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ABSTRACT

Understanding nanomaterial interactions within cells is of increasing importance for
assessing their toxicity and cellular transport. Here, we developed nanovesicles containing
bioactive cationic lysine-based amphiphiles, and assessed whether these cationic compounds
increase the likelihood of intracellular delivery and modulate toxicity. We found different
cytotoxic responses among the formulations, depending on surfactant, cell line and endpoint
assayed. The induction of mitochondrial dysfunction, oxidative stress and apoptosis were the
general mechanisms underlying cytotoxicity. Fluorescence microscopy analysis demonstrated
that nanovesicles were internalized by HeLa cells, and evidenced that their ability to release
endocytosed materials into cell cytoplasm depends on the structural parameters of amphiphiles.
The cationic charge position and hydrophobicity of surfactants determine the nanovesicle
interactions within the cell and, thus, the resulting toxicity and intracellular behavior after cell
uptake of the nanomaterial. The insights into some toxicity mechanisms of these new

nanomaterials contribute to reducing the uncertainty surrounding their potential health hazards.
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Introduction

Nanomaterials (NMs) are classically defined as substances that have one or more
external dimensions on a sub-100 nm scale (Horie et al. 2012), although some authors classify
them as all submicronic particles up to 200 nm (Paillard et al. 2010). At this size, NMs might be
easily taken up by cells and interact in a unique fashion with biological systems, which opens up
a wide range of interesting applications, including the development of drug and gene delivery
systems (Robbens et al. 2010).

Lipid bilayer vesicles are the most prominent colloidal drug carriers, as they can
transport drug molecules into the interior of the vesicle, solubilize drugs in the lipid bilayer, or
adsorb drugs at the lipid-water interface (Cevc 2012; Liang and Chou 2009). To date, all
pharmaceutically used lipid-based vesicles consist of phospholipids (mainly
phosphatidylcholine) supplemented with cholesterol, due to the widespread, but not always
justified, belief that this is a prerequisite for bilayer stability (Cevc 2012). The inclusion of
additives in lipid-based vesicles might help to fulfill the unmet, or partially unmet, goals of these
lipid delivery systems. For example, it may increase absorption, improve controlled release and
target specificity (Bombelli et al. 2005), and facilitate intracellular delivery (Chen et al. 2004).
Additives with non-viral properties, including surfactants, lipids, peptides and polymers, are
being intensively studied (Chen et al. 2004; Liang and Chou 2009; Zhang et al. 2004). In this
line of research, current directions and the reported advantageous features of the amino acid-
based surfactants (Colomer et al. 2012; Nogueira et al. 2011a, 2012a; Pérez et al. 2009) make
them a promising group of novel additives for this kind of drug carriers (Lundberg et al. 2011;
Moran et al. 2010). The amino acid-based amphiphiles have a structural relationship with
endogenous substances and their synthesis can largely be based on non-toxic building blocks,

which potentiallly gives them good biocompatibility (Infante et al. 2010; Lundberg et al. 2011).
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Advances in strategies for treating a wide variety of diseases require the efficient
delivery of active compounds into the cytosol of target cells (Hu et al. 2007). One common
strategy for the intracellular delivery of encapsulated and/or intercalated material via lipid-based
vesicles exploits intracellular pH gradients (Pollock et al. 2010). Therefore, an approach for
cytosolic drug delivery is the development of pH-sensitive lipid-based vesicles (Di Marzio et al.
2011; Simodes et al. 2004), which contain pH-responsive components that are stable at
physiological pH (7.4), but undergo destabilization under the acidic environments encountered
during endocytosis. Consequently, their contents are released at intracellular level (Di Marzio et
al. 2011). In our previous studies on amino acid-based surfactants, we showed that new cationic
lysine-based amphiphiles (hydrochloride salts of N®-acyl lysine methyl ester) have pH-
responsive membrane lytic activity (Nogueira et al. 2012a, 2012b). Thus, they are highly
suitable for incorporation in carriers designed for intracellular drug delivery. The potential
advantages of this class of cationic lysine-based surfactants as additives in devices designed for
drug delivery motivated us to develop new nanovesicles (NVs) containing these amphiphiles as
surface modification agents. We study whether these cationic compounds increase the likelihood
of intracellular delivery, establish the physicochemical properties of such carriers and modulate
their cytotoxic potential. In line with the likely advantages of cationic delivery systems, cationic
lipid-based carriers have attracted considerable interest because of their use as effective drug
and gene delivery systems (Dakwar et al. 2012; Lundberg et al. 2011; Ramezani et al. 2009).

In the present study, we assessed the impact of including three cationic lysine-based
surfactants in lipid-based NVs. These amphiphiles differed in the cationic charge position and
the alkyl chain length. Consequently, we investigated specifically whether these structural
parameter changes play a key role in the general outcome of the NVs. The potential topical
application of these formulations were explored in our previous study, in which we showed no

phototoxicity, slight inflammatory potential, and acceptable toxic responses in representative

URL: http://mc.manuscriptcentral.com/tnan

Page 4 of 55



Page 5 of 55

©CoO~NOUTA,WNPE

Nanotoxicology

skin cell lines (Nogueira et al. 2013). Here, we tested the feasibility of these NVs as efficient
drug delivery devices for intravenous administration and intracellular delivery of biomolecules.
With this objective, we focused on the performance of a broad in vitro nanotoxicity study of
these new nanocarriers, together with an assessment of their uptake by cells and ability to
deliver contents intracellularly, using nile red and calcein as fluorescent markers, respectively.
We aimed to increase understanding of the various steps in nanocarrier cytotoxicity, as little is
known about the mechanisms underlying this effect. The potential toxic mechanisms of the
increasing number of nanocarriers have not been explained sufficiently. Additionally,
relationships between the cytotoxic responses and NM composition are not well understood.
Thus, the search for reliable conditions to assess NM safety is an emerging field that poses many

interesting challenges (Marquis et al. 2009).

Materials and Methods

Chemicals and reagents

Acridine orange (AQ), ethidium bromide (EB), propidium iodide, ribonuclease A (RNAse A),
nile red (NR), calcein, 2,5-diphenyl-3,-(4,5-dimethyl-2-thiazolyl) tetrazolium bromide (MTT),
neutral red (NR) dye, 4,6-diamidino-2-phenylindole dihydrochloride (DAPI), 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC), cholesterol (CHOL) and dimethylsulphoxide (DMSO)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS), phosphate buffered saline (PBS), L-glutamine
solution (200 mM), trypsin-EDTA solution (170,000 U/l trypsin and 0.2 g/l EDTA) and
penicillin-streptomycin solution (10,000 U/ml penicillin and 10 mg/ml streptomycin) were
purchased from Lonza (Verviers, Belgium). The 75 cm? flasks and 96-well plates were obtained

from TPP (Trasadingen, Switzerland). All other reagents were of analytical grade.

Surfactants included in the nanovesicular systems
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Three new biocompatible amino acid-based surfactants with one lysine as the cationic polar
head (one cationic charge) and one alkyl chain were used as surface modification agents to
prepare the cationic nanovesicular systems reported in this study. The surfactants were: N°-
myristoyl lysine methyl ester (MKM) with one alkyl chain of 14 carbon atoms and one positive
charge on the a-amino group of the lysine; N°-palmitoyl lysine methyl ester (PKM) with one
alkyl chain of 16 carbon atoms and one positive charge on the a-amino group of the lysine; and
N%myristoyl lysine methyl ester (MLM) with one alkyl chain of 14 carbon atoms and one
positive charge on the g-amino group of the lysine. MKM and PKM have a hydrophobic chain
attached to the e-amino group of the lysine, while MLM has its hydrophobic chain attached to
the o-amino group. These lysine-based surfactants were synthesized in our laboratory, as

described elsewhere (Colomer et al. 2012; Pérez et al. 2009).

Preparation of cationic nanovesicular formulations
The mixed cationic NVs were prepared by the film hydration method, as previously described
(Nogueira et al. 2013). DMPC and cholesterol (CHOL) were selected as basic lipid membrane
components and were mixed with MKM, PKM or MLM in the designed molar ratios, as
described in the Table 1. The total final concentration of each mixed cationic NV was fixed at 2
mM. NV dispersions were purified by filtration using Vivaspin 2 centrifugal concentrator (PES
membrane, 3,000 MWCO, Sartorius Stedim Biotech, Goettingen, Germany). The filtered
substance was used to determine the extent of incorporation of the cationic surfactants into the
vesicles and the amount of unincorporated surfactant was assessed by high-performance liquid
chromatography, following the previously described analytical method (Pérez et al. 2009).

NVs physically encapsulating Nile red as a fluorescent marker (NR-NVs) were also
prepared. The formulation DMPC:MKM (80:20, w/w) was used as a model in this study. Nile
red 1 mol% (of the final concentration of the formulation), was dissolved with the phospholipid

and the surfactant prior to obtaining the film. Then, the nanovesicle preparation followed the
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same procedure as that described above. The NR-NVs were further purified to eliminate the

non-encapsulated dye by ultracentrifugation with multiple washing with ultrapure water.

Nanovesicle characterization
The mean hydrodynamic diameter and the polydispersity index (PDI) of the cationic NVs were
determined by dynamic light scattering (DLS) using a Malvern Zetasizer ZS (Malvern
Instruments, Malvern, UK). Before measurement, the NVs were appropriately diluted in
ultrapure water or cell culture medium with 5% (v/v) FBS. Readings were taken at 25°C
immediately after preparation (t = 0 h) and after a 24 h incubation at 37°C (t = 24 h). Each
measurement was performed using at least three sets of a minimum of ten runs. The zeta
potential (ZP) values of the NVs were assessed by determining electrophoretic mobility with the
Malvern Zetasizer ZS equipment. The measurements were also performed in ultrapure water and
cell culture medium with 5% (v/v) FBS (t = 0 h, 25°C), using at least three sets of a minimum of
20 runs. These experiments were performed as previously described (Nogueira et al. 2013), but
additional analyses were carried out to assess the NV stability in ultrapure water after 24 h and 1
week incubation at 37°C and 4°C, respectively.

The morphology and size of the NVs were analyzed by transmission electron microscopy
(TEM), as previously described (Nogueira et al. 2013). The images were obtained with a Jeol
JEM-1010 electron microscope (Jeol Ltd., Tokyo, Japan) operating at an acceleration voltage of

80 kV.

Cell cultures

The 3T3 (murine Swiss albino fibroblasts) and the HeLa (human epithelial cervical cancer) cell
lines were grown in DMEM medium (4.5 g/l glucose) supplemented by 10% (v/v) FBS, 2 mM
L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin at 37°C, 5% CO,. These cells

were routinely cultured in 75 cm’ culture flasks and were trypsinized using trypsin-EDTA when
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the cells reached approximately 80% confluence. The cell lines were obtained from Eucellbank
(Universitat de Barcelona, Spain). We selected these cell lines as model systems because the use
of cells from different species and with different embryonic origins is an important approach to

understand the cell specific responses induced by NMs (Frohlich et al. 2012).

Cytotoxicity assays: MTT, NRU and LDH

The 3T3 (1 x 10’ cells/ml) and HeLa (5 x 10" cells/ml) cells were seeded into the 60 central
wells of 96-well cell culture plates in 100 pl of complete culture medium. Cells were incubated
for 24 h under 5% CO; at 37°C. The medium was then replaced with 100 pl of fresh medium
supplemented by 5% (v/v) FBS containing the NV dispersions in the 0.5 — 100 pM
concentration range. The surfactants only and NVs without any surfactant (DMPC only and
DMPC:CHOL 70:30) were also assessed in the same concentration range. Each concentration
was tested in triplicate and control cells were exposed to the medium with 5% (v/v) FBS only.
The cell lines were incubated for 24 h with each treatment.

The MTT assay is a measurement of cell metabolic activity in the mitochondria of viable
cells and was performed as previously described (Nogueira et al. 2013). Cell viability was
calculated as the percentage of tetrazolium salt reduction by viable cells in each sample and the
values were normalized by the untreated cell control (cells with medium only).

The NRU assay determines the accumulation of NR dye in the lysosomes of cells and
reflects the functionality of the lysosomes and plasma membrane (Frohlich et al. 2012). The
assay was performed following the previously described methodology (Nogueira et al. 2013).
The effect of each treatment was calculated as the percentage of uptake of NR dye by lysosomes
against the untreated cell control (cells with medium only).

LDH leakage was determined in the conditioned medium using a commercially available
kit (Takara Bio Inc, Otsu, Japan), according to the instructions provided by the manufacturer.

This assay is an indicator of plasma membrane integrity and quantifies cytotoxicity by
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measuring LDH released from dead or plasma membrane-damaged cells into the supernatant
(Yang et al. 2009). Results are expressed as a percentage of the control, with 1% (v/v) Triton-X
used as a positive control.

One of the possible limitations of the cytotoxicity study of NMs is their interference with
the dyes used in the viability assays. Therefore, we determined whether the NVs interact with
the viability assays using UV-visible absorbance measurements (Monteiro-Riviere et al. 2009,
2010). NVs at 100 pM were suspended in DMEM medium (without FBS and phenol red)
containing MTT (0.5 mg/ml) or NR (50 pg/ml) dyes, and the occurrence of dye interference was

assessed following the procedure previously described (Nogueira et al. 2013).

Apoptosis

NV-induced apoptosis in 3T3 cells was quantified using acridine orange/ethidium bromide
(AO/EB) double staining, according to standard procedure (Squier and Cohen 2001). Samples
were examined under a fluorescence microscope. Briefly, cells were seeded (1 x 10° cells/ml) in
24-well plates and treated with ICsy concentration (calculated by MTT assay). After 24 h
incubation, the cells were trypsinized and centrifuged at 1200 rpm for 5 min. Then, the
fluorescent dyes AO (0.5 pg/ml) and BE (10 pg/ml) were added to the cellular pellet. The
freshly stained cell suspension was dropped on a glass slide and covered by a cover slip. Slides
were observed under a fluorescent microscope (Olympus BX41 microscope equipped with a
UV-mercury lamp, 100W Ushio Olympus, and a filter set type MNIBA3 470-495 nm excitation
and 505 nm dichromatic mirror) and the percentage of viable, apoptotic, late apoptotic and

necrotic cells was determined in at least 100 cells.

Cell cycle analysis by flow cytometry
The 3T3 fibroblasts were cultured in 60 mm petridishes for 24 h at a density of 1 x 10° cells/ml

and then treated with IC,y and ICs( concentrations of each NV formulation. After 24 h treatment,
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the cells were harvested by trypsinization, washed in cold PBS, fixed in ice-cold 70% ethanol
and kept at -20°C. Fixed cells were centrifuged, resuspended in DNA extraction buffer (0.2 M
Na,PO,4 and 0.1 M citric acid, pH 7.8) and incubated for 30 min at 37°C. Then, the cells were
centrifuged and stained with staining solution (20 pg/ml propidium iodide, 200 pg/ml RNAse A
and Triton X-100 in PBS). The samples were kept in dark conditions for 1 h and measured with
the Beckman Coulter ADC Epics XL flow cytometer (Beckman Coulter, FL, USA). The amount
of propidium iodide intercalating to DNA was used as the parameter to determine the cell cycle
distribution phases. Aggregates were excluded gating single cells by their area vs. peak
fluorescence signal. DNA analysis on single fluorescence histograms was done using Multicycle

software (Phoenix Flow Systems, CA, USA).

Genotoxicity

DNA damage in the form of unrepaired single- and double-strand DNA breaks was detected
using an alkaline single cell gel electrophoresis/comet assay, according to the method described
by Singh et al. (1988), with some modifications by Di Guglielmo et al. (2012). The 3T3 cells
were treated with the 1C,g, ICy and IC3y concentrations (calculated by MTT assay) of each NV
formulation. After 24 h incubation, the cells from 2 wells of each treatment were trypsinized and
transferred to eppendorfs. Slides containing the samples were prepared. The cells were lysated
and then incubated in alkaline electrophoresis buffer for DNA unwinding and conversion of
alkali-labile sites to single-strand breaks. Electrophoresis was performed in the same buffer for
30 minutes at 25 V and 300 mA. After that, 20 pL of 5 pg/ml DAPI solution was added to each
slide for the fluorescence microscopy analysis. The migration of nuclear DNA from the cells
was measured using the COMET ASSAY IV® Program (Perspective Instruments) for 50
randomly selected cell images, and the mean percentage of DNA in the tail (% Tail DNA) was
calculated in each trial. Methyl methanesulfonate (MMS) at a concentration of 400 uM was used

as the positive control.
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Oxidative damage

Oxidative stress can be determined by biomarker stress products from lipid peroxidation
(Marquis et al. 2009). We employed the reaction of malondialdehyde (MDA) with thiobarbituric
acid (TBA) to indicate the oxidative damage caused by NVs. MDA is the end product of the
peroxidation of polyunsaturated fatty acids, and has been extensively used as an index for lipid
peroxidation. The 3T3 fibroblasts were cultured in 60 mm petri dishes for 24 h at a density of 1
x 10° cells/ml and then treated with ICso concentrations of each NV formulation. After 24 h
treatment, the cells were trypsinized, centrifuged and resuspended in PBS. For the lipid
extraction, cells were incubated with 3.2% SDS and 30% acetic acid, and 0.8% TBA was added.
The reaction was carried out at 95°C for 1 h and the absorbance was then determined at 532 nm
using a microplate reader. The MDA concentration in each sample was obtained from an MDA
calibration curve (0 - 15 nM/ml). The values were normalized against the total cell protein
content and the results expressed as nM MDA/mg protein. The protein content of the cell lysate
was determined by a commercial kit (Bio-Rad, CA, USA) based on the Bradford dye-binding
procedure (Bradford 1976). Hydrogen peroxide (H,O,) at a concentration of 100 uM was

included in the assay as a positive control.

Blood compatibility studies

Hemolysis and agglutination assays

Erythrocytes were isolated from rat blood, which was obtained from anesthetized animals by
cardiac puncture and drawn into tubes containing EDTA. The procedure was approved by the
institutional ethics committee on animal experimentation. The hemolysis assay was performed
following the previously described procedure (Nogueira et al. 2011a). Aliquots of 25-ul of
erythrocyte suspension were exposed to NV concentrations of 20, 100 and 200 puM, and
dissolved in PBS buffer in a total volume of 1 ml. Two controls were prepared by resuspending

erythrocyte suspension either in buffer alone (negative control) or in distilled water (positive
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control). The samples were incubated at room temperature for 10 minutes or 1 h and then
centrifuged at 10,000 rpm for 5 min. Absorbance of the hemoglobin release in supernatants was
measured at 540 nm using a Shimadzu UV-160A spectrophotometer (Shimadzu, Kyoto, Japan)
and the percentages of hemolysis were determined by comparison with the positive control
samples completely hemolyzed with distilled water. For the erythrocyte agglutination studies, 10
pl of each sample that had been subjected to a hemolysis assay (100 uM for 1 h) were placed on
a glass slide, covered by a cover slip and analyzed by a phase contrast microscope (Olympus

BX41, Olympus, Japan).

Human plasma protein adsorption by SDS-PAGE and total protein assay

Blood was drawn from the authors by venipuncture into tubes containing EDTA. It was then
centrifuged at 3000 rpm to obtain fresh plasma. NVs (200 pM) were suspended in plasma
diluted with PBS to 10% of normal strength and incubated for 1 h at 37°C with constant shaking.
The NVs were separated from the plasma by multiple cycles of ultracentrifugation and washing
steps with PBS. Firstly, an aliquot of the supernatant of each sample was taken and mixed with
electrophoresis sample buffer. Then, the proteins adsorbed to the NVs were desorbed by
sonication in electrophoresis sample buffer for 20 min. Both samples were incubated at 95°C for
5 min. Thereafter, samples were applied onto pre-cast polyacrylamide gel (7.5% resolving gel
and a 5% stacking gel). Electrophoresis was carried out for 10 min at 60 V followed by 35 min
at 200 V. Protein bands were viewed by staining with Coomassie Brilliant Blue R-250 for an
hour under gentle shaking. Samples were then destained with a mixture of 7.5% methanol and
10% acetic acid. The molecular weight of the membrane proteins was estimated from the
molecular size marker (Bio-Rad Precision Plus Unstained Standard), and ranged from 10 to 250
kDa. Finally, portions of the supernatant and the fluid desorbed from NVs were also taken for

total protein assay using the Bio-Rad kit (Bio-Rad, CA, USA), which is based on the Bradford
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dye-binding procedure (Bradford 1976), using bovine serum albumin (BSA) as a protein

standard.

Cell uptake studies

Intracellular localization of Nile red-labeled nanovesicles

To study the cell uptake, DMPC:MKM (80:20, w/w) NVs that physically encapsulated Nile red
(NR-NVs) were prepared. HeLa cells were plated in 24-well plates at a density of 5 x 10*
cells/ml on round cover glasses (Marlenfeld GmbH & Co0.KG, Lauda-Koénlgshofen, Germany)
and incubated overnight at 37°C under 5% CO,. After that, the culture medium was replaced
with fresh medium containing NR-NVs at a final concentration of 50 uM (0.5 uM of NR) and
incubated for 2 h and 24 h. Following incubation, the test samples were aspirated and the cells
were washed three times with PBS and fixed with 4% (v/v) formaldehyde in PBS (pH 7.4) for
15 min at room temperature. The individual cover glasses were then mounted on clean glass
slides with Prolong® Gold antifade reagent (Invitrogen, OR, USA) for subsequent fluorescence
microscopy analysis (Olympus BX41 microscope equipped with a UV-mercury lamp, 100W
Ushio Olympus, and a filter set type MNIBA3 470-495 nm excitation and 505 nm dichromatic
mirror). Images were digitized on a computer through a video camera (Olympus digital camera
XC50) using an image processor (Olympus cell*B Image Acquisition Software). The images
were then analyzed with Imagel software (v. 1.46, National Institutes of Health, MD, USA)
(Collins 2007; Rasband 1997) to calculate the mean fluorescence value of the cells, which
corresponds to the cell internalization of NVs. For each condition, ~20 individual cells from

different fields and images were analyzed and their total fluorescence intensity was quantified.

Intracellular release of calcein
Calcein (a membrane-impermeable fluorophore) was used as a tracer molecule to monitor the

effect of the NVs on endosomes after cell internalization. HeLa cells were plated (5 x 10*

13
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cells/ml) in 24-well plates on round cover glasses (Marlenfeld GmbH & Co.KG, Lauda-
Konlgshofen, Germany) and incubated overnight at 37°C under 5% CO,. Then, calcein (1
mg/ml) was added to the cells with or without (control cells) 50 uM of each NV formulation in
DMEM medium without FBS and phenol red. After 1 h incubation at 37°C, the cells were
washed four times with PBS and incubated in complete medium for 3 h to allow intracellular
trafficking. The cells were then washed four times with PBS and fixed with 4% (v/v)
formaldehyde in PBS (pH 7.4) for 15 min at room temperature. Each individual cover glasses
was mounted on a clean glass slide with Prolong® Gold antifade reagent (Invitrogen, OR, USA)
and analyzed on a Olympus BX41 fluorescence microscope equipped with a UV-mercury lamp
(100W Ushio Olympus) and a filter set type MNIBA3 (470-495 nm excitation, 510-550 nm
emission and 505 nm dichromatic mirror). Images were digitized on a computer through a video
camera (Olympus digital camera XC50) using an image processor (Olympus cell*B Image
Acquisition Software). Thereafter, Image] software was used to calculate the average pixel
intensity of calcein fluorescence within regions of interest (ROI) drawn on to collected images.
Images of ~20 individual cells were analyzed for each treatment. This was done by drawing
three ROI inside the cell (excluding any calcein-containing vesicles and, thus, representing the

cytoplasm only) and the results were obtained in arbitrary fluorescence units (Jones et al. 2003).

Statistical analysis

The results of all in vitro assays are expressed as mean + standard error of the mean (SEM) of
three independent experiments, which were performed using three replicate samples for each
concentration tested. The cytotoxicity of each formulation was expressed in terms of its ICs (the
concentration causing 50% death of the cell population), calculated from concentration-response
curves. Statistical analyses used the Student’s 7 test or the one-way analysis of variance

(ANOVA) to determine the differences between the datasets, followed by Dunnett’s post-hoc
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test for multiple comparisons using SPSS® software (SPSS Inc., Chicago, IL, USA). p < 0.05

and p < 0.005 were considered significant.

Results

Characterization of cationic nanovesicles

As was previously reported (Nogueira et al. 2013), we assessed the effects of the dispersion
medium (ultrapure water or cell culture medium) on NV hydrodynamic size (Table 2). Here, we
have extended the NV characterization and also evaluated the effects of temperature and
exposure time on the stability of the formulations in ultrapure water. DLS measurements showed
that after 24 h incubation (37°C) in ultrapure water, the NVs showed slightly lower diameters or
did not consistently increase in comparison to fresh prepared NVs (t = 0), with the exception of
the NVs containing PKM, which almost doubled in size. When the NVs were dispersed in cell
culture medium (DMEM with 5% [v/v] FBS) the size increase was slight by 0 h, but significant
agglomeration to micron-sized structures occurred after 24 h incubation under cell culture
conditions (37°C), with the exception of the NVs containing MLM. As observed from the PDI
values, the increase in NV polydispersity was slight to moderate after 24 h incubation at 37°C in
water. However, in general, substantially higher PDI values were obtained after incubation in
cell culture medium. The ZP values of all formulations dispersed in water were highly positive
(> 40 mV), whereas almost neutral values were obtained in cell culture medium. The NVs
containing MLM showed the most positive ZP values in DMEM medium (~10 mV). The
purification process with a Vivaspin column resulted in no significant changes in NV size, PDI,
or ZP (data not shown). Preservation of the mean hydrodynamic size and zeta potential was
observed for at least one week at 4°C, with the exception of the formulation
DMPC:CHOL:PKM, proving the generally good physical stability of these colloidal

formulations. Finally, the HPLC measurements of the filtered samples (obtained from the
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purification process performed to remove the unincorporated amount of surfactant) revealed that
the cationic surfactants were highly incorporated into the NVs (from 75 to 99% incorporation).
The TEM analysis (Table 2) showed that the cationic NVs containing MKM and PKM
were predominantly much smaller (~ 20 — 50 nm) than the hydrodynamic size determined by
DLS (~ 100 or 200 nm, respectively). These differences were especially significant for the NVs
with MKM, while the formulations with PKM showed a more heterogeneous size distribution (2
predominant populations: 20 — 50 nm and 100 — 150 nm). In contrast, TEM images corroborated
the mean hydrodynamic size obtained by DLS for the NVs containing MLM. Moreover, the
TEM images revealed the formation of a multilayered membrane in the NVs containing MLM,
while those containing MKM and PKM showed unilamellar membranes in both the presence

and absence of cholesterol in the basic membrane.

Cytotoxicity assays

Cell viability studies

The cytotoxicity of each surfactant in its free form was firstly assessed in 3T3 cell line (Figure
la), in which it was observed a greater reduction of the cell viability in comparison to the
correspond formulations. Thereafter, the NV effects on the viability of 3T3 (Nogueira et al.
2013) and HeLa cells were evaluated by three different endpoints (MTT, NRU and LDH).
Indeed, the cytotoxic effects of NVs showed many disparities between formulations that, in fact,
depended on the surfactant, cell line and endpoint assayed. These disparities can be seen in the
dose-response curves illustrated in Figure 1. The NVs containing MKM and PKM induced a
clear dose-dependent decrease in MTT activity (Figures 1b,c). In contrast, the NRU assay
showed markedly low cytotoxicity with a significant decline in cell viability only at the highest
doses assessed (> 50 uM) (Figures 1d,e). In the same way, the LDH release results only showed
significant cytotoxicity at 50 and 100 uM in 3T3 cells, and to a lesser extent in HeLa cells

(Figures 1 f,g). NVs containing MLM showed relatively similar cytotoxic responses in the three
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endpoint assays. The N'Vs that formed agglomerates after 24 h incubation in cell culture medium
(those containing MKM and PKM) induced more marked cytotoxic effects to the mitochondria
(as shown by the MTT assay) than well-dispersed NVs (those containing MLM). NVs without
any surfactant were also tested as a control of each formulation type and, as expected, it was
observed that they induced negligible cytotoxic effects (Figures 1b-g). Finally, the NVs
containing cholesterol were less cytotoxic to both cell lines, which might be related to the low
surfactant incorporation into these formulations (Table 2). Finally, in studies of MTT and NR
dye interactions with NVs, we observed only minimal interference of the NVs with the MTT
dye and no interaction with the NR dye. The formulations induced only a slight increase in the
MTT absorbance values at 550 nm. These data were proved by the UV-vis measurements (data

not shown).

Apoptosis

To assess the extent and mode of cell death, AO/EB staining was carried out and the samples
analyzed under a fluorescence microscope. The data from this experiment revealed that the NV
treatment (ICsy concentrations) increased the number of cells undergoing apoptosis and necrosis
(Figure 2a). The most significant effects were observed with the N'Vs containing PKM, which
were also the most cytotoxic in all the viability assays. The untreated cells were observed with a
green intact nuclear structure (Figure 2b), while after NV treatment we observed cells showing
chromatin condensation (Figure 2c), blebbing and nuclear margination (early and moderate
apoptosis) (Figures 2d,e), together with cells showing apoptotic body separation and a reddish-
orange color (late apoptosis) (Figure 2e) and orange nuclei with normal chromatin distribution

(necrosis) (Figure 2c¢).
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Cell cycle analysis

In addition to the cell viability studies, flow cytometric analysis was performed to clarify the
influence of each NV formulation on the cell-cycle distribution. The treatment of 3T3 cells with
the 1C, and ICsy concentrations of NVs revealed no significant induction of cell cycle arrest,
and only small significant changes were observed in the percentages of cells in each cell phase
(Figure 3). Even the most cytotoxic NVs (those containing PKM) showed only a maximal
increase in the percentage of cells in the G2/M phase from 15.15% (control) to 20.95%, and a
decrease in G1 and S phases from 50.19 and 32.31% (control) to 46.71 and 27.60%,
respectively. Moreover, no significant cell population was observed in the sub-G1 phase, which

could be attributed to the low proportion of apoptotic cells in relation to the total cell count.

Genotoxicity

DNA damage was further studied using a comet assay, by measuring the % Tail DNA in the
control and treated cells. A comet-like tail implies the presence of a damaged DNA strand, and
the length of the tail increases with the extent of the DNA damage (Figures 4a-c). The tested
concentrations (IC;o, IC;p and IC3p) of the NVs containing PKM and MLM induced significantly
(p < 0.005) higher DNA damage than the negative control (Figure 4d). However, these
significant responses were ~ 4- to 20-fold lower than that induced by the positive MMS control.

No clear dose-dependent response was observed among the three concentrations assessed.

Oxidative damage

MDA concentrations were measured to elucidate the lipid peroxidation induced by NVs. The
NVs containing the amphiphiles MKM and PKM statistically (p < 0.05) elevated the
intracellular MDA level after 24 h exposure, while no significant (p > 0.05) response was
induced by the formulations containing MLM (Figure 5). The inclusion of cholesterol in the NV

formulations resulted in lower MDA generation. Enhanced responses were observed as the
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concentration increased (from ICso MTT to ICso NRU), with the exception of the formulation
DMPC:CHOL:PKM. This failure in dose-dependent response might be directly attributed to the
cell death. The NVs DMPC:MKM (ICso NRU) and DMPC:PKM (ICso MTT and NRU) showed
the most prominent responses, as they elevated intracellular MDA to concentrations higher than

that induced by the positive H,O, control.

Blood compatibility studies
The hemocompatibility of the cationic NVs was studied by hemolysis experiments. The release
of hemoglobin was used to quantify the erythrocyte-damaging properties of the NVs. The
hemolytic activity of the NVs, with concentrations up to 200 uM, was negligible (less than 5%)
after 10 min incubation (data not shown). When the hemolysis assay was performed for 1 h
(Figure 6a), the formulations containing MKM showed increased hemolysis at 100 uM, while
the NVs containing PKM only prompted enhanced hemolysis at 200 uM. NVs containing MLM
did not increase the hemolytic activity at any concentration assayed. Moreover, the NVs
containing MKM and MLM did not induce agglutination of erythrocytes after 1 h of treatment
(Figures 6b-h), whereas a slight tendency to agglutinate was noticed with the NVs containing
PKM (Figures 6e,f).

The plasma proteins adsorbed to the NVs were firstly evaluated by SDS-PAGE. In brief,
we analyzed the plasma protein present in the supernatant after incubation with NVs. Figure 61
shows the protein banding patterns that appeared after electrophoresis. No qualitative
differences were observed in any protein band in comparison to the control plasma sample,
which indicates that a negligible or very small amount of plasma protein was adsorbed onto the
NVs following incubation under in vitro conditions. To further examine the plasma protein
adsorption, we assessed the proteins desorbed from the NVs surface, obtained from washed
particle pellets. The gel of the proteins adsorbed to NVs from 10% plasma is shown in Figure 6;.

The lane corresponding to the final wash fluid shows essentially no protein, which confirms that
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the wash protocol reduced unbound protein to an insignificant level. No substantial amount of
protein was associated with the NVs after plasma contact, which indicates the lack of
nonspecific adsorption. We only observed quite a faint band in the 50 — 75 kDa range of the gel,
which corresponds to albumin (67 kDa), the most abundant plasma protein. Moreover, it seems
that the albumin adsorption was higher in the formulations containing cholesterol (Figures 6j,
lanes 2, 4 and 6). Finally, quantitative analyses of total protein adsorption were performed using
the BioRad assay. In agreement with the qualitative data obtained from the SDS-PAGE gels, no
significant differences were observed in the amount of protein in the control plasma and NV-

treated plasma (data not shown).

Cell uptake studies and pH-dependent membrane-lytic activity of NVs

The cell uptake of fluorescent-labelled NR-NVs by the Hela cell line was visualized by a
fluorescence microscope after 2 h and 24 h incubation (Figure 7A). Fluorescent punctate spots
were observed mainly in the cell cytosol, which indicates that the NVs were taken up by the
cells. Moreover, a smaller number of fluorescent spots were detected along the cell membrane,
but not in the nucleus. Interestingly, 24 h of incubation resulted in a more intensive dotted
pattern of fluorescent NVs inside the cell, together with some diffuse fluorescence in the
cytosol. The quantitative analysis of the images corroborated the greater localization of the NVs
in the intracellular compartments after 24 h of incubation (Figure 7C). The cell uptake was ~ 2-
fold higher than after 2 h of incubation (p < 0.005).

The ability of NVs to release endocytosed materials into cell cytoplasm was examined by
fluorescence microscopy following uptake of calcein and NVs into HelLa cells (Figure 7B).
Cells treated with calcein alone (control cells) showed a punctuate distribution of fluorescence,
which is consistent with constitutive endocytosis of the external medium. Moreover, the co-
incubation of calcein and NVs containing MLM only induced a low release of calcein from

endosomal compartments. Almost all of the membrane-impermeable fluorophore was restricted
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within intracellular vesicles appearing as bright punctate structures in a similar level of the
control cells. In contrast, when the cells were co-incubated with calcein and NVs containing
MKM or PKM, green diffuse fluorescence staining was observed in the cytoplasm, which
indicates that calcein had been released from the endosomes. Stronger diffuse staining in the
cytoplasm was observed after cell treatment with the NVs containing MKM , whilst a larger
number of bright intact vesicles still existed after cell treatment with the NVs containing PKM.
Figure 7D shows the quantitative analyses of the cytosolic calcein distribution., which
corroborate that the NVs containing MKM or PKM induced significant endosomal
destabilization and calcein release (p < 0.005), whereas those containing MLM prompted low or
negligible membrane-lytic activity at the endosomal compartments (p < 0.05 for DMPC:MLM
and p > 0.05 for DMPC:CHOL:MLM). The presence of cholesterol confers to each formulation
a low ability to lysis the endosomal membrane, which can be attributed to the low incorporation

of the surfactants into the NV lipid-based structure.

Discussion

Chemical composition of the NMs is one of the most important factors influencing cellular
interaction. Therefore, the role of including cationic amphiphiles in lipid-based NVs was
investigated. We hypothesised that these compounds influences not only the cytotoxic effects,
but also the physicochemical properties and intracellular behavior after cell uptake. In order to
corroborate this hypothesis, we prepared six different NVs formulations containing three lysine-
based surfactants that differ in the cationic charge position and hydrophobicity.

NV hydrodynamic size characterization in cell culture medium suggested significant
agglomeration, especially for formulations containing MKM and PKM (positive charge on the
a-amino group of lysine). These amphiphiles have pKa values of 5.3 and 4.5 (Nogueira et al.
2012a), respectively, which means that at physiological conditions they predominantly exist as

unprotonated species and, therefore, the resulting NVs tend to aggregate. The tendency of NMs
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to agglomerate in cell culture medium during an in vitro toxicity assessment has been previously
reported (Horie et al. 2012; Monteiro-Riviere et al. 2009, 2010). The easy aggregation or
agglomeration in cell culture medium is probably attributed to the high ionic nature of the
solution and the electrostatic/van der Waals interaction between protein and NMs, which result
in the formation of secondary particles (Horie et al. 2012). In contrast, NVs containing MLM
(positive charge on the e-amino group of lysine) were not agglomerated in the cell culture
medium. This may be due to their higher charge density at physiological pH (pKa MLM = 8.1),
corroborated by the ZP values determined in the cell culture medium. A high charge density
increases the physical stability of colloidal dispersions (Liang et al. 2009). These overall
findings showed that the cationic charge position in the amphiphile determines the aggregation
state of NVs. The high positive ZP values of the NVs in water indicated the stability of the
prepared formulations by preventing fusion or aggregation of NVs (Liang et al. 2009). A
physically stable formulation would have a minimum + 30 mV ZP as a borderline value of
colloidal stability (Di Marzio et al. 2011; Miiller et al. 2011). Interestingly, the mean
hydrodynamic diameters measured by DLS did not capture the real size distribution of the NVs
observed by TEM. DLS measurements of NVs containing MKM and PKM were larger than
those determined from the TEM images of the corresponding samples. Disparity between DLS
and TEM might be a result of the resolution limitations of DLS (Coldren et al. 2003; Ojogun et
al. 2009), aggregation (Ahmad et al. 2012; Bai et al. 2009; Venkatesan et al. 2011) and swelling
of the N'Vs in the presence of water (Mehrotra et al. 2011), or even to the fact that DLS gives the
mean hydrodynamic diameter of the particle core surrounded by the solvation layers, whereas
TEM gives the diameter of particles alone in the dry state (Gao et al. 2010).

High throughput cell-based tests have been the initial step in biological screening
approaches (Monteiro-Riviere et al. 2009). Moreover, in vitro cell culture-based cytotoxicity

screening assays, designed to minimize animal use in toxicity testing, have become and are
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expected to remain the mainstay of modern toxicology testing strategies (National Research
Council 2007). The use of model cell lines from different origins and more than one cytotoxicity
assay is a reliable approach to systematically investigate the influence of NM properties on the
degrees and pathways of cytotoxicity (Bhattacharjee et al. 2013; Frohlich et al. 2012;
Sohaebuddin et al. 2010). 3T3 cell model is considered very sensitive to verify in vitro cytotoxic
effects of NMs (Uboldi et al. 2012; Mahto et al. 2010), while HeLa tumor cell line is a culture
model widely used in cytotoxicity and especially in cell uptake studies of a broad range of
particulate nanocarriers (Kelsch et al. 2012; Salado et al. 2012). The tumor HeLa cell line was
more resistant to NV cytotoxic effects, which was in agreement with our previous study
(Nogueira et al. 2011b). These results are also in line with those reported by several authors
(Frohlich et al. 2012; Miiller et al. 1997; Schéler et al. 2001; Sohaebuddin et al. 2010; Xia et al.
2008), who noticed that the cytotoxic effects of particulate carrier systems differ depending on
the cell lines used, due to the innate nature, metabolic abilities (e.g. enzymes present) and
capabilities of the cell lines. In an attempt to understand the toxic response of NMs, here we
used different cytotoxicity assays. The higher sensitivity of the MTT assay for detecting the
cytotoxic effects of the NVs containing MKM and PKM suggests that the cytotoxicity primarily
originated at the mitochondrial compartment after cellular internalization of NVs rather than
physical damage to both lysosomal (NRU assay) and plasma (LDH assay) membranes (Yang et
al. 2009). Noteworthy is that the intracellular reactions of internalized NMs were reported to
lead to cellular metabolism/mitochondrial dysfunction (Horie et al. 2012). Concerning to cell
membrane integrity, we observed different effects when the cell line was varied, being NRU
assay more sensitive in HeLa cells and LDH in 3T3 fibroblasts. These results corroborated the
different interaction mechanisms of these NVs within cells from different origins and species. In
contrast, NVs formulated with MLM generally displayed the same level of cytotoxicity with the

three endpoints. These NVs have higher positive ZP in cell culture medium, which might
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support their higher binding to the negatively charged lipid bilayer by electrostatic interaction
and, thus, their toxic effects on the cell membrane to the same extent as cell metabolism
depletion (Venkatesan et al. 2011; Xia et al. 2008). All in all, these results led to a key finding of
our research: the structural characteristic of the surfactant included in the NV directly affects its
cytotoxic effects. Firstly, the position of the cationic charge in the amphiphile molecule was
critical in determining the resulting formulation’s cytotoxicity. Secondly, the hydrophobicity of
the surfactant was directly related to the NV toxic effects: the longer the alkyl chain of the
amphiphile, the higher the NV cytotoxicity. Based on the variability of cell responses, a
combination of cell lines and endpoints might be suitable for a reliable in vitro evaluation of
nanotoxicity. Finally, the small interference of the NVs with the MTT dye did not result in
further increase in cell viability with increasing NM concentration, which is in contrast to
previous reported data for other types of NMs (Monteiro-Riviere et al. 2009, 2010). These data
prove that these small interactions were no significant and, therefore, that the viability endpoints
are suitable for the intended purpose.

After showing that NVs exerted cytotoxic effects on the proliferation of fibroblasts in a
typically dose-dependent manner, we examined whether the induction of apoptosis was the
possible molecular mechanism involved in the cytotoxicity of NVs. Morphological alterations
detected after staining with AO/EB demonstrated that the NV treatments could induce apoptosis
in cultured fibroblasts. Whereas the apoptotic effects could be attributed to the observed
induction of oxidative damage (AshaRani et al. 2009), mitochondrial dysfunction, which can be
determined by MTT assay (Fisher et al. 2003), is reported as an intrinsic pathway of apoptosis.
Therefore, the apoptotic effects of the NVs containing especially MKM and PKM can be
directly related to oxidative stress and early mitochondrial injury. Additionally, plasma
membrane integrity modifications that are detected by LDH assay could be related to the late

stage of apoptosis (Fisher et al. 2003) and necrosis. Recent reports have identified apoptosis as a
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major mechanism of cell death in exposure to NMs (Hsin et al. 2008; Pan et al. 2007). However,
in our case, although the number of apoptotic cells increased, most cells remained viable after
NV treatments. This suggests that other factors also contribute to cell death, aside from the
apoptotic pathway.

Toxicity studies were further extended to cell-cycle analysis, which showed that NV
treatment did not induce many significant alterations, as the cell cycle distribution was very
similar to the control. This suggests that cell cycle arrest is not the mechanism underlying NV
cytotoxicity. In this line, genotoxicity did not appear to be one of the main mechanisms involved
in NV toxic effects. Although some significant values of % Tail DNA were obtained with
respect to the negative control, the overall responses can be considered biologically non-
significant, as the % values were close to the negative control values and much lower than those
displayed by the positive MMS control. These results are in agreement with the cell cycle
analysis, as, if present, DNA damage would be evidenced in cell cycle progression with the
accumulation of cells in a determined cycle phase (AshaRani et al. 2009).

NMs might be able to disturb the oxidative balance in a cellular environment. This
phenomenon is called oxidative stress and results in abnormally large concentrations of
intracellular reactive oxygen species (ROS) (Marquis et al. 2009). In response to oxidative
stress, cell surface and organelle membrane lipids may undergo peroxidation (Choi et al. 2007).
A marker of lipid peroxidation elicited by ROS is increased MDA production, which was
induced by the NVs containing MKM or PKM. The inverse correlation between cell viability
and MDA level made the latter a key analytical marker for induced cell damage, which in turn
indicated that oxidative stress was probably a key route by which these NVs induce cytotoxicity.
ROS-induced membrane lipid peroxidation may occur both at cellular and organelle levels,
especially in the membranes of metabolically active mitochondria. This makes mitochondrial

injury a marker of elevated intracellular ROS level (Choi et al. 2007; Jones and Grainger 2009).
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The early compromised cell viability detected by the MTT reduction assay may also result from
this insult.

Intravenous administration of a nanocarrier is limited by its hemolytic activity, among
other factors. Thus, hemolysis should be assessed to determine the biocompatibility of a material
(He et al. 2009). The low hemolytic activity of NVs at concentrations that were also non-
cytotoxic (< 100 uM) indicated the hemocompatibility of the formulations. Generally, a
percentage of hemolysis of less than 5% was regarded as non-toxic (He et al. 2009). Moreover,
the strong positive charge of the NVs did not induce erythrocyte agglutination. This is in
contrast to previous reported data for cationic carriers (Eliyahu et al. 2002), but corroborates the
hemocompatible properties of the NVs. The NVs were more toxic to 3T3 and HelLa cells than to
erythrocytes. This greater sensitivity may reflect differences in intrinsic structural properties of
membranes and might be attributed to the fact that erythrocytes cannot internalize foreign
particles, which leads to poor insertion into the phospholipid membrane and consequently low
hemolytic activity (Yessine et al. 2003). Furthermore, protein adsorption on particulate drug
carriers is regarded as a key factor for their in vivo fate and might also play an important role in
directing their cell uptake and toxicity (Dutta et al. 2007). Minimal differences in protein pattern
were observed after plasma incubation with NVs. This indicates that negligible or very small
amount of plasma protein was adsorbed onto NVs following incubation under in vitro
conditions. Overall, our results showed that the NVs positive charge, attributed to the surface
modification with cationic lysine-based amphiphiles, did not compromise the desirable blood
compatibility of the lipid-based vesicles.

The therapeutic effects of the drug-loaded NMs would firstly depend on internalization
by the diseased cells (Mei et al. 2009). Here, the observed punctuate distribution of fluorescence
in the cell cytosol indicated the cell uptake of the NR-NVs. The more intense fluorescence at 24

h indicated a higher cell uptake after a longer incubation time, whereas the diffuse fluorescence
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in the cytosol can be attributed to dye release after endosome rupture. Internalization is probably
mediated through an endocytic pathway through non-specific interactions (e.g., adsorptive
endocytosis) with cell membrane (Park et al. 2006). Moreover, the results obtained after the
concomitant cell incubation with calcein and NV suggest that the NMs entered the cell by
endocytosis (see discussion below). Noteworthy is that the formation of secondary vesicles due
to aggregation in cell culture medium did not inhibited their cellular uptake. Finally, and in
relation to the toxic effects of N'Vs, the hydrophobicity (Arora et al. 2012) and the electrostatic
interactions between the cationic NVs and the anionic cell surface (Venkatesan et al. 2011)
might be responsible for the cell uptake.

The high efficiency of amphiphiles with a positive charge on the a-amino group of lysine
(MKM and PKM) at disrupting cell membranes within the pH range characteristic of late
endosomes (Nogueira et al. 2012a) prompted an evaluation of the ability of NVs containing
these compounds to release endocytosed materials into the cytoplasm of cells. One common
strategy for the intracellular delivery of encapsulated and/or intercalated material via lipid-based
vesicles exploits intracellular pH gradients (Pollock et al. 2010; Torchilin et al. 1993). We used
calcein as a tracer molecule, which is internalized by the cell through endocytosis and is used to
monitor the stability of endosomes following NM uptake (Hu et al. 2007). In the absence of
NVs, endosomal compartmentalization of calcein was observed, indicating that the endosome
membranes were not damaged (Chen et al. 2009; Hu et al. 2007). When the MLM was included
into the NVs, it was observed a different behavior depending on the composition of the basic
lipid membrane. Only the formulations without cholesterol had the ability to release some
calcein from endosomes, which can be due to a non specific interaction between these NVs and
the endosomal membrane. In contrast, the NVs containing MKM and PKM induced efficient
and greater release of endocytosed material into the cytoplasm regardless of the composition of

the lipid-based matrix. These results corroborated the pH-responsive membrane-lytic activity of
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the latter surfactants demonstrated in our previous study (Nogueira et al. 2012a). Since MKM
and PKM are more protonated at acidic pH (pka = 5.3 and 4.5, respectively), they might interact
with negatively-charged endosomal membranes, induce influx of water and ions, and eventually
bring about endosome destabilization and drug release (Park et al. 2006). The stronger diffuse
staining observed after cell treatment with the NVs containing MKM may be directly related to
the higher membrane-lytic activity of MKM at the pH range characteristic of the endosomal
compartments (Nogueira et al. 2012a). The efficient intracellular delivery of therapeutic
compounds into the cytosol by destabilizing endosomal membranes under mildly acidic
conditions would manipulate or circumvent non-productive trafficking from endosomes to
lysosomes, in which degradation may occur (Chen et al. 2009).

All considered, these data on the cytotoxic pathways and intracellular behavior show a
structure-activity relationship of the cellular events in response to NVs, which is summarized in
Table 3. The main finding is that the position of the cationic charge in surfactant molecule
determines the NV cytotoxic responses, induction of oxidative stress, endosomal release and
hemolytic activity. NVs containing the surfactants with cationic charge on the a-amino group of
lysine affect firstly the mitochondria, followed by the lysosomal and plasma membrane, as
demostrated by the corresponding in vifro endpoints. Moreover, the surfactant hydrophobicity
correlates directly with the cytotoxic and genotoxic effects. In contrast, the surfactant chemical
structure does not affect the NV effects on apoptosis, cell cycle, erythrocyte agglutination and
plasma protein adsorption.

Finally, it is appropriate to comment on the importance of these findings for
nanotoxicology. Here, we showed that some NVs have the ability to lysis the endosomal
membrane and are therefore potential carriers for specific intracellular drug delivery. However,
we also demonstrated that they have an effect on normal cell biological functions and that such

effect is presented in terms of various toxic mechanisms. We must highlight the in vitro
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approach used in this study as a reliable predictive model to provide an affordable database on
the biological activities of new NMs as a function of their chemical composition, which would
help understand their risks and opportunities before any in vivo application. An initial animal-
based screening approach is not feasible with regard to laboratory capacities and costs, and it
certainly is not desirable from an animal welfare viewpoint (Hartung 2010). Relevant in vitro
data may suggest the feasibility of new NMs for further applications. Therefore, only the NMs
with such relevance must be addressed for additional in vivo studies to corroborate the initial

hypothesis demonstrated through in vitro screening assays.

Conclusions

Here, we used an in vitro toxicological approach to elucidate the biological activity and
intracellular behavior of new cationic NV formulations containing biocompatible lysine-based
amphiphiles. We demonstrated the cell-specific nature of NV toxicity as well as different toxic
responses when the in vitro endpoint varied. A possible mechanism of toxicity is proposed
involving NV cell uptake followed by induction of oxidative stress, which in turn cause
mitochondrial dysfunction and ultimately result in apoptosis of cells. This mechanism is
especially proposed as the cytotoxicity pathway induced by the NVs containing MKM and
PKM, as those with MLM did not prompt significant oxidative stress and mitochondrial injury.
The cytotoxicity of the latter NVs seems to be attributed to an initial damage to the cell
membranes. NV cytotoxicity as well as their cellular uptake might be attributable to the cationic
charge. Our findings suggest that the cationic charge position and hydrophobicity of the
amphiphiles determine the NV interaction within the cell and, thus, their resulting toxicity and
intracellular behavior after cell uptake. NVs containing MKM and PKM (with a cationic charge
on the a-amino group of lysine) are especially recommended as pH-sensitive nanocarriers for
intracellular drug delivery. They have the ability to specifically lyse the endosome membrane in

mildly acidic conditions, as evidenced here and demonstrated in our preliminary study
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(Nogueira el al. 2012a). Desirable blood compatibility was substantiated by minimal interaction
with erythrocytes and lack of plasma protein adsorption, which also corroborates the potencial
application of these NVs as carriers of intravenous biomedical drugs that have their site of
action in the intracellular compartments. However, we are aware that further in vivo studies must
be conducted in this field to prove this hypothesis. Finally, as each NM type shows unique
physicochemical properties, the combination of assays used here, together with all the
information provided, offers an in-depth and comprehensive evaluation of the toxic effects of
novel NMs and contributes to reducing the uncertainty surrounding their potential health

hazards.
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Figure captions:

Figure 1. Cell viability measured by the MTT (a-c) and NRU (d,e) assays, and cytotoxicity
expressed by LDH release (f,g) on 3T3 (a,b,d,f) and HeLa (c,e,g) cell lines. The cells were
exposed to increasing concentrations of the surfactants only (a) or of the NV formulations (b-g),
ranging from 0.5 to 100 pM. Results of MTT and NRU assays are given as a percentage of
untreated control cells, whereas the cytotoxicity by LDH release was calculated in relation to the
positive control set as 100% LDH release. The discontinuous straight line in each graph
corresponds to untreated control cells set as 100% cell viability (MTT and NRU) or to positive
control cells set as 100% cell death (LDH). Results are expressed as mean £ SEM of three
independent experiments, performed in triplicate. The data on 3T3 cells for the NVs containing
the surfactants are reprinted and adapted from Nogueira et al. 2013, with permission from

Elsevier.

Figure 2. Effect of various cationic NVs on apoptosis of 3T3 cells determined by fluorescence
microscopy after AO and BE staining. (a) Per cent of viable, apoptotic and necrotic cells after 24
h treatment with the ICsy concentrations (calculated by MTT assay) of each NV formulation.
Fluorescent micrographs of (b) wuntreated control cells, (¢) DMPC:MKM, (d)
DMPC:CHOL:MKM and (e) DMPC:PKM. Legends: () typical live nuclei, (¥) chromatin
condensation (early apoptosis), (A) blebbing and nuclear margination (early to moderate

apoptosis), (*) necrosis, (**) late apoptosis. Scale bar: 50 pm.

Figure 3. Cell-cycle analysis of 3T3 cells following 24 h treatment with IC,;y and ICs
concentrations of each NV formulation. NVs containing (a) MKM, (b) PKM and (c) MLM.
Results are expressed as mean + SEM of three independent experiments, performed in duplicate.
Statistical analyses were performed using ANOVA followed by Dunnett’s multiple comparison

test. * p <0.05, ** p <0.005 denote significant differences.

Figure 4. DNA damage in 3T3 cells determined by a comet assay. The cells were treated for 24
h with the 1C,y, ICyy and IC;y concentrations (calculated by MTT assay) of each NV formulation.
Fluorescent micrographs of (a) untreated control cells, (b) cells treated with 400 uM of MMS
(positive control) and (c) cells treated with IC,y of DMPC:CHOL:PKM. Scale bar: 50 um. (d) %
Tail DNA. Values shown are the mean of 50 randomly selected comet images of each sample +
SEM. Statistical analyses were performed using ANOVA followed by Dunnett’s multiple

comparison test. * p <0.005 denotes significant differences.
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Figure 5. Quantitative analysis of MDA concentrations after exposure of 3T3 cells for 24 h to
the ICsy concentrations of each NV formulation. MDA is a marker of lipid peroxidation and,
thus, of cellular oxidative stress. Results are expressed as mean = SEM of three independent
experiments, performed in duplicate. Statistical analyses were performed using ANOVA
followed by Dunnett’s multiple comparison test. * p < 0.05, ** p < 0.005 denote significant

differences.

Figure 6. Blood compatibility of NVs. (a) Percentage of hemolysis caused by NVs after 1 h of
incubation with rat erythrocytes. Each value represents the mean + SEM of three experiments.
Agglutination of rat erythrocytes observed by phase microscopy after 1h of incubation with 100
uM of each NV formulation: (b) control, (¢) DMPC:MKM, (d) DMPC:CHOL:MKM, (e)
DMPC:PKM, (f) DMPC:CHOL:PKM, (g) DMPC:MLM, (h) DMPC:CHOL:MLM. Scale bar:
100 pum. Plasma protein adsorption assessed by SDS-PAGE: (i) protein present in the
supernatant and (j) protein adsorbed to the N'Vs after incubation of 10% plasma with 100 pM of
each NV formulation for 1 h at 37°C. 1 = DMPC:PKM, 2 = DMPC:CHOL:PKM, 3 =
DMPC:MKM, 4 = DMPC:CHOL:MKM, 5 = DMPC:MLM, 6 = DMPC:CHOL:MLM, C =
control 10% plasma, i and ii = wash fluids from DMPC:PKM and DMPC:MKM samples,

respectively.

Figure 7. (A) Localization of NR-NVs (DMPC:MKM) by HelLa cells after 2h and 24 h of
incubation at 37°C. Cell uptake is visualized using fluorescence microscopy. (B) Fluorescence
microscopy images of HeLa cells showing the subcellular distribution of calcein fluorescence.
The cells were treated with 1 mg/ml calcein (control), and both 1 mg/ml calcein and 50 uM of
each NV formulation. Images were acquired at 3 h after 1 h of uptake. Scale bar: 50 pm. (C)
Quantitative fluorescence analysis of images like those in ‘A’ and (D) of images like those in
‘B’. The results represent the mean of values determined for ~20 cells £ SEM. See the Materials
and Methods section for details of the analysis performed. Statistical analyses were performed
using Student’s ¢ test (" p < 0.005) or ANOVA followed by Dunnett’s multiple comparison test
(* p<0.05 and ** p < 0.005).
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Table 1. Scheme of the nanovesicles’ composition.

Molar composition (%)

) COLESTEROL Surfactant
Nanovesicles DMPC (CHOL) (MKM. PKM 0 MLM)
DMPC:surfactant 80 - 20
DMPC:CHOL:surfactant 56 24 20
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Table 2. Characterization properties of the cationic nanovesicles. Values are reported as mean of three independent experiments + SEM.

/

DMPC:MKM DMPC:CHOL:MKM DMPC:PKM DMPC:CHOL:PKM DMPC:MLM DMPC:CHOL:MLM
(80:20) (56:24:20) (80:20) (56:24:20) (80:20) (56:24:20)
Size (nm) + SEM
t=0h water® 94.16 £2.05 107.33 £0.94 253.07 £26.05 184.77 + 6.64 174.40 £7.16 127.50 £ 1.96
t=0h DMEM 5% FBS * 94.42 £ 6.50 159.77 £5.71 229.37 £ 12.64 197.73 £ 6.57 229.63 £ 16.33 170.27 £9.49
t =24 h water ° 89.39 £3.42 82.59 £5.58 355.6 £31.49/ 368.47 + 19.56/ 189.53 £5.38 119.57 £ 4.16
68.71 +7.44 ¢ 77.94 +4.26 ¢

t=24 h DMEM 5% FBS *° 1781.67 +£45.72/ 2028.67 +21.23/ 1059.50 + 10.61/ 1488 + 19.59/ 193.47+£17.75 151.77 +£4.44

1103 +5.17¢ 15433 £ 11.95¢ 118.93 £2.09 ¢ 125.67 £ 11.94 ¢
t=1 week water ° 78.41 £4.76 102.86 +4.19 2779 +22.16 349.23 + 18.45/ 173.27 £8.19 130.70 £ 3.20

78.64 +4.10 ¢
PDI + SEM
t=0h water * 0.231 +£0.004 0.278 £0.019 0.427£0.017 0.331 £0.020 0.394 £+ 0.003 0.256 = 0.006
t=0h DMEM 5% FBS * 0.385+0.015 0.236 +£0.001 0.522 +0.001 0.288 +=0.001 0.445 +£0.007 0.319+0.029
t =24 h water ° 0.371 +0.025 0.378 £ 0.024 0.508 = 0.003 0.523 £ 0.044 0.399 +0.003 0.239 +0.005
t =24 h DMEM 5% FBS *° 0.903 +£0.075 1.00 £ 0.000 0.605 + 0.002 0.973 £0.027 0.294 + 0.001 0.352 +£0.007
t =1 week water ° 0.323 £ 0.024 0.372 £0.025 0.598 + 0.040 0.629 +£0.011 0.363 +0.024 0.241 £ 0.002
Zeta potential (mV) £ SEM
t=0h water * 42.7+£0.90 41.2+£1.66 52.8 £1.15 55.17£0.67 78.7 £2.56 449 £0.40
t=0h DMEM 5% FBS * 1.23£1.64 -3.13+0.81 6.78 £0.94 0.86 £0.11 13.00 = 0.49 8.61+0.16
t =1 week water ° 46.67 +1.13 5397 +1.85 52.23 £0.87 32.15£2.90 52.53+£0.79 45.90 = 1.00
% incorporation of surfactant into NVs + SEM °
88.56 £ 0.009 75.96 = 0.054 99.10 £ 0.007 98.96 = 0.006 90.85 £ 0.053 79.05+0.038
TEM diameter (nm) °

t =0 h water 20 - 50 20 -50 20—-50/100-150 20-150/100 - 150 150 - 200 90-110

TEM images “”

%

® Nogueira et al. 2013; " Incubated under cell culture conditions: 37°C, 5% CO,; ©4°C; ¢ predominanting size is indicated first; ¢ predominant population; " Scale

bars = 100 nm;
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Table 3. Summary of the structure-activity relationship of the cellular events in response to NVs.

DMPC:MKM DMPC:CHOL:MKM DMPC:PKM DMPC:CHOL:PKM

DMPC:MLM DMPC:CHOL:MLM

Surfactant charge position a-amino 0-amino a-amino a-amino €-amino €-amino
Surfactant alkyl chain length 14C 14C 16C 16C 14C 14C
Surfactant pH-sensitive activity * Yes Yes Yes Yes No No
Cytotoxicity by MTT °

++ ++ +++ +++ + +
(mitochondrial dysfunction)
Cytotoxicity by NRU b + + ++ + ++ +
Cytotoxicity by LDH ° - y
Apoptosis ° + + + + + +
Cell cycle alteration © — - — - _ _
Genotoxicity - - + + _ _
Oxidative stress ° ++ + +++ + - +
Endosomal release © +++ +++ ++F +++ ++ -
Hemolysis ° + + + + — _

Erythrocyte agglutination © - - - _

Plasma protein adsorption ° - - _ _

* As previously reported (Nogueira et al. 2012a, 2012b).

The number of plus signs is a semiquantitative measure according to which: °+ refers to low (50<ICse<100 pM), + + to medium (10<ICs,<50 pM) and + + +
to high cytotoxicity (ICs,<10 uM). Negligible cytotoxicity was considered when the ICsy was higher than 100 pM (-); ©+ refers to 5-33% value higher than the
response of untreated control cells, + + to 33-66%, and + + + to > 66%. A < 5% value change was considered as equivocal effect ().
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