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in Hepes buffer (pH=7.4) were systematically studied by surface tension, fluorescence and circular
dichroism (CD) spectroscopy and isothermal titration calorimetry (ITC). Furthermore, the size of the
micellar aggregates and the polydispersity indexes of both cationic surfactants were studied by dynamic
light scattering technique (DLS). The hydrodynamic radii, micellar volumes and aggregation numbers
were calculated using a method based on density functional theory (DFT). The results showed that, in
both cases, the surface tension was modified upon addition of BSA, and the critical micelle concentration
(CMC) values of DMM-11 and DMPM-11 were higher in the presence of BSA. The fluorescence intensity
of BSA decreased significantly as the concentration of both cationic surfactants increased and this effect
was attributed to the formation of surfactant-BSA complexes. Synchronous fluorescence spectrometry
showed the binding-induced conformational changes in BSA. Finally, CD and DLS results revealed the
occurrence of changes in the secondary structure of the protein in the presence of both surfactants. In
conclusion, understanding the interactions between lysosomotropic surfactants and BSA is required to
explore their potential applications in medicine.
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1. Introduction cal properties, such as their surface activity and lipophilicity

[3]. Several soft cationic QACs have been synthesized, such as

Long-chain quaternary ammonium surfactants (QACs) exert
antibacterial activity against both Gram-positive and Gram-
negative bacteria, as well as against some viruses and pathogenic
species of fungi and protozoa [1]. However, these cationic sur-
factants are known to cause various side effects, including toxic
effects against mammalian cells. Consequently, long-chain QACs
are not recommended for systemic application [2], but are consid-
ered acceptable for topical application (e.g. mouthwash products
and oral antiseptics). Their adverse effects can be avoided by the
use of soft analogues of long-chain QACs, which are synthesized
according to the soft drug approach and their physicochemi-
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alkyl N,N-dimethylalaninates methobromides (DMALM-n), alkyl
N,N-dimethylglycinates methobromides (DMGM-n), fatty acids
N,N-dimethylaminoethylesters methobromides (DMM-n) and fatty
acids N,N-dimethylaminopropylesters methobromides (DMPM-n)
[4], which showed satisfactory antibacterial and antifungal proper-
ties, as well as good chemical stability [5-7]. Due to their properties,
soft cationic QACs might be used in lysosome-targeting anti-cancer
drugs and drug delivery systems.

A number of soft cationic surfactants exhibit pronounced effects
in biological systems [8]; therefore, the study of protein-surfactant
interactions is a relevant and timely topic. The specific and non-
specific interactions between surfactants and proteins have been
a subject of extensive studies over the past decades, due to their
significance in drug delivery, cosmetic preparation, biosciences
and foods [9-11]. Studies on the interactions of cationic, anionic,
zwitterionic and nonionic surfactants with globular proteins such
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as human serum albumin (HSA) [12] and bovine serum albumin
(BSA) [13,14] can contribute towards a better understanding of the
action of surfactants as solubilizing agents of membranes contain-
ing proteins and lipids [15]. BSA is commonly used as an expedient
protein and is widely implicated as a general model to study the
interactions of surfactants [14] and drugs [16] with globular pro-
teins, not only due to its important roles in biological processes,
but also because its structure is well established. BSA can bind
many different types of amphiphilic biological molecules, which
are believed to play an important role in determining its physi-
ological functions. While a large number of studies are devoted
to the interactions between proteins and traditional long-chain
cationic surfactants, studies regarding soft QACs-protein systems
are scarce. As a new class of amphiphilic molecules, soft cationic
surfactants exhibit good biocompatibility and degradability, as
well as less toxicity than traditional cationic surfactants. Liu and
co-workers [17] studied the interactions of HSA with sodium
dodecyl sulfate (SDS) and cetyl trimethylammonium bromide
(CTAB) using fluorescence spectroscopy. The authors suggested
that hydrophobic and electrostatic forces play an important role in
protein-surfactant interactions. Dodecyl trimethylammonium bro-
mide (DTAB), tetradecyltrimethylammonium bromide (TTAB) and
CTAB have been reported to act as chemical chaperones, aiding in
the refolding of proteins via hydrophobic interactions [18].

Given the growing interest of new biomedical applications for
lysosomotropic QACs, the aim of this work is to present a detailed
molecular study of the interactions between two cationic lysoso-
motropic surfactants (DMM-11 and DMPM-11) and BSA, a model
globular protein, in order to characterize the basic features of these
compounds and the potential application of lysosomotropic sur-
factants in medicine and drug delivery. It is worth mentioning that
DMM-11 and DMPM-11 belong to the so-called soft lysosomotropic
compounds, which are easily degraded by the cells to nontoxic
metabolites.

To the best of our knowledge, this is the first report on
the molecular interactions between DMM-11/DMPM-11 and BSA,
as evaluated by surface tension and fluorescence spectroscopy
measurements. The effect of the head groups of both cationic
surfactants on the secondary structure of BSA was examined by cir-
cular dichroism (CD) spectroscopy. Dynamic light scattering (DLS)
was carried out to study the microstructures of the surfactant-BSA
complexes at various DMM-11/DMPM-11 concentrations. Isother-
mal titration calorimetry (ITC) was used to quantify the gradual
increase in the number of surfactant molecules bound per BSA
molecule, and to obtain the thermodynamic characteristics of the
interactions. The formation of the aggregates at the molecular level
and different characteristic parameters of the aggregates such as
their size, surface charge and aggregation number were examined.
Moreover, the experimental data were supported by the results of
density functional theory (DFT) calculations.

2. Material and methods
2.1. Chemicals

Two derivatives of lysosomotropic substances obtained
by quaternization of the appropriate tertiary amino
compounds with methyl bromide were studied: (2-
dodecanoyloxyethyl)trimethylammonium bromide (DMM-11)
and  (2-dodecanoyloxypropyl)trimethylammonium  bromide
(DMPM-11). The synthesis of these lysosomotropic surfactants
was described in detail in previous studies [4,19], and their chem-
ical structures are presented in Fig. S1. The results concerning
the elemental analysis and the 'H-NMR chemical shifts were
collected in Table S1. All the reagents and solvents used were

of high grade and were used as received. Bovine serum albumin
(BSA) was purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO). All the solutions were prepared in 5mM Hepes buffer (pH
7.4) (Sigma-Aldrich) supplemented with 150 mM NaCl (POCh).
The buffer was prepared by dissolving the desired amount of
Hepes and NaCl in deionized water (>18 €2). All stock solutions of
DMM-11, DMPM-11 and BSA were made dissolving them in Hepes
buffer (5 mM), filtered through 0.2 um pore size filters and stored
at 4°C. The concentration of BSA was determined spectrophoto-
metrically at 280 nm using the molar extinction coefficient ¢ =44
720M~! cm~1. All the experiments were performed at~ 25 °C.

2.2. Surface tension measurements

The surface tension measurements were performed using a
Kriiss K20 Tensiometer (Kriiss GmbH, Hamburg, Germany) at 25 °C,
according to the du Noiiy’s ring method [20]. Surfactants and
BSA were dissolved in Hepes buffer and mixed to obtain several
mixtures containing a constant BSA concentration (1 g/L) but dif-
ferent DMM-11 and DMPM-11 concentrations. All samples were
allowed to stabilize for 30 min, and afterwards the surface tension
values were recorded. The surface tension of the control sample
(5 mM Hepes buffer (pH 7.4) supplemented with 150 mM NaCl) was
70.8 mN/m. The average equilibrium surface tension values were
obtained by measuring each sample in triplicate. The surface ten-
sion data were analyzed using the Origin software provided with
the equipment, to obtain the critical micelle concentration (CMC)
values, determined as the breakpoint in the plot representing the
surface tension versus surfactant concentration.

2.3. Fluorescence measurements

The fluorescence quenching measurements were performed on
a Cary Eclipse Fluorescence Spectrophotometer. To study the effect
of the addition of DMM-11 and DMPM-11 on the intrinsic fluo-
rescence of BSA, the fluorescence spectra of solutions containing
a fixed concentration (15 wM) of BSA and various surfactant con-
centrations were monitored using a 1cm path length quartz cell.
Fluorescence emission spectra in the range 300-400 nm were mea-
sured at an excitation wavelength of 280 nm. Both excitation and
emission slit widths were fixed at 5 nm.

Synchronous fluorescence spectra were acquired using the
same spectrophotometer. The synchronous fluorescence charac-
teristics of surfactant-BSA complexes were measured at 25°C,
keeping the difference between excitation wavelength and emis-
sion wavelength fixed (AA = Aem—Aex). For AA =20 nm, the spectral
characteristics information of tyrosine (Tyr) residues were evident
while for AA=60nm, the spectral characteristics of tryptophan
(Trp) residues were observed. All the excitation and emission slits
were set at 10 and 2.5 nm, respectively.

2.4. Circular dichroism (CD) spectroscopy

CD spectra of BSA and surfactant-BSA complexes in Hepes buffer
were recorded on a Jasco model ]J-1500 spectropolarimeter (JASCO,
Tokyo, Japan) at 25 °C under a constant flow of nitrogen gas. A cell
with a 0.1 cm path length was used for spectra recorded between
200 and 260 nm with sampling points every 2 nm. A spectrum of the
buffer solution was taken and subtracted from the spectra of BSA
and surfactant-BSA solutions. The spectra represent the average
of nine scans. CD intensities are expressed in Ae (dm3M~!cm™1).
The analysis of secondary structural contents was performed using
K2D3 web server. K2D3 web server is an online tool used to assess
the secondary structural elements in the form of a-helix and 3-
strand from the far-UV CD spectra ranging from 190 to 240 nm [21].
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2.5. Isothermal titration calorimetry (ITC) measurements

ITC experiments were carried out using a Nano ITC calorime-
ter (TA Instruments) with a standard volume of 1.0 ml cell at 25°C.
All samples were degassed before the analysis. The reference cell
was filled with water. In a typical experiment, the solution of BSA
(0.09-0.22 mM) was placed in the cell, and each time, a freshly pre-
pared solution of DMM-11 or DMPM-11 (1.0-5.1 mM) was taken in
a 250 L injection syringe. A total of 50 injections (4.85 L each)
were added after the calorimeter finalized the primary equilibra-
tion, with 200-300 s intervals between the injections, leaving 200 s
at the beginning of the experiment without injection. The stirring
rate was set at 300 rpm. Longer delays between injections did not
affect the results obtained. The calorimeter was operated using the
Nano ITC Run software and all the data obtained were analyzed
with the NanoAnalyze v. 3.1.2 program. The ‘Independent model’
and ‘Multiple Sites’ models were used to evaluate the results. Con-
trol experiments were performed in each case; the enthalpies of
reagents dilution were subtracted from the enthalpies of binding
processes. Each ITC data was collected by two independent mea-
surements. Standard deviations around the fit for each titration are
shown in Fig. S2.

2.6. Dynamic light scattering (DLS)

The mean particle size and polydispersity indexes (PdI) of the
cationic surfactant aggregates (with and without BSA) were esti-
mated by the DLS method. The measurements were performed
using a Zetasizer Nano-ZS from Malvern Instruments (UK) at 25°C.
The polydispersity index relates with the particle size distribution,
which here ranged from 0 for monodispersed to 1.0 for entirely
heterodispersed emulsions. Before the measurements, the samples
were filtered through a 0.2 pm pore size filter directly into the opti-
cal cell to remove any impurity. Each sample was analyzed nine
times and information on size distribution by intensity, number
and volume was recorded.

2.7. Computational details

All the calculations were performed using a method based on
Density Functional Theory (DFT). Geometry of investigated sur-
factants was fully optimized using range-separated CAM-B3LYP
exchange-correlation functional [22-24]. The 6-31 ++G(d,p) basis
set was used on all the atoms. The geometry optimization was fol-
lowed by evaluation of hessian matrix to confirm that the obtained
structures correspond to minima on the potential energy surface.
In all optimizations, the polarizable continuum model (PCM) was
adopted to implicitly account for solvent effects (water and Hepes
buffer) [25,26]. The molecular volumes (VimonPfT) of DMM-11 and
DMPM-11 monomers were defined as the volume inside a contour
of 0.001 electrons/Bohr3 density. All the calculations were carried
out using the Gaussian 09 suite of programs [27]. The length of
the micellar radii (RyPFT) was taken as the distance between the
farthest nitrogen and the carbon of the terminal methyl group. In
order to calculate the aggregation numbers (Nagg), the RyPFT and
VmonPfT were used, assuming the spherical shape of micelles. The
biological activity simulations were performed using a combina-
tion of the 3D/4D QSAR BiS/MC and CoCon algorithms developed
by ChemoSophia company [28-30].

3. Results and discussion
3.1. Surface tension studies

Surface tension measurement is a simple and effective method
to study the interactions between macromolecules and surfactants

[31]. In this study, the surface tension profiles were obtained for
both surfactant systems alone and in the presence of BSA, show-
ing the characteristic break points in the surfactant-BSA systems
(Fig. 1). In the case of DMM-11 and DMPM-11 without BSA, CMC
values can be observed as the saturation of the interface is reached.
A minimum surface tension value was found on the y-c curve
for both surfactants, which may be caused by the presence of
impurities in the surfactant samples. Additionally, the shapes of
the plots around the CMC confirm that both surfactants contain
impurities. On the other hand, this effect can be caused by par-
tial hydrolysis of esterquat surfactants. Recent studies revealed
that cationic ester-containing surfactants are very stable in acidic
environment but they undergo hydrolysis under neutral condi-
tions [19,32]. On the basis of the experimental equilibrium surface
tension isotherms, the critical micelle concentration (CMC) and
minimum surface tension (yni,) were determined to character-
ize the surface activity of the mixtures. For both surfactants in
Hepes buffer solutions, the CMC values were 0.6 mM (DMPM-11)
and 0.75mM (DMM-11). Nevertheless, regardless of the impuri-
ties in the surfactants samples, the CMCs obtained for the DMM-11
(5.99mM) and DMPM-11 (4 mM) dissolved in water were con-
sistent with previously reported results (data not shown) [33]. In
our opinion, the increased ionic strength can effectively reduce the
electrostatic repulsion between the hydrophilic head groups. The
surface tension curves (Fig. 1) corresponding to the surfactant-BSA
complexes exhibit one break point. The concentration at the break
point corresponds to the CMC of DMM-11 and DMPM-11 with BSA.
The CMC values for the cationic surfactants DMM-11 and DMPM-
11 were higher in the presence of BSA, which can be explained
considering the amount of surfactant that binds to the protein
and the structural differences in the surfactant hydrophilic groups.
Compared with the surfactant solutions without BSA, the CMCs of
DMM-11 and DMPM-11 increased from 0.75 mM to 0.87 mM and
from 0.6 mM to 0.75 mM, respectively. The surfactant-BSA systems
indicate that BSA molecules at the interface are gradually displaced
by DMM-11 and DMPM-11 molecules due to competition at the
adsorption layer. The number of surfactant molecules bound to
the protein was estimated at the CMC. The results presented in
Fig. 1 also indicate that although both CMCs for surfactant-BSA
complexes were higher than those corresponding to the surfactants
in Hepes buffer, there are more surfactant molecules of DMPM-11
interacting with BSA when compared to the DMM-11 system once
the saturation is reached (Table S2). In our opinion, the complex
could have been formed between the negatively charged moi-
eties of BSA and the positively charged head groups of DMM-11
and DMPM-11. Consequently, surfactants attached to the differ-
ent functional sites, through electrostatic interactions, stay farther
apart at the moment at which BSA unfolds.

3.2. Fluorescence measurements

Subsequently, fluorescence spectroscopy was used to evaluate
the integrity of the protein structure. BSA contains two trypto-
phan residues (Trp135 and Trp214), the one located at position
135 is buried in a hydrophobic pocket, and it has been proposed
to be located near the surface of the albumin molecule in the
second helix of the first domain [34]. As BSA contains trypto-
phan (Trp) and tyrosine (Tyr) residues, its fluorescence emission
by excitation at 280 nm should be dominated by the fluorescence
of Trp residues due to the intramolecular energy transfer from
Tyr to Trp residues [35]. To explore the surfactant-induced flu-
orescence change of BSA, measurements were performed at the
excitation wavelength of 280 nm. As shown in Fig. 2, the addition
of DMM-11 and DMPM-11 significantly decreased the fluores-
cence intensity of BSA and both cationic surfactants, exhibited a
similar behavior. As the surfactant concentration increased, the
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Fig. 1. Surface tension profiles of surfactant solutions and surfactant:BSA mixtures in 5 mM Hepes buffer (pH 7.4) supplemented with 150 mM NacCl. The measurements were
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Fig. 2. Fluorescence emission spectra obtained for the surfactant-BSA systems
excited at 280 nm (pH=7.40; 25°C). BSA (15 wM) in the presence of different con-
centrations of DMM-11 (A) and DMPM-11 (B).

fluorescence intensity decreased and a blue shift from 348 to
335nm was observed in the maximal intensity. At low concentra-
tions (below the CMC), the addition of DMM-11 and DMPM-11 to
the BSA solutions caused a steep decrease in fluorescence emis-
sion, followed by a slower blue shift at higher concentrations of
both surfactants (Fig. 2). Using the fluorescence quenching of Trp,
Patel and co-workers [36] studied the interaction of the cationic
gemini surfactant dodecyl betainate with lysozyme. The authors
concluded that fluorescence intensity decreases significantly with
the increase of the cationic gemini surfactant concentration. A
similar trend has been reported in single-chain surfactant-BSA
interactions, such as cationic DTAB-BSA [34] and TTAB-BSA [18].

Recent studies revealed that gemini surfactants quench the fluo-
rescence intensity of gramicidin through a static mechanism [37].
Surfactant-induced fluorescence quenching of BSA is attributed to
the formation of complexes between BSA and cationic surfactants.
This binding perturbs the microenvironment around the Trp and
Tyr residues and causes fluorescence quenching of the protein. The
blue shift (decrease) of fluorescence band with increasing concen-
trations of DMM-11 and DMPM-11, suggests that the Trp residues
of BSA are moved into a more hydrophobic environment.
Synchronous fluorescence spectroscopy is frequently used to
characterize the interactions between surfactants and proteins,
since it provides information about the molecular environment
in the vicinity of the surfactant. Since the maximum emission
wavelength of residues is related to its environmental polarity, the
change of the protein conformation can be related to the emission
wavelength change [38]. As shown in Fig. 3, both cationic surfac-
tants increase the fluorescence intensity of Tyr (AA=20nm), and
decrease the fluorescence intensity of Trp (AA=60nm). The flu-
orescence intensity of Trp residues was significantly higher than
that of Tyr residues, indicating that the main contribution of the
intrinsic fluorescence of BSA is due to the Trp residues, thus DMM-
11 and DMPM-11 mainly interact with Trp residues of BSA. These
results are similar to those reported for the fluorescence intensity
changes of BSA with quaternary ammonium cationic surfactants
[39]. Furthermore, Wu and co-workers observed that the fluores-
cence intensity increases significantly with the increase of cationic
gemini surfactants concentrations, when AN was set at20nm [31].

3.3. CD spectroscopy analysis

The absorbance of peptide bonds is usually located in the far
ultraviolet range; therefore, the absorption peak in the far ultra-
violet range can reflect the occurrence of conformational changes
(secondary structure) in the peptide chains of proteins. The effect
of the cationic surfactants under study on the secondary struc-
ture of BSA was evaluated by CD spectroscopy. The CD spectra of
studied systems were measured by monitoring the changes of the
signal from 200 to 260 nm. Fig. 4 shows the effect of DMM-11 and
DMPM-11 on the CD spectrum of BSA. The CD spectra (Fig. 4) show
mainly the shape of the a-helical secondary structure and this can
be connected with the negative ellipticity bands near 209 nm. An
increase in the concentration of both cationic surfactants results
in an increment in the Ag values, both at 209 and 222 nm. This
suggests that the content of a-helix is increased. To estimate the
secondary structure composition, the spectra (with different molar
extinction coefficients, A¢) were analyzed by the K2D3 method
[21]. Fitting the spectrum of native BSA at 25°C in Hepes buffer
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Fig. 3. Synchronous scanning fluorescence spectra of the surfactant-BSA systems. (A, B): AA=20nm; (C, D): AA=60nm. BSA (15 wM) in the presence of different concen-

trations of DMM-11 (A, C) and DMPM-11 (B, D).

(pH=7.4) yielded a 68.59% a-helical structure. The addition of
DMM-11 and DMPM-11 to BSA at the pre-micellar concentrations
(0.7 mM) caused a secondary structural change of the protein to
67.12% a-helical and 68.22% o-helical, respectively. According to
the literature, the secondary structure of BSA may be stabilized by a
cross-linking function at low concentrations of cationic surfactants
[31,34]. Because DMM-11 and DMPM-11 exhibit an amphiphilic
character, they may build bridges between particular negatively
charged residues and particular nonpolar residues located on dif-
ferent loops of BSA. At higher concentrations of these surfactants,
free micelles begin to form after the saturation binding of BSA with
DMM-11 and DMPM-11, leading to BSA in an extended structure
with exposed hydrophobic residues. The addition of sub-CMC con-
centrations (2mM) of DMM-11 and DMPM-11 to BSA caused a
secondary structural change of the protein to 64.44% a-helical and
62.63% a-helical, respectively.

CD enables measuring the overall structural changes that BSA
undergoes, unlike fluorescence, which reports the changes in and
around the nearby environment of the surfactants [40]. Neverthe-
less, upon interaction with surfactants, the protein has a tendency
to change its secondary structure, which has been clearly demon-
strated (see Fig. 4). CD results are in very good agreement with the
steady-state and time-resolved data (data not shown).

3.4. ITC measurements

Binding of DMM-11 and DMPM-11 to BSA was quantitatively
studied by isothermal titration calorimetry (ITC), which provided
data about the stoichiometry of binding: n (number of surfactant
molecules per one protein molecule), K (binding constant), and AH
(binding enthalpy). The obtained enthalpy profiles together with

the fitting parameters are presented in Fig. 5, Fig. 6 and Table S3.
The top panel in Figs. 5 and 6 shows the raw baseline-smoothed
ITC data plotted as heat flow versus time, whereas the bottom
panel shows the integrated and concentration-normalized heat for
each injection versus the surfactant/BSA molar ratio. The solid line
in the lower panel represents the best fit of the data using the
independent (one-site) or multiple sites (two-sites) models. The
data obtained for BSA revealed a significant change of the enthalpy
profile upon rising the surfactant concentration, which covers the
pre-micellar concentration range (<CMC) and the post-micellar
concentration range (>CMC). The strong influence of surfactant
concentration on the process of association to the protein is a
well-known fact, and it was also noticed while studying by ITC the
influence of surfactants on BSA under concentration conditions of
both pre-micellar [41-43] and post-micellar stages [43-46].

Fitting data for DMM-11 — BSA and DMPM-11 — BSA titrations
showed that, at low concentrations of surfactant (<1.3mM for
DMM-11 and <2mM for DMPM-11) (Figs. 5 A, 6 A), one bind-
ing event occurs, which leads to the creation of a surfactant-BSA
monomer. The best fit was obtained by one-site binding model (n;
DMM-11,0MPM-11 & 1). Since in both cases those are entropy driven
processes (AS>0) one could assume that the association is based
on hydrophobic interactions [46]. At low surfactant concentration
(<CMC) the protein-surfactant interaction is specific in nature and
only high affinity sites of the protein are occupied by surfactant
molecules [42].

Upon the increase of the surfactant concentrations in the stud-
ied systems up to 5 mM, the enthalpy profiles (Figs. 5 B, 6 B) showed
additional negative thermal effect, suggesting, apart from specific
monomeric binding, the contribution of one more equilibrium.
Since the surfactant concentration increases to post-micellar level,



T. Janek et al. / Colloids and Surfaces B: Biointerfaces 159 (2017) 750-758 755

20
A —— without DMM-11
- 0.7mM
104 ---- 1.4mM
A3
IS
o
-
i
o)
€
[ap]
£
2
Y
<]
200 210 220 230 240 250 260
Wavelength (nm)
20
B —— without DMPM-11
! - 0.7mM
104 ---- 1.4mM
— - =2 mM
= o
[
‘T o
B 104
€
[32]
£ 204
<
W
<
-30 4
-40 T T T T T
200 210 220 230 240 250 260

Wavelength (nm)

Fig. 4. Circular dichroism (CD) spectra of BSA (1g/L) alone and in the presence of
different concentrations of DMM-11 (A) and DMPM-11 (B).

most likely it can be assigned to further binding of surfactants or
to the conformational changes of the protein. For both systems, the
‘two-sites’ model was used to fit the titration points; the first site
revealed again the monomeric stoichiometry, and the latter sug-
gests the association of a higher number of surfactant molecules
(ny pMM-11 ~ 6.8, N pmpM-11 & 9.2). The entropy of the process is
positive. The binding constant (K) of the second site is, for both
surfactants, one order of magnitude lower than for the first bind-
ing site (Figs. 5 and 6), suggesting the ‘non-specific’ interactions of
surfactant micelles with BSA (Table S3).

3.5. Aggregation properties determined using DLS and DFT
methods

Our main goal was to understand the effect of the aggregation of
DMM-11 and DMPM-11. The polydispersity indexes (Pdl), hydro-
dynamic radii (RgP™®) and micelle volumes (Vp;PS) for DMM-11
and DMPM-11, along with their theoretically calculated coun-
terparts (RyPFT, ViicPfT) and aggregation numbers (NaggPT), are
shown in Table 1. The PdI values were found to be close to 0.02,
indicating the monodisperse character of both cationic surfactants
in water and Hepes buffer. This means that the surfactants under
study form similar micelles, which is especially desirable for phar-
maceutical applications.

As it can be seen from Table 1, a good agreement was observed
between the predicted (RyPFT, V,;.PFT) and the observed values
(RuPLS, ViicPLS). The RyPLS and RyPFT of DMM-11 and DMPM-11
were ~2nm, both in water and Hepes buffer. The NagPfT val-
ues of DMPM-11 micelles are smaller than those corresponding to
DMM-11 micelles in water. However, in Hepes buffer, both types of
micelles are constituted exactly by the same number of molecules
(Table 1).

DLS is a powerful technique that yields important structural
information about biological macromolecules in solution. In fact,
monitoring the size of a protein in the presence of surfactants can be
used to investigate their interactions. In order to confirm the varia-
tion of the morphology and the hydrodynamic diameter (Dy ) of BSA
due to the presence of both cationic surfactants under study, DLS
measurements were performed using BSA solutions (1 g/L) with dif-
ferent concentrations of DMM-11 and DMPM-11. Fig. S3 shows the
variation of Dy of BSA as a function of DMM-11 and DMPM-11 con-
centrations. The Dy of BSA increased at low concentrations (below
the CMC) of DMM-11 and DMPM-11, from 7.1 nm to 9.1 and 8.8 nm,
respectively. Above the CMC, the Dy of BSA decreased from ~ 9 nm
to 7.5 and 7.2 nm with increasing DMM-11 and DMPM-11 concen-
trations, respectively.

The difference in the Dy of different BSA-surfactant complexes
can be attributed to the difference in the number of cationic sur-
factants binding to BSA. On this basis, it can be inferred that a
surfactant-BSA complex is formed and aggregates as the surfac-
tant concentration increases. This inference was confirmed by the
studies of the fluorescence intensity of BSA (Fig. 2) and the CD anal-
ysis for surfactant-BSA complexes (Fig. 4). These results imply that
the binding between cationic surfactants and BSA leads to a con-
formational change in BSA which contributes to the aggregation of
the DMM-11 — BSA and DMPM-11 — BSA complexes.

3.6. Lysosomotropism evaluation

The possibility and rate of penetration through biological
membranes and, consequently, the probability of achieving an
appropriate concentration in the region of action, is referred to
LogP (partition coefficient of the neutral species of a compound
between octanol and water). This value determines the absorption
and the permeability across cell membranes. A recent screening of
lysosomotropism found that drugs with a LogP > 2 cause lysosomal
accumulation [47]. The calculated LogP for DMM-11 and DMPM-
11 are 3.96 and 4.25, respectively. Another important parameter
indicating bioconcentration is LogBCF. It refers to the process of
uptake and buildup of chemicals in living organisms. The calcu-
lated LogBCF = —2.74707 (for DMM-11) and LogBCF = —2.89961 (for
DMPM-11) suggests that cationic surfactants will not accumulate
in living organisms.

On the other hand, DMM-11 and DMPM-11 can be used in many
other areas of medical sciences. DMM-11 and DMPM-11 are charac-
terized by many biological activities and exhibit properties such as
Anti-Herpes Simplex virus activity, Anti-Adenovirus activity, Anti-
Influenza Birds activity and Anti-Oxidant activity, among others
(Fig. S4). These calculations were obtained using the on-line soft-
ware developed by ChemoSophia company.

In this sense, DMM-11 and DMPM-11 appear as particularly
interesting molecules because they not only share the ability
of lysosomotropic agents in general but also, being amphiphilic
molecules, spontaneously organize in aggregates that could serve
as carrier systems [48]. In order to exploit the targeting and biolog-
ical properties of DMM-11 and DMPM-11, a deep understanding
of their physicochemical behavior was required. Therefore, it was
necessary to carry out studies using the model BSA protein. These
studies provided useful and complementary information on the
physiological regulation of cationic surfactants.

4. Conclusion

In the current work several techniques were used to unravel
the nature of binding of cationic surfactants with different head
groups (DMM-11 and DMPM-11) to the circulatory protein BSA. It
was found that both cationic surfactants can interact with BSA, and
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low surfactant concentrations the interactions are estimated to
be mainly electrostatic, but when the surfactant concentration
increases, hydrophobic influence on the binding rises. The data

the major binding mechanisms involve electrostatic and hydropho-
bic interactions. Synchronous fluorescence and CD spectra of BSA
revealed that the conformation and microenvironment of the pro-
tein changes due to the binding of DMM-11 and DMPM-11. At
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Table 1
Selected properties of the micellar systems studied. Experimental results represent the mean of 9 replicates + SD.
DLS
DMM-11 DMPM-11

water PdI 0.034+0.001 0.078 £0.002
Ry(P) [nm] 2.05+0.01 2.01+0.01
Vinic P [nm?] 36.09 34.02

hepes PdI 0.019+0.003 0.017+£0.001
Ry®™) [nm] 2.07+£0.02 2.05+0.01
Vinic P [nm?] 37.15 36.08

DFT

vaq Ry® [nm] 1.99 1.93
Vinon P [nm?] 0.48 0.43
Vinic PFD [nm?] 33.40 30.11
NaggPFD 69 70

water Ry [nm] 1.98 1.95
Vinon®D [nm?] 0.42 043
Vinic PFD [nm?] 3251 31.05
Nagg P 77 72

hepes Ry [nm)] 1.98 1.97
Vinon®FD [nm?3] 0.47 0.46
Vinic PP [nm?] 3251 32.02
Nagg(DFl')

VOLS) _ 4/ (RO, D) _ 4 o RO s Nigg = VO /y(FD

mic H mic mic mon

B pPAP S

3+

herein presented open new insights into the binding of lysoso-
motropic surfactants to BSA.

The micelles derived from the surfactants under study exhibit
spherical shape and small size (with a low aggregation number).
Moreover, the low polydispersity indexes determined experimen-
tally by DLS for the micellar solutions of DMM-11 and DMPM-11
indicate that the formed micelles are remarkably homogeneous in
size. Furthermore, the tested cationic surfactants are characterized
by good bioavailability and low accumulation in living organisms.
This study demonstrates that these compounds have potential
for applications in chemical, biological and medical sciences. The
lysosomotropic activity of soft analogues DMM-11 and DMPM-11,
together with their compatibility with BSA, make them promis-
ing alternatives to long-chain QACs in a wide range of medical
applications.
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