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Enhanced water permeability across a physiological
droplet interface bilayer doped with fullerenesy

We measure the water permeability across a physiological lipid bilayer produced by the droplet interface

bilayer (DiB) technique. This lipid bilayer can be considered as physiologically relevant because it
presents a lipidic composition close to human cell membranes. The measured water permeability
coefficients across this lipid bilayer are reported as a function of the cholesterol concentration. It is

found that the water permeability coefficients decreased with increasing cholesterol concentration, in

agreement with the existing literature. And, consistently, the extracted corresponding activation energies

increase with increasing cholesterol concentration in the lipid bilayer. Hence having demonstrated the
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robustness of the experimental system, we extend this study by exploring the influence of fullerenes on

the water permeability of a physiological lipid bilayer. Interestingly, we observe a significant increase of
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1 Introduction

Fullerene is a small, hollow and hydrophobic carbon nano-
particle that has attracted attention for its potential in
biomedical applications.! Fullerene derivatives are being
investigated as vectors for drug delivery, diagnostic contrast
agents, antioxidants, or as antiviral agents against human
immunodeficiency virus (HIV-1).>* This versatility can be
explained by the fact that fullerene could be easily functional-
ized with many bioactive compounds like peptides or saccha-
rides.* Additionally fullerene exhibits interesting electronic and
optical properties, as an example, common fullerene derivatives
(fullerides) are members of a larger family of organic conduc-
tors.® And fullerene-derived polymeric materials are key
components in photovoltaic cells.® Despite these advantages,
fullerenes and their derivatives have raised questions and
concerns about their nanotoxicity and environmental impact.”®
Recent reviews seem to indicate that fullerene is not toxic, but
the toxicity of fullerene-derivatives must be determined before
use via clinical studies.®®

One challenge that limits the usage of fullerene for
biomedical applications is its dissolution.” Fullerene is
substantially insoluble in polar solvents, such as water.'® It is
almost insoluble in apolar solvents, i.e.its solubility in alkanes
is rather low (only 25 g mL ™" in octane). The few good solvents
for fullerene are toxic; like toluene and carbon disulfide.'®'* To
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the measured water permeability coefficients across this lipid bilayer for large fullerenes concentration.
This enhanced permeability might be related to the conductive properties of fullerenes.

overcome this difficulty and possibly deliver fullerene into cells,
lipid vesicles have been employed as a carrier to dissolve and
carry the fullerene in an aqueous phase.'** Studies have re-
ported the successful incorporation of a large concentration of
fullerenes (up to 30%) into stable liposomes.”> However, the
physical properties of such entities have been barely studied.*>**

Lipid bilayer membranes are important as fundamental
structures in biology that are present in all living cell
membranes.™ They provide characteristic water-permeability,
stability, and mechanical properties to the cell membrane. In
particular, perturbation of membrane water-permeation causes
osmolality changes in body fluid that may lead to health
issues.” And as fullerene could be delivered to cell membranes
via liposomes, it is relevant to investigate how these fullerene
molecules are affecting the water permeation of cell
membranes.” In particular, investigations into membrane
permeation of water of these liposomes seems to have been
limited to theoretical investigations."*>*¢ It is also interesting
to note that this type of question has not been considered
during the toxicological studies mentioned previously.®®

In this manuscript, we measure the water permeation across
a lipid bilayer doped with fullerenes. We produce a free-
standing lipid bilayer using the droplet interface bilayer (DiB)
technique.” This method consists of dispersing two spherical
water droplets in an oily phase that contains phospholipids.
Thus the two water-oil droplets interfaces are rapidly decorated
by a phospholipid monolayer. Then the two monolayers are
brought into contact manually to spontaneously form a free-
standing lipid bilayer.”” Then applying an osmolality differ-
ence between the two droplets, we could measure the exchange
of water and any volume change in these droplets using optical

This journal is © The Royal Society of Chemistry 2020
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microscopy. Thus, after analysis of these dynamical
phenomena, we could extract the water permeability constant
and its energy activation barrier via simple physical principles.
These measurements are then performed as a function of
fullerene concentration inside the lipid bilayer.

2 Materials and methods
2.1 Materials

Squalene oil was purchased from Sigma-Aldrich. DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine), DOPE (1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine), DOPS (1,2-dioleoyl-sn-glyc-
ero-3-phospho-L-serine (sodium salt)), cholesterol and fluores-
cent DOPE-rhodamine were all purchased from Avanti Polar
Lipids. Fullerene-C60 (CAS 379646), and fullerene-C70 (CAS
482994), were purchased from Sigma-Aldrich. A glass container
was purchased from VWR and coated with OTS (tri-
chloro(octadecyl)silane, Sigma-Aldrich) to modify the hydro-
phobicity of the glass surface and avoid droplet spreading on its
surface. Glass-OTS coating was performed via standard proto-
cols. Ultra-pure water was obtained using a millipore purifica-
tion system (Merck).

2.2 Lipid bilayer formation with the DiB method

Lipids are dissolved in squalene oil at the molar ratio
mentioned in the following text and with a total mass concen-
tration of 5 mg mL~". The lipids are left for 24 h at 50 °C under
magnetic stirring. Then fullerene could be dissolved into this
oil-lipid mixture. The OTS-coated glass container, which has
a cylinder shape thatis 1 cm in height and a diameter of 7 cm, is
filled with the oil-lipid mixture. This device is placed on
a home-made heat controller and covered by a micro-machined
Teflon plate to keep the device thermostat at the desired
temperature. The Teflon plate has a hole to allow optical
investigation with a microscope (Leica Z16) connected to a PCO
camera (PCO 1600). For formation and manipulation of an
aqueous microdroplet, a micropipette with a desired tip, having
a typical diameter in the range 1 mm was formed using
a micropipette puller (Eppendor). By this method, two water
droplets of nearly equal size are produce manually in this
container, and left at rest for 30 min. They are brought, gently,
into contact via a needle. After a few minutes, a bilayer appears
spontaneously at the contact area between the droplets. The
buffer composition of each droplet could be determined before
droplet production. Thus an osmotic gradient could be ach-
ieved with two droplets having different concentrations of
sodium chloride (NaCl, Sigma-Aldrich).

2.3 Surface tension and bilayer tension

Surface tensions of the various lipid monolayers at oil/water
interfaces were measured with the pendant drop method
using a commercial measurement device (OCA 20, DataPhysics
Instruments GmbH, Filderstadt, Germany). An oil solution with
a lipid total concentration of 5 mg mL ™' was produced by
introducing a droplet from a steel needle into the surrounding
oil phase. The shapes of all droplets were fitted with the Young-
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Laplace equation to obtain their interfacial tension. After the
initial formation of a droplet, the lipids adsorb on the interface,
leading to a reduction in interfacial tension. This decrease was
recorded over several minutes until a stable plateau was
reached. Using these values of interfacial tension and the
bilayer contact angle @ it is possible to calculate the tension of
the lipid bilayer using the Young equation:*®

T = 2y cos(6). (1)

The contact angle 6 is obtained from optical micrographs of
the formed lipid bilayer (Fig. 1A). The result is that the bilayer
tension I' is equal to =6.5 mN m~* for a PC : PS : PE : Chol
bilayer (70:10:20 and 40% cholesterol) in squalene oil
(Fig. 1B).

2.4 Fluorescent measurements

The experimental setup used for these measurements is
a standard epifluorescence setup. It consists of a computer
controlled inverted microscope with a motorized focus system
(Axio-Observer Z1, Zeiss), equipped with filter cubes containing
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Fig.1 (A) A DiB formed by two water droplets connected by a DOPC
bilayer in squalene, and the associated contact angle 6. (B) Example of
interfacial tension measurements of a water/oil-lipid mixture with the
water pendant droplet method (blue square). The oil is squalene with
a mixture of dissolved lipids (¢ = 5 mg mL™), DOPC : DOPS : DOPE
with 70 : 10 : 20 molar ratio and 40% cholesterol. In a second trace,
plotted with red circles, is the same oil and lipid composition with 40
ng mL~t of fullerenes.
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a dichroic mirror, a laser cut-off filter and an excitation filter
(Lavision). The fluorescent sample can be excited through the
same objective used for image recording by a green laser (A =
532 nm, pulsed DPSS, 2.72 W, LaVision), coupled to the
microscope by a multi-mode glass fiber. The fluorescence signal
emitted by the sample is isolated from scattered laser light by
the filter cube assembly and recorded by a camera (Imager Pro
X, Lavision) coupled with the microscope by a camera adapter
(Zeiss).

2.5 Water permeability analysis

When two osmotically imbalanced droplets are separated by
a lipid bilayer, water transport immediately started between
these two droplets. Changes in droplet size due to this water
transport were thus measured from the commencement of this
process. Fig. 2A shows an example of such a system, where the
leftmost droplet in the images contains NaCl (100 mM) with an
accurately known osmolality in the range of 200 m Osm kg .
The osmotic gradient drives water transport through the droplet
bilayer. This resulted in a change in droplet diameter as
a function of time Fig. 2. The total volume change of the
growing droplet is measured automatically as a function of time
t, via commercial image analysis software (Image-ProPlus from
MediaCybernetics). This volume change allowed us to deter-
mine water transport through the bilayer contact area A, which

PP
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Fig. 2
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is then used to determine the water permeability coefficient Py.
Indeed, the analyzed volume variation as a function of time, dV/
d¢, can be expressed by the following equation:**>*

040
dt

where A is the bilayer area, v, is the molar volume of water
(18 mL mol ™), AC(¢) is the time-dependent osmolarity gradient
between the two droplets, and P; is the bilayer permeability
coefficient of water. As the bilayer contact area A(f) is constant,
the time evolution of the swelling droplet can be obtained from
the integration of eqn (2), since the shrinking droplet contains
no osmolyte, its concentration could be considered as constant
and thus we obtain:">*

\? 2P Av,, Cy
(70) s (7% )t )

An example of such analysis is plotted (Fig. 2D), where the

= —PrA(1)v, AC() (2)

2
volume change, (7) , appears to be proportional to time, ¢, as
0

predicted by eqn (3). Please note that this analysis is only
possible when the bilayer area A stays constant, which is the
case only for a short time after bilayer formation. Indeed, due to
the high bilayer tension, the bilayer area sometimes has the
tendency to expand strongly after =5-10 min.
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(A) Time series of a DiB formed by 2 water droplets connected by a bilayer made of DOPC : DOPS : DOPE with 70 : 10 : 20 molar ratio and

40% cholesterol. The left droplet contains 100 mM of NaCl. At the start, the right droplet has a diameter equal to 0.6 mm. The timeframe between
each picture is 303 s. The left droplet contains 100 mM of NaCl. (B) Fluorescent picture of a DiB, the fluorescent molecule Rho-DOPE is only
visible in the oil phase. 40 ug mL™* of fullerene are also dissolved into the oily phase. No fluorescent molecules are visible in the droplets. (C)
Image of the fluorescent bilayer observed with higher magnification. (D) Droplet shape analysis from the pictures in (A).
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3 Results and discussion

3.1 Water permeability of a physiological lipid bilayer as
a function of the concentration of cholesterol and fullerene

Water permeability of a model cell membrane has been exten-
sively studied in the last few decades. These studies present
huge differences depending on the choice of molecules the lipid
bilayer comprises of, but also with the type of experimental
setup employed to perform these measurements. For example,
water permeability measurements performed with the DiB
technique reported permeability coefficient P = 50-100 pm s~ *
for a bilayer made with single chain lipids (monoglyceride),** or
with archaeal lipids (DPhPC).>* These permeability coefficients
are massively slower than the permeability coefficients Py = 1-
0.01 cm s~ ' measured with a DiB made of PC (phosphatidyl-
choline) lipids.* These differences highlight the importance of
the lipidic molecules that comprise the considered lipid bilayer.
However, notable differences are also reported for different
model systems with similar lipidic compositions. As an
example, water permeability coefficients obtained from vesicles
made of PC lipids are different from measurements with a DiB
system while having identical lipidic compositions.'>*>* These
difference could be explained by several factors, one is that the
bilayer geometry and, therefore, the lipid bending and packing
is changing between a planar or a spherical bilayer.” This effect
even depends on the vesicle size, as confirmed experimentally
by measuring different permeability coefficients for different
vesicle sizes of identical lipidic composition.***® Another point
is that the bilayer tension changes with the method of forma-
tion of the lipid bilayer, in particular the DiB technique
produces a bilayer with a relatively high tension (1-12 mN
m ™ ')'®28 in comparison to the tension of native lipid vesicles
(0.01-1 mN m™").>* Considering these facts, from herein, we
only compare my results with those reported with the same
model system, ie., the DiB technique. However, even systems
produced by the DiB technique may present large differences.
In particular, a solvent is often added to oil-lipid mixtures in
order to reduce the bilayer tension and thus increase the
stability of the bilayer."”” In this article, we only produce DiB
without solvents and with an oil-lipid composition that does
not affect the physiological relevance of this lipid bilayer. As the
oil, we choose to use squalene oil, as its allow the formation of
an oil-free lipid bilayer.** We consider than a lipid bilayer with
a physiologically relevant composition is made of a mixture of
PC (phosphatidylcholine), PE (phosphatidylethanolamine), PS
(phosphatidylserine) and cholesterol, as they are the main
lipidic components of human cell membranes.****

We investigate the water permeability across a bilayer with
only DOPC lipids, by forming a DiB with a first droplet that
contains 100 mM (NacCl) and a second droplet that contains no
salt. The measured water permeability of P = 0.4 cm s~ ' is
similar to values calculated from numerical simulations made
with a planar DOPC bilayer.*” Adding 10% DOPS in a molar ratio
to the bilayer composition, no notable change of the water
permeability coefficient across the bilayer was measured (in
agreement with ref. 33). However, after adding 20% DOPE in
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a molar ratio, a decrease of the water permeability Py = 0.2 cm
s~ across the bilayer was found. This reduction could be
understood as PE lipids have a higher chain order than PC
lipids.>*** The order increase from the addition of PE instead of
PC, gave higher lipid packing density and a smaller area per
molecule,”* which reduces the water permeability of the
bilayer. Another reason is that the bilayer tension is reduced by
the addition of DOPE (from =8 to =4 mN m™ '), which reduces
the bilayer thickness and therefore its water permeability.*® It
results that the measured permeability of the
DOPC : DOPE : DOPS bilayer (70 : 20 : 10 in molar ratio) Py =
0.2 cm s~ ' is similar to values calculated for DOPC : DOPE lipid
bilayers,** which seems to indicate that PS lipids do not affect
the permeability of the formed bilayer significantly. Then, we
increase the concentration of cholesterol in the bilayer
composition to 20% and 40% total molar ratio. The corre-
sponding measurements show a decrease of the water perme-
ability from =~0.15 cm s~ ' to =0.08 cm s~ ', respectively. These
measurements are in agreement with the literature.’” It is
supposed that cholesterol reduces the bilayer water perme-
ability because it is known to increase the thickness of this
bilayer.**** These results also confirm that the formed bilayer is
really an oil-free bilayer."”** The energetics of water permeation
could be extracted via an Arrhenius plot,>**>* by plotting In(Py)
versus 1/T, where T is the temperature in Kelvin (see Fig. 3). This
curve appears to be linear, where the slope of this curve is equal
to E,/R, where E, is the activation energy and R is the gas
constant.”*** The extracted activation energies are in the typical
range of the previous values reported in the literature (see Fig. 3
and Table 1).202%2%32

Now that we have described the water permeability of
a physiological lipid bilayer formed by the DiB technique. We
can shed some light on the water permeability across a lipid
bilayer doped with fullerenes. Adding a low concentration ¢ =
10 pg mL™"' of fullerenes to the oil, enhances the water
permeability across the formed lipid bilayer (see Fig. 3). This
measured water permeability increases with the concentration
of fullerenes dissolved into the oily phase, up to a concentration
of ~40 pg mL™". This effect could be seen as a surprise, because
hydrophobic nanoparticles, or polymers, are supposed to
accumulate in the bilayer core. Thus, this agglomerate of nano-
objects increases the thickness of the bilayer and should
decreases the bilayer permeability.>*>** Conversely, we measured
an increase of the water permeability as a function of the
fullerene concentration. A second surprise, this increases of
permeability seems to be independent of the bilayer fluidity.
Indeed, the bilayer adhesion energy AF that tunes the fluidity of
the drop pair can be expressed from eqn(1), see eqn (4)

AF = 2vy(1 — cos(h)). (4)

The result is that the bilayer tension and the bilayer fluidity
are nearly constant with and without fullerene, for the tested
lipid composition PC : PS : PE (70 : 10 : 20) and 40% cholesterol
(Fig. 1A and B). A similar effect of enhanced water permeability
as a function of the concentration of fullerenes, was also
observed in the numerical simulation by Su et al.*** In their
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Fig. 3

(A) Arrhenius plot of the natural log of the permeability coefficient (Py) versus the reciprocal of absolute temperature of membranes of

DOPC : DOPS : DOPE (70 : 10 : 20 molar ratio) membranes, with different cholesterol concentrations: 0%, 20%, 40%. (B) Arrhenius plot of the
natural log of the permeability coefficient (Py) versus the reciprocal of absolute temperature of DOPC : DOPS : DOPE (70 : 10 : 20 molar ratio)
membranes, with 40% cholesterol and doped with fullerenes at different concentrations.

studies, they report an increase of the water permeability across
a lipid bilayer as a function of ultra-small nanoparticles
depending of their hydrophobicity.'*** They justify this
surprising effect by the measured increase in the area per lipid
due to the interaction between the hydrophobic nanoparticles
and the lipid bilayer molecules.® Even if they did not consider
exactly the case of fullerenes, their nanoparticles are compa-
rable in term of size and hydrophobicity. Nevertheless, it is
difficult to make a quantitative comparison between this study
and such theoretical work. As we ignore the real fullerenes
concentration (cluster) inside the lipid bilayer and we do not
know the precise hydrophobicity of the tested fullerenes. To
explore more deeply the fullerenes interaction with the lipid
bilayer, we produced some capacitance experiments with
a freestanding bilayer in a p-chip following the method
described by Guo et al.** This microfluidic method and results
are fully described in the ESI.T With this microfluidic platform,
we measured the thickness of this freestanding bilayer using
capacitance measurements. It results that the bilayer thickness
increases as a function of the fullerenes concentration, while
the water permeability decreases as a function of the fullerenes
concentration (with the DiB technique). To demonstrate the

specificity of fullerenes, we repeated these capacitance
measurements with gold hydrophobic nanoparticles of similar
diameter (=1 nm) embedded into a freestanding lipid bilayer.
This demonstrates that these gold nanoparticles increase the
bilayer thickness, like fullerene, but reduce the permeability of
the bilayer (ESIt). As gold nanoparticles and fullerene are both
extremely hydrophobic, they could be considered as similar in
terms of hydrophobicity and size. The only difference between
them is that gold nanoparticles are not electrically conducting,
while fullerenes are electrically conducting. Therefore, we
might propose that the conducting properties of the fullerenes
play a key role in the enhanced water permeability of the lipid
bilayer. After increasing the concentration of fullerene above ¢
~ 40 pg mL™" no stable lipid bilayer could be formed via the
DiB technique. The corresponding lipid bilayer breaks shortly
after its formation. This rupture suggests the presence of large
fullerene clusters inside the lipid bilayer as a reason for its
instability.** This hypothesis is supported by the fact that some
fullerene clusters with microscopic size are already visible in the
oily phase using bright field microscopy. Moreover the fuller-
enes are known to have dissolution issues.™ A natural question
is: what if these fullerene clusters may create some pores or even

Table 1 Summary of the activation energies (E,) and water permeability coefficients (Py) as a function of the temperature (in Kelvin) and bilayer

composition

Bilayer composition (PC : PS : PE) Py at 298.15 K Prat 303.15 K Prat 308.15 K Ppat 313.15 K E,

70:10:20 022 cms ! 0.25cms ! 028 cm s ! 032 cms ! 4.5 (keal mol ™)
70:10 : 20 + 20% CHOL 0.135cm s~ " 0.162 cm s~ 0.201 cm s™* 024 cms ' 7.1 (kecal mol™)
70:10: 20 + 40% CHOL 0.074 cm s 0.095 cm s~ 0.125 cm s 0.16 cms ' 9.5 (keal mol )
70:10 : 20 + 40% CHOL + 10 pg mL ™" 0.25cms " 0.32cms ! 0.39 cms ! 0.47 cms ' 7.5 (keal mol ™)
fullerenes

70:10 : 20 + 40% CHOL + 20 pg mL ™" 0.39 cm s™! 0.47 cm s~ ! 0.55 cm s~ ! 0.65cms " 6.2 (kcal mol™ ")
fullerenes

70:10 : 20 + 40% CHOL + 30 pg mL ™" 0.64cm s ' 0.79 cms ! 0.93cms ! 11lcms™! 6.6 (kcal mol™")
fullerenes

70:10: 20 + 40% CHOL + 40 pg mL ™" 1ems™ 1.2cms! 1.4cms! 1.6cms ! 5.8 (kcal mol™")

fullerenes
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translocate spontaneously outside the bilayer using a lipid-
wrapping process?** We tested these possibilities by observing
a lipid bilayer made of fluorescent lipids, and it appears that no
visible lipid extraction could be measured. Electrophysiological
inspection has also been performed on the formed bilayer,
following the method reported by Guo et al.** and no nanopores
could be measured. Therefore, it could be safely assumed that
the fullerenes embedded into the bilayer core do not generate
pores, or escape from this bilayer. Considering the activation
energies, the Arrhenius plots (Fig. 3) show some notable
differences with the activation energies measured for a bilayer
without fullerenes. This indicates a change in the enthalpy of
activation AH of the lipid bilayer when it is doped with fuller-
enes, as E, = AH + RT.*> Moreover, we measured a clear
reduction of the activation energies as a function of the
concentration of fullerenes.

Additionally, this study was performed with C60 fullerenes.
We tried to reproduce this work with C70 fullerenes, but no
stable bilayer could be formed for the tested fullerene concen-
tration. In particular no zipping could be observed, which
suggests a very strong interaction between the C70 fullerenes
and the lipid molecules.

4 Conclusions

We produce a lipid bilayer by the DiB technique, which consists
of bringing into contact two water droplets in a lipid-oil
mixture. An osmotic pressure gradient is create by tuning the
salt concentration between these two droplets. Then, the water
permeability coefficient of this bilayer is obtained by measuring
the droplet volume change generate by the water transfer across
this bilayer. The measured water permeability coefficients are
reported as a function of cholesterol concentration. The
measured water permeability coefficients decrease with
increasing cholesterol concentration, as reported in the litera-
ture. And, consistently, the associated activation energies
increase with the cholesterol concentration. Then, we extend
this study by doping the bilayers with fullerenes. It appears that
fullerenes enhance the water permeability across a lipid bilayer.
This effect could be seen as a surprise, because fullerenes
accumulate into the bilayer core which increases the thickness
of the bilayer and therefore should decrease the permeability of
the bilayer. In contrast of such expectations, we observed
a significant increase of the bilayer permeability as a function of
the concentration of fullerenes. After comparing with hydro-
phobic gold nanoparticles of the same size, it appears that they
accumulate in the bilayer core and increase the thickness of the
bilayer. But opposite to the effect of fullerenes, the gold nano-
particles showed a decrease of the bilayer permeability. The
only difference between these two types of nanoparticles is that
gold nanoparticles are not electrically conducting, while
fullerenes are electrically conducting. Therefore, it can be
proposed that the conducting properties of the fullerenes might
play a key role in the enhanced water permeability of the lipid
bilayer. This enhanced permeability appears to be independent
of the bilayer fluidity, which is in contrast to the typical behavior
of other model systems. This confirms the possibility of a new

This journal is © The Royal Society of Chemistry 2020
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physical process behind this enhanced permeability. Above
a maximum concentration of fullerene, the formed bilayer
becomes unstable. The bilayer rupture may be due to the
presence of fullerene clusters. This study highlights a possible
role of fullerene as a drug to enhance water permeability in the
case of cells that present abnormal water transport properties.
This study may also be useful in the design of new filtering
processes. It raises questions about the influence of other types
of ultra-small hydrophobic objects on the transport properties
of cell membranes.
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