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ABSTRACT: We have investigated the surface activity of
poly(ethylene glycol) (PEG)-coated silver nanoparticles (Ag-
PEG) in the presence or absence of lipid monolayers
comprised of monounsaturated dioleoylphosphocholine and
dioleoylphosphoglycerol (DOPC/DOPG; 1:1 mol ratio).
Dynamic measurements of surface pressure demonstrated
that Ag-PEG were surface-active at the air/water interface.
Surface excess concentrations suggested that at high Ag-PEG
subphase concentrations, Ag-PEG assembled as densely
packed monolayers in the presence and absence of a lipid
monolayer. The presence of a lipid monolayer led to only a
slight decrease in the excess surface concentration of Ag-PEG. Surface pressure−area isotherms showed that in the absence of
lipids Ag-PEG increased the surface pressure up to 45 mN m−1 upon compression before the Ag-PEG surface layer collapsed.
Our results suggest that surface activity of Ag-PEG was due to hydrophobic interactions imparted by a combination of the
amphiphilic polymer coating and the hydrophobic dodecanethiol ligands bound to the Ag-PEG surface. With lipid present, Ag-
PEG + lipid surface pressure−area (π−A) isotherms reflected Ag-PEG incorporation within the lipid monolayers. At high Ag-
PEG concentrations, the π−A isotherms of the Ag-PEG + lipid films closely resembled that of Ag-PEG alone with a minimal
contribution from the lipids present. Analysis of the subphase silver (Ag) and phosphorus (P) concentrations revealed that most
of the adsorbed material remained at the air/lipid/water interface and was not forced into the aqueous subphase upon
compression, confirming the presence of a composite Ag-PEG + lipid film. While interactions between “water-soluble”
nanoparticles and lipids are often considered to be dominated by electrostatic interactions, these results provide further evidence
that the amphiphilic character of a nanoparticle coating can also play a significant role.

1. INTRODUCTION

Engineered metal NPs exhibit distinctive physicochemical
properties and thus have been studied in diverse research
fields such as (bio)chemical sensing, multifunctional catalysis,
and drug delivery.1−9 Among them, engineered silver nano-
particles (AgNPs) are well-known for their high electrical and
thermal conductivity, surface-enhanced Raman scattering,
chemical stability, catalytic activity, and nonlinear optical
behavior and have recently been developed for use in medical
imaging and biosensing.10−12 The safe use of AgNPs in living
systems requires evaluation of their possible cytotoxicity.
Recent studies have revealed that inorganic engineered NPs
(ENPs) such as silver can strongly interact with cell
membranes13−17 causing cytotoxicity through a variety of
disruptive mechanisms including (1) adherence of the NPs to
membrane, (2) aggregation around the membrane, (3) removal
of lipids from membrane, and (4) permanently embedding into
membrane.18 Interfacial interactions between ENPs and cell
membranes are proved to be affected by various parameters
such as the physicochemical properties of the ENPs (specially
surface charge, hydrophobicity, size, shape, and surface
functionality), cell membrane composition, and the extent of
exposure.19−21

Lipid monolayers or bilayers employed as model membranes
can be considered a first step to investigating ENP-membrane
interaction mechanisms due to their ability to mimic many
relevant physicochemical features of cell membranes.22,23

Langmuir monolayers, in particular, have been used as an
effective tool for characterizing specific interactions at the
molecular-level with membrane-forming lipids.12,20,24,25 The
surface pressure−area (π−A) isotherms of the Langmuir films
reveal the intermolecular forces operating in two dimensions
(2D) as well as information on the arrangement and orientation
of lipids. Our previous study has addressed the effects of AgNP
charge, provided by anionic and cationic polymer coatings, on
the duration and extent of AgNP adsorption and the response
of PC/PG monolayers (3:1 mol). Dynamic surface pressure
measurements revealed that AgNP binding restructures
monolayers at air/water interface with anionic AgNPs inserting
into net-anionic monolayers via hydrophobic interactions and
cationic AgNP adsorbing through electrostatic attraction with
PG.26
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The Langmuir−Blodgett (LB) technique is further useful for
studying the surface activity of amphiphilic polymer-coated NPs
at interfaces that drives interfacial adsorption. Like surfactants
and lipid molecules, these capped NPs self-assemble into 2D
lattices at air/water interfaces.27,28 Here, we characterize the
surface activity of Ag-PEG in the presence or absence of net-
anionic lipid monolayers (DOPC/DOPG; 1:1 mol). PEG has
been the focus of research as an effective coating material due
to its biocompatibility and long period of circulation in the
bloodstream.29−33 Even though PEG is completely water-
soluble at room temperature, PEG of sufficiently high
molecular weight can form Langmuir monolayers at the air/
water interface.34 Early work analyzing the surface activity of
PEGylated NPs has shown that the presence of PEG as a
surface coating material significantly decreases interfacial
tension (or increases surface pressure). Björkegren et al.33

have analyzed the surface activity of PEG-functionalized silica
NPs at air/water interface and observed that NPs surface
activity is proportional to the degree of NP surface
functionalization. Here, we employed dynamic surface pressure
measurements to evaluate the kinetics of Ag-PEG adsorption at
air/water interfaces, the degree of monolayers coverage, and
how the presence of lipid monolayers change these properties.
Subphase silver (Ag) and phosphorus (P) concentrations
analysis were used to confirm Ag-PEG adsorption at interface
and the extent of lipid extraction.

2. EXPERIMENTAL SECTION
2.1. Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC;

zwitterionic lipid) and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glyc-
erol) (DOPG; anionic lipid) were purchased from Avanti Polar Lipids
(Alabaster, AL). Figure 1A shows the chemical structure of the lipids.
Chloroform (CHCl3, >99.8%) was purchased from Fisher Scientific
(Waltham, MA). Ag-PEG dispersed in deionized (DI) water were
purchased from Ocean NanoTech (San Diego, CA) and used as-
received (Figure 1B). Ag-PEG were prepared by the manufacturer by
coating silver NPs with organic layers consist of a monolayer of
dodecanethiol, a monolayer of anionic amphiphilic polymer covalently
modified with PEG. Nitric acid (65−71%, TraceSELECT Ultra grad)

and standard phosphorus (P) solution (1000 mg P L−1 in H2O,
TraceCERT grade) were purchased from Sigma-Aldrich. Deionized
(DI) ultrafiltered water for all reported measurements was obtained
from a Millipore Direct-Q3 UV purification system (Billerica, MA) at
18.2 mΩ resistance and pH 6.5. All materials were utilized as received.

2.2. Nanoparticle Characterization. NPs were characterized
using transmission electron microscopy (JEOL JEM-2100F) operating
at 200 kV and Malvern Zetasizer Nano ZSX for their core radius, and
hydrodynamic radius and zeta potentials, respectively. The average
core radius (rc) of Ag-PEG was determined by analyzing multiple
TEM images with the ImageJ software (n > 50).35 To measure the
average zeta potentials (ζ) and hydrodynamic radius (rh) of Ag-PEG,
the as-received particles were diluted 10-fold in deionized water and
analyzed at 25 °C. The values reported are based on triplicate
measurements of three different samples.

2.3. Monolayer Surface Pressure Measurements. Surface
pressures measurements were conducted using a temperature-
controlled Langmuir−Blodgett Teflon trough (model 102M, KSV
NIMA, Biolin Scientific Inc., Linthicum Heights, MD) equipped with
two symmetrically moving barriers and a paper Wilhelmy plate
(KN005, KSV NIMA, Biolin Scientific Inc., Linthicum Heights, MD)
as a surface pressure sensor. The trough had a fully opened area of
∼80 cm2 and a width of 7 cm (Figure 2).

The experiments were conducted at 25 °C through the following
steps. (1) The trough and barriers were cleaned thoroughly with
chloroform and then ethanol, followed by rinsing with DI water. (2)
The trough was then filled with DI water and the Wilhelmy plate was
equilibrated in the subphase. (3) The water surface was cleaned
through compression/aspiration/expansion cycles and followed by
spreading an aliquot of dissolved lipid (DOPC/DOPG; 1:1 mol ratio)
in chloroform (1 mM) on the air/water interface. The water subphase
volume within the trough was 140 mL and approximately 9 × 1015

lipid molecules were spread at the air/water interface. (4) The solvent
was allowed to evaporate for 45 min and the monolayers were
compressed and expanded at a constant barriers rate 10 cm2 min−1 to
obtain the surface pressure−area isotherms. (5) After recording
compression/expansion isotherms, Ag-PEG was injected into the
subphase without disturbing the monolayer and dynamic changes in
surface pressure (Δπ) were monitored for 160 min. (6) The
monolayers were then subjected to an additional compression/
expansion cycle. The dynamic changes in surface pressure (Δπ −t)
and π−A isotherms were recorded at different amounts of Ag-PEG
loaded in the subphase (5, 25, 50, 100, 300, and 500 μL).

The compression/expansion rate applied for all runs was 10 cm2

min−1, which corresponded to an area deformation rate, d(ΔA/A0)/dt,
of about 2 × 10−3 s−1. The total area of the trough during the cycles
ranged roughly from 20−70 cm2. In all isotherms experiments, at least
three consecutive cycles were performed and the ones in which the
shape of the (π−A) curves remained constant were analyzed and are

Figure 1. (A) Chemical structure of DOPC and DOPG and (B)
schematic of Ag-PEG nanoparticles (not to scale).

Figure 2. Schematic of the Langmuir trough system equipped with
two symmetrically moving barriers, recirculation tubing, and a paper
Wilhelmy plate as a surface pressure sensor. The surface pressure
measurements were conducted in the presence or absence of lipid
monolayers and different bulk concentrations of nanoparticles.
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presented here. Ag-PEG were mixed within the subphase by recycling
the solution using a peristaltic pump at a flow rate of 0.8 mL s−1. The
same monolayer experiments were conducted as mentioned above but
in the absence of lipid monolayers to determine the surface activity
and adsorption kinetics of Ag-PEG alone. All experiments were
conducted at least in duplicate. Sample volumes of 2 mL were
removed from the Langmuir trough subphase at the end of monolayer
experiments for analysis of silver (Ag) and phosphorus (P)
concentrations in the subphase.

2.4. Subphase Analysis of NPs and Lipid (Phosphorus)
Concentration. Ultraviolet−visible spectroscopy (UV−vis, model
Cary 50, Varian, Palo Alto, CA) and inductively coupled plasma mass
spectroscopy (ICP-MS, model iCAP Q, Thermo Scientific, Waltham,
MA) were used to measure the subphase concentrations of Ag and P,
respectively. For [Ag] determined by UV−vis spectroscopy, plasmon
resonance absorption was measured based on the maximum peak
height at wavelengths of 425 nm after baseline subtraction. For [P]
determined by ICP-MS, samples were digested using nitric acid (200
μL) and then diluted 10-fold with DI water. Standard solutions

Figure 3. (A) Histogram plot of Ag-PEG core radius (rc) based on TEM analysis (inset: representative micrograph). The core radius (rc) of the NPs
was determined by analyzing TEM images with the ImageJ software (n > 50). (B) UV−vis spectra of Ag-PEG over 3 months.

Figure 4. Schematic of Ag-PEG adsorption at (A) air/water interface (πi = 0 where γi = γ0 ≈ 70 mN m−1) and (B) air/lipid/water interfaces (πi = 10
where γi = γL ≈ 60 mN m−1). Dynamic changes in surface pressure (Δπ−t) are shown after Ag-PEG injection in (C) the absence and (D) the
presence of DOPC/DOPG monolayers. (E) Excess Ag-PEG surface concentrations (Γ, NP m−2 or mol m−2) as a function of the equilibrium Ag-
PEG concentration and (F) the resulting effective interface radius (ri,eff) of Ag-PEG calculated assuming 2D hexagonal packing.
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containing different concentration (0.1, 1, 10, 100, and 1000 μg L−1)
of phosphorus were used for instrument calibration. Trace amounts of
P measured in deionized water and digestion acid solution were
subtracted from the reported values. All measurements were
conducted in triplicate.

3. RESULTS AND DISCUSSION

3.1. Ag-PEG Characterization. Ag-PEG nanoparticles
were characterized prior to the monolayer experiments for
their size, zeta potentials, stability, and extent of dissolution. As
shown in Figure 3A, the average core radius (rc) was 6 ± 2 nm
based on analysis of TEM images. The polymer coatings
surrounding Ag-PEG were not observed in the micrographs.
The mean hydrodynamic radius (rh) and zeta potential (ζ)
were measured to be 15 ± 2 nm (0.04 polydispersity index)
and −10.6 ± 0.1 mV, respectively. The average coating
thickness based on the difference between rh and rc was 9 nm.
The maximum surface plasmon resonance (SPR) absorbance
was observed at a wavelength of 425 nm (Figure 3B). Ag-PEG
SPR absorbance was measured by UV−vis spectroscopy over 3
months, and there was no significant shift and reduction in the
SPR wavelength indicating that the nanoparticles were stable.
Similar to our previous study on anionic (COOH) and cationic
(NH)-coated AgNPs,26 considering that the monolayer experi-
ments were conducted within 3 months of receiving the
samples, we did not account for NP dissolution in our analysis.
3.2. Dynamic Surface Pressure Measurements. The

adsorption of Ag-PEG was examined at air/water and air/lipid/
water interfaces at Ag-PEG concentrations from 0.04 to 3.55
mg L−1. Dynamic changes in surface pressure, Δπ, were
determined as Δπ = π(t) − πi, where π(t) is the dynamic
surface pressure after NPs injection and πi is the initial surface
pressure of the air/water (πi = 0 where γi = γ0 ≈ 70 mN m−1;
Figure 4A) or air/lipid/water (πi = 10 where γi = γL ≈ 60 mN
m−1; Figure 4B) interfaces.
As shown in Figure 4C, Ag-PEG were surface active as

observed by the increase in surface pressure (Δπ) over 160 min
with increasing Ag-PEG concentration. The surface activity can
be attributed to the PEGylated amphiphilic polymer coating. At
high concentrations ([AgPEG] ≥ 0.71 mg L−1), the long-term
gradual increase in Δπ after the initial adsorption (up to 30
min) suggests that there may have been an adsorption barrier
that limited Ag-PEG adsorption. This barrier may have been
due to high surface pressures, or fewer “vacant sites” available
for Ag-PEG adsorption, where Ag-PEG diffused back into the
bulk phase and increased the time scale of the dynamic surface
pressure changes.36,37 Björkegren et al. have reported similar
results for PEGylated silica NPs surface activity at air/water
interface.33

In the presence of DOPC/DOPG monolayers at an initial
surface pressure of 10 mN m−1 (Figure 4B) Ag-PEG remained
surface active and the lipid monolayer did not prevent Ag-PEG
adsorption at the interface (Figure 4D). Considering that both
Ag-PEG and DOPC/DOPG monolayers exhibit a net negative
charge, adsorption can be attributed to hydrophobic
interactions. Xi et al.21 have also demonstrated that Ag-PEG
similar to those used in this study bind to DOPC/DOPG
bilayer vesicles. In their work, it was proposed that the surface
activity of the PEG-polymer coating may have facilitated
membrane penetration through hydrophobic interactions
despite electrostatic repulsion.
The dynamic surface pressure measurements show that Ag-

PEG are surface active in the absence and presence of the lipid

monolayer. However, greater surface activity was observed at
the air/water interface, which suggests that the presence of a
lipid monolayer may have reduced Ag-PEG adsorption or that
Ag-PEG may have removed lipids from the interface. To
address this, the subphase concentrations of Ag-PEG and
phosphorus [P] were analyzed by UV−vis spectroscopy and
ICP-MS, respectively. In the case of Ag-PEG, the excess surface
concentration, Γ, was determined by mass balance as Γ = (ci −
ceq)bV(VNPρAgA)

−1 where (ci − ceq)b is the change in bulk Ag-
PEG concentration from initial (ci) to pseudoequilibrium (ceq),
VNP is the mean Ag-PEG volume based on rc, ρAg is the density
of silver, and V and A are the trough volume and area,
respectively. The maximum surface concentration, Γ∞, was
determined as Γ∞ = 0.9069ANP

−1 where 0.9069 is the 2D
hexagonal packing density of spheres and ANP is the cross-
sectional area of Ag-PEG based on the mean hydrodynamic
radius, rh. The effective interface radius of the nanoparticles
(ri,eff) were also calculated based on excess Ag-PEG surface
concentration and assuming 2D hexagonal packing of spherical
NPs (Figure 4F).
Excess Ag-PEG surface concentrations are shown in Figure

4E as a function of the equilibrium Ag-PEG concentration, [Ag-
PEG]eq = ceq. On the basis of Γ, greater Ag-PEG adsorption was
observed in the absence of a lipid monolayer. The reduction in
Ag-PEG adsorption when a lipid monolayer was present ranged
from 21 to 33% at high Ag-PEG concentrations (≥0.71 mg
L−1). However, the extent of Ag-PEG adsorption in the
presence of a lipid monolayer suggests that Ag-PEG did not
simply displace the lipids from the interface or that the lipids
packed more tightly at the interface to accommodate Ag-PEG
(which would have led to a significant increase in surface
pressure). This was confirmed by the subphase phosphorus
concentration (each lipid molecule contains a single P atom).
Values for [P] in the bulk in the absence and presence of a lipid
monolayer were similar, suggesting that lipid extraction was not
a significant factor (Figure 5). Therefore, we conclude that Ag-
PEG did not extract lipids from the monolayers and that the
lipids remained at the interface to form a mixed Ag-PEG + lipid
film.

3.3. Monolayer π−A Isotherms. Results from dynamic
surface pressure show that Ag-PEG and lipid + Ag-PEG
monolayers form at low surface pressures. Surface pressure−

Figure 5. Subphase phosphorus concentration determined by ICP-MS
(note that each lipid molecule contains a single P atom in the
headgroup). Error bars represent standard deviation from average
value. P total reflects the total amount of lipid added to the air/water
interface.
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area (π−A) isotherms were measured to determine the stability
of these films and in the case of lipid + Ag-PEG monolayers to
determine if the ability to lower interfacial tension (or raise π)
is additive. Isotherms for Ag-PEG, lipid, and Ag-PEG+lipid are
shown in Figure 6. For Ag-PEG, a dense monolayer was formed
at [Ag-PEG] ≥ 0.71 mg L−1 as demonstrated by the high
surface pressure (up to 45 mN m−1 upon compression),
monolayer collapse,38 and hysteresis39 upon expansion. These
features were not observed at lower [Ag-PEG], suggesting that
there was no aggregation or entanglement at the interface and
Ag-PEG formed stable monolayers with reversible compression
behavior.
The collapse pressure (πc, mN m−1) and collapse area (Ac,

cm2) were determined from π−A isotherms of Ag-PEG at high
nanoparticle concentrations (0.71 to 3.55 mg L−1) (Figure 7).
The collapse pressure was directly proportional to Ag-PEG
concentration. On the basis of Ac and assuming 2D hexagonal
packing, an effective Ag-PEG radius of 12.5 ± 3.9 nm was
calculated at the interface. The calculated “interface radius” of
the nanoparticles is consistent with the measured hydro-
dynamic radius. Hence, Ag-PEG assembled as densely packed
monolayers at the air/water interface at high concentrations,
and the monolayers collapsed once they exceeded hexagonal
packing.
A comparison between compression/expansion isotherms of

Ag-PEG at air/water and air/lipid/water interfaces are shown in
Figure 6. At low Ag-PEG concentrations ([AgPEG] ≤ 0.35 mg
L−1), the isotherm shifted to smaller area with respect to the
isotherm of the lipid mixture alone, noting that more
compression was necessary for the Ag-PEG + lipid films to
attain the same arbitrary surface pressure compared to pure
lipid film. This behavior is not attributed to the extraction of
lipid molecules (Figure 5) but rather lipid adsorption onto Ag-
PEG at the air/water interface that rendered the Ag-PEG more

hydrophobic and reduced the effective lipid surface concen-
tration for lowering interfacial tension (i.e., a “subtractive”
effect). At higher Ag-PEG concentrations ([AgPEG] ≥ 0.71 mg
L−1), the surface pressure of mixed Ag-PEG + lipid films were
greater than the individual components at low surface areas,
denoting an “additive effect”. This apparent additive effect was
not observed at high surface pressures where the π−A
isotherms more closely resembled that for Ag-PEG than for
lipids. At these conditions the isotherms were also reversible,
noting that upon compression Ag-PEG did not squeeze out or
escape into the subphase. Therefore, we concluded that in the
presence of lipids, there was a composite Ag-PEG + lipid film at
the interface, where most of the adsorbed entities remained at
the air/water interface.

Figure 6. A comparison between compression−expansion isotherms of Ag-PEG NPs at air/water and air/lipid/water interface at Ag-PEG
concentrations from 0.04 to 3.55 mg L−1 (the compression is the higher curve, and the expansion is the lower curve in each case).

Figure 7. Collapse pressure (πc, mN m−1) and collapse area (Ac, cm
2)

form π−A isotherms of Ag-PEG at high nanoparticle concentrations
(0.71 to 3.55 mg L−1).
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4. CONCLUSION
Previous studies have demonstrated that NP-lipid monolayer
and lipid bilayer interactions are not only governed by
electrostatic interactions, and our work highlights the role of
hydrophobic interactions in NP adsorption or penetration into
net anionic lipid monolayers, where electrostatic repulsion
between anionic NPs and anionic DOPG lipids hinder NP
adsorption. Our results show that surface active Ag-PEG can
adhere to and perturb net anionic lipid monolayers. Hydro-
phobic interactions appear to be a main driving force for Ag-
PEG adsorption, where the presence of an anionic lipid appears
to play a minimal role in reducing Ag-PEG adsorption to the
interface. Furthermore, noting that upon compression Ag-PEG
do not squeeze out or escape into the subphase, we conclude
that in the presence of lipids there is a composite Ag-PEG +
lipid film at the interface. In these films, the adsorbed material
remains at the interface. Ag-PEG likely cover themselves with
lipids in a self-assembly process, thus becoming an integral part
of the interfacial film. This finding is in agreement with recent
studies where it has been shown that hydrophobic NPs can be
encapsulated by a surfactant lipoprotein corona and trapped at
the surfactant monolayer upon compression.40
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