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ABSTRACT Gravity-sensitive cellular responses are regularly observed in both specialized and nonspecialized cells. One
potential mechanism for this sensitivity is a changing viscosity of the intracellular organelles. Here, we report a novel, to our
knowledge, viscosity-sensitive molecular rotor based on mesosubstituted boron-dipyrrin used to investigate the response of
viscosity of cellular membranes to hypergravity conditions created at the large diameter centrifuge at the European Space
Agency Technology Centre. Mouse osteoblastic (MC3T3-E1) and endothelial (human umbilical vein endothelial cell) cell lines
were tested, and an increase in viscosity was found with increasing hypergravity loading. This response is thought to be primarily
biologically driven, with the potential for a small, instantaneous physical mechanism also contributing to the observed effect. This
work provides the first, to our knowledge, quantitative data for cellular viscosity changes under hypergravity, up to 15 x g.

INTRODUCTION

Gravity sensing in mammalian cells is a puzzling phenom-
enon (1-4). The small size of a single cell implies that a
change in the gravitation environment would be unable to
provide a change in force that could elicit a cellular
response; however, initial evidence has been presented
showing single cells responding to changes in gravity. For
example, under microgravity, changes in the mammalian
cell cytoskeleton (5) and in plant cell proliferation rates
(6) have been observed. Moreover, both mammalian epithe-
lial cells and plant cell walls have been reported to exhibit a
mechanobiological response to hypergravity, compensating
for the increased gravitational load (7,8). Although it is
becoming clear that mammalian cells can respond to altered
gravity, much is still unknown about the response pathways
activated by changing gravity or about the variations in said
pathways between cell types.

One potential mechanism for a cell to exhibit a mechano-
sensitive response is a change in viscosity of either the cell
membrane and/or the intracellular organelles (9). Viscosity
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is a key regulator of diffusion-controlled reactions that influ-
ences reaction rates throughout the cell (10) and hence
cellular signaling (11). Cellular viscosity has also been
shown to be relevant to many diseases; abnormalities in
red blood cell viscosity have been observed in sickle cell
anemia (12) and type II diabetes (13,14), whereas changes
in the mitochondrial membrane viscosity have been reported
in numerous neurodegenerative diseases (15—17). The abil-
ity to investigate cellular viscosity changes under unusual
gravity conditions may lead to advances in understanding
the function of mechanobiological parameters in such
diseases.

Advancements in fluorescence techniques have enabled a
means for monitoring diffusion and kinetics in cells (18) and
for exploring the structure and organization of cellular
membranes (19). Molecular rotors, small synthetic fluoro-
phores that change their fluorescence response depending
on the environmental viscosity, recently allowed measure-
ments of real-time viscosity changes on a single cell level
in vitro and in vivo (20,21). In molecular rotors, fluores-
cence quantum yield and excited state lifetime respond
strongly to the viscosity of the surrounding environment
because of a marked viscosity effect on the nonradiative
decay of their excited state via alteration of intramolecular
rotation rates in a viscous environment. Hence, a change
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in the ratio between nonradiative and radiative excited state
decay results in a sensitivity of molecular rotors to their
immediate viscosity (22) and can be utilized in measuring
viscosity of small cellular compartments, such as mem-
branes (23) and organelles (24).

Here, we report the use of a molecular rotor to measure
changes in viscosity of cellular membranes under altered
gravity. To generate conditions of hypergravity, we utilized
the large diameter centrifuge (LDC) facility, housed at the
European Space Research and Technology Centre. Because
creating hypergravity conditions requires highly specialist
equipment, it is often not viable to measure diffusion events
in this environment. However, because molecular rotors
only require measurement of the fluorescence intensity, by
placing a fluorescence microscope in the LDC, it is possible
to directly image cells during exposure to an increased grav-
itational field, enabling us to visualize real-time changes in
cellular viscosity.

For model systems, we first employed mouse preosteoblast
cells (MC3T3-El), a cell line commonly used in studies
interested in cell mechanosensing of force and strain, as
well as gravisensing research (25). We further expanded to
human umbilical vein endothelial cells (HUVECSs) because
of their adaptability to a changing environment in vivo (26)
like hypergravity and the impact of HUVEC viscosity on dis-
ease (12). This work delivers the first, to our knowledge,
quantitative study of varying viscosity under conditions of
hypergravity and, as such, aids the understanding of cell
adaptation to abnormal environments. Furthermore, it pro-
vides an insight into cell rheology and responses to shear
stress, such as blood flow, and will enable further investiga-
tion into lipid membrane compositions under anisotropic
conditions, laying the foundation for additional mechanobio-
logical research under altered gravity conditions.

METHODS

Absorption and fluorescence emission
measurements

Fluorescence spectra were measured using a FluoroMax4 spectrofluorom-
eter (Horiba Scientific, Northampton, United Kingdom) with a Xenon
lamp excitation source. Spectra were corrected for wavelength-dependent
efficiency of the light source and sensitivity of the detector. Quartz cuvettes
with 1 cm pathlength were used in all measurements. For the response mea-
surement of rotor 2 fluorescence (henceforth referred to as “2”) to viscosity,
fluorescence emission spectra were collected in 0-100% v/v methanol/
glycerol mixtures of viscosities ranging between 0.6 and 1457.6 cP at
20°C. A 0.5 mM stock solution of 2 in dimethyl sulfoxide was used to
make up the final solutions containing 1 uM of 2. Fluorescence was excited
at 450 nm and collected between 465 and 700 nm.

Determination of quantum yield

The quantum yield of 2 was measured using fluorescein as a standard. The
absorbance values were kept well below 0.1 to minimize inner filter effects.
Integrated emission intensity (excited at 465 nm, collected between 480 and
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700 nm) of 0.083-1 uM fluorescein in 0.1 M NaOH was plotted against
absorbance values at 465 nm; a linear fit was used to obtain the gradient.
Similarly, 0.25-2 uM of 2 in a 70:30 v/v mixture of glycerol/methanol
was prepared, and integrated emission intensity (excited at 465 nm,
collected between 480 and 700 nm) was plotted against absorbance at
465 nm; a linear fit was used to obtain the gradient for determining quantum
yield according to the following equation:

2
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where Grad, and Grady, are gradients of the emission versus absorbance
plots of the sample and fluorescein standard, respectively, and 7’k and
1%y is the refractive index of the solvent for the sample and fluorescein
standard, respectively. A quantum yield ¢grof 0.79 was used for fluorescein
in 0.1 M NaOH (27). The refractive indices of the 70:30 v/v mixture of

glycerol/methanol (1.41 at 25°C) and fluorescein in 0.1 M NaOH (1.33)
were obtained from literature (28).

Cell culture

MC3T3-E1 cells were obtained as a gift from Mr. Cor Semeins (Oral Cell
Biology; Academic Centre for Dentistry Amsterdam, Amsterdam, the
Netherlands). MC3T3-E1 cells were cultured in Minimum Essential
Medium « (without ascorbic acid) (ThermoFisher Scientific, Carlsbad,
CA) supplemented with 10% fetal bovine serum (ThermoFisher Scientific).
HUVEC and the culture medium were obtained as a gift from Dr. Robert
Szulcek (Vrije Universiteit Medical Centre, Amsterdam, the Netherlands).
HUVECs were cultured in endothelial cell medium (ScienCell, Carlsbad
CA), which contained 5% fetal bovine serum, 1% penicillin/streptomycin
solution, and 1% endothelial growth cell supplement. Culture flasks and
slides to be used with HUVECs were first treated with a 0.1% gelatin solu-
tion before cells were seeded. Cells were passaged when 70-90% confluent
in 25-cm® flasks grown at 37°C and 5% CO,. For imaging, cells were
seeded onto eight-well cover glass chambers (Nunc Lab-Tek, ThermoFisher
Scientific) at a density of 10* cell/well in 0.4 mL of culture medium and
grown for 24 h to confluence. Before hypergravity exposure, the media
was removed and replaced with media containing 5 uM rotor 2. The cells
were left in the incubator for 30 min to allow the dye to be taken up by
the cells. The media was removed, and the cells were washed twice in
Hank’s Balanced Salt Solution (no calcium, no magnesium; ThermoFisher
Scientific).

Preparation of giant plasma membrane vesicles

Giant plasma membrane vesicles (GPMVs) were prepared according to
published protocol (29) using 2 mM N-ethylmaleimide (Sigma Aldrich,
Dorset, United Kingdom) as a vesiculating agent. HeLa cells were cultured
in Dulbecco’s Modified Eagle medium (Sigma Aldrich) with 10% fetal
bovine serum (ThermoFisher Scientific) in T-25 flasks. The cells were
brought to 80% confluence and incubated with 3—4 mL of vesiculating
buffer for 90 min before gently collecting the buffer with floating GPMVs.

Hypergravity simulation

Hypergravity experiments were performed using the LDC facility
(Zeugma; Tecnologia de Sistemas Industriais, Mafra, Portugal), housed at
the European Space Agency Technology Centre (European Space Agency,
Noordwijk, the Netherlands) (30). The imaging system described below
was placed in a gondola on a 4-m arm and centrifuged to simulate
hypergravity. The samples underwent two dynamic gravity-level ramps
profiled as follows: 1) 1-15 x g at 1 x g/min, held for 30 min at 15 x g
and 15-1 x g at 1 x g/min, held for 30 min at 1 x g; and 2) 1-15 x g
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at2 x g/min, held for 15 min at 15 x g and 15-1 x g at 2 x g/min, held for
15 minat 1 x g. The gondola was free to swing along the axis of the support
arm; thus, the effective gravity vector was directly perpendicular to the
sample plane.

Sample analysis system description

An inverted microscope (Axiovert 10; Zeiss, Cambridge, United Kingdom)
was placed inside an outer gondola at the LDC (Fig. S1), and excitation was
provided by a high-powered light-emitting diode (pE-4000; CoolLED,
Andover, United Kingdom) tuned to 470 nm at 50% power. The microscope
sits on the floor of the gondola and remains in place without further
support because the gondola can swing freely outwards as the centrifuge
speed increases (as described above), meaning that the effective gravity
is always acting perpendicular to the gondola floor. Images were
acquired using a Plan-Neofluor 63 x 1.25 NA oil immersion objective
(Zeiss) and complementary metal-oxide semiconductor camera (Ximea
MQO13RG-E2; Munster, Germany). The camera and light source were con-
nected via a universal serial bus to a control computer housed in the central
gondola of the centrifuge running custom-developed control software. A
remote desktop connection from the LDC operator workstation to the con-
trol computer was then used to control the camera and light source and to
enable real-time visualization of the sample. The light-emitting diode exci-
tation light was fed to the microscope using an optical fiber and adaptor that
were securely attached to the microscope. The fluorescence illumination
was found not to be affected by gravity. At higher gravitational force (g)
levels, the brightfield illumination became slightly distorted because of
the standard mounting of the brightfield lamp flexing; however, brightfield
images were only used for the initial visualization with no quantitative data
gathered, so there was no need to reduce this distortion.

During observation, the sample was kept at 37°C using an objective heat-
er (Okolab, Burlingame, CA) and a custom-built Peltier-controlled stage
fitted into a Ludl-controlled xyz motorized stage (Fig. S1). The eight-
well cover glass chamber was secured to the stage using industrial tape
to ensure it remained fixed in place during acceleration and deceleration
of the centrifuge. Again, because of the perpendicular effective gravita-
tional force, no further movement of the sample chamber occurred. The
stage position and microscope focus were controlled from the LDC opera-
tion workstation in addition to the excitation source and camera. The heated
stage and objective heater were set up from inside the gondola before the
experiment because further control during each run was not necessary
and temperatures were monitored remotely.

Data analysis

Images were analyzed using Fiji and custom-built MATLAB software (The
MathWorks, Natick, MA). To determine the gravity-induced trends in

cellular viscosity, an average fluorescence intensity value was obtained
over the whole field of view for each sample, which contained a minimum
of two cells per field of view. The values were taken by using MATLAB
software to crop images where necessary to remove noncellular artifacts
before importing the images into Fiji and analyzing the fluorescence inten-
sity of the whole field of view using the mean intensity value. The same
field of view was followed over the gravity ramp, and the ramp was repeated
at least five times for each cell line studied.

Statistical significance of the observed change in fluorescence intensity be-
tween different gravity conditions was found by using a standard 1-way
paired Student’s ¢-test on 10 individual cells, across 3 separate hypergravity
runs. We have compared fluorescence intensity at four different conditions: 1)
when the cells are at 1 x g before the gravitational loading, 2) when the cells
areat 15 x g after45 min, and 3) and 4) when control cells are held at 1 x g for
0 and 45 min. Before the statistical analysis, data were normalized by
dividing the fluorescence intensity by the intensity at time zero.

Because the absolute values of viscosity are concentration dependent and
the concentration of rotor 2 within each cell is not known, it was not
possible to quantify a relative viscosity change based on changes in fluores-
cence intensity. Therefore, only the trends of fluorescence intensities
(reflecting the trend in viscosity) throughout changing gravitational loading
were interpreted.

RESULTS
The choice of molecular rotor 2

We have previously demonstrated that the family of boron-
dipyrrin (BODIPY) molecular rotors can successfully stain
organelles of a variety of mammalian cells in cellulo and
in vivo (31). Alongside exhibiting a large dynamic range
of fluorescence responses to viscosity, these dyes were suc-
cessfully incorporated into a variety of cellular membranes.
We have tested rotor 1 and a new dye rotor 2 (see Supporting
Materials and Methods for detailed synthetic procedures
and characterization), both containing a long hydrocarbon
chain (Fig. 1 a). The two positive charges present in 2
were thought to aid its retention in a plasma membrane of
cells and to improve water solubility by analogy with our
other recently published molecular rotors (32). We rational-
ized that by increasing the number of carbons in the linking
chain, we would increase the lipophilicity of the molecule
and achieve better staining. This would therefore enable
direct comparison with neutral rotor 1 (henceforth referred
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The molecular rotors 1 and 2. (@) The molecular structure of rotor 1 and rotor 2 is shown. (b) Fluorescence emission spectra of 2 in methanol/

glycerol mixtures of varying concentrations with viscosities ranging from 0.6 to 1457.6 cP, excited at 450 nm, are shown. (c) A fluorescence intensity image
showing representative staining of MC3T3-El cells with 2 at 1 x g (200-ms exposure), is shown. Scale bars, 10 um. To see this figure in color, go online.
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to as “1”), which was previously shown to internalize into
SK-OV-3 and HeLa cells (20,31). 1 was successfully used
in live cell studies at standard gravity conditions and is an
attractive probe because of a large range of fluorescence
responses between 0.6 and 1140 cP, as well as being temper-
ature and polarity independent (33).

Before experiencing hypergravity conditions, cells were
successfully stained with 1 and 2. However, with rotor 1, a
rapid loss of fluorescence intensity was observed before initi-
ation of the hypergravity profile, either because of a high rate
of photobleaching of the dye by the excitation light or a lack
of solubility in biological media, leading to dye aggregation;
this fluorescence intensity loss was not seen with rotor 2 in
which the fluorescence was found to remain constant over
time at 1 x g. The fluorescence changes shown by rotor 1
made it unsuitable for qualitative comparison of viscosity,
and so only rotor 2 was used in our hypergravity experiments
(Fig. 1 ¢). Such a difference in fluorescence behavior is un-
surprising because of the doubly positive charge of 2 in com-
parison to the neutrality of 1, which creates variation in the
cellular localization of each dye. The higher hydrophobicity
of 1 causes absorption solely into punctate cellular organ-
elles where it easily accumulates to self-quenching concen-
trations, promoting photobleaching by the excitation light,
whereas the less hydrophobic rotor 2 is internalized to
more locations within live cells (Figs. 1 ¢ and S2), limiting
self-quenching and bleaching of the dye.

Given the promising cellular uptake and photostability, we
tested the viscosity sensitivity of 2 to ensure it acted as a
molecular rotor, with fluorescence emission intensity sensitive
to local viscosity (Fig. 1 b). We measured the fluorescence
emission spectra in mixtures of methanol and glycerol of
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various concentrations, with viscosities ranging between 0.6
(pure methanol) and 1457.6 cP (pure glycerol) at 20°C. The
quantum yield was 0.16 in a 70:30 v/v glycerol/methanol
mixture at 20°C (Fig. S3), and a significant increase in emis-
sion intensity with viscosity is apparent in Fig. 1 b. The peak
fluorescence intensity at 511 nm increased more than 30 times
over the viscosity span of 1-1000 cP (Fig. S4) demonstrating
the significant viscosity sensitivity of the emission of rotor 2
in a viscosity range relevant for cellular membranes. For
example, other BODIPY-based molecular rotors have reported
average viscosity of 270 cP at 20°C in the plasma membranes
of eukaryotic SK-OV-3 cells (34) and 2510 cP in eye lens cells
(32). These values could be compared to a viscosity of approx-
imately 1000 cP measured with molecular rotors in the inner
membrane of Escherichia coli at 20°C, reporting an unusually
high order of lipid organization (21). These measurements
were performed under standard gravity conditions.

Viscosity changes in MC3T3-E1 cells under
hypergravity

To investigate the changes in viscosity of a model mechano-
sensitive cell, MC3T3-E1 cells were stained with molecular
rotor 2 and exposed to conditions of changing hypergravity,
with images of fluorescence intensity recorded over time on
the same field of view (Fig. 2). It is clear that the dye is
retained intracellularly and its localization in the cells is un-
changed with gravity.

The cells experienced a changing hypergravity profile,
with the gravitational force increasing from 1 to 15 x g
over a period of 15 min, followed by 30 min held at
15 x g, before decreasing from 15 to 1 x g over 15 min

FIGURE 2 Fluorescence intensity images of
MC3T3-El cells showing change in intensity of
molecular rotor 2 at 1 x g (0 min), 15 x g
(15 min), 10 x g (50 min), and 1 x g (80 min) using
a 15-min ramp (200-ms exposure). Scale bars, 10 um.
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with a final hold at 1 x g for 30 min. Both low and high grav-
itational loads have previously caused cellular responses,
with response times varying from minutes to several hours
(35). Because viscosity responses under hypergravity have
not been observed previously in this manner, a continuous
gravity profile up to 15 X g gave certainty in obtaining a
hypergravity-induced response, and cellular viability was
monitored throughout. The MC3T3-El cells maintained a
consistent, healthy cellular structure without swelling,
blebbing, or fragmentation observed across the profile run
(Fig. 2). Furthermore, there is no change of cellular localiza-
tion of the rotor throughout the varying gravity profile,
demonstrating that the fluorescence intensity change is
correlated to cellular viscosity changes.

A strong positive correlation was displayed between the
fluorescence intensity and gravitational force, which is in
stark contrast to the lack of fluorescent intensity change
observed when the cells are kept at a constant 1 X g
(Fig. 3). Fig. S5 shows that the fluorescence increase we
observed was reproducible and that this increase in fluo-
rescence after exposure to hypergravity for 45 min was
significant, with p < 0.001. A delay, or lag phase, is
noticeable in Fig. 3 a between increasing the g level
and the subsequent cellular viscosity increase, indicating
an ~10-min cellular response time to an altered gravita-
tional environment. This lag time may be indicative of
a biologically underpinned mechanism because any
physical change would be instantaneous on these time-
scales (36).

As a control, we stained GPMVs with molecular rotor 2.
GPMVs are vesicles derived directly from cells that have a
membrane composition very similar to live cells; however,
these structures lack cytoskeletons and biological machinery.

GPMVs enable study of cellular membrane organization
under controlled conditions, outside of living cells (29) and
so act as a useful control when undertaking biological
studies. We exposed the GPMVs to hypergravity in the
LDC and measured the resulting fluorescence intensity
change (Fig. S6). The lack of fluorescence change across
the sample shows that any changes seen are related to a grav-
ity-dependent biological effect, rather than a purely physical
effect such as aggregation or disaggregation of the rotor. This
result corresponds with our previously published data, which
indicate that aggregation of BODIPY molecular rotors
causes a decrease in fluorescence intensity, with the concen-
tration threshold for significant aggregation well above
the 5 uM concentration used in our experiments (33,37).
Additionally, aggregation-like effects are not expected to
be reversible, which is opposite to what is observed in
our cellular experiments. Hence, physical effects such as
dye aggregation will not meaningfully impact the fluores-
cence intensity change seen at our experimental conditions,
and so, solely gravity-dependent biological effects are
observed.

To probe the observed lag phase further, the g-level ramp
rate was doubled; a lag phase of ~10 min was again present
(Fig. 3 ¢), indicating that the cellular response is time depen-
dent and not dependent on reaching a threshold g level
because, if so, we would only observe a response above
this g-level value. A comparison of the rate of fluorescence
intensity increase for each ramp using a straight-line
approximation shows a rate difference that is not statisti-
cally significant. The similarity of these rates suggests that
either the cellular response is insensitive to the rate of grav-
itational loading or another process is limiting the rate of the
cellular response.

g level

FIGURE 3 (a) Fluorescence response of 2 in
MC3T3-El cells (black) as g level (green) is
changed, with a 15-min ramp. (b) Control
MC3T3-E1 cells showing no change in 2 fluores-

cence (black) as g level (green) is held at 1 x g
are shown. (¢) The fluorescence response of 2 in
MC3T3-E1 cells (black) as g level (green) is

60 80

changed with a 7.5-min ramp is shown. (d) A
normalized fluorescence response of cells treated
by previous hypergravity exposure and relaxation,
before a second hypergravity exposure (black),
compared with cells with no previous hypergravity
exposure (blue) is shown. To see this figure in color,
1s go online.
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Upon gravitational force unloading, the fluorescence in-
tensity decreases in all traces (Fig. 3), giving further evi-
dence that the observed change in intensity is due to a
changing g level rather than a dye relocalization. However,
the fluorescence intensity decreases at a slower rate than the
previous increase, meaning the initial fluorescence intensity
level present before gravitational loading was not reached.
We can therefore conclude that upon removal of hypergrav-
ity conditions, MC3T3 cells will relax toward their “prehy-
pergravity” state; however, this relaxation will take some
time (on the order of hours).

To confirm full cellular relaxation after hypergravity
exposure, an unstained MC3T3 cell sample was ramped as
previously stated, then held at 1 x g for 3 h, stained, and
ramped again. These data were then compared with a cell
sample that had not previously experienced hypergravity
(Fig. 3 d). Little difference is observed between the “hyper-
gravity-treated” and untreated cells, with the same lag phase
and similar rates of fluorescence intensity increase for each
sample. This similarity indicates that no permanent changes
to the cells occur upon application of abnormal gravity con-
ditions up to 15 x g.
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Viscosity changes in HUVECs under hypergravity

Although MC3T3-E1 cells provide a model for viscosity
changes undergone by structural oriented cells and connective
tissue in hypergravity, this model cannot be applied to other
tissue types. To investigate the effect of gravitational loading
on epithelial tissue, HUVECs were incubated with rotor 2 and
imaged in response to hypergravity (Fig. 4 b). In vivo, this cell
type has developed mechanisms to adapt to pressure varia-
tions in blood vessels to prevent disease such as atheroscle-
rosis (26,38). Furthermore, viscosity changes in blood
plasma have been implicated in, for example, diabetes (39)
and Alzheimer’s disease (39). Hence a nonnegligible
response to hypergravity is expected in the HUVEC cell line.

The fluorescence intensity in HUVECs correlated posi-
tively with the gravitational field (Fig. 4, a and ¢). In
contrast to MC3T3-El cells, the late-stage decrease occurs
at a rate similar to the increase, indicating that HUVECs
are quickly able to relax back to their original, prehyper-
gravity state. This effective relaxation after gravitational
unloading could be symptomatic of the ability of HUVECs
to adapt rapidly to changes in shear stress and pressure in
blood vessels.

15g, t = 45 min

t =30 min

t =90 min

FIGURE 4 (a) Fluorescence response of 2 in HUVECs (black) as g level (green) is changed, with a 15-min ramp. (b) Fluorescence images of HUVECs
showing change in intensity of 2 at 1 x g (+ = 0 min) and 15 x g (¢ = 45 min) during a 15-min ramp (200-ms exposure), are shown. (¢) The fluorescence
response of 2 in HUVECs (black) as g level (green) is changed with a 7.5-min ramp is shown. (d) Control HUVECSs showing an increase in 2 fluorescence
intensity (black) as g level (green) is held at 1 x g are shown. (e) Fluorescence images of HUVECs showing change in intensity of 2 at 1 x g at various time

points are shown. Scale bars, 10 um. To see this figure in color, go online.
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Similar to MC3T3-El1 cells, a delayed response of
approximately 20 min occurs between gravitational loading
and the cellular viscosity increasing. Similarly to what was
used previously, we doubled the g-level ramp rate, going
from 1 to 15 x g in 7.5 min (Fig. 4 ¢) (initially 15 min
was taken), to investigate the response time further. Unlike
with the MC3T3-E1 cells, the lag phase changed with an
altered ramp rate; the delay halved to 10 min with a doubled
gravitational ramp rate. This halving therefore indicates
HUVECs produce a cellular response caused by g level,
as confirmed by the initial fluorescence intensity decrease
seen in this delay time. The intensity decrease may be indic-
ative of an instantaneous physical response to prevent cell
damage while a biological response is being prepared or
the presence of a g-level threshold below which a cellular
response does not occur.

As a control, we measured the fluorescence intensity of
cells in the LDC for 2 h at 1 x g. It was expected that there
would be no fluorescence change; however, a distinct in-
crease in fluorescence intensity was seen (Fig. 4, d and e).
Because the staining media was replaced before any fluores-
cence measurements occurred, continuous dye accumula-
tion or aggregation inside the cell was not causing this
increase; changes of fluorescence intensity due to dye move-
ment could be addressed by measuring fluorescence life-
time. However, this setup was not possible within the LDC.

Although there is an intensity increase during the 1 x g
control, it does not correspond with the trend seen when
the cells are exposed to hypergravity; thus, we conclude
that a gravitational response must be occurring in addition
to a steady fluorescence increase seen at 1 x g. In both
the 15 min ramp and the control experiments, cell blebbing
and abnormal nuclear shape can be seen at later incubation
times (Fig. 4, b and e), which are both signs of apoptosis
and/or necrosis. Although the cells are not in optimal health,
there is still a clear biological response to both gravity
loading and unloading, providing evidence for hypergravity
measurements to understanding the interactions of individ-
ual endothelial cells with the local vascular environment.

DISCUSSION

Viscosity is a highly significant property of the cell. It pro-
vides an intrinsic control mechanism for the movement of
proteins (e.g., within the cytoplasm (40) or within plasma
membrane (41)), controlling cell diffusion, gene expression,
signaling, and structure. Yet probing the mechanisms that
cause changed viscosity and its downstream effect on
cellular function still poses significant challenges. Directly
measuring membrane viscosity within cells has only
recently become achievable (21), and achieving abnormal
single cell conditions without the addition of a molecular
agent requires external influences, such as gravity loading;
this study is the first, to our knowledge, to combine the
application of hypergravity to a cell with fluorescent molec-
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ular rotors to enable real-time imaging of single cell viscos-
ity changes.

We have designed several molecular rotors to specifically
incorporate in lipid-rich cell domains such as lipid mem-
branes. Both molecular dynamic simulations and studies
with phase-separated giant unilamellar vesicles, which act
as mimetics for the cellular lipid membrane, demonstrate
the ability for the molecular rotor to insert into the cell
membrane and to accurately report on its immediate viscos-
ity with fluorescence (42). In our chosen cell types, 2 is
shown to internalize and stain both the cellular membrane
and internal lipid-rich domains; hence, the internal organ-
elles” membrane viscosity can be imaged.

Although fluorescence lifetime imaging microscopy can
be used to generate concentration-independent quantitative
viscosity measurements over a heterogeneous sample
(20,23), a fluorescence lifetime imaging microscopy setup
is required, which is not practically possible to house within
the LDC. An equally valid approach can be employed using
fluorescence intensity measurements alone (34), provided the
concentration of a fluorophore does not change during the
experiment. Although the concentration of molecular rotor
within the membranes is unknown, it can be assumed that
the concentration does not change over changing gravita-
tional level because no excess rotor is present in the external
medium and so no migration of rotor within the cell occurs.
Relative changes in viscosity can therefore be compared to
evaluate the effect of hypergravity conditions on cells.

Although other methods for creating hypergravity condi-
tions, such as a parabolic flight, cause cellular responses
(43), a viable method for measuring single cell viscosity
changes with fluorescence microscopy is not available,
and the level of hypergravity loading possible is low. By
using the LDC, we were able to centrifuge a fluorescence
microscope and therefore directly image single cells while
they were being exposed to an increasing gravitational
load. Because the LDC has a much larger diameter than
that of common laboratory centrifuges, it also minimized
the relative influence of shear force acting upon the sample.
In centrifuges, inertial shear forces act perpendicular to the
gravitational force and could elicit responses from the cells
(44). Tt has previously been shown that fluid shear force
applied to endothelial cells causes a change in the transcrip-
tional activity within the cell, with genes associated with
controlling the cytoskeletal structure being up- or downre-
gulated depending on the flow of the stress (38). An LDC
significantly reduces inertial shear force and therefore pre-
vents cellular mechanosensing occurring from stresses other
than hypergravity alone (44).

One common cell line used in gravisensing research is
MC3T3-El, a mouse preosteoblast immortalized cell line.
This cell type is used as a model system in bone biology, spe-
cifically in cell mechanosensing of force and strain because
of its physiological relevance and homogeneous character
(45). Under microgravity, disruption of the osteoblast



cytoskeleton has been observed via an enlarged nucleus (46).
Because the cytoskeleton is well linked to cellular function
and morphology (47), it is possible that the increase in
cellular viscosity seen upon gravitational loading is caused
by a cytoskeletal stress response and regulation.

Although MC3T3-El cells provide a firm foundation for
observing viscosity changes under hypergravity with molec-
ular rotors, employing this system in a human cell may
enable research into how cellular viscosity is impacted by
disease and hence the pathogenesis of certain disease types.
The circulatory system is implicated in diseases from car-
diovascular disorders to diabetes, so endothelial cells may
provide information for the mechanism of the proliferation
of such malfunctions. The mechanosensitivity of endothelial
cells allows them to combat and respond to changes in the
stress of their surroundings; however, a variation in such
response is a key feature in many diseases (48). Modulation
of endothelial cell functions is therefore a crucial study area
for determining their role in pathogenesis pathways, and
observing viscosity changes in these cells provides a clear
idea for how this pathogenesis occurs on a single cell level.

HUVEC is an endothelial cell line often used as model
systems for endothelial cell pathways. Because this cell
type solely lines the interior of blood vessels, aiding blood
pressure control, HUVECs exhibit a clear response to
changes in blood shear stress and viscosity (26). This
response to mechanical loading, combined with previously
observed responses to alterations in gravity (7.,49), further
support the changes in cellular viscosity seen here under
hypergravity. The sensitivity of the cytoskeleton to gravita-
tional changes is well known; gravitational unloading in
HUVECs has been shown to cause a disorganization of
the cytoskeleton via a transcriptional regulation of actin
(50), and the rapid nature of this sensing has been demon-
strated as causing significant alterations in a short time
period (51). Furthermore, when human thyroid cancer cells
were exposed to hypergravity, an upregulation of actin
expression was seen (51); because these proteins contribute
to the structure of the cell cytoskeleton and plasma mem-
brane (52), it is likely that the increase in viscosity seen in
the cellular membrane is due to an increased organization
of these actin-based structures, activated by the higher actin
expression under hypergravity. Furthermore, alterations in
the rigidity of the cell under simulated microgravity were
found to not take place instantaneously, which is consistent
with the initial lag in fluorescence intensity increase seen in
our cells (53).

In addition to biological causes of viscosity changes be-
ing demonstrated, it has previously been shown that the
cellular membrane also gives a physical response to
abnormal gravity conditions. Phospholipid vesicles were
demonstrated to undergo an increase and decrease in mem-
brane viscosity under hyper- and microgravity, respectively
(9). It can be hypothesized that at higher gravities, the mem-
brane becomes more compressed and so has a reduced

Intracellular Viscosity in Hypergravity

fluidity, resulting in an increased bilayer viscosity. The
numerically small variation in vesicular viscosity seen
may indicate why only a lag response was detected in our
system; it is possible that the strong cellular biological
response was much greater than any instantaneous physical
response within the membrane, such as lipid compression or
packing changes (54), and so the much smaller lipid-driven
changes were not observed.

It has previously been shown that lipid membranes
respond within 5 ms to physical perturbations, such as pres-
sure (55). Because membrane viscosity is primarily domi-
nated by interactions between lipid hydrocarbon chains,
any physical response is likely to occur near instantly;
slower physical changes such as large movement or physical
reorganization of intracellular organelles are highly un-
likely. The cellular membrane viscosity can be modulated
through biological pathways that do not require full synthe-
sis and insertion of lipids into the bilayer; variations in
squalene concentration in the membrane enact a viscosity
change as a function of environmental stress (56). In the
same way, cytosolic viscosity could be modulated by
moving relatively small molecule components between
compartments. Both the lack of instantaneous response
and possibility of fast biological modulations lead to the
assumption of a biologically driven mechanism being
observed in each cell type.

The large differences in fluorescence intensity between
HUVECs and MC3T3 cells may be due to physical varia-
tions within the membrane. The lipid-protein composition
of each cellular membrane is known to significantly affect
the magnitude of the response to gravity variation (9).
Changes in the membrane composition as a response to
high pressure, such as an increase in the concentration of
unsaturated fatty acids, vary with cell type (57) and so
differing magnitudes of viscosity changes would be ex-
pected under hypergravity.

CONCLUSIONS

We have clearly demonstrated a correlation for the impact of
hypergravity loading and unloading on cellular viscosity.
These findings indicate an adaptive response of both preos-
teoblast bone cells and endothelial cells to dynamic changes
in gravitational force, possibly due to restructuring of the
cytoskeleton. Further studies should be employed to confirm
the mechanisms of such a response. This work may enable
the development of novel approaches to explore pathogen-
esis pathways of vascular diseases, as well as provide a
foundation for further investigation of anisotropic condi-
tions on lipid biomembranes.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
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