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A B S T R A C T

Liposome surface potential effect on cellular uptake and cytotoxicity is evaluated using liposomes, modified with
cationic lipid DOTAP, a series of cationic gemini surfactants with two carbamate fragments, and an amphiphilic
peptide SSRGD. The surfactants used are novel representatives of the gemini family with improved self-
assembling activity coupled with potential biodegradable properties and displayed increasing antibacterial ac-
tivity and cytotoxicity with the shortening of hydrophobic alkyl tails. The longest alkyl tail surfactant, 14-6-
14(Et), was the most biocompatible of the series, which was chosen for liposome modification. Prepared lipo-
somes of various compositions are characterized from morphological and physicochemical standpoints in order to
optimize their biocompatibility and stability. The carbamate gemini surfactants were also twice as effective at
providing positive charge to liposomes and less toxic compared to DOTAP. On their own, carbamate surfactants
were able to increase cellular uptake of liposomes by 190%. The mixed composition of 14-6-14(Et) surfactant and
SSRGD amphiphilic peptide was the most readily absorbed formulation among different tested neutral, cationic
and RGD-modified liposomes. The comparison between the cellular uptake promotion is conducted as to what is
the most selective and efficient approach to enhance lipid nanoparticle uptake by cancerous cells.
1. Introduction

A lot of research attention is currently attracted to nanomedicine.
Nanoparticle-based formulations of drugs and other therapeutic agents
such as genetic material exhibit higher efficiency and lower adverse ef-
fects [1–4]. All of the nanosized formulations undergo interactions with
various cell membranes in the body [5]. These interactions are often key
to the specific advantages of using one nanocontainer over the other and
can decide whether a particular nanomedical approach can be successful
[6,7].

One of the fundamental parameters dictating nanoparticle-cell in-
teractions is their charge. Despite a large number of papers discussing the
effect of particle charge present to this date, overall understanding of
what should the particle charge be for anticancer nanomedicine is not yet
reached [8]. Many results are contradictory and not comparable with
each other due to differences in cell types, particles, and experimental
approaches. Uptake of cationic or anionic particles sometimes differs
depending on the cell type, which allows to target liposomes to certain
cells with their charge [9,10]. For the delivery of genetic material
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cationic particles are generally considered optimal primarily because of
their ability to store and protect negatively charged nucleic acids [11].
Generalization of the role of particle charge is further complicated by a
diversity of cells cultures and nanoparticle types, which can have
different morphology, sizes, and specific interactions with cell receptors.
Research of liposome uptake mechanisms by cells is ongoing [12] and
one of the recent studies concludes that the primary uptake mechanism
for both cationic and anionic particles is micropinocytosis [13]. There is
also evidence that uptake intensity and mechanism could be strongly
affected by stereochemistry of gemini cationic surfactants used to modify
liposomes [14,15]. Other research suggests that primary mechanism of
uptake for cationic nanoparticles is charge-mediated adsorption and
consequent endocytosis (adsorptive endocytosis) [16]. In the brain drug
delivery literature it is well-established that cationic nanoparticles
enhance cellular association and endothelial layer penetration via elec-
trostatic adsorption initially, referring to this process as
adsorption-mediated transcytosis [17–20]. Furthermore, in the blood-
stream, particles with a strong charge, positive or negative, collect pro-
tein corona and are more easily absorbed by the reticuloendothelial
system [21–23]. From a physicochemical standpoint, the driving force of
ptember 2022
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Abbreviations:

n-s-n(Et) carbamate gemini surfactants (N,N0-dialkyl-N,N0-bis (2-
(ethylcarbamoyloxy)ethyl)-N,N0-dimethylhexane-1,6-
diammonium dibromide)

DOX doxorubicin
C6 coumarin 6
SSRGD amphiphilic peptide N-palmitoyl-Ser-Ser-Arg-Gly-Asp
DOTAP 1,2-dioleoyl-3-trimethylammonium propane
CMC critical micelle concentration
PdI polydispersity index
ZP zeta potential

R.V. Pavlov et al. Smart Materials in Medicine 4 (2023) 123–133
association of cationic particles with negative cellular membranes is
Coulomb attraction. In this work, an attempt is made to correlate zeta
potential – a measure of particle's response to electric field, and cell as-
sociation and uptake – quantified by flow cytometry.

PC-3, a human prostate carcinoma cell line was many times used to
study efficacy of cationic liposomes as delivery vehicles for chemo-
therapy or nucleic acids [24–28]. Сationic liposomes were shown to
passively accumulate in tumor tissues, and tumor cells also have a more
negative membrane potential than healthy ones [28–30]. These cells also
overexpress α5β1 and αvβ3 integrins [31] that can be targeted by an RGD
peptide motif [32,33]. PC-3 can be a good object to characterize effects of
liposome charge and compare them to RGD-mediated binding.

An efficient method of cationizing liposomes is incorporation of
cationic surfactants, amongwhich the gemini surfactants have attracted a
lot of attention in the past, due to multiple unique properties, such as
efficient complexation with nucleic acids [34], interaction with the
bilayer (affecting lipid bilayer phase transition temperature) [35],
enantiomer-dependent aggregation [36], pH or light induced switchable
aggregation [37]. Comprehensive research of novel biocompatible
gemini surfactants is ongoing [38–43], as well as thorough reviews on
their biomedical and anti-corrosive properties are published [44,45],
which indicates hidden potential in the gemini surfactants that is yet to
be discovered. From the biomedical standpoint, gemini surfactants are,
first of all, known as transfection agents [35]. A lot of research focuses on
their good ability to form lipoplexes via self-assembly with DNA and RNA
[11,46–48]. As surfactants, geminis have lower aggregation thresholds
and higher solubilizing capacities compared to conventional alky-
lammonium surfactants.

In our group, it was previously shown that cationic hydroxyethyl
gemini surfactants were able to impart blood-brain barrier penetrating
properties to liposomes as an oxime therapy for organophosphate
poisoning [49]. As a follow-up, a biodegradable carbamate function was
added to the surfactant structure to facilitate complex intermolecular
interactions for self-assembly. These surfactants are then used to impart a
cationic charge to liposomes, which can be done at lower concentrations
than with mono-cationic surfactants or lipids, preserving the integrity of
the lipid bilayer and not reaching highly cytotoxic concentrations. In this
work, synthesis and aggregation properties of carbamate gemini surfac-
tants are characterized, and they are compared with a cationic lipid
DOTAP and cellular adhesion peptide RGD in ability to enhance liposome
interactions with cells. With these objects the contribution can be made
towards generalization of the effects of liposome zeta potential on asso-
ciation with PC-3 cells, as well as the effects of the charge can be
compared to those of RGD.

2. Materials and methods

H2O Milli-Q was purified with Millipore Direct-Q 5 UV system. Pyr-
ene, 99%, coumarin 6 (С6), >99%, cholesterol (Chol), 99%, HEPES,
>99.5%, were obtained from Sigma-Aldrich. Orange OT, 70% dye
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content, was supplied by ChemCruz (USA). Dioleoyl-3-
trimethylammonium propane (DOTAP) was a gift from Lipoid (Ludwig-
shafen, Germany), soybean phosphatidylcholine (PC) 95% was obtained
from Avanti (USA). The amphiphilic peptide with a hexadecyl alkyl tail
SSRGD-16 (SSRGD), >95%, was sourced from Almabion (Russia). N,N0-
dialkyl-N,N0-bis (2-(ethylcarbamoyloxy)ethyl)-N,N0-dimethylhexane-
1,6-diammonium dibromide (10-6-10(Et), 12-6-12(Et), 14-6-14(Et))
were synthesized from the hydroxyethyl gemini as described below
(Fig. 1). The precursor synthesis is described in Refs. [50,51].

2.1. Synthesis of gemini surfactants with a carbamate fragment

General procedure. The mixture of 1 eq of N,N0-dialkyl-N,N0-bis(2-
hydroxyethyl)-N,N0-dimethylhexane-1,6-diammonium dibromide, 0.05 g
DABCO (1,4-Diazabicyclo[2.2.2]octane) and 4 eq ethyl isocyanate was
stirred in 20 mL dry acetonitrile at 60 oC during 16 h. A white precipitate
formed in the reaction mixture, which was filtered and recrystallized
from ethyl acetate. The precipitate was filtered and dried on a water bath
(45 oC) under vacuum (15 mm Hg). Details are provided in the supple-
mentary material, NMR, FTIR, ESI spectra are shown in Figs. S1–S9.

2.2. Tensiometry

Tensiometric measurements were carried out on a Kruss K6 tensi-
ometer (Germany), based on the Du-Nuoy ring detachment method. For
the experiment, a series of solutions with a volume of 10 mL with
different concentrations were prepared, and 10 mL of deionized water
was used as control. Measurements were repeated multiple times to
ensure consistency. All measurements were carried out at a temperature
of 298K. The adsorption characteristics: surface excess (Гmax), surface
area per molecule (Amin), standard free energy of micellization (ΔGm)
were calculated using equations (eqS1) - (eqS4) according to Refs.
[52–54].

2.3. Solubilization

To a series of surfactant solutions excess powder of Orange OT, a
hydrophobic solubilization probe, was added and the solutions were
equilibrated for 48 h. After the solubilization process, samples were
analyzed on Analytik Jena Specord 250 PLUS for their Orange OT con-
tent, using absorption coefficient of 17400 L mol�1cm�1 at 495 nm.
Obtained plots were used for linear approximation of the segment above
the critical micelle concentration (CMC) to determine solubilization ca-
pacity (moles of hydrophobic probe per moles of surfactant) as the slope
of the linear approximation according to eqS5.

2.4. Fluorimetry

A stock solution of pyrene in ethanol was added to the aqueous sur-
factant samples to obtain final concentration of 0.6 μM. Samples were
then analyzed in the range of 350–500 nm on Hitachi F-7100 spectro-
fluorimeter using 335 nm excitation wavelength. Values of the first and
third pyrene fluorescence peak were compared to obtain the polarity
parameter (I1/I3). The CMC was determined from the abrupt change in
this polarity parameter by approximating the experimentally obtained
points to the Boltzmann sigmoid equation in the Origin Pro 2021 soft-
ware version 9.8.0.200 [55].

2.5. Liposome preparation

Lipid films were formed by aliquoting fresh pre-made stock solutions
of lipids or surfactants in chloroform into an empty vessel. Total lipid
concentration in all samples was 3 mM PC and 2 mM Chol. DOTAP or
carbamate gemini surfactants were added the sameway at molar ratios of
1/10–1/100 of the sum of PC and Chol content. The dried films were
hydrated with 25mMHEPES buffer at pH¼ 7.4. The amphiphilic peptide



Fig. 1. General structural formula of the studied cationic carbamate gemini surfactants n-6-n(Et) and amphiphilic peptide SSRGD.
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SSRGD was added by dissolving it in the buffer and adding it at the hy-
dration stage, where it localized in the lipid bilayer. C6 at molar ratio of
1/150th of the PC and Chol sum was loaded to detect liposomes via
fluorescence by adding its chloroform solution to the initial lipid film.
Liposomes were prepared using thin film hydration, 5x freeze-thaw cy-
cles, and extrusion (LiposoFast LF-50 extruder) using 100 nm porous
membranes (Whatman).
2.6. Liposome characterization

Dynamic and electrophoretic light scattering on Zetasizer Nano de-
vice (Malvern, United Kingdom) were employed to obtain particle size
and zeta potential distributions. Time of signal accumulation was 60 s for
size measurements and automatically selected number of 5-s runs for zeta
potential measurement (usually 11–15 runs) at a fixed scattering angle
173�. The raw correlation data were converted to hydrodynamic di-
ameters, polydispersity indices (PdI) and zeta potentials (ZP) within
Zetasizer Software (Malvern) version 7.11. Samples were diluted to 1
mM of total concentration for analysis.

Transmission electron microscopy (TEM) images were obtained at the
interdisciplinary center “analytical microscopy” of Kazan Federal Uni-
versity, using a Hitachi HT7700 Exalens microscope, Japan. The images
were acquired at an accelerating voltage of 100 kV. Samples were
dispersed on 300 mesh 3 mm copper grids (Ted Pella) with continuous
carbon-formvar support films.
2.7. Antimicrobial activity

Gram-positive bacteria Staphylococcus aureus ATCC 209p (Sa), Bacillus
cereus ATCC 8035 (Bc), Enterococcus faecalis ATCC 29212 (Ef),
Methicillin-resistant strains of S. aureus (MRSA-1) and (MRSA-2) were
isolated from the body of patients with chronic tonsillitis and sinusitis in
the bacteriological laboratory of the Republican Clinical Hospital (Kazan,
Russia); Escherichia coli ATCC 25922 (Ec), Pseudomonas aeruginosa ATCC
9027 (Pa) and yeast Candida albicans ATCC 10231 (Ca) were used to
evaluate the antimicrobial activity of the carbamate gemini surfactants.
The bacteriostatic and fungistatic activity was studied in Muller Hinton
Broth 2 (bacteria 3� 105 cfu mL�1) and Sabouraud dextrose broth (fungi
2 � 103 cfu mL�1). Ciprofloxacin and ketoconazole were used as com-
parison. The results were recorded every 24 h for 5–14 days. Cultures
were incubated with test compounds diluted in series in nutrient media
at 25–37�C. The minimum inhibitory concentration (MIC) was defined as
the minimum concentration of a compound that inhibits the growth of
the corresponding test microorganism. The minimum bactericidal (MBC)
and fungicidal (MFC) concentrations were determined as the concen-
trations of added compounds, at which an attempt to recultivate cells in
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Mueller-Hinton or Sabouraud dextrose agar for 24–48 h at 25–37�C was
not successful [56]. The experiment was repeated three times.
2.8. Cell cultures

For the experiments, we used a tumor cell culture PC-3 - adenocar-
cinoma of the prostate gland from ATCC (American Type Cell Collection,
USA; CRL 1435) and a healthy cell line WI-38 – VA 13 subline 2RA –

human embryo lung from Institute of Cytology of Russian Academy of
Sciences (Saint-Petersburg, Russia).
2.9. Cytotoxicity

The cytotoxic effect on cells was determined using the MTT test. Cells
were seeded on a 96-well Nunc plate at a concentration of 5 � 103 cells
per well in a volume of 100 μL of medium and cultured in a CO2 incubator
at 37�C until a monolayer was formed. Then the nutrient medium was
removed and 100 μL of solutions of the tested composition in the given
dilutions were added to the wells, which were prepared directly in the
nutrient medium with the addition of 5% DMSO to improve solubility.
After 24 h of incubation of the cells with the test compounds, the nutrient
medium was removed from the plates and 100 μL of the nutrient medium
without serum with MTT at a concentration of 0.5 mg mL�1 was added
and incubated in a CO2 incubator for 4 h at 37�C. After incubation, the
medium with MTT was removed and to dissolve the formed formazan
crystals, 100 μL of DMSO was added to each well. Optical density was
recorded at 540 nm on an Invitrologic microplate reader (Russia). The
experiments for all compounds were repeated three times. Calculation of
IC50, the concentration of the test compound that causes suppression of
cell growth by 50%, was made using the program: MLA - “Quest Graph™
IC50 Calculator”. AAT Bioquest, Inc.
2.10. Flow cytometry

PC-3 cells at 1 � 106 cells/well in a volume of 2 mL were added to 6-
well plates and cultured in a CO2 incubator at 37�C in an atmosphere
containing 5% CO2 until a monolayer was formed. Then the nutrient
medium was taken and solutions in the nutrient medium of various
concentrations of the studied compositions were added to the wells. The
plates were cultured in a CO2 incubator at 37�C in an atmosphere con-
taining 5% CO2 for 24 h. Coumarin 6 dye was used as a fluorescent probe.
Treated cells were analyzed by flow cytometry (Guava easy Cyte, Merck,
USA). The experiments were repeated three times and data was reported
as mean fluorescence intensity (M.F.I.) values � standard deviation.



Fig. 2. Surface tension isotherms for the carbamate gemini surfactants, 25 �C.

Table 2
Adsorption parameters and free energy of micelle formation for carbamate
gemini surfactants, 25 �C.

Surfactant Гmax*1010, mol/cm2 Amin, nm2 ΔGmic, kJ/mol

10-6-10(Et) 1.01 1.65 �28.1
12-6-12(Et) 0.78 2.12 �34.2
14-6-14(Et) 1.39 1.19 �40.3
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2.11. Fluorescence microscopy

PC-3 cells at 1x105 cells/well were plated in 6-well plates with cov-
erslips at the bottom of each well. After 24 h of incubation, samples were
added to the wells and cultured for 24 h in CO2- incubator. Then, after
treatment with test systems, PC-3 cells were fixed and stained with DAPI
(blue). The studies were carried out on a Nikon Eclipse Ci-S fluorescent
microscope (Nikon, Japan) at a magnification of 400�.

2.12. Statistical analysis

The IC50 was calculated using an online calculator: MLA - Quest
Graph ™ IC50 Calculator. AAT Bioquest, Inc, May 11, 2022, https
://www.aatbio.com/tools/ic50-calculator. Statistical analysis was per-
formed using the Mann-Whitney test (p < 0.05).

3. Results

3.1. Aggregation and micellar properties

Low aggregation thresholds for the gemini surfactants are well-
documented [57]. In our case, a clear trend of CMC decrease can be
seen with the elongation of the surfactant tails (Fig. 2, Table 1), where
each addition of two methylene groups lowers the CMC by an order of
magnitude. So, the 14-carbon bearing compound 14-6-14(Et) starts to
form aggregates at as low as 30 μM, while surfactant with the shortest
tails 10-6-10(Et) has a comparable CMC to the classic 16-carbon cationic
surfactant representatives such as cetyltrimethylammonium bromide
(CTAB) in the millimolar range.

Thermodynamic parameters of aggregation can be derived from
tensiometry data, such as minimal equilibrium surface area per surfac-
tant molecule Amin, surface excess Гmax, and free energy of micelle for-
mation ΔGmic (Table 2). Analysis of free energy of micelle formation
dependence on surfactant tail length can be used to obtain free energy of
methylene group transport from water to the hydrophobic micellar core,
for which a value of �3.0 kJ/mol was obtained (Fig. S10), which is close
to the literature data [14].

The solubilization plots (Figs. S11–S13) provide two important
characteristics of the studied surfactants: CMC and solubilization ca-
pacities. The determined values can be found in Table 1. Since surfactants
with longer tails can form micelles with larger hydrophobic cores and
embed more of the hydrophobic dye, thus higher solubilization capacity
is observed for 14-6-14(Et).

Pyrene fluorescence assay is a very powerful technique that allows to
not only determine the micellization thresholds, but also to compare
micellar micropolarity conditions for different surfactants. The CMC
values are presented in Table 1, while on the plot (Fig. S14) it can be seen
that 10-6-10(Et) reaches a plateau after the inflection at 1.62 units of
polarity parameter (I1/I3), whereas for 14-6-14(Et) the final polarity after
inflection point is lower at 1.55 units. The longer hydrophobic chains, the
lower the polarity inside micelles, however it is noteworthy, that even for
14-6-14(Et) very high polarity is observed compared to traditional
Table 1
CMC values of the investigated surfactants obtained by various methods and their
solubilization capacity, 25 �C.

Surfactant CMC, M S, molOrange OT/
molSurfactant

Tensiometry Solubilization Fluorimetry Solubilizing
capacity

10-6-
10(Et)

5.8 � 10�3 5.7 � 10�3 4.8 � 10�3 0.015

12-6-
12(Et)

5 � 10�4 5 � 10�4 3.9 � 10�4 0.024

14-6-
14(Et)

3 � 10�5 4 � 10�5 4.3 � 10�5 0.032
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surfactants, where usually values of 1.3–1.4 units are recorded in the
micellar region [55]. Such high micellar polarity parameter may be
caused by a large polar headgroup containing two carbamate fragments
surrounded with solvate shell and allowing water to penetrate to the
palisade layer.

3.2. Antimicrobial activity of gemini surfactants

As a novel series, the carbamate gemini surfactants were tested for
their antimicrobial activity in the framework of routine analysis along
with self-aggregation, since ammonium surfactants often act as efficient
antimicrobial agents. Gram-positive S. aureus (Sa), B. сereus (Вс),
E. faecalis (Ef) and Gram-negative bacteria E. coli (Ec), P. aeruginosa (Ра),
including methicillin-resistant strains of S. aureus MRSA-1 (resistance to
antibiotics of the fluoroquinolone and β-lactam series) and MRSA-2
(resistance only to antibiotics of β-lactam series) were chosen as study
objects. Antifungal activity was studied on Candida albicans (Ca). The
minimum inhibitory concentration (MIC) values are shown in Table 3.

The carbamate gemini surfactants show strong antimicrobial activity
compared to both antibiotic ciprofloxacin and antifungal agent ketoco-
nazole, as well as traditional ammonium surfactant CTAB. MIC values of
n-6-n(Et) surfactants toward Gram-positive Sa, Bc, Ef strains are in the
near order with Ciprofloxacin, while 10-6-10(Et) and 14-6-14(Et) are
considerably weaker toward gram-negative bacteria than the control
antibiotic. However, while ciprofloxacin causes much less toxicity to
MRSA-1, carbamate gemini surfactants maintain MIC values in the
microgram range, being up to 250 times more toxic than ciprofloxacin.
Among the surfactants 12-6-12(Et) is most toxic toward all bacteria, and
14-6-14(Et) is the least toxic.

3.3. Liposome cationization with DOTAP and carbamate gemini
surfactants

To formulate liposomes, soybean PC and cholesterol were used as the
basic lipid material in HEPES buffer conditions (pH 7.4). Cholesterol is
used as an additive for liposome formulations to increase their stability
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Table 3
In vitro antibacterial and antifungal activities of the gemini surfactants.

Compounds MIC* – minimum inhibitory concentration (μg mL�1)

Sa Bc Ef MRSA-1 MRSA-2 Ec Pa Ca

10-6-10(Et) 0.9 � 0.07 1.9 � 0.1 0.9 � 0.07 0.5 � 0.04 0.5 � 0.03 3.9 � 0.2 31.3 � 2.6 62.5 � 5.4
12-6-12(Et) 0.5 � 0.04 0.9 � 0.07 0.9 � 0.06 0.5 � 0.03 0.5 � 0.04 0.9 � 0.07 3.9 � 0.2 3.9 � 0.2
14-6-14(Et) 3.9 � 0.2 3.9 � 0.3 3.9 � 0.2 1.9 � 0.1 1.9 � 0.1 15.6 � 1.2 62.5 � 5.4 15.6 � 1.3
Ciprofloxacin 0.5 � 0.03 0.5 � 0.04 3.9 � 0.3 125 � 11 0.9 � 0.07 0.5 � 0.03 0.5 � 0.03 –

Ketoconazole – – – – – – – 3.9 � 0.3
CTAB* 0.5 3.1 – – – 6.3 250 3.1

MBC* – minimum bactericidal concentration (μg mL�1) Minimum fungicidal
concentration (MFC), μg mL�1

10-6-10(Et) 7.8 � 0.6 15.6 � 1.2 31.3 � 2.3 0.5 � 0.05 0.5 � 0.04 15.6 � 1.2 – 62.5 � 5.5
12-6-12(Et) 31.3 � 2.5 15.6 � 1.3 3.9 � 0.2 0.5 � 0.05 0.5 � 0.03 7.8 � 0.5 – 3.9 � 0.2
14-6-14(Et) 62.5 � 5.3 15.6 � 1.1 31.3 � 2.5 1.9 � 0.1 1.9 � 0.1 15.6 � 1.2 – 15.6 � 1.3
Ciprofloxacin 0.5 � 0.03 0.5 � 0.04 3.9 � 0.3 250 � 19 0.9 � 0.06 0.5 � 0.03 0.5 � 0.03 –

Ketoconazole – – – – – – – 3.9 � 0.3
CTAB* 50 >500 – – – >500 >500 50

* – Average of three values measured; � standard deviation (SD).
* – Cetyltrimethylammonium bromide, data from Ref. [58].
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and to prolong the release rate of encapsulated drug. Based on funda-
mental researches [59,60], we opted to use 40 mol% of cholesterol from
the total amount of lipids employed in the liposome formation. The
buffer conditions provide control of the ionization state of all of the
groups present on top of liposomes, that better corresponds to in vivo
conditions. This control is essential, since liposome charge can strongly
affect cellular uptake.

The carbamate gemini surfactants were tested as liposome modifiers
that provide a positive charge and compared to a widely used cationic
lipid DOTAP (Table 4). In buffer conditions, it can be seen that addition
of 1/100th of DOTAP is not enough to significantly shift the zeta potential
of liposomes towards the positive. Only at the ratio of 1/35th a significant
charge of þ19.5 mV is achieved, and further increase of DOTAP fraction
up to 1/25th increases the potential to þ26 mV. However, DOTAP is
known to cause toxicity and a smaller fraction of it is preferrable [27].

To evaluate cellular uptake, liposomes were doped with 1/150th of
fluorescent probe coumarin 6 (C6), a hydrophobic compound that is
expected to localize in the liposome bilayers, which has been previously
used for uptake and localization analysis [61–64], DLS data of C6 lipo-
somes is shown on Table 5.

Considering cytotoxicity data, the surfactant 14-6-14(Et) was chosen
as an optimal compound for the following work. Coumarin 6 addition to
the liposomes caused a significant drop of zeta potential towards nega-
tives, lowering plain phosphatidylcholine-based liposomes to �27 mV of
zeta potential. At this point, addition of 1/50th of DOTAP was not enough
to cationize the liposomes and the resulting potential was �4 mV. The
molar DOTAP ratio of 1/25th results in a þ20 mV, which is 6 mV lower
than that of the liposomes without C6. Encapsulation of C6, however, did
Table 4
DLS parameters of liposomes obtained with different cationic modifiers at
various molar ratios, HEPES pH 7.4, 25 �C. Data are represented as mean stan-
dard � deviation (n ¼ 3).

Additive type Molar ratio Additive/lipid DH, nm PdI ZP, mV

Control – 118 � 1 0.078 �6.9 � 0.5
DOTAP 1/100 124 � 2 0.138 �1.2 � 1.2
DOTAP 1/50 109 � 1 0.090 þ11.1 � 0.3
DOTAP 1/35 104 � 1 0.096 þ19.5 � 0.5
DOTAP 1/25 97 � 1 0.093 þ26.2 � 1.6
10-6-10(Et) 1/25 111 � 1 0.075 þ18.0 � 1.4
12-6-12(Et) 1/25 117 � 1 0.086 þ40.7 � 1.5
14-6-14(Et) 1/25 105 � 2 0.090 þ48.3 � 1.8
SSRGD 1/100 115 � 2 0.094 �34.7 � 1.4
SSRGD 1/50 102 � 2 0.106 �31.4 � 1.8
SSRGD 1/35 107 � 2 0.090 �33.3 � 0.5
SSRGD 1/25 100 � 1.5 0.081 �39.6 � 1.0
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not significantly alter the zeta potential of liposomes modified with 14-6-
14(Et) which confirms that in buffer conditions DOTAP has a weak
ability to induce a positive charge on the liposomes, and carbamate
gemini surfactants are more fitting for this purpose.

TEM images show a dense population of vesicular aggregates with a
clearly distinguishable shells 4–6 nm in thickness which correspond well
to a lipid bilayer thickness (Fig. 3). On the DOTAP-doped sample, mostly,
deformed large aggregates of 200–400 nm in diameter are seen, which
are most likely products of fusion of smaller vesicles. Smaller liposomes
can be also distinguished consisting of one or two, rarely three lamellae
with average diameters of 70–150 nm. On the 14-6-14(Et) liposome
sample more of the aggregates appear to be of original shape, with more
than half of them being elongated round vesicles with diameters ranging
from 50 to 200 nm. Significantly fewer large vesicles can be observed on
this sample, indicating a smaller degree of intervesicular fusion. Small
proportion of the population consists of multi-layered vesicles having 2–3
lamellae. In less crowded areas of the sample mostly singular spherical
aggregates are observed (Fig. S15).
3.4. In vitro liposome performance: toxicity and cell association
enhancement

Cytotoxicity of surfactant modified liposomes increases with the in-
crease of surfactant incorporation fraction (Fig. 4). The IC50 values in the
range of 0.19–0.39 mM correspond to surfactant concentrations below
the CMC, so the cytotoxic effect is mainly attributed to the monomeric
and liposome-incorporated form of the gemini.

For the comparison of cellular uptake, a commonly used peptidemotif
Table 5
The effect of coumarin 6 on DLS parameters of liposomes obtained with different
cationic modifiers at various molar ratios, HEPES pH 7.4, 25 �C. Data are rep-
resented as mean standard � deviation (n ¼ 3).

Additive type Molar ratio
Additive/lipid

DH, nm PdI ZP, mV

Control С6 – 130 � 1 0.081 �26.6 � 1.2
DOTAP C6 1/50 116 � 2 0.083 �5.0 � 0.2
DOTAP C6 1/35 110 � 3 0.066 þ7.7 � 0.4
DOTAP C6 1/25 101 � 1 0.069 þ18.9 � 0.9
DOTAP C6 1/12.5 101 � 2 0.143 þ30.5 � 0.7
14-6-14(Et) C6 1/50 109 � 3 0.103 þ23.8 � 1.0
14-6-14(Et) C6 1/35 102 � 5 0.078 þ36.6 � 1.7
14-6-14(Et) C6 1/25 97 � 4 0.149 þ45.6 � 1.8
SSRGD C6 1/25 120 � 1 0.166 �23.8 � 0.9
SSRGD DOTAP C6 1/25 þ 1/35 117 � 2 0.122 þ12.6 � 0.3
SSRGD 14-6-14(Et) C6 1/25 þ 1/35 123 � 1 0.140 þ17.3 � 1.5



Fig. 3. TEM images of liposomes modified with DOTAP and 14-6-14(Et).
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that enhances cellular uptake, RGD [65], in its amphiphilic form (SSRGD)
was also incorporated into the liposome bilayers, and no effect on cyto-
toxicity toward PC-3 was observed with varied SSRGD concentration,
which illustrates its complete biocompatibility in the studied concen-
tration range (Fig. S16).

Formulation of liposomes that are highly capable to infiltrate cells
would require two important aspects: positive charge and RGD modifi-
cation. In order to compare individual effects of different modifiers
(cations or SSRGD) on cytotoxicity, a comparative assay on PC-3 and WI-
38 cells was conducted. Firstly, it is noteworthy that all prepared com-
positions loaded with C6 showed much higher cytotoxicity toward PC-3
cancer cells compared to healthy WI-38 cells (Fig. 5). The most toxic
toward both cells were cationic SSRGD-modified compositions including
DOTAP or 14-6-14(Et), which may be explained by the fact that cationic
lipids or the surfactant are cytotoxic on their own, and RGD being a tissue
uptake inductor amplifies the toxic effect by introducing more liposome
particles into the cells. Liposomes, which were cationized using DOTAP,
in both cell lines show more toxicity, where the cationic carbamate
gemini surfactant stands out as a more biocompatible positive charge
inductor. Moreover, the zeta potential of 14-6-14(Et) modified liposomes
is much higher than that of DOTAP modified liposomes at the same ra-
tios, which is beneficial in terms of cellular uptake. Flow cytometry data
show increased association of cationic liposomes with cells as evident by
mean fluorescence intensity of coumarin 6 associated with liposomes
(Fig. 6).

In Fig. 7, it can be clearly seen that 14-6-14(Et) modified liposomes
show the highest association among the non-RGD liposome group and
among the RGD-modified group. The combination of RGD and cationic
charge is strongly distinct from individual modulators such as DOTAP or
RGD peptide on their own. Among cationic RGD-modified liposomes, 14-
6-14(Et) liposomes are more readily absorbed probably due to their
stronger positive charge.
Fig. 4. Cytotoxicity of liposomes, modified with different tail lengths carbamate gem
6-14(Et) on cytotoxicity toward PC-3 cells, with the lipid/surfactant molar ratio var
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3.5. Fluorescence microscopy and performance with doxorubicin

Fluorescence microscopy allows to simultaneously trace cell nuclei
(DAPI, blue), liposomes (coumarin 6, green), and DOX (red) in PC-3 cell
line (Fig. 8). The studied samples included DAPI individually and all dyes
in free form as control (Fig. S17), as well as unmodified PC Chol lipo-
somes, 14-6-14(Et) liposomes and 14-6-14(Et) þ SSRGD liposomes
(Fig. 8). Throughout the experiment intense red fluorescence was
observed in cell nuclei and cytoplasm indicating successful DOX delivery
into the cells. Green fluorescence of C6, associated with liposome bi-
layers, localized noticeably in the membrane region of cells in case of
neutral liposomes in the first 6 h of incubation. For cationized and RGD
modified liposomes a less pronounced membrane localization is
observed, indicating that liposomes are entering the cytoplasm more
rapidly. After 24 h in PC-Chol samples C6 fluorescence was more evenly
spread throughout the cells indicating internalization or diffusion of C6
into the cytoplasm. By this time, samples with 14-6-14(Et) and dual-
modified liposomes with SSRGD resulted in noticeable cell deformation
indicating nuclei fragmentation into apoptotic bodies.

MTT assay of DOX action toward PC-3 and WI-38 cells (Fig. 9)
revealed selectivity toward the prostate cancer cell line which was
maximal for the liposomes modified with 14-6-14(Et). Liposomes did not
significantly alter IC50 values of DOX in case of PC-3 cells but produced
less toxicity when incubated with WI-38 cells. Modification with the
cationic surfactant 14-6-14(Et) decreases cytotoxicity of DOX-carrying
liposomes toward healthy WI-38 cells.

4. Discussion

Among the broad spectrum of carbamate gemini surfactants with
different tail lengths, we can observe that there is a non-linear depen-
dence of liposome zeta potential on the surfactant tail length (Table 4).
ini surfactants on PC-3 cells. Effect of tetradecyl carbamate gemini surfactant 14-
ied. *p < 0.05.



Fig. 5. Cytotoxicity of cationic liposomes obtained via modification with DOTAP or 14-6-14(Et) with and without the addition of RGD toward PC-3 and WI-38 cells.
*p < 0.05.

Fig. 6. Comparison of DOTAP and 14-6-14(Et) for cationic liposome modification and their effect on uptake by PC-3 cells. *p < 0.05.

Fig. 7. Comparison between effects of cationic charge and SSRGD adhesive
effects on association of modified liposomes with PC-3 cells. *p < 0.05.
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The surfactant with shortest tails, 10-6-10(Et) provides the lowest charge
of þ18 mV compared to other surfactants. This may be caused by a
deeper insertion of the headgroups into the lipid bilayer and masking of
the cationic ammonium groups by phosphates in the vicinity. Increase of
the tail length from 12 to 14 carbon atoms shows a small degree of po-
tential increase, which may be explained by the same effect of the depth
where the surfactant resides; shorter tailed ones residing a bit deeper,
while head groups of higher homologues localize close to periphery, thus
providing more bare charged groups on the surface. Also, similar results
have been reported for lower homologs of cationic surfactants [66,67]. It
is clear that at the ratio of 1/25th, most carbamate gemini surfactants
provide almost twice as much zeta potential as DOTAP, which proves
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their efficiency as liposome charge modulators. This must be caused by
the fact that a gemini surfactants provide twice as many positively
charged groups per molecules than DOTAP; however, the degree of
counterion bindingmay vary between the DOTAP ammonium group, and
the first and second ammonium groups on the carbamate gemini sur-
factants, hence no simple correlation between the number of charged
groups and zeta potential is to be expected. This is evident when
comparing liposomes with the same amounts of cations, for example, the
composition with 1/12.5th of DOTAP and liposomes with 1/25th of
14-6-14(Et). Although the amount of added cationic groups is the same in
both cases, the latter have a 35% higher zeta potential than the former,
instead of 2x difference.

The vesicles in the images appear very deformed: DOTAP liposomes
appear to be more irregular in shape, havingmore curvature and showing
more irregularity, than liposomes modified with 14-6-14(Et). Strong
deviations from spherical shape have been observed in case of liposomes
modified with polyglicidol due to strong interactions of polymer chains
leading to the decrease of bilayer curvature [68], due to doxorubicin
loading [69], for polymersomes [70], or caused by specific lipid shapes
[71]. However, in case of PC-Chol liposomes modified with DOTAP or
14-6-14(Et) at small molar ratios (�1/25) neither of these effects is
significantly present. Most likely, the deformation observed here is
caused by dense packing of the particles, where they push into each other
causing deformation and fusion. In this regard, it is reasonable to expect
14-6-14(Et) liposomes to resist deformation and fusion better due to
higher zeta potential, and stronger repulsion. Moreover, some discussion
about the effect of gemini surfactants upon lipid bilayer has been pub-
lished [72], and they are known to integrate well into the bilayer [35]. In
our case, two carbamate domains at every surfactant molecule, that are



Fig. 8. Fluorescence microscopy of liposomes loaded with DOX and dyed with coumarin 6 in PC-3 cells stained by DAPI. 6 h incubation (left) and 24 h incubation
(right). Blue channel: DAPI, DNA-intercalating dye. Red channel: DOX, DNA-intercalating drug that was administered to cells in free or liposomal form. Green channel:
C6, a hydrophobic dye incorporated into liposome bilayers.

Fig. 9. Cytotoxicity of DOX toward PC-3 and WI-38 cells in the free form or
encapsulated in plain and modified with 14-6-14(Et) and SSRGD liposomes. *p
< 0.01 compared to free DOX.
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most likely spread widely across the top of the bilayer plane, provide
multiple sites for intermolecular interactions such as van der Waals or
hydrogen interactions, and may provide additional sturdiness to the
bilayers.

Usually, Gram-negative bacteria are more resistant than Gram-
positive bacteria to cationic surfactants, which is associated with the
structure of their membrane. This was confirmed in a number of studied
compounds. It is known that antibacterial activity is highly dependent on
the length of the alkyl chain, and that there is an optimal chain length for
maximum antibacterial activity [73–75]. This is generally rationalized in
terms of the so-called cut-off effect [76]. In our case, compound
12-6-12(Et) turned out to be the most active in the homologous series
against S. aureus: MIC values (0.5 μg mL�1) were comparable to those of
the reference drug ciprofloxacin. This can be explained, on the one hand,
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by the fact that most cell wall phospholipids consist of 12 carbon atoms,
and amphiphiles with dodecyl tails are closest to them in terms of
physical and chemical properties and require minimal energy for incor-
poration [74]. On the other hand, dodecyl surfactants, compared with
higher homologues, have optimal solubility for the manifestation of
antibacterial activity [75].

A combination of the electrostatic and specific protein interaction
adhesive effects by using a cationic liposome modified with SSRGD can
be very promising. The choice of the 16-carbon hydrophobic chain is
explained by its high affinity to the liposome membrane, such derivative
is expected to strongly take root in the bilayer compared to lower ho-
mologues [77]. The di-serine bridge between the hydrophobic anchor of
the peptide and the RGD sequence is necessary to interact with the polar
palisade layer of the bilayer, where the lipid headgroups containing ester
and phosphate groups are present to formmultiple hydrogen interactions
with. Also, serine hydrophilicity ensures that the peptide is not likely to
be deeply dragged into the hydrophobic bilayer core, which allows for
the RGD part to stick out. Cationic component exploits Coulomb in-
teractions and the peptide enables specific binding to PC-3 membrane
integrins, as was shown for a similar RGD peptide previously [27]. These
are separate effects which should be combined to achieve best nano-
carrier performance.

From the standpoint of the interdisciplinary approach to nano-
medicine, zeta potential is a physicochemical nanocarrier characteristic
which can affect in vitro or in vivo performance such as cellular uptake or
association. It is logical to expect a relationship between these values,
since it is known that cell membranes possess negative potential and an
electrostatic attraction plays a role in nanoparticle adsorption to the
membrane, which leads to uptake. In our case, both cationic components
do increase uptake, however the carbamate gemini surfactants produce a
much stronger effect than DOTAP, which is probably because each sur-
factant molecule provides two nitrogen cations and a higher zeta po-
tential overall (Fig. 6). It is clear from flow cytometry data, that increase
of the amount of cationic surfactant in liposomes leads to proportionally
increased association with PC-3 cells. Similar study comparing flow
cytometry results of association of liposomes with various DOTAP con-
tent with PC-3 cells concluded that charge is not as significant as
PEGylation, and no simple relation between DOTAP fraction or zeta
potential and uptake was observed [28]. The inconsistence may be



Fig. 10. Correlation between cellular association and liposome zeta potential.
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explained by the fact that different cationizing additives and very
different molar fractions were used.

Moreover, if flow cytometry data is plotted in relation to the liposome
zeta potential, the Pearson's correlation is found to be 0.922 (Fig. 10)
which indicates a strong connection between liposome charge and as-
sociation with cells. Zeta potential and number of cationic lipids per 100
molecules in liposomes have already been correlated to in vitro perfor-
mance. Münter and co-authors examined how these two parameters
affected specificity of nanocarriers toward monocytes in human blood,
but found no correlation [78].

Data obtained in this work displays the important role of zeta po-
tential of nanoparticles in in vitro interactions with negatively charged
biological membranes. With more data it could be possible to establish
whether the relationship between zeta potential and cellular association
is linear or otherwise. Nevertheless, the zeta potential is a characteristic
that should be quantitatively considered in relation to nanocarrier in vitro
performance. It is logical, since zeta-potential essentially describes how
strongly a particle responds to Coulomb forces, and in case of non-
specific adsorption of nanoparticles to cellular membranes, Coulomb
force is what drives it.

5. Conclusions

The newly synthesized carbamate series of gemini surfactants dis-
played similar aggregation thresholds and parameters compared with
other ammonium gemini surfactants. Within the framework of non-
covalent approach for modifying the nanocarriers, it was demonstrated
that the attractive point of these surfactants is the ability to induce a
significant positive charge in liposomes, that can be used to modulate
cellular uptake of the liposomes. Not only these surfactants are able to
provide the same cationization to the liposomes, as DOTAP at lower
cytotoxicity levels, but they also show stronger ability to increase cellular
uptake of liposomes by PC-3 cancer cells (35% of cellular uptake increase
by DOTAP and 190% increase by 14-6-14(Et)). The nature of uptake of
cationic particles is non-specific, and it can be combined with functions
that increase uptake by specific interactions for best efficacy and tar-
geting action. Such combinations as cationic gemini surfactants and RGD
functionalization are promising for further research in chemotherapy.
Moreover, an evident correlation is shown between liposome zeta po-
tential and uptake of liposomes by PC-3 cancer cells, which links a
physicochemical liposome characteristic to its in vitro performance.
Hopefully, similar results can be obtained with other cell cultures that
exhibit strong negative membrane potentials. At the same time, the
surfactants comply to biodegradability requirement and act as efficient
tools for liposome cationization, which is a foundation for further
research of such drug delivery systems for the treatment of prostate
cancer.
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