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ic vesicles as a potential “Nano-
Taxi” for drug delivery systems. In vitro and in vivo
biocompatibility evaluation†

Soledad Stagnoli,b M. Alejandra Luna,a Cristian C. Villa,‡a Fabrisio Alustiza,b

Ana Niebylski,b Fernando Moyano,a N. Mariano Correa*a and R. Daŕıo Falconea

We evaluate in vitro and in vivo toxicity and stability in an acidic environment of new vesicles formed by the

catanionic surfactant bis(2-ethylhexyl) sulfosuccinate benzyl-n-hexadecyldimethylammonium (AOT-BHD)

in order to investigate their potential application as an oral drug delivery system. Unilamellar vesicles were

spontaneously formed by dissolving AOT-BHD in water and their toxicity was evaluated through in vitro and

in vivo assays. Cell membrane permeability assays (hemolytic activity, Trypan blue assay) and cellular survival

or proliferation (MTT assay) were performed. The results showed that only the highest concentration of

vesicles tested (2 mg mL�1) diminished the red blood cells' resistance. In vivo toxicity evaluation was

carried out on mice through lethal dose 50 (LD50) experiments. The safety for living organisms in doses

lower than 0.05 mg mL�1 and the acid pH stability makes our AOT-BHD vesicles a very promising

candidate for oral drug delivery.
Introduction

An emerging eld of supramolecular chemistry, catanionic
surfactants, arises from the binding of equimolar quantities of
anionic and cationic surfactants.1,2 It is known that mixtures of
these surfactants may have considerable synergistic benets in
their properties and applications.3 It has been shown that these
molecules have several unique characteristics that differ
substantially from their individual components. In this sense, it
was demonstrated that various catanionic mixtures can form
different types of organized systems spontaneously, including
unilamellar vesicles. Previous work in our lab has demonstrated
that a mixture of the surfactants sodium bis(2-ethylhexyl) sulfo-
succinate (Na-AOT) and benzyl-n-hexadecyldimethylammonium
chloride (BHDC) forms a new catanionic surfactant, bis (2-eth-
ylhexyl) sulfosuccinate-benzyl-n-hexadecyldimethylammonium
(AOT-BHD) (Fig. 1) by removing their counterions.4 This system
has the ability to form unilamellar vesicles spontaneously,
without adding energy to the system, which is an advantage
compared to traditional methods that require mechanical tech-
niques to obtain unilamellar vesicles. Interesting, the size of the
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vesicles do not depend on the surfactant concentration working
at concentration below 6 mg mL�1.4 In addition, we previously
demonstrated that spontaneous large AOT-BHD vesicles have
a bilayer with low polarity, high viscosity, more electron donor
capacity and less proton permeability that can encapsulate
different kinds of dyes without perturbing the assemble.5 These
properties produce large incorporation of ionic and nonionic
molecules with partition constants that are higher than in
conventional vesicles.5 Those results showed that AOT-BHD
vesicles are very promising to use as nanocarrier in pharmaco-
logic, cosmetic and foods elds.5

A drug delivery system is a formulation that is capable of
introducing a therapeutic substance into the body in a manner
that enhances its safety and efficacy over others methods of
drug administration. The improved efficacy can be due to
greater localization, enhanced bioavailability or sustained
duration of drug action.6 Vesicles have been used in various
administrative routes, such as intravascular,7 oral,8 pulmonary,9

ocular,10 among others. Particularly, oral administration offers
numerous advantages such as being painless and easily self-
administrable. The human gastro-intestinal tract, however,
forms a formidable barrier due to low stomach pH and enzy-
matic degradation.11 Peptides or proteins (e.g. insulin,
hormones, some vaccines and antineoplastic drugs) are the
most commonly used but they cannot be administered orally,
due to their degradation in the stomach since they do not resist
such acidic medium. Therefore, oral administration is a chal-
lenge that requires more highly innovative and sophisticated
delivery systems.11 As the AOT-BHD vesicles are not formed by
phospholipids (which are hydrolyzes in the stomach with the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Molecular structure of the catanionic surfactant AOT-BHD.
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consequent vesicle disruption), it is expected that their behavior
in the human body will be different to the traditional vesicles.
One of the key differences could be found if these vesicles can
tolerate extreme pH conditions of digestive system which would
enable use by oral via. Interesting, non-phospholipids based
vesicles are becoming very promising candidates for oral drug
delivery due to their ability to carry hydrophilic drugs by
encapsulation in the aqueous inner pool or hydrophobic drugs
by intercalation into hydrophobic domains.12–14

The development of nanocompounds however, must go
accompanied by studies to know their effects in living
organism and environment. The shape, size, material type,
purity, electric charge, structural characteristics, dose, route of
administration, concentration in the target organ and dura-
tion of action, are some of the variables that will determine
their potential toxicity, which would be seen in the disruption
of membranes or membrane potential, protein oxidation,
genotoxicity, interruption in the energy transmission, reactive
oxygen species increment, release of toxic components and
inammatory processes.15 An ideal drug delivery system
should be biodegradable, biocompatible, and unassociated
with incidental adverse effects.16 Implementation of new
technologies in drug production implies the realization of
different tests including toxicological studies to determine the
safety of their use.
This journal is © The Royal Society of Chemistry 2017
The safety assessment of a compound or formulation is
carried out through in vitro and in vivo experiments, even
though ethical and economic reasons the use of in vitro assays is
preferred to minimize use of animals, results may differ greatly
from those obtained in vivo due to physiological conditions in
cells cultures are very different from living organisms, and
because of that they are irreplaceable.17,18

Numerous nanosized drug carriers have been extensively
investigated in drug delivery.19,20 However, despite the
improved pharmacokinetic properties and the reduced
adverse effects,19–21 currently drug delivery has only achieved
modest therapeutic benets.22,23 Thus, the design of nano-
carriers with more efficient drug delivery and thus higher
therapeutic efficacy is still a pressing need. Due to the prom-
ising physicochemical properties4,5 of the AOT-BHD vesicles
we propose them as potential vehicle for drug administration.
Thus, the aim of this work is to evaluate in vitro and in vivo
toxicity and the stability in acidic pH of AOT-BHD vesicles in
order to investigate their potential application as drug delivery
system via oral.
Experimental
AOT-BHD vesicles formation

AOT-BHD was obtained as previously reported4 using an equi-
molar mixture of sodium 1,4-bis (2-ethylhexyl) sulfosuccinate
(Na-AOT) and benzyl-n-hexadecyldimethylammonium chloride
(BHDC), both from Sigma (>99% purity). The formation of AOT-
BHD was conrmed by 1H NMR technique. The catanionic
surfactant was dried under vacuum for 4 hours before its use.

A stock solution of AOT-BHD vesicles (10 mg mL�1) were
prepared by weighting an appropriated amount of AOT-BHD
and diluting with of 0.9% NaCl saline aqueous solution to
obtain the desire concentration. An opalescent solution was
obtained by hand shaking during two minutes at room
temperature. The formation of the AOT-BHD vesicles was
conrmed by the DLS technique, obtained a similar diameter as
previously reported.4 All samples were prepared and used
immediately aer preparation.
DOPC vesicles preparation

The vesicle suspension was typically prepared as follows: the
stock lipid solution was prepared by taking the appropriate
amount of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) in
chloroform (Sintorgan HPLC). Aer the solvent was evaporated
and the lm was dried under reduced pressure, large multi-
lamellar vesicles were obtained by hydrating the dry lipid–dye
lm using 0.9% NaCl saline solution, through mixing (Vortex-2-
Genie) for about 5 min at room temperature. The resulting
solution of the large multilamellar vesicles had the desired lipid
concentration. To prepare large unilamellar vesicles (LUVs), the
large multilamellar vesicles suspension was extruded 10 times
(Extruder, Lipex biomembranes) through two stacked poly-
carbonate lters of pore size 200 nm under nitrogen pressure up
to 3.4 atm. The monodispersity of the LUV size achieved
through this technique was previously checked.24 The
RSC Adv., 2017, 7, 5372–5380 | 5373
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unilamellar nature of the pure DOPC vesicles prepared by using
the extrusion method21 was previously conrmed24–26 by
measuring the extent of quenching by Mn2+ of their 31P NMR
signals.27 All samples were used immediately aer preparation.

Characterization of catanionic vesicles

Size and surface zeta potential measurements. The hydro-
dynamic diameter and zeta potential of the AOT-BHD vesicles
were measured using dynamic light scattering (DLS, Delsa Nano
C, Beckman Coulter) operating at 658 nm by using three
different concentration: 0.01 mgmL�1, 0.5 mgmL�1 and 1.0 mg
mL�1.

Stability to acidic pH. In order to study the stability of AOT-
BHD vesicles to a stomach like conditions, a pH 2.1 HCl/KCl
solution was prepared without the addition of pepsine. An
appropriated amount of an AOT-BHD vesicles stock suspension
(5 mg mL�1) was added to the solution in order to obtain a nal
concentration of AOT-BHD of 1 mg mL�1. It must be noted that
the same results were obtained working with [AOT-BHD] ¼
0.01 mg mL�1 and 0.5 mg mL�1. This solution was constantly
stirred and maintained at 37 �C. Samples of AOT-BHD vesicles
were taken at different times and its size and polydispersity
values were measured using the DLS technique.

The apparent diameters (dapp) of AOT-BHD vesicles were
determined by DLS. Cleanliness of the cuvettes used for
measurements was of crucial importance for obtaining reliable
and reproducible data.28 Cuvettes were washed with ethanol,
and then with doubly distilled water and dried with acetone.
Prior to use the samples were ltered three times to avoid dust
or particles presents in the original solution using a nylon
membrane for the vesicles samples. Prior to data acquisition,
the samples were equilibrated in the DLS instrument for 10 min
at 37 �C. To obtain valid results from DLS measurements
requires knowledge of the system's refractive index and
viscosity in addition to well-dened conditions. The refractive
indices and viscosities were assumed to be the same as neat
water.29 Multiple samples at each size were made, and thirty
independent size measurements were made for each individual
sample at the scattering angle of 90�. The instrument was
calibrated before and during the course of experiments using
several different size standards. Thus, we are condent that the
magnitudes obtained by DLS measurements can be taken as
statistically meaningful for all the systems investigated. The
algorithm used was CONTIN and the DLS experiments shown
that the polidispersity of the catanionic vesicles sizes were less
than 5%.

In vitro toxicity

Citotoxicity was evaluated throughout membrane permeability
changes30 (hemolytic activity, Trypan blue assay) and cellular
survival (MTT assay).

Peripheral human blood samples were obtained from
healthy donors under informed consent as established by
bioethics standards specied by the bioethics committee of the
UNRC, endorsed by the CIEIS of the Province of Córdoba (Res
13/2015).
5374 | RSC Adv., 2017, 7, 5372–5380
Hemolysis test. Hemolytic study was performed following
Jing Liu, et al.31 procedure with minor modications. Whole
human blood samples were centrifuged, plasma was separated
and erythrocytes (RBCs) were resuspended with saline solution
(0.9% NaCl). Aliquots of RBCs suspensions were placed in eight
tubes with AOT-BHD vesicles at 2; 1; 0.5; 0.2; 0.1 and 0.05 mg
mL�1, 0.9% NaCl saline solution (control, 0% hemolysis) or
distilled water (control 100% hemolysis) and were incubated at
37.0 �C for 4 h. Then 0.5% NaCl solution was added to all tubes
with AOT-BHD vesicles and aer 30 minutes at room tempera-
ture, the absorbance of supernatants was measured spectro-
photometrically at 541 nm and percentage of hemolysis was
calculated.

Trypan blue assay in leukocytes. Peripheral human blood
samples were fractionated in sterile glass tubes and incubated
with AOT-BHD vesicles at 2; 1; 0.05; 0.025 mg mL�1 during 4
hours at 37 �C with periodic shake. 20 mM hydrogen peroxide
and PBS (buffer phosphate 1 mM), were used as positive and
negative controls, respectively. Thereaer, leukocytes were
separated according to Brendler–Schwaab technique32 and
resuspended in PBS.

Equal amounts of leukocytes suspension and trypan blue
((3Z,30Z)-3,30-[(3,30-dimethylbiphenyl-4,40-diyl) di(1Z) hydrazin-
2-yl-1-ylidene] bis (5-amino-4-oxo-3,4-dihydronaphthalene-2,7-
disulfonic acid)) solution 0.4% w/v were mixed and counting
was performed using a Neubauer hemocytometer distinguish-
ing between dead cells (with membrane disruption, dyed blue)
of the living cells with intact membranes (uncolored).33 Cell
viability was calculated using eqn (1):

% cell viability ¼ total living cells

total cellsðlive plus deadÞ � 100 (1)

All measurements were repeated ve times for a statistical
analysis.

MTT assay in broblasts. Rat fetal broblasts were sepa-
rated from the remaining tissue by standard trypsinization
procedure using 0.05% trypsin and 0.02% EDTA in PBS.34 On
day 3 of seeding, cells were harvested using Dulbecco's
Phosphate-Buffered Saline (DPBS) with trypsin–EDTA solu-
tion and were counted. One million cells were reseeded onto
100 mm tissue culture plates, and the remaining cells were
frozen in a Minimum Essential Medium (MEM) with 10%
(Fetal Bovine Serum) FBS and dimethyl sulfoxide (Sigma).
A day prior to MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay, an aliquot of broblast
were seeded at 1 � 104 cells per well density using a 96-well
culture plate and were maintained at 37 �C at 5% CO2

humidied cell incubator.34 Then broblast were incubated
with different concentrations of AOT-BHD vesicles (2, 1, 0.2,
0.1, 0.05, 0.025 mg mL�1, 2.5, 0.25, 0.025 mg mL�1, 2.5
ng mL�1, 250 pg mL�1) during 24 hs. Absorbance of samples
at 540 nm was measured and the percent of cell survival was
calculated.35

A MTT assay for DOPC vesicles was performed testing the
same concentrations that AOT-BHD vesicles to compare toxicity
of our system with other vesicles of known low toxicity.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Cartoon of the possible surfactant spatial arrangement in the
vesicle bilayer.
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In vivo toxicity

Balb-c mice (25–30 g) of both sexes provided byMolecular Biology
Department bioterio (UNRC) were used for in vivo toxicity evalu-
ation. The animals were maintained in cages in standard
conditions (20 � 2 �C in a 12 h light–dark cycle) and were
provided with free access to standard pellet chow and water.
Procedures concerning animal treatments and experiments in
this study were reviewed and approved by the Animal Use Ethics
Committee of the UNRC (CoEdi) (Res. 13/2015) being in accor-
dance with the bioethics guidelines of the European Economic
Community and the Public Health Service Guide of U.S., National
Institutes of Health, regarding care and use of Laboratory
Animals, minimization of suffering, and number of animal used.

Lethal dose 50. 103 balb-c mice (25–30 g) of both sexes were
used. Animals were divided into 9 groups, to test different doses
of vesicles suspension. A unique intraperitoineal (i.p.) inocula-
tion of 3; 14; 35; 69; 103; 110; 117; 124; 138 mg kg�1 was carried
out. Aer 24 h the number of dead or affected animals was
quantied. All experiments were done duplicated. Mortality
percentages (P) were calculated. Data obtained were tted using
Statistica V.7 soware.

Chronic study. 24 balb-c mice (25–30 g) of both sexes were
used.Micewere divided in three groups: one being the control were
0.9% NaCl solution was administrated and, two other groups
treated with 3 and 14 mg kg�1 of AOT-BHD vesicles respectively.
Injectionswere administered daily via i.p. during 30 days. Behavior,
water and food intake and body weight changes were registered.
Once inoculations were nished, the animals were sacriced by
decapitation. Blood samples were obtained and enzymatic activity
(alkaline phosphatase (AP) lactate dehydrogenase (LDH), alanine
transaminase (GPT) and aspartate transaminase (GOT)) was
quantied in serum using a commercial kit (Wiener Lab, Rosario-
Argentina). The results were expressed in UI/L.

Statistical analysis. The statistical comparisons were evalu-
ated by the statistical soware STATISTICA (Stataso, Inc.
2007, V 7, Microso). One-way analysis of variance (ANOVA) for
hemolysis, trypan blue, LD50, water and food intake, FA, GPT,
GOT, LDH, and a two-way ANOVA for MTT were performed.
Duncan test as a post hoc test was applied.
Results and discussion
Surface zeta potential

Zeta potential is one of the crucial parameters for determining
the vesicles stability and interaction with biological system. Our
ndings showed that vesicles have a zeta potential of�34 mV at
the three different AOT-BHD concentration investigated indi-
cating that anionic surfactant-groups are exposed to the outer
face of the vesicle bilayer as it is schematically shown in Fig. 2 at
any surfactant concentration. Moreover, the DLS experiments
give a dapp value for the AOT-BHD vesicles around 80 nm with
a polydispersity value of 0.1.
AOT-BHD vesicles stability to acidic pH

Fig. 3A shows the dapp values of the AOT-BHD vesicles at
different times during the acidic pH exposition. The size of
This journal is © The Royal Society of Chemistry 2017
AOT-BHD vesicles reminds stable during the rst 90 minutes of
exposition with a mean diameter of 95 nm and, aer that, the
size decreases sharply to almost half of the original diameter. A
similar behavior was observed in the polydispersity values of the
prepared vesicles (Fig. 3B). During the rst 90 minutes of
exposition, polydispersity reminds almost constant and then
increases sharply. It is clear that at longer times to 90 minutes,
the system turns unstable under acidic conditions. However,
liquid formulations remain a short time in the stomach, less
than 90 minutes, which make the system propitious for oral
administration since molecules sensible to acidic pHs can pass
to the duodenum and be incorporated into the intestinal cells
without altering their biological function.36,37 Herein it is one
remarkable difference with the vesicles obtained using tradi-
tional phospholipids which do not resist the low pH values
because they hydrolyze and the system breaks down (DOPC
vesicles results, not shown). The chemical structure of AOT-
BHD and its bilayer properties recently shown,5 do not seem
to suffer the same lysis process that DOPC vesicles in acidic
environments (pH # 2). Looking at the AOT-BHD structure it
can be seen that there is an ester group in the AOT moiety.
Although esters are non-very much reactive to the hydrolysis,
the presence of such amount of protons during 90 minutes may
accelerate the hydrolysis reaction, changing the surfactant
structure, mainly the packing parameter and destroying the
vesicles. Another possible explanation is that, the vesicles
RSC Adv., 2017, 7, 5372–5380 | 5375
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Fig. 3 (A) AOT-BHD vesicles sizes at different times during the HCl/
KCl pH 2.1 solution exposition. (B) Polydispersity of AOT-BHD vesicles
at different times during the pH 2.1 exposition.

Fig. 4 Hemolysis percentage at different concentrations of AOT-BHD
vesicles. Means � SE (error bars) are represented. *p ¼ 0.00007 vs.
control (C). In the ESI, it is provided the raw data as Table S1.†
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external charge in the presence of high ionic strength may be
masked allowing the vesicles occulation.

In vitro toxicity evaluation

Hemolysis test. A signicant increment in percent of
hemolysis in red blood cells incubated with 2 mg mL�1 was
observed (p ¼ 0.00007), indicating that this concentration of
AOT-BHD vesicles affects membrane integrity of erythrocytes
and causes cell lysis. On the other hand, no differences between
control and the other tested concentrations were found (Fig. 4),
which means that lower concentrations than 2 mg mL�1 do not
affect membrane integrity at all. However hemolysis test do not
allows detect minor changes in membrane permeability, and
because of that Trypan blue exclusion assay was performed.

Trypan blue exclusion method. As shown in Fig. 5, a statis-
tically signicant decrease in leukocytes viability was found for
samples incubated with 2 and 1 mg mL�1 (p ¼ 0.00006 and p ¼
0.004 vs. control, respectively). Leukocytes incubated with
concentrations of 0.05 and 0.025 mg mL�1 showed no differ-
ences in cell viability percentages from control samples.

Viability decreased 21% with 1 mg mL�1 and 46.7% in
samples incubated with 2 mg mL�1 of AOT-BHD vesicles,
5376 | RSC Adv., 2017, 7, 5372–5380
indicating a clear relationship between percent of viability and
concentration of vesicles.

MTT assay. A decrease in broblasts mitochondrial enzyme
activity was observed (Fig. 6) at 0.05 mg mL�1 concentration
either AOT-BHD or DOPC vesicles (p ¼ 0.005 and p ¼ 0.038 vs.
control respectively). At this concentration, decrease in viability
was lower in DOPC than AOT vesicles (p ¼ 0.0013).

At minor concentrations, a tendency to enzyme activity
increases was observed for both systems, AOT-BHD and DOPC
vesicles, but the difference vs. control is not statistically
signicant.

In vivo toxicity evaluation

Factors that showed no statistically signicant difference were
grouped in the same treatment population (doses and sex).

Lethal dose 50 (LD50). Fig. 7 shows mortality percentage of
animals injected with different concentrations of AOT-BHD
vesicles. The results indicate that above 118.70 mg kg�1 doses
cause 50% of death of treated animals.

Chronic toxicity. Enzymatic activity. No difference in serum
enzyme activity of GPT, GOT, LDH and AP was observed
between treated animals and control group for any doses
(Fig. 8). This indicates that no cell damage occurs at the tissue
level (liver, heart, skeletal muscle and kidney) and consequently
enzyme activity levels remain normal when vesicles are
administered chronically.

Behavioral study. Table 1 shows water and food intake, and
daily weight gain in mice chronically injected with AOT-BHD
vesicle suspension. No differences were found between experi-
mental groups and untreated controls. These results demon-
strate that none of the doses have effects on animal behavior.

Our ndings showed that the vesicles apparent diameter
(dapp) value was 80 nm being consistent with the results found
by Villa et al.5 We also observed a negative charge on the outer
layer (�34 mV) that may be explained by the exposition of
sulfonate groups corresponding to headgroup anionic surfactant.
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Trypan blue exclusion assay in leukocytes incubated with
different concentrations of AOT-BHD vesicles. Means � SE are rep-
resented. *p ¼ 0.004 vs. control (C) **p ¼ 0.00006 vs. control (C). In
the ESI, it is provided the raw data as Table S2.†
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Enhanced serum stability and longer blood residence time
have been found to depend substantially on size, composition,
and surface properties.38 It has been shown that the supercial
charge of nanoparticles is a crucial parameter which denes
stability of the system and, as a consequence, its biocompati-
bility.38 In previous studies, it has been observed that positively
charged vesicles showed greater toxic effects in comparison
with anionic systems.39 These toxic effects have several causes,
one of them being the inhibitory activity over key enzymes
which are involved in the regulation of cellular signaling, such
as protein kinase C (PKC).40 On the other hand, through elec-
trostatic attraction, positive charged systems are more unstable
in biological media, given their interaction with serum proteins
such as lipoproteins, albumin and immunoglobulin. This may
Fig. 6 Fibroblasts mitochondrial enzyme activity evaluation (MTT
assay). Means� SE are represented. *p¼ 0.005 vs. C; **p¼ 0.038 vs. C
***p¼ 0.0013 vs. 0.05mgmL�1 AOT-BHD. In the ESI, it is provided the
raw data as Table S3.†

This journal is © The Royal Society of Chemistry 2017
causes opsonization, aggregation or nonspecic adsorption and
creates disturbances in their biodistribution and cellular
interaction.41,42 The delay in opsonization substantially
improves the average lifetime in circulation of nanoparticles.43

On the other hand, stability in stomach like conditions was
evaluated. Diameter and polydispersity changes observed for
AOT-BHD vesicles aer 90 minutes in acidic media (pH ¼ 2)
may be attributed to its degradation due to the extreme pH
condition and strong ionic force of buffer solution. Neverthe-
less, it is important to notice that this only occurs aer a long
period of time conrming our rst assessment about the
resistance of the AOT-BHD vesicles to these conditions. These
results are the rst step in understanding the behavior of these
vesicles in pH conditions (pH ¼ 1.0–2.1) found in the stomach.
The results are very promising for potential application as drug
delivery system administered orally.

To evaluate biocompatibility, several tests were performed.
RBC hemolysis measurement is a simple and widely used
method to study surfactant–membrane interaction. If cell
membrane is damaged, hemoglobin will be released from red
blood cell to plasma. A quantitative measure of released
hemoglobin can give an indication of potential damage of
vesicles to RBC which is a good indicator of vesicles' toxicity at
in vitro conditions.44

We observed that only the highest concentration of vesicles
tested diminished the red blood cells resistance, showing
a change in the cell membrane permeability. Interestingly more
dilute vesicles solutions showed similar hemolysis percentages to
control, which would be indicative of little or no damage to cell
membranes. Similar results were obtained from Trypan blue and
MTT assays. Increasing AOT-BHD vesicles concentration from
0.05 mg mL�1 to 2 mg mL�1 results in an increase in membrane
and mitochondrial destabilization, but concentrations lower
than 0.05 mg mL�1 showed the same values that control, which
evidences the low toxicity of the system at these concentrations.
Scheme 1 shows a possible explanation of what happens when
Fig. 7 Mortality percentage of mice treated with different doses of
AOT-BHD vesicles after 24 hours. In the ESI, it is provided the raw data
as Table S4.†
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Fig. 8 Serum enzymatic activity in animals treated AOT-BHD vesicles (3.4 and 13.8 mg kg�1 from animal) during 30 days. A – AP, B – GPT and
GOT, C – LDH. In the ESI, it is provided the raw data as Table S5.†
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different concentrations of vesicles interact with membranes
(plasma or mitochondrial). We propose that AOT-BHD vesicles
are incorporated to cells by endocytosis at low concentrations. On
the other hand, when the concentration is higher, the membrane
cannot make this process and, as results, the vesicles interact
strongly with the membrane resulting in the membrane defor-
mation and permeability changes leading to cell death.

A comparative analysis between AOT-BHD and DOPC vesi-
cles showed a similar behavior at the same doses. It is note-
worthy that in vitro studies with DOPC-based liposomes
reported a lack of toxicity toward broblasts, hematopoietic and
bone marrow cells.45 However, concentrations in which AOT-
BHD vesicles are innocuous according to our in vitro studies,
are highly cytotoxic for others nanocarrier systems, including
nanoparticles.46–48

Even though a broad exploration of in vitro toxicity has been
carried out for different nanomaterials in vivo studies of toxicity
remain limited.49 Lethal dose,50 LD50, is the dose capable of
Table 1 Water and food intake, and daily weight gain in mice injected c

Treatment Food intake (g)

Control 3.71 � 0.23
3.4 mg kg�1 3.81 � 0.21
13.7 mg kg�1 3.97 � 0.26

5378 | RSC Adv., 2017, 7, 5372–5380
causing death of 50% of the animal population and it is
frequently used to determine toxicity of a substance in a living
organism since reduces the amount of required tests. Our
results shows that the obtained value of LD50 (118.03% mg
kg�1) is higher than the one obtained for other systems such as
polymeric nanoparticles of 110 nm (40 and 75 mg kg�1).50

Moreover, it was observed that administration of different doses
of vesicles (3.4 and 13.8 mg kg�1) during 30 days turned out to
be innocuous, whereas the same concentrations results toxic for
other nanomaterials proposed as drug vehicles.51,52 Additional
tests to determine the safety of the system were carried out
through quantication of biochemical markers in blood, such
as GPT, GOT, AP and LDH, as well as behavioral studies. The
release of cytosolic enzymes into the blood is an indicator of
tissue lesion; a muscle, liver, heart, kidney or skeleton lesion
could signicantly increase the content of these enzymes.53

However, our studies did not register differences in any of the
enzymatic parameters between control and treated groups. In
hronically with AOT-BHD vesicle suspension

Water intake (mL) Daily weight gain (mg)

9.53 � 1.23 41.6 � 19.0
7.70 � 0.58 40.5 � 29.0
8.01 � 0.88 77.7 � 22.0

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic representation of AOT-BHD vesicle–membrane
interaction. (A) Low concentration of AOT-BHD vesicles, (B) high
vesicle concentration.
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the behavioral assays, no signicant changes were observed.
Therefore, these results indicate that AOT-BHD catanionic
vesicles administered one time only, or chronically (for 30 days),
produce no detectable toxic effects, which means they are
innocuous as far as the studied doses are concerned.

Innocuousness observed in both in vitro (#0.05mgmL�1) and
in vivo (#118.6 mg kg�1) studies could be associated with the fact
that anionic systems are stable in biological media due to elec-
trostatic repulsion with serum proteins,38 and also decreases its
immunogenicity, increase its biological compatibility and its
permanence in the cardiovascular system.39 In addition, the
innocuousness of our system can also be explained because of its
shape (spherical) and its size (80 nm). It has previously been re-
ported that the interaction of particles with cells is known to be
strongly inuenced by particle size and shape.54 Nanoparticles
smaller than 50 nm signicantly decrease cellular viability.55 This
difference depends on the particle mechanisms for interacting
with and internalizing the cell.54,56 Particles with a size smaller
than 50 nm are internalized through mechanisms of direct
penetration or passive density gradient diffusion causing the
disruption of lipid membranes, leading to loss of cytoplasmic
substance and culminating in cell death.54,56 On the other hand,
the internalization of nanoparticles bigger than 50 nm depends
on endocytosis of cell-surface receptors without damaging the
cellular membrane ultrastructure.57 This means that catanionic
vesicles biocompatibility observed in vitro and in vivo may be
closely associated with system properties (charge, size and shape)
as well as with the administered doses.

Conclusions

The results of in vitro (globular resistance, MTT, trypan blue)
and in vivo (dose lethal 50 and toxicity chronic) and stomach
This journal is © The Royal Society of Chemistry 2017
like pH simulation studies have demonstrated the stability of
our system to acid pH and safety to living systems due to the low
toxicity observed in doses lower than 0.05 mg mL�1 in vitro or
118.6 mg kg�1 in vivo. This characteristic makes our AOT-BHD
vesicles highly biocompatible and very promising candidate
for oral drug delivery, based in its unique bilayer properties.
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provincia de Córdoba (PID-2013) is gratefully acknowledged.
N. M. C., R. D. F. and F. M. hold a research position at CONICET.
C. C. V., S. S., M. A. L. thanks CONICET for a research fellowship.
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