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Abstract

For a wide range of biomedical applications, measuring the transport of metal
nanoparticles across a cell membrane is of tremendous interest. Such studies are gaining
high importance due to applications, especially in the field of drug delivery using NPs.
In this work, we measure the passive transport of arginine-functionalized ultra-small
gold nanoparticles (AuNPs) with sizes lower than 3 nm across a planar lipid bilayer
formed with the droplet interface bilayer (DiB) technique. The AuNPs transport is
monitored using dark-field microscopy, which enables the tracking of AuNPs without
the use of fluorescent labeling. The measurements of high numbers of events provide
a robust quantitative estimation of AuNP translocation dynamics and energy barrier
obtained from the lipid bilayer translocation analysis. Interestingly, we observed that
the arginine number coated onto AuNP and the bilayer packing control the AuNPs

translocation accross the lipid bilayer.



Introduction

The translocation of biologically active particles through cell membranes is of vital
importance for cells and is a key process for drug delivery.™? The drug’s ability to
cross a membrane is largely dependent on the physicochemical properties of the drug.?
Thus, there is a high interest to develop simple techniques and methods to evaluate
quickly and accurately the physical parameters driving delivery systems to translocate
through membranes. Droplet interface bilayers (DIBs) provide an interesting plat-
form for recreating simple cellular phenomena associated with exchange across the
membranous barriers, for the prediction of in vivo drug movement, and for their use
as scaffolds for electrophysiological measurements.* This approach involves dispens-
ing aqueous droplets in an oil bath containing a mixture of lipid molecules.* The
lipid molecules surround the aqueous droplets, with the headgroup in contact with the
droplet and the tail remaining in the oil. When two lipid monolayer-coated droplets
are brought into contact, they form a lipid bilayer at their interface.*®DIBs can be
combined with the dark-field microscopy imaging technique, which is an effective tool
for tracking drugs, macromolecules, or nanoparticles with great potential for fast, ef-
fective, cheap, and non-destructive imaging of nanoobjects as long as they act as light
scattering probes.%8

As an example, metallic nanoparticles were developed for drug delivery purposes.
Gold nanoparticles (AuNPs) are widely used in biomedical applications for therapy
and diagnostic and are suitable delivery systems as they can be easily tailored by
controlling their size, geometry, and surface chemistry. 2911 These systems must have
a high colloidal stability in physiological environment, antifouling properties to escape
the immune system, the capacity to diffuse to the targeted area and to internalize into
cells.'? In this study, we focus our interest on ultra-small AuNPs (1-10nm) because
they have recently shown great potential as effective and safe in vivo biosensors, siRNA
delivery systems, or therapeutic agents for the treatment of inflammatory diseases and

cancers. 13717 In addition, AuNPs can be detected by dark-field microscopy without any



fixation or staining using fluorescently labeled nanoparticles.

The cellular internalization pathway of AuNPs depends mainly on the size and sur-
face properties of the employed nanoparticles.'® In a simplistic manner, large AuNPs
(10-100 nm) can penetrate living cells via active processes such as clathrin-mediated
endocytosis. 1820 This mechanism is slow, with a characteristic time on the order of
seconds to minutes.?! It has been reported that small to ultra-small AuNPs (1-10 nm)
can penetrate living cells via passive pathway such as diffusion.'®?2 This process is
energy-independent and usually takes only hundreds of nanoseconds.?® The case of
passive translocation for ultra-small AuNPs have been extensively studied experimen-
tally and theoretically.??2427 These studies highlight numerous potential pathways
through which AuNP can cross a lipid bilayer (as a model cell membrane).?2:24-27
These pathways can be divided into destructive and non-destructive families. In a
simple way, NPs that cross a bilayer by going through destructive pathways create an
irreversible lipid nanopore inside the bilayer, which causes the bilayer to rupture.?®
In contrast, NPs traveling through a bilayer via non-destructive pathways are produc-
ing a reversible lipid nanopore inside the bilayer, or no pore at all.?%2729 Su et al.
observed a window of translocation with a sharp maximum for nanoparticles with a
balanced hydrophobicity between hydrophilic and hydrophobic properties as a non-
destructive pathway,?? which seems to be confirmed experimentally by the case of
stripped nanoparticles made of domains with hydrophobic and hydrophilic ligands. 2931
In contrast, in destructive pathways, AuNP are transported via pore formation using,
for example, superhydrophobic or hydrophilic AuNPs.3233 Despite these efforts, ob-
serving the kinetics of such translocations experimentally remains difficult because the
translocation of ultra-small particles is an extremely fast process. Thus, it is nearly
only possible to measure their translocation dynamics when restricting the experi-
mental observation to the motion of individual fluorescent nanoparticles.3? However,
fluorescent labeling has some drawbacks because it changes the surface properties of

nanoparticles, which can change/disturb their properties and their translocation path-

ways. 2231733 In this work, we use dark-field microscopy to measure and compare the



collective translocation of ultra-small AuNPs (1-10nm) with different physical char-
acteristics across a droplet interface lipid bilayer. We demonstrated that this system
enables us to measure the AuNP permeability coefficient and to estimate the associated
activation energy barrier with success. Moreover, this method is simple, cost-effective,

and avoids the need to label the AuNPs with fluorescent molecules.

Results and Discussion
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Figure 1: A) Schematic representation of the produced nanoparticles. B) NP size determined
by electron transmission microscopy (average of 100 particles) and zeta potential of AuNPs
samples in water. C) Agarose gel of AuNPs, AuNPgq, AuNP 4ras, AuNPaggy. D) TEM
micrographs of Au NPs showing particle size smaller than 2 nm.

Ultra-small AuNPs were prepared by a bottom-up approach using the tripeptide
Glutathione (SG) for the negatively charged NPs and the incrementally positively

charged ligands Arg3 and Arg9, containing 3 and 9 arginines, respectively, to prepare



Lipid Bilayer Transport
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Figure 2: Charge-dependent translocation of AuNP through DiB (video S1) A) Schematic
representation of (asymmetric DiB) in a microfluidic chamber micrograph of two buffer
droplets in contact with an oily phase containing phospholipids. Series of micrograph of a
single DiB system viewed via dark-field microscopy at different time point with left droplet
containing 0.2 mg/ml of B) AuNP 4,49 (pink color) or C) AuNP 4,43 (yellow color) at start.
The color change in the second droplet is illustrated in the insets (lower raw).D) DiB at 6
hours with the detection of AuNP 4,49 clusters at higher magnification (X20).

AuNPs with a tunable positively charged surface (Figure 1). Thanks to the photolu-
minescence signal of these NPs in the red-near-infrared region , we could see them in
agarose gel, due to the negative surface charge for AuNPSG and positively charges for
AuNPs containing arginine moiety.3* Zeta potential measurements of the samples in
water confirmed the negative surface for AuNPgq (-16.7 = 2.0 mV) and the increased
positive surface charge with the amount of arginine in the order AuNP 4,43 (+11.1+1.5
mV), and AuNP 4,49 (+20.1£2.1 mV). TEM measurements showed a relatively good
monodispersity (CV<10%) of NPs with an average size of 1.5 nm (see Figure 1.A). No
aggregation of the different AuNPs have been observed over 2 weeks where experiments
were conducted on the artificial lipid bilayers. TEM measurements showed a relatively
good monodispersity (CV < 10%) of NPs with an average size of 1.5 nm (see Figure

1.D). No aggregation of the different AuNPs have been observed over 2 weeks where



experiments were conducted on the artificial lipid bilayers.

We made a droplet interface bilayer (DiB) in a microfluidic chamber (see Figure
2.A) 4535 Where one droplet contains only a buffer solution, while the other droplet
contains 0.2 mg/ml of AuNPs. Since the start of the experiment, it appears that the
droplet containing the AuNPs has a different color than the droplet that does not
contain any AulNPs. Also, individual AuNPs (or clusters) can also be seen inside the
droplet that contains them (Figure 2.C). Interestingly, after approximately 1 hour,
the color signal has become relatively uniform between the droplets, and individual
AuNPs can be seen in each droplet (see Figure 2.D and video S1). By doing a color
thresholding on the recorded movie (using ImagelJ), we can measure the rise of the color
signal inside the acceptor droplet. This enables us to calculate the AuNPs transport
rate as a function of time. AuNP 4,49 show a slight pink color and a yellowish color of
AuNP 4,43 by dark field microscopy probably because of the different rate of aggregation
36

on the surface membrane.

We can estimate the passive transport of AuNPs through the bilayer using Fick’s

law. 3237739 Thus, the change in AuNPs through a passive membrane can be calculated
as
-
c(t) = 5C0e "+ B, (1)

where ¢ is the initial AuNPs concentration in the donor droplet, mu is the transport

rate, and B is a constant. As a result, we can calculate the color signal intensity as

I(t) ~ ~Ipe ™™ + C, (2)

N

where [y is the initial color signal in the donor droplet and C' is a constant. The
measured colored signal in the acceptor droplet as a function of time ¢, reveals the
intensity increase that is exponential with time. A fit yields the permeability coefficient
P by directly extracting the transport rate u. The transport rate can be used to
calculate P, with

P = pVoVa/((Va + Va).A). 3)



Here, V, is the volume of the acceptor droplet, Vy

and A is the bilayer area.
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Figure 3: A) Normalized color intensity as a function of time for AuNP 4re3 and AuNP 4gao
(with a DOPC/DOPE bilayer in a 2:1 molar ratio). The continuous line is the fit performed
with the equation 1. B) Arrhenius plot of the natural log of the permeability coefficient (P)
versus the reciprocal of the absolute temperature of membranes (same lipidic composition as
in A). C-D) Permeability P and the associated activation energy E as functions of different
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lipid bilayer compositions for AuNP 4ra3 and AuNP 4rqo.

In this experiment, AuNPs with three arginines (AuNP 4,43) and AuNPs with

nine arginines (AuNP 4,49) were used. " We measured a permeability constant P ~

1.9 pm/s for AuNP 4,43 and P ~ 1.5 pm/s for AuNP 4,99. These numbers are in the

same order as some translocation experiments involving other nanoobjects.*? Hereby,

AuNP 4,43 move faster than AuNP 4,49. This difference could be due to the charge

differences between these two NPs. Indeed, when a NP has to cross a lipid bilayer,

it has to overcome three energy barriers: a first hydrophilic energy barrier, which is

Activation Energy (ksT)



created by the hydrophilic heads; a second energy barrier that corresponds to the hy-
drophobic lipid tails; and finally, a third hydrophilic energy barrier, again due to the

hydrophilic heads (see ref.2730)

. Another explanation might be related to the higher
rate of self-aggregation of AuNP 4,49 on the lipid layer compared to AuNP 4,43 due to
highly positively charge surface of AuNP 4,49 that can strongly interact to the neg-
atively charge artificial membrane. These measured transport rates also depend on
the bilayer composition. Until now, the bilayer composition was DOPC:DOPE (2:1)
in total molar ratio.

We modify the lipid bilayer composition to see how the lipid packing is affecting
the AuNP translocation. Moving the bilayer composition to 1:2 DOPC/DOPE, we
find that the permeability of AuNP increases to P ~ 2.3 pum/s for AuNP 4,43 and
P ~ 2.1 pm/s for AuNP 4,49. This can be easily understood as DOPE lipids reduce the
bilayer packing and increase the number of defects inside the bilayer, which facilitates
the AuNPs translocation. %344 Furthermore, adding 10% DOPS (in total molar ratio)
to this bilayer composition reduces the permeability of AuNP to P ~ 1.5 um/s for
AuNP 4,93 and P ~ 1.3 pum/s for AuNP 4,49. DOPS lipids are negatively charged,
which attracts the AuNPs, which are positively charged.® Therefore, it increases the
value of the hydrophilic energy barrier produced by the hydrophilic head. It appears
that this interaction raises the potential barrier that the AuNPs must overcome in order
to travel across the bilayer. This effect is stronger for AuNP 4,49 than for AuNP 4,43,
as expected given AuNP 4,49’s higher positive charge. Along the same line, we did not
measure any spontaneous transport of negatively charged AuNPs. This finding is not
very surprising if we look at the negative zeta potential of DOPC liposomes. 46

The experiments were repeated, but this time the DIB chamber’s temperature is
changed. Using an Arrhenius plot, we calculate the energetics of AuNPs translocation
by plotting the permeability In(P) versus 1/T", where T' is the temperature in Kelvin
(see Fig. 3).3% The slope of this curve appears to be equal to E,/R, where E, is
the activation energy and R is the gas constant. The extracted activation energies

are shown in Figure 3, and their values are in the typical range of 3 — 10 kgT. The



extracted energy barriers are comparable to values reported in the literature.3?47 As
a result, the presence of DOPE reduced the potential barrier of a few k7. and the
presence of DOPS increased the potential barrier of a few k7. Thus, AuNP 4,49 has

a faster translocation dynamic than AuNP 4,43.

Conclusions

In this study, we report a quantitative and robust method to measure the collective
translocation of gold nanoparticles across a droplet interface bilayer via dark-field mi-
croscopy. This method makes it easy and affordable to monitor the movement of
unlabeled metallic nanoparticles over time. We investigate the efficiency and speed of
translocation of ultra-small AuNPs (1.5 nm) with a tunable positively charged surface
across an artificial lipid membrane mimicking a cell membrane. Transport is facilitated
when the bilayer packing is reduced and hindered when the bilayer contains negatively
charged lipids. This technique also allows the measurement of the activation energy
barrier that particles must cross in order to pass through the bilayer. The associated
energy barriers are reduced when the bilayer packing is reduced and increased when
the bilayer contains negatively charged lipids. The extraction of these energy barriers
is crucial since numerical forecasts rely on such challenging calculations of these bar-
riers. The method described here can be easily adapted to measure the transfection
of metal-containing nanoparticles with other designs and functional groups to better
understand and handle the translocation of NP through the membrane in the context

of drug delivery for biomedical applications.

Materials and methods

Mbolecules

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

(DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-



4-yl) (NBD-DOPE) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) were pur-
chased from Avanti Polar Lipids. For the microfluidic device preparation, the silicone
elastomer Kit Sylgard 184 (PDMS) was purchased from Dow Corning. Ultra-pure water
was obtained from an ultrapure filtration system (Thermo Fisher). All other chemicals,
like sodium chloride, were purchased from Sigma-Aldrich. For the preparation of di-
luted protein solutions, phosphate buffer saline (PBS) was used. For the experiments,

the buffer composition was always made of 150 mM KCI (Potassium chloride).

AuNPs synthesis

All chemical products were bought from Sigma-aldrich (France) including the tripeptide
Glutathione SG except for the peptide Arg3 (Cys-Arg-Arg-Arg; 589.76 g/mol), Arg9
(Cys-Arg Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg; 1526.97 g/mol) prepared in GenScript
(Netherlands) with high purity (> 95%). Syntheses were performed using deionised
water. Ultra-small gold nanoparticles AuNP 4,43 stabilized by 25%vol Glutathione
(SG) and 75%vol Arg3 was synthesized using a molar ratio Au/ Ligand/ NaBH4 =
1/2/0.0125. Briefly, Arg3 and SG were mixed in 3mL of water and 96uL of HAuCl4
sol (20mM) was added under rapid stirring at 500rpm. pH is then adjusted at 9 with
NaOH (1M) and freshly prepared reducing agent NaBH4 (1mM; 24ul) was added
dropwise and kept stirred for 30min. Then, the pH is lowered down to 2 by adding
HCI (1M) and the sol is kept under stirring for another 4 hours at 350rpm. Following
this, the sol is precipitated in a mixture water/ethanol (30/70) and washed 3 times
with a 3kDa Amicon filter to remove the unreactive products. The sol AuNP 4,43 was
then lyophilisized for storage. The sol AuNP 4,49 was prepared with similar protocol

as AuNP 4,43. AuNPSG was were prepared as described elsewhere. 34

Droplet Interface Bilayer Fabrication

To form droplet interface bilayer (DIBs), 2 mg/mL of lipids are dissolved into the

oily phase (here squalene).*® An oil-lipid mixture (here squalene) was filled into a hy-

10



drophobic (octadecyl-trichlorosilane, OTS-coated) cylindrical glass container with 7 cm
diameter and a height of 1 cm. All the experiments were performed in a room with
a controlled temperature using an homemade temperature control chamber. Trans-
mission was used to look at a large part of the DiB with a Leica DM2700 microscope
microscope connected to a Leica color camera (MC170 HD). To form and manipu-
late aqueous microdroplets, micropipettes with a typical tip diameter in the range of
1 mm were formed using a micropipette puller. By injecting buffer solution (one with
AuNPs, and one without) through two of these pipettes that were dipped in squalene,
two droplets of almost the same size were made in this container. During this resting
time, the lipids contained in the oil diffuse to the buffer/oil interface until decorate it.
After about 30 min, the droplets were gently brought into contact with a needle. A
few minutes after contacting the droplets, a lipid bilayer appears at the contact area
between the droplets.* If not mentioned, the experiments were done at 23°C.

A mix of DOPC, DOPE, and DOPS is used to make the lipid bilayer composition
that is used. DOPC/DOPE bilayer compositions with a 2:1 or 1:2 molar ratio and the
same with 10% PS in total molar ratio are the tested bilayer compositions. Interest-
ingly, the tension of such bilayers could be measured (as explained in ref3®) and it is
expressed in Figure 3. It appears that the bilayer tensions are similar for these tested
lipid compositions. Pure DOPC bilayers and pure DOPE bilayers, were unstable for

the required experiment lifetime.
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