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Abstract The understanding of the interaction of nanoparti-
cles with cell membranes and the penetration of these nano-
objects through cell wall is highly required for their biomed-
ical application. In this work were aimed at the study of the
interaction of gold nanoparticles with model phospholipid
membranes prepared at the air/water interface in a Langmuir
trough. Spherical (10 and 15 nm mean diameter) and rod-like
gold (aspect ratio: 2.8) nanoparticles were synthesized and
biofunctionalized with L-cysteine and L-glutathione. The gold
nanoparticles were characterized by TEM images and UV–
Vis absorbance measurements. The interaction of the
biofunctionalized gold nanoparticles with the model mono-
layer membrane was studied by surface pressure versus sur-
face area compressional isotherms and by the measurement of
the change in surface pressure of a preformed model mem-
brane. The effect of the initial surface pressure of the
preformed membrane was evaluated to determine the maxi-
mum insertion pressure and synergy. We have found that the
driving forces of the bioconjugated Au nanoparticle (NP) or

Au nanorod (NR) penetration into themonolayer membrane is
mostly determined by electrostatic interaction and orientation-
al van der Waals forces. Monolayer films were transferred
with Langmuir–Blodgett technique onto solid substrates and
the nanoparticles were visualized with AFM technique.

Keywords Nano-bio interface .Langmuirmonolayer .Model
membrane . Phospholipid . Gold nanoparticles . Biomedical
application

Introduction

The study of nanomaterials towards biomedical applica-
tions is of high interest due to the novel and advantageous
functional properties of these objects. Gold nanoparticles
(Au NPs) are one of the most widely studied candidates
for such purposes, due to their biocompatibility and
unique plasmonic properties [1–4]. The plasmon resonance
properties of the Au NPs can be advantageously used in
many types of therapeutic and diagnostic methods [5, 6],
such as the so called photothermal cancer therapy, during
which the cancer cells can be specifically killed with the
combined application of bioconjugated Au NPs and laser
illumination [7].

Large efforts are made to find new methods and improve
the current techniques for biomedical purposes [8]. Choi and
co-workers [9] developed a method for targeting the gold
nanoparticles to hypoxic regions within tumors, which was
not accessible till now. Au NPs embedded in monoyctes were
used like a Trojan horse to reach these regions and exploit the
therapeutic effect of them. Ba and co-workers [10] showed a
method with which they are able to localize gold nanoparticles
on the surface living cells while they fully preserve their
capability for sensing and optothermal manipulations. Simple
preparation method of plasmonic gold lace capsules with
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nanometer scale gaps between the metallic elements was
presented by Yang et al. [11]. These nanostructures are inter-
esting because SERS hot spots can be formed in these gaps,
which is remarkably useful in the developement of drug
delivery vehicles for therapeutic and imaging purposes or in
situ monitoring of intracellular processes. For successful ap-
plication of Au NPs in biological systems, Park and co-
workers [12] studied the stability of the particles with a large
variety of surface capping ligand and found the thiolated PEG
as an advantageous material for stabilizing and for further
surface modification, as well.

The transport of different molecules, drugs, nanoparti-
cles or bioconjugated systems through living cell mem-
branes is a key factor when developing new therapeutic
agents. The understanding of the mechanism is very diffi-
cult due to the complexity of the process [13]. It was
demonstrated by in vivo experiments that size, shape,
surface properties of the particles (such as surface charge
and the surface charge density) play important role in
internalizing particles into cells [14, 15].

A possible way to discover the interactions of different
molecules with cell membrane is to work with model mem-
branes which mimic the living cells. Model membranes can be
formed by different ways, but the most common used model
systems are the liposomes, the bilayer lipid membrane and the
lipid monolayer [16, 17].

Peetla and co-workers [18] have performed model experi-
ments in a Langmuir trough to study the behaviour of
transactivating transcriptor (TAT) peptide coated and scram-
bled TAT peptide coated poly(L-lactide) nanoparticles. Their
experiments clearly showed the important role of the adsorbed
amount and the amino acid sequence of the peptide on the
particles’ surface: conjugation of the nanoparticles to TAT-
peptide resulted in much higher rate of penetration into the
membrane compared to the scrambled TAT peptide, which
was explained by the different hydrophilicity of the outermost
amino acids.

Considering the developing biomedical applications
of gold nanoparticles, it is essential to understand their
interaction with membrane surfaces, which requires
proper experiments both in vivo and in vitro. In this
work our main goal was to study the interaction of
amino acid functionalized gold nanoparticles with model
phospholipid membranes, which were formed in Lang-
muir trough. For the experiments, we have synthesized
spherical and rod-like Au nanoparticles, and their sur-
face was coated with biomolecules (L-cysteine, L-
gluthatione). Surface pressure–surface area isotherms,
time-dependent surface pressure measurements and
atomic force microscopic pictures of solid supported
membranes will be demonstrated and discussed for un-
derstanding the role of nanoparticle size and surface
coating.

Experimental

Preparation and biofunctionalization of Au nanospheres

Spherical, monodispersed Au NPs were synthesized by the
widely known Turkevich method [19, 20]. During the synthe-
sis, the AuCl4

− ions were reduced with trisodium citrate, the
Au/citrate molar ratio was 1:5, the AuCl4

− concentration of
the dispersion was 0.2 mM and the pH of the resulting sol is
6.2 (HAuCl4 and trisodium citrate were purchased from Sig-
ma Aldrich). Different sized particles were obtained with
different addition rate of the reducing agent during the syn-
thesis: smaller particles were obtained with slower addition
rate.

Biofunctionalization was realized with cysteine and gluta-
thione [21], the required amount of the coating molecule was
calculated by means of the following equation:

ncys ¼ 3cVΘ1018

ρAurΑmΝΑV
; ð1Þ

where ncys [mol] is the necessary amount of cysteine or
glutathione molecules, c [mg/ml] and V [ml] are the concen-
tration and volume of the Au nanodispersion,Θ is the surface
coverage (Θ=1 corresponds for monomolecular coverage), r
[nm] is the average radius of the particles determined by TEM,
ρAu [g/cm

3] is the density of gold, Am [nm2/molecule] is the
cross sectional area of the molecule (for cysteineAm=0.3 nm

2,
for glutathione Am=0.8 nm

2 [21, 22]) andNAV is the Avogadro
number. The required amount forΘ=1.2 was applied to make
sure to reach nearly monomolecular coverage.

The pH of the nanodispersion was adjusted to 7.4 before
functionalization. The 0.01 M solution of the biomolecules
was prepared, the calculated amount of the solution was added
to the Au NPs dispersion and stirred for further 3 h at room
temperature. Slight change in pH occurred due to the addition
of the biomolecules, which was readjusted to 7.4.

Preparation and biofunctionalization of Au nanorods

The Au nanorods (Au NRs) were prepared according to the
seed mediated method [23]. Au seeds were prepared as fol-
lows: 7.5 ml 0.1 M CTAB solution, 0.5 ml 0.005 M HAuCl4
and 1.2 ml 0.01 M NaBH4 solution were mixed, and the
reaction mixture was vigorously shaken for 2 min. After-
wards, it was maintained at 40 °C for 3 h. The growth solution
was prepared by mixing of 14.25 ml 0.1 M CTAB, 0.6 ml
0.005 M HAuCl4, 96 μl 0.01 M AgNO3 and 90 μl 0.1 M
ascorbic acid solutions. In the last step, 20 μl of the seed
dispersion was added to the growth solution and was left at
40 °C for overnight. Surface capping of the Au NRs with
cysteine was carried out by washing the dispersion with
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0.01 M cysteine solution two times. In the last step, the
cysteine coated Au NRs were dispersed in ultrapure water
and the pH was adjusted to 7.4.

Characterization of Au NPs

TEM images of the spherical and rod-like particles were taken
on a FEI Tecnai G2 20 X-TWIN transmission electron micro-
scope. Average size and size distribution of the particles were
calculated based on the measured diameter of at least 100
particles on TEM images. UV–Vis absorbance spectra of Au
nanodispersions were measured with Uvikon 930 spectropho-
tometer in a quartz cuvette.

Langmuir monolayer experiments

Monolayers of dipalmitoylphosphatidylcholine (DPPC;
Sigma-Aldrich) were formed in a Kibron MicroTroughS
type Langmuir trough. The lipid films at the air/water
interface were characterized by surface pressure (π) versus
surface area (A) isotherms. For spreading 0.1 mg/ml solu-
tion of the lipids in chloroform (Sigma-Aldrich,
Chromasolv®, ≥99.9 %) was prepared. Ultrapure water
or the Au nanosphere dispersions were used for subphases
(0.2 mM Au atom concentration) for isotherm measure-
ments. After spreading of the lipids at the interface
30 min were left to reach equilibrium. Constant rate
compression of 815 mm2/min was applied, measurements
were carried out at room temperature (26±1 °C).

Mechanical properties of the Langmuir monolayers were
characterized by calculating surface compressional modulus
(C−1) from the measured π–A isotherms by means of the
following equation [24, 25]:

C−1 ¼ −A
∂π
∂A

� �
Τ

ð2Þ

Penetration experiments were realized on a microwell plate
(glass plate with Teflon rims). The well was filled with 700 μl
of the required liquid (ultrapure water or the dispersion of
different nanoparticles), the lipids were spread at the air/liquid
interface to reach a surface pressure in the range of 10 and 35
mN/m. The change in surface pressure was recorded in a 1-h
period. The recorded surface pressure–time curves were eval-
uated by determining the initial surface pressure (π0) and the
change in surface pressure (Δπ). Δπ–π0 data are plotted and
the measurements were evaluated based on the method devel-
oped by Salesse and colleagues [26, 27]: synergy and maxi-
mum insertion pressure values are calculated which give
information on the nanoparticle–lipid interaction.

AFM measurements

The nanoparticles incorporated in the monolayer membrane
were visualized by means of AFM technique after the Lang-
muir–Blodgett film transfer. Films were transferred at constant
surface pressure in the range of 21 and 24 mN/m, freshly
cleaved mica sheets were used as substrates. AFM images
were taken on a Nanoscope III Atomic Force Microscope
from Digital Instruments with a piezo scanner capable of a
deflection of 12.5 μm in x and y directions and 3 μm in z
direction using a tapping-type silicon tip (Veeco Nanoprobe
Tips, Model RTESP, 125 μm, 300 kHz).

Results and discussion

Characterization of Au NPs and Au NRs

Rod-like and spherical Au NPs of different sizes were synthe-
sized in aqueous media in order to study different types of
gold nanoparticles. TEM images (Fig. 1) showed the uniform
spheres and the rods of Au. Au spheres with 10.2±0.9 nm
(further referred as 10-nm particles) and 14.6±1.2 nm (further
referred as 15-nm particles) diameter and Au NRs with aver-
age aspect ratio (AR) of 2.8 (width: 7±2.1 nm and length: 20±
4.5 nm) were synthesized.

Cysteine and glutathione coated Au NPs were prepared in
order to study the effect of the capping ligand on the incorpo-
ration of the particles into the lipid membrane. In our previous
work, we have presented the detailed characterization of these
biofunctionalized Au NPs: the pH dependent behaviour of the
cysteine and glutathione modified particles [21]. Dynamic
light scattering and zeta potential measurements revealed the
colloid stability of Au NPs dispersion: the particles are indi-
vidually dispersed above pH 6 in case of cysteine and above
pH 4 in case of glutathione surface modification. The mea-
sured zeta potential value for unmodified particles was
−60 mV, for cysteine and glutathione modified particles were
−65 and −70 mV, respectively. Surface of the Au NRs was
capped with cysteine by means of three centrifugation and
washing steps. Zeta potential values of +65 mVand +42 mV
were obtained for the CTAB coated and the cysteine coated
AuNRs. The positive zeta potential of the nanorods is due to
the adsorbed cationic surfactant coating on their surface. Ear-
lier results showed that after the second washing step the
adsorbed surfactant bilayer is also damaged beside the remov-
al of the free, unlinked molecules. It is possible to replace
surfactant molecules in this way after the first washing. The
decrease in the zeta potential means that remarkable amount
of the CTAB was replaced with cysteine. No complete ex-
change of the surfactant to amino acid can be applied due to
the limited stability of the Au NRs without CTAB.
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Optical properties of the samples were characterized by
means of UV–VIS absorbance measurements (Fig. 2). The
spectra of the bioconjugated particles of 10 and 15 nm average
diameter show absorbance due to plasmon resonance at
518 nm, which remained unchanged after capping. The spec-
trum of the rods (Fig. 2b) exhibit two absorption peaks at 520
and at 733 nm, both of the absorption bands shifted slightly
due to the surface modification of the Au NRs with cysteine.
The reason for this is that the longitudinal plasmon energy is
much more sensitive for the change in the local environment
[28], therefore the removal of the huge amount of the surfac-
tant and the introduction of cysteine lead to blue shift of the
longitudinal plasmon absorbance peak from 733 nm to
723 nm. The reason for the shift of the transverse plasmon
energy is the change in the particle shape distribution. During
the centrifugation of the nanorod sol a remarkable amount of
the spherical and the cubic particles have been removed,
which resulted in the shift of the absorption band from

520 nm to 525 nm and the disappearance of the shoulder of
this peak around 570 nm. To support this argument we dem-
onstrate TEM images of the Au nanorods before and after
functionalization on Fig. 1. It is important to note that the
absorption band, which corresponds for the longitudinal elec-
tron oscillation is in the so called biological NIR window
(650–900 nm) [29], which is important for biomedical
applications.

Surface pressure (π) versus surface area (A) isotherms

Model monolayer membranes of phospholipids were formed
at the air/liquid interface in a Langmuir trough. The lipid films
were characterized by means of surface pressure versus sur-
face area isotherms on different subphases. The isotherm on
pure water subphase shows the characteristic features for
different phases, and the measured curve is in good agreement
with the literature data [30].

Fig. 1 TEM image of the a 10
and b 15 nm cysteine coated
spherical Au nanoparticles (NPs)
and the c CTAB-coated and d
cysteine-coated Au nanorods

Fig. 2 UV–Vis absorbance
spectra of the aqueous dispersions
of the a Au NPs and b Au NRs
samples
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We have measured the π–A isotherms when the Au NPs
were present in the subphase. Figure 3a shows the recorded π–
A curves for cysteine coated spherical Au NPs. Isotherms on
ultrapure water and nanoparticle dispersion surface were mea-
sured after 30 min equilibrium time. It is obvious that the
particles have influence on the behaviour of the lipid mono-
layer: the phase transition regions are less clearly differentiat-
ed and the isotherm was shifted to larger areas assuming some
nanoparticles adsorbed in the membrane in the compressed
state. It is interesting that the isotherms in case of the Au-cys
and Au-gsh NPs are very similar (see Fig. 3a and Fig. S1a).
This can be explained with the similar properties of the two
capping ligand and with the effect of the citrate residues in the
dispersions. For reference we have tested the citrate reduced,
unmodified nanoparticles, as well. The isotherm on Au citrate
NPs sol (see Fig. S2a) shows only slight differences from the
isotherm on pure water, the negatively charged citrate mole-
cules have weaker interaction with the zwitterionic lipid mol-
ecules than cysteine or glutathione. There is no shift in the
compressed region of DPPC isotherm in the presence of Au
citrate NPs, which means that the particles were squeezed out
during compression. The isotherm on cysteine-capped Au
nanorod dispersion shows different shape (Fig. S3a). The
AuNR sol has lower surface tension compared to pure water,
therefore the isotherm starts at higher surface pressure value,
which was also observed for surfactant coated polymeric
nanoparticles [31]. The mechanical properties of the lipid
films were also studied by calculating the surface compres-
sional modulus from the π–A isotherms (Fig. 3b; Figs. S1b,

S2b and S3b). The surface compressional modulus gives
important information about the membrane, such as the fluid-
ity. Most of the cross-membrane processes are affected by the
membrane fluidity, therefore it is important to study the effect
of the nanoparticles on it [32]. The calculated curves for 10
and 15 nm Au-cys and Au-gsh particles (by Eq. 2) show that
the nanoparticles have significant effect on the compressional
modulus in the surface pressure range of 5–30 mN/m. At
lower surface pressures (<15 mN/m) the nanoparticles de-
crease the compressibility, which means that the membrane
becomes more fluid. In case of the surface pressure is higher
than 15 mN/m, the nanoparticles induce increase in the com-
pressibility, which means a less fluid membrane. The value of
15 mN/m corresponds for the start of transition from the
expanded liquid state to the condensed liquid state, at this
point the compression modulus (and the fluidity) of the mem-
brane is rapidly changing. The transition from expanded liquid
state to the condensed liquid state does not appear such clearly
in the presence of the nanoparticles (Fig. 3b). The compres-
sional modulus was also calculated in case of Au-cys nano-
rods in the subphase (see Fig. S3b). The nanoparticles induce
the shift of the phase transition to smaller surface pressure
values; the model membrane becomes less fluid at smaller
compactness.

Interaction of nanoparticles with preformed membranes

The interaction of biofunctionalized Au NPs with preformed
model lipid membranes was characterized bymeans of surface

Fig. 3 a Surface pressure–
surface area isotherm of DPPC on
different subphases: ultrapure
water, nanodispersion of 10 and
15 nm cysteine coated Au NPs
(0.2 mM Au NPs concentration).
b Surface compressional modulus
of the lipid monolayers on these
subphases
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pressure measurements. The change in the surface pressure
(Δπ=f(t)) of the pure phospholipid (DPPC) model membrane
was followed during the interaction with Au NPs in the
subphase. In all, cases we have found increased surface pres-
sure (see examples in Fig. 4 and Fig. S4) which can be
explained with the interaction of the Au NPs with the lipid
monolayer. Penetration of the particles into the monolayer
resulted in compacter membrane and therefore increased sur-
face pressure.

We have studied the interaction of the biofunctionalized
particles with membranes of different compactness: various
initial surface pressures were set and the increase in surface
pressure was evaluated (Fig. 4). The plot of the surface pres-
sure change (Δπ) versus the initial surface pressure (π0) gives
a linear relationship. Figure 5 presents the results for the
measured Δπ values for DPPC membranes in case of the
different-sized and surface-modified nanoparticles. It can be
generally concluded that the higher initial surface pressure
results in smaller increase in the surface pressure. This is in
good agreement with the intuitions: smaller incorporation is
expected in case of compacter film.

Two important parameters can be calculated from the Δπ
versus π0 plot (Fig. 5a): maximum insertion pressure (MIP or
other authors use the term critical surface pressure) and syn-
ergy. The linear fitting gives these results as the x tangent
intercept and the slope of the line. The maximum insertion
pressure gives the surface pressure value above which no
incorporation can be observed. The surface pressure in living
cells is in the range of 20–30 mN/m [33] depending on the
type and location of the cell. Therefore, the maximum inser-
tion pressure provides important information about the nano-
particle penetration. If the maximum insertion pressure of a
given system is below 30mN/m, smaller penetration ratio in
living systems is expected. The synergy relates to the affinity
of the particles to the membrane. In case of synergy>0,
positive affinity can be predicted, but if synergy <0 the parti-
cles have less affinity to the monolayer membrane.

We have evaluated our experimental results in this point of
view (Fig. 6). In case of synergy, there is not much difference
for the different particles, but it is important that positive

Fig. 4 Change in the surface pressure of the preformed monolayer
membrane during the interactionwith 10-nm-sized Au-cys NPs at various
initial surface pressures. Initial surface pressure values (π0) and the
determination of the change (Δπ) is marked on the graph

Fig. 5 Increase in surface
pressure during 1 h measurement
period as a function of the initial
surface pressure in case of the a
glutathione-coated particles and b
the cysteine-coated Au
nanoparticles with DPPC
membrane
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synergy was observed for all kinds of particles, which means
favourable condition for incorporation. In case of MIP the
results are more diverse. The gray band (in the range of 20–30
mN/m) represents the measured compactness in biological
membranes [33]. Nanoparticle insertion can be realized if
MIP is in or above this region. It can be seen that all of the
studied systems reach this region; moreover, most of them
have much higher MIP. The highest synergy was obtained for
10-nm-sized spherical particles with glutathione surface coat-
ing, which means that these particles can incorporate into the
most compact membrane.

In our study we were focusing on the effect of different
parameters influencing the interaction. In order to study par-
ticle size effects we have carried out experiments with AuNPs
of 10 and 15 nm average diameter. The evaluation of the
curves registered during penetration show that there is signif-
icant difference owing to particle size effects. We have obtain-
ed that smaller particles have higher incorporation rate com-
pared to the larger ones. Rod-like particles have different
surface properties from the spheres; therefore, it is hard to
make any conclusions on the effect of particle shape. It was
earlier observed, that nanorods with elongated shape have
slower endocytosis, which is due to longer wrapping time of
these particles [13].

In vivo experiments showed that surface properties of the
particles (such as surface charge and the surface charge den-
sity) play important role in internalizing particles into cells.
Nanoparticles with positive surface charge were found to
cross the membrane faster than particles with negative surface,
but at the same time their toxicity is much higher [34, 35].

In this work, cysteine and glutathione were used to cover
the surface of the particles in order to characterize the role of
surface properties. Both cysteine and glutathione give nega-
tive surface charge for the spherical particles, but the nanorods
remained positively charged due to the incomplete removal of
the cationic surfactant. It is obvious that there is significant
difference in the penetration plots for different cases (Fig. 5).
Cysteine-coated particles show higher incorporation rates at
smaller initial surface pressures, but glutathione coated ones
can incorporate into the membrane at larger membrane com-
pactness, as well.

We have seen that the cysteine capped Au nanorod sol is
slightly surface active: surface tension of the nanosol is lower
than for water. To test whether the nanopartilcles alone cause
increase in surface pressure we have registered the surface
pressure of the nanosol without the lipid membrane in 1-h
period, and we have obtainedΔπ<1 mN/m. This result clear-
ly indicated that the measured increase in the surface pressure
of the lipid membrane is due to the interaction with the
nanoparticles and not to their surface activity alone.
Surfactant-free, cysteine and glutathione coated nanoparticle
dispersions have the same surface tension as water and no
increase in surface tension was found in the absence of lipid
membrane.

For the discussion of the interactions with the membrane it
is important to consider the pH dependent charge of the lipid.
The pKa value of the acidic group in the phospholipid head
group is around 3.8–4.0 [36, 37]. In the range below pH 4
most of the dissociable groups are protonated, therefore the
molecule has a net positive charge. At pH above the pKa, the

Fig. 6 Maximum insertion
pressure (MIP) and synergy
values obtained for the different
sized, shaped, surface
functionalized nanoparticles with
DPPC membrane
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lipid is zwitterionic due to the dissociated acidic and the
quaternary amine group (Fig. S5).

Our spherical AuNPs are negatively charged, the isoelectic
points (i.e.p.) determined by means of pH-dependent zeta
potential measurements are at pH 2.70 and 2.30 for cysteine
and glutathione capping [21]. At pH values smaller than the
i.e.p., particles have positive surface charge, above the
isoelectic point they are negatively charged (Fig. S5). In our
experiments pH 7.4 of the gold nanodispersions were used,

where both type of capped Au NPs have negative surface
charge and the lipids spread at the surface of the
nanodispersion are zwitterionic. Considering the molecular
structure of the DPPC molecule (Fig. S5), it can be seen that
there are positively charged groups available for the species
arriving from the subphase to interact at the membrane sur-
face. Therefore we suppose that there is electrostatic attraction
between the cysteine or glutathione molecules linked to the
surface of the nanospheres and the DPPC molecules (Fig. 7).

Fig. 7 Schematic representation
of the proposed interaction of
cysteine functionalized Au NPs
with DPPC membrane. The
negatively charged cysteine-
coated gold nanopartilces
represent an attractive
electrostatic interaction with the
positively charged amine groups
of the phospholipid
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When the particles reach the surface of the lipid monolayer
effect of the cations (Na+ originating from trisodium citrate)
present in the nanodispersion will be significant: the cations
decrease the repulsion between the phosphate group in the
phospholipids and the carboxylic group in the amino acids
[35]. The cysteine has one carboxyl group, while glutathione
has two carboxyl groups, therefore the tripeptide has larger
negative surface charge at the same pH value. This must be the
reason for the different behaviour: the smaller negative charge
is preferred for the zwitterionic head group of the lipid.

The rod shaped Au nanoparticles have positive surface
charge at pH 7.4 due to the incomplete removal of the surfac-
tant molecules. When the Au-cys NRs reach the DPPC mem-
brane surface there might be some repulsion between the
surfactant and the amine group of the DPPC, but this repulsion
is shadowed by the counter ions. The cysteine and surfactant
coated nanorods can overcome this slight repulsion, and they
can incorporate into the lipid layer due to the attractive elec-
trostatic interaction between the different ionized groups
(Fig. S6), and further hydrophobic interaction between the
alkyl chains of the lipid and the surfactant molecules facilitate
the interaction between them.

We suggest that the kinetic energy of the particles drives
them to the membrane surface, but once they approached the
membrane more types of interaction can influence their be-
haviour depending on the surface properties. In case of the
negatively charged spherical particles, there is attractive elec-
trostatic interaction between the amine group in the lipid and

the carboxyl groups in the amino acids on the particles. In case
of the positively charged nanorods, we suppose that beside the
electrostatic forces the hydrophobic interaction plays also a
key role.

AFM images of solid supported membranes

The lipid Langmuir monolayers were transferred onto solid
substrates after nanoparticle incorporation so that we could
visualize the nanoparticles in the membrane and obtain further
information about the nanoparticle–membrane interaction.We
have carried out AFM measurements to obtain the surface
topographic image. Figure 8 shows the top view of a repre-
sentative area of the film in case of the cysteine-coated 10-nm
Au spheres, Figs. S7 and S8 present similar images for 10-nm-
sized glutathione coated particles and for the cysteine capped
Au NRs. The membrane was transferred at 24 mN/m surface
pressure which corresponds to the liquid compressed phase
and therefore an ordered structure of DPPC [38]. The white
spots on the AFM images are the Au NPs which were trans-
ferred with the membrane from the air/liquid interface. The
images show small number of nanoparticles on the substrate
which can be explained with the compactness of the mem-
brane. The nanoparticle insertion leads to the decrease in the
available area for phospholipids in the floating monolayer. In
the biologically relevant compactness range (where we have
performed our experiments), small decrease in the available
area for phospholipids leads to high increase in the surface
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Fig. 8 AFM image of the
Langmuir–Blodgett transferred
DPPC monolayer after the
interaction with 10-nm-sized
cysteine-coated Au nanospheres
(image shows 1×1 μm area of the
sample surface)
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pressure, which can be judged from the steep part of the π–A
isotherms. Insertion of a small number of nanoparticles lead to
the measured increase in surface pressure, therefore we cannot
expect high particle density in the solid supported membrane.
The magnified image of the film with 10 nm Au-cys NPs
(Fig. 8) shows two nanoparticles, the cross-sectional analysis
reveals that they are individual ones. We have measured the
step height at the nanoparticles on the images to obtain infor-
mation on the position of the nanoparticles. In the case of
cysteine-coated particles, a typical height of 7.9 nm was
obtained. Considering the length of a DPPC molecule to be
around 2 nm and the average size of the Au spheres to be
10.2 nm, it seems that the nanoparticles are incorporated in the
membrane, they are not only attached to the model membrane
surface. Similar situation can be assumed for the glutathione
coated particles (Fig. S2). It is far more complicated to make
conclusions for the Au NRs (Fig. S3), since they are not as
monodispersed as the spherical particles (see Fig. 1). It can be
assumed that there are nanorods both in parallel and perpen-
dicular orientation; additionally a tilted orientation can also be
possible. Although more orientation can be imagined, we
suppose the particles incorporate into the membrane parallel
with the alky chains, since this case means the smallest area
occupied by the nanorods. The relatively wide size distribu-
tion of the rods makes it not possible to decide whether they
are only attached to the surface of the membrane or they are
incorporated into it. We have calculated the average particle–
particle distances on the AFM images, which were 550 nm for
10 nm spherical Au-cys, 850 nm for 10 nm spherical Au-gsh
and 2,360 nm for rod-shaped Au-cys particles.

Conclusions

Cysteine or glutathione coated spherical and rod shaped Au
NPs interaction with lipid membranes were demonstrated here.
The interaction was studied in a Langmuir trough by means of
the floatingmonomolecular film of DPPC as model membrane.
Surface pressure–surface area isotherms with nanoparticles in
the subphase showed that the nanoparticles interact with the
DPPC (dipalmitoylphosphatidylcholine) molecules at the inter-
face and decrease the fluidity of the membrane at biologically
relevant membrane compactness. The study of the interaction
of the nanoparticles with preformed lipid monolayers showed
that the particles have positive affinity to the membrane, in-
crease in the surface pressure of the model membrane was
found in every case. We have found that smaller particles have
higher affinity to the membrane and cysteine coating in the
particle results in higher incorporation at lower surface pres-
sure, but the maximum insertion pressure value was higher for
glutathione capped particles.

Supporting Information Supporting information is available about the
pH dependent behaviour of the species used in this work, sketch of the
interaction in case of the Au nanorods and additional AFM images.
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