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The interaction of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) Langmuir monolayers as a model
biomembrane with small silver nanoparticles (AgNPs) similar in size but coated with different capping mol-
ecules such as citrate (CIT-AgNPs) and 4-mercaptobenzoic acid (MBA-AgNPs), both negatively charged at
physiological pH, is studied using a multi-technique approach. Both CIT-AgNPs and MBA-AgNPs expose
carboxyl groups and have similar zeta potentials, but differ in the aliphatic or aromatic nature of the cap-
ping agent. Results show that AgNPs exhibit quite different behaviors: CIT-AgNPs weakly adsorb on DMPC,
while MBA-AgNPs irreversibly adsorb on the interface and remain there upon monolayer compression. It is
also shown that there is a cooperative effect of many ligands in the interactions between MBA-AgNPs and
DMPC, as MBA molecules in solution are unable to strongly adsorb on the phospholipid monolayer surface.
We propose an explanation based on the surface charge density and on the chemical nature of the cap-
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ping molecule based on XPS studies and on DFT calculations.

Comprehension of the interactions between silver nanoparticles (AgNPs) and biological matter is imperative given their increasing demand and
applications. A relevant topic to be investigated is how the sign and charge density of nanoparticles affect their adhesion and penetration into lipid layers.
We show that AgNPs similar in size but coated with different molecules such as citrate (CIT-AgNPs) and 4-mercaptobenzoic acid (MBA-AgNPs), both
negatively charged at physiological pH, interact in a different way with DMPC Langmuir monolayers taken as a model biomembrane. These results
highlight the importance of understanding, at the molecular level, the interactions between nanomaterials and membranes to assess their potential long-

term toxicological effects.

Introduction

Silver nanoparticles (AgNPs) are one of the most widely used
nanomaterials in commercial products.”™ In the bottom-up
approach for synthesis, capping agents of different chemical
nature allow the control of the NP morphology, size and coa-
lescence. The capping agent has functional groups that on
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the one hand are able to strongly interact with Ag, and on
the other hand provide the chemical functionality to solubi-
lize the NPs in a given solvent and/or interact specifically
according to the application searched for those AgNPs.”” Cit-
rate is one of the most common capping agents commercially
available, and Turkevich synthesis is a simple and vastly used
method.®*® In addition to commercial applications, Ag
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+ Electronic supplementary information (ESI) available: RMN of pure CIT and
MBA, UV-vis spectra of CIT-AgNPs and MBA-NPs, calculation of the MBA/CIT
molecular ratio on MBA-AgNPs, Marks model for AgNPs, Gibbs isotherms for
MBA-AgNPs, compression isotherms for CIT and MBA as components of the
buffer subphase, scheme of the molecular structure of DMPC, BAM images
taken for a DMPC monolayer film at 5 mN m™ in contact with phosphate buffer
solution at pH 7.2 containing MBA-AgNPs and V3 x 4 MBA lattice on Ag(1 1 1).
See DOI: 10.1039/c6en00016a
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nanoparticles have also been extensively employed due to
their plasmonic properties to enhance Raman scattering.' >
Due to the increasing demand for and applications of
AgNPs, the understanding of their interactions with biologi-
cal matter is of outmost importance.”>* NP binding, rupture
and cell membrane penetration strongly depend on its size,
shape, surface charge and surface chemical functionality.">*®
NPs with dimensions smaller than 5 nm can penetrate cell
membranes,'®'>?® while for larger ones their action occurs
primarily through alterations of the membrane structure,
which can strongly affect its permeability,* the membrane po-
tential>"** and its main functions.”*>> For Au nanoparticles
it has been found that by controlling their surface charge
density, it is possible to reach a balance between toxicity and
cellular uptake.*® Electrostatic interactions of nanoparticles
and lipid bilayers mediate their interaction with biological
membranes and their disruption. The uptake process should
involve NP adsorption onto the cell surface and then, its
internalization.>”*® Thus, how the sign and charge density of
nanoparticles at the molecular level affect their adhesion and
penetration into lipid layers is a highly relevant topic to be
investigated. Due to the complexity of natural biological
membranes, supported lipid monolayers or bilayers are the
most common model systems used to study their interactions
with biomolecules, nanoparticles, etc.?°>* Another advanta-
geous model to study interactions at nano-biointerfaces is
Langmuir monolayers, which avoid the transfer of the bio-
membrane model to a solid support and allow control of the
composition and organization at both the interface and the
subphase, thus various factors involved in NP-membrane in-
teractions can be investigated.>**® In particular, DMPC is a
zwitterionic phospholipid that at room temperature shows a
full liquid-expanded phase along the whole Langmuir iso-
therm and a homogeneous topography in the mesoscale
range when inspected by Brewster angle microscopy (BAM).
In this work, we study the interaction of DMPC mono-
layers with silver NPs similar in size but coated with different
molecules such as citrate (CIT-AgNPs) and 4-mercaptobenzoic
acid (MBA-AgNPs), both negatively charged at physiological
PH. MBA-AgNPs were obtained from CIT-AgNPs by the tradi-
tional ligand exchange procedure. High resolution XPS exper-
iments show that citrate is not completely removed from the
NP surface, which has an important influence in regard to
the interaction with the phospholipid monolayer, as will be
explained in the following sections. For simplicity, the acro-
nym MBA-AgNPs will be employed for the AgNPs containing
MBA and remnant citrate as capping agents. CIT-AgNPs are
one of the most widely used in commercial products and sci-
entific applications, while MBA-AgNPs are a common Raman
probe used in sensors based upon surface-enhanced Raman
spectroscopy (SERS).>”** Both CIT-AgNPs and MBA-AgNPs ex-
pose carboxyl groups and have similar zeta potentials, but
differ in the aliphatic or aromatic nature of the capping
agent. Results show that they exhibit quite different behav-
iors: CIT-AgNPs weakly adsorb on DMPC, while MBA-AgNPs
irreversibly adsorb and remain at the interface upon mono-
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layer compression. It is also shown that there is a cooperative
effect of many ligands in the interactions between MBA-
AgNPs and DMPC, as MBA molecules in solution (without a
silver core) are unable to strongly adsorb on the phospholipid
surface. We propose an explanation based on the surface
charge density and on the chemical nature of the capping
molecule based on XPS studies and DFT calculations.

Experimental
Synthesis of Ag nanoparticles

AgNO;, NaBH, and trisodium citrate were purchased from
Sigma-Aldrich, and aqueous solutions were prepared with
Milli-Q water. In the first step for the preparation of the di-
lute suspension of silver nanoparticles, 10 mL of a 0.25 mM
AgNO; solution was added to 10 mL of 0.25 mM sodium cit-
rate solution under gentle magnetic stirring. After 3 min, 25
pL of a 0.1 M aqueous NaBH, solution cooled in an ice-water
bath was added dropwise. The solution was strongly stirred
for 3 min, and its color turned from colorless to yellow. The
final Ag concentration in the NP solution is 1.35 x 10> mg
Ag mL™". The excess of citrate was extracted by a two-hour di-
alysis procedure. For the preparation of Ag nanoparticles
capped with MBA, the purified citrate-capped AgNPs (CIT-
AgNPs) were allowed to react with 1 mM MBA + 0.1 M NaOH
in a 10:1 ratio (citrate Ag-NPs: MBA solution) in order to in-
troduce the MBA molecules into the capping layer. Finally, af-
ter 3 h of reaction, the colloidal suspension of MBA capped
Ag nanoparticles (MBA-AgNPs) was again dialyzed for 12 h
against pH 7.2 10 mM phosphate buffer solution.

More concentrated solutions of CIT-AgNPs and MBA-
AgNPs were obtained by tripling the concentrations of the sil-
ver nitrate, sodium citrate, sodium borohydride and
4-mercaptobenzoic acid solutions used for the synthesis pro-
cedure described previously/above. Experiments with higher
concentrations of NPs could not be carried out due to their
coalescence. Citrate and MBA were used as received, and
their purity was ascertained by '"H and *C NMR (see also
ESL; Fig. S1-84).

Characterization of CIT-AgNPs and MBA-AgNPs

The micrographs used to analyze the size distribution and
structure of CIT-AgNPs and MBA-AgNPs were obtained with a
FEI CM200 UT microscope operated at 200 keV and a FEI
TECNAI F20 field emission microscope operated at 200 keV.

The species in the surface structure of AgNPs were charac-
terized and quantified by X-ray photoelectron spectroscopy
(XPS) using an Al Ko source (XR50, Specs GmbH) and a
hemispherical electron energy analyzer (PHOIBOS 100, Specs
GmbH). The energy scale was calibrated using two points;
one was the Au 4f,, binding energy (BE) of sputter cleaned
gold at 84.00 eV and the other was the Cu 2p;/, BE: 932.67 eV
of copper samples.

The spectra were fitted with the XPSPEAK 4.0 software
package, using a Shirley type background and Gaussian-
Lorentzian product functions. In the case of S 2p, each
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component was fitted with a doublet accounting for the
spin-orbit splitting (1.2 eV) with a branching ratio of 0.5.
The full width at half-maximum (FWHM) was fixed at
1.1 eV. The C 1s region was fitted with four components, as
will be discussed later, corresponding to: (i) C-H bonds and
adventitious C, (ii) the alpha carbons of carboxylic groups
and/or the alcoholic function in the case of CIT-AgNPs, and
(iii) and (iv) carboxylate and carboxylic acid group contribu-
tions. The BEs and peak areas were optimized to achieve
the best fit.

UV-vis absorption spectra were taken with Perkin Elmer
Lambda 25 and Shimadzu UV-1801 spectrophotometers at
ambient temperature (23-25 °C) to check the quality and con-
centration of the AgNPs before starting the experiments and
after their immersion in the Langmuir trough to check the
degradation processes that may eventually occur.

Monolayers at the air/buffer interface

The phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) was purchased from Avanti Polar Lipids (Alabaster,
AL). For monolayer studies, a 10 mM phosphate buffer of pH
7.2 was used as the subphase. The buffer solutions were pre-
pared with Milli-Q water.

The monolayers were obtained by using a homemade
trough with a control unit (Monofilmmeter Mayer
Feintechnik, Gottingen, Germany). The surface and volume
of the Teflon trough were 43 cm” and 34 mlL, respectively.
The surface pressure (z) was measured by a platinized-Pt
sensing plate using the Wilhelmy method.

The absence of impurities in the subphase was checked
before starting each experiment by reducing the available sur-
face area to less than 30% of its original value (from 43 cm?
to 13 cm?) allowing enough time (10 min) for the adsorption
of possible impurities that might be present in trace amounts
in the subphase. Only subphases that did not show changes
of surface pressure above + 0.5 mN m™' in this procedure
were used. Before each experiment, the trough was rinsed
and wiped clean with 98% ethanol and several times with
Milli-Q water. The trough was also cleaned daily with sulfo-
nitric solution (70% H,50,/30% HNO;) and rinsed with Milli-Q
water and phosphate buffer to remove the organic contami-
nants that may affect the experiments. Special care was taken
in the experiments with MBA-AgNPs and MBA solutions due
to their possible adsorption in the Langmuir trough. All ex-
periments were performed at 23 + 1 C°.

Adsorption of AgNPs on the air/buffer interface and inter-
action with phospholipid monolayers. The adsorption of CIT-
AgNPs or MBA-AgNPs from the subphase to the bare air/
buffer interface, or to DMPC monolayers, was performed by
injections of AgNP solution into the buffer subphase under
continuous stirring. Typically, 1.5 mL of AgNP solution,
containing 2.02 x 10~> mg or 6.06 x 10> mg of Ag for diluted
or concentrated suspensions, was used giving a final AgNP
concentration of 2.03 x 10" NPs mL™ or 6.08 x 10'" NPs
mL ™" for CIT-AgNPs or MBA-AgNPs, respectively.
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To study the interactions between AgNPs and DMPC, the
phospholipid monolayer was formed by deposition of a pure
DMPC chloroformic solution at the air/buffer interface until
the desired value of 7 was achieved. The initial surface pres-
sures of DMPC (75™"°) studied were 3, 5, 10 and 30 mN m .
Once 10 minutes after DMPC film formation had elapsed,
the AgNP solution was injected into the subphase.

The surface pressure was taken as:

T=yo-y (1)

where y, and y are the surface tension of the air/buffer inter-
face in the absence or in the presence of a surface active
agent, respectively.*’

After injection of the particles into the subphase, in the
absence or in the presence of DMPC, changes in surface pres-
sure (m) at constant area were recorded as a function of
time until the equilibrium adsorption pressure (z.q) was
reached. Once the 7., was achieved, the film formed was
compressed to obtain a Langmuir isotherm. The compression
rate was 0.4 cm® s™'. The Langmuir compression isotherms
of the interacting AgNPs/DMPC are reported as surface pres-
sure () vs. mean molecular area (MMA) plots calculated on
the basis of the area that should be occupied by pure DMPC.
MMA is the total monolayer area divided by the total number
of molecules at the interfaces.

For control purposes, Langmuir isotherms of pure DMPC
were obtained by seeding DMPC at the interface until a given
surface pressure (i.e., 5, 10, 30 mN m™') was reached and
then, after 10 min, the film was compressed. No differences
with the Langmuir isotherm of DMPC starting from the gas-
eous phase (7 ~ 0 mN m ') were observed.

Also, either citrate or MBA solutions at concentrations
similar to or higher than that provided by the AgNPs were
injected into the subphase and then, the = as a function of
time as well as the compression isotherms (7 vs. area) were
recorded.

The addition of up to 2 mL of pure buffer to the buffer
subphase did not cause any variation in z.

Different batches of both silver nanoparticles were tested,
and no differences were observed. In all cases, the triplicate
adsorption and compression experiments performed did not
vary among them by more than 0.3-0.5 mN m™" (adsorption
isotherms) or 5% in area (compression isotherms).

In order to check whether both CIT-AgNPs and MBA-
AgNPs undergo any degradation after their adsorption on the
bare interface or after their interaction with the DMPC mono-
layer, the UV-visible spectra of the subphase were measured.
For this, an aliquot of the subphase was taken after the ad-
sorption (typically 2 h after the addition of AgNPs) and the
UV-visible spectra were compared with that of the freshly pre-
pared AgNPs. No changes in the optical response confirmed
that neither coalescence nor degradation take place during
the experiments for CIT-AgNPs and MBA-AgNPs (Fig. S5a-b¥).

Brewster angle microscopy visualization. For 2D isotropic
films, the reflectivity obtained from BAM measurements is
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related to the square of the film thickness and to the refrac-
tion index of the film.

Adsorption monolayers were prepared by using a circular
homemade trough with an area of 28 em” and a subphase
volume of 28 mL. The amount of AgNP solution injected into
the subphase was 0.5 mL; higher volumes cause higher
reflectivities that avoid the proper visualization of the sur-
face. Interaction experiments between AgNPs and DMPC were
performed as mentioned in the above section. Brewster angle
visualization was performed without stirring to avoid the
movement of the films. The trough was mounted on the
stage of a Nanofilm EP3 Imaging Ellipsometer (Accurion,
Gottingen, Germany), which was used in the BAM mode. The
minimum reflection was set with a polarized laser (1 = 532)
incident on the bare aqueous surface at the experimentally
calibrated Brewster angle (~53.1°). During the adsorption of
NPs on the DMPC monolayer, the reflected light was col-
lected through a 20x objective and an analyzer-polarized lens
to a CCD camera with a speed of 25 Hz. The surface pressure
was measured along time with a KSV platinized-Pt sensing
plate using the Wilhelmy method.

Control experiments were performed with citrate and MBA
at similar to or higher concentrations than that provided by
the AgNPs.

DFT calculations

DFT calculations were performed with the periodic plane-
wave basis set code VASP 5.2.12.*>*” We followed the scheme
of nonlocal functionals proposed by Dion et al.*® vdW-DF,
and the optimized Becke88 exchange functional optB88-
vdW*’ to take into account the van der Waals (vdW) interac-
tions. The electronic wave functions were expanded in a
plane-wave basis set with a 450 eV cutoff energy. The projec-
tor augmented plane wave (PAW) due to the Blochl method
was used to represent the atomic cores®® with PBE potential.
Silver surfaces were represented by a five atomic layer slab
with ~15 A vacuum. Optimal grids of Monkhorst-Pack®"
k-points of 5 x 5 x 1 were used for numerical integration in
the reciprocal space of (2V3 x 4) surface structure. Surface re-
laxation is allowed in the three uppermost Ag layers of the
slab as well as in the atomic coordinates of the adsorbate.
The citrate radical species (Citrate H>") was optimized in an
asymmetric box of 10 A x 12 A x 14 A. The calculated lattice
constant is 4.14 A, which compares reasonably well with the
experimental value (4.09 A).>*

The average binding energy per adsorbed citrate radical,
Ey, is defined in eqn (2):

1

[ Eslab+cirrate _ Eslab -N

Eb = citrateE e ] (2)

citrate

where gslabteitrate pslab apq geitrate are the total energy of the
relaxed citrate-surface system, the relaxed bare substrate, and
the citrate radical, whereas Nqate iS the number of citrate
radicals in the surface unit cell. It is necessary to note that a
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negative number indicates that adsorption is exothermic with
respect to the separate clean surface and the citrate radical.

Results and discussion

NP characterization

Typical high resolution TEM (HRTEM) images of fresh MBA-
AgNPs and CIT-AgNPs are shown in Fig. 1. The low magnifi-
cation images in a) and b) show that both NPs are
spherically-shaped with average sizes of 8.7 + 2.5 nm for CIT-
AgNPs and 8.2 + 2.1 nm for MBA-AgNPs, calculated from
their corresponding histograms, c) and d). HRTEM images al-
low the atomic structure of the AgNPs to be resolved
(Fig. 1e and f). The images are compatible with the [1 0 0]
zone axis and the [1 1 0] zone axis of a Ag-like fcc structure,
respectively. Moreover, the presence of these planes evi-
dences the crystallinity of the nanoparticles. In Fig. 1f, a fac-
eted microstructure could be clearly seen in the HRTEM im-
age of MBA-AgNPs. This structure has a fivefold symmetry
around the [1 1 0] fcc axis with a quintuple twin ((1 1 1) fec
twinning plane). Moreover, these kinds of HRTEM images
were simulated as Marks decahedra for Ag and other sys-
tems.”®>* The Marks decahedron structure has 10 triangular
{1 1 1} faces, 10 isosceles trapezoid {1 1 1} faces and 5 rectan-
gular {1 0 0} faces. The simulation of the image shown in

028 \\§ L

\\\\““
2 4 6 8 1012141618
Mean diameter (nm)

L ter ()

4
Mean d

Fig. 1 TEM images, size distribution histograms and HRTEM images of
CIT-AgNPs [(a), (c) and (e)] and of MBA-AgNPs [(b), (d) and (f)].
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Fig. 1f involved more than 70% of the surface atoms over
{1 1 1} faces (Fig. S6 in the ESIY).

A high resolution XPS spectrum of MBA-AgNPs in the S 2p
region is shown in Fig. 2a. The S 2p region can be fitted with

Photoemission intensity (au)

L L

L

1

166 164 162 160

Binding Energy (eV)
T 284.7 b |
3t MBA-AgNP
Py
g0 _
o |
£ C1s
S i 286.1 |
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g 288!.6
5 2906 g , 1
g ;

204 202 290 288 286 284 282 280
Binding Energy (eV)

-‘I o 284.9 ]
CIT-AgNP ! -

I 286.4 1

Photoelectron intensity (au)

204 292 290 288 286 284 282 280

Binding Energy (eV)

Fig. 2 XPS spectra of Ag nanoparticles capped with MBA (a and b) and
CIT (c). In a) the fitting gives two components: one corresponding to
thiolate-Ag bond molecules (red line) and the other at higher binding
energies, corresponding to physisorbed thiols (blue).
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a principal component at S 2p;, BE = 162.5 eV (red curve)
assigned to a thiolate-Ag bond and another much smaller
peak at 163.8 eV (blue curve) due to non-chemisorbed MBA
molecules.>®*® The ratio (r) of the integrated area of the 162
eV S 2p peak area and that of the Ag 3d is a measure of thio-
late coverage on the AgNP surface. A value of r = 0.50-0.53 is
obtained, which is in accordance with MBA-AgNPs suspended
in alkaline media.>* The existence of the thiolate-Ag bond
implies that the carboxylic groups of MBA are exposed to the
outer part of the AgNP interface, giving the possibility that
depending on the pH (MBA on Ag pK, = 5.8-6.0 (ref. 42, 56
and 57)) the negatively charged carboxylate moiety should
play an important role, in particular considering the different
forces that will take place at the interface AgNPs/phospho-
lipid monolayer. The C 1s region can be fitted with four com-
ponents: the 284.7-284.9 eV peak assigned to C bonded to H
and C (orange line), another at 286.1-286.4 eV (turquoise
line) due to C-COOH and C-OH (in CIT-AgNPs) and the con-
tribution of the COO™ and COOH at 288.4-288.6 eV (fuchsia
line) and 289.8-290.6 €V (green line), respectively.””>°

Interesting data emerge from quantitative analysis of the
surface components of AgNPs (Table 1).

In MBA-AgNPs, the COOy./S atomic ratio should be 1
according to the MBA molecular formula instead of the ex-
perimental value 0.75/051 = 1.47. Taking into account the at-
tenuation of the electrons emitted by S due to the effective
thickness of the molecule,®® the corrected Stotal/Ag ratio is
0.51/0.88 = 0.58, and therefore COO,,/S = 1.34. There is still
an excess of carboxylic groups with respect to S according to
the molecular formula. This could be due to the incomplete
ligand exchange reaction of citrate anions with MBA that
leads to a complex capping layer formed by both molecules,
as was proposed for Au nanoparticles.’®* Thus, the MBA-
AgNPs have a capping layer composed of both MBA and cit-
rate molecules in a molecular ratio MBA/CIT = 6 (see calcula-
tion details in the ESI})

For CIT-AgNPs, the 0.26 atomic ratio for COO/Ag is three
times lower than that in the thiolated AgNPs (0.75), which is
a relevant point to interpret their behavior when the interac-
tions of either CIT-AgNPs or MBA-AgNPs with phospholipid
monolayers are analyzed in the following section.

Adsorption of CIT-AgNPs and MBA-AgNPs at the interface of
DMPC monolayers

We studied the interactions of two negatively charged silver
nanoparticles that have the same core size and very similar

Table 1 Atomic ratio obtained from XPS spectra of MBA-AgNPs and
CIT-AgNPs

Cootot/ Agﬂ St()tal/ Ag
MBA-AgNPs 0.75 0.51
CIT-AgNPs 0.26 —

% COOy, corresponds to the sum of COO™ and COOH contributions.

This journal is © The Royal Society of Chemistry 2016
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sectional area upon functionalization with citrate or MBA, as
shown before in Fig. 1, with DMPC Langmuir monolayers.
Also, both AgNPs have almost the same zeta potential value
(=36 mV for MBA-AgNPs and -33 mV for CIT-AgNPs) in the
buffer solution where these measurements were performed.
The zeta potential reflects the electrostatic potential at the
electrical double layer surrounding a nanoparticle in solution
and is related to the surface charge of the nanoparticle.®*
However, the chemical nature of the adsorbed citrate for CIT-
AgNPs (aliphatic) and of mercaptobenzoic acid (aromatic
moiety) for MBA-AgNPs should be taken into account, as well
as the coverage and configuration of these molecules on the
AgNP surface.

We studied the interactions of both CIT-AgNPs and MBA-
AgNPs with DMPC monolayers at different initial surface
pressures, which involve different initial surface packings of
the phospholipid molecules at the interface. Once the DMPC
lateral pressure is established, we analyze the effect of
injecting a certain concentration of nanoparticles into the
subphase, trying to mimic what would occur in real systems
where cell membranes of living organisms are exposed to
nanoparticles that can alter their structure and equilibrium
properties. The attachment of particles to fluid interfaces is a
complex process affected by a broad range of physico-
chemical parameters such as nanoparticle size, chemical na-
ture of capping molecules, surface roughness, and wettabil-
ity.%>®® The total energy involved in the attachment of
particles to a fluid interface depends on the difference be-
tween the energies of the particle at the interface and in the
colloidal solution. Particles of micrometric size are usually ir-
reversibly attached to fluid interfaces whereas for nano-
particles the reversibility of the adsorption can be regulated
by modification of the contact angle.®® Law and colleagues
pointed out that the attachment to the interface of particles
larger than 10 nm can be considered completely irreversible.
However, for nanoparticles with radii smaller than 10 nm, a
true thermodynamic equilibrium between the bulk solution
and the interface is established.®”

The interaction of CIT-AgNPs and MBA-AgNPs with the
model biomembranes was characterized by means of surface
pressure changes (Az = f(¢)) as a function of time (at a con-
stant surface area) and by the inspection of the compression
isotherms measured after the interaction/adsorption occurs.
Although the observed changes in surface pressure (Ar) were
small, we found that the magnitude and the range of lateral
phospholipid pressures where the interactions occur depend
on the initial surface packing of DMPC and on the capping
molecule.

To perform these experiments, the lipid monolayer of
DMPC was first formed by spreading a solution of DMPC (in
chloroform) at the air/buffer interface (at a fixed surface
area). Once the desired surface pressure for DMPC (75™"¢)
was reached and kept constant for 10 min, a volume of 1.5
mL of AgNP solution was injected into the subphase, and the
surface pressure was measured until its stabilization
(PMPOTASNPS)  After that, the area of the trough was reduced
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and the compression isotherm was obtained. The change in
surface pressure (Ax) was calculated as shown in eqn (3); the
values obtained for Az are shown in Table 2, and the adsorp-
tion isotherms are shown in Fig. 3 and S7.}

Az = n?MPC-#AgNPS) _ (n_(]?MPC) (3)
By examining the relationship between Az and zy™'C, it is
seen that CIT-AgNPs and MBA-AgNPs interact more favorably
with DMPC when the monolayer is packed at 5 mN m™* and
Az is of the same order for both CIT-AgNPs and MBA-AgNPs.
For higher initial pressures of DMPC (75"""), the AgNPs in
the subphase cause negligible changes in z, indicating that a
certain degree of packing or organization of the DMPC layer
is necessary in order that nanoparticles could be inserted in
or adsorbed on the interface, as has been proposed previ-
ously.®® It should be noted that the surface pressure interval
between 30 and 35 mN m™" in a monolayer is proposed to of-
fer an organization with comparable compressibility to that
mostly found in natural biomembranes.®® Nevertheless, the
behavior of natural membranes is dynamic, and lower lateral
pressures should be taken into account in the evaluation of
interactions at the interface.”®

Then we select 7,""C = 5 mN m™" to explore the depen-
dence of the interactions between CIT-AgNPs/DMPC and
MBA-AgNPs/DMPC when the DMPC layer is compressed after
the interaction with the NPs (Fig. 4a and b). Upon inspection
of the compression isotherms, it can be seen that CIT-AgNPs
and MBA-AgNPs modify the area occupied by DMPC when
compared with the area obtained for the pure phospholipid
monolayer in contact with the buffer subphase.

Citrate modified silver nanoparticles change the surface
area occupied by DMPC up to a pressure of about 35-40 mN
m™" (Fig. 4a). Higher compression results in the overlap of
both isotherms until collapse, indicating the expulsion of the
CIT-AgNPs from the interface. The expulsion of nanoparticles
interacting with a zwitterionic phospholipid monolayer
was also observed for negatively charged silica nanoparticles
(diameter, 30 nm; zeta potential, -42 mV)”' and citrate
capped gold nanoparticles (diameter, 17 nm; zeta potential,
-56 mv).>**

On the contrary, for MBA-AgNPs the shift in area relative
to that occupied by DMPC is maintained along the whole
compression of the film (Fig. 4b). The surface compressional
modulus C,™ was calculated according to eqn (4).* This
parameter is an important characteristic of the monolayer
related to its rigidity and to the capability to store elastic

energy.*
e =4 %) 0
i),

A represents the total monolayer area and is obtained from
the Langmuir isotherms. At low surface pressures, CIT-
AgNPs induce a decrease of C, ' which implies a lower ri-
gidity of the film compared to pure DMPC. This trend is
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Table 2 Changes in surface pressure (Az) produced by the interaction of CIT-AgNPs and MBA-AgNPs with DMPC monolayers packed at different initial

surface pressures (ro)"

7o (MN m™) DMPC Az (mN m™") CIT-AgNPs/DMPC

7o (MN m™) DMPC Az (mN m™") MBA-AgNPs/DMPC

3.5 1.79
5.2 3.40
10.3 1.10
33.6 0.50

5.7 3.42
10.5 2.38
30 0

“ The subphase was a pH 7.2 phosphate buffer solution, T: 23 + 1 °C. For MBA-AgNPs, the experiments were done for 7, > 5 mN m ™.

observed until an area of about 80-82 A% After this packing
area, no changes in C;"' of the CIT-AgNPs/DMPC system
was observed with respect to buffer/DMPC, pointing out
that the CIT-AgNPs did not significantly modify the surface
elasticity of the film, as shown in Fig. 4c. However, for
MBA-AgNPs/DMPC an increase in C, - indicates a decrease
in the film elasticity due to the interaction of the DMPC
monolayer with MBA-AgNPs (Fig. 4d).

An interesting fact emerges when only citrate or
4-mercaptobenzoic acid molecules (not forming part of the
capping of AgNPs) are dissolved in the subphase solution in
contact with DMPC, since no shift was observed and both
isotherms were superposed (Fig. S8t). This reflects the diffi-
culty of transferring citrate or MBA ions from the aqueous to
the lipid phase, contrary to that observed for both CIT-AgNPs
and MBA-AgNPs (Fig. 4a and b). The electrostatic component
of the Gibbs energy given by the Born expression’ (eqn (5))
can justify the higher energy required for the smaller radius
ions (with charge g), compared to the energy required when
the ions form part of the NPs as capping agents, to transfer
from the aqueous phase to the hydrophobic lipid layer with
dielectric constants &, and ¢y, respectively.

X
A\Y

Surface Pressure (mN/m)

!

PR
2000

0 M N—

" 1 L L 1 L
1000 1500
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Fig. 3 Adsorption isotherms of CIT-AgNPs in the absence (blue curve)
and in the presence of a DMPC monolayer initially packed at 72MPC = 3
mN m™ (green), 5 mN m™ (red), 10 mN m™ (brown) and 33 mN m™

(orange). The arrows indicate the moment when AgNPs are injected.
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AGB()m = _q—[i - LJ (5)
e\ e, €

Thus, the changes in surface pressure observed in
Fig. 4a and b could only be attributed to the ensemble CIT-
AgNPs or MBA-AgNPs. It has been reported previously that
for MBA and MUA (mercaptoundecanoic acid) functionalized
Au surfaces, the aromatic layer binds higher amounts of the
protein BSA than the aliphatic one.>” A possible explanation
is the high electronic density provided by the aromatic ring
that favors van der Waals forces with the hydrocarbon chains
of DMPC.

Thus, we should explain why both AgNPs having carboxyl-
ate terminal groups and similar zeta potentials exposed to
the DMPC have the same interaction behavior up to 35-40
mN m™' and why MBA-AgNPs are not excluded from the
interface at higher surface pressures. Since both CIT-AgNPs
and MBA-AgNPs have carboxylate terminal groups with a neg-
ative charge at the pH of the experiments, one may infer that
at 75MP¢ = 5 mN m™, a value where both CIT-AgNPs and

——DMPC -
——— MBA-AgNPs

'——DMPC  +
——— CIT-AgNPs

a
o
™3

N
o
—

= N W

o O o
—
Q

I B

T+

I B

Surface Pressure (mN/m)

©
o O

1 n 1 n 1 n 1 n L1 1 n 1 n 1 n 1 n 1

40 60 80 100 120 40 60 80 100 120
Area per molecule (Az)

Fig. 4 Compression isotherms (a, b) and surface compressional
modulus C;™* (c, d) obtained for CIT-AgNPs (a, c) and MBA-AgNPs (b, d)
adsorbed on a DMPC monolayer initially packed at 5 mN m™.
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MBA-AgNPs produce the same effect on the surface pressure,
the predominant interaction is mainly due to attractive
electrostatic forces with the positive charge of the N atom of
the polar group of DMPC (Fig. S97), as has been proposed for
interactions between citrate functionalized Au,”" Ag (ref. 73)
and hydrophilic silica nanoparticles interacting with
DPPC.**"* At 75™MP¢ = 5 mN m™, both CIT-AgNPs and MBA-
AgNPs are adsorbed on or partially inserted in the DMPC
layer, expanding the surface area. When the compression
proceeds, the lateral force favors a higher packing of DMPC
molecules, optimizing their van der Waals forces that become
more important than the electrostatic interactions with CIT-
AgNPs, and the behavior of pure DMPC is recovered (Fig. 4a).

The topography of the interface from the air side was visu-
alized by BAM. A series of images from the initial time of the
injection of NPs into the subphase up to ca. 110 min are
shown in Fig. 5. In this experiment, NPs are injected into the
subphase in a Langmuir trough where DMPC is equilibrated
at 75™P¢ = 5 mN m™. Images for the pure buffer and DMPC
(shown in the first two images of both sequences) exhibit a
homogeneous topography, and no changes were observed
over periods of time comparable to those of the following im-
ages that correspond to buffer solutions containing Ag nano-
particles. Along 110 min, few bright spots appear at the inter-
face, indicating that both CIT-AgNPs and MBA-AgNPs interact
with the phospholipid, as shown in Fig. 5 and S10.} This re-
sult is in agreement with the adsorption isotherms and com-
pression isotherms described previously. Taking into account
all the experimental evidence, the general trend shows that
these nanoparticles interact with the polar head lipid group
without being completely inserted in or penetrating through
the lipid monolayer. Nevertheless, they remain adsorbed at
the interface, perturbing or modifying the phospholipid pack-
ing (as shown by the isotherms), which may have strong im-
plications in their toxicological effects considering that their
degradation produces silver ions’*’>’® whose diffusion
would be facilitated taking into account the expansion

Paper

and disorder of the lipid layer caused by the AgNP adsorp-
tion/insertion. Silver ions could participate in the formation
of reactive oxygen species (ROS) that promote oxidative reac-
tions in the cell membrane and inside the cell in living
organisms.””

Now, the question about the nature of the physico-
chemical forces that permit the permanence of MBA-AgNPs
along all pressures arises, a fact that points out that there is
another component which allows a stronger interaction. This
could be higher electrostatic interactions of MBA-AgNPs com-
pared with CIT-AgNPs and/or hydrophobic forces between
MBA-AgNPs and the hydrocarbon tails of DMPC.

Surface structure of citrate and MBA adsorbed on AgNPs

XPS data (Table 1) show that the atomic ratio of carboxylic
groups in MBA-AgNPs is three times higher than that in CIT-
AgNPs. Our previous data on the adsorption of
4-mercaptobenzoic acid on Ag surfaces indicate that MBA is
adsorbed on Ag through a thiolate bond exposing the carbox-
ylate groups to the external part of the interface (Fig. S1171).>*
In the case of CIT-AgNPs, considering that citrate contains
three carboxylate groups per molecule, the question arises as
to which of them are involved in the adsorption on Ag and
which are exposed to the solution and are capable of inter-
acting with the polar groups of DMPC monolayers.

DFT calculations were employed to explore the energetic
and structural characteristics of citrate adsorption on Ag (1 1 1)
since this plane is relevant for the AgNPs, as demonstrated
by the HRTEM images. A rough estimation using a Marks
model to simulate the HRTEM images gives more than 73%
of the metallic atoms lying on the {1 1 1} faces and the
remaining on the {1 0 0} faces (Fig. S67).

The optimized surface structure of citrate on Ag (1 1 1) is
shown in Fig. 6, and the structural and energetic parameters
obtained for that configuration are listed in Table 3. The cit-
rate radical was adsorbed on the Ag (1 1 1) surface

b .

Fig. 5 Time sequence of BAM images taken for a DMPC monolayer film at 5 mN m™ in contact with phosphate buffer solution at pH 7.2

containing CIT-AgNPs.

This journal is © The Royal Society of Chemistry 2016
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(2V3x4)-citrate/Ag(111)

SIDE VIEW

Fig. 6 Optimized structure for citrate (CIT) on Ag (1 1 1). Grey: Ag.
Brown: C. Red: O. White: H.

Table 3 Coverage (6), average binding energy (E,), Gibbs free energy of
adsorption (y) and Ag-O distance for citrate (CIT) on Ag (11 1)

Surface lattice (2\3 x 4)
0 0.063
EpleV -1.44
y/mev A2 -12.12
d(Ag-0)/A 2.28

configuration via the terminal and central 1n,-COO™ groups
with a free COOH group exposed to the solution.

The experimental XPS COOr,,Ag atomic ratio (r) for CIT-
AgNPs was 0.26, which implies that this ratio for citrate mole-
cules is =0.09 (three carboxylic groups per molecule). The
configuration predicted by DFT calculations shows that two
carboxylates are involved in the adsorption on the Ag surface
and the other carboxylic moiety is exposed to the outer part
of the interface (Fig. 6, side view). The experimental XPS
COOroy/Ag atomic ratio for MBA-AgNPs was 0.76, more than
eight times higher than that corresponding to the carboxylate
group exposed to the interface for CIT-AgNPs (0.09). Thus,
one may infer that at the beginning of the compression exper-
iment, after the AgNPs interacted with DMPC packed at 5 mN
m™, the carboxylate groups in both CIT-AgNPs and MBA-
AgNPs interact in the same way with the ammonium of the
polar head group of DMPC that adopts a configuration where
the monolayer is 10-15% more expanded than in the absence
of AgNPs in the subphase. When the compression proceeds,
CIT-AgNPs are excluded due to weaker electrostatic interac-
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tions compared with MBA-AgNPs that remain at the interface
until the collapse of the monolayer. Experiments with lipo-
somes done with different types of lipids showed that the
local phase change seemed to depend on the density and
placement of charges on the surface of the nanoparticles;
nanoparticles with a higher density of surface charge
induce structural reorganization of the lipids and modify
their local state.”>”® The chemical nature of citrate or
4-mercaptobenzoic acid is not responsible for the changes
in surface pressure observed in Fig. 4a and b, which could
only be attributed to the ensemble CIT-AgNPs or MBA-
AgNPs. The fact that nanoparticles with similar zeta poten-
tials and different ligand shell structures such as our AgNPs
have different behaviors in their interaction with mem-
branes has also been observed for gold nanoparticles in
their interaction with cells.”” Our experimental evidence and
theoretical calculations suggest that what plays a fundamen-
tal role, and probably defines the type and magnitude of in-
teractions established, is the surface charge density on the
NP surface rather than the macroscopic zeta potential.

In addition, hydrophobic interactions of the aromatic ring
of MBA with the hydrocarbon chain of DMPC could play a
role in favoring the anchorage of AgNPs. Atomistic molecular
dynamic simulations showed a pathway where a single hydro-
phobic NP ligand anchors the nanoparticle to the bilayer,
allowing a close contact with the membrane surface until
lipid protrusion occurs and facilitating insertion.®® A fixed
nanoparticle at the interface increases the emergence of tail
protrusions, lowering the barrier for the insertion of addi-
tional nanoparticles as in a nucleation-and-growth kinetic
process.® It should also be taken into account that hydro-
phobic interactions depend on the radius (r) as 1/r°, whereas
electrostatic forces vary with 1/r. Thus, in MBA-AgNPs, the
synergy of both long-range (hydrophobic) and short-range
(electrostatic) forces contributes to stabilizing their perma-
nence at the interface and is responsible for the difference
with CIT-AgNPs in the interactions with DMPC reflected in
their compression isotherms.

Conclusions

Two negatively charged silver nanoparticles that have the
same core size and very similar sectional area upon
functionalization with citrate or 4-mercaptobenzoic acid fol-
low two regimes in their interactions with DMPC Langmuir
monolayers. At low surface pressures, both types of AgNPs
interact in a similar way, expanding the phospholipid molec-
ular area. Upon compression, CIT-AgNPs are excluded from
the interface, whereas MBA-AgNPs remain adsorbed. Neither
penetration nor changes in the reflectivity of DMPC were ob-
served from Brewster angle images, which points out that the
interaction is confined to the AgNP/DMPC interface.

XPS results and DFT calculations show a higher density of
carboxylate anions in MBA-AgNPs than in CIT-AgNPs. The ab-
sence of expansion of DMPC in the presence of either MBA
or citrate solutions confirms that the ensemble of these

This journal is © The Royal Society of Chemistry 2016
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molecules with AgNPs is needed to distort the phospholipid
monolayer. We propose that the permanence of MBA-AgNPs
in all the range of surface pressures may be interpreted on
the basis of their higher electrostatic interactions with the
positive ammonium moiety of the polar end of DMPC and on
the hydrophobic interactions mediated by the aromatic
groups with lipid tail protrusions of the phospholipids or at
phospholipid monolayer defects where the aromatic ring/hy-
drocarbon chain proximity is favored. These results highlight
the importance of understanding, at the molecular level, the
interactions between nanomaterials and membranes to as-
sess their potential long-term toxicological effects.
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