International Journal of Pharmaceutics 434 (2012) 460-467

journal homepage: www.elsevier.com/locate/ijpharm

Contents lists available at SciVerse ScienceDirect

International Journal of Pharmaceutics ©

PHARMACEUTICS
iy

f——

Pharmaceutical Nanotechnology

Evaluation of surface deformability of lipid nanocapsules by drop tensiometer
technique, and its experimental assessment by dialysis and tangential flow

filtration

Samuli Hirsjdrvi*, Guillaume Bastiat, Patrick Saulnier, Jean-Pierre Benoit

LUNAM Université, Université d’Angers, INSERM U1066, Angers, France

ARTICLE INFO ABSTRACT

Article history:

Received 2 May 2012

Received in revised form 4 June 2012
Accepted 5 June 2012

Available online 12 June 2012

Keywords:

Lipid nanocapsules

Drop tensiometer
Dialysis

Tangential flow filtration
Rheology

Deformability of nanoparticles might affect their behaviour at biological interfaces. Lipid nanocapsules
(LNGs) are semi-solid particles resembling a hybrid of polymer nanoparticles and liposomes. Deforma-
bility of LNCs of different sizes was modelled by drop tensiometer technique. Two purification methods,
dialysis and tangential flow filtration (TFF), were applied to study experimental behaviour and deforma-
bility of LNCs in order to evaluate if these properties contributed to membrane passing. Rheological
parameters obtained from the drop tensiometer analysis suggested decreasing surface deformability of
LNCs with increase in diameter. Dialysis results showed that up to 10% of LNCs can be lost during the
process (e.g. membrane accumulation) but no clear evidence of the membrane passing was observed.
Instead, LNCs with initial size and size distribution could be found in the TFF filtrate although molecular
weight cut-off (MWCO) of the membrane used was smaller than the LNC diameter.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Extensive studying of nanosized particles during the last
decades have resulted in drug delivery systems that protect the
active substance, improve solubility and target the drug to spe-
cific tissues in the body (Farokhzad and Langer, 2009). Areas such
as cancer therapy benefit from these advances (Hirsjdrvi et al.,
2011). Most of the nanosized drug carrier particles consist of
polymer or lipid materials (Kumari et al., 2010; Miiller et al.,
2011; Torchilin, 2005,2007). Lipid nanocapsules (LNCs) are syn-
thetic particles whose structure can be characterized as a hybrid
between polymer nanoparticles and liposomes (Heurtault et al.,
2001, 2002a). They consist of low-toxicity materials (PEGylated
surfactant, lecithin, triglycerides) and their fabrication, based on
low-energy organic solvent-free phase inversion process, can be
easily scaled up. Moreover, their size can be tuned within the range
of 20-100 nm (Heurtault et al., 2003b). LNCs have been applied
e.g. in the delivery of cancer therapeutics (Cirpanli et al., 2011;
Lacoeuille et al., 2007; Peltier et al., 2006) and other drug molecules
(Lamprecht et al., 2004), macromolecules such as siRNA and DNA
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(Morille et al., 2010, 2011), and in radiotherapy (Allard et al., 2008;
Vanpouille-Box et al., 2011a,b).

Apart from size, surface charge and hydrophilicity, elasticity
and shape are less studied parameters that can have a profound
influence on the nanoparticle fate in vivo (Decuzzi et al., 2010;
Longmireetal.,2011; Perryetal., 2011).In fact, elasticity is reported
to have an effect on the biodistribution and membrane pass-
ing capacity of nanoparticles (Arkhangelsky et al., 2011; Christian
et al., 2009). For example, renal clearance of flexible dendrimers
(~15nm) was more pronounced compared to “hard” dendrimers
of the same size (renal clearance cut-off ~10 nm) (Longmire et al.,
2011). Elasticity is also considered as an important factor in the
evaluation of toxicology of nanomaterials (Elsaesser and Howard,
2012). Elasticity might also be related to the mobility of the molec-
ular chains on the nanoparticle surface, thus affecting the uptake
by the mononuclear phagocyte system (MPS) (Vonarbourg et al.,
2006a).

Due to their semi-solid hybrid structure, shell of an LNC can
be expected to express dynamic behaviour and elasticity. These
properties have been studied by interfacial deposition technique
with the help of Langmuir balance (Heurtault et al., 2003a; Minkov
et al., 2005a,b). Comportment of Solutol®, the main surfactant
on the LNC shell, on an oil-water interface has been stud-
ied using drop tensiometer technique (Heurtault et al., 2002b).
The results demonstrated, indeed, the dynamic nature of LNCs
(elastic behaviour upon compression) but also their structural
stability.


dx.doi.org/10.1016/j.ijpharm.2012.06.019
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:samuli.hirsjarvi@univ-angers.fr
mailto:guillaume.bastiat@univ-angers.fr
mailto:patrick.saulnier@univ-angers.fr
mailto:jean-pierre.benoit@univ-angers.fr
dx.doi.org/10.1016/j.ijpharm.2012.06.019

S. Hirsjdrvi et al. / International Journal of Pharmaceutics 434 (2012) 460-467 461

In vitro, regardless their sizes in the range of 20-100 nm, LNCs
are rapidly internalized by cells (e.g. macrophages, different cancer
cells) (Paillard et al., 2010; Vonarbourg et al., 2006b). Smaller LNCs
(20 nm) were observed to escape lysosomes more efficiently than
the bigger ones (Paillard et al.,2010). Passage of LNCs across a model
intestinal barrier has been shown to be size-independent (Roger
et al., 2009). Increasing LNC size (20-100 nm) resulted in increased
activation of the complement system (Vonarbourg et al., 2006b).
However, these previous LNC studies have not elucidated the role
of the possible particle deformability on the biological behaviour.

Therefore, in this study, to make next step towards deforma-
bility evaluation of LNCs, characterization of rheological properties
of oil-in-water drops mimicking LNCs of different sizes was per-
formed by drop tensiometer. Drop tensiometer technique has been
used previously to study rheology of different molecules such as
lipids (Anton et al., 2007; Li et al., 1999; Wiistneck et al., 1999b),
proteins (Benjamins et al., 1996; Liu et al., 2011; Wiistneck et al.,
1999a), polyoxyethylene-type and other surfactants (Ramirez et al.,
2011; Santini et al.,2007), and biological samples (serum) (Kazakov
et al., 2008) on diverse interfaces. Deformability of LNCs was
then evaluated experimentally according to their behaviour during
purification by dialysis and tangential flow filtration (TFF). Dial-
ysis is a widely used classic method to remove impurities and
excess molecules. TFF is a less-used alternative purification method
for nanoparticle dispersions (Dalwadi et al., 2005; Dalwadi and
Sunderland, 2007, 2008; de Jaeghere et al., 1999; Hirsjdrvi et al.,
2009, 2010; Limayem et al., 2004; Saez et al., 2000; Sweeney
et al., 2006). Particularly, loss of LNCs during these processes was
assessed.

2. Materials and methods
2.1. Materials

Solutol® HS15 (PEG 660 12-hydroxystearate, My ~870Da)
(BASF, Ludwigshafen, Germany), Labrafac® WL 1349
(caprylic/capric acid triglycerides) (Gattefossé S.A., Saint-
Priest, France), Lipoid® S75-3 (Mw ~780Da) (Lipoid GmbH,
Ludwigshafen, Germany), NaCl (Prolabo VWR International,
Fontenay-sous-Bois, France) and MilliQ185 water (Waters, Saint-
Quentin-en-Yveline, France) were used in LNC formulation.
3,3-Dioctadecyloxacarbocyanine perchlorate (DiO) was from
Invitrogen (Cergy-Pontoise, France). All other used reagents were
of analytical grade.

2.2. Methods

2.2.1. Lipid nanocapsule (LNC) preparation and characterization

LNCs were prepared by the phase inversion temperature
method described by Heurtault et al. (2003b). A mixture of Solutol®,
Lipoid®, Labrafac®, NaCl and water was heated to 85 °C at a rate of
5°C/min followed by cooling at the same rate to 65 °C. This cycle
was repeated twice. During the last decrease of temperature, at
78°C (during the phase inversion zone), the system was diluted
with cold (4 °C) water leading to formation of stable LNCs. Size of
LNCs (25, 50, 100 nm) was adjusted by changing the proportions
of the components (Table 1). Fluorescent dye (DiO) was dissolved
in acetone and added in the LNC preparation vial. Acetone was
evaporated before addition of the components of the LNCs. Final
concentration of DiO was 3 mmol/L/total Labrafac® amount (LNC
core).

Size distributions and zeta (¢) potentials of LNCs were deter-
mined with a Zetasizer ZS (Malvern, Worcestershire, UK). Particle
sizing was based on photon correlation spectroscopy (PCS);
the results were analysed by CONTIN algorithm and the sizes

were presented based on the volume distributions together with
polydispersity indices (PdIs). Electrophoretic mobilities were con-
verted to {-potentials using Smoluchowski’s equation.

2.2.2. Evaluation of the LNC composition
Quantities of LNCs (of different sizes) were estimated according
to following equation:

_ 3m
T

(1)

where mand p are mass (Table 1) and density (945 g/L) of Labrafac®,
respectively, and x is the quantity of LNCs. Molar-% proportions of
Lipoid® and Solutol® in an LNC formulation were calculated from
the total quantity of these components (Table 1) used. Quantity in
moles of the components on the surface of a single LNC was

n(total) _ n(Solutol®) + n(Lipoid®)

(2)

LNC X
n(total)  n(total)/LNC (3)
A 4712

where x is the quantity of LNCs, and A and r the surface area
and radius of a single LNC, respectively. Previously, the totality
of Solutol® and Lipoid® are shown to participate in the particle
formation (unpublished data). n(total)/A was used to determine
the amounts of Lipoid® and Solutol® on the surface of a model
Labrafac® drop that was used in the drop tensiometer studies. Vol-
ume of the Labrafac® drop was 5 pL and the surface area of such a
drop was evaluated to be about 12.5 mm? (the area is smaller than
that of a 5 pL drop because of space occupied by the gauge).

2.2.3. Rheology by drop tensiometer technique

Rheological behaviour of an oil-water interface (Labrafac®-
water) containing different quantities of Lipoid® and Solutol®,
respectively, was measured by a drop tensiometer (Tracker, ITCon-
cept, Longessaigne, France). Lipoid® and Solutol® concentrations
were calculated according to their mol% in the surface of LNCs
(Table 2). The tested concentrations varied from 100% Solutol®
(0% Lipoid®) to 100% Lipoid® (0% Solutol®). n/A concentration of
LNC 50nm (Table 2) was used for the calculation of the total
Lipoid® + Solutol® concentration (except the model drops for LNC
25 and 100nm). A 5L (~12.5 mm?) rising drop of Labrafrac®
was formed using an Exmire microsyringe and a gauge (Prolabo,
Paris, France) into a glass vial filled with the aqueous phase. The
axial symmetric shape (Laplacian profile) of the drop was analysed
using a camera connected to a computer. From the analysis of dig-
ital image with Laplace equation integration of the drop profile,
the interfacial tension and surface area could be simultaneously
calculated and recorded in real time. Volume was controlled by
the motor operating the microsyringe. In order to let Lipoid® and
Solutol® adsorb on the interface, the drop was equilibrated for 16 h
(at 25°C) keeping the surface area constant with the help of the
syringe motor. At the end of the equilibration time, equilibrium
surface tension was registered. To obtain the rheological parame-
ters, the drop was then subjected to harmonic (sinusoidal) surface
area alterations. Amplitude of the sinusoids was 0.3 pL (sinusoids
were performed by the volume change because of higher precision)
corresponding to about 5% change in the surface area. Magnitude
of such surface area change enabled retaining linear conditions.
Periods (pulsations, w) of the sinusoids ranged from 3 to 300 s corre-
sponding to a rad/s range 2.09-0.02. Observed alterations in surface
tension for each pulsation were treated by a harmonic analysis
(Windrop software, ITConcept, Longessaigne, France) that allowed
calculation of the parameters G’ (elasticity real part) and G (elastic-
ity imaginary part), characteristic for the rheological comportment
of the interface (Saulnier et al., 2001).
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Table 1
Composition of LNCs of different sizes. Volume of the cold (4 °C) water added during the phase inversion zone was 4.2 mL leading to a total volume of about 5.7 mL.
Solutol® (mg) Lipoid® (mg) Labrafac® (mg) NaCl (mg) Water (mg)
LNC 25 nm 645 25 282 30 685
LNC 50nm 282 25 343 30 987
LNC 100 nm 161 25 403 30 1048
Table 2
Particle quantities and theoretical amounts of the tensioactive components Lipoid® and Solutol® on the LNC surface.
Particle quantity? n(Solutol® + Lipoid®)/A (mol/m?) Lipoid® (%) Solutol® (%)
LNC 25nm 7.12 x 106 8.63 x 106 4 96
LNC 50 nm 5.54 x 1015 8.19x 1076 9 91
LNC 100 nm 8.14 x 10™ 8.50 x 106 15 85

2 Total particle quantity resulting from a formulation with the amounts of the components announced in Table 1.

The current model used to simulate the rheological charac-
teristics of an interface with sinusoidal pulsations is a parallel
association of a Maxwell liquid and a perfect elastic solid (Hooke’s
law) (Saulnier et al., 2001). The perfect elastic solid reflects the
pure elasticity of a monolayer with cohesive interactions between
amphiphilic molecules at the interface. This phenomenon corre-
sponds to the rheological parameter E., the elastic compliance
(long range organization of the interface and the interactions
between the interfacial molecules). The Maxwell liquid reflects the
energetic dissipation of the monolayer, i.e. the displacements of
the amphiphilic molecules from/to the monolayer due to com-
pression/expansion, respectively. This dissipative phenomenon
corresponds to two rheological parameters: Eye (elasticity compo-
nent) and 7 (in relation with the viscosity component). Epe is linked
to molecular interactions between the amphiphilic molecules and
the aqueous or the lipophilic phase; 7 stands for the time of the
interface to reach a new equilibrium energetic state after a per-
turbation (compression/expansion). With this approach, G’ and n
(viscosity) are expressed as a function of w (duration range of the
sinusoidal pulsations):

) w212
G(w):Ee'FEnem (4)
G'(w) T
)= S e T (5)

Fortran program for experimental curve fitting, based on a tra-
ditional optimization method called simulated annealing, with a
0.95 tolerance was used. The parameters Ee, Epe and t, elastic com-
ponent, dissipative component and relaxation time, respectively,
were optimized independently (G'(w) or n(w)) and simultaneously
(G'(w) and n(w)). Parameters presented in this study are results of
means and standard deviations of the various optimizations.

2.2.4. Dialysis and tangential flow filtration (TFF)

LNCs were dialysed with 3.5 or 15 kDa MWCO (molecular weight
cut-off) Spectra/Por regenerated cellulose membranes (Spectrum
Laboratories, Inc., Breda, The Netherlands) overnight. The dialysed
volumes were 500 L and the external medium was 800 mL.

TFF was performed with a continuous diafiltration mode (the
dispersion volume remained the same during filtration) using
a Minimate™ TFF System and a Capsule with Omega ™ 3K or
10K MWCO Membrane (Pall Corporation, Ann Arbor, USA) run
by a peristaltic pump. Principle of TFF is presented in Fig. 1. The
flow rate was 40 mL/min, filtration rate 1-2 mL/min and operating
pressure 10-20 psi. The LNC dispersion volume was 10 mL (con-
centration 20 mg/mL) and the volume of water used in purification
was 100 mL. 5 mL fractions of filtrate were collected. The filtration
capsule was washed with 0.5mol/L NaOH and water after each
filtration as recommended by the fabricant.

Count rate (kilo counts per second, kcps) expresses the scat-
tering intensity detected during a PCS analysis, ie. the sample
concentration. Theoretical particle concentrations were evaluated
from the PCS data of the dialysed LNCs and the TFF filtrate frac-
tions by dividing measured count rate by attenuation factor. The
obtained derived count rate (DCR) allowed comparison of the dial-
ysed LNC (taking into account the eventual volume increase) and
the TFF fractions with the initial LNC dispersion (% LNC after dialy-
sis or % LNC in a fraction of the initial LNC concentration). Similarly,
fluorescence intensities of the dialysed LNCs were measured before
and after dialysis, and also fluorescence intensities of the TFF frac-
tions vs. the TFF feed LNC dispersion (Fluoroskan Ascent FL, Thermo
Scientific, Waltham, USA), in order to evaluate the quantity of LNC
lost during these processes.

3. Results and discussion
3.1. LNC preparation and characterization

Size as well as size distribution profiles revealed the homoge-
neous nature of LNCs prepared by the phase inversion temperature
method (Table 3). ¢-Potentials of the LNCs were slightly nega-
tive which is assumed to originate from PEG groups at the surface
forming dipoles able to interact with counterions or water dipoles
(Vonarbourg et al., 2005). As reported earlier, encapsulation of
the lipophilic fluorescent dye (DiO) did change neither size nor ¢-
potential profile when compared to the empty LNC (Morille et al.,
2010; Zou et al., 2008).

The structure of LNCs is expected to be the following: an oily
liquid core corresponding to free Labrafac® that is surrounded by a
tensioactive rigid shell made of a mixture of Lipoid® and Solutol®
(Heurtault et al., 2002a). Because of lipophilic nature of Lipoid® and
hydrophilic nature of Solutol®, the former is anchored in the oily
phase (and not present in the outer parts of the LNC shell), whereas
the latter orientates towards the aqueous phase (Heurtault et al.,
2003a; Vonarbourg et al., 2005). Lipoid® provides stability to the
LNC structure, and in fact, LNCs prepared without this component
dissociate rapidly: this has been proven by a Langmuir balance
model (Minkov et al., 2005a,b) and also in practice (Vonarbourg
et al.,, 2005).

When the particle quantity of LNCs was evaluated by Eq. (1), the
amount of LNC 25 nm was found to be about 13-fold higher than

Table 3
Size and ¢-potential of LNCs of different sizes.
Size (nm) PdI ¢-potential (mV)
LNC 25nm 25+ 2 0.07 -2+2
LNC 50 nm 50 +1 0.03 -3+1
LNC 100 nm 9 +1 0.05 442
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Fig. 1. Principle of TFF. Particle dispersion flows tangentially to the membrane, creating a pressure difference across the membrane (with the help of a peristaltic pump
and regulation of the filtrate formation rate by clamps). Because of the applied pressure and device geometry, the dispersion flow becomes turbulent near the membrane

surface. This reduces cake formation on the membrane.

that of LNC 50 nm, and the amount of LNC 50 nm about 7-fold higher
than that of LNC 100 nm (Table 2). Despite this decrease in the
particle quantity by the increase in size, surface densities of Lipoid®
and Solutol® on a single LNC surface (n(total)/A) (Egs. (2) and (3))
remained in the same range within the all three sizes (Table 2).
When the particle formation is spontaneous (phase inversion), the
particle size depends on the quantities of the components: oil,
water and the surfactants. Therefore, the differences between the
surface compositions were found in the proportions of Lipoid® and
Solutol®: increasing the LNC size, the Solutol® quantity decreased
while the Lipoid® quantity increased.

3.2. Rheology by drop tensiometer technique

The particle size effect, i.e. the change of the proportions of the
LNC components on the particle structure deformability, was stud-
ied by drop tensiometer. Simulation of LNCs by this technique was
based on the adsorption of Lipoid® and Solutol® on the Labrafac®-
water interface. Concentrations of Solutol® in water and Lipoid® in
Labrafac® were determined directly from their theoretical amounts
on the surface of the model 12.5 mm?/5 pL drop and converted to
mol/L. The concentrations thus obtained (2.16 x 10—, 2.05 x 10>,
and 2.13 x 107> mol/L for 25, 50, and 100 nm LNCs, respectively)
provided sufficiently molecules for the interface adsorption, and,
more importantly, the equilibrium interfacial tensions (y) settled
in the range of 9-10 mN/m which enabled successful execution of
the sinusoids. As a comparison, previous studies have shown that
a pseudo-CMC of Solutol® in water exists around 1 x 10~3 mol/L
(Heurtault et al., 2002b). Such a concentration provides certainly

22
20 4
18 |
16
14
12 |

10

Equilibrium interface tension (mN/m)

excess of molecules for the surface adsorption, but with Lipoid®,
low y (2-3 mN/m) provoke drop ejection during the sinusoids.

y of different Lipoid®/Solutol® compositions are presented as
a Lipoid® concentration in Fig. 2. y of Lipoid® 0%/Solutol® 0%,
22.6+0.4 (=a drop of Labrafac® in water; not in Fig. 2) and Lipoid®
100%/Solutol® 0%,20.3 + 0.9, were clearly higher than y of the other
tested concentrations. Lipoid® alone did not act as an efficient
tensioactive molecule. Due to this drop rigidity, sinusoid series
including short periods could not be performed with these two ref-
erence concentrations (volume alterations did not produce tension
changes that could have been treated successfully by the harmonic
analysis). When Solutol® was included in the drops, y decreased in
the range of 9-10 mN/m, and the sinusoids could be performed with
success. Slightly increasing tendency of y was observed in the con-
centration range of simulated LNCs (4-15% Lipoid®): y is expected
to increase with LNC size. As the Lipoid® proportion was further
increased (Lipoid® 50% and 75%), y increased (10.6-13.0mN/m)
also indicating the stiffening effect of Lipoid® (Heurtault et al.,
2003a; Minkov et al., 2005a,b; Vonarbourg et al., 2005).

At constant temperature and pressure, interfacial tension equals
Gibbs free energy (AG) per surface area. Thus, in our concentration
region of particular interest (4-15% Lipoid®), AG increased with
decreasing Solutol® proportion at the interface. Based on this, it
can be assumed that increase in LNC size, together with change of
Lipoid® and Solutol® proportions, is accompanied by formation of
an energetically less stable and less structured surface.

Rheological parameters Ee, Ene, and 7 as a function of Lipoid®
proportion are summarized in Fig. 3. Generally, increase in E. val-
ues means increasing elasticity whereas increase in E,. means
rigidity but molecules can leave the interface more easily after a

50 60 70 80 90 100

Lipoid (%)

Fig. 2. Equilibrium interfacial tensions (-y) as a function of Lipoid® composition (0% Lipoid® = 100% Solutol® etc.). The range mimicking LNCs (25-100 nm) is highlighted by

a grey rectangle.
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Fig. 3. Evolution of the rheological parameters E, Eye, and 7 as a function of Lipoid® proportion. The range mimicking LNCs (25-100 nm) is highlighted by a grey rectangle.

Y-axis graduation on the left (mN/m) is for Ee, Eye; graduation on the right (s) is for 7.

perturbation (Heurtault et al., 2003a; Saulnier et al., 2001). E¢/Epe
ratio for 100% Solutol® (0% Lipoid®) was low (0.4) indicating poor
interfacial stability. This was in line with the previous studies
reporting impossibility of preparing stable LNC without Lipoid®
(Minkov et al., 2005a,b; Vonarbourg et al., 2005). Arriving at the
concentration range of the simulated LNCs (4-15% Lipoid®), Ee/Ene
increased indicating stabilizing effect of Lipoid®. Ee Epe ratios in this
concentration range showed a decreasing tendency: 1.1, 1.0, and
0.7 for 4%, 9%, and 15% of Lipoid®, respectively. These ratios sug-
gested that the interface fluidity decreased with increasing Lipoid®
concentration which might mean, correspondingly, decreasing par-
ticle surface deformability with LNC size increase. As the Lipoid®
proportion was further increased, Ee¢/Ene decreased being 0.6 and
0.2 for 50% and 75% Lipoid®, respectively, continuing the tendency
of decreasing interfacial fluidity. Increasing amount of Lipoid®
increased 7, which meant a longer relaxation time and was also
in line with the E,e tendency (more molecules could leave the
interface and their return took longer time).

According to these results, it seems that a region existed where
the interface was the most elastic (high E.) and the most stable
(low Epe). Stable and monodisperse LNCs can be prepared in this
region. Evolution of Epe throughout the studied Lipoid®/Solutol®
proportion range was similar to y (Fig. 3). These results of rheo-
logical parameters are, thus, in line with the AG increase with LNC
size. Formation of LNCs has been modelled previously with a feasi-
bility diagram (Heurtault et al., 2003b), but it has not been linked
to the rheological behaviour of a model interface.

Keeping the molecular concentrations the same, drop volume
was increased from 5 to 10 L in order to see if this volume increase
could contribute to the LNC size vs. deformability evaluation. Nev-
ertheless, the G’ and G'/w curves obtained from the harmonic
analysis remained superimposable with the 5 L curves (data not
shown). Ifthe size, i.e. the surface form, has an effect, it might appear
only at nano-scaled surfaces. At least when using the drop ten-
siometer technique, the Lipoid®/Solutol® composition seemed to
be more important than the surface form.

Overall, the obtained rheological parameters were in line
with the previous study despite some experimental differences
(Lipoid® included in the current study, different value extrapola-
tion) (Heurtault et al., 2002b). Instead, comparison of the current
results to the rheological parameters found in literature is challeng-
ing because of different interfaces and adsorbed molecules used,
different experimental conditions (e.g. pulsation range), and dif-
ferences in calculation approaches. However, studies with similar
magnitudes were found. Real part G’ values of the transfer func-
tion of a xanthan gum/sodium caseinate system on corn oil-water

interface were about 2-15mN/m which corresponded well with
our values (Liu et al., 2011). In another study, dilatational elas-
ticity (equilibrium elasticity) of Span™ 80 surfactant on paraffin
oil-water interface was less than 10 mN/m over the studied con-
centration range (Santini et al., 2007).

Summarizing all this, the rheological results in this study
support previous findings that the LNC surface presents certain
fluidity/deformability with a sufficiently stable interface to form
stable nanostructures (Heurtault et al., 2003a). It can also be
assumed that deformation of LNCs is possible to some extent
without destruction of the particle structure, and this deformabil-
ity decreases with LNC size. Therefore, capacity of LNCs to pass
membranes during purification processes was next studied exper-
imentally.

3.3. Dialysis

LNCs of different sizes were dialysed in order to evaluate the
quantity of particles lost during this purification process. Detection
of the LNCs was based on the calculation of DCR and the measure-
ment of fluorescence intensity of the LNC dispersion before and
after dialysis. Regenerated cellulose membranes of two different
MWCO were used: 3.5 kDa and 15 kDa.

Dialysis results are presented in Fig. 4. The DCR method pro-
posed that about 93-95% of LNCs remained in their dispersion after
dialysis. Using the smaller MWCO membrane, the average percent-
age of LNCs remaining after dialysis, evaluated by the fluorescence
method, decreased from about 96 to 90% with the size increase from
25nm to 100 nm. With the bigger membrane, the same decrease
was from about 95-88%. However, these differences were not sta-
tistically significant. In earlier studies, decrease of radioactivity of a
radiolabelled LNC 50 nm suspension was measured after a 2 h dial-
ysis (Allard et al., 2008; Vanpouille-Box et al., 2011b). This shorter
dialysis time (vs. 24 h in this study) resulted in 1.5-2.5% (relative)
loss in radioactivity which can also be considered to result from
particle loss.

Because of the tortuous nature of most membrane materials,
such as regenerated cellulose or polyethersulfone, determina-
tion of the exact pore size is challenging (Sakai, 1994). However,
mean pore size of 2.6 nm for a 10 kDa MWCO regenerated cellu-
lose membrane (Zydney and Xenopoulos, 2007) and mode pore
diameter 2.75-4.93 nm for a 20 kDa MWCO polyethersulfone mem-
brane (Arkhangelsky and Gitis, 2008) have been reported. These
pore sizes, obtained for comparable membranes as used in this
study, are much smaller than the diameters of the LNCs dial-
ysed (25-100nm). Penetration of particles bigger than filtration
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% LNC remaining after dialysis

MWCO 3.5 kDa

MWCO 15 kDa

Fig. 4. Percentage of the LNC (25, 50, and 100 nm) quantity remaining in their dispersion after dialysis using two membrane MWCOs. The LNC quantity was evaluated by
derived count rates (DCR, grey bars) and by fluorescence intensity (white bars). No statistical differences (p <0.05 considered as significant, one-way ANOVA) were found
between the LNCs of different sizes dialysed with the same membrane MWCO or between the two methods (DCR, fluorescence).

membrane pores has been observed e.g. in the case of water
treatment from micro organisms (Arkhangelsky and Gitis, 2008;
Urase et al., 1996) or when experimental membrane penetration
of plasmid DNA was studied (Arkhangelsky et al., 2011). Proposed
explanations for this included the presence of abnormally large
pores not included in the announced pore size distribution, or
mechanical defects due to membrane handling or sealing (Urase
et al,, 1996). On the other hand, change in the shape of the par-
ticles as they pass through the membrane has been described
(Arkhangelsky et al., 2011). Pores have also been reported to
undergo a pressure-induced enlargement when transmembrane
pressure was increased during a filtration process (Arkhangelsky
and Gitis, 2008). This phenomenon was obviously negligible in
dialysis as the only driving force was concentration gradient. AFM
observations have revealed that e.g. 20 kDa MWCO polyethersul-
fone membrane contains about 15-75 nm “valleys” that lead most
probably to the pores (Arkhangelsky and Gitis, 2008). Therefore,
the LNC loss during dialysis could be explained by accumulation of
LNCs in these membrane openings together with possible adsorp-
tion by minor LNC-membrane interactions (Van der Bruggen and
Vandecasteele, 2001).

3.4. Tangential flow filtration

The large dialysis external volume did not allow detection of
the LNCs that possibly passed through the membranes. Therefore,
TFF with comparable membrane material (polyethersulfone) and

MW(CO selection was applied in order to verify whether the LNCs
penetrated the membranes intact or not. Collection of small (5 mL)
filtrate fractions enabled direct analysis by PCS. Fluorescence inten-
sity of the fractions was also measured.

No original LNCs were observed from the filtrate of the
3 kDa MWCO capsule whatever the LNC size was. Instead, aggre-
gated/decomposed material in the form of big particles and small
species could be observed. PdIs of every fraction indicated highly
heterogeneous size distributions (PdI=1). Compared to dialysis,
probably the applied transmembrane pressure (10-20 psi) in TFF
provoked more stress towards LNCs on/inside the membrane lead-
ing to destabilization of the LNC structure. When the membrane
MWCO was increased (10kDa), initial sizes were found in the
filtrate: 27-37 nm for LNC 25 nm, 50-52 nm for LNC 50 nm, and
105-140 nm for LNC 100 nm. Size distribution of the filtrated LNC
25 nm was broader (PdI 0.30-0.60) than those of LNC 50 nm (PdI
0.01-0.08) and LNC 100 nm (PdI 0.07-0.13) as if the LNC 25 nm dis-
persion aggregated slightly during the membrane passing. Instead,
sizes and PdIs of 50 nm and 100 nm were comparable to the initial
values presented in Table 3. Aggregation tendency of LNC 25 nm
might have resulted either from their higher quantity in the process
(same mg/mL concentration used for all sizes), higher total surface
area, or higher amount of smaller particles that can penetrate the
pores simultaneously (increased probability for collisions).

DCR from the PCS analysis and fluorescence intensities of the
10 kDa TFF filtrate fractions were calculated/measured in order to
evaluate the concentration of LNCs in the filtrate with respect to
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Fig. 5. Cumulative loss of LNCs during TFF with MWCO 10 kDa membrane. Each fraction was 5 mL; the results characterise the filtrated volume from 5 to 100 mL.
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the initial LNC concentration. Cumulative LNC losses are presented
in Fig. 5. Regardless the LNC size, the LNC loss decreased with fil-
trated volume. In TFF, material penetration decreases during the
filtration cycle due to the membrane fouling and concentration-
polarization (Li et al., 1998; Van der Meeren et al., 2004). Regardless
the particle size, the cumulative LNC loss was slightly higher by
the fluorescence intensity technique compared to the DCR tech-
nique. However, the loss-% proposed by the two techniques were
of the same order. The highest LNC concentrations were found in
the first fractions of LNC 25 nm (0.6% (fluo) or 0.8% (DCR)/fraction
in the beginning; ~0.2% at 100 mL), resulting also to the high-
est particle loss (6.9% (DCR) or 9.0% (fluo)) at the end. Obviously,
the smallest LNCs penetrated the most efficiently the membrane
before eventual fouling. Concentrations/fraction of the biggest LNC
100 nm were the lowest (less than ~0.1-0.25%) together with the
lowest LNC loss (3.5% (DCR) or 4.9% (fluo)) at the end. LNC 50 nm
cumulative loss was 6.2% (DCR) or 6.8% (fluo) and the fractions con-
tained ~0.2-0.4% of the initial LNCs. As a comparison, studies with
(solid, non-deformable) gold nanoparticles have demonstrated that
as much as 50% of 3 nm nanoparticles passed through a 70kDa
TFF membrane (Sweeney et al., 2006). In addition, the same study
showed that a 10kDa TFF membrane could decrease size and
polydispersity of a 2.5 nm gold nanoparticle dispersion indicating,
again, passage of nanoparticles.

Based on these TFF findings (same size and size distribution on
both sides of the membrane; similar particle loss when measured
by the particles themselves (DCR) or by their payload (fluores-
cence)), it can be assumed that the observed LNC loss resulted from
membrane passing of intact LNCs rather than from decomposition
of LNCs followed by formation of new particulate structures on the
other side of the membrane. Overall, the more logical results of TFF
were contradictory to the dialysis results where the loss of LNCs
increased with particle size. In the case of dialysis, as expected
earlier, majority of the LNC loss might have resulted from the accu-
mulation of LNCs to the membrane structure. In general, these TFF
results supported the assumption that LNCs can penetrate pores
smaller than their diameter by deformation, and find their original
shape after the passing. Also, the drop tensiometer results were in
line with this: LNCs are deformable but stable.

In order to transfer these deformability observations into bio-
logical environment, an appropriate experimental setup combining
biological conditions and control of membrane properties (e.g. pore
size) should be established. A potential approach for this could be
for example phospholipid-based artificial membranes (Flaten et al.,
2006).

4. Conclusions

In this study, rheological properties of oil-water interface mim-
icking surface structure of LNCs were assessed by drop tensiometer
technique. Behaviour of LNCs during purification processes was
evaluated by dialysis and TFF. The aim was to evaluate if LNCs with
a size of 25-100 nm can pass through membranes by deformation.
Elastic nature of interfaces representing LNCs could be charac-
terized by drop tensiometer. When changing proportions of the
surfactants Lipoid® and Solutol® used in the LNC preparation, this
technique enabled detection of a region where formation of sta-
ble nanocapsules is possible. The results also suggested decreasing
surface deformability of LNCs with increase in their diameter. Dial-
ysis results showed that up to 10% of LNCs can be lost during the
process (e.g. membrane accumulation) but no clear evidence of the
membrane passing was observed. Instead, LNCs with initial size
properties could be found in the TFF filtrate although MWCO of the
membrane used was smaller that the LNC diameter. In summary,
the results support previous findings about the elastic nature of

LNCs. This elastic behaviour obviously contributed to the LNC loss
during purification processes, of which at least a part seemed to be
caused by membrane passing by deformation. Our findings from
the drop tensiometer study suggested that this technique could
be a useful preliminary evaluation tool in the biodistribution and
toxicology studies of semi-solid nanoparticles such as liposomes.
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