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Abstract

Three lipid-based cubic liquid crystalline nanoparticles (or cubosomes) systems
were formulated and prepared by emulsifying surfactants Brij” 30 and Brij“35 with
aqueous solution of poly(ethylene) glycol derivatives and glyceryl monooleate: one
formulation containing Monomuls® 90-O18 and Pluronic® PE 10500, another one
containing Monomuls® 90-018 and Brij*35, and the third one based on Pluronic® PE 6800,
Brij“30 and Brij*35. Toxicity of formulations was evaluated by measuring the effect of
those cubosomes on human keratinocytes (NCTC2544) viability. Cells were seeded at
densities of 15,000 and 30,000 cells per well, respectively, into a 24-well tissue culture
dish. The cell viability test was performed using 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay by measuring oxidative activity of mitochondrial
succinate dehydrogenase enzyme. Effect on cell viability for each formulation was
determined as function v(z, ¢) of time (24, 48 and 72 hours) and cubosomes concentrations
(0, 5, 10, 20, 25 and 50 pg/mL).

Viability of cells decreased with increasing the concentration of cubosomes at all
three measuring times but the results were highly variable and the dependence on
concentration was far from being linear. Replacement of analysis of dependence of viability
at the three independent times, with analysis of areas under time viability curves (4,7) led
to a much more statistically significant dependence on concentration. As a general rule, 4,7
dependence on concentration was linear. Decreasing of the number of cells or increasing of
toxicity led to linear biphasic dependence: a rapid initial decrease followed by a slower
final decline.

Classification of compounds as toxic and non-toxic was undertaken using the
method of classification of plasma levels curves in bioequivalence studies. Based on
comparison of time integral of viability (4,7) - concentration of cubosomes curves, it was
found that first formulation is not toxic; the second is at the frontier between toxic and non-
toxic, the third is toxic. From comparison of formulations composition, appeared that
toxicity is determined by the content of Brijs.
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Rezumat

Au fost formulate §i preparate trei tipuri de nanoparticule cristale lichide cubice
(cubozomi) pe bazi de lipide prin emulsificarea surfactantilor Brij® 30 si Brij® 35 cu solutii
apoase de derivati de polietilen glicol si monooleat de glicerina: o formulare continand
Monomuls® 90-O18 si Pluronic® PE 10500, alta continind Monomuls® 90-018 si Brij“35,
si a treia — pe bazi de Pluronic® PE 6800, Brij“30 si Brij“35. Toxicitatea acestor formulri
a fost evaluatd prin masurarea efectelor asupra viabilitatii keratinocitelor (NCTC 2544)
umane. Celulele au fost insdmantate la densitatile de 15,000 si 30,000 celule per godeu, pe
o placa de culturd celulara cu 24 de godeuri. Viabilitatea celulelor a fost testatd folosind
bromura de 3-(4,5-dimetiltiazol-2-i1)-2,5-difenil tetrazoliu (MTT) prin masurarea activitatii
oxidative a succinat dehidrogenazei mitocondriale. Efectele fiecdrei formulari asupra
viabilitatii au fost determinate ca functie v(t, ¢) de timp (24, 48 si 72 ore) si concentratiile de
cubozomi (0, 5, 10, 20, 25 si 50 pg/mL). Viabilitatea celulelor a scazut odatd cu cresterea
concentratiei cubozomilor la toti cei trei timpi de maésurare, dar rezultatele au fost foarte
variabile, iar dependenta de concentratie nu a fost liniard. Inlocuirea analizei dependentei
viabilitatii la intervale de timp independente cu analiza ariei de sub curba viabilitate — timp,
a condus la o dependentd de concentratie, statistic semnificativd. Ca reguld generala,
dependenta 4,7/ a fost liniard. La un numar de celule mai mic si la o toxicitate mai mare, s-a
ajuns la o dependenta liniara bifazica: o scadere initald rapida, urmatd de o scddere mai
lentd in faza a doua. Clasificarea formuldrilor ca toxice sau non-toxice a fost efectuata
utilizand metode de clasificare a curbelor de concentratie plasmatica in studiile de
bioechivalentd. Bazat pe compararea integralelor viabilitatii 4,7’ ca functie de concentratie de
cubozomi, s-a gasit ca prima formulare nu este toxica, a doua este la granita intre domeniul
toxic $i non-toxic, si a treia este non-toxica. Din compararea compozitiilor formularilor, s-a
concluzionat ca toxicitatea este determinata de continutul in surfactanti de tip Brij®.

Keywords: monoglyceride liquid crystalline cubosomes, MTT assay area under
viability curve, biphasic linear regression.

Introduction

Supramolecular nanotherapeutics were recently developed as a new
frontiers in pharmaceutical science [1]. Based on self-assembling of
biocompatible polymers and/or phospholipids, several applications in
nanomedicine were found, thus providing an important revolution in therapy
[2]. Organic and inorganic materials are generally used to self-assembling
nanotherapeutics and to provide suitable size and shape for in vivo
administration [3]. Some colloidal formulations are applied in therapeutic
treatment for cancer and other pathologies [4].

Lipid-based cubic liquid crystalline nanoparticles (or cubosomes)
consisting of "honeycombed (cavernous)" structure spontaneously formed
when a certain concentration of amphiphilic lipids like glycerol monooleate
(GMO) [5] dispersed in aqueous solution has curved bicontinuous lipid
bilayer in three dimensions, separating two congruent networks of water
channels. Its unique structure consists of internal double water channels and
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large interfacial areas, which reveal great flexibility in encapsulation
efficiency of various polarities and amount of drugs, and has variegated
range of drugs encapsulated [6]. As a drug delivery vehicle, high drug
payloads, stabilization of peptides or proteins and simple preparation
process are also its advantages. The ability of cubic phase or cubosomes [7]
to incorporate and control release of drugs of varying size and polar
characteristics, and biodegradability of lipids make it an interesting drug
delivery system for various routes of administration, including oral, topical
(or mucosal) and intravenous administrations, with extensive application in
a multitude of dosage forms [8]. Furthermore, a number of
different proteins in cubic phase appear to retain their native conformation
and bioactivity, and are protected against chemical and physical
inactivation.

Nanotoxicology of colloidal carriers generally depends on materials
self-assembling in their supramolecular architecture. Many of these
materials are surfactants which are accumulated into membrane interfaces at
high percentages [9]. Supramolecular rearrangement of surfactants can
affect size and shape of colloidal nanocarriers, thus modifying their
conventional structure. In particular, the increase of size can promote
biological modifications, e.g. complement cascaded and inflammatory
mediators, which can affect platelet and erythrocyte aggregations, thus
generating potential thrombosis [10, 11].

In the last decade, toxic effects of liquid crystals were deeply
investigated, efforts being focused mainly to investigate environmental
impact of liquid crystals used in different technical fields [12-15].

The present paper concerns the formulation and toxicological
evaluation of colloidal liquid crystals cubosomes containing monoglycerides
and non-ionic surfactants, e.g. Pluronic® PE 6800, Pluronic® PE 10500,
Brij® 30 and Brij” 35 proposed as potential supramolecular carriers in drug
delivery and evaluation of their toxicity.

Toxic effects were carried out evaluating cell viability on human
keratinocytes (NCTC2544) through 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay as function of exposure time and
concentration of liquid crystals resulting surfaces of response. Commonly,
either the exposure time is fixed and dose-response relationships are
measured, or the concentration was fixed and time-response curves were
determined.

Comparison between viability curves in order to classify studied
compounds as function of their toxicity led further to problems of metrics
on curves. These were defined in analogy with metrics in bioequivalence
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studies, based on a model recently proposed [16] for comparison of pain
curves. Most utilized metrics in bioequivalence studies, the difference
between Areas Under Curves (AUC) was applied to comparison of viability
curves in presence of cubosomes with control viability curves.

Materials and Methods

Materials.

Polyethylene glycol-polypropylene glycol-polyethylene glycol block
copolymer 6800 (Pluronic® PE 6800), polyethylene glycol block copolymer
10500 (Pluronic® PE 10500), Brij® 30 and Brij® 35, were a kind gift of
ACEF Spa (Piacenza, Italy). Glyceryl monooleate (Monomuls® 90-O18)
was obtained from Cognis S.p.A. (Fino Mornasco (CO), Italy). Double-
distilled pyrogen-free water was purchased from Sifra S.p.A. (Verona,
Italy). Isotonic sterile saline solution (NaCl 0.9% w/v) was a product of
Fresenius Kabi Potenza S.R.L. (Verona, Italy). Human keratinocytes
(NCTC2544 cells) were purchased from Istituto Zooprofilattico della
Lombardia e dell’Emilio Romagna (Brescia, Italy). Dulbecco’s Modified
Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin
solution and Trypsin/EDTA (1x) solution were obtained from GIBCO
(Invitrogen Corporation, Giuliano Milanese (Mi), Italy). All other materials
and solvents used during experiments were of analytical grade (Carlo Erba,
Milan, Italy).

Preparation of cubosomes.

Monoglyceride colloidal liquid crystals were prepared by
emulsifying non-ionic surfactants with aqueous solution of poly(ethylene)
glycol derivatives herein reported. This procedure allows preparing
formulations with different amount of surfactants self-assembling inside
supramolecular structure. Briefly, glyceryl monooleate (90 mg) was
dissolved in ethanol (2 mL); while Pluronic® PE 6800 or Pluronic® PE
10500 or Brij® 30 or Brij® 35 were dissolved into double-distilled pyrogen-
free water NaCl 0.9% w/v (8 mL). Aqueous phase was dropped to ethanol
phase under continuous stirring using a Ultraturrax T25 basic homogenizer
(IKA" - Werke GmbH & Co. KG, Staufen, Germany) at a mixing speed of
18500 rpm (3 different cycles of 5 min). The procedure was carried out at
room temperature. Cubosomes were obtained by incorporating Monomuls®
90-0O18 to ternary phase made up from ethanol, monoolein and water, thus
affecting final architecture and spatial arrangement of colloidal liquid
crystals. Monoglyceride colloidal liquid crystals were maintained at room
temperature for 48 h under continuous stirring (400 rpm) to remove traces
of ethanol not self-assembling inside supramolecular structure. Unstructured
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surfactants were further removed by dialyzing formulations using cellulose
membrane dialysis tube with molecular cut-off 50,000 Dalton (Spectra/Por
Membranes, Spectrum Laboratories, Inc., CA, USA). Dialysis was
performed at room temperature for 48 h using a NaCl 0.9% w/v (200 mL)
and under constant stirring (400 rpm). NaCl 0.9% w/v was replaced every 8
h during experiment.

Physicochemical characterization.

Photon correlation spectroscopy was performed to characterize
monoglyceride colloidal liquid crystals. The average sizes, narrow size
distribution and zeta potential of various formulations were carried out
using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worchestershire,
United Kingdom) as previously reported [17, 18]. Briefly, samples were
suitable diluted with an isotonic aqueous solution previously filtered (pore
size 0.22 mm) through polypropylene membranes (Whatman Inc., Clifton,
NJ, USA). Sizes and zeta potential disposable cuvette (Malvern Instruments
Ltd., Worchestershire, United Kingdom) were used to perform the analysis.
The following set up for the instrument was applied during the analysis:
4.5m Wlaser diode operating at 670 nm as a light source; scattered photons
detected at 173°. The third-order cumulant fitting autocorrelation function
was applied to achieve average sizes and narrow size distribution from
scattered photon patterns. The following instrumental parameters were used
for the photon correlation analysis: real refractive index 1.59, imaginary
refractive index 0.0, medium refractive index 1.330, medium viscosity 1.0
mPa s and medium dielectric constant 80.4.

The zeta potential of monoglyceride colloidal liquid crystals were
carried out wusing the Doppler laser anemometry and hence the
electrophoretic mobility. A Smoluchowsky constant F (Ka) of 1.5 was
applied during the analysis. The apparatus is equipped with a He/Ne laser
doppler anemometry (633 nm) with a nominal power of 5.0 mW.
Experimental data are the average of different experiments (n = 10 runs) +
standard deviation.

Viability of NCTC 2544 cells in presence of monoglyceride colloidal
liquid crystals.

Human keratinocyte cells (NCTC 2544) were transferred from
cryovial tubes to plastic culture dishes (100 mm diameter) and seeded (5%
CO,) for three days at 37°C using DMEM supplemented with penicillin
(100 Ul/mL), streptomycin (100 pg/mL), amphotericin B solution (1% v/v)
and FBS solution (10% v/v). When NCTC 2544 cells had a confluence of
80%, cells were treated with trypsin-EDTA solution, washed with
phosphate-buffered saline (PBS) and finally transferred into centrifuge
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tubes. The obtained samples were centrifuged using a Megafuge 1.0 (Heraeus
Sepatech) at 800xg for 10 min at 4°C. Supernatant was poured off and
pellets dissolved into cell culture medium to obtain a final concentration of
3 x 10* cells/mL. NCTC 2544 cells (8 x 10’ cells/cm®) were seeded into 9
well plastic culture dishes before in vitro experiments.

After 24 h, cells were treated using different concentrations of
supramolecular carriers (5, 10, 25 and 50 pg/mL). Untreated cells were used
as control and blank, respectively. Different time points (24, 48 and 72 h)
were evaluated during the experiment.

The cell viability was assessed based on the conversion of pale
yellow MTT [3-(4, S5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] to purple formazan crystals. MTT solution (5 mg/mL in PBS
buffer) (10 pL) was added to each well and incubated for 3 h at 37°C. After
3 h the medium was removed and replaced with ethanol and DMSO (1:1
v/v) solution (100 pL) to dissolve crystal formazan that had precipitated
inside the cells. Plates were then gently shaken at 230 rpm (IKA® KS 130
Control, IKA® WERKE GMBH & Co, Staufen, Germany) for 20 min. The
sample absorbance was measured using an ELISA microplate reader
(Labsystems mod. Multiskan MS, Midland, ON, Canada) at a wavelength of
570 nm. The percentage of viable cells was measured using the following
equation:

Cell viability (%) = [AbsT/AbsC] x 100,

where ADbsT is the absorbance of the treated cells and AbsC is the
absorbance of control (untreated) cells.

Results and Discussion

The monoglyceride colloidal liquid crystals were obtained by
combining of two or three components. Combinations with more than three
components were avoided following a multitude of possible states and
multiphase separations. Formulations which demonstrated the best
physicochemical features, selected to be tested in vitro for their effect on
cells viability are presented in Table I.

Table I

Chemical composition of prepared cubosomes
Monomuls® Pluronic® | Pluronic®

Brij®30 | Brij®35

90-018 PE 6800 PE 10500
M - PL 10500 90 mg - 50 mg - -
M - BJ35 90 mg - - - 50 mg

PL - BJ30 & BJ35 - 50 mg - 45 mg 45 mg
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The average sizes (below 170 nm), narrow size distribution or
polidispersity index or PDI (below 0.2), the zeta potential value (below —30
mV) (Table II) and surfactants used to make monoglyceride colloidal liquid
crystals provided suitable physicochemical features for the potential
administration of various formulations both in vitro and in vivo to treat
different pathologies. Furthermore, these features seem to suggest a
potential use of monoglyceride colloidal liquid crystals as supramolecular
nanotherapeutics as previously reported for therapeutic liposomes [19-21].

Table 11

Physicochemical characterization of monoglyceride colloidal liquid crystals

Formulations Sizes (nm) PDI' Zeta Potential (mV) EM? (pm X cm/Vs)
ML - 10500 165.3+2.0 | 0.190+£0.05 -29.214+2.0 -220+£0.6
M-BJ 35 160.2+1.0 | 0.181 £0.06 -28414+2.5 -225+£0.2
M-BJ30&BJ35 | 157.3£24 | 0.179+0.08 -27.25+2.3 -2.04+£0.7

"Polidispersity Index, *Electrophoretic Mobility

Control time-viability curves.

Time course of viability in case of 30,000 cells control, is presented
in figure 1. The curves were very similar, homogeneously distributed in
space. Coefficient of variation of the set of four replicates, even in case of
30,000 cells was low: 6.7 % at 24 h, 2.4 % at 48 h and 6.2 % at 72 h.

Evaluation of time evolution put in evidence that their viability
curves, for three days time interval, are rather increasing functions than
“survival curves” (Figure 1). This is in agreement with reported results for
longer periods by other authors [22, 23]. Viability of cells decreased from
24 to 48 h, remaining approximately constant from 48 h to 72 h.
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Figure 1
Five replicates control viability curves (culture of 30,000 cells/well)

As a rule, the results depended on the number of cells, variability
being greater in case of 30,000 cells/well than in case of 15,000 cells/well.
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Effect on viability of formulation M-PL10500.

A global inspection of sets of curves in case of 30,000/well reveals
that viability, estimated at 24, 48 and 72 h, generally decreased with
increasing of the concentration of cubosomes at 24 h, oscilated at 48 h and
was rather constant at 72h (Figure 2).
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Figure 2
Dependence of viability of keratinocytes (30,000 cells/well) on the concentration
of M-PL10500 formulation: a. 24h; b. 48 h and ¢.72h

It is to note that variability was much higher than in case of control
curves, as can be seen in Table I1I.

Table 111
Coefficients of variation (%) of the set of replicates viabilities culture

of 30,000 cells/well, M-PL

Conmcé fncmuf)f;‘if;‘;”a“‘m Control | 5 pg/mL | 10 pg/mL | 25 pg/mL | 50 pg/mL
24h 6.7 4.4 9.7 8.0 8.6
48h 24 23 8.9 92 115
72h 6.2 3.8 2.0 25 8.6

As can be seen in Figure 3, mean curves didn’t change the
conclusion drawn after evaluation with the necked eye of the clusters of
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replicate curves. Dependence of cells viability on PL concentration was
rather confused.

Increasing of viability at 48 h, at 10 mg/mL in comparison with
control viability at 24 h was obtained in all four replicates during the
experiment and is difficult to explain. On the other hand, it is to note that in
case of control curves the viability increased at 48 h in comparison with
viability at 24h (Figure 3).
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Figure 3

Mean viability curves of keratinocytes in presence of M- PL 10,500: a. 30,000
cells/well; b. 15,000 cells/well

Following the high registered variability induced by cubosomes, it
was looked at another, supplementary endpoint to characterize their effect
on viability. The most utilized endpoint in case of plasma levels in
pharmacokinetics, used for evaluation of in vitro — in vivo correlations [24,
25], for predicting safety and efficacy of drugs starting from physiological
models [26, 27] is the Area Under Curve (AUC). The most frequently used
method for the calculation of AUC, is the trapezoid rule. Area under curve
defined by a function f{?) in the time interval [0, T], if there are known the
values of function in points

(ti)i=1,n ,

is approximated by the sum of areas of trapesis determined by segments
(0.1 ()1 10 () [t L (10).f ()]

oS )+ /@),
AUV CT= 2Ty )
In case of pharmacokinetics function f{?) becomes concentration c(z)
and in our case was considered percent of viability in comparison with
control curve and area calculated by time integration was denoted 4,7/c).
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Viability dependence on cubosome concentration in case of culture
with lower number of cells, as can be seen in Figure 4 was a continuous
decreasing.
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Figure 4
Time integral areas 4,1/c) of viability curves as function of M- PL 10,500
concentration: a. 30,000 cells/well; b. 15,000 cells/well

On the contrary, in case of effect on 15.000 cells/well culture, it was
obtained a clear, expected result: an increasing of toxicity measured by
decrease of 4.1/c) with the increasing of concentration. Dependence was
biphasic linear: in the intervals 0 - 10 pg/mL and 10 — 25 pg/mL. The slope of
the line of the toxicity was much greater in the first concentration interval
(Figure 4).

Formulation M — BJ 35.

As can be seen in Figure 5 toxicity increased with concentration.
A4c)was approximately linear dependent of concentration (R> = 0.86) in case of
30,000 cells/well. Concerning the case of 15,000 cells/well dependence between
A:Yc) and concentration was linear biphasic. It is to note that behaviour, at
least qualitatively, is similar to the case of M-PL10500 formulation.

Formulation PL-BJ 30& BJ35.

Addition of a new quantity of Brijs led to an increase of toxicity.
Regression line had a greater slope and correlation coefficient was
significantly higher than in case of the other two formulations. It concerns
the effect on the two types of cell cultures, the behaviour was practically the
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same as in the case of PL-BJ 35 formulation: 4.%/c) — concentration
dependence was linear in case of high number of cells and biphasic linear in

the case of poorer culture (Figure 5).
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Dependence of viability on concentration of PL-BJ30 &BJ35 formulation:
a. 30,000 cells/well; b.15,000 cells/well

Intercomparison of effects on viability of the three formulations.
Dependence of the time integrals of viability on the concentrations
of cubosomes is presented in Figure 6.
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Dependence of the 4,%(c) on the concentrations of cubosomes
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For analysing the viability curves, the methods for comparison of
plasma levels of drugs in bioequivalence studies were applied. A first type
of metrics in biopharmaceutical studies compares a reference drug R and a
tested one 7, being based on differences between matched points. In
particular, it can be considered a single point, for example the maximum
concentration

d(R.T)=|Ch, -CL,

9

or the sum of differences
d(R’T) = E‘CR (ti)_CT (ti )‘,

where c(?;) is the concentration of drug in blood at time #.

In case of continuous curves defined in the time interval [0, t], the
metric becomes difference between Areas Under plasma level Curves
(AUC.,) measured by integration.

dyc (RT)= [ ey (1)=c, (1) Uc (1)~ [[ e (1)

which becomes when we compare the effect on cell viability of two
formulations (F1 and F2):

i (1.R2) = [ Vo ()= o () = [ Ve 1) do= [ (0t = A0 - A7

As further development, similar with drug classification as
bioequivalent and non-bioequivalent, could be compared toxicity of two
formulations or of the same formulations at different concentrations. In case
of comparison of sets of plasma level curves or effect curves [16, 28] or
toxicity curves, it is possible to extend the rules for calculating average
bioequivalence of drug formulations. For example we can say that two

formulations are toxic equivalent if:
Fl1

=|aucy, - ucy,

3

P(0.8 < Mfz‘y <1.25)=0.90

Moy

b

Fl1 F2
where “AV and #AV are the true means of the concentration integral
toxicity for the compared formulations. In case when viability is measured

at a single time, metric reduces to comparison of areas under curves.

Conclusions

Cell viability decreased with increasing concentration of cubosomes
at all three measuring times (24, 48 and 72 hours) but the results were
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highly variable and the concentration dependence didn’t follow a well-
defined model.

Replacement of analysis of dependence of viabilities at the three
independent times with analysis of areas under time viability curves.

(4:1) led to a significant decrease of variability and a more smooth
dependence on concentration. As a general rule, dependence on
concentration was linear. Decreasing of the number of cells as well as
increasing of toxicity led to linear biphasic dependence: a more rapid initial
decrease followed by a slower final decline.

Comparative examination of dependence of mean 4,9 on
concentration of tested cubosomes leads to the conclusion that all
formulations have not a significant toxicity. Results put in evidence the fact
that toxicity depends on the composition and concentration of cubosomes as
well as incubation time. In appeared that formulation without Brijs is not
toxic and successive addition of Brijs surfactants increased the toxicity.
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