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Cells are constantly adapting to maintain their identity in response to the surrounding media's temporal and
spatial heterogeneity. The plasma membrane, which participates in the transduction of external signals, plays a
crucial role in this adaptation. Studies suggest that nano and micrometer areas with different fluidities at the
plasma membrane change their distribution in response to external mechanical signals. However, investigations
linking fluidity domains with mechanical stimuli, specifically matrix stiffness, are still in progress. This report
tests the hypothesis that the stiffness of the extracellular matrix can modify the equilibrium of areas with
different order in the plasma membrane, resulting in changes in overall membrane fluidity distribution. We
studied the effect of matrix stiffness on the distribution of membrane lipid domains in NIH-3 T3 cells immersed in
matrices of varying concentrations of collagen type I, for 24 or 72 h. The stiffness and viscoelastic properties of
the collagen matrices were characterized by rheometry, fiber sizes were measured by Scanning Electron Mi-
croscopy (SEM) and the volume occupied by the fibers by second harmonic generation imaging (SHG). Mem-
brane fluidity was measured using the fluorescent dye LAURDAN and spectral phasor analysis. The results
demonstrate that an increase in collagen stiffness alters the distribution of membrane fluidity, leading to an
increasing amount of the LAURDAN fraction with a high degree of packing. These findings suggest that changes
in the equilibrium of fluidity domains could represent a versatile and refined component of the signal trans-
duction mechanism for cells to respond to the highly heterogeneous matrix structural composition. Overall, this
study sheds light on the importance of the plasma membrane's role in adapting to the extracellular matrix's
mechanical cues.

1. Introduction

Cells in vivo are surrounded by extracellular media (ECM) and they
must develop strategies to adapt to structural and temporal changes
experienced by the ECM. At the same time, the ECM is also modified by
the cell. This cell-ECM adaptation occurs in normal processes such as
embryogenesis, wound healing, and angiogenesis. Any impairment in
these processes may give rise to different conditions such as, fibrosis,
lung disorders, inflammation etc., [1] or lead to diseases such as
atherosclerosis and cancer among others [2,3]. The importance of cell-

ECM interactions is well accepted today, yet most of the cellular
studies in the literature are performed in culture dishes using a liquid
culture media, a methodology established by Ross Granville Harrison in
1907 [4], indicating that these interactions have been ignored for a long
time. Today, it is generally accepted that two parameters are missed in
the monolayer cell culturing methodology: 3D cell spatial configuration
and media stiffness [5]. Indeed, cells in vivo are part of a 3D topology
defined by the extracellular matrix (ECM) presenting some degree of
viscosity (plasma), fibrous netting (extracellular matrix) or diverse
porosity (bones). The interactions between cell and ECM significantly

* Corresponding author at: Laboratorio de Interacciones Macromoleculares (LIMM), Departamento de Polimeros, Facultad de Ciencias Quimicas, Universidad de

Concepcion, Edmundo Larenas 129, Concepcion, Chile.
E-mail address: susanchez@udec.cl (S.A. Sanchez).

https://doi.org/10.1016/j.bbamem.2023.184176

Received 10 February 2023; Received in revised form 10 May 2023; Accepted 15 May 2023

Available online 14 June 2023

0005-2736/© 2023 Elsevier B.V. This article is made available under the Elsevier license (http://www.elsevier.com/open-access/userlicense/1.0/).


mailto:susanchez@udec.cl
www.sciencedirect.com/science/journal/00052736
https://www.elsevier.com/locate/bbamem
https://doi.org/10.1016/j.bbamem.2023.184176
https://doi.org/10.1016/j.bbamem.2023.184176
https://doi.org/10.1016/j.bbamem.2023.184176
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2023.184176&domain=pdf
http://www.elsevier.com/open-access/userlicense/1.0/

J. Aguilar et al.

differ from the ones existing in the monolayer model, since cells are not
only exposed to chemical but also to mechanical stimulus. Mechanical
stimulus in vivo arises from hydrostatic changes [6], extracellular
vascular shear stress [7], osmolality changes and ECM stiffness [8] and
they are heterogeneous in magnitude, frequency and duration [7]. Using
3D ECM models (matrices, spheroids, scaffolds etc.) [5] researchers have
demonstrated that besides the main role of the ECM to protect and
support the cells, it is a mechanical stimulus for several biological pro-
cesses [9]. However, the details of sensing and translation of this type of
stimulus is still under investigation. Several parameters of the ECM
(forces, deformations, geometry, and stiffness) activate cellular func-
tions [8]. In fact, ECM stiffness can deeply influence development, ho-
meostasis, disease progression and cell behavior [9] by affecting process
such as: stem cell fate [10,11], cell migration [12], differentiation [13],
cell spreading [14], orientation [15] and contractility [16].

1.1. Lipid domains distribution: a mechanism for membrane participation
in signal transduction

The role of the plasma membrane in cell signaling is proposed to
require membrane domains or rafts. Rafts would be involved in local-
izing the required components within a membrane compartment,
assembling, and disassembling facilitating protein sequestering and
release, and amplifying and modulating the signals by coalescence of
one or more types of lipid rafts [17-21]. This model is well supported in
the translation of chemical stimulus [19,22,23] and changes in the
distribution of rafts would be the mechanism by which they act as
platforms for local activation and coordination of signaling [24-26]. The
participation of the plasma membrane in mechanical signal transduction
is not totally understood, but the participation of lipid domains is
postulated: (a) Ross et all [27] reported the involvement of conforma-
tional changes on the integrin family of proteins in the translation of
force and tension stimulus, (b) Caveolin 1 (Cav-1), a protein localized in
caveolae, a particular type of lipid raft, was found to mediate differen-
tiation of lung epithelial cells induced by mechanical force [28],
migration of endothelial cells [29] and regulation of vessel diameter by
shear stress [30], (c) reciprocal auto regulation of Cav-1 and Beta-1
Integrin is shown to be influenced by matrix stiffness [31], (d) Raft
content correlated with the extent of cell membrane deformation [32]
and (e) mechanical disruption of the rafts activate enzymatic activity by
releasing the enzyme from the raft [33]. The mechanism of changes in
lipid domains distribution in the translation of mechanical signaling is
also supported by the literature: (a) electric field directs cell migration
and proliferation by inducing accumulation (coalescence) of rafts [34]
and partition of integrin and Cav-1 [35], (b) rapid caveolae disassembly
and slow reassembly is reported as a response to rapid changes in
membrane tension [36]. A small number of biophysical studies support
this model: Yamamoto et al., using LAURDAN Generalized Polarization
reported that plasma membranes respond to mechanical stimulus such a
stretch and shear stress by changing fluidity, lipid order and cholesterol
content [37]. They showed that membrane response is different for these
two stimuli: uniaxial stretching and hypotonic swelling increased while
shear stress decreased the order of the plasma membrane [38]. This
opposite response led them to conclude that membrane physical prop-
erties are involved in mechano-transduction activating membrane re-
ceptors specific to each force [37,39].

1.2. LAURDAN spectral properties and the spectral phasor analysis: a
technique to study lipid domains dynamics [40-42]

This technique measures membrane heterogeneity by analyzing the
emission spectral shift of LAURDAN (6-lauroyl,1-2-dimethylamino
naphthalene) using the phasor analysis of spectral images [43]. LAUR-
DAN is a fluorescent probe that has been used to study polarity and
dipolar relaxation in membranes [44]. When LAURDAN is excited, its
dipole moment is increased, which can reorient surrounding dipoles in
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the environment, and this process requires solvent molecules to move
within the excited state lifetime of LAURDAN [45]. The red shift of
LAURDAN fluorescence reflects the amount of energy utilized in the
process of environment reorganization [46]. LAURDAN can detect
changes in the physical state of the membrane, determined by the fatty
acid composition and thermodynamic condition. LAURDAN fluores-
cence emission is centered at 440 nm for gel and liquid order mem-
branes, and is red-shifted 50 nm for liquid disorder membranes [47].
LAURDAN senses confined molecules of water that cannot freely rotate
at the membrane interphase [48]. Also, LAURDAN is sensitive to
cholesterol concentration, which modifies the membrane order param-
eters [49,50].

Spectral phasor analysis has been applied to biological systems
[41,43,44,51] and has the advantage of providing information about
complex interactions such as the ones present in the LAURDAN/mem-
brane system, simplifying the understanding of complex interactions
[44]. This technique has been shown to be an excellent tool for the study
of membrane fluidity heterogeneity with high spatial resolution in living
cells [41,51,52].

We hypothesize that plasma membrane fluidity is the result of a
distribution of areas with different order in equilibrium with each other,
and fluidity changes are the results of a modification of this equilibrium
and a redistribution of the areas. In this report we studied the changes in
membrane heterogeneity in cells immersed in collagen matrices of
different stiffness. The characterization of the collagen matrices was
done by rheometry (viscoelastic properties) by scanning electron mi-
croscopy (fiber size) and reversed second harmonic generation (SHG)
signal (volume occupied by the fibers). To analyze the distribution of
membrane fluidity in natural membranes phasor analysis of LAURDAN
spectral images was used [43]. This methodology joins the fast spectral
image acquisition and the power of the phasor analysis for images and
have been showed to be an excellent tool to study membrane fluidity
changes [43,44,53,54]. It is important to mention that the resolution of
the images analyzed by the spectral phasor approach are diffraction-
limited (dependent on the two-photon microscope used), and there-
fore does not allow one to observe the nanometric lipid domains
postulated to exist on natural membranes [22], rather it measures
micrometric areas resulting from the coalescence of nano domains and
more fluid areas [20,41,42,44].

2. Experimental
2.1. Collagen matrices with variable stiffness

2.1.1. Matrices fabrication.

Collagen matrices having different stiffness were prepared using
different concentrations of collagen and the method of gelation by
temperature [55]. A stock solution of collagen type-I 5 mg/mL in acetic
acid (Gibco, USA) was used to prepare collagen solutions with concen-
trations 0.5, 1.0, 2.0 and 4.0 mg/mL. The solutions were prepared by
mixing the appropriate amounts of the stock collagen, PBS 10x (100 pL
for a 1 mL preparation) and DMEM (Dulbecco's Modified Eagle Medium,
Thermo Fisher, USA). Individual reagents and the mixture were kept on
ice to avoid gelation during the process. After mixing, the pH of each
mixture was raised to neutral pH by adding NaOH 0.5 mol/L. The pH
changes were monitored following the color changes of the phenol red
present in the DMEM media, a useful strategy to work with small vol-
umes. A very gentle vortexing was used to prepare the mixture. Finally,
the matrices were formed by incubation at 37 °C in 8 well imaging
dishes. Two incubation times were used, namely 24 and 72 h.

2.1.2. Matrices characterization

2.1.2.1. Fiber diameter. Fiber diameters were measured from scanning
electron microscopy (SEM) images obtained in a SEM-PROBE CAMECA



J. Aguilar et al.

model SU-30. For sample preparation, after gelation, the matrices were
fixed by incubating them in 2.5 % formaldehyde for 1 day at 4 °C. Later
the samples were dried using the methodology of alcohol dehydration.
In this methodology the fixed samples are first rinsed with phosphate
buffer and then the sample is incubated for 40 min in ethanol/water
solutions of concentrations of 10, 20, 30, 40, 50, 70, 80, 90 and 100 %.
After the last concentrated ethanol the sample is dried by evaporation of
the ethanol [56]. For the SEM imaging, the samples were covered by
gold. For each collagen concentration, images of 6.40 x 4.80 pm (1280
x 960 pixels) at 4 different positions were analyzed. A total of 80 in-
dividual fibers were measured to calculate the average fiber size for each
collagen concentration, using standard tools from Image J softwarel.53
s.

Volume fraction occupied by the fibers. Matrices of different collagen
concentration were fixed by incubating them in 2.5 % formaldehyde for
1 day at 4 °C and rinsing with phosphate buffer. Second harmonic
generation intensity and lifetime signals in several z planes were ob-
tained using a noncommercial microscope designed for deep tissue im-
aging [57]. The phasor analysis for fluorescence lifetime imaging
microscopy (FLIM) analysis is based on the transformation of the fluo-
rescence decay histogram I(t) into its sine and cosine components [58].
Data are displayed in a polar plot (phasor plot) with coordinates S = M
cos $ and G = M sin ¢, with ¢ being the phase delay and M the
demodulation between excitation and emission [59,60]. In the phasor
representation, a point (phasor), with S and G coordinates, represents
each fluorescent species involved. In an image, the lifetime will be
determined at each pixel and its corresponding phasor will be located on
the phasor plot. Thus, the phasor plot contains as many phasors as the
number of pixels acquired in the image. Pure fluorescent species (with
single exponential decay) will lie on the phasor representation on what
is known as the universal circle (shown with a semicircle). For the
analysis, a color cursor (red) on the phasor plot was used to label the
pixels in the original intensity image from where the phasors from
collagen originated. These images and standard tools from Image J
software were used to calculate first the area occupied by collagen at
each image of the z-stack and second the volume occupied by collagen
by adding the areas of each image on the z-stack. For each collagen
concentration, four stacks of 11 images (30 x 30 x 2 =1800 pm3) were
measured, averaged, and the standard deviation was determined.

2.1.2.2. Viscoelastic properties. The viscoelastic properties of the
collagen gels were studied by rheometry using a DHR-3, TA Instrument
implemented with parallel plates and a Peltier plate for temperature
control. Oscillatory amplitude tests were performed using geometry of 8
mm, a 1 mm gap, a deformation range from 0.01 to 100 %, at a tem-
perature of 37 °C. From this test, the linear viscoelastic region, storage
modulus (G), loss modulus (G”) were measured and the complex
modulus (G*) calculated using the following equation:

G =VG*+G”

2.1.3. Cells culture

Cells grow in the collagen matrices and LAURDAN staining.

NIH 3 T3 (ATCC CRL-1658) mouse fibroblasts were growth using
already published protocols [46]. Briefly, cells were grown in DMEM
media at 37 °C and 5 % COs, in culture plates. After incubation cells were
rinsed with PBS, detached with trypsin, and neutralized with fetal
bovine serum. The final cell concentration was ~6 x 10° cells/mL. To
prepare the NIH 3 T3 embedded on the collagen, an aliquot from the
stock cell culture was added to 1 mL of collagen solution to reach a cell
concentration of 100,000 cell/mL. Then, 300 pL of this mixture were
deposited in the wells of an 8 wells chamber with optical glass (MAT-
TEK, USA). After incubation of the chambers for 40 min at 37 °C and 5 %
CO;, culture media was added to each chamber to avoid sample drying
and then they were incubated for either 24 or 72 h. Every 24 h the media
was replaced by fresh media having LAURDAN 1 pmol/L.
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Cell viability assay. Cell viability of NIH 3 T3 cells in collagen at
different concentrations was tested using Sytox Orange (Thermo Fischer
Scientific, USA) and NucRedLive 647 (Termo Fischer scientific, USA) to
label the nucleus of dead and alive cells in culture, respectively. NIH 3
T3 cells were labeled according to vendor protocol and 5 x 5 tile images
of 2124 x 2124 pixels were obtained. Images were registered in a
Confocal Zeiss 710 NLO using an excitation wavelength of 488 or 633
nm and emission ranges of 503-579 and 659-740 nm for Sytox Orange
and NucRedLive 647, respectively. In the analysis green (dead) and red
(alive) cells were quantified, and the viability percentage was obtained
for each collagen concentration. All measurements were done at 37 °C.

2.1.4. LAURDAN hyperspectral imaging and spectral phasor analysis

Hyperspectral images were obtained in a confocal scanning micro-
scope Zeiss 710NLO equipped with a spectral detector of 32 channels. A
Ti:Sapphire laser (Spectra-Physics Mai Tai) with 80 MHz repetition rate
tuned at 780 nm was used to excite the sample. The length of the
spectrum used for the spectral images was 415-726 nm, with 10 nm
steps. Spectral images were acquired with a pixel dwell time of 1.58 ps,
and with a resolution of 515 x 512 pixels. For all images the pixel size
was fixed at 100 mn. The objective used for all the spectral images was a
Zeiss C-Apochromat 40x/1.2w KorrM27. Spectral images were Fourier
transformed (using the first harmonic) to the phasor coordinates using
the SimFCS software (G-Soft, Global for Images, Urbana-Illinois, USA) as
described previously [43,44].

In a spectral image, each pixel contains the emission spectrum at that
pixel. Therefore, an emission curve is associated with every pixel. The
spectral image can be analyzed in a global manner using the phasor
approach. Spectral phasor analysis [44,61,62] is based on the trans-
formation of the emission spectra into a phasor by calculating the
Fourier real and imaginary component as coordinates G (cosine trans-
form) and S (sine transform) according to the following mathematical
expressions:

_ > I(A)cos(2znA /L) and ¥ — S — > d(A)sin(2znd /L)

X=0 S, 0) S, I()

Where L corresponds to the total wavelength range, I() the intensity at a
given wavelength and given pixel, and n is the harmonic order. Thus,
after the transformation the emission spectra is transformed into a
phasor, i.e., one single point with coordinates (G, S) and is represented
in a polar plot. The angular position of the phasor in the polar plot (the
phasor angle) is proportional to the spectral center of mass and the
distance from the origin (the phasor radius) is inversely proportional to
the width at the half maximum (FWHM). The transformation of the
spectral image to phasors results, in the Fourier space (the spectral
phasor plot), in a cluster of phasors representing each emission spectrum
in the spectral image. The phasor plot has the properties of linear
combination and reciprocity. Where the contributions from the different
species, and the interactions between them may be analyzed in a
straightforward manner as pixels distributes along a line that join the
pure components. The reciprocity principle enables us to select regions
of interest in the phasor space and color them in the intensity image.

3. Results and discussion
3.1. Framework for the study

The main question to be answered in this work was if changes in the
stiffness of the extracellular media would change the membrane struc-
tural heterogeneity. To measure membrane heterogeneity, we used the
spectral properties of LAURDAN and phasor analysis, a methodology
that allows quantification of areas in the membrane having different
fluidities.

Several parameters were defined to keep the study within specific
boundaries. First, we used NIH-3 T3 mouse fibroblast These cells have
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been used before in biophysical studies in traditional cell culture
configuration in a culture plate [46] and immersed in collagen type I
where they show a distinguished viability [63-67]. Biocompatibility test
(Sytox Orange and NucRedLive 647) for NIH 3 T3 cells and collagen,
showed a viability percentage of 94.0 & 0.5, 94.8 + 0.3, 92,5 + 2.3 and
91,7 + 1.8 for the respective collagen concentrations of 0.5, 1.0, 2.0 and
4.0 mg/mL, in agreement with the literature [64,65]. The stiffness range
used was based on collagen concentration ranging from 0.5 to 4.0 mg/
mL. Importantly, the preparation was done without modifying the
protein or using a cross linker, resulting in relatively low maximum
stiffness levels that are typically observed in neurological tissues [68].
The collagen under the experimental conditions formed a gel in 40-45
min. However, to enable the cells to adapt and interact with the
collagen, incubation periods of 24 and 72 h were used. Characterization
of the collagen matrices were performed without cells, under the
assumption that no significant changes will occur to the matrix during
the interaction with the cells although it is reported that there is some
collagen remodeling induced by NIH-3 T3 cells after 4 days incubation
in collagen 2 mg/mL [63].

3.2. Collagen matrix characterization

Collagen matrices of 0.5, 1.0, 2.0 and 4.0 mg/mL were fabricated and
incubated for 24 and 72 h at 37 °C.

3.2.1. Fiber diameter

Fiber diameters were determined from SEM images. For each
collagen concentration 4 images were analyzed. Fig. 1 shows the SEM
images for the matrices of different collagen concentrations and the
average value for fiber diameter at the two incubation times (24 and 72
h). Collagen matrices at 0.5 mg/mL showed the largest average fiber
size, 137 nm + 23 nm and 108 nm + 18 nm for 24 and 72 h respectively.
For the other three collagen concentrations fiber size is in the range of 78
to 90 nm. Observation of the images show that as the collagen concen-
tration increased, the number of fibers and the interfiber interactions
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also increased. At 0.5 mg/mL it is possible to observe single fibers but
starting from 1.0 mg/mL most of them are associated with others. Single
fibers at low collagen concentration are expected to be more hydrated
and show a larger diameter that associated fibers. Fiber size depends on
the collagen properties (concentration, type and source) and also on
incubation time [69-71]; for incubation times over 24 h literature re-
ports fiber sizes around 90 nm [70,71] in agreement with the range
obtained from our data.

3.2.2. Fiber occupation volume

The volume occupied by the fibers is inverse to the free volume
available for the cells to grow within. To determine the volume occupied
by the collagen fibers, second harmonic generation (SHG) signals from
collagen were used to acquire FLIM (fluorescence lifetime imaging
microcopy) images in several z-planes. As an example of the analysis,
Fig. 2A shows the SHG intensity image of one z-plane of a collagen
matrix. The FLIM data were Fourier transformed into the phasor rep-
resentation and plotted in a phasor plot (Fig. 2B). Since the lifetime for
SHG signal is zero, all these phasors are located at the beginning of the
universal circle [72]. A red circle was used to enclose all the phasor and
using the reciprocity principle of the phasor analysis [42], all the pha-
sors inside the cursor were back located in the intensity image (Fig. 2C).
From each intensity stack (11 images in z plane) the area occupied by
collagen was determined and the volume obtained by the addition of
these areas. Fig. 2D show the analysis for one z stack. For each collagen
concentration, at the two incubation times, 4 z-stacks were averaged
(Fig. 2E). The volume occupied by the fibers increased with the collagen
concentration going from 20 to 60 % when comparing 0.5 and 4 mg/mL.
As the concentration of collagen increased fibrogenesis is favored by the
availability of free collagen chains [71].

3.2.3. Viscoelastic properties

Using oscillatory shear tests, it is possible to study the viscous and
elastic properties of the collagen gels. These properties account for the
ability of the gel to store (G') or dissipate (G”) energy when the gel is
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Collagen (mg/mL)

Fig. 1. Determination of fiber size: Representative SEM images for the collagen matrices having increasing collagen concentrations: (A) 0.5, (B) 1.0, (C) 2.0 and (D)
4.0 mg/mL. (E) Using Image J software, the diameter of 80-90 individual fibers was measured for each collagen concentration and the plot shows fiber diameter as
function of the collagen concentration and incubation time. ANOVA test between 24 and 72 h for collagen concentration 0.5 mg/mL showed no significant dif-

ferences (p > 0.05).
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Fig. 2. Volume occupied by collagen fibers. (A) Representative two-dimensional SHG intensity image of a collagen matrix (image size 30 x 30 pm) (B) FLIM phasor
plot showing the phasors (blue dots inside the red circle) at lifetime = zero from the SHG signal. (C) The location of the pixels inside the red circle in B is shown in the
intensity image. These pixels are quantified in several images taken in the z axis (D) Tridimensional reconstruction of the pixels occupied by collagen in the matrix.
For each collagen matrix concentration, the volume occupied by collagen was measured at 24 (pink) and 72 h (blue). For each condition, 4 different z-stacks were
measured, each of them containing 11z-planes, image size 30 x 30 x 2 pm. The average occupied volume with the corresponding standard deviation was plotted (E).

subjected to shear stress, providing information about the structural
stability of the collagen. The four collagen matrices (concentrations
0.5,1.0, 2.0 and 4 mg/mL) were incubated for 24 and 72 h and Fig. 3
shows the rheological analysis.

Fig. 3A and B show the comparison of the storage (G') and loss (G”)
modulus as a function of shear strain for the collagen matrices incubated
24 h (Fig. 3A) and 72 h (Fig. 3B). As a general observation, for all
collagen concentrations, the G’ and G” curves intersected as the applied
strain increased. The first intersection was observed at approximately at
0.1-0.25 % oscillation strain, where G’ > G” indicate the formation of a
stiffer structure. This phenomenon is known as strain-stiffening and is
associated with both generic contributions of the chains, such as
stretching of the biopolymer segments, as well as the formation of more
organized structures that decrease energy dissipation [73,74]. Subse-
quently, for gels of 2.0 and 4.0 mg/mL at deformation close to 25 %, the
curves cross again and G” > G'. This behavior is described in the liter-
ature and it is attributed to a strain-softening phenomenon resulting
from a redistribution of the internal stress by increasing the sliding of the
chain entanglements [75]. Although a higher contribution from G’ was
expected, Hensen and Mackay explained this behavior using the

unraveling layer model [76]. This model states that at the interface of
the instrument geometry and the matrix being measured (geometry/
matrix interface), there is a layer of finite thickness with a lower vis-
cosity than the sample, where a more disentangled fiber structure is
present [76]. In our case, at the geometry/collagen matrix interface
there is an aqueous layer, like the “disentangled layer” proposed by
Henson and Mackay, that contributes to the fluidity of the sample and is
responsible for the increased G” values. Furthermore, the contribution of
this layer is observed to be more prominent at low collagen concentra-
tions, where more solvent is present in the matrix.

Focusing on the changes of G’ value, storage modulus (open circles in
Fig. 3A and B), as a function of shear stress for the collagen matrices at
the two gelation times some interesting changes may be mentioned. The
observed overall decrease in G’ modulus with deformation observed for
all the collagen concentration and at the two incubation times may be
attributed to the absence of chemical crosslinking (covalent bonds) in
the matrices. Thus, the structural stability of the gel is given by inter-
molecular forces that are more sensitive to mechanical stress and lead to
a material with lower stiffness. A linear viscoelastic region observed
between 0.1 and 10 % deformation is attributed to fiber orientation and
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Fig. 3. Viscoelastic properties of collagen matrices. Oscillatory amplitude shear test for collagen gels obtained at gelation time of (A) 24 h and (B) 72 h. (C) Complex
module (G*) versus collagen concentration determined at 0,25 % shear deformation. Store modulus (G/, closed circles), loss modulus (G”, opened circles). ANOVA
test between 24 and 72 h for each collagen concentration showed no significant differences (p > 0.05).

alignment [77]. In this linear region, for the two gelation times, the G/
value increases with collagen concentration, i.e. an increase in stiffness
is observed as collagen concentration increases. This expected behavior
can be explained since high concentrations of collagen accelerate
fibrogenesis by increasing the availability of free collagen chains [71].
The G’ values obtained (100 Pa and 1000 Pa for 0.5 mg/mL and 4 mg/
mlL, respectively) are higher than the values reported in the literature
[73,75,78]. However, this difference may be attributed to the longer
gelation time used (24-72 h); in fact, literature reports indicate that
there is a progressive increase in the value of modulus, as the gelation
time of the collagen increases [79,80]. Under this scenario, the modulus
G’ values obtained in this work agree with the values obtained for gels
formed with similar gelation times [71].

To compare the stiffness of the collagen matrices, the complex
module G* (complex modulus) was determined at the linear viscoelastic
region (Fig. 3C), more specifically at shear deformation of 0.25 %. In this
plot the correlation between collagen concentration and stiffness of the
matrices can be clearly observed [75,78]. A small increase in stiffness
may be observed when comparing 24 and 72 h gelation time, however
ANOVA test for the G* values show this difference to be insignificant (p
> 0.05).

3.3. Membrane heterogeneity and the influence of collagen stiffness

Membrane heterogeneity was studied using the fluorescent dye
LAURDAN and 3D hyperspectral images of cells were analyses by phasor

plot analysis. To better understand the results it is important to clarify
what the techniques measures. In simple terms, LAURDAN senses
membrane polarity, P, (related to the number of water molecules pre-
sent in the bilayer) and dipolar relaxation, DR, (related to reorientation
of the water dipoles by rotation, in response to the change in LAURDAN's
dipole moment upon excitation). These two terms depend on the lipid
order. The term “fluidity” is a qualitative general term used to describe
membrane viscosity (capability of the lipids to flow or rotate), and is
determined by the water content, the water relaxation, and the lipid
order of the bilayer. In the LAURDAN spectral phasor analysis, the in-
formation obtained on polarity and DR is mixed and therefore the in-
formation obtained from this type of analysis is related to the general
term “fluidity”.

NIH-3 T3 cells grown inside collagen matrices having different
collagen concentrations (Fig. 4A) were compared with control cells
grown in a traditional cell culture configuration in a monolayer
(Fig. 4B). Hyperspectral images in several z positions (Fig. 4C) were
transformed into spectral phasors plots (Fig. 4D). The spectral phasor
plot shows a cluster organized along a line indicating shifted LAURDAN
spectra sensing environments with different fluidities in the membrane.
The two extremes correspond to pixels where LAURDAN is in a fluid
(left) or ordered (right) environment. Spectral phasor points along the
line correspond to pixels with different fraction of order and fluid
components.

To analyze the cluster, regions in the membrane with different flu-
idities are identified using the cursor selection tool. Analysis may
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Fig. 4. Membrane heterogeneity analysis by LAURDAN and the spectral phasor analysis: (A) NIH-3 T3 cells labeled with LAURDAN were growth inside matrices
having different collagen concentrations, (B) as a control, cells were growth in culture plates as a monolayer. Hyperspectral images were taken in different z planes.
(C) For the analysis, the pixels in the images corresponding to the border of the cells (pixels containing the plasma membrane) were isolated, therefore there is no
contribution from the other membranous component on the cells (D) The images were transformed into phasors and plotted in a spectral phasor plot. Four angular
cursors were used for the analysis (red, green, blue, and yellow). (E) Pixels in the Intensity images were colored according to the location of the cursors and the
percentage of each color is represented in a columnar plot. The whole cell heterogeneity distribution was calculated by averaging the different areas analyzed in all
the z planes. SImFCS software was used for this analysis.

consider two extreme cursors linked [52] or a discrete number of non- areas in the membrane with different fluidities: red and yellow angular
linked cursors [41] depending on the application. In this work, four cursors indicate ordered or fluid areas, respectively, while blue and
angular cursors (shown as triangles in Fig. 4D) were used to define four green angular cursors represent areas with intermediate fluidities as
PHASOR PLOT IMAGE COLORED BY ANGULAR CURSORS % OF PIXEL DISTRIBUTION
¥ 3 3 ¥ 7 3 ¥ w % 100
: 80
0
A % 6o
‘a
w40
=)
: & 2
menolayer % i ‘ i . :
g pm 1 2 3 a 5 6 7 8 9 12345673839
Bottom top z-direction (um)
Ty,
1,
<y 80
B 60

% of pixel
b3

n
=3

Collagen dmg/ml

o

pm 2 Z 6 8 10 12 14 2 4 6 8 10 12 14
Bottom » top z-direction (um)

Fig. 5. Membrane heterogeneity of NIH-3 T3 grown in a monolayer versus in a 3D culture inside collagen matrix using LAURDAN: Representative spectral phasor
analysis of NIH-3 T3 cells stained with LAURDAN and cultured in: (A) a monolayer (typical configuration) or (B) inside 4 mg/mL collagen for 24 h at 37 °C. The
phasor plot shows a cluster of phasors from 9 hyperspectral images taken every 1 pm along the z axis from bottom to top of the cell. Four angular cursors were used
for the analysis indicating from order (red) to more fluid (yellow) areas. Pixels located inside each cursor are located back on the intensity image with the respective
color generating an image colored by angular phasors. The percentage of each colored pixel in the whole cell is plotted in a pixel distribution plot.
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linear combination of the ordered and fluid environments. Using the
reciprocity principle [42,44,46] of phasor analysis, the phasor points
inside each cursor were back located in the intensity image creating a
phasor-colored image (Fig. 4E) where the location of the signal can be
identified. Fig. 4E also show column plots with the percentages of pixels
of each color, representing the distribution of the four referential areas
in the membrane [20,41,42]. We used this column plot to study the
fluidity distribution under different configurations. The changes in the
number and spatial distribution of the pixels indicate changes in the
membrane fluidity distribution generated by the applied stimulus.

Fig. 5 shows the analysis of a representative z-stack for the two
extreme cases studied, cells grown in a monolayer (Fig. 5A) and 3D cell
culture inside a 4 mg/mL collagen matrix (Fig. 5B) after 72 h. Visual
comparison of the two spectral phasor plots and using the four angular
cursors (red, green, blue and yellow) shows a population of phasors
(colored in red) which is only present in the cells grown immersed in
collagen and not in cells in monolayer. This population corresponds to
more ordered areas in the membrane and their location is shown for the
two cases in the intensity image colored according to the angular cursors
(Fig. 5A and B). The percentage of pixel distribution analysis (Fig. SA
and B) shows a different distribution of fluidity domains in both situa-
tions. After analyzing independently 16 cells and not finding a clear
correlation between the z-position and the percentage of pixel distri-
bution we decided to use the average distribution of all the z-positions
for further analysis. Overall, membranes of cells cultured as monolayers
are more fluid than cells in contact with collagen fibers at 4 mg/mL. An
additional observation from the z section examined to image the full
cells is that cells in the monolayer (9 pm) were almost half the size of the
ones in collagen (14 pm) (Fig. 5A and B), indicating that cells immersed
in collagen (4 mg/mL after 72 h) acquired a 3D position inside the
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Fig. 6 show the analysis performed for cells grown inside collagen
matrices of different concentrations and at the two incubation times
studied, i.e., 24 h and 72 h. After 24 h incubation, the pixel distribution
analysis (Fig. 6A) shows pixels with different fractions of ordered and
fluid components, mostly the ones represented by yellow, blue, and
green cursors but with a small presence of the most ordered domains
(red). After 72 h, the presence of the more rigid domains is established,
and their percentage increased with collagen concentration. The size of
the cells in the z-direction (Fig. 6B), indicative of cells adopting a 3D
configuration, also changed as collagen concentration increased both at
24 h and 72 h. At 0.5 mg/mL and 24 h, the cells already adopted a 3D
configuration inside the collagen fibers. The dispersion of the data at 24
h (standard deviation) as compared with 72 h show the stabilization of
the cells inside the matrix with incubation time.

4. Conclusions

In our experimental setup, cells were incubated with increasing
concentrations of collagen to allow the formation of collagen fibers
around them. As collagen concentration and gelation time increased it is
expected that, as cells experience the reduction of the free space, the
stiffness of the matrix increases, and consequently, the compression
forces the cells experience, and the collagen-cells contacts increase. Our
data show all these changes.

(a) After 24 h, the distribution of membrane fluidity domains is
similar and independent of the collagen concentration. At this
time cells in collagen are in a 3D configuration inside the collagen
and the fluidity does not differ significantly from the cells in the
dish configuration, even if the last ones are flat and attached to
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Fig. 6. Membrane heterogeneity and cell height as media stiffness increases: Cells were incubated for 24 and 72 h at 37 °C inside different concentrations of fibrillar
collagen. (A) Percentage of pixel distribution and (B) height in micrometers for cells grown inside collagen matrices at different collagen concentrations. Spectral
analyses were performed on 50-70 images for each collagen concentration and standard deviations for the analysis are shown. ANOVA tests for ordered domains
(red) showed significant differences (p > 0.05) between each collagen concentration and the control without collagen.
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(b) After 72 h, collagen properties do not change significantly (fiber
size, fiber volume, stiffness) with respect to the 24 h incubation,
but the distribution of the membrane fluidity changed. The per-
centage of ordered regions in the membrane increased as collagen
increased, and a new population of more ordered regions
appeared.

It is well reported that ECM stiffness can influence cell function
[9-16], however, the details of the mechanisms involved are not well
established. Experimental results support the direct interaction of
membrane receptors with ECM components and that changes in the lipid
domains distribution are responsible for triggering the receptors
[34-36]. Yamamoto et al., using LAURDAN and the Generalized Po-
larization technique, reported changes in membrane general fluidity,
lipid order and cholesterol content as a response to mechanical stimulus
shear stress [37]. They propose that membrane physical properties are
involved in the mechano-transduction activating membrane receptors
specific to each force [37]. Our data using LAURDAN and spectral
phasor analysis show that upon increasing collagen concentration and
the stiffness of the media, a redistribution of membrane fluidity regions
occurs, specifically, an increase in highly ordered areas and a decrease in
the more fluid ones. Our data does not respond to the logical question if
these changes in the distribution are induced by the forces created
around the cells by the increasing stiffness or by the direct interaction of
collagen with specific receptors at the membrane. Our experimental
setup did not correlate these events spatially or temporally.
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