of fatty plaques in the arteries, leading to atherosclerosis, is the most common cause of cardiovascular
diseases. The central player in atherosclerotic plaque formation is the foam cell. Foam cells are formed
when monocytes infiltrate from the blood stream into the sub-endothelial space, differentiating into macro-
phages. With the subsequent uptake and storage of lipoprotein, especially low-density lipoprotein (LDL),
they change their phenotype to lipid laden cells. Lowering circulating LDL levels, or initiating cholesterol
efflux/reverse cholesterol transport in foam cells, is one of the current clinical therapies. Prescription of the
pleiotropic drugs, statins, is the most successful therapy for the treatment and prevention of atherosclerosis.
In this study, we used a foam cell model from the macrophage cell line, RAW 246.7, and applied the label-
free Fourier Transform Infrared Spectroscopy (FTIR) method, ie. synchrotron-based microFTIR spec-
troscopy, to study the lipid efflux process initiated by statins in a dose and time dependent manner. We used
glass coverslips as substrates for IR analysis. The optical images (visible and fluorescent light) clearly identify
the localization and lipid distribution within the foam cells, and the associated changes before and after cul-
turing them with atorvastatin at concentrations of 0.6, 6 and 60 ug mL™, for a culture duration between 24
to 72 hours. MicroFTIR spectroscopic spectra uniquely displayed the reduction of lipid content, with higher
lipid efflux observed at higher doses of, and longer incubation time with, atorvastatin. Principal Component
Analysis (PCA) and t-distributed Stochastic Neighbor Embedding (t-SNE) analysis demonstrated defined
cluster separation at both lipid (3000-2800 cm™) and fingerprint (1800-1350 cm™) regions, with more
profound discrimination for the atorvastatin dose treatment than time treatment. The data indicate that
combining synchrotron-based microFTIR spectroscopy and using glass substrates for foam cells can offer
an alternative tool in atherosclerosis investigation at a molecular level, and through cell morphology.

flow to the brain; peripheral arterial disease which refers to
blockage of vessels in the limbs; and aortic disease which are

Cardiovascular disease (CVD) has been identified as the
biggest killer in the developed world, with rising incidences in
the developing world. Atherosclerosis is one of the starting
points for most CVD, and is the underlying cause of 50% of all
deaths in westernised societies.””> CVD covers a wide range of
conditions that affect the heart and blood vessels. These
include: coronary heart disease which results from the build-
up of an atherosclerotic plaque in the coronary arteries; stroke
resulting from obstructed blood supply to the brain; transient
ischaemic attacks which are temporary disruptions to blood
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conditions affecting the aorta, such as aortic aneurism.>

Atherosclerosis is characterised by the accumulation of fatty
and fibrous material beneath the intimal layer of arteries.**
This accumulation of fatty material is initiated by elevated
levels of cholesterol in the blood, which in turn leads to endo-
thelial activation and inflammation. Studies into the patho-
genesis of atherosclerosis have identified low-density lipopro-
tein (LDL) particles as the cause of atherosclerosis,” with their
accumulation into the sub-endothelial space leading to the for-
mation of atherosclerotic plaques.” Passage of LDL into the
sub-endothelial space is facilitated through endothelial LDL
receptors, specifically scavenger receptors.®

Macrophages are a key cell type in the pathogenesis of
atherosclerosis. As a result of steady lipid accumulation, the
dysfunctional endothelium, which secrets cytokines and
expresses adhesion molecules, recruits monocytes from circu-
lation and surrounding tissue.” The recruited monocytes infil-
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trate the sub-endothelial space, differentiating into macro-
phages and dendritic cell like phenotypes.® Once exposed to
atherogenic lipoproteins, macrophages become foam -cells,
which are lipid laden cells created through the excessive influx
of modified low-density lipoprotein, such as oxidized LDL
(oxLDL), as well as the accumulation of cholesterol esters.
These lipid laden foam cells then aggregate and proliferate,
further contributing to plaque progression by inducing the
release of inflammatory mediators that increase lipoprotein
retention, sustained chronic inflammation, and extracellular
matrix (ECM) modification.®°

Macrophages have one of two defined phenotypes, i.e., M1
or pro-inflammatory and M2 or anti-inflammatory. Within this
general definition, factors that affect their phenotype are depen-
dent on recruiting signals and the macrophage location, result-
ing in a spectrum of activation between M1 and M2, a collection
of which can be found within the atherosclerotic lesions.’*** A
number of factors are capable of affecting macrophage acti-
vation, and these include bacterial components, oxidatively
modified molecules, and changes in their microenvironment,
such as endoplasmic reticulum (ER) stress.'® There is still
ongoing investigation into the inflammatory phenotype of foam
cells, with data indicating complex, and also contrasting, situ-
ations with both enhanced and decreased production of pro-
inflammatory cytokines by atherogenic foam cells.*?

Statins are the most commonly used drugs for both the
treatment and prevention of atherosclerosis. They work by low-
ering circulating LDL levels through inhibition of 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA).'* The incidence of
cardiovascular disease is more inversely related to cholesterol
efflux capacity, than to high density lipoprotein (HDL)
levels."™'® Regarding foam cells, debate still remains as to the
effect statins, specifically atorvastatin, have on initiating chole-
sterol efflux/reverse cholesterol transport (RCT). Some studies
have reported an inhibitory effect of atorvastatin on foam cell
models. It was found that atorvastatin enhanced cholesterol
efflux and decreased cholesterol content in a dose dependent
manner.'”'® These data suggest that atorvastatin is able to
switch macrophages from a pro-inflammatory to an anti-
inflammatory phenotype, an observation supported by Cheng
et al.,** who noted that atorvastatin was able to modulate the
Th1/Th2 response in patients with chronic heart failure
through inhibition of Th1 cytokine production.**

The evaluation of cholesterol efflux is commonly conducted
using radioisotope labelled cholesterol that is loaded into cells
and quantified.’®! Alternatively, safer methods have been
employed, in which the stable isotope, D, cholesterol ([d,]C),
is used, but quantification involves extraction of internalised
cholesterol from lysed cells.'® To better understand the role
which statins have in initiation of cholesterol efflux/RCT, the
dose effect of statin and responding time on RCT, a non-
destructive and label free characterisation tool is required.

Ultraviolet-Visible (UV-Vis) spectroscopy has a long appli-
cation history, and is still the most widely used optical analysis
method for molecular chemicals. A rapid and non-destructive
UV-Vis application, Diffuse Reflectance Spectroscopy (DRS) has
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been applied in qualitative and quantitative analysis with rela-
tively high resolution and low cost, where the UV radiation can
only be absorbed by valence electron functional groups with
very low excitation energy.?*>* Consequently, UV-Vis has made
more contributions the fields to geology and chemistry in the
past few decades. At the level of macromolecule analysis,
Fourier-transform infrared (FTIR) and Raman spectroscopies
have both great accuracy and specificity, and show a comp-
lementary vibrational spectrum in most cases.>* The common
advantage of FTIR and Raman spectroscopies is their label-
free feature. The ease of use, lower maintenance, and higher
sensitivity make FTIR spectroscopy more worthwhile for anhy-
drous specimens.>®

Synchrotron radiation covers wavelengths from the range of
far infrared to X-ray, and can provide a diffraction limited
source with unique broadband-ness in comparison to conven-
tional laboratory sources. Thus, application of synchrotron
radiation for FTIR microspectroscopy as a diffraction limited
source endorsed with high brilliance (i.e., more than two
orders higher than thermal ones),”>*” enables the observation
of micrometer scale features with a spectral quality across the
whole IR range, which is prevented by the use of conventional
sources. Recent studies have proven the benefits of using syn-
chrotron based FTIR on biological and clinical microsamples,
where multiple spectra are generated accurately with a high
spatial resolution, while simultaneously having no issue of
radiation damage.?®°

In this work, we used synchrotron-based microFTIR spec-
troscopy at Diamond Light Source MIRIAM beamline B22 to
study foam cell models, through activation of macrophages via
intake of LDL.*"*> The effect of atorvastatin on the efflux of
LDL has been investigated using this label-free method at a
single cell level. This study demonstrates atorvastatin’s ability
to initiate reverse cholesterol transport in a dose dependent
manner, resulting in reduced amounts of internalised chole-
sterol, and reduced nitric oxide (NO) production in activated
macrophages. Through the use of the synchrotron microFTIR
spectroscopy, we probed differences in activation states of
macrophages under the influence of atorvastatin, also in a
dose or reaction time dependent manner. Furthermore, we
used glass coverslips as sampling substrate,*® instead of con-
ventional IR window materials. The combination of a label-
free method, in this case synchrotron-based microFTIR spec-
troscopy, and with a commercially economical substrate can
become a new tool in atherosclerosis investigation at a single
cell level.

Materials and methods

RAW264.7 cell culture and biochemical analysis

Murine macrophage cell line, RAW264.7 (ATCC), was induced
into M1 phenotype by treatment with 100 ng mL™' LPS
(Merck) and 100 ng mL~" IFN-y (Peprotech), followed by stimu-
lation with 100 pg mL~" LDL (2Bscientific) for 24 h to generate
foam cells. Foam cells were then incubated with atorvastatin
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(Active Pharma Supplies Ltd) at 0.6 pg mL™", 6 pg mL™", and
60 pg mL™" to investigate the efflux effect on the internalised
lipid. Dynamic efflux was studied by incubating the foam cells
with 6 pg mL™" atorvastatin for 24 h, 48 h, and 72 h. These
experimental variable settings were based on clinical infor-
mation (up to 120 mg atorvastatin being taken daily, with
detection of mean plasma concentration of atorvastatin 14 ng
mL™" 24 hours after intake)** and our preliminary trial
outcome. Typically, 2.5 x 10° RAW264.7 cells were seeded in
individual wells in a 24-well plate. Media was collected at each
sampling time point. The control wells were those cultured in
untreated culture media, and those treated with either atorvas-
tatin or LDL alone.

Imaging of dynamic efflux was taken following a 20-minute
fixation with 4% paraformaldehyde (PFA), and staining with
1 ug mL~" Nile red (Merck). The dye was added to samples for
20 minutes at room temperature, followed by two PBS washes.
DAPI, used as counterstaining dye at 10 ng mL™", was then
added, followed by a 10-minute incubation at room tempera-
ture. DAPI solution was aspirated, and cells washed a further
two times with PBS for imaging.

Nitric oxide (NO) quantification was conducted by mixing
culture media samples at 1:1 volume ratio with Griess buffer
(1% sulphonamide, 2.5% phosphoric acid and 0.1% naphtha-
lene-diamine-hydrochloride), followed by measurement of
absorption with a plate reader (Biotec) set at 546 nm.>*

MicroFTIR spectroscopic analysis

After treatment for each time point and dynamic efflux
studies, all the foam cells were trypsinised, then cytocentri-
fuged at relative centrifugal force of 90g for 1 minute with a
cytospin™ 4 centrifuge (Fisher Scientific). The cytofunnel con-
tained 20 pL cell suspension with about 2 x 10* cells per
sample. A microscope glass coverslip (24 x 50 mm), of 0.13 to
0.17 mm thickness (GalvOptics), was inserted between a 1 mm
thick glass slide and the filter card before cytospinning, allow-
ing the foam cells to attach to the coverslip. The cytospun cells
were then fixed with 4% Paraformaldehyde and washed with
saline solution (0.9% NaCl) and deionized water, then air
dried at room temperature. The visible images of the cytospun
cells were taken by an Olympic microscope.

MicroFTIR spectra of prepared specimens were collected in
transmission mode via a 36X magnification objective/conden-
ser, in the HYPERION 3000 (Bruker) microscope at MIRIAM
beamline B22 of Diamond Light Source.?® FTIR spectra in the
range of 4000-1000 cm ™", with 4 cm™" resolution and 512 co-
added scans per cell spectrum, were collected using slit size at
the sample of 15 pum x 15 pum, ie., fitting the single cell size.
Averagely, 50 cells per group were analysed and their spectra
were collected.

The spectra between 1800-1350 cm™" (partial fingerprint
region) and 3000-2800 cm™" (lipid rich region) regions of
interest were cut from the intact FTIR spectra, and correlated
via rubber band type baseline correction, then a Savitzky-
Golay filter was applied at window level 15 to obtain the 2™
derivative of spectra. The data were respectively post-processed
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via two dimensionality reduction methods: PCA and t-SNE.*”"*®
An average of 50 spectra per group were analysed, and all the
data correction and post-processing were conducted through
the QUASAR software (https:/zenodo.org/record/4617978).>°
Relative changes of key peak intensities caused by engulfing of
LDL and atorvastatin treatment in both protein and lipid rich
region were calculated via GraphPad Prism 8.

Statistical analysis

Statistical analysis of NO data was carried out using GraphPad
Prism 8. Two-way ANOVA was used to analyse the data sets rep-
resented for NO quantification. The data presented is the
representative of mean + SEM, n = 5. A value of p < 0.05 was
considered to be statistically significant.

The statistics of PCA data was output from Quasar software.
The continuous attributes of principal components in
PCA analysis were displayed as histograms to fit normal
distribution, all residuals of PC1 and PC2 in efflux study and
time efflux study were normally distributed. A significance of
PC1 and PC2 at the spectra regions of interest was then
measured via ANOVA, the p < 0.05 was taken as statistically
significant.

Results
LDL intake and Atorvastatin effect on efflux over culture time

Fig. 1 shows the bright field images of the foam cells cytospun
on the GalvOptics coverslips. The internalized lipid in the
macrophages appeared as bright lines or dots densely packed
along the cell membrane of the foam cells (Fig. 1a(B), clearer
images in insets). Additionally, a less bright layer covering the
whole cytoplasm compared to plain macrophages (Fig. 1a(A)),
in which no bright content was noticeable along cell mem-
brane peripheries, and the cytoplasm was dark/grey in colour.
With the addition of atorvastatin, especially with 6 and 60 pg
mL™" dose, for 24-hour culture, the densely packed bright
lines/dots disappeared considerably in all cells, and small
bright dots presented in cytoplasm. The bright layer covering
the bulk of the cytoplasm was replaced by dark/grey colour-
ation. The sample with 60 pg mL™' atorvastatin treatment
showed a large contrast in morphology to that without atorvas-
tatin treatment (Fig. 1a(E)). Fig. 1b reveals the bright field
images of foam cells subjected to 6 ug mL™" atorvastatin treat-
ment, for different culture durations. The appearance and dis-
appearance of the bright lines/dots within foam cells was very
similar to those in Fig. 1a with atorvastatin treatment. It is
apparent that a longer incubation with atorvastatin resulted in
fewer bright lines/dots within the foam cells. By the 72-hour
time point, there were very few bright dots remaining in the
cells.

Fig. 2 shows images of Nile red stained foam cells under
variable culture conditions. It was demonstrated that the LDL
loaded samples, without atorvastatin, displayed strong and
sharp bright red fluorescence on nearly all cell membranes, in
addition to red dots throughout the cytoplasm. Clearly, ator-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 1(a) Bright field image of foam cells treated with different concentrations of atorvastatin for 24 hours and cytospun on the GalvOptics cover-
slips. (A) M1 cells (RAW cells stimulated by 100 ng mL™* LPS and IFN-y for 24 hours); (B) foam cells generated through culturing the M1 cells with
100 pg mL™t LDL for 24 hours without atorvastatin; (C) foam cells treated with 0.6 pg mL™* atorvastatin; (D) foam cells treated with 6 pg mL™* ator-
vastatin; (E) foam cells treated with 60 ug mL™* atorvastatin. The inset shows the location of lipid as white lines and dots more clearly at high magnifi-
cation. Scale bar = 100 pm. 1(b) Bright field image of foam cells treated with 6 ug mL™* atorvastatin for different durations and cytospun on the
GalvOptics coverslips. (A) M1 cells (RAW cells stimulated by 100 ng mL™* LPS and IFN-y for 24 hours); (B) foam cells generated through culturing the
M1 cells with 100 pg mL™ LDL for 24 hours without the addition of atorvastatin; (C) foam cells incubated with the atorvastatin for 24 hours; (D)
foam cells incubated with the atorvastatin for 48 hours; (E) foam cells incubated with the atorvastatin for 72 hours. The inset shows the location of
lipid as white lines and dots more clearly at high magnification. Scale bar = 100 pm.

vastatin had an effect on efflux of internalised LDL, an effect larger at the 48-hour time point compared to 24 hours for all

observable after 24 hours at the highest dose used, 60 pg
mL~", and again after 72 hours, also at the two highest doses
used, 6 ug mL™' and 60 pg mL™". Across all samples, cell
density decreases over time, with the greatest reduction in cell
numbers observed at 60 pg mL™'. Cells appeared slightly

This journal is © The Royal Society of Chemistry 2022

samples, and smaller at the 72-hour time point compared to
both 24 and 48 hours, especially the cells dosed with 60 pg
mL™", and to a lesser extent, 6 ug mL™" atorvastatin. Some
spindle shaped cells were also visible after 72 hours in the LDL

only and 0.6 ug mL™" atorvastatin treated samples, with some
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Fig. 2 Nile red staining showing atorvastatin dose effect on LDL efflux.
Over the course of 72 hours of culture, RAW264.7 cells cultured with
LDL showed denser accumulation of lipid droplets compared to the
drug treated samples, with 60 pg mL™* atorvastatin demonstrating the
lowest density of droplets after 72 hours, followed closely by 6 pg mL™%.
Red = Nile red; blue = DAPI. Scale bar = 50 pm.

elongated/irregularly shaped cells presented in the 6 and 60 pg
mL~" atorvastatin treated samples.

NO production in foam cells

The NO data presented in Fig. 3 indicates that atorvastatin,
used at 6 pg mL™', was able to lower NO production in
RAW264.7 cells. Atorvastatin was able to significantly reduce
RAW264 NO production compared to untreated control (p =
0.001), and also significantly in comparison to LDL treated
samples (p = 0.0086). Inclusion of atorvastatin resulted in a
decrease in quantifiable NO in RAW264.7 cells. LDL was also
shown to restrict RAW264.7 NO production (p = 0.0001), an
effect that was enhanced by atorvastatin.

Characterisation of treated foam cells by synchrotron based
FTIR spectroscopy

1 1

The average spectra at 3000-2800 cm™ and 1800-1350 cm™
wavenumber region of foam cells treated with different atorvas-
tatin doses are shown in Fig. 4. It can be seen that the control
group, i.e., foam cells without atorvastatin treatment, exhibited
strong peaks at 2851 cm™ " and 2925 cm ™" of the lipid region,
and the M1 cells showed lowest intensity in the two peaks. In

5376 | Analyst, 2022,147, 5372-5385
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Atorvastatin effect on NO production
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Fig. 3 NO assay results showing atorvastatin’s effect on production of
NO by RAW264.7 cells following stimulation with LDL and 6 ug mL™*
atorvastatin for 24-hour incubation. The data represents mean + SEM, n = 5.
Significance denoted by ***, p = 0.001. Control: MO macrophages, in
comparison to LDL contained control (LDL).

contrast, the atorvastatin treated foam cells demonstrated a
reduction of the lipids’ peak intensity, which indicated a lower
lipid content in these cells (Fig. 4A), and the decreases
observed were dose dependent. This efflux effect was also
clearly demonstrated in the fingerprint region peaking at 1730,
1652 and 1545 cm™'. With a higher dose of atorvastatin
applied, i.e., 6 and 60 pg mL™", the peaks’ intensities were
reduced further between 1800 cm™* and 1350 cm™}, in com-
parison to the group with the lower dose, ie., 0.6 ug mL™"
(Fig. 4B). Uniquely, M1 cells did not show a peak at 1730 cm™",
hence this peak was quite possibly linked to LDL. The results
demonstrated the efflux effect of atorvastatin on internalized
LDL, where internalized lipids were decreased by atorvastatin
at an effective dose range, and proportionally to dose.
However, a low dose treatment left the fingerprint region less
affected.

The effect of atorvastatin reaction-time on LDL efflux
efficacy has been studied by assessment of foam cells treated
with 6 pg mL™' atorvastatin for 24-hours, 48-hours and
72-hours (Fig. 5). By treating cells with 6 pg mL™" atorvastatin,
a considerable intensity decrease appeared on the spectra, at
both lipid and fingerprint regions, in the dynamic efflux study
in comparison to control spectrum. However, the lipid peaks
at 48 hours appeared slightly sharper and stronger than other
timings (Fig. 5A).

The mean relative change of peak intensity (xstandard devi-
ation) from original absorbance spectra is shown in Fig. 6. It
can be seen that engulfing of LDL caused peak (2958, 2922,
2865, 2851 cm™ ') intensities in the lipid region to increase. In
the fingerprint region, some peak (1730, 1457, 1399 cm™)
intensities increased, and no changes were seen in other peaks
(1652, 1645 cm™'). Following treatment with atorvastatin at
different doses and incubation times, the above peak intensi-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Mean spectra of foam cells treated with atorvastatin at 0 pg
mL™? (blue, LDL), 0.6 pg mL™* (green), 6 pg mL™* (red) and 60 pg mL™*
(orange) in compassion to control group, M1, which had not engulfed
LDL (black). (A) The lipid region between 3000-2800 cm™™, and (B) the
fingerprint region between 1800-1350 cm™™. An average of 50 spectra
were used to generate each mean spectrum.

ties changed toward those of M1 cells, further evidence that
atorvastatin had an efflux effect on LDL.

The PCA results, their corresponding loading plots based
on 2™ derivative spectra, and t-SNE analysis results on the
LDL efflux study under different atorvastatin doses are shown
in Fig. 7 and 8. For the 24-hour atorvastatin culture, the scatter
plot of the lipid region (3000-2800 cm™") (Fig. 7) demonstrated
a clear separation of control group (LDL laden group) from all
atorvastatin dose treated groups. Apparently, atorvastatin treat-
ment at 60 ug mL™', was most effective for the efflux effect.
The spectral dots in the control group and 60 pg mL™" treat-
ment were closely packed into a cluster, and the clusters of
other dose groups were located in different quadrants. The
spectral dots of the 6 pg mL™" group were grouped together,
but a few spectral dots overlap with those of the 0.6 pg mL™
treated group (Fig. 7A). A similar conclusion can be drawn
from the clustering on the t-SNE plot (Fig. 7B), where the lipid
regions of all groups were separated. It is interesting to note
that the t-SNE plot showed neater and clearer spectral cluster-
ing and separation between the atorvastatin dose groups, with
much less spectral dot overlapping between 0.6 pg mL™" and
6 pg mL™" treated groups in comparison to the PCA plot. The
much neater and clearer separation at fingerprint region (1800

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Mean spectra of foam cells treated with 6 ug mL™* atorvastatin
with different incubation times; 24 h (red), 48 h (green), and 72 h
(orange) in compassion to control groups which engulfed LDL (blue)
and had not engulfed LDL (black, M1). (A) The lipid region between
3000-2800 cm™, and (B) the fingerprint region between
1800-1350 cm™. An average of 50 spectra were used to generate each
mean spectrum.

and 1350 cm™") by both PCA and t-SNE plots are visible in
Fig. 8A and B. The spectral dots of atorvastatin treatment
groups were all separate from the control group, with the clus-
ters located in different quadrants. The 60 pug mL™' group
seemed to be the most effective in changing the fingerprint
region by t-SNE analysis, with this cluster being farthest away
from the control one (Fig. 8B).

The PCA and t-SNE analysis plots of dynamic study on LDL
efflux under different incubation durations are presented in
Fig. 9 and 10. As shown in Fig. 9A, the PCA plot in the lipid
region (3000-2800 cm™') had moderate separation, with cluster-
ing between control group and atorvastatin treated groups at all
reaction time points. The longer treatment time, ie., the
72-hour group, clustered tightly compared to the other two
groups in which a few spectral dots overlapped. All clusters were
approximately located in different quadrants. Again, the t-SNE
plot exhibited far clearer separation between the treatment
groups and the control group, with the longest treatment time
group located at the farthest distance from the control group.
The fingerprint region (1800 and 1350 cm™") clusters of all
dynamic efflux treatment groups are shown in Fig. 10A and B.
Both PCA and t-SNE demonstrated very good separation of the
treatment groups against each other, and the control group. The
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t-SNE analysis gave a clearer separation of the control group and
the treatment groups than PCA analysis (Fig. 10B), with all four
groups clustering in separate quadrants.

Further, in addition to the PCA analysis with multiple
groups, pairwise PCA analysis among individual atorvastatin
treated group to controls (M1 and foam cells) have been under-
taken. The separations in both lipid and fingerprint regions
were clearly indicated (Fig. 11).

An ANOVA test was conducted to assess the statistical differ-
ences in the PCA analysis between the groups treated with ator-
vastatin in both the lipid and the fingerprint regions (Table 1).
It is revealed that only PC2 on the fingerprint region for the
comparison groups, i.e., M1 vs. LDL control vs. 60 ug mL™", at
24 hours, had a p value larger than 0.05, all other separations
between the possible pairs of groups were statistically signifi-
cant for both the lipid and fingerprint regions.

Discussion

Synchrotron based-FTIR spectroscopy has been proven to be
applicable to various types of research, with samples ranging

5378 | Analyst, 2022,147, 5372-5385

from microorganisms, clinical samples, cultured cells and
tissues, and biomaterials amongst others.***° The high resolu-
tion of FTIR spectroscopy allows for the detection of different
states of single cells based on their chemical components,*°
and can have potential application for disease diagnosis. The
drug induced phospholipidosis cell model has been identified
via other synchrotron based infrared microspectroscopy,*!
whereas the capability of FTIR spectroscopy in the characteris-
ation of LDL efflux, and dynamic efflux effects on foam cells
triggered by statin treatment has not been explored. To this
end, we report the potential of synchrotron based FTIR spec-
troscopy in such research areas, alongside drug delivery
methods.

Foam cells are lipid laden cells. The FTIR spectrum of
lipids displays distinct peaks, and contains a wealth of infor-
mation on lipid composition (head group and chain length/
unsaturation) as well as on cell membrane physical state. The
absorption bands representing methylene symmetric stretch-
ing (svCH,) and methylene antisymmetric stretching (as vCH,)
vibrations bands, centre near 2850 cm™' and 2920 cm™’
respectively, whilst methyl stretching (vCH;) is at 2960 cm™".*?
The shape and intensity of these peaks shows high sensitivity

This journal is © The Royal Society of Chemistry 2022
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to environment change such as the lipid type, quantity and
location, which indicate FTIR spectroscopy as a convenient
tool for the study of foam cells, and lipid efflux in response to
statin treatment. The mean spectra clearly showed the signifi-
cant variations in the region of 2970 to 2850 cm™" that arise
from the stretching vibrations of vCH; and vCH, groups in
LDL and macrophage membrane. The significant lower inten-
sity of these bands in foam cells after 60 ug mL™" atorvastatin
treatment, or longer incubation with 6 ug mL™"
indicates that the environment became less lipophilic due to
fragmentation of the lipoproteins, or efflux out of cells. The
comparison of the spectra of foam cells and the macrophages
which have not taken LDL demonstrates clear differences in
the IR spectra in the region of 3000-2800 cm™", including the
shape and intensity. The macrophages showed a medium
intensity peak at 2958 cm™', whilst foam cells exhibited a
shoulder peak. Interestingly, the macrophages displayed a
medium intensity peak at 2875 cm™", but foam cells did not.
These features further confirm that FTIR approach is very sen-
sitive to evaluating lipid-content in cells.

We further analysed the variances of spectra by unsuper-
vised PCA, which is widely accepted as an effective manner of
reducing the dimensionality of FTIR data. The PCA scatter
plots presented clear spectral separation of different treatment
groups at the lipid region. The dose variation of atorvastatin

atorvastatin,

This journal is © The Royal Society of Chemistry 2022

seemingly exerted more impact on the lipid efflux than the
incubation duration. Fig. 7B shows more distinct cluster separ-
ation by the different dose treatments, compared to treatment
for varying incubation times with 6 pg mL™" atorvastatin, in
the lipid region (Fig. 9B). With this established model, we may
further explore the threshold of a therapeutic dose on the lipid
efflux effect. Below the therapeutic dose, extending reaction
time may not increase the lipid efflux effect considerably.
Interestingly, PCA plots at the fingerprint region between 1800
and 1350 cm™', showed distinct separation of the treated
groups in both dose and time treatments, and from the
control group. It has been identified that macrophages engulf
LDL through multiple scavenger receptors such as LOX-1,
CD36, and SR-A1.*’ The taken cholesteryl ester can be hydro-
lysed by lysosomal acid lipase, and free cholesterol can be
esterified with acyl-CoA cholesterol acyltransferase 1
(ACAT1).** The separated PCA clusters and peak intensity
changes in the lipid and protein regions, showed that these
reactions involving the ingested LDL within macrophagic orga-
nelles were rather rapid (within 24 hours), and the atorvastatin
reaction to the cholesterol compounds within macrophages
was also fast (as short as 24 hours), which explained the dis-
tinct protein profile compositions in the macrophages with
different treatments. It also implied that atorvastatin treatment
is functionally effective and highly targeted.

Analyst, 2022, 147, 5372-5385 | 5379
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While using FTIR spectral analysis, selection of proper ana-
lysis tools is important to reveal the subtle changes caused by
chemical treatment. In our datasets, the ingested and cell
membrane lipids are spectroscopically similar. The PCA ana-
lysis of original spectra showed less profound separation of
the treated groups, with groups overlapping (data not shown).
The second derivative spectra generated distinct PCA cluster-
ing in both dose and time treatment groups, and also at both
lipid and fingerprint regions. Furthermore, we ran PCA and
t-SNE analysis in parallel for our datasets. Embedding the
t-SNE algorithm is a dimensionality-reduction method, to
convert the high-dimensional dataset into a two-dimensional
dataset, allowing visualization of the datasets by plotting them
in the two-dimensional space. Although it has been used in
other dataset analysis, e.g., hyperspectral imaging analysis,*®
there are few applications of the algorithm for microFTIR data
analysis. Through the analysis, it is confirmed that t-SNE ana-
lysis showed better clustering and separation of the treatment
groups’ spectra. The locations and correlation of the clusters
are supported and justified by PCA analysis outcome. Thus, it
is suggested that t-SNE can be a useful analysis tool for the
datasets which have subtle differences between the treated
groups. Our data confirm that IR spectra can detect the subtle
changes of lipid content in cells, which provide a powerful tool
for investigating clinical specimens in the future, allowing
quantification of the lipid content and therapeutic outcome.

This journal is © The Royal Society of Chemistry 2022

The creation of a foam cell model to study the effect of
statins on lipid efflux has the advantage over the study of
plaque tissue samples. Mamarelis et al,*® studied carotid
artery with atheromatic plaque, and found foam cells sur-
rounded by fibrils, haemorrhagic and calcified tissues. All of
these components in the plaque generated compound and
overlapped spectra. In our study, the foam cell only model
enabled us to investigate the drug dose and treatment time
separately without much background involvement.

FTIR technique is a label-free technique, which does not
use any labelling agents such as fluorescence or luminesce
dyes, or particles to bind to cellular components for contrast.
Detection of absorption from a particular frequency of infrared
radiation used to excite molecular bonds in FTIR technique,
requires minimal sample pre-treatment, which avoids oper-
ational error. On the other hand, it is more difficult for FTIR
spectroscopy in general to assess live cells due to strong water
absorption. Other sample preparation techniques, e.g., freeze-
drying or cryofixation is possible for FTIR microscopy, but the
longevity of biomedical specimens is a major issue for any
microscopy analysis. Thus, preservation of cellular integrity,
and elimination of enzymatic reaction on cellular structure for
FTIR measurement, are inevitable through chemical or physi-
cal fixation. The fixation using PFA in our study will break
hydrogen bonds within intracellular molecules, causing dena-
turation of proteins through the formation of cross-links

Analyst, 2022,147, 5372-5385 | 5381
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Table 1 Statistical significance between groups for the PCA

Lipid region (3000-2800 cm™*)

Amide region (1800-1350 cm ™)

PC1 PC2 PC1 PC2
M1 vs. LDL con vs. 6 pg mL™' —24 h p <0.001 p =0.027 p <0.001 p <0.001
M1 vs. LDL con vs. 6 pyg mL™' —48 h p <0.001 p <0.001 p <0.001 p <0.001
M1 vs. LDL con vs. 6 pg mL™' —72 h p <0.001 p <0.001 p <0.001 p <0.001
M1 vs. LDL con vs. 0.6 pg mL ™" —24 h p <0.001 p <0.001 p <0.001 p <0.001
M1 vs. LDL con vs. 60 pg mL™' =24 h p <0.001 p <0.001 p <0.001 p=0.111
M1 vs. LDL con vs. all 6 pg mL™" groups p <0.001 p <0.001 p <0.001 p <0.001
M1 vs. LDL con vs. all 24 h groups p <0.001 P <0.001 P <0.001 P <0.001
6 pg mL ™" at 24, 48,and 72 h p <0.001 p <0.001 p <0.001 p <0.001
0.6, 6, and 60 pg mL ™" at 24 h p=0.001 p <0.001 p <0.001 p <0.001

between amine residues. FTIR studies have already showed the
spectroscopic differences between the fixed and hydrated cellu-
lar specimens.*””*®* The amide I band profile is sensitive to
hydrogen-bonding strengths, hence fixation will cause protein
secondary conformational changes, thus spectral change. We
did not study the spectral changes caused by PFA fixation in
this study, however, all specimens implemented the same PFA

5382 | Analyst, 2022,147, 5372-5385

fixation procedure, and exhibited spectroscopic differences
between the treatment groups, we believe, which were beyond
the fixation effects. We used PFA fixation, not ethanol, which
avoided strong effect on lipid region spectra.*®

In this study, a convenient and economical type of IR sub-
strate, GalvOptics microscope coverslips, was confirmed.
Compared to conventional IR spectral window substrates, for

This journal is © The Royal Society of Chemistry 2022
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instance, calcium fluoride or barium fluoride, glass coverslips
offer several advantages: first, they are far cheaper than other
windows, allowing a fresh window to be used every time; sec-
ondly, some cells can be grown directly on the coverslip for IR
studies, maintaining their original cellular morphology.
Uniquely, the high refractive index of lipid (n = 1.44), in com-
parison to other biological components (n = ~1.36),*° provided
us the great opportunity to visualize the lipid location and
their distribution both before, and after the atorvastatin treat-
ment with the same sample window used for IR spectroscopy.
The thin glass thickness (0.13 mm) and matched refractive
index of the used coverslips allowed the collection of images to
validate the FTIR spectral data easily and reliably. Additionally,
as increased NO production is an indicator of macrophage
activation,”® the NO readings provide support for the obser-
vation that atorvastatin affects macrophage activation/polariz-
ation by restricting NO production.

The limitation of this study is that the fingerprint spectral
range has been cut (spectra down from 1350 cm™" is not fully
usable). Conventionally, the fingerprint region is defined from
1800 cm ™! to 400 cm™" or 1500 cm™' to 400 em™'.°'™° This
region of the spectra contains a large number of peaks, being
sensitive to functional groups of, amongst others, phosphates
of the DNA backbone. The use of this glass substrate does not

allow for the study of this region below 1350 cm ™.

Conclusions

The optical images (visible and fluorescent light) clearly loca-
lized the lipid distribution within the foam cells, the associ-
ated changes after culturing with atorvastatin 0.6, 6 and 60 pg
mL~", and culturing time of 24, 48 and 72 hours. MicroFTIR
spectroscopic spectra uniquely displayed the reduction of lipid
content with higher efflux effect at a higher atorvastatin dose,
and longer incubation time with atorvastatin. PCA and t-SNE
analysis demonstrated defined cluster separation at both lipid
(3000-2800 cm™") and fingerprint (1800-1350 cm™") regions,
with more profound clustering for the atorvastatin dose treat-
ment than time treatment. The combination of excellent
bright field imaging capacity, and low IR radiation absorption
at key wavenumbers for biological samples on GalvOptics thin
glass coverslip, confirms that it is a good option for an IR
sampling window, with the additional benefit of cross-validat-
ing the cellular morphology and IR spectra. The foam cell
model provides a convenient experimental approach for pre-
clinic study on atherosclerosis and its management through
microFTIR spectroscopy, as a label-free method.
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