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Background:Detergent resistantmembranes (DRMs) are a usefulmodel system for the in vitro characterization of
cell membrane domains. Indeed, DRMs provide a simplemodel to study themechanisms underlying several key
cell processes based on the interplay between specific cellmembrane domains on one hand, and specific proteins
and/or lipids on the other. Considering therefore their biological relevance, the development ofmethods capable
to provide information on the composition and structure ofmembrane domains and to detect theirmodifications
is highly desirable. In particular, Fourier transform infrared (FTIR) spectroscopy is a vibrational tool widely used
for the study not only of isolated and purified biomolecules but also of complex biological systems, including in-
tact cells and tissues. One of the main advantages of this non-invasive approach is that it allows obtaining a mo-
lecular fingerprint of the sample under investigation in a rapid and label-free way.
Methods:Herewe present an FTIR characterization of DRM fractions purified from the human breast cancer cells
MCF-7, before and after treatment with the omega 3 fatty acid docosahexaenoic acid (DHA), which was found to
promote membrane microdomain reorganization.

Results and Conclusions:Wewill show that FTIR spectroscopy coupledwithmultivariate analysis enables tomon-
itor changes in the composition of DRMs, induced in particular by the incorporation of DHA in cell membrane
phospholipids.
General significance: This study paves the way for a new label-free characterization of specific membrane
domains within intact cells, which could provide complementary information to the fluorescence approaches
presently used.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Membrane microdomains are often isolated from cells as detergent
resistant membranes (DRMs), which provide a simple system for the
in vitro characterization of membrane domain modifications [1–4].
Detergence resistance (DR) refers to the biochemical purification
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idimensional scaling; DR, deter-
s; AA, arachidonic acid; DHA,
, ceramide; CHOL, cholesterol;
, sphingomyelin; PC, phosphati-
linositol; PS, phosphatidylserine;
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method based on the use of non-ionic detergents, such as Triton X-
100, that leads to the isolation of low buoyant density domains. Indeed,
DR implies that some membrane fractions are not completely solubi-
lized, but remain in bilayer fragments due to their physico-chemical
properties. It should be noted that the composition of DRMs is highly
heterogeneous since it strongly depends on the extraction protocol, as
well as on the cell type. However, they share a few common properties,
such as their enrichment in sphingolipids and cholesterol, and the pres-
ence of flotillin-1 among the different proteins, mostly from the plasma
membrane, that are associated with these domains [1,4].

In recent years, DRMs gained the attention in different fields of biol-
ogy since they could represent a simple system to explore the so-called
“raftophilicity” of proteins [1], as well as a model system of general
value to understand protein–lipid interactions [2]. In this perspective,
DRMcharacterization can provide clues about themechanismsunderly-
ing several crucial cell processes, such as signal transduction andprotein
sorting [1–4].
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Many efforts have beenmade to developmethods able to character-
ize in situ membrane domains, to get new insights on their structure,
function and dynamics in living cells. Among them, for instance, recent
developments of super-resolution fluorescence microscopies made it
possible to obtain molecular and spatio-temporal information on
lipid–lipid and lipid–protein interactions within microdomains [5,6]. A
complementary approach to fluorescencemicroscopies is Fourier trans-
form infrared (FTIR) spectroscopy, which is able to provide a chemical
fingerprint of the sample under investigation in a label-free and rapid
way. In particular, this vibrational tool allows obtaining information
on the composition and structure not only of the main isolated biomol-
ecules [7–12], but also of complex biological systems, including intact
cells and tissues [13–19].

A necessary prerequisite to perform IR studies in situ is, however, the
unambiguous identification of marker bands due to membrane domain
components. To this aim, here we applied attenuated total reflection
(ATR) FTIR spectroscopy [11,20–22] supported by multivariate statisti-
cal analysis [23–25] to study DRMs purified from the MCF7 human
breast cancer cells, before and after treatment with the omega 3 fatty
acid docosahexaenoic acid (DHA). We chose this system as model for
our FTIR study since it has been found that the incorporation of this
long chain polyunsaturated fatty acid (PUFA) in MCF7 cell membrane
microdomains modifies their physico-chemical properties, strongly
impacting on cell functions [26]. Noteworthy, it has been reported
that long-chain n−3 PUFAs, including DHA, inhibit cancer growth as
observed in several human cancer cell lines [27,28]. In particular, it
has been found that the incorporation of DHA in MCF7 breast cancer
cells leads to a significant modification of several membrane microdo-
main properties, such as the unsaturation degree of the phospholipids,
as well as the sphingomyelin and cholesterol content, with important
consequences on cell behavior [26].

In the present study, to better assign the IR response of DRMs to
well-defined lipidmolecules we alsomeasured selected lipid standards,
whose content is known to vary after the cell treatment with DHA [26].

Interestingly, this ATR-FTIR study provided information on the vari-
ation of some specific components of DRMs, induced by the treatment
with the omega 3 fatty acid, in agreementwith the biochemical analysis
performed on the same system [26].

We believe that the possibility tomonitor themodifications in DRMs
by FTIR spectroscopy could pave the way for studying changes of the
physico-chemical properties of membrane microdomains within intact
cells, thus providing a new tool to investigate in a non-invasive way
their role in different biological processes.

2. Materials and methods

2.1. Materials

DHA (cis-4,7,10,13,16,19-docosahexaenoic acid sodium salt) and
lipid standards were purchased from Sigma-Aldrich (USA). DHA was
dissolved in ethanol and stored at−80 °C under N2 (g). The rabbit poly-
clonal anti-flotillin-1 and the mouse monoclonal anti-clathrin heavy
chain (HC) antibodies were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). Bound primary antibody is visualized by
proper secondary horseradish peroxidase (HRP)-linked antibody, pur-
chased from Santa Cruz Biotechnology Inc.

2.2. Cell culture conditions

Human breast cancer cells MCF-7 (estrogen receptor-positive) were
routinely maintained in DMEM medium (Gibco-BRL, Life Technologies
Italia Srl, Italy) supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM glutamine.

During treatments the culturemedium contained 10% FBS (medium
for treatments). Cells were grown at 37 °C in 5% CO2 at 98% relative
humidity.
Cells were treated with DHA for 72 h as previously described [29].
Experiments included control cells which were not exposed to any ex-
ogenous fatty acids, but to an equal concentration of ethanol.
2.3. DRM isolation

After treatment, cells were harvested by scraping in phosphate-
buffered saline solution containing 0.4 mM Na3VO4. Cells were then
centrifuged and suspended in 1.4 ml lysis buffer (1% Triton X-100,
10mMTris buffer, pH 7.5, 150mMNaCl, 5mMEDTA (ethylenediamine-
tetraacetic acid), 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride,
75 mU/ml aprotinin), allowed to stand on ice for 20 min, and finally
treated with Dounce homogenizer (10 strokes, tight).

To isolate DRMs, cell lysate was centrifuged (5 min at 1300 g) and
the supernatant transferred to Eppendorf tubes. 1 ml of lysate was
mixed in ultracentrifuge tubes (Beckman Coulter) with equal volume
of 85% sucrose (w/v) in 10 mM Tris buffer, pH 7.5, 150 mM NaCl, 5
mM EDTA, and 1 mM Na3VO4, and then overlaid with 5.5 ml of 30% w/
v sucrose (in the previous buffer) and 4 ml of 5% w/v sucrose. Tubes
were centrifuged at 200,000 g, for 17 h at 4 °C (Optimal LE-80K Ultra-
centrifuge, Beckman Coulter). After centrifugation, 11 fractions were
collected; to confirm the location of DRMs, the content of cholesterol
(CHOL), sphingomyelin (SM), and gangliosides was determined in
each fraction by high performance thin layer chromatography (HP-
TLC) and of flotillin-1 and clathrin by western blot, as previously de-
scribed in [26].

To prepare the samples for ATR-FTIR analysis the DRM fraction was
dialyzed for 8 h at 4 °C in distilled water upon stirring, using dialysis
tubes with MW cutoff 12.000–14.000 (Spectra/Pore Spectrum Medical
Industries, USA), and changing the water every 30 min.
2.4. ATR-FTIR spectroscopy analysis

FTIR absorption spectra of DRMs, before and after the cell treatment
with DHA, were collected in ATR mode, using a single reflection dia-
mond element (Golden Gate, Specac, USA).

In particular, the sample is placed in contact with a high refractive
diamond element. The IR beam reaches the interface between the ATR
support and the sample at an angle larger than that corresponding to
the beam total reflection. In this way, the beam is totally reflected by
the interface and penetrates into the sample as an evanescent wave,
where it can be absorbed. The beam penetration depth is of the order
of the IR wavelength (a few microns) and depends on the wavelength,
the incident angle, as well as on the refractive indices of the sample
and of the ATR element [22].

For our experiments, approximately 5 μl of samplewas deposited on
the ATR plate and dried at room temperature in order to obtain a homo-
geneous film. Since some buffer components were found to interfere
with the IR response, after evaporation of the solvent we rinsed quickly
the DRM film with distilled water, a procedure widely used in the ATR
measurements of biomolecules [20,30].

The ATR-FTIR measurements were performed using the Varian
670-IR spectrometer (Varian Australia Pty Ltd., Mulgrave, VIC,
Australia) equipped with a nitrogen-cooled Mercury Cadmium
Telluride (MCT) detector, under the following conditions: 2 cm−1 spec-
tral resolution, a scan speed of 25 kHz, 512 scan coadditions, and trian-
gular apodization. The measured spectra were smoothed by a binomial
function (13 points) and secondderivative spectrawere obtained by the
Savitzky Golay method (3rd grade polynomial, 9 smoothing points)
[31].

The same parameters have been used for the analysis of lipid
standards.

To verify the reproducibility and reliability of the spectral results,
three independent DRM preparations were analyzed.



Fig. 1. Biochemical analysis of sucrose gradient fractions from untreated MCF-7 human
breast cancer cells. Protein markers clathrin and flotillin-1 (Flot1) were analyzed by
western blot. Mono- (GM1, GM2, GM3), di- (GD1a, GD1b, GD3), tri- (GT1b), and tetra-
(GQ1b) ganglioside, cholesterol (CHOL) and sphingomyelin (SM) contents were analyzed
by HP-TLC.
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2.5. Multidimensional scaling (MDS)

Given a set of multidimensional objects, the FTIR spectra in our case,
a value δi,j of dissimilarity between each pairs of data in the set is com-
puted. Usually the Euclidean distance is used as dissimilarity measure.
Multidimensional scaling (MDS), also called principal coordinate analy-
sis, projects the originalmultidimensional objects into a lowdimension-
al space such that the distances among the points in the new space, di,j,
match as much as possible the original dissimilarities of δi,j. For a de-
tailed description of the MDS method, see reference [32]. Multivariate
statistical analysis on the measured spectra was performed using
the software R [33]. At first, z-score normalization was applied, i.e.
data were centered by their mean and divided by their standard devia-
tion. The Euclidean distance was used to compute the dissimilarity ma-
trix and the classical multidimensional scaling algorithm was then
applied using three dimensions. The assignment of the most relevant
wavenumbers has been supported by looking at the value of the
pseudo-weights (s) obtained as s ¼ ∑K

i¼1

ffiffiffiffiffi
λi

p
Xþpi

�� �� where X+ is the
Moore–Penrose pseudo-inverse of the original data (the standardized
spectra), pi is the projection on the i-th dimension, λi is the correspond-
ing eigenvalue and K is the number of dimensions considered [34]. The
pseudo-weights have been then scaled within the range [0–1]. Due to
the pseudo-inversion, the pseudo-weights do not smoothly vary along
thewavenumbers but they tend to be sharp peaked lines. To better cor-
relate the pseudo-weights with the IR spectra, we smoothed the
pseudo-weights using a Gaussian Kernel smoothing [35].

To assess the change in the distance between DRMs—before and
after the DHA treatment—and the lipid standards, the unpaired t-test
was applied. The Euclidean distance has been computed using all the
available replicas obtaining a set of distances d(K, S) = {d(K, S)j}
where K can be the control (CTR) or the treated sample (DHA), S are
the lipid standards and j is the replica index. Then, a two sample t-test
is performed between d(CTR, S) and d(DHA, S) to check whether the
two distances differ at a significance level of 0.05.

3. Results and discussion

3.1. Biochemical characterization of DRMs

DRMs were isolated from control and DHA-treated MCF-7 cells by a
sucrose gradient [26]. To characterize and assignDRMs to the proper su-
crose fraction, we analyzed by TLC the content of cholesterol (CHOL),
and of several sphingolipids, including sphingomyelin (SM) and gangli-
osides, while we characterized by western blot the presence of flotillin-
1 (Flot1) and/or clathrin.

In particular, as shown in Fig. 1 for the control sample, DRMs were
isolated in fractions 5 and 6 that contain not only cholesterol,
sphingomyelin and specific gangliosides such as GM1, but also the pro-
teinmarker Flot1, absent in the other fractions [36]. On the contrary, the
membrane protein clathrin, a protein highly represented in non-DRM
fractions, is recovered in the soluble fraction 11. For the FTIR analysis
we utilized the fraction 5, particularly enriched with cholesterol,
sphingomyelin and the ganglioside GM1.

3.2. FTIR analysis of DRMs

Toexplore thepotential of FTIR spectroscopy for the characterization
of DRM composition, we studied their IR response after extraction from
human breast cancer MCF-7 cells, before and after the treatment with
DHA.

As shown in Fig. 2, the ATR-FTIR absorption spectrum of DRMs is
complex since it is due to the absorption of several biomolecules, includ-
ing lipids, proteins, and carbohydrates.

In particular, as indicated in the figure, the stretching vibrations
of the lipid hydrocarbon tails dominate the spectral range of
3050–2800 cm−1. Between approximately 1500 and 1350 cm−1 the
deformationmodes of the lipid hydrocarbon tails as well as the absorp-
tion of several lipid head moieties are instead observed. Moreover, the
ester carbonyl absorption is detected around 1740 cm−1 [10,12]. In ad-
dition, between 1700 and 1500 cm−1 the spectrum is dominated by the
amide I and amide II bands, mainly due to the C_O stretching and the
NH bending of the peptide bond, respectively. Notably, the amide I
band is sensitive to the protein secondary structure [7,11]. We should
also mention that a complex absorption mainly due to phosphates and
carbohydrates occurs in the spectral range of 1250–1000 cm−1, where
also the absorption of phospho- and glycosphingo-lipids, as well as
that of glycosylated proteins, is observed [9,10,12,37,38]. Finally, the vi-
brations of several lipid moieties fall between 1000 and 750 cm−1, in-
cluding the carbon–nitrogen, the single bond P\O stretching modes,
the CH2 rocking, and the CH deformation vibrations [10,12,39].

Interestingly, we found that some spectral features of purified DRMs
changed after the DHA treatment. In particular, the detection of these
changes was possible by the analysis of second derivative spectra,
which allow resolving the overlapping components of the IR absorption
bands [31].
3.2.1. Analysis of DRM protein content
Information on the sample protein content was obtained by the IR

response of DRMs in the spectral range between 1700 and 1600 cm−1

(Fig. 3), which is dominated by the absorption of the amide I band
[7,11]. In particular, the second derivative spectrum of DRMs purified
from cells before the DHA treatment, taken as a control, is characterized
by a strong band at ~1655 cm−1, mainly due toα-helix and random coil
structures, and byminor absorptions at ~1694 cm−1 due to intramolec-
ular β-sheets, 1684 cm−1 assigned to β-turns and ~1635 cm−1, again
assigned to intramolecular β-sheets [7,11]. Minor but reproducible var-
iations of the total protein secondary structures of DRMswere observed
after the DHA treatment, as indicated in particular by the change in the
intensity of the α-helix absorption band. Even if the interpretation of
this result at present is not possible, we should underline that this spec-
tral response is a useful tool to verify that no depletion of DRM protein
content, induced for instance by the dialysis procedure, occurred during
the sample preparation for FTIR analysis. Interestingly, we should note
that the amide I spectral features of DRM fraction 5 are different com-
pared to other fractions. For instance,we have reported in Supplemental
Fig. 1 the amide I band analysis of fraction 11, which does not represent
DRMs (see also Fig. 1).



Fig. 2. ATR-FTIR spectrum of DRMs purified fromMCF7 control cells. The ATR-FTIR spectrum of DRMs purified fromMCF7 cells is reported without any correction. The assignment of the
main components is indicated.
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3.2.2. Analysis of DRM lipid composition
The lipid absorption in the mid IR is very complex since it is due to

the response of the different lipidmoieties. For this reason,wewill pres-
ent the lipid analysis of DRMs in different spectral ranges, each due to
the absorption of specific vibrational modes.

3.2.2.1. Lipid hydrocarbon tail stretching region. In Fig. 4 the second deriv-
ative spectra of DRMs, purified from cells before and after the treatment
with DHA, are reported between 3050 and 2800 cm−1.

The spectrum of the control is dominated by four main absorption
bands due to the CH2 (at ~2921, 2851 cm−1) and CH3 (at ~2957 and
2872 cm−1) stretching vibrations of lipids, in particular due to their
hydrocarbon tails [10,12]. Moreover, a low intensity but significant
absorption is observed around 3009 cm−1, which is assigned to
the _CH stretching vibration typical of unsaturated fatty acids [12], as
can be seen in the enlarged inset of Fig. 4.

Interestingly, the_CH stretching vibrationwas found to significant-
ly change after the cell treatment with DHA. In particular, the olefinic
Fig. 3. Amide I band analysis. ATR-FTIR second derivative spectra of DRMs purified
from MCF7 cells, before (dotted line) and after (continuous line) treatment with DHA, in
the amide I region. Spectra have been normalized at the tyrosine peak intensity
(~1515 cm−1) for comparison.
group band is more intense and up-shifted of a few wavenumbers,
from 3009 to 3013 cm−1, indicating that a higher degree of acyl chain
unsaturation is induced by the treatment with DHA [12]. Indeed, the
biochemical analysis found that DHA is actually incorporated in DRM
phospholipids, leading to an increase of their unsaturation state [26].

3.2.2.2. Analysis of lipid head group modes and hydrocarbon tail
deformations. To better explore lipid changes in DRMs possibly induced
by the treatment with DHA, we extended the FTIR analysis to the spec-
tral range between 1500 and 1000 cm−1 (Fig. 5A and B), where several
vibrational modes due to head groups, as well as hydrocarbon tail
deformations occur [10,12,38]. In particular, to visualize themost signif-
icant spectral changes, we reported the spectra between 1500 and
1350 cm−1 (Fig. 5A) and between 1150 and 1000 cm−1 (Fig. 5B).

As shown in Fig. 5A, the second derivative spectrum of the DRMs
from control cells is characterized by several well-resolved bands, in
particular at ~1467 cm−1 (CH2 bending and/or CH3 deformation),
1436 cm−1 (CH3 deformation), 1417 cm−1 (CH2 deformation),
Fig. 4. Analysis of lipid hydrocarbon tail stretching vibrations. ATR-FTIR second derivative
spectra of DRMs purified fromMCF7 cells, before (dotted line) and after (continuous line)
treatmentwithDHA, in thehydrocarbon tail stretching spectral region. In the inset, amag-
nification of the olefinic group absorption is reported. Spectra have beennormalized at the
~2957 cm−1 CH3 peak intensity for comparison.

image of Fig.�2
image of Fig.�3
image of Fig.�4


Fig. 5. Analysis of lipid head group modes and hydrocarbon tail deformations. ATR-FTIR second derivative spectra of DRMs purified fromMCF7 cells, before (dotted line) and after (con-
tinuous line) treatment with DHA. Spectra, displayed between 1500 and 1350 cm−1 (A) and between 1150 and 1000 cm−1 (B), have been normalized at the tyrosine peak intensity
(~1515 cm−1) for comparison. Spectra in panel (B) have been reported in an enlarged intensity scale, as indicated.
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1402 cm−1 (CH3 deformation of N (CH3)3), and ~1377 cm−1 (CH3 de-
formation) [12,39–41]. Furthermore (see Fig. 5B), we observed a com-
plex band at ~1065 cm−1, which can be assigned to the diester
phosphate stretching, with a shoulder around 1053 cm−1 due to the
C\O stretching of esters [10,12,42]. Moreover, also the absorption of
carbohydrates occurs in this spectral range, which can be mainly due
to the sugar moiety of some lipids, and/or to glycosylated proteins [9,
37,38]. In addition, a well-resolved component occurs at ~1086 cm−1,
due to the P_O symmetric stretching of PO2

− [10,12,42]. Interestingly,
the intensities of these bands were found to change in the spectrum of
DRMs purified from cells treated with DHA. In particular, following
the omega 3 incorporation, the above IR bands were found to decrease
in intensity.
Fig. 6.MDSanalysis.MDS2Dplots ofDRMs—purified from cells control (empty squares) and tre
DRM symbols indicate the three independent DRMpreparations that have been analyzed. Dime
FTIR spectra between 1500 and 1000 cm−1.
3.3. Multidimensional scaling (MDS) of FTIR spectra of DRMs and
lipid standards

The FTIR results discussed above indicated that the cell treatment
with DHA induced changes in the lipid composition of DRMs, as con-
firmed by the detailed biochemical analysis recently reported in the lit-
erature [26].

Here,we explored the possibility to disclose themost significant lipids
responsible for the observed spectral changes. To this aim it has beennec-
essary to support the FTIR analysis with amultivariate analysis approach,
namely themultidimensional scaling (MDS) [33], since the IR response of
the lipid molecules, whose content might vary in DRMs after DHA treat-
ment, is complex and is characterized by overlapping absorptions.
atedwithDHA (filled circles)—andof the selected lipid standards (empty circles). Repeated
nsions 1–2 (A) and dimensions 1–3 (B). The analysis has been performed on themeasured

image of Fig.�5
image of Fig.�6


Fig. 7.Euclidean distances anddifferences in the three dimensionalMDS projections. The Euclidean distances in the three dimensionalMDS projections (see Fig. 6) have been evaluated for
the lipid standards and DRMs before (filled black bars) and after (empty bars) DHA treatment (A). Differences in Euclidean distances between lipid standards and DRMs before and after
DHA treatment are shown as empty boxes with error bars (B). A negative value implies that the content of that lipid standard decreases following the cell treatment with DHA. p-Values
were determined using an unpaired t-test. *p-Value b 0.05. Box height indicates the standard deviation around the estimated average value, while the error bar indicates the 95% confi-
dence interval.
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In particular, to assign the observed spectroscopic changes to
specific lipidmolecules, we compared byMDS theDRMmeasured spec-
tra with the IR response of lipid standards, including several phospho-
lipids, ceramide, the ganglioside GM1, cholesterol, and omega 3 and 6
fatty acids, whose content in DRMswas found to vary after the incorpo-
ration of DHA by cells [26].

The choice of MDS was driven by its ability to project the original
spectra into a set of low dimensional coordinates, whose Euclidean dis-
tances approximate as much as possible the original dissimilarities
among the spectra. In this way, the closer are two points in the low di-
mensional space, the more similar are the corresponding spectra. Anal-
ogous results can be obtained using principal component analysis,
which is indeed strictly related to MDS [33].

For the sake of clarity, in Supplementary Material we reported the
structural formulas of DHA and of the lipid molecules that mainly con-
tributed to the observed spectral variance before and after the DHA
treatment (Fig. S2).
Fig. 8. Contribution of lipid standards to the observed spectral variance of DRMs. The second der
lipid standardsmostly contributing to the spectral changesobserved afterDHA treatment. Spect
been normalized at the ~1515 cm−1 tyrosine peak intensity for comparison. Spectra in panel (B
pseudo-weights were also reported and the most representative wavenumbers associated wit
3.3.1. MDS in the head group and hydrocarbon tail absorption region
We performed the MDS between 1500 and 1000 cm−1 (Fig. 6A

and B), a complex spectral rangewhere the IR response of differentmol-
ecules, including lipids and carbohydrates, overlaps. In particular, differ-
ent vibrational modes not only due to lipid hydrocarbon tails but also to
head groups occur.

The contribution of each lipid standard to the spectral profile of the
DRMs is summarized on the MDS projection plots (Fig. 6) where the
Euclidean distance between two points is directly proportional to the
similarities of the corresponding spectra. As displayed in Fig. 6, the
phospholipids, which include the phosphosphingolipid sphingomyelin
(SM), contributed to the spectral profiles of both DRMs purified from
control and treated cells, more than the other lipid molecules.

To better identify the lipids that contributed mostly to the observed
spectral changes, we calculated the Euclidean distances between
lipid standards and DRMs from control and DHA-treated cells
(Fig. 7A). It has been found that among the analyzed phospholipids
ivative spectra of DRMs—before and after the DHA treatment—are comparedwith those of
ra, reported between1500 and1350 cm−1 (A) andbetween 1150 and 1000 cm−1 (B), have
) have been reported in an enlarged intensity scale (×4), as in Fig. 5. The standardizedMDS
h a high weight value are indicated.

image of Fig.�7
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phosphatidylcholine (PC) highly contributed to the observed spectral
changes between DRMs, control and DHA-treated (Figs. 6 and 7). Fur-
thermore, the role of SM clearly emerged also as one of themost impor-
tant lipidmolecules that determined significant spectral variations after
DHA incorporation, and in particular the negative value of its variation
indicates that its content decreased following the DHA treatment. We
found a ~20% decrease of the SM content compared to the control,
which is qualitatively in agreement with the 50% reduction disclosed
by the biochemical analysis [26,43]. Interestingly, a decrease in SM con-
tent could have important biological implications, as it can affect cell
functions [26,43].

In addition, other lipid molecules were found to decrease upon the
omega 3 incorporation, such as cholesterol, ceramide and the ganglio-
side GM1 (Fig. 7A and B).

In Fig. 8 we reported the comparison between the second derivative
spectra of DRMs, control and DHA-treated on one hand, and of SM and
PC on the other, in the spectral range of 1500–1000 cm−1. In addition,
the MDS pseudo-weight plot is also displayed to better visualize the
most significant components determining the higher spectral variance
observed.

In particular, the components determining themost significant spec-
tral variance are those associatedwith the CH3 and CH2 hydrocarbon tail
modes around 1465 cm−1 [10,12,38–40], andwith the complex absorp-
tion approximately between 1080 and 1040 cm−1, mainly due to the
overlapping contributions of the phosphate diesters, the CO of the
ester group, as well as of carbohydrates [9,10,12,38,42].

3.3.2. MDS analysis of cholesterol in the spectral range between 950
and 750 cm−1

To better investigate the variation of cholesterol content in DRMs
following the DHA treatment, we extended the analysis to the spectral
range between 950 and 750 cm−1, where several cholesterol marker
bands occur, including those due to CH and CH2 vibrations [12,44].
Fig. 9. Contribution of cholesterol to the observed spectral variance of DRMs. The second
derivative spectra of DRMs—before and after the DHA treatment—are compared with
that of cholesterol, between 950 and 750 cm−1, after normalization at the ~1515 cm−1 ty-
rosine peak intensity. The standardized MDS pseudo-weights were also reported and the
most representative wavenumbers associated with a high weight value are indicated.
The difference in the distances between the cholesterol and the
DRMs from control and treated cells was found to be negative and sig-
nificant (p-value b 0.05) (data not shown). This result indicated that
cholesterol significantly contributed to the spectral profile of DRMs
and that its content decreased following the omega 3 cell treatment,
in agreement with the FTIR-MDS analysis performed between 1500
and 1000 cm−1, discussed in Section 3.3.1. In particular, a decrease of
~18% of the cholesterol content compared to the control was found,
qualitatively, in agreement with the 40% reduction obtained by the bio-
chemical analysis [26].

Furthermore, to highlight the spectral components responsible of
the observed variance, we reported in Fig. 9 the comparison between
the second derivative spectra of DRMs—purified from cells before and
after the DHA incorporation—and of cholesterol. In addition, the MDS
pseudo-weight plot, also displayed in the figure, allowed disclosing
that the most significant components distinguishing among the spectra
were those at ~975 cm−1, tentatively assigned to C\H deformation
modes [12,44], and at ~799 cm−1, assigned to CH2 bending vibration
[44]. As it can be appreciated by the second derivative inspection, the
799 cm−1 band was found to decrease following the omega 3 incorpo-
ration, reflecting therefore a reduction of the cholesterol content.

Interestingly, this result—confirmed by the FTIR results obtained in
the spectral range between 1500 and 1000 cm−1—is in agreement
with the biochemical characterization recently reported in literature
[26]. Indeed, the authors found that the treatment of MCF7 cells with
DHA led to a significant reduction of this sterol in DRMs, with important
consequences on their physico-chemical properties and functions
[26,45].

4. Conclusions and perspectives

The present study indicates that FTIR spectroscopy supported by
multivariate analysis can be a useful technique to monitor changes in
the physico-chemical properties of membrane domains such as DRMs,
which are considered a valuable model system in cell membrane re-
search [1–4].

In agreement with the detailed biochemical characterization of the
same system recently reported in the literature [26], we found that
the cell treatment with DHA led to important modifications of mem-
brane domains. Firstly, a significant increase of the unsaturation degree
of phospholipid acyl chains was observed. Moreover, the content of
sphingomyelin and cholesterol—key components of DRMs—was found
to vary after the omega 3 treatment, and in particular DRMs purified
from DHA-treated cells displayed a significantly lower amount of
sphingomyelin and cholesterol compared to the untreated sample.
The decrease of cholesterol content is expected to affect membrane flu-
idity and cell functions [26,45].

Furthermore, we believe that our FTIR characterization of DRMs
could have an additional outcome, namely the possibility to extend
the IR study of membrane domains to intact cells, in a non-invasive
and label-free way. Indeed, the IR response of intact cells gives informa-
tion on processes that can take place simultaneously. In this perspective,
the FTIR approach couldmake it possible to correlate variations ofmem-
brane domain physico-chemical properties with specific cell events,
allowing a better investigation of their biological significance, thus pro-
viding complementary information to that given by fluorescence
approaches.
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