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A B S T R A C T   

As a potential drug, 2-nitrobenzaldehyde-thiosemicarbazone (2-TSC), a thiosemicarbazone derived from the terpene 
R-(+)-limonene, was studied through calorimetric and spectroscopic techniques. Differential Scanning Calo-
rimetry (DSC) data showed that 2-TSC causes structural changes in a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DMPC) membrane, strongly decreasing the cooperativity of the bilayer gel-fluid thermal transition. Optical 
absorption spectroscopy showed that 2-TSC is more soluble in ethanol and lipids than in water medium, and that 
the drug displays different structures in the different environments. Though 2-TSC displays no fluorescence, time 
resolved fluorescence showed that the drug is an effective quencher of the fluorescent probe 6-dodecanoyl-2- 
dimethylaminonaphthalene (Laurdan). As it is well accepted that Laurdan is positioned into the bilayer close to the 
membrane surface, that is possibly the localization of 2-TSC in a bilayer. Electron spin resonance (ESR) of the 
probe 1-palmitoyl-2-stearoyl-(14-doxyl)-sn-glycero-3-phosphocholine (14-PCSL) revealed that 2-TSC is inserted into 
the hydrocarbon part of the bilayer, fluidizing the lipid bilayer gel phase and rigidifying or organizing the bilayer 
fluid phase. Similar effects are found for other lipophilic molecules, including cholesterol. These results are useful 
to improve the understanding of the processes that govern the interaction of thiosemicarbazones with cell 
membranes, related to the activity of the drugs and their cytotoxicity.   

1. Introduction 

Thiosemicarbazones (TSC) are an important class of compounds 
developed for organic and analytical chemistry, which exhibit a wide 
range of biological activities. They have been recognized for their 
antibacterial, antiviral, antifungal and antiparasitic properties (De 
Farias Santiago et al., 2014; Glinma et al., 2014; Magalhaes Moreira 
et al., 2014; Mohamed et al., 2014; Soares et al., 2011; Yu et al., 2009). 
They still exhibit antineoplastic potential against leukemia cells (da 
Silva et al., 2010; Shyamsivappan et al., 2020; Vandresen et al., 2014) 
and human colon cancer cell line (Ali et al., 2014). Recently, Sundus N. 
Maqbool et al. 2019 showed that TSC combined with tamoxifen pre-
sented high potential as an alternative therapy for the treatment of 
breast cancer (Maqbool et al., 2020). 

All these properties prompted many authors to synthesize these 

molecules connected with different chemical groups, like a thiophene 
(de Araújo Neto et al., 2020), a thiazolidine (Trotsko et al., 2020), a 
quinoline (Shyamsivappan et al., 2020) or an indol (da Silva et al., 
2020). Other authors have complexed TSC and some derivatives with 
inorganic elements, like cobalt (Beebe et al., 2020), ruthenium (Yildirim 
et al., 2014), manganese-iron (Lawrence et al., 2020) and gold 
(González-Barcia et al., 2020). 

It is also possible to obtain a TSC molecule from a terpene unit. These 
thiosemicarbazones derived from terpenes have been synthesized in 
Brazil (da Silva et al., 2010; Haraguchi et al., 2011), due to terpenes 
being abundantly found in the Brazilian flora (Yamaguchi et al., 2009). 
Terpenes are commonly present in volatile oils, with a basic structure of 
isopropene (C5H8), and have been shown to be active against a variety of 
tumors (Haag et al., 1992; Maqbool et al., 2020; Jaroque et al., 2020) 
and pathogenic parasites (Alonso et al., 2019; Camargos et al., 2014; 
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Menezes et al., 2014), such as Leishmania and Trypanosoma cruzi. For 
example, the 4-methyl-1-isoprenyl cyclohexene (limonene), a mono-
cyclic monoterpene, is part of the structure of more than 300 plants 
(Asamoto et al., 2002), and displays antifungal and antibacterial activ-
ities (Mourey and Canillac, 2002; Ozturk and Ercisli, 2006; Singh et al., 
2010). There are some thiosemicarbazones derived specifically from 
limonene, that have shown antiproliferative properties in tumor cells 
(Vandresen et al., 2014) and caused cell death and ultra-structural al-
terations in Leishmania amazonensis (Britta et al., 2014). Terpenes also 
behave as strong enhancers of the permeability of the skin (Chen et al., 
2016; dos Anjos and Alonso, 2008; Hatta et al., 2010; Lim et al., 2006), 
and due to their lipid membrane affinity, terpenes were found to 

contribute to the increase of the fluidity of lipid bilayers (Alonso et al., 
2016; Mendanha et al., 2017; Mendanha and Alonso, 2015). 

Most of the works found in the literature on thiosemicarbazones are 
related to their biological activity, and few are the studies about their 
physicochemical and spectroscopic properties, or studies that monitor 
their interactions with cell membranes at the molecular level, through 
biophysical methods. Often the cytotoxicity of a drug lies in the fact that 
this drug is hydrophobic and has the ability to cause significant changes 
in a cell membrane. Then, in order to better understand the mechanisms 
of action and the behavior of these molecules in the presence of lipid 
bilayers, we present in this work an optical spectroscopic study of a new 
thiosemicarbazone derived from R-limonene, the 2-nitrobenzaldehyde- 

Fig. 1. Chemical structures of the compounds used in this work, as indicated.  
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thiosemicarbazone (Vandresen et al., 2014) (in this work, called 2-TSC), 
both in water medium and in lipid membranes. Moreover, with Differ-
ential Scanning Calorimetry (DSC), we show that 2-TSC is inserted into 
the lipid bilayer, as it can change the thermal behavior of a 1,2-dimyr-
istoyl-sn-glycero-3-phosphocholine (DMPC) membrane. 

Fluorescence and electron spin resonance (ESR) spectroscopies also 
showed the interaction between 2-TSC and DMPC vesicles, and they 
evinced the structural changes caused in the lipid bilayer due to the 
presence of this molecule. The fluorescent probe used was 6-dodecanoyl- 
2-dimethylaminonaphthalene (Laurdan) (Calori et al., 2019; Chilom et al., 
2020; Leung et al., 2019; Ma et al., 2018; Osella et al., 2019; Pérez et al., 
2019; Vequi-Suplicy et al., 2013), and 1-palmitoyl-2-stearoyl-(14-dox-
yl)-sn-glycero-3-phosphocholine (14-PCSL) (Dave et al., 2004) was used in 
ESR measurements. 

2. Materials and methods 

2-nitrobenzaldehyde-thiosemicarbazone (2-TSC) was prepared as pre-
viously described (Vandresen et al., 2014). 6-dodeca-
noyl-2-dimethylaminonaphthalene (Laurdan) was purchased from 
Molecular Probes Inc. (Eugene, OR, USA). The phospholipid 1,2-dimyr-
istoyl-sn-glycero-3-phosphocholine (DMPC) and the spin label 1-palmi-
toyl-2-stearoyl-(14-doxyl)-sn-glycero-3-phosphocholine (14-PCSL) were 
supplied by Avanti Polar Lipids Inc. (Birmingham, AL, USA). 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), chloroform, 
NaOH and HCl were purchased from Sigma Aldrich (St Louis, MO). All 
compounds were used without further purification. Milli-Q water was 
used throughout. Fig. 1 shows the chemical structures of the main 
compounds used here. 

2.1. Liposome preparation 

Liposomes were prepared as previously described (Hope et al., 
1985). Briefly, 1 mM lipid was dissolved in chloroform. The sample was 
dried with nitrogen and the solvent completely removed under reduced 
pressure to obtain the dried lipid film. 

For absorption and fluorescence spectroscopy, the fluorophore 
Laurdan was added to the lipid/chloroform solution at 1 mol% of the 
lipid concentration. For electron spin resonance (ESR) measurements, 
the spin label 14-PCSL was added to the lipid/chloroform solution at 0.3 
mol% of the lipid concentration. All experiments were performed in the 
absence and presence of four different 2-TSC concentrations (1, 5, 10 
and 15 mol% of the lipid concentration, corresponding to 10, 50, 100 
and 150 μM of 2-TSC, respectively). They were also mixed with the 
lipid/chloroform solution. 

The lipid films were hydrated in buffer solution (HEPES 10 mM pH 
7.4) to obtain a 1 mM lipid concentration and vortexed. The suspension 
was than extruded 21 times through polycarbonate membranes, using a 
Mini Extruder from Avanti Polar Lipids Inc. (Birmingham, AL, USA). The 
extrusion was made using 0.1 μm pore diameter polycarbonate mem-
branes (from Millipore), resulting in a population of monodisperse Large 
Unilamellar Vesicles (LUV), with average diameter of 0.1 μm. 

2.2. Differential scanning calorimetry (DSC) 

DSC data were obtained with a Microcalorimeter (Microcal VP-DSC, 
Northampton, MA, USA). Temperature was varied from 5 up to 50 ◦C, at 
a scan rate of 20 ◦C/h. The lipid concentration was 1 mM for all samples. 
Baseline subtractions and peak integrals were done with the MicroCal 
Origin software provided by MicroCal, as described before (Riske et al., 
2009). All DSC data were obtained in duplicate. Very similar scans were 
obtained from different preparations for each dispersion. 

2.3. Optical absorption spectroscopy 

Optical absorption spectra were obtained with an UV − Vis 

spectrophotometer (Varian Cary, Santa Clara, CA). Samples were placed 
in quartz cuvettes, with absorption optical pathway of 2 mm. The tem-
perature was controlled with a Carry Peltier thermostat. To ensure 
thermal equilibrium, before each scan the sample was left at the desired 
temperature for at least 10 min. 

2.4. Fluorescence spectroscopy 

For steady state fluorescence spectroscopy, samples were placed in 
quartz cuvettes with 2 mm optical pathway. Measurements were per-
formed using the Varian Cary Eclipse. The temperature was controlled 
by a Peltier system. To ensure thermal equilibrium, before each scan the 
sample was left at the desired temperature for at least 10 min. Emission 
spectra were measured with excitation wavelength at 330 nm for 
Laurdan, used here as a fluorescent membrane probe. 

Steady state anisotropy data were obtained with the same equip-
ment, using polarizers in the emission and excitation channels. The 
steady-state anisotropy, r, is given by: 

r =
IVV − GIVH

IVV + 2GIVH
(1)  

where IVV and IVH are the intensities with the excitation polarizer at the 
vertical position, and the emission polarizer at vertical and horizontal 
positions, respectively, and G is the ratio of the sensitivity of the system 
for vertically and horizontally polarized light (Lakowicz, 2006). The 
excitation and emission wavelengths were, respectively, 330 nm and 
480 nm. 

2.5. Time-resolved fluorescence measurements 

Time-resolved fluorescence measurements were performed using the 
time-correlated single photon counting method (TCSPC) (Lakowicz, 
2006). The excitation source used was a titanium-sapphire laser 
Tsunami 3950 from Spectra Physics, pumped by a solid-state laser 
Millenia Pro model J80, also from Spectra Physics. The repetition rate 
was set to 8000 kHz using a pulse picker (Spectra Physics, model 
3980− 25). The Tsunami was set to give an output of 990 nm and a third 
harmonic generator BBO crystal (GWN-23PL Spectra Physics) was used 
to generate the excitation beam at 330 nm. This beam was directed to a 
spectrofluorometer from Edinburgh (FL900CDT). The emitted light was 
detected at 90◦ from the excitation beam. The emission wavelength was 
selected by a refrigerated microchannel plate photomultiplier (Hama-
matsu R3809U). The FWHM of the instrument response function was 
90–110 ps. Time resolution was 12 ps per channel. The temperature was 
controlled within 0.1 ◦C by the thermal bath Julabo HP 25. Excitation 
wavelength was at 330 nm, and the emission detected at 480 nm. 

Software from Edinburgh Instruments was used to analyze the decay 
curves. The intensity decays were fitted to the equation (Lakowicz, 
2006): 

I(t) =
∑

i
αie

− t/τi (2)  

where τi is the lifetime of the ith component of the decay, and αi is the 
corresponding pre-exponential factor. 

2.6. Electron spin resonance (ESR) spectroscopy 

ESR measurements at X band (9.44 GHz) were performed with an 
EMX spectrometer (Bruker, Germany) using a high sensitivity 
ER4119HS cavity. The sample temperature was controlled within 0.1 ◦C 
by a Bruker BVT-2000 variable temperature device, and varied from 10 
to 40 ◦C. To ensure thermal equilibrium, before each scan the sample 
was left at the desired temperature for at least 10 min. ESR data were 
acquired immediately after sample preparation. Field-modulation 
amplitude of 1 G and microwave power of 12 mW were used. The 
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spin probe 14-PCSL was used. 
All data shown here are means of at least two experiments, and the 

uncertainties are the standard deviations. When not shown, un-
certainties were found to be smaller than the size of the symbols. 

3. Results and discussion 

In this work, 2-TSC was studied for the first time in the presence of a 
phospholipid membrane, as a model for a cell membrane. As observed 
for some drugs, one of the mechanisms of action against a pathogenic 
organism is through the interaction of the drug with its cell membrane. 

3.1. DSC measurements 

Saturated lipid bilayers often display a very narrow peak of heat 
capacity, which is characteristic of a cooperative process, being very 
dependent on lipid-lipid interaction. As the presence of an exogenous 
molecule may interfere with the phase transition process, DSC thermo-
grams can provide important information about the interaction of 
exogenous molecules with lipid systems. In particular, 100 nm extruded 
lipid dispersions of DMPC (Large Unilamellar Vesicles, LUVs) exhibit a 
cooperative main transition peak around 23 ◦C (Katsaras and Gutberlet, 
2001; Marsh, 1990). Calorimetric measurements were performed with 1 
mM DMPC extruded vesicles in the absence and presence of 1, 5, 10 and 
15 mol% of 2-TSC relative to the lipid concentration, corresponding to 
10, 50, 100 and 150 μM of 2-TSC, respectively. The fluorescent probe 
Laurdan (at 1 mol%) was present in all samples with 2-TSC, once it was 

required for fluorescence spectroscopy studies. In order to check if 
Laurdan, at the used concentration, was able to modify the thermal 
profile of the lipid bilayer, a control sample of pure 1 mM DMPC 
extruded vesicles, without the fluorescent probe, was prepared. DSC 
heating scans are shown in Fig. 2, and important thermal parameters 
extracted from DSC scans are found in Table 1. 

As expected, a typical thermal event was observed for the extruded 
DMPC dispersion, with a narrow peak at 23.8 ◦C and enthalpy variation, 
ΔHm, around 5 kcal/mol (Katsaras and Gutberlet, 2001; Marsh, 1990), 
and no significative difference was observed in the absence or presence 
of the probe Laurdan (Fig. 2 and Table 1), indicating that the probe (at 
low concentration, 1 mol%) does not cause any alteration on the DMPC 
membrane. It is important to have in mind that extruded DMPC does not 
present the pre-transition (Enoki et al., 2012). With the addition of 
2-TSC at 1 mol%, a very small decrease in the transition temperature can 
be seen without any effect on the half maximum width of the transition 
peak, ΔT1/2

m or ΔHm, comparing with DMPC without 2-TSC. The increase 
of 2-TSC causes a decrease of the main temperature and a strong 
broadening of the peak (Fig. 2 and Table 1), revealing that 2-TSC 
strongly reduces the gel-fluid transition cooperativity. Therefore, 
2-TSC molecules interact with lipid membranes of DMPC, decreasing the 
lipid-lipid cooperativity. However, only the highest 2-TSC concentration 
used here, 15 mol%, caused a decrease on the gel-fluid transition 
enthalpy, ΔHm (Table 1). That means that only at 15 mol% 2-TSC the 
total energy required for the melting of the hydrocarbon chains de-
creases significantly (Heimburg, 2007). 

It is important to note that the DMPC and 2-TSC concentrations used 
to obtain the DSC thermograms are the same used in the optical ab-
sorption experiments described below, and no evidence of 2-TSC/2-TSC 
interaction was detected at these concentrations. (Figs. 4c and Fig. 5). 

3.2. Absorption spectroscopy 

For the spectroscopic characterization of 2-TSC, Fig. 3 shows the 
optical absorption spectra of 2-TSC in HEPES buffer, ethanol and DMPC 
vesicles. The absorption spectrum shows at least two bands in aqueous 
solution and in ethanol. In the presence of DMPC, there is a clear split of 
the higher energy band (lower wavelength) into at least two other 
bands, with peaks around 253 and 276 nm. 

In DMPC, the lower energy band (peak at 373 nm) is located closer to 
the ethanol band (peak at 367 nm) than the HEPES band (380 nm). The 
2-TSC band in DMPC is as narrow as that in ethanol. Considering the 
dielectric constant of the aqueous medium as 80 and that of ethanol as 

Fig. 2. Typical DSC thermograms of extruded DMPC (1 mM) and DMPC (1 
mM) + Laurdan (1 mol%) in the absence and presence of different concentra-
tions of 2-TSC. Scan rate was 20◦C/h. 

Table 1 
Parameters obtained from DSC thermograms (Fig. 2): main phase transition 
temperature (Tm), half maximum width of the transition peak (ΔT1/2

m ) and the 
enthalpy variation (ΔHm), for extruded 1 mM of pure DMPC and 1 mM DMPC +
Laurdan 1 mol%, in the absence and presence of different concentrations of 2- 
TSC.   

Tm (oC) ΔT1/2
m (oC)  ΔHm (kcal/mol) 

[1 mM] DMPC 23.8 ± 0.1 0.7 ± 0.1 5.0 ± 0.3 
[1 mM] DMPC + LD    

+ 0 mol% 2-TSC 23.8 ± 0.1 0.9 ± 0.1 5.2 ± 0.3 
+ 1 mol% 2-TSC 23.3 ± 0.2 1.1 ± 0.1 5.5 ± 0.4 
+ 5 mol% 2-TSC 21.6 ± 0.1 2.6 ± 0.3 4 ± 1 
+ 10 mol% 2-TSC 20.9 ± 0.1 4.0 ± 0.3 5 ± 1 
+ 15 mol% 2-TSC 21.3 ± 0.5 9.0 ± 0.2 2.5 ± 0.5  

Fig. 3. Absorption spectra of 2-TSC (100 μM) in (—) HEPES buffer, (—) 
Ethanol and (—) DMPC (1 mM). All spectra were obtained at room tempera-
ture, 25◦C. 
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24.5, we could infer that 2-TSC molecule is positioned in the lipid 
bilayer, in a region of dielectric constant value between 24.5 and 80. 
Clearly, this region is not in the deep part of the fatty acid chains, where 
the dielectric constant would be much lower, neither at the bilayer 
surface: 2-TSC appears to be partially inserted in the region of the polar 
head groups or just below them, where some water molecules are still 
present. 

Optical spectra in HEPES buffer, ethanol and DMPC vesicles were 
also obtained for different concentrations of 2-TSC, as shown in Fig. 4. In 
ethanol and DMPC, there is no significant spectral shift for all bands, 
with the increasing of 2-TSC concentration (see insets in Fig. 4 for the 
normalized low energy absorption band). However, in HEPES buffer 
(Fig. 4a) the lower energy band shifts to longer wavelengths as the 2-TSC 
concentration increases. Moreover, there seems to be an increase in the 
sample light scattering, as indicated by the increase in the Absorbance at 
500 nm (Fig. 4a, and Fig. S1 in SM). The change in the 2-TSC optical 
spectrum as the molecule concentration increases, and the appearance 
of light scattering, are strongly indications of molecular aggregation in 
HEPES buffer. 

The values of the maximum Absorbance at the low energy bands are 

plotted versus the concentration of the compound, Fig. 5, for 2-TSC in 
ethanol and DMPC. Through the use of the Lambert-Beer law (Valeur, 
2001), we calculated the molar absorption coefficient (ε) of 2-TSC for 
each medium: εethanol = (31 ± 4)103 cm− 1M-1 and εDMPC = (29 ± 8)103 

cm− 1M− 1, at 366 nm and 372 nm, respectively. These high values of 
molar absorption coefficient, together with the red shift observed when 
switching from ethanol to HEPES buffer suggest that the lower energy 
band is associated with a π→π∗ transition. 

Fig. 4. Absorption spectra of 2-TSC as a function of its concentration in HEPES 
Buffer (a), ethanol (b) and 1 mM DMPC (c). All spectra were obtained at room 
temperature, 25◦C. When shown, dotted lines indicate no shift in the main 
bands with the increasing concentration of 2-TSC. The insets correspond to the 
normalized low energy bands. 

Fig. 5. Absorbance values for different concentrations of 2-TSC in Ethanol at 
366 nm and in DMPC at 372 nm. All measurements were made at room tem-
perature. Dashed lines are the best linear fittings of the experimental data. 

Fig. 6. Optical absorption (solid lines) and emission spectra (dot lines) of 2-TSC 
(1 mol%) and Laurdan (1 mol%), in the presence of DMPC vesicles (1 mM), in 
gel phase (15 ◦C) and in fluid phase (35 ◦C). Excitation wavelength was 330 nm. 
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3.3. Fluorescence spectroscopy 

Fig. 6 shows optical absorption and fluorescence emission spectra of 
the following systems: DMPC/Laurdan, DMPC/2-TSC and DMPC/2- 
TSC/Laurdan, in the gel phase of the membrane, at 15 ◦C and in the 
fluid phase, at 35 ◦C. The probe Laurdan absorbs in the same wavelength 
region as that of 2-TSC. Hence, the wavelength used for the Laurdan 
excitation (330 nm) can also be absorbed by the 2-TSC. However, as 
shown in Fig. 6, 2-TSC showed no fluorescence when excited at this 
same wavelength. Thus, Laurdan is a suitable fluorescent probe to 
monitor the lipid bilayer properties in the presence of 2-TSC. The probe 
Laurdan, widely used to study phospholipid bilayers (Calori et al., 2019; 
Leung et al., 2019; Ma et al., 2018), is supposed to be located in the 
membrane close to the polar head groups of the bilayer (De 

Vequi-Suplicy et al., 2006), and it is very sensitive to changes in the 
medium polarity as well as changes on the bilayer fluidity. 

Still analyzing the spectra of Fig. 6, it is possible to see that 2-TSC 
seems to act as a quencher of the Laurdan fluorescence, due to the 
drastic decrease observed in the fluorescence intensity upon addition of 
2-TSC to the system. 

Experiments were performed at different temperatures in the range 
between 15 ◦C and 50 ◦C. This decrease in the fluorescence intensity of 
Laurdan was observed in both gel and fluid phases of the DMPC lipid 
bilayer. 

The fluorescence anisotropy of Laurdan is also very sensitive to the 
presence of the 2-TSC molecule. With 5 mol% of 2-TSC, values of 
Laurdan anisotropy increase for both DMPC phases, gel and fluid, as can 
be seen in Fig. 7. Because the 2-TSC quenches the Laurdan fluorescence, 
it was not possible to obtain plots of the fluorescence anisotropy as a 
function of the temperature for 10 and 15 mol% of 2-TSC, due to the 
extremely low fluorescence intensity of Laurdan, which generates large 
errors in anisotropy values. 

When analyzing static fluorescence anisotropy values, it is essential 
to monitor the variation in the fluorescence lifetime of the probe: if there 
is a variation in the fluorescence lifetime, care must be taken when 
interpreting the anisotropy values. 

Therefore, we also performed time-resolved fluorescence measure-
ments. Profiles of Laurdan fluorescence intensity decay were measured 
with excitation at 330 nm and emission at 480 nm and are shown in 
Fig. 8. 

Fig. 7. Values of steady state anisotropy of Laurdan (1 mol%) in DMPC vesi-
cles, with 1 mol% and 5 mol % of 2-TSC. Excitation wavelength at 330 nm, and 
emission wavelength at 480 nm. 

Fig. 8. Decay profiles of the fluorescence intensity of Laurdan in DMPC (1 mM) 
without and with the addition of different 2-TSC concentrations, at 35 ◦C. 
Excitation wavelength at 330 nm, and emission at 480 nm. 

Fig. 9. (a) Values of the longer lifetime found for Laurdan in DMPC as a 
function of 2-TSC concentration, at 15 and 35◦C, using Eq. 2.(b) ratios of 
Laurdan lifetime in the presence (τ) of different 2-TSC concentrations and 
Laurdan lifetime without 2-TSC (τ0). 
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From Fig. 8, it is possible to observe faster decays with the increase of 
the 2-TSC concentration. The analysis of the lifetimes of Laurdan clearly 
shows the quenching of its fluorescence by 2-TSC. Since the lifetime 
decreases, static quenching is discarded, and collisional quenching or 
Foster Resonance Energy Transfer (FRET) are happening. As usual 
(Marsh, 2009; Parasassi et al., 1986; Vequi-Suplicy et al., 2013), Laur-
dan decays could be fitted with two lifetimes, according to Eq. 2, with χ2 

≤ 1.1. Fig. 9 shows the lifetimes (long component lifetime only) of 
Laurdan in both phases of the lipid bilayer for different values of relative 
2-TSC concentration. 

The long lifetime component of the fluorescence decay is used here 
because it was found to predominate at 480 nm, both in gel and fluid 
DMPC membrane phases. Moreover, in the fluid DMPC phase, it is nearly 
the only component, around 90 % (Vequi-Suplicy et al., 2013). 

Considering that Laurdan is located in the membrane close to the 
surface, (De Vequi-Suplicy et al., 2006), and that there is a high 
quenching of its fluorescence by 2-TSC and, which needs a certain 
proximity between the fluorophore and the quencher during the lifetime 
of the fluorophore excited state for the quenching mechanism to occur, 
we can infer that 2-TSC is also closer to the surface, perhaps interspersed 
in the region of the hydrocarbon chains, just below the polar head 
groups. This is in accordance with Fig. 3, in which absorption spectra of 
2-TSC in ethanol, HEPES Buffer and DMPC suggest that the polarity in 
the region where the 2-TSC is located must be around 24.5 and 80, that 
is, in the region close to the polar head groups. The location of molecules 
in lipid bilayers (Singh et al., 2017, 2016), as well as their distribution in 
these bilayers (Loura, 2012; Marquezin et al., 2019), is a topic widely 
studied in the literature, and stating about the location of a molecule in 
these bilayers is not so simple. 

Interestingly, the quenching is more evident in the lipid gel phase (15 
◦C) than in the fluid phase (35 ◦C), as can be seem in Fig. 9. Considering 
a dynamic quenching between 2-TSC and Laurdan, one would expected 
a more efficient quenching in the fluid than in the gel phase, due to the 
huge increase in the diffusion coefficient of lipids from gel to fluid 
membranes, around two orders of magnitude (Korlach et al., 1999), and 
assuming that the diffusion of a molecule in the bilayer would be 
modulated by the lipid diffusion. As the opposite is observed, this is an 
indication that 2-TSC and Laurdan are closer in the gel than in the fluid 
membrane. At least partially, that could be due to the closer proximity of 
molecules in a gel bilayer than in a fluid one, as the area per lipid in a gel 
PC bilayer is supposed to be around 25 % smaller than in the fluid phase 
(Nagle and Tristram-Nagle, 2000). But could also be related to a change 
in the location in the bilayer of 2-TSC and/or Laurdan, from one bilayer 
phase to the other. 

On the other hand, considering that there is a small spectral overlap 
between the Laurdan emission and the absorption of 2-TSC (both in 
DMPC), FRET occurrence between these two molecules must be 
considered. In the gel phase all molecules are more rigid, meaning that 
dipoles would have less rotational freedom, and this could mean that the 
energy transfer is more likely to happen in the gel phase, if the donor- 
acceptor dipoles alignment favors it. In the fluid phase, 2-TSC and 
Laurdan are less hindered and their dipoles can reach a broader range of 
relative orientations, which could result in less quenching in the mem-
brane fluid phase than in the gel one. 

The fact that a decrease in Laurdan lifetime is observed in the pres-
ence of 2-TSC means that the static anisotropy values (Fig. 7) should be 
interpreted more carefully. If the lifetime of an excited state decreases, 
the fluorescent probe would have less time to depolarize the light during 
its excitation, thereby increasing the measured anisotropy value. Taking 
this into account, the values shown in Fig. 7 may be a distortion towards 
higher values of anisotropy, since the lifetime of the excited state de-
creases as the 2-TSC concentration increases, as shown in Fig. 9. 

3.4. ESR spectroscopy 

For a better understanding of the changes caused by 2-TSC on the 

structure of DMPC membranes, a phosphocholine spin label was incor-
porated into the membranes. 

Structural changes at the DMPC bilayer core, monitored by 14-PCSL 
(see Fig. 1), caused by the addition of different 2-TSC relative molar 
concentrations are shown in Fig. 10. The ESR spectra are shown for the 
DMPC membrane in the gel phase, (10 ◦C), and in the fluid phase (40 
◦C), as indicated by DSC analysis (Fig. 2). 

The spectra in Fig. 10 are normalized by the maximum signal 
amplitude. In the gel phase (10 ◦C), an anisotropic spectrum is observed 
for pure DMPC vesicles, as expected when a bilayer gel phase is moni-
tored by 14-PCSL (Rozenfeld et al., 2015). In this bilayer phase, the 
addition of 2-TSC in the DMPC extruded vesicle suspension increases the 
mobility of the bilayer core monitored by the spin label, as its ESR 
spectrum becomes typical of a more fluid and/or less organized envi-
ronment (Rozenfeld et al., 2017). In the fluid phase (40◦ C), all samples 
display typical nearly isotropic spectra. 

Fig. 10. ESR spectra of 14-PCSL in DMPC vesicles containing different relative 
concentrations of 2-TSC, as indicated. Spectra were acquired at the gel (10◦C) 
and fluid (40◦C) phases of the membrane. The total spectrum width is 100 G. 
Dotted lines represent the high, central and low field amplitudes. 
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To better understand the structural alterations caused by 2-TSC on 
DMPC bilayers, the 14-PCSL ESR spectra were analyzed through the 
ratio of the amplitudes of the low and central field lines (h+1/ho) as 
indicated in Fig. 10, for the spectra yielded by the lipid in the gel phase 
(at 10 and 15 ◦C). For the fluid phase (at 30 and 40 ◦C), the best 
parameter to be used is the ratio of the amplitudes of the high and 
central field lines (h-1/ho): these ratios tend to unity as the spin label 
mobility increases and/or the probe movement becomes less ordered 
(Marsh, 1981). As previously described (Rozenfeld et al., 2017), it is 
useful to measure a h+1/ho ratio in spectra like that of 14-PCSL in the gel 
phase, although it is known that it does not correspond to the ratios of 
the m1 =+ 1 and 0 hyperfine lines. However, this measurement provides 
good information on the bilayer structure, as it increases as the bilayer 
becomes less packed. 

In Fig. 11a, h+1/ho values versus 2-TSC concentrations are plotted at 
10 ◦C and 15 ◦C (gel phase). As expected, the packing of the bilayer 
decreases with the temperature (h+1/ho increases). As discussed above, 
the addition of 2-TSC clearly decreases the packing of DMPC gel phase 
(increases h+1/ho). 

In the fluid phase, at 30 ◦C and 40 ◦C (Fig. 11b), as expected, the 
packing of the bilayer core also decreases with the temperature (increase 
in h-1/ho), but, opposite to what happens in the bilayer gel phase, it 
increases with the increase of the 2-TSC concentration (decrease in h-1/ 

ho). Considering this decrease in the fluidity of the bilayer with the in-
crease of 2-TSC concentration, it could be speculated that, in fluid 
DMPC, 2-TSC is slightly below the lipids polar heads, since it interferes 
with the mobility/order of the hydrocarbon chains. Though its structure 
is quite different from cholesterol, it is interesting to note that 2-TSC 
seems to behave like a cholesterol molecule inserted into lipid bilayers 
(Bhattacharya and Haldar, 2000; Finean, 1990): it fluidizes the gel phase 
and rigidifies the fluid phase. 

4. Conclusions 

From calorimetric measurements it was possible to state that 2-TSC 
affects the packing of DMPC membranes, strongly decreasing the 
cooperativity of the gel-fluid bilayer thermal transition. Differences in 
the optical spectrum of 2-TSC in water medium and in the lipid mem-
brane indicate different structures for the drug in the two environments. 
Moreover, 2-TSC was found to be more soluble in lipids and ethanol than 
in water. Despite its aromaticity, 2-TSC displays no fluorescence, but it 
was found to act as a fluorescence quencher of Laurdan, decreasing 
Laurdan excited state lifetimes. As Laurdan is known to be localized 
close to the membrane surface, it can be concluded that this should also 
be the position of 2-TSC in a lipid membrane. ESR of a spin probe at the 
membrane core indicates that 2-TSC fluidizes the lipid bilayer gel phase 
and rigidifies or organizes the bilayer fluid phase. A similar effect is 
found for other lipophilic molecules, including cholesterol. This work 
shows that not only 2-TSC has high affinity for lipid membranes, but it 
also causes changes in the bilayer fluidity. That is certainly relevant for 
the understanding of the biological activity and cytotoxicity of the drug 
in organisms. 
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