
Citation: Shimolina, L.; Gulin, A.;

Khlynova, A.; Ignatova, N.;

Druzhkova, I.; Gubina, M.;

Zagaynova, E.; Kuimova, M.K.;

Shirmanova, M. Effects of Paclitaxel

on Plasma Membrane Microviscosity

and Lipid Composition in Cancer

Cells. Int. J. Mol. Sci. 2023, 24, 12186.

https://doi.org/10.3390/

ijms241512186

Academic Editor: Sang-Won Lee

Received: 30 June 2023

Revised: 22 July 2023

Accepted: 26 July 2023

Published: 29 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Effects of Paclitaxel on Plasma Membrane Microviscosity and
Lipid Composition in Cancer Cells
Liubov Shimolina 1, Alexander Gulin 2, Alexandra Khlynova 1, Nadezhda Ignatova 1, Irina Druzhkova 1,
Margarita Gubina 2, Elena Zagaynova 3, Marina K. Kuimova 4 and Marina Shirmanova 1,*

1 Institute of Experimental Oncology and Biomedical Technologies, Privolzhsky Research Medical University,
Minin and Pozharsky Square, 10/1, 603005 Nizhny Novgorod, Russia; shimolina_l@pimunn.net (L.S.);
niibmt@pimunn.net (A.K.); ignatova_n@pimunn.net (N.I.); druzhkova_i@pimunn.net (I.D.)

2 N.N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, Kosygin st. 4,
119991 Moscow, Russia; aleksandr.gulin@phystech.edu (A.G.); gubina.mv@phystech.edu (M.G.)

3 Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine, Federal Medical Biological
Agency, Malaya Pirogovskaya, 1a, 119435 Moscow, Russia; zagajnova_e@pimunn.net

4 Department of Chemistry, Imperial College London (White City Campus), London W12 0BZ, UK;
m.kuimova@imperial.ac.uk

* Correspondence: shirmanova_m@pimunn.net

Abstract: The cell membrane is an important regulator for the cytotoxicity of chemotherapeutic agents.
However, the biochemical and biophysical effects that occur in the membrane under the action of
chemotherapy drugs are not fully described. In the present study, changes in the microviscosity of
membranes of living HeLa–Kyoto tumor cells were studied during chemotherapy with paclitaxel, a
widely used antimicrotubule agent. To visualize the microviscosity of the membranes, fluorescence
lifetime imaging microscopy (FLIM) with a BODIPY 2 fluorescent molecular rotor was used. The lipid
profile of the membranes was assessed using time-of-flight secondary ion mass spectrometry ToF-
SIMS. A significant, steady-state decrease in the microviscosity of membranes, both in cell monolayers
and in tumor spheroids, was revealed after the treatment. Mass spectrometry showed an increase in
the unsaturated fatty acid content in treated cell membranes, which may explain, at least partially,
their low microviscosity. These results indicate the involvement of membrane microviscosity in the
response of tumor cells to paclitaxel treatment.

Keywords: FLIM microscopy; molecular rotor; microviscosity; plasma membrane; mass spectrometry
ToF-SIMS; cancer cells; paclitaxel

1. Introduction

The plasma membrane is a dynamic, complexly organized cell structure that separates
the internal contents of the cell from the external environment. In cancer cells, the mem-
brane is the primary barrier for chemotherapeutic drugs, so its biophysical properties and
biochemical composition are important factors that determine efficient drug uptake [1].
On the other hand, chemotherapeutic drugs themselves can alter the microviscosity of the
plasma membrane through direct interaction with the lipid bilayer or indirectly through
lipid peroxidation [2–4]. In addition, fluctuations in membrane microviscosity and changes
in lipid profile accompany the response of cancer cells to cytotoxic chemotherapy, in-
cluding the development of cell death and proliferation arrest. Meanwhile, the effects of
chemotherapeutic agents on plasma membranes remain poorly investigated.

Taxol, or paclitaxel, is a chemotherapeutic agent of a plant alkaloids class, which has
proven antineoplastic activity against a variety of cancers, including breast, brain, head
and neck, lung, colon, cervical, and ovarian tumors [5]. Its major mechanism of action is
the stabilization of microtubules via polymerization of tubulin and preventing depolymer-
ization, leading to mitotic arrest and cell death. However, biophysical and biochemical
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processes that occur before and after the binding of paclitaxel to microtubules are not well
understood. Recent studies suggest that the plasma membrane is also the target of taxane
drugs. Both membrane composition and fluidity can influence penetration into cells and,
consequently, the biological action of paclitaxel. This paclitaxel–lipid interplay is largely
determined by phospholipid properties. The higher degree of acyl chain unsaturation,
smaller headgroup size, and longer acyl chain length increase paclitaxel incorporation into
the lipid membrane [6]. Paclitaxel, due to its lipophilic nature, actively interacts with the
cell membrane, and this interaction may contribute to the drug retention and development
of chemoresistance [7]. At the same time, taxanes, including paclitaxel, can induce serious
physicochemical alterations in membranes, specifically changes in membrane fluidity, con-
formation of receptors and enzymes, lipid packing density, etc. It is known that paclitaxel
causes membrane liquefaction and, conversely, rehydration in a dose-dependent manner [6].
In general, data on the effect of paclitaxel on membrane microviscosity and lipids are scarce
and contradictory, and these studies were mainly performed on model membranes.

The aim of the present work was to study microviscosity and lipid changes in the
plasma membranes of tumor cells during chemotherapy with paclitaxel.

Membrane microviscosity of live cells in cell monolayers and multicellular spheroids
was measured using a two-photon fluorescence lifetime imaging microscopy (FLIM) with
the fluorescent viscosity-sensitive dye BODIPY 2. FLIM of BODIPY-based fluorescent
molecular rotors is an established technique for measuring viscosity at the microscopic
level that allows both quantitative imaging of viscosity with high spatial resolution and
dynamic measurements of viscosity in a living cell with high temporal resolution [8,9].
The fluorescence characteristics of molecular rotors, such as fluorescence intensity and
lifetime, are strictly dependent on the viscosity of their immediate microenvironment.
Of them, the lifetime-based readout seems more appropriate since it does not depend
on the concentration of the rotor and its photobleaching, the intensity of the exciting
light, and the configuration of the microscope. Thus, the fluorescence lifetime of a rotor
can be directly converted to the viscosity of its medium using pre-recorded calibration
curves. The methodologies for imaging of membrane microviscosity in cultured cancer
cells, tumor spheroids, and animal tumors in vivo have been previously developed by our
group and applied to follow the changes over the course of therapy with platinum drugs
and 5-fluorouracil [10–12].

In parallel, the membrane lipid composition was identified using time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) with a focus on phosphatidylcholine, sphin-
gomyelin, cholesterol, and unsaturated fatty acids content, the key components responsible
for the regulation of viscosity. ToF-SIMS enables the detection and visualization of organic
compounds in cells with submicron spatial resolution. High chemical specificity and sensi-
tivity make ToF-SIMS a valuable tool for the analysis of lipids in the cell plasma membrane.
Our previous studies have revealed that changes in lipid profile underlay viscosity changes
in cell membranes induced by chemotherapeutic agents [10–12].

2. Results
2.1. Membrane Microviscosity in Monolayer Cells Treated with Paclitaxel

In the first stage, we performed an analysis of changes in the microviscosity of the
plasma membranes of tumor cells in a monolayer exposed to three different doses of
paclitaxel, 1.6, 3.2, and 6.4 nM (Figure 1). After staining HeLa–Kyoto cells with the BODIPY
2 fluorescent rotor, a pronounced fluorescence of the plasma membranes was observed.
The fluorescence decay curve of the rotor in the membrane fitted to a monoexponential
model (χ2 0.8–1.2), which is typical for BODIPY 2.

In control cells, the fluorescence lifetime of BODIPY 2 was 2.39 ± 0.05 ns, which,
according to the calibration curve, corresponded to a viscosity value of 302 ± 17 cP. After
adding paclitaxel, the membrane microviscosity did not change for at least 3 h of incubation.
At 6 h, there was a tendency for the membrane microviscosity to decrease, especially com-
bined with the largest dose of the drug (281 ± 19 cP). After 24 h, membrane microviscosity
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became significantly lower than the control value for all doses used (p = 0.00011), with
slightly more pronounced changes for the highest dose, 260 ± 15 cP. Typical FLIM images
and viscosity quantification at all doses of paclitaxel used are presented in Figure 1.
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To check whether the effects of paclitaxel on the cell membrane are persistent, we 
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cP in the absence of the drug (Figure S1). 

To verify that the reduced microviscosity of plasma membranes is a result to the cel-
lular response of the drug, we performed experiments on a HeLa–Kyoto subline adapted 
to paclitaxel. According to our findings, the morphology of cells adapted to paclitaxel did 

Figure 1. Microviscosity of plasma membrane in monolayer HeLa cells before (control) and during
24 h exposure to different doses of paclitaxel. (A) FLIM images of cells stained with BODIPY2. Bar,
40 µm. Viscosity measurements were performed only in live cells since non-monoexponential decay
of the rotor was observed in dead cells (presumably due to its aggregation). (B) Representative
decay curves of BODIPY 2 in plasma membranes of control and treated cells after 24 h exposure to
paclitaxel (3.2 nM). (C) Quantification of microviscosity during chemotherapy. Mean ± SD, n = 60
cells. * p = 0.00011 compared with control. (D) Morphology and live (green)/dead (red) cells assay
after 24 h incubation with paclitaxel. Bar, 80 µm. (E) Quantitative analysis of dead cells in control
and treated cell populations, %.

To characterize the cellular response to paclitaxel, cell viability and morphology
were assessed (Figure 1C). After 24 h of exposure, the treated cells showed multiple
morphological changes, such as rounded shapes and multinucleation. The number of dead
cells increased with an increase in drug dose. At a dose of 1.6 nM (IC50/2), the number
of dead cells was 16%; at 3.2 nM (IC50), it increased to 19%; at the highest dose, 6.4 nM
(IC50×2), it was about 24% compared with 2% in control (Figure 1D).

To check whether the effects of paclitaxel on the cell membrane are persistent, we
additionally measured the microviscosity 48 h after the removal of the drug from the culture
medium and found that the microviscosity was retained at the low level of 271 ± 23 cP in
the absence of the drug (Figure S1).

To verify that the reduced microviscosity of plasma membranes is a result to the
cellular response of the drug, we performed experiments on a HeLa–Kyoto subline adapted
to paclitaxel. According to our findings, the morphology of cells adapted to paclitaxel did
not differ from control cells that were not adapted to the drug (Figure 2). However, the
IC50 value increased from 3.2 ± 0.27 nM to 5.96 ± 0.36 nM, which indicates a decrease
in sensitivity to the drug by ~1.86 times. At the same time, we found that the microvis-
cosity of the membranes of cells adapted to paclitaxel was only slightly lower than that
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of the control cells—273 ± 26 cP vs. 299 ± 30 cP (differences from the control are not
statistically significant).
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2.2. Imaging of Membrane Microviscosity in Tumor Spheroids upon Paclitaxel Treatment

Then, we investigated the changes paclitaxel induced in the membrane microviscosity
of 3D tumor spheroids, a more complexly organized in vitro tumor model, which recapit-
ulates intercellular interactions and heterogeneity of a tumor more fully than monolayer
cells. To evaluate the response of the tumor spheroids to paclitaxel treatment, the spheroid
morphology and viability of their cells were analyzed during 48 h exposure (Figure 3).
During the natural growth phase from 5 to 7 days, an increase in size from ~330 µm to
~450 µm in diameter was observed. The control spheroids were represented by dense
cell complexes with large nuclei and a loosely packed layer of outer cells (Figure 3A). At
the same time, single dead cells were found, and their relative proportion increased from
2% to 6% as spheroids grew (Figure 3E). Although cells at the periphery of the spheroid
proliferate more actively, the microviscosity of cell membranes did not differ between the
outer and inner layers and equaled 297 ± 28 cP (Figure 3C), which corresponds well to
data obtained for the cell monolayer.

Treatment with paclitaxel resulted in an increasing number of dead cells and structural
disorganization of the spheroids with a loss of integrity, which could be detected after 24-
and 48-h of incubation with paclitaxel (Figure 3B). The proportion of dead cells increased
from 3% to 51% (Figure 3F). Paclitaxel caused a significant decrease in microviscosity after
24 h and 48 h to 233 ± 19 cP and 237 ± 18 cP, respectively (Figure 3D).

2.3. The Lipid Composition of Membranes in HeLa–Kyoto Cells during Paclitaxel Chemotherapy

In order to verify the origin of the observed alterations in microviscosity, we performed
an analysis of the lipid composition of cell membranes at different times of incubation with
paclitaxel using ToF-SIMS.

Figure 4 reveals secondary ion yield variation of fatty acids fragment ions originating
from membrane lipids for paclitaxel-exposed cells compared to a control sample. During
incubation with paclitaxel, the proportion of unsaturated fatty acid chains increases by 15%
after 1 h and 40% after 24 h incubation with the drug. The proportion of polyunsaturated
fatty acids also increases by 11% after 1 h and 21% after 24 h, respectively. The recorded
increase in the content of mono- and polyunsaturated fatty acids could explain the decrease
in viscosity found at 1 and 24 h of incubation with the drug. In addition, an increase in
the phosphatidylcholine signal of 44% was recorded in the first hour, which may also
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contribute to the decrease in the observed membrane microviscosity during chemotherapy
with paclitaxel.
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At the same time, the content of sphingomyelin remained unchanged, and the choles-
terol signal increased after 24 h of incubation with paclitaxel. It is likely that this increase
in cholesterol is a non-specific response of cells to drug stress since we observed such an
increase in our previous studies with other chemotherapy drugs, for example, platinum-
containing agents.

To identify differences in the mass spectra of different samples, principal component
analysis (PCA) is often utilized, which was also used in this study. The results of the PCA
showed only minor differences between the control and 24 h cells for both the positive and
the negative ion polarities modes(Figure S2). The chemical profiles of control samples and
samples of 1 h of incubation turned out to be quite similar.

The results of measurements of viscosity and lipid composition in cancer cells after
paclitaxel treatment are summarized in Table S1 (Supplementary Materials).
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3. Discussion

It is known that the plasma membrane plays a critical role in the response of tumor
cells to chemotherapy, but the relationships between membrane lipid composition, its
biophysical properties, and drug response are poorly explored. In the present study, we
have identified the effects of antimicrotubule agent paclitaxel on the plasma membrane of
cancer cells in cell monolayer and tumor spheroids using a combination of microviscosity
imaging by FLIM and membrane lipid profile analysis by ToF-SIMS.

The cytotoxic effect of many chemotherapy agents is, at least partly, associated with
their contribution to the molecular organization of membranes, specifically with disrupting
the organization of lipids. The plasma membrane is one of the most important targets, in
addition to microtubules, for taxane-based anticancer drugs, including paclitaxel. These
drugs can modify the physicochemical properties of membranes, such as fluidity (the recip-
rocal of viscosity) [13], the conformation of membrane-bound enzymes and receptors [14],
lipid packing density [15], and lipid–lipid or lipid–protein interactions [16].

The relationship between membrane viscosity and the response of tumor cells to pacli-
taxel has been especially poorly studied. The viscosity of membranes plays an important
role in the rate of diffusion and absorption of the drug into the cell. There are several
studies pointing to the direct effect of paclitaxel on the viscosity of membranes through
direct interaction with lipids. For example, using the methods of differential scanning
calorimetry and electron paramagnetic resonance spectroscopy, a decrease in membrane



Int. J. Mol. Sci. 2023, 24, 12186 7 of 13

viscosity was found in model membranes when paclitaxel was incorporated [17]. Zhao et al.
also showed an increase in membrane fluidity with paclitaxel on model membranes [18].

Some other studies suggest the direct interaction of paclitaxel with membrane lipids,
which can cause their liquefaction. For example, Kang and Loverde report on the interac-
tions between hydrophobic paclitaxel and a model cell membrane at the molecular level
using molecular dynamics simulations of all paclitaxel atoms. It has been shown that the
main taxane ring is localized in the outer hydrophobic zone, while the three phenyl rings
prefer to be located closer to the hydrophobic core of the membrane [19]. Süleymanogluit
et al. found that paclitaxel liquefies the upper part of the acyl chains as it binds to the
surface of phospholipid acyl chains and increases fluidity in the region of their head group,
which also indicates a decrease in the viscosity of the lipid layer of cell membranes [20].
Moreover, paclitaxel has been shown to form temporary pores in the membrane, which also
favor its fluidification. These facts can explain the liquefaction of tumor cell membranes
when exposed to paclitaxel.

Another possible reason for the lowering of the microviscosity of membranes in
paclitaxel-treated cells is alterations in the cellular cytoskeleton. The main mechanism of
action of paclitaxel is associated with the ability of the drug to stimulate the assembly of
microtubules from dimeric tubulin molecules and, therefore, to stabilize their structure,
which disrupts the mitotic function of cells. There are many studies that show changes in
microtubules at doses of paclitaxel close to those used in our study [21–23]. With regard to
resistant cells, it was demonstrated that they had less polymerized tubulin and an increased
growth rate of microtubules [24].

The association of tubulin with the plasma membrane involves several levels of pen-
etration into the bilayer: from integral membrane proteins which bind on the surface to
microtubules attached by linker proteins to proteins in the membrane [25]. In agreement
with our study using paclitaxel, Aszalos et al. showed that depolymerization of micro-
tubules using colcemid, colchicine, vinblastine, podophyllotoxin, and griseofulvin resulted
in a decrease in the viscosity of the plasma membranes of CHO cells [26]. Rémy-Kristensen
et al. investigated the effects of microtubule network integrity on plasma membrane fluid-
ity in L929 mouse fibroblasts [27]. It was shown that in the cells treated with drugs that
depolymerized microtubules, membrane fluidity increased, as assessed by fluorescence
depolarization using a TMA-DPH probe. A slight decrease in microviscosity under the
action of colchicine was also demonstrated on isolated membranes by Berlin et al. [28].
These studies suggest that microtubule integrity contributes to the high lipid order of the
plasma membrane, but to a lesser extent than other factors such as lipid composition and
cholesterol content.

It is known that paclitaxel affects not only tubulin but also the actin cytoskeleton [23].
There are data indicating the relationship between the submembrane actin cytoskeleton and
the biophysical parameters of the membrane, including its microviscosity [27,29]. For ex-
ample, the movements of integral membrane proteins are more limited than those of lipids,
mainly due to interactions with the cytoskeleton through their intracellular domains [29].
So, they anchor in the membrane and serve as stabilizers of its fluid properties. On the
other hand, the cytoskeleton can form barriers directly under the plasma membrane, and
the organization of the cytoskeleton under the membrane limits the area of the membrane
where molecules, including anticancer agents, can diffuse. An attempt to evaluate the
cytosol viscosity under the action of paclitaxel and to correlate it with changes in the
cytoskeleton structure was made by Chen et al. Using the method of optical tweezers,
it was shown that the viscosity of the cytoplasm of cancer cells treated with paclitaxel
dramatically decreases in the first 3 h due to the destruction of actin filaments [30]. In
general, the effect of submembrane cytoskeleton organization on membrane microviscosity
is not fully understood, but it can not be ruled out that alterations of actin structure also
contributed to the fluidization of the membrane upon treatment with paclitaxel. Analysis
of the cytoskeleton rearrangements in paclitaxel-treated cancer cells was beyond the scope
of this study.
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In our study, we noticed a trend towards a decrease in the microviscosity of tumor
cell membranes in the first hours of incubation with paclitaxel and a dramatic drop in
microviscosity after 24 h. In general, our results are in good agreement with the literature
on membrane fluidification under the action of paclitaxel.

Fluidification of the plasma membrane is involved in the induction of apoptosis [31,32].
In our study, the recorded decrease in membrane viscosity is consistent with the presence
of extensive areas of cell death, including late stages of apoptosis, detected by PI staining.

The viscous properties of cell membranes largely depend on the qualitative and quan-
titative composition of lipids in these membranes. Depending on the lipid profile, the
effectiveness of paclitaxel may vary. Specifically, the addition of cholesterol decreases the
penetration of paclitaxel due to a decrease in diffusion, which was demonstrated on the
model membranes [6,33]. In a study by Pereira et al., it was also shown that the effects
of paclitaxel on Langmuir monolayers strongly depend on the relative concentration of
cholesterol in the membrane [33]. To evaluate the role of phospholipid properties, Zhao et al.
examined the penetration profiles of paclitaxel in model membranes of different compo-
sitions [34]. Lipid chain length has been shown to affect drug–membrane interactions,
and while shorter chain length phospholipids have shown a higher ability to incorporate
paclitaxel, longer chains have hindered the penetration process due to higher packaging
hence acting as a physical barrier. In addition, saturated phospholipids may pack tightly
into each other, resulting in less incorporation of paclitaxel.

In our study, it was shown, for the first time, that paclitaxel treatment changes the
composition of membrane lipids. Mass spectrometric analysis revealed a statistically
significant increase in the signal of phosphatidylcholine in the first hour of exposure
to paclitaxel. Xia Li and Ying-Jin Yuan showed, using the NPLC-ESI/MS(n) procedure,
that changes in some phosphatidylcholine species with unsaturated fatty acid chains and
phosphatidic acid species with saturated fatty acid chains are closely related to the change
in cell membrane fluidity that occurs during apoptosis [35]. In addition, we noticed an
increase in the content of mono- and polyunsaturated fatty acids after treatment with
paclitaxel, which correlated with decreased microviscosity. Menendez et al. have shown
that polyunsaturated fatty acids (PUFA) are able to enhance the sensitivity of cancer
cells to paclitaxel by enhancing peroxidative processes and regulating the expression
of oncoproteins [36]. The most potent PUFA that increased the toxicity of paclitaxel in
breast cancer cell lines was gamma-linolenic acid. The most common event characterizing
multidrug-resistant cells is the overexpression of ABC transporters such as P-glycoprotein
(Pgp). In several studies, PUFAs are described as direct inhibitors of Pgp, and an increase
in their concentration can suppress the activity of Pgp. For example,ω-3 andω-6 PUFAs
reduced Pgp transcription in colorectal cancer cells [37]. Thus, an increase in the content of
unsaturated fatty acids may be a part of the response of the tumor cell to drug stress.

Previous studies have revealed that different drugs induce different alterations to cell
membranes. For example, platinum drugs (cisplatin, oxaliplatin) initially caused a decrease
(minutes to 1 h) and then an increase (1–2 days) in the microviscosity of plasma membranes,
the latter mainly associated with an increase in cholesterol content [10,11] but not with a
partitioning of the drug into the cell membrane. The drug 5-fluorouracil, a cytotoxic agent
of the anti-metabolite class, induced only short-term fluctuations in membrane viscosity
immediately after the addition of the drug, whereas the development of resistance to
5-fluorouracil resulted in a steady increase in viscosity associated with an increase in the
content of sphingomyelin and cholesterol [12]. Unlike platinum drugs and 5-fluorouracil,
paclitaxel has a different intracellular target, which causes completely different changes to
membrane microviscosity.

The effects of different drugs on membrane viscosity and the lipid profile of cancer
cells are summarized in Table S2 (Supplementary Materials).

Based on our results with platinum drugs, 5-fluorouracil, and paclitaxel, we can
suggest that the microviscosity of the cell membrane is regulated not by one type of lipid
but by a complex interplay between different lipids that constitute the membrane. Notably,
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among the observed alterations in lipid composition induced by these drugs, there were
always those that correlated with the viscosity changes.

The plasma membrane is a highly heterogeneous structure that includes the bulk lipid
bilayer and “lipid rafts.” It is known that the bulk liquid-phase plasma membrane contains
less cholesterol and sphingomyelin and more phospholipids with unsaturated acyl chains
compared to the lipid rafts. The lipid rafts are the cholesterol-rich, highly ordered lipid
“islands” that act as organizing hubs for membrane-embedded proteins. A limitation of
our study is that the ToF-SIMS technique measures the signal from the entire cell surface,
including lipid rafts, while microviscosity is measured only in the hydrophobic lipid bilayer
of the membrane, where the BODIPY 2 rotor is localized. We suppose that this could be
a reason for discrepancies between microviscosity and lipids (especially cholesterol and
sphingomyelin) changes in the treated cells.

The precise mechanisms of membrane fluidization upon paclitaxel treatment in cellular
models have yet to be clarified.

4. Materials and Methods
4.1. Cell Culture

HeLa–Kyoto (human cervical cancer) cells were used. The cells were cultured in
DMEM (Life Technologies, Carlsbad, CA, USA) containing 100 µg/mL penicillin, 100 µg/mL
streptomycin sulfate, and 10% fetal bovine serum (FBS) at 37 ◦C in a humidified atmosphere
with 5% CO2.

To generate tumor spheroids, HeLa–Kyoto cells were seeded into ultra-low attachment
96-well round bottom plates (Corning Inc., Corning, NY, USA), ~300 cells/well in 200 µL
DMEM and cultured in standard conditions (37 ◦C, 5% CO2, 80% humidity). After 5 days,
spheroid formation was verified using light microscopy.

4.2. Chemotherapy

The chemotherapeutic drug Paclitaxel (Bristol–Myers Squibb, Irving, TX, USA) was
used at doses of 1.6 nM (IC50/2), 3.2 nM (IC50), and 6.4 nM (2× IC50) for monolayer
HeLa–Kyoto cells. The IC50 concentration was determined in our previous experiments
using the MTT assay. Spheroids were treated with 6.5 nM of paclitaxel. The cells were
incubated with the drug from 10 min to 48 h, spheroids from 3 to 48 h, and microviscosity
was measured immediately after the treatment. Untreated cells or spheroids were used as
a control.

The protocol for the creation of a paclitaxel-adapted cell subline was adopted from
Ref. [38]. Briefly, a HeLa cell culture was continuously exposed to gradually increasing
concentrations of paclitaxel. The initial concentration was 1/150 IC50. Each successive
concentration was increased by 25% from the previous one and added only clear adaptation
of the cells to the drug, i.e., after restarting cell proliferation without significant cell death
in a plate (after 2–7 days). In ~4 months from first exposure, the cells were considered
paclitaxel-resistant. Measurements of microviscosity in these cells were performed in 48 h
after washing out the drug to avoid the immediate effects of paclitaxel.

4.3. Cell Viability Assay

A live/dead double staining kit (Sigma)—Calcein AM and propidium iodide (PI)—
was used to stain live and dead HeLa–Kyoto cells, respectively, after chemotherapy ac-
cording to the manufacturer’s protocol [39]. Cells were stained after 24 h, spheroids after
3, 6, 24, and 48 h, and the percentage of dead cells (stained with PI) of the total number
of cells was calculated. The fluorescence of calcein was excited using an argon laser at a
wavelength of 488 nm, and the emission was measured in the range of 500–570 nm. PI
fluorescence was excited at a wavelength of 543 nm, and the emission was measured in the
range of 600–700 nm. One-photon fluorescence confocal images were obtained using an
LSM 880 (Carl Zeiss, Göttingen, Germany) laser scanning microscope.
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4.4. Fluorescent Molecular Rotor BODIPY 2 and FLIM Microscopy

BODIPY 2 (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) was used as a viscosity-sensitive
probe [8,9]. For microscopic imaging, the cells were seeded on glass-bottom dishes for
confocal microscopy (FluoroDishes, Life Technologies, Carlsbad, CA, USA) in complete
DMEM media without phenol red (Life Technologies, USA). The membrane viscosity was
examined at 10 min, 1, 3, 6, and 24 h after adding Paclitaxel. Before imaging, the culture
media was replaced with ice-cold Hank’s solution without Ca2+/Mg2+, and cells were
incubated at +4 ◦C for 3 min. Thereafter, Hank’s solution was replaced with an ice-cold
BODIPY 2 solution (4.5 µM). The spheroids were stained with BODIPY 2 on day 5 after the
growth phase when they had a compact heterogeneous structure and a size of ~330 µM.
A total of 4–6 spheroids were carefully transferred to each glass-bottom dish in 1.5 mL
DMEM without phenol red and placed in a CO2 incubator for 1 h to allow their attachment.
The membrane viscosity was examined at 3, 6, 24, and 48 h after adding paclitaxel. Before
imaging, the culture media with paclitaxel was replaced with ice-cold Hank’s solution
without Ca2+/Mg2+, and cells were incubated at +4 ◦C for 10 min. Afterward, Hank’s
solution was replaced with an ice-cold BODIPY solution (8.9µM). Two-photon excited
FLIM images were acquired within 5–10 min after adding BODIPY2, while the probe was
located in the plasma membranes.

A multiphoton tomography MPTflex (JenLab, Jena, Germany) with a tuneable 80 MHz,
200 fs Ti:Sapphire laser (MaiTai), a single-photon counting module SPC-150 and detector
PMC-100-20 (Becker&Hickl, Berlin, Germany), as well as an LSM 880 (Carl Zeiss, Jena,
Germany) laser scanning microscope equipped with a FLIM module, the SPC 150 TCSPC
(Becker & Hickl GmbH, Berlin, Germany) and a Mai Tai HP femtosecond laser, 80 MHz,
140 fs (Spectra Physics, Milpitas, CA, USA) were used for fluorescence lifetime imaging
microscopy (FLIM).

Using MPTflex, the images were acquired through a 40×, 1.3 NA oil immersion
objective. In the case of spheroids, the images were acquired from a depth of ~20 µm.
BODIPY 2 fluorescence was excited at a wavelength of 850 nm and detected in the range
of 409–680 nm using a fixed pre-fitted emission filter. The average power applied to the
sample was ~7 mW. The acquisition time was ~7 s per image. On the LSM 880 microscope,
BODIPY 2 fluorescence was excited at a wavelength of 850 nm and detected in the range
of 500 to 550 nm. A C Plan-Apochromat 40×/1.2 NA objective lens was used for image
acquisition. The FLIM images were acquired at a laser power of 1–2%, with a photon
collection time of 60 s.

Fluorescence lifetime analysis was performed in the SPCImage 8.3 software (Becker
& Hickl, Germany). The collected amount of photons per the decay curve was at least
5000. FLIM images were obtained from 10 randomly selected fields of view in each
culture dish. Fluorescence decays at each pixel of the whole image were fitted using a
monoexponential model. The goodness of the fit χ2 ≤ 1.20 indicates that the model used
provided a reasonable fit. The fluorescence lifetime of BODIPY 2 was measured in the
plasma membranes of cells by manually selecting zones of the plasma membrane as regions
of interest.

Experimentally measured lifetimes of BODIPY 2 (in ns) were converted to viscosity
values (in cP) using previously obtained calibration plots [40].

4.5. ToF-SIMS

HeLa–Kyoto cells (5 × 105) were seeded on confocal dishes containing clean and dry
poly-L-lysine-coated cover glass and were incubated at 37 ◦C and in an atmosphere of
5% CO2 for 24–48 h. Then, paclitaxel (3.2 nM) was added to the culture medium. After 1
or 24 h incubation with paclitaxel, cells were washed three times with phosphate buffer
(PBS), and then cells were incubated with 4% paraformaldehyde (PFA) for 45 min at room
temperature for chemical fixation. Afterward, cells were washed three times with PBS. In
total, three samples were prepared—control samples without drugs and cells incubated
with paclitaxel for 1 h and 24 h. Fixed cells were stored in PBS for ~5–6 h due to shipping to
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the ToF-SIMS laboratory. Cells were washed with mQ water to remove excess salts. Drying
was carried out under a gentle stream of argon at room temperature for 2 h.

Mass spectra were acquired with a ToF-SIMS 5 (ION-TOF Gmbh, Münster, Germany)
equipped with a 30 keV Bi3+ liquid metal ion source. Twelve mass spectra were recorded
for each sample in both positive and negative ion polarities, with an analysis area of
300 × 300 µm2, and the raster was 64 × 64 pixels. The primary ion dose density was
43 × 1011 ions/cm2 to maintain static SIMS conditions. A low-energy electron flood gun
was activated for charge compensation in all experiments. Lipid ion yields were calcu-
lated from the intensity of the corresponding peak of interest normalized to the total ion
count amount.

The areas within a sample with morphological and compositional anomalies, such as
dead cells and contamination particles, were excluded from the analysis. Moreover, dead
cells, if present in a sample, are detached during sample preparation for ToF-SIMS. So the
lipids analysis was performed mostly on a viable cell population.

4.6. Statistics

The mean values (M) and standard deviations (SD) were calculated for the microviscos-
ity values. Student’s t-test was used to compare data (p < 0.05 was considered statistically
significant). The number of cells for mean value calculations was 50–70 in 7–10 fields
of view.

5. Conclusions

Integrity and fluidity of biological membranes are critical for cellular homeostasis.
The evolution of the membrane–lipid therapy of malignant tumors, a novel promising
approach to anticancer treatment, stimulates investigations of the effects of conventional
cytotoxic drugs on biophysical properties and molecular composition of cell membranes.
Recent studies suggest that chemotherapeutic agents are able to alter membrane fluidity,
and the drugs of different classes affect the membrane state in different ways, even if
they have a common intracellular target (e.g., DNA). Our results obtained on cancer cell
monolayers and tumor spheroids indicate, for the first time, that chemotherapy with
paclitaxel induces membrane lipid remodeling and associated alterations of microviscosity.
The most pronounced effect was a fluidization of the membrane at prolonged (>24 h)
exposures, which occurred, most likely, due to the high level of unsaturated fatty acids.
Since fluidity determines the passive permeability of the membranes, its changes due to
drug treatment can have an effect on the cellular accumulation of other drugs used in
combination and, therefore, should be taken into account in the planning of therapeutic
regimens. In addition, further pharmacological decreases in plasma membrane viscosity
may sensitize cancer cells to paclitaxel and, thus, improve treatment outcomes.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241512186/s1.

Author Contributions: M.S. and M.K.K. conceived and designed the study. L.S., A.G., A.K., M.G.,
and N.I. performed the experiments and analyzed the data. L.S., A.K., N.I., and I.D. interpreted
FLIM data. M.S., and E.Z. coordinated and supervised the experiments. L.S., A.G., M.K.K., and M.S.
wrote and revised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was supported by the Russian Science Foundation (Project No. 20-14-00111).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

https://www.mdpi.com/article/10.3390/ijms241512186/s1
https://www.mdpi.com/article/10.3390/ijms241512186/s1


Int. J. Mol. Sci. 2023, 24, 12186 12 of 13

Acknowledgments: The study was supported by the Russian Science Foundation (Project No. 20-14-
00111). The authors thank Artem Mozherov (PRMU) for his help in conducting experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ji, X.; Lu, Y.; Tian, H.; Meng, X.; Wei, M.; Cho, W.C. Chemoresistance mechanisms of breast cancer and their countermeasures.

Biomed Pharmacother 2019, 114, 108800. [CrossRef] [PubMed]
2. Peetla, C.; Bhave, R.; Vijayaraghavalu, S.; Stine, A.; Kooijman, E.; Labhasetwar, V. Drug resistance in breast cancer cells: Biophysical

characterization of and doxorubicin interactions with membrane lipids. Mol. Pharm. 2010, 7, 2334–2348. [CrossRef] [PubMed]
3. Ashrafuzzaman, M.; Tseng, C.-Y.; Duszyk, M.; Tuszynski, J.A. Chemotherapy Drugs Form Ion Pores in Membranes Due to

Physical Interactions with Lipids. Chem. Biol. Drug Des. 2012, 80, 992–1002. [CrossRef] [PubMed]
4. Wong-Ekkabut, J.; Xu, Z.; Triampo, W.; Tang, I.M.; Tieleman, D.P.; Monticelli, L. Effect of lipid peroxidation on the properties of

lipid bilayers: A molecular dynamics study. Biophys J. 2007, 93, 4225–4236. [CrossRef]
5. Sharifi-Rad, J.; Quispe, C.; Patra, J.K.; Singh, Y.D.; Panda, M.K.; Das, G.; Adetunji, C.O.; Michael, O.S.; Sytar, O.; Polito,

L.; et al. Paclitaxel: Application in Modern Oncology and Nanomedicine-Based Cancer Therapy. Oxid. Med. Cell Longev. 2021,
2021, 3687700. [CrossRef]

6. Carvalho, A.M.; Fernandes, E.; Gonçalves, H.; Giner-Casares, J.J.; Bernstorff, S.; Nieder, J.B.; Real Oliveira, M.E.C.D.; Lúcio,
M. Prediction of paclitaxel pharmacokinetic based on in vitro studies: Interaction with membrane models and human serum
albumin. Int. J. Pharm. 2020, 580, 119222. [CrossRef]

7. Peetla, C.; Vijayaraghavalu, S.; Labhasetwar, V. Biophysics of cell membrane lipids in cancer drug resistance: Implications for
drug transport and drug delivery with nanoparticles. Adv. Drug Deliv. Rev. 2013, 65, 1686–1698. [CrossRef]

8. López-Duarte, I.; Vu, T.T.; Izquierdo, M.A.; Bull, J.A.; Kuimova, M.K. A molecular rotor for measuring viscosity in plasma
membranes of live cells. Chem. Commun. 2014, 25, 5282–5284. [CrossRef]

9. Shimolina, L.E.; Izquierdo, M.A.; López-Duarte, I.; Bull, J.A.; Shirmanova, M.V.; Klapshina, L.G.; Zagaynova, E.V.; Kuimova, M.K.
Imaging tumor microscopic viscosity in vivo using molecular rotors. Sci. Rep. 2017, 7, 41097. [CrossRef]

10. Shimolina, L.; Gulin, A.; Paez-Perez, M.; López-Duarte, I.; Druzhkova, I.; Lukina, M.; Gubina, M.; Brooks, N.; Zagaynova, E.;
Kuimova, M.; et al. Mapping cisplatin-induced viscosity alterations in cancer cells using molecular rotor and fluorescence lifetime
imaging microscopy. J. Biomed. Opt. 2020, 25, 126004. [CrossRef]

11. Shimolina, L.; Gulin, A.; Ignatova, N.; Druzhkova, I.; Gubina, M.; Lukina, M.; Snopova, L.; Zagaynova, E.; Kuimova, M.K.;
Shirmanova, M. The Role of Plasma Membrane Viscosity in the Response and Resistance of Cancer Cells to Oxaliplatin. Cancers
2021, 13, 6165. [CrossRef]

12. Shimolina, L.; Gulin, A.; Khlynova, A.; Ignatova, N.; Druzhkova, I.; Gubina, M.; Zagaynova, E.; Kuimova, M.K.; Shirmanova,
M. Development of resistance to 5-fluorouracil affects membrane viscosity and lipid composition of cancer cells. Methods Appl.
Fluoresc. 2022, 10, 044008. [CrossRef]

13. Aranda, E.; Teruel, J.A.; Ortiz, A.; Pérez-Cárceles, M.D.; Aranda, F.J. Interaction of Docetaxel with Phosphatidylcholine Mem-
branes: A Combined Experimental and Computational Study. J. Membr. Biol. 2022, 255, 277–291. [CrossRef]

14. Chavez, J.D.; Keller, A.; Zhou, B.; Tian, R.; Bruce, J.E. Cellular Interactome Dynamics during Paclitaxel Treatment. Cell Rep. 2019,
29, 2371–2383.e5. [CrossRef]

15. Bernsdorff, C.; Reszka, R.; Winter, R. Interaction of the anticancer agent Taxol (paclitaxel) with phospholipid bilayers. J. Biomed.
Mater. Res. 1999, 46, 141–149. [CrossRef]

16. Dhanikula, A.B.; Panchagnula, R. Fluorescence anisotropy, FT-IR spectroscopy and 31-P NMR studies on the interaction of
paclitaxel with lipid bilayers. Lipids 2008, 43, 569–579. [CrossRef]

17. Zhao, L.; Feng, S.S.; Kocherginsky, N.; Kostetski, I. DSC and EPR investigations on effects of cholesterol component on molecular
interactions between paclitaxel and phospholipid within lipid bilayer membrane. Int. J. Pharm. 2007, 338, 258–266. [CrossRef]

18. Zhao, L.; Feng, S.S.; Go, M.L. Investigation of molecular interactions between paclitaxel and DPPC by Langmuir film balance and
differential scanning calorimetry. J. Pharm. Sci. 2004, 93, 86–98. [CrossRef]

19. Kang, M.; Loverde, S.M. Molecular simulation of the concentration-dependent interaction of hydrophobic drugs with model
cellular membranes. J. Phys. Chem. B 2014, 118, 11965–11972. [CrossRef]

20. Süleymanoglu, E. The use of infrared spectroscopy for following drug-membrane interactions: Probing Paclitaxel (taxol)-cell
phospholipid surface recognition. Rev. Electron. Biomed. Electron. J. Biomed. 2009, 3, 19–35.

21. Yvon, A.M.; Wadsworth, P.; Jordan, M.A. Taxol suppresses dynamics of individual microtubules in living human tumor cells.
Mol. Biol. Cell 1999, 10, 947–959. [CrossRef] [PubMed]

22. Ganguly, A.; Cabral, F.; Yang, H.; Patel, K.D. Peloruside A is a microtubule-stabilizing agent with exceptional anti-migratory
properties in human endothelial cells. Oncoscience 2015, 2, 585–595. [CrossRef] [PubMed]

23. Klementieva, N.V.; Furman, O.E.; Mishin, A.S.; Lukyanov, K.A.; Zagaynova, E.V. Fluorescence imaging of actin cytoskeleton
changes in cancer cells upon chemotherapy. Bull. RSMU 2016, 4, 14–18. [CrossRef]

https://doi.org/10.1016/j.biopha.2019.108800
https://www.ncbi.nlm.nih.gov/pubmed/30921705
https://doi.org/10.1021/mp100308n
https://www.ncbi.nlm.nih.gov/pubmed/20958074
https://doi.org/10.1111/cbdd.12060
https://www.ncbi.nlm.nih.gov/pubmed/23006796
https://doi.org/10.1529/biophysj.107.112565
https://doi.org/10.1155/2021/3687700
https://doi.org/10.1016/j.ijpharm.2020.119222
https://doi.org/10.1016/j.addr.2013.09.004
https://doi.org/10.1039/C3CC47530A
https://doi.org/10.1038/srep41097
https://doi.org/10.1117/1.JBO.25.12.126004
https://doi.org/10.3390/cancers13246165
https://doi.org/10.1088/2050-6120/ac89cd
https://doi.org/10.1007/s00232-022-00219-z
https://doi.org/10.1016/j.celrep.2019.10.063
https://doi.org/10.1002/(SICI)1097-4636(199908)46:2&lt;141::AID-JBM2&gt;3.0.CO;2-U
https://doi.org/10.1007/s11745-008-3178-1
https://doi.org/10.1016/j.ijpharm.2007.01.045
https://doi.org/10.1002/jps.10523
https://doi.org/10.1021/jp5047613
https://doi.org/10.1091/mbc.10.4.947
https://www.ncbi.nlm.nih.gov/pubmed/10198049
https://doi.org/10.18632/oncoscience.169
https://www.ncbi.nlm.nih.gov/pubmed/26244166
https://doi.org/10.24075/brsmu.2016-04-02


Int. J. Mol. Sci. 2023, 24, 12186 13 of 13

24. McGrail, D.; Khambhati, N.; Qi, M.; Patel, K.S.; Ravikumar, N.; Brandenburg, C.P.; Dawson, M.R. Alterations in Ovarian Cancer
Cell Adhesion Drive Taxol Resistance by Increasing Microtubule Dynamics in a FAK-dependent Manner. Sci. Rep. 2015, 5, 9529.
[CrossRef] [PubMed]

25. Wolff, J. Plasma membrane tubulin. Biochim. Biophys. Acta 2009, 1788, 1415–1433. [CrossRef]
26. Aszalos, A.; Yang, G.C.; Gottesman, M.M. Depolymerization of microtubules increases the motional freedom of molecular probes

in cellular plasma membranes. J. Cell Biol. 1985, 100, 1357–1362. [CrossRef]
27. Rémy-Kristensen, A.; Duportail, G.; Coupin, G.; Kuhry, J.G. The influence of microtubule integrity on plasma membrane fluidity

in L929 cells. Mol. Membr. Biol. 2000, 17, 95–100.
28. Berlin, R.D.; Fera, J.P. Changes in membrane microviscosity associated with phagocytosis: Effects of colchicine. Proc. Natl. Acad.

Sci. USA 1977, 74, 1072–1076. [CrossRef]
29. Auth, T.; Gov, N.S. Diffusion in a fluid membrane with a flexible cortical cytoskeleton. Biophys. J. 2009, 96, 818–830. [CrossRef]
30. Chen, Y.C.; Wu, C.M. To study the effect of Paclitaxel on the cytoplasmic viscosity of murine macrophage immune cell RAW 264.7

using self-developed optical tweezers system. Jpn. J. Appl. Phys. 2012, 51, 127001. [CrossRef]
31. Lim, S.C.; Parajuli, K.R.; Han, S.I. Role of Death Receptors-associated Lipid Rafts in Oxaliplatin-induced Death Mode Regulation

of HepG2 Cells. Anticancer Res. 2020, 40, 2573–2582. [CrossRef]
32. Preta, G. New Insights Into Targeting Membrane Lipids for Cancer Therapy. Front. Cell Dev. Biol. 2020, 8, 571237. [CrossRef]
33. Pereira, A.R.; Shimizu, F.M.; Oliveira, O.N., Jr. Cholesterol modulates the interaction between paclitaxel and Langmuir monolayers

simulating cell membranes. Colloids Surf. B Biointerfaces 2021, 205, 111889. [CrossRef]
34. Zhao, L.; Feng, S.S. Effects of lipid chain unsaturation and headgroup type on molecular interactions between paclitaxel and

phospholipid within model biomembrane. J. Colloid Interface Sci. 2005, 285, 326–335. [CrossRef]
35. Li, X.; Yuan, Y.J. Lipidomic analysis of apoptotic hela cells induced by Paclitaxel. OMICS 2011, 15, 655–664. [CrossRef]
36. Menendez, J.A.; Lupu, R.; Colomer, R. Exogenous supplementation with omega-3 polyunsaturated fatty acid docosahexaenoic

acid (DHA; 22:6n-3) synergistically enhances taxane cytotoxicity and downregulates Her-2/neu (c-erbB-2) oncogene expression
in human breast cancer cells. Eur. J. Cancer Prev. 2005, 14, 263–270. [CrossRef]

37. Kuan, C.Y.; Walker, T.H.; Luo, P.G.; Chen, C.F. Long-chain polyunsaturated fatty acids promote paclitaxel cytotoxicity via
inhibition of the MDR1 gene in the human colon cancer Caco-2 cell line. J. Am. Coll Nutr. 2011, 30, 265–273. [CrossRef]

38. McDermott, M.; Eustace, A.J.; Busschots, S.; Breen, L.; Crown, J.; Clynes, M.; O’Donovan, N.; Stordal, B. In vitro Development of
Chemotherapy and Targeted Therapy Drug-Resistant Cancer Cell Lines: A Practical Guide with Case Studies. Front. Oncol. 2014,
4, 40. [CrossRef]

39. Kamiloglu, S.; Sari, G.; Ozdal, T.; Capanoglu, E. Guidelines for cell viability assays. Food Front. 2020, 1, 332–349. [CrossRef]
40. Shirmanova, M.V.; Shimolina, L.E.; Lukina, M.M.; Zagaynova, E.V.; Kuimova, M.K. Live Cell Imaging of Viscosity in 3D Tumour

Cell Models. Adv. Exp. Med. Biol. 2017, 1035, 143–153.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/srep09529
https://www.ncbi.nlm.nih.gov/pubmed/25886093
https://doi.org/10.1016/j.bbamem.2009.03.013
https://doi.org/10.1083/jcb.100.5.1357
https://doi.org/10.1073/pnas.74.3.1072
https://doi.org/10.1016/j.bpj.2008.10.038
https://doi.org/10.1143/JJAP.51.127001
https://doi.org/10.21873/anticanres.14228
https://doi.org/10.3389/fcell.2020.571237
https://doi.org/10.1016/j.colsurfb.2021.111889
https://doi.org/10.1016/j.jcis.2004.11.032
https://doi.org/10.1089/omi.2011.0027
https://doi.org/10.1097/00008469-200506000-00011
https://doi.org/10.1080/07315724.2011.10719969
https://doi.org/10.3389/fonc.2014.00040
https://doi.org/10.1002/fft2.44

	Introduction 
	Results 
	Membrane Microviscosity in Monolayer Cells Treated with Paclitaxel 
	Imaging of Membrane Microviscosity in Tumor Spheroids upon Paclitaxel Treatment 
	The Lipid Composition of Membranes in HeLa–Kyoto Cells during Paclitaxel Chemotherapy 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Chemotherapy 
	Cell Viability Assay 
	Fluorescent Molecular Rotor BODIPY 2 and FLIM Microscopy 
	ToF-SIMS 
	Statistics 

	Conclusions 
	References

