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ABSTRACT

The present work compares the interaction of the antibiotic levofloxacin (LVX) with zwitterionic and anionic
liposomes composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (DPPG), respectively. By using differential scanning calorimetry (DSC), and with spin
labels incorporated into liposomes at two different depths of the bilayers, we investigated the changes induced on
the membrane by increasing concentrations of LVX. Further information was obtained using intrinsic LVX
fluorescence. Under the conditions used here, all techniques evinced that LVX has little affinity for DPPC
zwitterionic membrane. Opposite to that, LVX exhibits a considerable affinity for anionic bilayers, with mem-
brane partition constants K, = (3.3 £ 0.5) x 10% and (4.5 £ 0.3) x 102, for gel and fluid DPPG membranes,
respectively. On binding to DPPG, LVX seems to give rise to the coexistence of LVX -rich and -poor domains on
DPPG membranes, as detected by DSC. At the highest LVX concentration used (20 mol%), DSC trace shows an
increase in the cooperativity of DPPG gel-fluid transition, also detected by spin labels as an increase in the bilayer
packing. Moreover, LVX does not induce pore formation in either DPPG or POPG vesicles. Considering the
possible relevance of LVX-membrane interaction for the biological and toxicological action of the antibiotic, the
findings discussed here certainly contribute to a better understanding of its action, and the planning of new

drugs.

1. Introduction

Levofloxacin ((8)-9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl-1-
piperazinyl)-7-oxo-7H-pyrido [1,2,3-de]-1,4- benzoxazine-6-carboxylic
acid hemihydrate) is a synthetic antibiotic belonging to the fluo-
roquinolone (FQ) family. FQs are based on the chemical structure of
nalidixic acid, which shows a moderate antibiotic activity against Gram-
negative bacteria [1].

Levofloxacin (LVX) is an optical levogyre isomer of ofloxacin, a
second generation FQ. LVX displays an antimicrobial activity broader
than ofloxacin, affecting Gram-negative and Gram-positive bacteria.
LVX is commonly used in the treatment of serious respiratory tract in-
fections, chronical bronchitis, pneumonia, and acute sinusitis. It is also
used to treat conditions such as skin infections, urinary tract infections,

and even serious cases of sepsis [1,2].

It is well established that FQs target the bacterial enzymes DNA
gyrase and topoisomerase IV [2,3]. These two enzymes form a DNA
cleavage complex, which is responsible for controlling DNA tension and
topology during essential cellular processes, such as DNA replication
and transcription. Additionally, FQs were found to intercalate into the
DNA'’s double helix, acting as a possible physical block for the enzymatic
cleavage complex, thus interrupting the proper function of the cell’s
machinery, ultimately leading to the bacteria’s death [4,5].

The FQs intracellular targets implies that the drug needs to cross the
bacterial envelope. The process of FQs internalization is not completely
understood and it is still a matter of debate [6]. However, different
modes for FQs to access the cell cytosol have been proposed [6-10].
Among them, two stand out: a passive diffusion through the plasmatic
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membrane and an active transport mediated by porin channels. It has
been suggested that only uncharged FQ species can easily translocate
through the plasmatic membrane, without membrane receptors, based
on data with zwitterionic giant unilamellar vesicles (GUVs) and mo-
lecular dynamics simulations [9,11]. However, it is well established that
porin channels are essential for FQs bacteria uptake, but the exact
mechanism is not yet completely understood [6,7]. The interaction of
the drug with the lipid/porin interface might be important for the FQ
internalization, with both porin and lipid pathways involved in the drug
incorporation [6,12,13]. Accordingly, drug-lipid interaction might
modulate the antibiotic internalization.

The presence of multiple proton binding sites makes FQs acid-basic
equilibrium quite complex [14]. Nonetheless, most of the FQs are
zwitterionic at physiological pH. Additionally, FQs display different
degrees of lipophilicity, what is crucial for their interaction with
amphipathic molecules [15,16].

Accordingly, the interaction between FQs and lipids, or amphiphilic
aggregates, has been found to be extremely dependent upon the FQ
structures. At physiological pH, FQs seems to display a stronger inter-
action with anionic than with zwitterionic or non-ionic amphiphilic
aggregates [17,18]. For example, ciprofloxacin (CPX), a second gener-
ation FQ, was found not to disturb the phase transition of zwitterionic
bilayers of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), but to
interact and cause a relevant effect on the phase transition of anionic
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liposomes composed of 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (DPPG), as indicated by infrared spectroscopy experiments
[18].

In the same trend, zwitterionic norfloxacin (NFX), another FQ of the
second generation, showed a high affinity for anionic micelles of sodium
dodecyl sulfate (SDS), whereas micelles of non-ionic surfactant Tween
20 did not promote any change in NFX optical properties, thus indi-
cating that NFX did not bind Tween 20 [17]. It has been proposed that
the interaction of anionic polar head groups of amphipathic molecules
with FQs is essential for their binding and stability [17-19]. On the other
hand, the FQ ofloxacin, which is also zwitterionic at neutral pH, and
protonates at lower pH values, was found to disturb zwitterionic DPPC
membranes [20].

Hence, the interaction of different FQs with anionic and zwitterionic
lipid membranes is depend on their hydrophobic/hydrophilic charac-
teristic and on their acid/basic equilibrium, for instance see Ref. [9,16]
and references therein.

Concerning LVX, Langmuir monolayers composed of DPPC-LVX or
DPPC-1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC)-LVX
presented changes in their compressibility, suggesting that LVX is acting
close to the polar headgroups and interacting with zwitterionic lipids
[21,22]. The interaction of a set of non-membrane targeting antibiotic,
including LVX, with stack anionic lipids was investigated through X-ray
diffraction. Regarding LVX, the results suggested that LVX binds anionic
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Fig. 1. At the top, schemes of the three different ionic species of levofloxacin, cationic, zwitterionic and anionic. At the bottom, the chemical structures of the
zwitterionic lipid DPPC, the anionic lipid DPPG, and the paramagnetic probes 5-PCSL and 16-PCSL. The levofloxacin pK, values are indicated in the figure.

* Ref. [31].
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membranes and affects its organization both at the level of the polar
headgroups and at the inner core of the bilayer [23].

It is well known that whereas healthy mammalian cells display
zwitterionic lipids in their outer leaflet, prokaryotic membranes display
anionic polar head groups in its outer membrane [24]. Hence, the study
of the interaction of FQs with different lipids may provide information
about non-specific drug effects, secondary effects, bioavailability, and
FQs accumulation within bacteria cells [21-24]. Additionally, in terms
of drug-membrane binding, the interaction between drugs and lipids is
essential for the engineering of drug-delivery systems [29,30].

To the best of our knowledge, there is little information in the
literature about the interaction of LVX with liposomes, especially in
terms of LVX-membrane binding and the LVX effect on the thermotropic
and structural properties of lipid bilayers. Therefore, the aim of this
work is to perform a comparative investigation on the interaction of LVX
at physiological pH (7.4) with liposomes composed of zwitterionic
lipids, DPPC, and anionic lipids, DPPG (Fig. 1), as simple mimetic sys-
tems of healthy mammalian and bacterial membranes, respectively.

By using differential scanning calorimetry (DSC), and spin labels
embedded into the vesicles at different depths of the bilayer, we moni-
tored how increasing concentrations of LVX change the structure and
affect the thermotropic behavior of the bilayers. Additionally, we
investigated if LVX could induce pore formation in ionic liposomes,
through the measurement of the leakage of entrapped carboxy-
fluorescein (CF), a fluorescent dye.

Complementarily, intrinsic LVX fluorescence gave us the opportunity
to monitor possible changes occurring on the antibiotic due to the
presence of ionic liposomes, and to determine the affinity of LVX for the
different liposomes. Under the conditions used in this work, we do not
observe any indication that LVX binds to DPPC zwitterionic liposomes.
Opposite to that, LVX binds to anionic DPPG, and the affinity of the
antibiotic for DPPG was quantified by the determination of an apparent
partition constant. Furthermore, our results indicate that under DPPG-
binding the LVX carboxyl ion is mostly neutralized (Fig. 1).

2. Materials & methods
2.1. Chemical and reagents

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), sodium salt of
1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DPPG), 1-pal-
mitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), sodium salt of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG), and
spin labels 1-palmitoyl-2-(n-doxylstearoyl)-sn-glycero-3-phosphocho-
line (n-PCSL, n = 5 or 16) were acquired from Avanti Polar Lipids.
Levofloxacin (LVX), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), Sephadex-G25 columns, 5(6)-Carboxyfluorescein (CF),
ethylenediaminetetraacetic acid (EDTA), glucose, ammonium molyb-
date, citric acid, perchloric acid, sodium phosphate monobasic mono-
hydrate, boric acid, acetic acid sodium salt trihydrate, sodium hydroxide
(NaOH), hydrochloric acid (HCL), chloroform, methanol, and sodium
chloride (NaCl) were purchased from Merck (St Louis, MO). All water
solutions or dispersions were prepared using Milli-Q water.

2.2. Large unilamellar vesicle (LUV) preparations

Lipids were dissolved in a mixture of chloroform and methanol (6:1).
When desired, spin labels 5-PCSL (0.8 mol%) or 16-PCSL (0.3 mol%)
were added to the lipid solution, this solution was dried under a flux of
ultra-pure nitrogen gas till a thin film of lipids was formed at the bottom
of the glass tube. The lipid film was kept under low pressure conditions
for a minimum of 3 h to eliminate any trace of organic solvent. Lipid
dispersions were prepared by the addition of buffer (10 mmol L™}
HEPES, 3 mmol L' NaCl, pH 7.4) to the lipid film, followed by intense
vortexing during 2 min at 60 °C, four times. Finally, lipid dispersions
were extruded through polycarbonate filters (mini-extruder by Avanti
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Polar Lipids, 19 mm membranes with 100 nm pores, 31 times) above the
lipid gel—fluid transition temperature (> 60 °C), for the formation of
large unilamellar vesicles (LUVs). After extrusion, the average diameter
of the vesicles was checked using dynamic light scattering, and found to
be (110 + 10) nm. Before and after filtering, a few DPPC and DPPG
samples were checked for their phospholipid content through inorganic
phosphate assay [32], and the error was always found to be less than 1%
of the expected value for samples before filtering, and less than 3% after
the filtering process. All lipid dispersions used in this work were freshly
prepared on the day the experiments were conducted.

2.3. Levofloxacin film and solutions

LVX was dissolved in chloroform (6 mmol L_l). A desired amount of
this solution was placed in a glass tube and dried under a flux of ultra-
pure nitrogen gas, thus obtaining an antibiotic film at the bottom of
the glass tube. The LVX film was submitted to low pressure conditions
for at least 3 h. These LVX films were hydrated with buffer or LUV
dispersion followed by an intense vortexing for 2 min at 60 °C, four
times, to obtain the desired LVX and/or LVX/lipid molar concentration.
Finally, the samples were incubated for 30 min at room temperature
before the measurements.

2.4. Differential scanning calorimetry (DSC)

DSC thermograms were obtained with a microcalorimeter (Microcal
VP-DSC, Northampton, MA). Each sample was scanned five times. The
first scan was performed at 90 °C per hour, and not taken into consid-
eration. The next four scans, two endothermic and two exothermic, were
runed at the rate of 20 °C per hour, with temperatures ranging from
15 °C to 60 °C. The scans were found to be fairly reproductible. The
sample cell (500 pL) was filled with a 3 mmol L™! lipid dispersion with
or without the desired concentration of LVX, as described in Section 2.3.
In this work, we often refer to the concentration of LVX as the percentage
of the antibiotic with respect to the molar concentration of the lipid (mol
% [LVX] = 100 [LVX]/[L]), where [LVX] and [L] are LVX and lipid
molar concentrations, respectively. By using MicroCal Origin software,
with the additional module for DSC data analysis provided by MicroCal,
we determined thermodynamic parameters such as the enthalpy varia-
tion (AH), the position of the maximum of the gel-fluid temperature
transition peak, Ty, and the width at half maximum (4T;,2).

2.5. Entrapment of carboxyfluorescein (CF) in LUVs and leakage assay

CF solutions were prepared in buffer pH 8.5. After CF solubilization,
the sample pH was readjusted to 7.4 with HCl. Lipid films were hydrated
with buffer (10 mmol L™ HEPES, 3 mmol L! NacCl, 1 mmol L! EDTA,
pH 7.4 solution) containing 50 mmol Lt carboxyfluorescein (CF). The
lipid dispersion (~6 mmol L™!) was extruded, as previously described.
In order to remove non-encapsulated CF, the lipid dispersion was eluted
through a Sephadex-G25 medium column with 10 mmol L~! HEPES, pH
7.4 with 1 mmol L ! EDTA, 3 mmol L™! NaCl, and 150 mmol L™} glucose,
the latter was added to the buffer to adjust the osmolarity inside and
outside the liposomes. Vesicles with encapsulated CF were collected in
the void volume of the column. Lipid concentration was determined by
inorganic phosphate assay [32].

Lipid dispersion (100 pmol L™1) was placed in quartz cuvettes (1.0 x
1.0 cm, 2.0 mL) and the fluorescent emission measured with a Fluo-
rescence Spectrometer (Varian Cary Eclipse, Santa Clara, CA), with
temperatures controlled by a Carry Peltier thermostat. The CF leakage
measurements were performed under constant stirring. CF encapsulated
in LUVs was used to evaluate the ability of LVX to induce pore formation
in the ionic bilayers. At 50 mmol L™! the encapsulated CF is self-
quenched, hence virtually non-fluorescent. Due to LVX or detergent
action, CF might be released into the aqueous bulk, where dilution oc-
curs, thus yielding an increase of CF fluorescence intensity. CF emission
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was continuously recorded in time (one measurement per second), at
25 °C, Aexe = 490 nm and Aey, = 512 nm. In all experiments, LVX (20
pmol L™1) was added to the lipid dispersion (100 pmol L™?) at the 1.67
min (100th second), and at the end of the experiment, at the 33.33 min
(2000th second), Triton X-100 (18 pL of 10% w/v) was injected into the
sample to promote complete CF leakage.

The percentage of CF leakage, (%) Leakage, was determined ac-
cording to the following equation:

(@ —1)

%) Leakage(t) = 100 x
( D) § ( ) (Ilmal - IO)

(€Y

where I(t) is the fluorescence intensity at time t, Iy is the initial fluo-
rescence, before the antibiotic addition, and Iy, is the maximum
fluorescence obtained after the addition of Triton X-100. The kinetics
were performed using liposomes of zwitterionic DPPC or anionic DPPG
in the gel phase, at 25 °C. As the experimental procedure with fluid
dipalmitoyl bilayers (50 °C) was found to be quite unreliable [33,34], to
mimic the fluid phase of the dipalmitoyl membranes, similarly prepared
vesicles of POPC or POPG were used at 25 °C.

2.6. Electron spin resonance (ESR) spectroscopy

X-band (9.44 GHz) electron paramagnetic resonance spectra were
obtained with a Bruker EMX spectrometer. Field-modulation of 1 or 2 G
and microwave power of 5 mW were used. The temperature ranged from
10 °C to 60 °C, controlled by a Bruker BVT-2000 variable temperature
device. ESR data were analyzed using the software WINEPR.

The maximum (2Apax), and inner (2An;,) hyperfine splittings were
measured directly on the ESR spectrum, and, for fluid membranes, the
effective order parameter (S,) and the isotropic hyperfine splitting (ao)
were calculated according to the equations:

AH —A 1 a;

Ser = Ae—(1/2)(An +A,) a, @

where A| ~ Amax

AH - Am[n

1= (1) (u+a,)

A=A, +1.4 |1—

) Y3 (Azr +A,+ AA‘X)

ay = s (AH +2Al)

Azz, Axy, and Ayy are the principal values of the hyperfine tensor for 2-
doxyl propane, 32.9, 5.9, and 5.4 G, respectively [35,36]. With the spin
label 16-PCSL, for gel liposomes, the central line width (AHg) was
directly measured on the 16-PCSL ESR spectra (see Fig. 6). At the fluid
phase, the amplitude of the three hyperfine lines (h. ;, hg, and h_;) were
also measured directly on the ESR spectra (see Fig. 6). For more details,
see Ref. [37]. The lipid concentration used was 3 mmol L’l, with or
without the desired concentration of LVX,

2.7. Ultraviolet-visible (UV-vis) absorption spectroscopy

Optical absorption spectra were obtained with an UV-vis spectro-
photometer (Varian Cary 50, Santa Clara, CA). In all optical experi-
ments, samples were placed in a quartz cuvette (0.2 x 1.0 cm, 400 pL),
with the absorption optical pathway of 0.2 cm. The temperature was
controlled with a Carry Peltier thermostat.

Samples were prepared according to the following protocol. A LVX
film, see Section 2.3, was hydrated with a buffer solution (10 mmol L!
HEPES, 3 mmol L™! NaCl, pH 7.4) to prepare a stock LVX solution, 0.5
mmol L. Then, LVX was diluted by using the same buffer and/or using
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a concentrated LUV dispersion (10 mmol L’l), see Section 2.2, to ach-
ieve a LVX concentration of 0.01 mmol L_l, with or without the desired
lipid concentration. Next, the sample was quickly vortexed and left to
equilibrate at room temperature for 30 min. Then, the sample was
placed in the spectrometer previously set-up at 25 °C, corresponding to
the gel phase of dipalmitoyl bilayers. Then, to assure the thermal
equilibrium, the sample was left for 20 min inside the spectrometer. The
optical experiments were conducted in sequence, first the absorption
spectrum was registered, then the steady-state fluorescence spectrum,
and finally the fluorescence decay was measured. All the instruments
were set at 25 °C. At the end, the temperature was increased to 50 °C,
corresponding to the fluid phase of dipalmitoyl bilayers, and the same
protocol was followed.

Absorbance here is A(A) = log (Io(A\)/1(A)), where Ip (A) and I (A) are
the intensities of the light beam before and after crossing the sample,
respectively, as measured by the spectrophotometer. Hence, it includes
light absorbed and scattered by the sample.

2.8. Stead-state fluorescence spectroscopy

Steady-state fluorescence measurements were performed with a
fluorimeter (Varian Eclipse, Santa Clara, CA) with temperatures
controlled by a Carry Peltier thermostat. Fluorescence experiments were
performed using 400 pl solutions of 0.01 mmol L™! LVX in buffer (10
mmol L~! HEPES, 3 mmol L~! NaCl, pH 7.4) without or with LUVs, as
described above. The experiments were conducted with an excitation
beam light at 345 nm, with an optical pathway of 0.2 cm, with slits for
excitation and for emission of 5 nm. The inner filter correction [38] was
applied to all the fluorescent emission spectra by using the following
equation:

Fcarr(x) = Fops (}\4)10<A“ Hrensl) 3)

where Feorr (M) and Fopg (M) are the corrected and observed fluorescence
intensities, Aexc and Aeps are the absorbance per unit of pathway at the
excitation and emission wavelengths, respectively. 1 and I'are the optical
pathway in cm for excitation (0.1 cm), and for emission (0.5 cm),
respectively, considering the cuvette center.

Eq. (3) does not consider the dimensions of the excited region, as it is
assumed that all emitting fluorophores are at the center of the cuvette. It
has been shown that this equation is suitable for the absorbance values
used here [39].

To investigate changes in LVX emission due to changes in the buffer
acidity, a buffer solution was chosen to cover pH values from 4.5 to 7.5.
This universal buffer consists of a mixture of 20 mmol L~! boric acid, 20
mmol L™! sodium phosphate monobasic, and 20 mmol L™ acetic acid
sodium salt. By using concentrated solutions of (2 mol LY HCl or (2
mol L) NaOH the universal buffer pH was adjusted and the emission
spectrum of LVX at different pH values was measured under constant
temperature (50 °C).

2.9. Time resolved fluorescence spectroscopy

Time-resolved (TR) fluorescence measurements were performed
using time-correlated single photon counting technique (TCSPC). The
excitation light beam comes from a titanium-sapphire Tsunami 3950
laser from Spectra Physics (Newport Corporation, Irvine, CA, USA),
pumped by a solid-state laser Millenia Pro model J80 also from Spectra
Physics. The frequency of pulse picker (Spectra Physics model 3980-25)
was 8 MHz. The Tsunami was set to give an output of 852 nm and a third
harmonic generator BBO crystal (GWN-23PL Spectra Physics) was used
to generate the excitation light at 284 nm. Although this is different from
the excitation wavelength used in the steady state fluorescence, 345 nm,
it also corresponds to an absorption band of LVX (see Fig. SM1), and LVX
fluorescence relaxation should not depend on the excitation wavelength
[38]. At 284 nm the signal-to-noise was much better than at 345 nm. The
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emission was detected at 90 degree from the excitation beam and
selected by a monochromator.

By using FAST software supplied by Edinburgh Photonics the data
were fitted by applying the model of exponential decays [38] using the
following equations:

N
F,0) = ae s )
i=1
a;T;
f=
2T
J

where F(),t) is the number of photons emitted at a given wavelength (1)
and time (t), o; is the pre-exponential factor, 1; is the lifetime of the ith
component of the decay, and fj is the fraction contribution of the lifetime
71 to the intensity decay.

The fluorescence decay curves were also evaluated by a global
analysis [40], where two lifetimes, corresponding to the LVX lifetime in
the aqueous phase (1) and LVX lifetime in the lipid phase (t3), were
constrained to be the same and used to fit all the decay curves, with
different fractional contributions: f, and f, corresponding to the con-
tributions of the lifetimes relative to LVX in the aqueous and lipid
phases, respectively. We determined these latter factors from the best
fitting processes which results from the statistical parameter reduced
chi-square (Xz), 0.95 < Xz < 1.35. An apparent partition constant (Kp)
was determined from the best non-linear fitting process using a con-
ventional isotherm:

A
nuq/vuq

P

Kpy[L]
where n;, and ngq are the number of moles of LVX in the lipid and
aqueous phases, respectively. V,q is the volume of the aqueous phase
which is in a good approximation equal to the total volume (Vital.),
taking into consideration both phases, aqueous and lipid. Vy, is the vol-
ume of the lipid phase, Vi, = y; [L] Viotal- fo = [LVX]/[LVX]T is the
relative fraction of LVX in the lipid phase, y; is the molar volume of the
phospholipid.

2.10. Reproducibility and sample stability

Every experiment was performed at least three times. Error values
account for standard deviations and are presented as error bars when
larger than the symbols.

No vesicle precipitation was observed during the experiments. The
samples were always visually checked before and after the measure-
ments were taken. For optical absorption and fluorescence measure-
ments, LVX spectrum was quite reproducible after a minimum of 3 h in
the cuvette.

3. Results
3.1. Membrane modifications induced by levofloxacin

Membranes composed of one lipid species often have two different
thermal phases: a gel and a fluid phase. Within the bilayer, lipid mole-
cules are confined into the two-dimensional plane of the membrane, but
in the fluid phase lipids are in a more isotropic motion, wobbling along
the axis of the acyl chain, whereas in the gel phase the lipids are more
packed and organized, with greater mobility restrictions, therefore in a
more anisotropic motion. As exogenous molecules may interact more
with lipids in a given phase [41], in this work we investigated the
interaction of LVX with ionic gel and fluid liposomes. The two lipid

BBA - Biomembranes 1863 (2021) 183622

phases would somehow mimic different lipid patches, more or less
packed in a biological membrane.

3.1.1. Differential Scanning Calorimetry (DSC)

Lipid melting is a collective process which depends on lipid-lipid
interaction, and may be profoundly affected by an exogenous mole-
cule if it interacts with the lipid bilayer. Therefore, DSC technique might
provide information about structural modifications induced by the
presence of LVX on membranes. FQs present melting temperatures
higher than 120 °C. For instance, LVX presents a melting temperature
above 220 °C [15,42,43]. Hence, DSC from 15 °C to 60 °C is probing the
thermal properties of the lipid bilayers only, and the modifications
induced on them by the presence of the antibiotic.

Fig. 2 displays the thermotropic behavior of DPPC (left column) and
DPPG (right column) in the absence (a,b) and in the presence of 10 (c,d)
and 20 (e,f) mol% of LVX, relative to the lipid concentration, under
endothermic (red lines) and exothermic (blue lines) processes. Pure
dipalmitoyl lipids display a quite reversible thermal behavior (Fig. 2a,
b), as it has been observed before [33,34].

Different from multilamellar dispersions, extruded dispersions of
DPPC and DPPG present a very subtle and smooth pre-transition tem-
perature peak around 34 °C, Fig. 2(a,b). Besides, multilamellar dipal-
mitoyl dispersions present a much more cooperative phase transition, i.
e., a width at half maximum (AT;,2) much smaller than that found for
extruded vesicles here [41].

Table 1 summarizes the thermodynamic parameters determined
from the DSC thermograms for both processes, endothermic and
exothermic.

Note that Ty, and AH for pure lipid dispersions are in good accor-
dance with the values previously reported [33,34,44]. The presence of
LVX did not cause any significant change on the thermotropic behavior
of DPPC dispersions, even in the presence of 20 mol% LVX (Fig. 2, left
column, and Table 1). In contrast, the presence of LVX profoundly
changes DPPG thermotropic behavior. The presence of 10 mol% of LVX
lead to the presence of two thermal peaks (Fig. 2d). It is worthy to note
that at this concentration one of the thermal peaks is centered at the
same temperature (T,,) as that observed for pure DPPG dispersion
(Fig. 2, right column, dotted line), and, like that, is quite reversible,
whereas the other thermal peak, at a lower temperature, presents a
significative hysteresis under endothermic and exothermic processes, of
around 0.5 °C. With the presence of 20 mol% LVX, the peak similar to
that observed with pure DPPG disappears, being replaced by just one
peak at a somewhat lower temperature, indicating a relatively more
cooperative transition (smaller value of AT;/2), and displaying endo-
thermic/exothermic processes hysteresis (Table 1).

3.1.2. Carboxyfluorescein (CF) leakage assay

Since DSC thermograms (Fig. 2) showed that LVX induces changes on
the thermotropic behavior of anionic DPPG, it was important to inquire
if the antibiotic could induce pore formation on the ionic liposomes. CF
leakage assay is an efficient methodology to check if an exogenous
molecule can disturb liposomes, forming pores. As previously stated, CF
is a dye that when entrapped within liposomes at 50 mmol L~! is almost
non-fluorescent due to self-quench. If a molecule disturbs the bilayer,
causing permanent or temporary pores, allowing the dye to leak into the
bulk, its dilution results in an increasing of CF intensity emission. By
using this methodology, we investigated if 20 mol% LVX could induce
pore formation in gel (25 °C) vesicles composed of DPPC (Fig. 3a) or
DPPG (Fig. 3b). Given the spontaneous CF leakage from dipalmitoyl
fluid bilayers (see Section 2.5), we used POPC (Fig. 3c) and POPG
(Fig. 3d) at 25 °C to mimic the fluid phase of dipalmitoyl bilayers.

The spontaneous CF leakage through gel vesicles of DPPC or DPPG is
negligible, it is inferior to 1% after 30 min. Interestingly, the presence of
20 mol% LVX did not have any significant impact on the CF leakage
through gel membranes, as can be seen in Fig. 3(a,b).

In the fluid phase, POPC liposomes (Fig. 3c) in the absence of LVX
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Table 1

Thermodynamic parameters for DPPC and DPPG in the absence and presence of 10 and 20 mol% LVX. *Not determined.
Lipid %[LVX] AH AH ATy/2 ATy T T

(kcal mol 1) endothermic (kcal mol~1) exothermic (o) o “Q “Qo
endothermic exothermic endothermic exothermic

DPPC 0 —-8.8 + 0.2 8.5+ 0.2 0.85 £+ 0.04 0.70 + 0.02 41.1 £0.2 41.0 £0.1
DPPC 10 -9+1 9+1 0.76 + 0.08 0.6 £ 0.1 41.02 + 0.08 40.83 + 0.02
DPPC 20 —-8.5+0.3 8.4+04 0.90 + 0.2 0.8 £0.2 40.8 £ 0.4 40.8 £ 0.3
DPPG 0 —-8.8+ 0.4 8.4+0.3 1.1+0.1 0.76 + 0.4 39.9 £0.2 39.5+0.2
DPPG 10 -7.5+0.3 7.5+ 0.4 * * * *
DPPG 20 —-8.8+0.3 8.4+0.2 0.50 £+ 0.09 0.7 £ 0.1 39.1+£0.2 39.05 + 0.04

show a minor spontaneous leakage (less than 1%), whereas POPG li-
posomes (Fig. 3d) present an acceptable spontaneous leakage around

20% after 30 min, as previously reported [33]. As observed for gel li- or
posomes, the leakage induced by 20 mol% LVX is also negligible in both
fluid bilayers, POPC or POPG. Thus, CF assays show that under the

fluid phases.

experimental conditions employed in this work LVX does not induce
pore formation in neither zwitterionic nor anionic liposomes, in their gel
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addition of the antibiotic.

3.1.3. Electron spin resonance (ESR) with spin probes

Spin label spectroscopy is a widely used technique to study amphi-
philic aggregates, see, for instance [36,37]. It is a very accurate tech-
nique to probe an aggregate packing in the nano vicinity of the
paramagnetic probe. In this work, we determined the rigidity/order at
different levels of the ionic bilayers: at the levels of the 5th and the 16th
carbon atoms of the lipid acyl chains, monitoring the region close to the
polar headgroups, and the inner core of the bilayer, respectively. As
exogenous molecules may interact differently with gel and fluid mem-
branes, we studied through spin label spectroscopy the structural
changes induced by LVX on the ionic bilayers at temperatures ranging
from 10 °C to 60 °C, hence analyzing the gel and fluid phases of the
dipalmitoyl bilayers.

3.1.3.1. ESR: LVX interaction with gel liposomes. Fig. 4 shows the ESR
spectra of 5-PCSL (left column) and 16-PCSL (right column) embedded
into gel unilamellar vesicles of DPPC (top three horizontal lines) and
DPPG (bottom three horizontal lines), in the absence of (dark gray) and
with increasing amounts of LVX: 10 mol% LVX (orange), and 20 mol%
LVX (blue). The inner core of the bilayer is a region with more mobility
and less order than the region closer to the polar headgroups. Accord-
ingly, the probe 5-PCSL in DPPC (Fig. 4a) or DPPG (Fig. 4g) presents a
much more anisotropic spectrum than that found for the spin label 16-

PCSL incorporated into DPPC (Fig. 4d) or DPPG (Fig. 4j) membranes.

The modifications induced by the presence of LVX are not visually
detected on the spin probes spectra (Fig. 4). However, they can be
quantified by experimental parameters directly measured on the ESR
spectra.

We plotted the maximum hyperfine splitting (An.x) measured on the
5-PCSL spectra versus the temperature, in the absence and in the pres-
ence of LVX (Fig. 5a,b): 10 mol% LVX (orange circle) and 20 mol% LVX
(blue triangle). 2A,.x provides information about the anisotropy and the
speed of movement of the probe, called here the viscosity of the nano
region in which the probe is incorporated. Overall, higher A x values
mean higher restriction to the movement of the paramagnetic probe
[36]. Note that Ay ,x decreases (Fig. 5a,b) as the temperature increases,
showing that even in the gel phase the increase of temperature leads to a
relative fluidification of the bilayer.

In Fig. 5a it is possible to observe that the presence of LVX did not
induce significant changes in this parameter, with the differences
smaller than the error bars, showing that LVX does not change the
fluidity of gel DPPC bilayers around the 5th carbon (Fig. 5a), at least
with the maximum concentration of LVX used here. In contrast, for
DPPG membranes, the presence of 20 mol% LVX increases the values of
Amax (Fig. 5b), indicating that LVX is inducing a lipid packing in the
region of the 5th carbon of the acyl chain, even in the already highly



G.S. Vignoli Muniz et al.

16-PCSL

24 AH,

+ 20 mol%

| DPPG
SR \ ey 4

VIl 0mel %

+20 mol%

Fig. 4. Typical ESR espectra of 5-PCSL (left column) and 16-PCSL (right col-
umn) embedded into gel vesicles of DPPC (a to f) and DPPG (g to 1), in the
absence and presence of 10 and 20 mol% LVX. The spectra were acquired at
25 °C, corresponding to the gel phase of the lipids, and their total width is 100
G. The maximum hyperfine splitting (2A;,,,) and the central line width (AHo)
are indicated.

packed gel membrane.

ESR spectra of 16-PCSL in gel bilayers can be analyzed monitoring
the central field line width (AHy), thus accessing information about the
restriction of molecular mobility and/or order: the higher AHj, the
higher the restriction of motion, hence the higher the probe anisotropy
of movement [37]. Note that AH decreases as the temperature increases
(Fig. 5¢,d), showing that at the bilayer core there is also an increase in
the lipids mobility in the gel phase as temperature increases. Moreover,
a higher packing at the bilayer core of pure zwitterionic DPPC mem-
brane as compared to that of pure DPPG anionic membrane is observed,
since higher values of AH, are measured for pure DPPC Fig. 5(c,d). This
is probably due to the electrical repulsion between the anionic polar
headgroups of DPPG, making the bilayer more fluid at its core.

The effects of LVX on the core of gel liposomes of DPPC and DPPG are
similar to those found at the region close to the 5th carbon atom. LVX
does not induce any significant change in the inner core of DPPC bi-
layers, as can be attested by Fig. 5c. In contrast, LVX strongly modifies
the core of DPPG bilayer, as shown by the changes in AH, values
(Fig. 5d). For lower temperatures, 10 °C and 15 °C, the presence of 10
and 20 mol% of LVX increases the values of AHy measured on the 16-
PCSL spectra, hence increases the packing of the bilayer at its core. At

BBA - Biomembranes 1863 (2021) 183622

20 °C, only 20 mol% of LVX alter the packing of DPPG membranes, and
no effect of the drug was detected for higher temperatures.

3.1.3.2. ESR: LVX interaction with fluid liposomes. In Fig. 6, we see the
ESR spectra of 5-PCSL (left column) and 16-PCSL (right column)
embedded into 3 mmol L' fluid liposomes of DPPC (top three hori-
zontal lines) and DPPG (bottom three horizontal lines) in the absence of
(dark gray) and with increasing amounts of LVX: 10 mol% LVX (orange),
and 20 mol% LVX (blue).

Once again, the effects of LVX are not visually evident on the spectra
but can be accessed through experimental parameters directly measured
on the ESR spectra. For fluid membranes, we can evaluate the impact of
the antibiotic in the vicinity of the 5th carbon of the paraffinic chain by
calculating the effective order parameter (Sep) (see Section 2.5). As
discussed in [37], values of S close to the unity indicate that the bilayer
region monitored by the spin probe is highly anisotropic. In opposition
to that, Sef values tend to zero when the probe is in rapid and isotropic
movement, indicating a quite loose nano-environment. Thus, S pro-
vides information about the organization/mobility of the lipid bilayer at
the level of the 5th carbon atom.

The values of Sef, are smaller for DPPG (Fig. 7b) membranes than for
DPPC (Fig. 7a), showing that, in the fluid phase, zwitterionic mem-
branes present a higher packing and/or order than anionic liposomes
even around the 5th carbon atom position. Similar to the results found
for the gel bilayers, the presence of LVX in fluid membranes of DPPC
(Fig. 7a) does not have any significant impact on the organization of the
bilayer, as indicated by the constancy of S.g. For anionic membranes of
DPPG, 20 mol% LVX induced a significant increase in S.g values indi-
cating that LVX also increases the packing of fluid DPPG bilayers.

For the ESR spectra of 16-PCSL, in fluid membranes, the amplitude of
the three hyperfine lines, corresponding to m; = +1, 0, —1, can be
directly measured on the ESR spectra (Fig. 6, right column). The ratio
between the amplitudes of the lines, (h_;/h,), is an empirical parameter
related to the packing of the bilayer: h_;/h, tends to unity as the probe
movement becomes less ordered and faster [32]. This parameter shows
that the core of fluid DPPC bilayers is also a region of more restriction of
mobility than that of DPPG, since the values of h_;/h, are smaller for
DPPC (Fig. 7c) than for DPPG (Fig. 7d) membranes. Once more, the
presence of LVX almost does not have any impact on the mobility and/or
packing of the core of fluid DPPC bilayers, since the values of h_;/h, are
the same within the error bars (Fig. 7c). In opposition to that, the values
of h_1/h, measured at different temperatures are smaller in the presence
of 10 mol% and 20 mol% LVX than those found for pure DPPG vesicles
(Fig. 7d). This makes evident that in those concentrations LVX increases
the lipid packing at the core of DPPG bilayers. It is interesting that 10
mol% LVX did not induce changes in Sef (Fig. 7b), whereas increases the
values of h_1/h,. That could be due to the sensitivity of the paramagnetic
probes. As 5-PCSL is located in a region with more restriction of mobility
than that at the core of the bilayer, 16-PCSL is usually more sensitive to
changes in the nano-environment viscosity than 5-PCSL.

3.2. Modifications induced in LVX by the presence of ionic membranes:
intrinsic LVX fluorescence emission

In the previous sections, by using DSC, CF assay, and spin label
spectroscopy, we monitored the membranes, and the changes induced
on these membranes due to the presence of LVX. Like many of the FQ
molecules, LVX is fluorescent. Here, we exploit this property to inves-
tigate the changes induced on LVX by increasing concentrations of
membranes, both zwitterionic and anionic LUVs, thus having a more
complete picture of the interaction of LVX with ionic bilayers.

3.2.1. Stead-state fluorescence spectroscopy
Depending on the lipid concentration, the light scattering can be too
strong, usually more intense for zwitterionic than for anionic
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membranes. Particularly, the light scattering yielded by DPPC gel vesi-
cles is too strong (Fig. SM1) for reliable inner filter corrections (see Eq.
(3)). Therefore, for zwitterionic membranes, we only exhibit the fluo-
rescence spectra of LVX in the absence and with increasing amounts of
fluid (50 °C) zwitterionic vesicles of DPPC (Fig. 8a). As the light scat-
tering for anionic vesicles is significant lower, we show the LVX emission
spectra with increasing concentrations of gel (25 °C, Fig. 8b) and fluid
(50 °C, Fig. 8c) DPPG vesicles.

The fluorescence spectrum of LVX at physiological pH is in good
agreement with that reported in the literature, with a maximum emis-
sion peak at 457 nm [45,46]. The presence of zwitterionic DPPC vesicles
does not alter the LVX spectrum (Fig. 8a). Contrary to that, increasing
amounts of anionic DPPG vesicles shift the LVX emission spectrum to

longer wavelengths (lower energies) (Fig. 8b,c), showing that LVX in-
teracts with both gel and fluid DPPG membranes. At the maximum lipid
concentration used here, 10 mmol L™! DPPG, maximum redshifts of 19
nm and 29 nm (Fig. 8d) for gel and fluid membranes are observed,
respectively.

3.2.2. Time-resolved (TR) fluorescence spectroscopy

Time-resolved fluorescence spectroscopy is a good approach to study
molecules when light scattering is significantly high, since fluorescent
lifetimes have little dependence on the fluorophore emission intensity
[38,47]. Hence, we measured the fluorescence decay of LVX in the
absence of lipid vesicles, and with increasing concentrations of gel
vesicles (25 °C) of DPPC (Fig. 9a) and DPPG (Fig. 9b), and fluid vesicles
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(50 °C) of DPPC (Fig. 9¢) and DPPG (Fig. 9d).

In buffer, at 25 °C and 50 °C, the excited state decay curves of LVX
were well fitted by monoexponential decays (see Eq. (4)) yielding life-
times equal to (6.30 £+ 0.01) ns and (5.04 £+ 0.01) ns, respectively. As
expected, the lifetime at 50 °C is smaller in comparison with that found
at 25 °C. This is due to the increase of non-radiative decay processes as
temperature increases [38]. The decay curves of LVX in the presence of
gel (Fig. 9a) or fluid (Fig. 9c) DPPC vesicles do not present any signifi-
cant changes with respect to pure LVX decay curves: no change is
observed in the angular coefficient of the lines in the semi-log plot
shown in Fig. 9a and c. Accordingly, the lifetimes found from the best
fittings (Eq. (4)) of the decay curves of LVX in the presence of increasing
amounts of DPPC do not change much, as evinced in Fig. SM2. This is a
strong indication that LVX, at physiological pH, has little affinity to
zwitterionic DPPC liposomes.

In contrast, the LVX decay curves in the presence of anionic vesicles
of DPPG (Fig. 9b,d) radically change. They cannot be fitted with just one
exponential (Eq. (4)), as for LVX in buffer or in the presence of DPPC
vesicles. To fit the curves in the presence of gel and fluid DPPG vesicles
(Fig. 9b,d), according to the statistical criterium (0.95 < XZ < 1.3), two
terms were necessary in Eq. (4), indicating the presence of at least two
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lifetimes. Hence, we used a global analysis to evaluate all the LVX decay
curves at a given temperature, in the presence of different DPPG con-
centrations. Accordingly, we made the hypothesis that all the decaying
curves obtained at a given temperature, from samples with different
lipid concentrations, were a composition of decaying processes coming
from two different species only: one in aqueous environment and one in
the lipid phase. Hence, this method consisted in fitting all the decay
curves with two lifetimes only, namely LVX lifetime in aqueous envi-
ronment (t1) and LVX lifetime in the lipid phase (t3). For each tem-
perature, the decay curve was fitted with a different fractional
contribution of the two lifetimes, f; and fo, corresponding to the con-
tributions of the lifetimes relative to LVX in the aqueous and lipid phase,
respectively.

The global analysis for the curves in the presence of gel (25 °C) DPPG
vesicles (Fig. 9b) yielded a lifetime for LVX in buffer of t; = 6.26 ns, and
a lifetime for LVX in the lipid gel phase, to = 12.55 ns (x? = 1.22).
Table SM1 displays the result of the global analysis for each decay curve
in the presence of gel (25 °C) DPPG vesicles. For the decay curves at
50 °C (Fig. 9d), the global analysis yielded a lifetime in buffer of 7; =
5.01 ns andty = 9.70 ns. The results of the global analysis for each decay
curve at 50 °C is available in Table SM3. In addition, Figs. SM3 and SM4
display the fittings and the weighted residuals from the global analysis
for LVX decay curves in the presence of gel and fluid DPPG liposomes,
respectively.

Considering that all curves obtained at a given temperature, in the
presence of different amounts of lipid, could be well fitted by just two
lifetimes, one of them (1) being very similar to the value found for LVX
in buffer, the hypothesis mentioned above seemed quite robust. More-
over, the lifetimes in the lipid phase, 12, were found to be higher than
those found for LVX in buffer, t;. This is probably due to the decrease of
non-radiative relaxation processes, either related to decrease in the
interaction between LVX and solvent molecules, and/or related to re-
strictions on LVX motion.

Therefore, Fig. 10 displays the fractional contribution of LVX lifetime
in the lipid phase (f2) as the concentration of DPPG increases, for lipids
in the gel (25 °C) and fluid (50 °C) phases. The experimental data, at
both temperatures, could be well fitted by a conventional binding
isotherm (Eq. (5)), yielding apparent LVX-lipid partition constants (Kp)
for DPPG gel and fluid phases.

We estimated y;, = 0.67 L mol~! and 0.71 L mol ™, for gel and fluid
DPPG membranes (Eq. (5)), respectively, from data in the literature
[24]. The parameters from the best non-linear fitting processes are
displayed in Table 2.

Interesting to note that K, was found to be higher for the fluid DPPG
phase, as compared with the gel lipid phase (Table 2). This is in accord
with the results obtained with steady-state fluorescence (Fig. 8), which
showed a larger red-shift for LVX in the presence of fluid DPPG
membranes.

4. Discussion

Different techniques were employed to characterize the interaction
of the antibiotic levofloxacin with zwitterionic and anionic membranes.
That was performed having in mind one of the main differences between
mammalian and prokaryotic membrane cells: the latter display anionic
lipids in its outer membrane [24].

Studying structural alterations on the membranes, with DSC, spin
labels incorporated in the bilayers, and monitoring bilayer pores for-
mation with the fluorescent probe CF, we found no effect of LVX on
DPPC membranes, up to the concentration of 20 mol% of LVX relative to
the lipid. Similarly, monitoring the LVX fluorescence, we found no
change produced by DPPC on the molecule emission properties. Hence,
we detected no interaction between LVX and DPPC membranes.

Opposite to that, all the employed techniques showed that LVX in-
teracts with anionic DPPG vesicles. Fluorescence properties of the
antibiotic are severely altered in DPPG dispersions, and the antibiotic
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changes the DPPG bilayer structure. Important to point out that we
worked at physiological pH, 7.4, where LVX is supposed to be mostly
zwitterionic (see Fig. 1).

The presence of 10 mol% LVX drastically changed DPPG thermo-
tropic behavior (Fig. 2, right column). The well-defined one peak of the
DPPG gel-fluid transition, monitored by DSC, was turned into two peaks.
One of them corresponding to bulk DPPG and the other one related to
LVX-bound lipids. Upon increasing the LVX concentration to 20 mol%,
just the LVX-bound thermal peak is detected, indicating that DPPG
membranes are saturated with the antibiotic, thus the peak corre-
sponding to free lipids is no longer detectable. Hence, the interaction
LVX-DPPG would be strong enough to create LVX-rich domains in DPPG
membranes, for lower antibiotic concentrations. That has been observed

11

before with the interaction of cationic molecules with anionic lipids
(see, for instance, Ref. [33, 48]), and has been attributed to a strong
ionic interaction between the exogenous molecule and the lipid bilayer.

To further investigate the relevance of the negative charge of DPPG
on its interaction with LVX, we performed experiments with extruded
DPPG dispersions at high ionic strength conditions (10 mmol L7}
HEPES, 250 mmol L™! NaCl, pH 7.4), where it is expected that most of
the DPPG headgroups would be neutralized by Na' ions. Only minor
differences were detected on the DPPG thermograms by the addition of
up to 20 mol% LVX (Fig. SM4 and Table SM3). Similarly, LVX fluores-
cent properties did not change in the presence of high ionic strength
DPPG dispersions (Fig. SM5). These findings strongly sustain our hy-
pothesis that the electrostatic interaction plays a key role on the LVX-
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membrane binding.

It is interesting to observe that the presence of LVX induces an in-
crease on the cooperativity of the gel-fluid transition of DPPG bilayers,
with (AT, ) decreasing from (1.1 £ 0.1) °C to (0.50 + 0.09) °C, the latter
in the presence of 20 mol% LVX. Hence, the presence of LVX seems to
increase the lipid-lipid interaction. That is opposite to the effect
observed, for instance, when the cationic peptide KO—W6—Hya1 binds to
DPPG membranes, inducing peptide-bound domains: a broadening of
the gel-fluid transition is observed, indicating a decrease on lipid-lipid
interaction [33]. This result is in accord with the peptide deeply pene-
trating into the lipid bilayer, as indicated by the alterations on the
fluorescence of the Trp residue present in K®-W®-Hyal.

It is also important to point out that LVX interacts with DPPG
membranes, altering their gel-fluid thermogram, creating LVX-lipid rich
domains in DPPG membranes, but the antibiotic does not induce pore
formation on the membrane (Fig. 3), as the cationic peptide K°-W®-Hya1l
mentioned above was found to do [33].

As multilamellar vesicles display a narrower gel-fluid transition as
compared with unilamellar structures, we had to investigate whether
LVX would be inducing the presence of DPPG multibilayer vesicles. An
experiment was performed that indicated no rearrangement of DPPG
LUVs in the presence of LVX, as follows. Spin labels incorporated in fluid
DPPG vesicles can be used to indicate fusion or coalescence of vesicles in
an aqueous dispersion, through the measurement of the spin-spin
interaction [49,50]. An excess of spin labels in a membrane can be
clearly detected by the broadening of the ESR spectrum due to spin
exchange. Accordingly, at the lipid fluid phase (60 °C), 0.3 mmol L™ of
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DPPG labeled with an excess of 16-PCSL (3 mol%) clearly displays a
broad ESR spectrum, typical of spin-spin interaction (Fig. SM7). This
broad ESR signal was found to be unchanged by the addition of unla-
beled DPPG dispersion (2.7 mmol L™1), in the absence and in the pres-
ence of 20 mol% LVX, (Fig. SM7). That is a strong evidence that there is
no coalescence of vesicles, which would lead to a narrower ESR spec-
trum, due to the fusion of spin-labeled and unlabeled DPPG vesicles,
reducing the spin label concentration on the bilayer, hence reducing the
spin-spin interaction [51].

It was interesting to find that the ESR spectra of spin labels, both at
the 5th and at the 16th atom of the hydrocarbon chain, show that the
binding of LVX to DPPG membranes increases the packing of the bilayer,
both at the gel and at the fluid membrane phases (Figs. 5 and 7). That is
another indication that LVX is not penetrating the DPPG bilayer core,
and strongly disrupting its structure, but somehow staying close to the
bilayer surface, interacting with the anionic PG headgroups, shielding
the PG™-PG™ repulsive interaction, hence allowing the DPPG bilayer to
get more packed, increasing lipid-lipid interaction. That would explain
the presence of a somewhat more cooperative gel-fluid transition in the
presence of 20 mol% LVX, monitored by DSC, as discussed above.

The localization of LVX on DPPG membranes can be also assessed by
the effect the membrane causes on the fluorescence properties of LVX. In
general, when a fluorophore penetrates a lipid bilayer, a more hydro-
phobic environment, its emission spectrum shifts to smaller wavelengths
(higher energies), in comparison with the spectrum of the fluorophore in
aqueous environment, as the fluorophore dipolar relaxation with the
solvent decreases considerably in the lipid phase [40]. But the reverse
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was observed with the emission spectrum of LVX in the presence of
DPPG membranes: a large redshift was observed, being 19 nm and 29
nm, for gel (25 °C) and fluid (50 °C) DPPG phases, respectively, for the
maximum lipid concentration used here.

However, time resolved fluorescence detected a significant increase
on the lifetime of the excited state of LVX in the presence of DPPG: at
25 °C (gel membrane), it went from t; = 6.26 ns in buffer to T3 = 12.55
ns in DPPG, and at 50 °C (fluid membrane), it went from 7; = 5.01 ns in
buffer to T3 = 9.70 ns in DPPG. A longer lifetime is expected for a flu-
orophore inserted in a lipid membrane in comparison to the molecule in
a water medium, due to the reduction in non-radiative deactivation
processes related with interactions with solvent molecules and/or a re-
striction on molecular mobility, the latter due to the increase on the
viscosity at the fluorophore’s vicinity [38].

The apparent contradiction between the results obtained with
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steady-state and time-resolved fluorescence can be rationalized if we
consider that the fluorescence emission of LVX is extremely dependent
on the pH value of the medium, the maximum of the emission band
moving from 457 nm to 498 nm, as the solution pH goes from 7.0 to 4.5.
As can be seen in Fig. 11, the emission band of LVX in the presence of the
maximum concentration of DPPG used here, in buffer at pH 7.4, is in
between the bands obtained for the antibiotic in aqueous solutions at pH
values 6.0 and 5.5, with a maximum emission at 486 nm. Therefore, the
observed red shift of the LVX fluorescence band in the presence of DPPG
vesicles (Fig. 6) is most likely indicating that the antibiotic protonates
close to the DPPG membrane. LVX protonation would be expected due to
the lower local pH close to the anionic PG~ membrane [52,53]. Indeed,
the protonation of some FQs under binding anionic amphiphilic aggre-
gates, and anionic domains in protein, have been previously reported
[17,54-56].
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Table 2
Apparent partition constants of LVX in gel (25 °C) and fluid (50 °C) DPPG
membranes (K;), and the fit goodness metric (Xz) (Eq. (5) and Fig. 10).

Temperature (°C) K, Xz
25 (3.3 +0.5) x 10? 0.98
50 (4.5 + 0.3) x 10? 0.99
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Fig. 11. Normalized emission spectra of 0.01 mmol L™} LVX in universal
buffer, at different pH values, and 0.01 mmol L~! LVX (10 mmol L~! HEPES, 3
mmol L™}, pH 7.4) in extruded DPPG dispersion (10 mmol L™!). Temperature
=50 °C.

Accordingly, the protonation of LVX would render the molecule
cationic (see Fig. 1), which would explain its strong binding to DPPG
membranes, giving rise to rich-LVX domains in the membrane, as
monitored by DSC (see Fig. 2). Parallel to that, we know that part of the
molecule penetrates the membrane, as an increase in the lifetime of the
LVX excited state is monitored in the presence of DPPG, and LVX excited
state lifetime in solution was found to be very similar at different pH
values, from 7.5 to 4.5 (The antibiotic is not fluorescent at higher pH
values).

14

BBA - Biomembranes 1863 (2021) 183622

Hence, the LVX fluorescence spectrum in DPPG dispersion, would be
a result of two effects: LVX transition from zwitterionic to cationic
species and its partial penetration into the membrane. Moreover, not all
LVX molecules are bound to the membrane, since f value does not reach
1 under the maximum DPPG concentration used here, 10 mmol L~}
(Fig. 10). For instance, at this DPPG concentration with fluid vesicles,
there is still about 30% LVX in the aqueous phase.

Taken together, we would like to suggest that LVX when bound to
DPPG membrane is mostly in its cationic structure (Fig. 1), with the
protonated amine group of the piperazine ring strongly bound to
negative phosphate groups at the bilayer surface. However, due to the
neutralization of the carboxylic group, the fluorescent moiety of the
quinolone ring would penetrate the DPPG membrane, but not very deep.

There is a strong electrostatic binding between protonated LVX to
PG~ at the membrane level, with partial penetration of the antibiotic
into the membrane. The partition constant was found to be (4.5 + 0.3) x
102 and (3.3 + 0.5) x 102, for gel and fluid membranes, respectively
(Table 2). That means that when we have 20 mol% of LVX in 3 mmol L !
of DPPG, the actual percentage of bound LVX on the membrane is
around 8 mol% of LVX with respect to the total lipid concentration. So,
that is the concentration of bound LVX that induces the observed ther-
motropic changes in DPPG bilayers (Fig. 2f) and rigidifies both the gel
(Fig. 5b and d) and fluid (Fig. 7b and d) phases of DPPG bilayers.

5. Conclusions

Though LVX and some other FQs have been reported to interact with
zwitterionic membranes at physiological pH [21,23], under the condi-
tions used here, we found no indication of the interaction between LVX
and zwitterionic DPPC vesicles.

LVX binds strongly to DPPG membrane, possibly at its surface,
inducing LVX-bound domains coexisting with pure lipid domains, but
the antibiotic does not induce pore formation on the bilayer. Fluores-
cence experiments strongly suggest that LVX protonates at the DPPG
membrane surface, possibly due to its lower local pH value, making the
LVX-membrane binding a strong ionic interaction (see Fig. 1). The
neutralization of the LVX carboxyl group would allow the quinolone ring
to insert into the DPPG membrane, whereas the LVX piperazine cationic
distal amine would attach to PG groups.

At the highest LVX/DPPG relative concentration used here, 20 mol%,
thermograms reveal a remarkable increase in the DPPG melting/fusion
cooperativity, which are associated with the increase in the packing of
the bilayer, the latter monitored by spin labels incorporated in the
membrane.

Given that healthy mammalian cells display zwitterionic lipids in
their outer membrane leaflet, whereas bacteria are known to display
anionic lipids in their membranes, a better understanding of the inter-
action of FQs with different lipids can provide important information of
pharmacological relevance. Hence, we consider important to further
investigate the interaction of different FQs with model membranes,
under the same conditions, relating the results with their structural
properties, with the goal of unravelling their differences concerning
bioavailability, toxicity, and performance against microorganisms.
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