colloids
and interfaces
Article

UV Properties and Loading into Liposomes of
Quinoline Derivatives
Sara Battista 1 , Vincenzo Marsicano 1 , Antonio Arcadi 1 , Luciano Galantini 2, * , Massimiliano Aschi 1 ,
Elena Allegritti 1 , Alessandra Del Giudice 2 and Luisa Giansanti 1, *
1

2

*



Citation: Battista, S.; Marsicano, V.;
Arcadi, A.; Galantini, L.; Aschi, M.;
Allegritti, E.; Del Giudice, A.;
Giansanti, L. UV Properties and
Loading into Liposomes of Quinoline
Derivatives. Colloids Interfaces 2021, 5,

Dipartimento di Scienze Fisiche e Chimiche, Università degli Studi dell’Aquila, Via Vetoio 10,
67010 Coppito (AQ), Italy; sara.battista@univaq.it (S.B.); vincenzo.marsicano@graduate.univaq.it (V.M.);
antonio.arcadi@univaq.it (A.A.); massimiliano.aschi@univaq.it (M.A.);
elena.allegritti@graduate.univaq.it (E.A.)
Dipartimento di Chimica, Università di Roma “La Sapienza”, Piazzale Aldo Moro 5, 00185 Roma, Italy;
alessandra.delgiudice@uniroma1.it
Correspondence: luciano.galantini@uniroma1.it (L.G.); luisa.giansanti@univaq.it (L.G.)

Abstract: The scientific relevance of quinolines is strictly linked to the fine-tuning of their features by
functionalizing the heterocyclic core. Consequently, the compounds of this class are very versatile and
can be used as possible drugs for a lot of medical applications. In this work, the inclusion of eight synthetic quinoline derivatives in liposomes formulated with different lipids was investigated in terms
of the encapsulation efficiency and to highlight the effect on the liposome size distribution and thermotropic behavior. Excellent encapsulation was accomplished with all the quinoline/phospholipid
combinations. Differences in the interactions at the molecular level, dependent on the quinoline
molecular scaffolds and lipid structure, were observed, which could significantly bias the interaction
with the drug and its release in pharmaceutical applications. Experiments in combination with
computational studies demonstrated that the UV absorption of quinolines with expanded conjugation could be affected by the environment polarity. This was probably due to a solvent-dependent
ability of these quinolines to stack into aggregates, which could also occur upon inclusion into the
lipid bilayer.
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1. Introduction
Quinolines are well-known compounds mostly investigated for their biological properties [1,2]. They are alkaloids both present in nature and prepared synthetically [3]. The
heterocyclic nitrogen-containing skeleton is fundamental for biological activity, but the
properties can be selected and improved by changing the nature of the substituents around
the building block [4,5]. In fact, a different functionalization can confer to quinolines
peculiar features such as antibacterial [6], antifungal [7], antimalarial [8], analgesic [9], antiviral [10], antineoplastic [11], anti-inflammatory [12], and neuroprotective [13] activities.
Nowadays, a lot of commercial drugs contain molecules with a quinoline core. Examples
are Levatinib [14], a urea derivative of quinoline used for the treatment of thyroid cancer;
topotecan [15], a synthetic analogous of camptothecin used to treat ovarian, cervical, and
lung tumors; chloroquine [2] used against malaria illness; and badaquiline [16] for the
treatment of tuberculosis. Other applications are in the sensoristic area, for example, the
recognition and the identification of different bacterial species [17] and/or the diagnosis of
human pathologies exploiting the properties of synthetic florescent quinoline derivatives
in the absence [18] or in the presence [19–21] of metal ions abundant in biological systems.
In general, quinoline scaffolds are also investigated for their potential applications as agrochemicals and as synthetic building blocks [22]. Low solubility hampers their application,
especially in the pharmacological area [23,24]. The inclusion of quinolines in liposomal formulations is herein proposed to overcome the solubility obstacle based on the well-known
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Scheme 1. Synthetic quinolines.

The spectroscopic behavior of the quinolines was also investigated in different solvents in order to assay their sensitivity to the environment polarity both experimentally
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Ne laser operating at 633 nm and combined with non-invasive backscatter technology. UV
He–Ne laser operating at 633 nm and combined with non-invasive backscatter technolmeasurements were carried out in a Varian Cary 50 UV–vis double beam spectrophotometer
ogy. UV measurements were carried out in a Varian Cary 50 UV–vis double beam spec(Agilent Technologies Inc., Santa Clara, CA, USA). Fluorescence measurements were
trophotometer (Agilent Technologies.Inc, Santa Clara, CA, USA). Fluorescence measureperformed on a PerkinElmer LS-50 spectrofluorometer (PerkinElmer.Inc, Waltham, MA,
ments were performed on a PerkinElmer LS-50 spectrofluorometer (PerkinElmer.Inc,
USA). DSC measurements were carried out using a Mettler Toledo DSC 3 calorimeter
Waltham, MA, USA). DSC measurements were carried out using a Mettler Toledo DSC 3
(Mettler-Toledo International Inc., Columbus, OH, USA). Small Angle X-ray Scattering
calorimeter (Mettler-Toledo International Inc., Columbus, OH, USA). Small Angle X-ray
(SAXS) analysis was performed at SAXSLab Sapienza with a Xeuss 2.0 Q-Xoom system
Scattering (SAXS) analysis was performed at SAXSLab Sapienza with a Xeuss 2.0 Q-Xoom
(Xenocs SA, Sassenage, France), equipped with a micro-focus Genix 3D X-ray Cu source
system (Xenocs SA, Sassenage, France), equipped with a micro-focus Genix 3D X-ray Cu
(λ = 0.1542 nm), a two-dimensional Pilatus3 R 300K detector placed at a variable distance
from the sample, and an additional Pilatus3 R 100K detector at a fixed shorter distance
from the sample to access larger scattering angles (Dectris Ltd., Baden, Switzerland).
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2.2. Materials
Lipids, phosphate-buffered saline tablets (PBS, 0.01 M phosphate buffer; 0.0027 M KCl;
0.137 M NaCl; pH 7.4), dialysis tubing cellulose membrane (cut-off = 14,000), and solvents
were purchased from Sigma-Aldrich. The synthetic quinolines were prepared as previously
described [39,40]. All reagents used for the synthesis and solvents were used without
further purification.
2.3. UV Characterization of Quinolines
UV-vis spectra for each quinoline were carried out in n-hexane, isopropanol, CHCl3 ,
methanol. Stock solutions of quinolines in CHCl3 at 12.5 mM were prepared; small aliquots
of each of them were put in a cuvette, and the solvent was removed. Then the proper
solvent was added to arrive at a final concentration of quinoline equal to a 1 × 10−5 M
except [4] that was equal to 4 × 10−5 M.
2.4. Computational Details
The calculations were performed in the framework of the Density Functional Theory
using the hybrid functional Becke3LYP [41,42] in conjunction with the 6-31G *. The effect
of other functionals was not taken into account in this study. The structures of species 1–8
were first optimized and then used for evaluating the vertical excitation energies using the
Time-Dependent Density Functional Theory (TD-DFT) [43]. Note that for 7 and 8, the long
alkyl chain, certainly irrelevant in the low-energy electronic transitions, was substituted
with a methyl group. The solvent effect was introduced using a Polarizable Continuum
Model [44] as implemented in the Gaussian 09, which was the package adopted for all the
calculations [45]. The spectra were depicted using Gaussian functions centered onto the
TD-DFT calculated transitions using a sigma estimated on the basis of the dispersion of
the vertical transitions obtained for three different structures of species 7 and 8. Obviously,
this value provided us only with a rough estimation of this parameter, which should
be specifically evaluated for all the species independently, and also should include the
broadening deriving from the thermal effects of the solvent. These aspects, out of the
scope of this preliminary article, are currently under investigation in our laboratory. Note
that we have adopted the approximation of considering the same sigma for all the species.
Details of the utilized structures, as well as all the vertical transitions and the corresponding
oscillator strengths, are reported in the Supplementary Information.
2.5. Liposomes Preparation and Quinolines Inclusion
Lipid films were prepared on the inside wall of a round-bottom flask by evaporation
of solutions containing the proper amount of phospholipid (dissolved in CHCl3 ) and the
appropriate quinoline at a 20:1 molar ratio. The obtained films were stored overnight
under reduced pressure (0.4 mbar), then PBS was added to obtain 3 mL of a 5 mM lipid
dispersion. The solutions were heated at 50 ◦ C and vortex-mixed, then the suspensions
containing multilamellar vesicles (MLV) were sonicated for 8 min at 72 W (cycles 0.5 s),
using a Hielscher UP100-H ultrasonic processor with microtip probe (7 mm). To remove
unentrapped quinolines, dialysis exchanging the external medium PBS solution (25-fold
the liposomes dispersion volume) 8 times in two hours was carried out. Before carrying out
dialysis on liposomes containing quinolines, we tested the efficacy of the same procedure
on free 0.25 mM quinoline solutions prepared by dispersing in 3 mL of PBS quinolines
solution in DMSO. After the dialysis was carried out according to the described procedure,
we verified by UV measurements that all quinolines were removed from the dialysis bag.
2.6. Evaluation of Entrapment Efficiency
Entrapment efficiency (E.E.) was evaluated before and after the removal of free quinolines by UV measurements on samples obtained by adding 1.5 mL of methanol to 1.5 mL
of a properly diluted liposome suspension. E.E. values were assessed by the ratio between
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the absorbance value at the maximum intensity of absorption for each quinoline before
and after dialysis.
2.7. DLS Measurements
DLS measurements were carried out at 25 ◦ C on 1 mM liposome solutions soon after
their preparation, and after one and two weeks upon storage at room temperature. To
obtain the size distribution, the measured autocorrelation functions were analyzed by
means of the non-negative least square (NNLS) algorithm. The distribution of the diffusion
coefficients D of the particles was converted into a distribution of apparent hydrodynamic
diameters DH using the Stokes–Einstein relationship DH = kT/3πηD, where kT is the
thermal energy and η the solvent viscosity. Reported DH values and size distribution
corresponded to the average values over several measurements and were obtained from
intensity weighted distributions. All values reported were the average of three consecutive
measurements of the same samples.
2.8. Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements were carried out on 30 µL of
MLV (1 mg/10 µL, ≈ 148 mM in total lipids) prepared according to the lipid-film hydration
method described in Section 2.5 in the presence and in the absence of quinolines. Two
heating scans were recorded at a rate of 5 ◦ C/min, and two subsequent heating scans
were recorded at a rate of 1 ◦ C/min with a pre-scan equilibration period of 10 min in the
range 10 ÷ 28 ◦ C, 31 ÷ 44 ◦ C, −25 ÷ −15 ◦ C for DMPC, DPPC, and DOPC liposomes,
respectively. Under the experimental conditions, reproducible thermal recordings were
obtained. Temperatures were determined with an accuracy of ±0.1 ◦ C and ∆H values with
an accuracy of ±0.5 kJ/mol.
2.9. SAXS Analysis
SAXS measurements were performed on 15 mM liposome solutions within one week
from their preparation. The samples were loaded into vacuum-tight quartz capillary cells
with a thickness of 1.5 mm and measured in the instrument sample chamber at reduced
pressure (~0.2 mbar) in a thermostated holder at 25 ◦ C.
Measurements with different sample-detector distances were performed so that the
overall explored q region (q = 4πsin(θ)/λ, where 2θ is the scattering angle) was 0.045 nm−1
< q < 33 nm−1 , or 0.045 nm−1 < q < 10 nm−1 when using capillary cells with a smaller opening. The two-dimensional scattering patterns were subtracted for the dark counts and then
masked, azimuthally averaged, and normalized for transmitted beam intensity, exposure
time, and subtended solid angle per pixel by using the FoxTrot software (version 3.4.9) developed at SOLEIL. The one-dimensional I vs. q profiles were then subtracted for the buffer
and cell contributions and put in absolute scale units (cm−1 ) by dividing for the known
thickness. The different angular ranges were merged using the SAXSutilities tool [46].
3. Results and Discussion
3.1. Quinolines Characterization
Absorption properties of the different quinolines in different solvents and in liposomes
were investigated. The obtained spectra for free quinolines are reported in Figure 1.
A systematic analysis of the electronic properties of the ground and the lowest (vertical)
excited states for all the species from 1 to 8 in the gas phase was carried out with the aim
of evaluating possible electronic effects provided by different substituents. The transition
energies and the character of the first ten transitions, as well as the pictures of the involved
molecular orbitals, are reported in Table S1 and Figures S1 and S2. The full list of the
transitions, including the low-intensity ones and the corresponding oscillator strengths, are
summarized in Table S2. TD-DFT calculations in the presence of an approximated model
of the solvent effect were also carried out for interpreting the experimental absorption.
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Figure 1. UV spectra of free quinolines (1–8) in n-hexane (red line), chloroform (black line), methanol (yellow line), and 2propanol (green line). The concentration used for quinoline 4 is 5 × 10−5 M, fivefold the concentration of the quinolines in
other panels.

A systematic analysis of the electronic properties of the ground and the lowest (vertical) excited states for all the species from 1 to 8 in the gas phase was carried out with the
aim of evaluating possible electronic effects provided by different substituents. The transition energies and the character of the first ten transitions, as well as the pictures of the
involved molecular orbitals, are reported in Table S1 and Figures S1 and S2. The full list
of the transitions, including the low-intensity ones and the corresponding oscillator
strengths, are summarized in Table S2. TD-DFT calculations in the presence of an approximated model of the solvent effect were also carried out for interpreting the experimental
Figure 1.
1. UV spectra of
quinolines
n-hexane
(red
line),
(black
(yellow
and
2- and
Figure
of free
freeabsorption.
quinolines(1–8)
(1–8)
in
n-hexane
(red
line),chloroform
chloroform
(black
line),methanol
methanol
(yellow
line),
and
Thein
first
twenty
transitions
obtained
by line),
calculated
spectra
areline),
evaluated
−5 −
5 M,
M,
fivefold
thethe
concentration
of of
thethe
quinolines
in
propanol (green
used
for
quinoline
44isis55××1010
2-propanol
(greenline).
line).The
Theconcentration
concentration
used
for
quinoline
fivefold
concentration
quinolines
depicted in Figure 2.
other
panels.
in
other
panels.

A systematic analysis of the electronic properties of the ground and the lowest (vertical) excited states for all the species from 1 to 8 in the gas phase was carried out with the
aim of evaluating possible electronic effects provided by different substituents. The transition energies and the character of the first ten transitions, as well as the pictures of the
involved molecular orbitals, are reported in Table S1 and Figures S1 and S2. The full list
of the transitions, including the low-intensity ones and the corresponding oscillator
strengths, are summarized in Table S2. TD-DFT calculations in the presence of an approximated model of the solvent effect were also carried out for interpreting the experimental
absorption. The first twenty transitions obtained by calculated spectra are evaluated and
depicted in Figure 2.

Figure 2. Collection of the calculated spectra of quinolines (1–8) in different n-hexane (red line), chloroform (black line),
methanol (yellow line), and 2-propanol (green line). Intensities correspond to oscillator strengths reported in arbitrary units.

It is clearly observable that the experimental UV spectra did not show significant
differences as a function of the solvent with the exception of quinolines 3 (Figure 1 and
Figure S3), for which a sharp red-shift was observed in chloroform, and that turns out to be
not sufficiently soluble in n-hexane for providing a detectable signal. The calculated spectra
were characterized by a relatively high number of intense peaks, reasonably being the
origin of the experimentally observed large and intense absorption pattern below 260 nm.
For all the species, the highest peak was essentially a π–π * quinoline-localized excitation
accompanied by a moderately large dipole moment, essentially parallel to but slightly
higher (about 20%) than the ground state dipole moment µ0 , well explaining the calculated
red shift observed when the solvent polarity increased. Concerning the low-energy domain
of the spectra (approximately from 3.5 eV to 4.5 eV, see also Table S1), it was interesting to
note that all the species containing the phenacyl group in position 4 of the quinoline ring
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(i.e., quinolines 1, 2, 3, 7, and 8) showed a very similar absorption-energy pattern because
of the high resemblance of the patterns of the frontier orbitals (Figure S1). In this respect,
in all of the above-mentioned species, the presence of low-energy orbitals, with a marked
separation in the electron density between quinoline and phenacyl substituents, suggested
that the quinoline moiety acted as an electron donor moiety upon low-energy photon
absorption, producing low-lying charge transfer (CT) transitions [47,48] accompanied by
a moderate solvent effect related to the increase in the dipole moment with respect to µ0 .
For the other investigated quinolines, the same absorption-energy pattern turned out to be
sharply blue-shifted, hence, indicating a lower tendency of the two moieties to exchange
the charge. This was due either to the substitution of the phenacyl group into position
4 with an H or a Ph, in 4 and 5, or to the presence of inductively electron-withdrawing
groups such as the fluorine atoms in 6.
Finally, worth a remark was also the systematic presence of a signal at about 275 nm
observed for 1, 2, 3, 7, and 8, describable as a localized π–π * transition involving the
phenacyl group. In the experimental absorption spectra, a large, weak, and broad peak
was observable (Figure S3).
The greater extent of the conjugation in quinoline 3 determined an absorption at a
longer wavelength with respect to the other compounds. Significant bands were observed
up to about 350 nm and 380 nm for the samples in alcohols and chloroform, respectively,
thereby showing a remarkable effect on the solvent. We suggested that this effect, not
appreciable with the other quinolines, was caused by the aggregation of 3 in chloroform.
The occurrence of π stacking was particularly strong in quinoline 3, in the view of the
extended conjugation, and could stabilize these aggregates. However, it could not be
excluded that the same phenomenon occurred in solutions of the other quinolines without
a visible variation in the UV spectra. UV absorbance at a longer wavelength was confirmed
in calculated spectra showing, only for 3, two intense bands in the range 300–400 nm
(the band 0→3 and the band 0→5 which, from Table S1 and Figure S1, turned out to be
CT transitions).
In order to qualitatively support the hypothesis of aggregation, we simulated the
absorption spectrum of a dimer of quinoline 3 embedded into the chloroform meanfield effect. It was important to remark that more quantitative data would require a
systematic analysis of the quinoline 3 aggregates, including species larger than dimers.
However, the number and the relative orientation of the involved species made this analysis
computationally intractable, and it was out of the scope of the present work.
For this reason, we only considered one optimized dimer, which we constructed only
based on the idea of taking into account the possible π-stacking intermolecular interaction.
The result, reported in Figure 3, indicated that the observed absorption pattern at lower
energies was due to the presence of aggregation and also that it mainly referred to an
electron-density transfer from HOMO delocalized over the two dimer partners to the more
localized (either on the first or to the second partner) LUMO, LUMO + 1, and LUMO + 2.
UV spectra collected for quinoline 3, after loading into liposomes, clearly showed the
longest wavelength band at an intermediate position in between those in alcohols and
chloroform (Figure 4). This suggested the presence of quinoline aggregates after loading,
reasonably with some distorted geometries compared to the one observed in chloroform.
No changes were detected on the UV of the other quinolines upon loading in the lipid
bilayer; this is shown, for example, for quinoline 7 in Figure S4.
As a whole, the experimental data and the theoretical calculations revealed sensitive
effects of different substituents in modulating the electronic features of the investigated
quinolines, thereby providing useful indications for a rational design of quinoline-based
derivatives. Additional work is currently underway in our laboratory to extend the analysis
to emission spectral features.
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Figure 3. Comparison between the spectra of the monomer (black) and the dimer (red) of quinoline 3. The first three transitions for the dimer have been identified (from right to left) as H→L,
H→L + 1, and H→L + 2, respectively. Intensities correspond to oscillator strengths and must be
considered as reported in arbitrary units.
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UV spectra collected for quinoline 3, after loading into liposomes, clearly showed the
longest wavelength band at an intermediate position in between those in alcohols and
chloroform (Figure 4). This suggested the presence of quinoline aggregates after loading,
reasonably with some distorted geometries compared to the one observed in chloroform.
No changes were detected on the UV of the other quinolines upon loading in the lipid
bilayer; this is shown, for example, for quinoline 7 in Figure S4.
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we included each of the eight quinolines reported in this work into liposomes composed
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easily fitted inside the bilayers with minimum distortions of the lipid packing. These
findings were promisingly envisaging the use of liposomes as quinoline delivery systems.

Colloids Interfaces 2021, 5, 28

Colloids Interfaces 2021, 5, x

In all cases, a very high E.E. (higher than 90 molar percentage) was observed independently of the chemical structures of the quinoline or the phospholipid. Considering
the scarce solubility of the solute in water, this result was not surprising even with the
high lipid/quinoline ratio (20/1) used in this investigation. The results suggested that quinolines were well accommodated in lipid bilayers both for their hydrophobicity and 9their
of 18
molecular structure. Reasonably, the roughly planar geometry of these molecules easily
fitted inside the bilayers with minimum distortions of the lipid packing. These findings
were promisingly envisaging the use of liposomes as quinoline delivery systems.
Theeffect
effectofofthe
theinclusion
inclusion
each
quinoline
into
liposomes,
analyzed
in terms
of
The
ofof
each
quinoline
into
liposomes,
analyzed
in terms
of agaggregate
distributions,
was
investigated
DLSmeasurements
measurementson
onliposomes
liposomesdevoid
devoid
gregate
sizesize
distributions,
was
investigated
bybyDLS
orloaded
loadedwith
witheach
eachquinoline
quinoline(Figures
(Figures55 and
and 6,
6, respectively).
respectively).
or

10 of 18

Figure 5. Hydrodynamic diameter (D ) intensity weighted distribution obtained by DLS on the free
Figure 5. Hydrodynamic diameter (DHH) intensity weighted distribution obtained by DLS on the
liposomes
just just
afterafter
the preparation.
free
liposomes
the preparation.

Figure6.6.Intensity
Intensityweighted
weighteddistributions
distributionsofofthe
thehydrodynamic
hydrodynamicdiameter
diameter(D
(D
) obtainedbybyDLS
DLSon
onthe
thequinoline
quinolineloaded
loaded
Hobtained
Figure
H)
liposomes
just
after
the
preparation
(t
=
0)
and
after
two
weeks
(t
=
2
weeks).
liposomes just after the preparation (t = 0) and after two weeks (t = 2 weeks).

Monomodaldistributions
distributions
were
obtained
cargo-free
liposomes
(Figure
5) with
Monomodal
were
obtained
forfor
cargo-free
liposomes
(Figure
5) with
no
no
relevant
changes
in
time.
By
contrast,
it
can
be
clearly
observed
that,
just
after
the
relevant changes in time. By contrast, it can be clearly observed that, just after the prepapreparation,
liposomes
containing
non-steroidal
quinolines
showed
a
bimodal
distribution
ration, liposomes containing non-steroidal quinolines showed a bimodal distribution with
major population
DHrange
in the100–160
range 100–160
and apopulation
second population
larger
a with
majora population
at DH inatthe
nm and nm
a second
at largerat
values
values
(Figure
6
and
Table
S3).
SEM
measurements
confirmed
the
presence
of
liposomes
(Figure 6 and Table S3). SEM measurements confirmed the presence of liposomes and the
and the range of the size detected by DLS (Figure S5). The populations at larger sizes tended
range of the size detected by DLS (Figure S5). The populations at larger sizes tended to
to disappear over time, indicating that the investigated liposomes gradually rearranged
disappear over time, indicating that the investigated liposomes gradually rearranged and
homogenized during storage. A reduction of aggregates dimensions upon storage could
also be observed in the case of lipid vesicles prepared by other methodologies such as
reverse phase evaporation [49,50] or supercritical fluid technology [51,52]. For the freshly
prepared samples, the population at larger sizes did not exceed 20% in the case of lipo-
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and homogenized during storage. A reduction of aggregates dimensions upon storage
could also be observed in the case of lipid vesicles prepared by other methodologies such
as reverse phase evaporation [49,50] or supercritical fluid technology [51,52]. For the
freshly prepared samples, the population at larger sizes did not exceed 20% in the case of
liposomes containing 4 or 5, i.e., the smallest quinolines, independently of the chemical
structure of the phospholipid. The larger relative amplitude of this population for 1, 2, 3,
and 6 suggested that the presence of the phenacyl group in position 4 on the quinolines
scaffold influenced lipid aggregation. In the case of DPPC liposomes, the population
at a larger size was, in general, the most abundant (up to 50%) and the most persistent
for equal quinoline. DPPC liposomes were characterized by the most rigid and compact
bilayer at room temperature; thus, it was not surprising that the lipid rearrangement took
longer with respect to DOPC and DMPC liposomes. Interestingly, liposomes containing
the steroidal quinolines 7 and 8 at the same molar ratio showed a single population at
similar sizes for all the phospholipids that remained stable over two observation weeks.
This result was unexpected since these quinolines, besides the phenacyl group, presented
the bulky steroidal scaffold fused with the aromatic quinolines skeleton. Reasonably, the
rigid steroidal portion of these molecules induced a different location of 7 and 8 in the lipid
bilayer, with respect to the other investigated quinolines.
To better understand the effect of the quinolines on lipid packing and its dependence
on the molecular structure of liposome components, we carried out DSC measurements.
For these experiments, MLV were used in order to avoid complexity of the thermograms
because of the fusion into larger aggregates during the scans observed for unilamellar
vesicles [53]. The results of the SAXS measurements carried out on liposomes before sonication showed the multilamellar internal structure of the liposomal dispersions, which were
composed of particles with an overall diameter larger than the maximum size accessible in
the available reciprocal space range (>150 nm; Figure 7). Well-defined diffraction peaks
were seen as corresponding to characteristic spacings of the multilamellar structures of
6.61 nm, 6.41 nm, and 6.38 nm for the DMPC, DOPC, and DPPC based formulations,
respectively. In the DPPC case, third and fourth-order peaks were also detected in addition
to the first two reflections. In addition, a broader peak contributed to the WAXS regime (q
around 15–20 nm−1 ), corresponding to characteristic distances of the order of 0.4 nm, and
could be related to the lateral packing among the hydrophobic tails within the bilayers. The
addition of quinolines to the formulations determined very slightly, not relevant changes in
the width and position of the multilamellar peaks for the DMPC and DOPC samples, corresponding probably to a slight change of the average degree of multilamellarity (broadening)
and spacing between the bilayers. A more pronounced modification could be observed in
the case of the DPPC samples. In particular, for the quinoline 7, a remarkable broadening
of the peaks could be detected, suggesting the presence of liposomes with a much lower
number of stacked bilayers. In addition, in the low q region, a less negative initial slope
could be observed, which indicated a smaller average size of the liposomes.
DSC thermograms allowed the identification of pretransition, when present, and main
transition temperatures, Tm , of the lipid bilayers along with the corresponding enthalpy
variation (∆Hm ) provided by the area of the transition peaks. In perfectly ordered bilayers,
all the lipid molecules were expected to undergo the transition at the same temperature. In
real samples, imperfect ordering of lipids, calorimetric lags, and finite scan rates determined
a broadening of the peak due to transitions over finite ranges of temperature [54]. The
width at half-height of the transition (∆T1/2 ) and the shape of the peak also contained useful
information on the system, and on the cooperativity of the transition. In fact, lipid packing
could be affected by several factors such as the inclusion of solutes in the bilayer, presence
of impurities, low miscibility of liposome components, or phase separations. All these
aspects interfered with cooperative movements of lipids in the bilayer, with a consequent
reduction of their interactions. This would be reflected in the thermal phase transition
profile as a broadening of the peaks [55] and/or a lowering of their ∆Hm due to the increase
in the available space between hydrophobic chains that led to an enhancement of their
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In general, the lower the CU value, the higher the disorder of lipid molecules in the
bilayer during the transition.
We observed that DSC thermograms (Figures 8–10) for both quinoline-loaded and
empty liposomes presented show endothermic peaks. The profiles and the extracted
parameters (Tables 1–3) showed differences that clearly confirmed the different interactions
of the quinolines with the liposome bilayer upon loading.
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Table 1. Thermodynamic parameters obtained by DSC measurements on DMPC multilamellar
vesicles with included quinolines 1–8. Uncertainties are ±0.1 ◦ C in the temperatures and ±0.5 kJ/mol
in the ∆Hm values.
Formulation

Tm (◦ C)

∆Hm (kJ/mol)

CU

DMPC
DMPC + 1
DMPC + 2
DMPC + 3
DMPC + 4
DMPC + 5
DMPC + 6
DMPC + 7
DMPC + 8

24.1
24.0
23.7
23.9
23.4
23.3
23.1
22.4
22.6

19.3
18.6
17.7
16.9
24.4
28.0
17.0
17.0
12.0

82
81
75
77
36
45
56
22
29

Table 2. Thermodynamic parameters obtained by DSC measurements on DPPC multilamellar
vesicles, including quinolines 1–8. Uncertainties are ± 0.1◦ C in temperatures and ±0.5 kJ/mol in
∆Hm values.
Formulation

Tm (◦ C)

∆Hm (kJ/mol)

CU

DPPC
DPPC + 1
DPPC + 2
DPPC + 3
DPPC + 4
DPPC + 5
DPPC + 6
DPPC + 7
DPPC + 8

41.7
41.6
41.4
41.6
40.8
41.0
40.9
40.6
40.5

30.5
36.2
34.4
35.6
17.5
18.6
26.5
22.4
22.0

88
74
76
78
86
80
61
44
52

Table 3. Thermodynamic parameters obtained by DSC measurements on DOPC multilamellar
vesicles, including quinolines 1–8. Uncertainties are ± 0.1◦ C in the temperatures and ±0.5 kJ/mol in
the ∆Hm values.
Formulation

Tm (◦ C)

∆Hm (kJ/mol)

CU

DOPC
DOPC + 1
DOPC + 2
DOPC + 3
DOPC + 4
DOPC + 5
DOPC + 6
DOPC + 7
DOPC + 8

−20.6
−19.8
−19.8 *
−19.6 *
−21.2
−21.2
−20.5
−22.8
−23.0

17.2
21.8
21.5
19.0
26.7
23.8
16.0
7.6
7.9

20
13
30
29
13
-

* second minor peak at −21.3 ◦ C.

In the case of DMPC liposomes, the interaction induced a systematic decrease in Tm
and a broadening of the peak, which was particularly marked for quinolines 4, 7, and 8
(Figure 10, Table 1). Similar results were observed upon the inclusion of other molecules
in PC bilayers [56–58]. These pieces of evidence indicated that quinolines lowered the
packing of the lipids, implying that they were located deeply into the hydrophobic region
of the bilayer, as expected, considering their hydrophobic nature.
These effects were particularly marked with steroidal quinolines 7 and 8, suggesting
that the high rigidity and the bulkiness of the steroidal scaffold sensitively reduced lipid
packing and cooperativity of the transition. Accordingly, a remarkable lowering of the ∆Hm
was observed, as well as of the associated CU value, reaching almost a quarter of the value
recoded for free DMPC liposomes. It was also possible that 7 and 8 were located closer
to the lipid headgroups with respect to the other quinolines because of their larger size
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and rigidity, which hindered their penetration into the bilayer. A different thermotropic
behavior was observed when the other compounds, bearing the phenacyl group in position
4, were included in the bilayer. Quinolines 1–3 were probably located in the apolar region
of the bilayer as well; however, the effect of these quinolines on the lipid packing was
almost negligible as only a slight reduction of ∆Hm and of CU was observed. The apolar
nature of these molecules most likely promoted hydrophobic interactions with the acyl
chains of lipids with a reduced overall effect on lipid organization. A different behavior was
shown by quinoline 6, which was very similar to quinoline 2 but was more polar because
of two fluorine atoms and a methoxy group as substituents. Due to its higher polarity, 6
significantly disturbed the lipid packing when embedded in the apolar region of the bilayer,
causing a reduction of the interactions among the lipid chains and, thereby, of Tm and
cooperativity of the transition [59]. Surprisingly, also quinolines 4 and 5 affected the lipid
organization suggesting that thanks to their small dimensions and their low polarity, they
could reach a deeper location in the bilayer, where the lipids were more tightly packed and,
therefore, exert a more disturbing effect than the other quinolines. This hypothesis was
supported by the evidence that the CU was halved with respect to free DMPC liposomes.
On the other hand, an increase in the ∆Hm value was observed, pointing out that, because
of their apolar nature, these quinolines were able to act as a hydrophobic glue deep in the
interior of the bilayer, reinforcing the interactions among the lipid chains in the region
where they were more tightly packed. An increase in ∆Hm in the presence of a solute
due to its associating with bilayer interiors (with a consequent increase in van der Waals
interactions) was also described in the literature [37,57].
Another common feature of formulations containing 4–8 was the asymmetry of the
peak, which presented a tail at temperatures lower than Tm . This result indicated that
quinolines 4–8 preferentially partitioned into the gel phase and thereby stabilized it. This
behavior could be ascribed to different reasons depending on the quinoline scaffold. Probably, the extended linear structure of 7 and 8, in analogy with trans-parinaric acid [60],
allowed them to co-crystallize with the rigid gel phase, whereas, in the case of 4 and 5, the
effect was due to stronger interactions in the gel phase with the methylenes of the acyl
chains in a deeper region of the bilayer.
On replacing DMPC with DPPC liposomes, a similar trend was observed (Figure
9, Table 2). As a whole, liposomes, including 1–3, showed the most similar thermotropic
behavior with respect to the empty liposomes whereas, the thermograms of liposomes,
including 7 and 8, showed the most evident broadening of the peak and lowering of the Tm .
Additionally, the asymmetry of the peaks of DPPC liposomes, including 4–8, and the effect
of quinoline 6 was confirmed. Anyway, some relevant differences could be noticed, such as
a slight decrease in CU and an increase in ∆Hm in the case of liposomes containing 1–3.
This suggested that, in the rigid bilayer of DPPC liposomes with longer acyl chains, 1–3
established relevant interactions with lipids without disturbing their packing formulations.
An inverse effect, i.e., a decrease in ∆Hm and an increase in CU, together with a slight
reduction of Tm , was observed in 4 and 5. This evidence suggested that these apolar
molecules, differing mostly in the dimensions, were located in the apolar region of the
liposome bilayer but in a different position; thus, their effect on lipid organization differed
in turn.
When the same quinolines were included in DOPC liposomes, thermograms of higher
complexity were obtained (Figure 10, Table 3). Despite this, the lipid unsaturation made the
bilayer more fluid, and the slackened presence of quinolines had a significant effect on the
lipid organization as a function of the molecular structure. Quinolines 1–3 induced a slight
shift of Tm towards higher values and an increase in the corresponding ∆Hm , indicating
an attractive hydrophobic interaction with lipids that tended to make the bilayer more
organized. In the case of 2 and 3, a minor second peak at a lower temperature appeared in
the thermograms, indicating that the quinolines, partitioned in two regions of the bilayers,
provided two different transitions. The presence of this second peak could also indicate
the formation of a ripple gel phase, thus corresponding to the pre-transition. The peak at
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high temperature disappeared for the liposomes loaded with quinolines 4 and 5, for which
the largest increase in ∆Hm was observed. This result confirmed the specific behavior
of 4 and 5 due to their ability to be tightly embedded into the bilayer due to their small
dimensions and apolar nature. The disturbing effect of 6, 7, and 8 on the lipid packing was
also confirmed by a significant reduction of ∆Hm and of Tm , the effect of 7 and 8 being
particularly relevant as indicated by the remarkable broadening of the peak and reduction
of Tm .
As a whole, the DSC results indicated that there was a complex interplay between the
chemical structure of the lipid and the quinolines. The rigidity, polarity, and bulkiness of
the quinolone molecule could severely affect the liposome properties and, in turn, their
pharmacological activity.
4. Conclusions
The bioavailability of poorly water-soluble drugs like hydrophobic quinolines could
be improved by loading them into liposomal carriers. Liposomes were largely investigated
and used in drug delivery systems because of their ability to deliver hydrophobic and/or
hydrophilic drugs, protecting them and reducing their toxicity while improving their
pharmacokinetics [61]. The choice of the lipid components was crucial for determining
the biological fate of the active molecule embedded in the bilayer of the carrier. The
success of the delivery system had to be properly designed, depending on the physical
characteristics of the drug. Here, quinolines with significantly different molecular scaffolds
were included in liposomes composed of different phospholipids (DMPC, DPPC, and
DOPC), with very high efficiency independently of the molecular structures. By contrast,
effects on lipid packing and aggregation, sensitively dependent on quinoline and/or
phospholipid molecular structures, were highlighted by calorimetry measurements upon
loading. We also demonstrated that the UV absorption of quinolines was insensitive to
the environment polarity unless they presented a significant expansion of the conjugation.
Theoretical calculations suggested that staking interactions could be responsible for this
behavior, which was expected to occur also upon inclusion into the liposome bilayer.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/colloids5020028/s1, Coordinates of the quinolines optimized structures, Figures S1 and S2:
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concentrations, Figure S4: UV spectra of quinoline 7 in DMPC liposomes and in different solvents,
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of quinolones, Table S2: transition energies of quinolines, Table S2: transition energies (eV) and
oscillator strengths for the first twenty transitions of quinolines, Table S3: diameters and widths of
the main peaks with the corresponding intensity weight inferred from the DH intensity weighted
distributions.
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