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ABSTRACT It is demonstrated that a compact monolayer of 1,2-dioleoyl-sn-glycero-3-phos-

phocholine adsorbed to a hanging mercury drop electrode can serve as a simple electrochemical

model system to study biomembrane penetration by gold nanoparticles. The hydrogen redox-

chemistry characteristic of ligand-stabilized gold nanoparticles in molecularly close contact with a

mercury electrode is used as an indicator of membrane penetration. Results for water-dispersible

gold nanoparticles of two different sizes are reported, and comparisons are made with the cellular

uptake of the same preparations of nanoparticles by a common human fibroblast cell line. The

experimental system described here can be used to study physicochemical aspects of membrane
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penetration in the absence of complex biological mechanisms, and it could also be a starting point for the development of a test bed for the toxicity of

nanomaterials.

KEYWORDS: gold nanoparticles - phospholipid monolayer - electrochemistry - membrane penetration - mercury electrode -

nanotoxicology

Il biological cells are surrounded by

a phospholipid bilayer membrane,

which represents a robust barrier to
most molecules and all ions and allows the
cell to maintain conditions inside that are
very different from those in the extracellular
medium.! In general, only small neutral
molecules such as oxygen, carbon dioxide,
and water can freely diffuse across the
membrane and rapidly establish their equi-
librium concentrations on both sides.>*
Given the need for living cells to regularly
exchange matter with their environment, in
addition to this barrier function, the cell
membrane also needs to selectively allow
or enable the transport of material in both
directions. This is achieved by a host of
specific carrier proteins and ion channels
and by a number of different mechanisms
of endo- and exocytosis.* The general para-
digm that macromolecules and nanoscopic
objects can enter cells exclusively via endo-
cytosis is increasingly being challenged by
growing experimental and computational
evidence of uptake that circumvents endo-
cytic mechanisms and implies the existence
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of mechanisms of direct membrane penetra-
tion by nanoparticles.>”'? Such direct up-
take, if further substantiated, may become
relevant to drug delivery, incorporation of
intracellular probes, some viral infections,
transfection in general, protein trafficking,
and toxicity studies of both natural and
artificial nanoscale objects. The latter, in par-
ticular, is very topical since the current im-
plementation of nanoparticles in a broad
range of applied technologies is expected
to cause a significant increase in the expo-
sure of humans and the environment to such
materials.'*'* The simplest initial criterion
of whether a nanoparticle is toxic or not
may indeed be whether or not it finds a
way to overcome the barrier function of
the cell membrane.'” Experimental test beds
for such scenarios may hence become of
some practical importance for the health
and safety assessment of nanomaterials. Re-
cently, cell-penetrating peptides (CPPs) have
been discussed extensively as agents that
can enable the direct uptake of an attached
payload that could be genetic material,
a protein, or a nanoparticle.>”*1216718 whjle
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some experimental evidence suggests the absence
of an endocytic mechanism, the possibility of direct
membrane transfer by CPP-modified objects is still
subject to debate.'® Some of us recently reported that
CPP-modified gold nanoparticles readily negotiate
intracellular membrane boundaries; for example, they
escape into the cytosol from vesicular structures.’
Additional evidence of direct membrane penetration
by nanoscopic objects comes from electron micro-
scopic studies of the cellular uptake of various artificial
nanoparticles.>”*1"1216718 While in most cases, as
expected, endocytosis and subsequent localization of
the material in endocytic vesicles is observed as the
only route,'? some reports clearly show nanoparticles
freely dispersed in the cytosol, indicating an uptake
mechanism other than endocytosis.”?'"'92° Although,
it is possible to deliberately block endocytosis?'?? and
thus limit the range of potential uptake routes, when
studying live cells it remains difficult to distinguish
between simple physicochemical effects and the
more complex biological response mechanisms.?
For this reason, we have revived a relatively old and
well-established model system that should allow us to
readily monitor membrane penetration by nanoparti-
cles in the guaranteed absence of biological uptake
mechanisms. Our system of choice is a monolayer of the
phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) adsorbed to the surface of a hanging mercury
drop electrode (HMDE).?* In the past, this simple model
of “half a bilayer membrane” has been particularly useful
to study the electrochemistry of membrane-bound
redox couples that play important roles in nature, for
example in the respiratory chain.?>?® Recently, Nelson
and co-workers have also applied this system success-
fully to study the size dependence of nanoparticle/
membrane interactions and to image and monitor the
formation of adsorbed layers of silica particles.”’% A
benefit of this model membrane demonstrated in the
present contribution is that an immediate, strong, and
characteristic electrochemical signal is obtained as soon
as gold nanoparticles penetrate the monolayer and
establish electrical contact with the mercury surface.
Free-standing model membranes, in comparison, show
quite subtle differences in membrane capacitance
between nanoparticle adsorption and penetration.®®

RESULTS AND DISCUSSION

The experimental system chosen here to interrogate
membrane penetration by gold nanoparticles is shown
in Figure 1. The surface of a hanging mercury drop
working electrode is covered by a passivating DOPC
monolayer layer, which prevents gold particles sus-
pended in the electrolyte solution from making elec-
trical contact with the electrode unless the particles
penetrate the DOPC monolayer. Phospholipid mono-
layers of this type have been extensively studied in the
past and are readily assembled by carefully passing the
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Figure 1. Schematic representation of DOPC monolayer
formation on a hanging mercury drop electrode (HMDE).
The monolayer is formed by carefully passing the electrode
through a compact DOPC layer at the water/air interface
obtained by spreading and evaporating a controlled amount
of the phospholipid dissolved in pentane. Note the significant
drop in capacitance and the appearance of the characteristic
reorganization peaks in the cyclic voltammogram after for-
mation of the monolayer (potential sweep rate: 1V s™").

mercury drop electrode through a monolayer of the
phospholipid on the surface of the electrolyte solu-
tion.2*=2%3% This is obtained by spreading and evapor-
ating a set amount of the lipid dissolved in pentane
(typically 4 uL of a 0.25 mM solution of DOPC in
pentane is spread per cm? surface area to be covered).
The ability to detect an electrochemical signal asso-
ciated with particle penetration is closely related to our
previously reported finding of reversible electrocataly-
tic hydrogen ion reduction on gold nanoparticles
adsorbed to a clean hanging mercury drop electrode.®’
There, it was shown that ligand-protected gold nano-
particles identical to those used in the present study
adsorb spontaneously to the mercury surface and act
as stable electrocatalytic reaction centers without
leading to amalgam formation even after many hours
of contact with mercury. The characteristic redox peak
observed when the gold nanoparticles are in contact
with the mercury electrode is attributed, for the catho-
dic sweep, to the sequential two-electron-transfer re-
duction of protons to form adsorbed hydrogen on the
nanoparticle surface, and, for the anodic sweep, to the
corresponding desorptive oxidation of dihydrogen. In
the present system, a similar electrochemical signal
should be observed when the particles penetrate the
DOPC monolayer and make contact with the mercury.
The results of our study using PEGylated gold nano-
particles of ca. 10 nm diameter are presented in
Figure 2. In the potential range between 0 and -0.3 V
versus SHE only capacitive charging of the monolayer-
covered electrode is observed, indicating that the
gold nanoparticles present in the electrolyte do not
establish electrical contact with the electrode; that is,
the membrane acts as an efficient barrier for these
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Figure 2. Insertion of 10 nm gold nanoparticles into the
DOPC monolayer occurs only when the potential sweep is
extended into the reorganization region negative of —0.7 V.
The main figure shows the full-range cyclic voltammogram
in the absence of nanoparticles (brown) and the first (blue)
and second (red) sweep into the reorganization region in the
presence of nanoparticles (potential sweep rate: 1V s™').
Note that the peaks characteristic of hydrogen redox chem-
istry on gold nanoparticles appear as soon as the potential
sweep includes the reorganization region; that is, they are
present in the second consecutive sweep into this region.
We attribute this to electroporation of the monolayer in the
reorganization region. Note also that the presence of nano-
particles alters the properties of the DOPC monolayer, which
is manifested in changes in position and appearance of the
reorganization peaks. Inset A: Cycling the potential in the
0 to —0.3 V range in the presence of 10 nm gold particles
prior to expanding the potential sweep into the reorganiza-
tion region. From the absence of an electrochemically active
species it is concluded that the particles do not penetrate the
DOPC monolayer under these conditions. Inset B: Magnifica-
tion of a feature from the main figure showing the appear-
ance and increase of the hydrogen redox peak due to
insertion of gold nanoparticles upon repeated potential
cycling into the reorganization region, first cycle blue,
second red. The green and subsequently the gray line show
that this peak gradually disappears again as soon as the
potential sweeps are restricted to a potential range in which
the monolayer is compact. This is shown in more detail in
inset C. Inset C: Gradual decline of the hydrogen redox peaks
observed over 50 successive potential cycles between 0 and
—0.3 V. This indicates the expulsion of nanoparticles from
the DOPC layer.

particles in the potential range indicated. This changes
dramatically as soon as the potential sweep is ex-
tended to range from 0.1 to —1 V versus SHE, where
the DOPC monolayer undergoes a reorganization as-
sociated with a pair of well-established sharp capaci-
tive charging peaks. These reorganization peaks are
shown in Figure 2 initially in the absence of gold nano-
particles. When gold nanoparticles are added, follow-
ing the first excursion into this potential range, the
characteristic reversible peak due to adsorptive hydro-
gen ion reduction on the gold nanoparticles appears
on the subsequent potential sweep, indicating inser-
tion of gold nanoparticles into the lipid monolayer.
This peak increases gradually with subsequent scans.
The reorganization peaks also change in appearance
when gold nanoparticles are integrated in the mem-
brane, indicating that this process affects the general
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properties of the monolayer membrane. Given the
relatively low concentration of gold nanoparticles in
the electrolyte solution, their immediate detection
in the cyclic voltammogram can be explained only by
the prior adsorption of a layer of nanoparticles to the
phospholipid monolayer. This is in accordance with
previously reported membrane adsorptive behavior of
nanoparticles capable of adopting a certain degree of
amphiphilicity.' 223233

We interpret the reorganization peaks at negative
potentials as a reversible electroporation of the
DOPC layer. This is also supported by previous
observations.3%3*

As soon as the pores are formed, the gold nano-
particles adsorbed to the DOPC-modified electrode
surface are integrated into the layer and exhibit
their characteristic electrochemical feature (Figure 2).
More particles insert into the monolayer with further
potential scans. However, if subsequently the electro-
poration potential is again avoided, the peaks that are
due to the insertion of gold nanoparticles gradually
disappear, which we interpret as expulsion of the gold
nanoparticles and reannealing of the DOPC monolayer.
These observations are a robust indication of the
integrity of the layer over a broad potential range
and its efficient barrier function against the sponta-
neous insertion of the 10 nm gold particles.

An alternative explanation to the temporary open-
ing of pores in the DOPC layer is its mechanical
expansion that may be caused, for example, by a slight
increase in the size of the mercury drop at negative
potentials. To make sure this effect was avoided, the
lipid reorganization peak at —0.725 V (Figure 1) was
used as an internal reference indicating the presence
of a complete surface coverage (6 = 1). Nelson and
Benton have demonstrated the strong dependence
of the height of this peak on surface coverage.?* As
mentioned before, heights of the first reorientation
peaks corresponding to 55 & 5 uF cm 2 allowed us to
ensure the quality and integrity of the monolayer in all
experiments.

Our study, so far, concludes that 10 nm PEGylated
gold nanoparticles cannot spontaneously penetrate
the DOPC monolayer. This is congruent with observa-
tions in cell cultures, where uptake of such particles is
either not observed or limited to a biological endo-
cytosis process that does not involve the direct pene-
tration of the plasma membrane.”

A completely different scenario is observed for much
smaller, 2—3 nm gold nanoparticles of the same PEG/
thiol surface chemistry. As shown in Figure 3, these
particles, as soon as they are added to the electrolyte
solution, start penetrating the phospholipid monolayer,
which is manifested in the steadily increasing reversible
redox peak at —0.2 V due to the previously described
characteristic hydrogen redox chemistry on gold nano-
particles in contact with the mercury electrode’
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Figure 3. Spontaneous penetration of the compact DOPC
monolayer by 2 nm gold nanoparticles. The cyclic voltam-
mogram of the DOPC monolayer over the full potential
range is shown only for reference since in this experiment
the electrode potential was limited at all times to the 0.05 to
—0.3 V range. The inset shows in detail the gradual devel-
opment of the characteristic hydrogen redox peaks, indicat-
ing continuing insertion of nanoparticles into the DOPC
monolayer. Note that this happens while the DOPC mono-
layer remains compact at all times as the potential is never
close to the reorganization region. Over prolonged exposure
to the nanoparticles the electrode capacitance gradually
increases, and eventually the DOPC monolayer is completely
replaced by a monolayer of adsorbed nanoparticles.

Depending on their concentration and on the time
scale of the experiment, the electrochemical features
characteristic of a compact DOPC monolayer eventually
disappear, and the hydrogen redox peaks remain as
the only salient feature in the cyclic voltammogram,
suggesting that the nanoparticles can fully replace the
phospholipid monolayer to form an adsorbed mono-
layer themselves. This contrasts the behavior of the
larger particles, which did not penetrate the compact
monolayer and, when integrated by electroporation,
were expelled again at more positive potentials. The
nanoparticles and the DOPC can thus simply be re-
garded as two different surfactants in competition for
the same interface. While the larger particles are cleared
from the interface by the DOPC, the smaller ones are
capable of competing with the DOPC and eventually
replace it from the interface.

Our study also reveals quantitatively the electrode
surface coverage with nanoparticles inserted into the
DOPC monolayer, as well as some insertion and expul-
sion rates. In a previous paper we have demonstrated
that the charge per unit electrode area, Q, correspond-
ing to the electrochemical redox process associated
with the presence of the gold nanoparticle film in the
absence of a lipid monolayer, was the same for two
different particle diameters studied (in that case 14 and
2nm): Qs =17 £ 1 uC cm™2,

In the present case, the charge transferred when the
maximum observed number of 10 nm gold nanopar-
ticles were inserted in the DOPC monolayer (Figure 2)
was Qnp = 0.36 uC cm ™2 This corresponds to coverage
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of 8.6 x 10° nanoparticles per cm?. Assuming that the
access of protons to the particles' surface is not sig-
nificantly restricted by the presence of the DOPC
monolayer, the area ratio Q,,/Q; allows estimating that
under these conditions ca. 2% of the electrode area
was covered by nanoparticles. The inset C of Figure 2
shows the expulsion of the 10 nm particles from the
DOPC monolayer while the potential was cycled
between 0 and —0.3 V. In this case, starting from a
coverage of Q,, =0.17 uC cm ™2 (4 x 10° nanoparticles
per cm?), the expulsion rate at the beginning of the
experiment is Vg = 3 NC/s or Vg nps = 7.3 x 107 NPs/s
(see also Supporting Information, SI). The inset of
Figure 3 shows the insertion of 2 nm particles while
the potential is cycled between 0.1 and —0.3 V. In this
case, the insertion rate at the beginning of the experi-
ment is Vagq = 45.6 NC/s OF Vag nps =1.9 x 10" NPs/s.

To what extent our observations are translatable to a
biological environment can of course be assessed only
once the behavior of a number of different nanopar-
ticles in model systems of the type described here has
been compared with that in biological scenarios. As a
first step in this direction, we have compared the
cellular uptake of both the large and the small nano-
particles by Hela cells, a common human fibroblast
cell line. For this purpose, we have carried out three
separate experiments: incubation of cell cultures (i)
with 10 nm particles, (i) with 2—3 nm particles, and (jii)
with a mixture of 10 and 2—3 nm particles, all followed
by inspection of the cells by TEM. In all cases, in line
with the predictions from our model system, uptake
was observed only for the small particles. Unfortu-
nately, these are so small that their unambiguous
identification inside cells based on TEM images alone
requires careful and unbiased inspection of a large
number of images. For this reason, additional repre-
sentative images are provided in the SI. It is worth
mentioning here that Eychmiiller and co-workers have
reported the spontaneous penetration of model and
biological cell membranes by CdTe quantum dots of
similar size and surface modification.'" Our findings are
in agreement with theirs. The images in Figure 4 show
many of the small particles enclosed in vesicles, which
is indicative of uptake by endocytosis, a process
not predictable by our simple model. On the other
hand, the particles are also found freely dispersed in
the cytoplasm (see SI) and in the inner and outer
mitochondrial membrane, both indicative of their
membrane-penetrating properties. Note, there are no
mitochondrial uptake mechanisms for objects of this
size that are not proteins. Although more comparative
work is needed to validate the monolayer model
membrane as a predictive tool for the penetration of
real biomembranes by nanoparticles, our preliminary
results suggest that there is a correlation. What has not
been considered here are the effects of microscopic
heterogeneities and the presence of proteins and
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Figure 4. TEM micrographs of GNPs in HeLa cells. Red arrows point to (a) small-sized gold nanoparticles/nanoparticle clusters
present at the cell membrane; (b) small-sized nanoparticles present in the mitochondrial membrane of Hela cells; (c)
nanoparticles present in the multivesicular bodies in the cell cytoplasm; and (d) nanoparticles present in the lysosomes of

Hela cells.

charged domains, which are all important in determin-
ing the properties of biological cell membranes. These
limitations notwithstanding, the model introduced
should predict the penetration of biomembranes by
nanoparticles as long as this is chiefly governed by
general physicochemical parameters and not by spe-
cific recognition or other more complex biochemical
mechanisms.

CONCLUSIONS

It has been demonstrated that the ability of gold
nanoparticles to spontaneously penetrate biological
membranes can be evaluated using an established
electrochemical membrane model. Preliminary find-
ings of a comparative cellular uptake study with a
standard human cell line indicate that the results

MATERIALS AND METHODS

Gold Nanoparticles. The preparation of gold nanoparticles of
2-3 and of 10 nm diameter, both ligand-stabilized, i.e., PEGy-
lated, by 1-mercaptoundecane-11-tetra(ethylene glycol), has
recently been described elsewhere.3' The protocols followed
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obtained from the electrochemical model are relevant
to the behavior of the particles in the biological system.
Larger particles that were unable to penetrate compact
monolayers in the model system were also unable
to cross the biological cell membrane, while smaller
particles readily transferred across both membrane
systems. Model systems such as the one described here
may play a future role in standardizing the toxicologi-
cal evaluation of nanomaterials and in designing new
physicochemical cellular entry mechanisms for drug
delivery across biological boundaries. From a more
fundamental point of view, such systems represent
fascinating experimental models that enable studies
of nanoscale self-organization and electron transfer
processes involving carefully selected biological and
nonbiological components.

established literature methods.3> >’ For details on the prepara-
tion and characterization of the nanoparticles by UV—vis spec-
troscopy and differential centrifugal sedimentation®® see the Sl.

Electrochemistry. Cyclic voltammetry was carried out using a
standard electrochemical cell with an HMDE working electrode
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(Beckman), a Pt wire counter electrode, and an Ag/AgCl (KCl
3.5 M) reference electrode. All potentials are quoted versus
the standard hydrogen electrode (SHE). The potential was
controlled with a TEQ potentiostat (Argentina). All electrolyte
solutions used were 0.2 M sodium acetate/acetic acid buffer
at pH 4.8. The molar concentration of all gold nanoparticle
dispersions used in electrochemical experiments was 2 nM. The
potential sweep rate in all experiments reported was 1V s~ "

HMDE Modified with DOPC Monolayer. The experimental details
for the preparation of the phospholipid membrane have been
described in detail elsewhere.?* Briefly, a solution of DOPC in
pentane was spread and allowed to evaporate on the surface
of the electrolyte solution, leaving behind a monolayer of
DOPC. To obtain a DOPC monolayer on the electrode surface,
the HMDE was carefully pushed once through the water/air
interface from outside the electrolyte solution. The quality of
the monolayer was judged from the appearance of the
cyclic voltammogram (see Figure 1) and by ensuring that the
height of the first orientation peaks at —0.725 V corresponded
to 55 + 5 uF cm ™2 (equivalent to a peak current density of
55 uA cm ™ at a potential sweep rate of 1V s™").
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