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ABSTRACT: Silica nanoparticles (SiNP) can be incorporated
in phospholipid layers to form hybrid organic−inorganic
bidimensional mesostructures. Controlling the dynamics in
these mesostructures paves the way to high-performance drug-
delivery systems. Depending on the different hydrophobicity/
hydrophilicity of SiNP, recent X-ray reflectivity experiments
have demonstrated opposite structural effects. While these are
reasonably well understood, less is known about the effects on
the dynamics, which in turn determine molecular diffusivity
and the possibility of drug release. In this work we characterize
the dynamics of a mixed Langmuir layer made of phospholipid
and hydrophobic SiNP. We combine X-ray photon correlation spectroscopy and epifluorescence discrete Fourier microscopy to
cover more than 2 decades of Q-range (0.3−80 μm−1). We obtain evidence for the onset of an arrested state characterized by
intermittent stress-relaxation rearrangement events, corresponding to a gel dominated by attractive interactions. We compare this
with our previous results from phospholipid/hydrophilic SiNP films, which show an arrested glassy phase of repulsive disks.

■ INTRODUCTION

Hybrid organic−inorganic nanostructures are promising as
carriers for active ingredients, drugs, and chemicals. These
systems have to face a wide range of external conditions; for
instance, in the case of oral drugs to be absorbed at the
intestine, the nanostructure has to resist pH variations from
below 2 in the stomach to above 8 in the duodenum, to finally
release its content in the intestine. Therefore, a smart system is
required to protect, deliver and release their content on specific
targets, avoiding its degradation during storage or undesired
contact with not-target locations.1,2 This complexity is tackled
using multimaterial designs. The inorganic part may act as a
scaffoldthis is the case of mesoporous materials3,4or may
be embedded in organic emulsions and capsules to improve
stability and to tune the releasabilitythis is the case for
instance of hydrophilic nanoparticles helping the cell uptake of
water insoluble drugs.5

SiNP with different hydrophilicity are used as adjuvants and/
or stabilizing agents in drug-delivery systems: by altering the
morphology and mechanical properties of membranes and
liquid−liquid emulsions, they allow the fine-tuning of the
release rate. For instance, drug-filled nanoemulsions adsorbed
on hydrophobic SiNP (Aerosil R972) result in a gel-like paste
formed by agglomerates: when placed in simulated gastric fluid,
these protect the drug while releasing it gradually (20% in 2 h);
in comparison, in the bare nanoemulsion the drug release is

much faster (93% in 20 min).6 Similarly, SiNP have been used
to stabilize cubosomes of lyotropic lipids, systems with high
drug solubility, both physically and against enzymatic
digestion.7,8 On the other hand, the addition of hydrophilic
SiNP to drug-loaded lipid microparticlesmade of mixtures of
mono-, di-, and triglycerides of stearic and palmitic acids
doubles the 90 min release rate of drugs for respiratory diseases
such as asthma,9 favoring their water solubility. Furthermore,
the different degrees of hydrophilicity/hydrophobicity of silica
nanoparticles (SiNP) set where the nanoparticles localize
within membranes:10,11 hydrophilic SiNP are physically
adsorbed at the membrane surface, while hydrophobic SiNP
are incorporated into the lipophilic inner part of the membrane.
In fact, X-ray reflectivity experiments showed that SiNP alter
the lamellar to inverted hexagonal phase transition of
phospholipid layers, with hydrophobic particles favoring the
hexagonal phase while hydrophilic ones stabilize the lamellar
phase.12

While structural and morphological effects are relatively well-
understood, much less evidence is available about the effects of
SiNP incorporation on the internal dynamics of the
membranes, which in turn determines molecular diffusivity
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and drug release rates. This because most of the experimental
approaches so far were not focused on the microscopic
characterization of the dynamics down to the nanoscale.
Recently, we demonstrated that this is feasible using an
experimental approach that combines scattering and fluorescent
microscopy techniques.13 By combining epifluorescence
microscopy tracking and discrete Fourier microscopy (DFM),
a technique that analyzes the temporal evolution of microscopy
images in Fourier space, with grazing incidence X-ray photon
correlation spectroscopy (GI-XPCS), the analogue of dynamic
light scattering using X-ray in grazing incidence geometry, we
have been able to characterize a transition from Brownian to
arrested dynamics in a mixed Langmuir monolayer of
phospholipids and hydrophilic SiNPs.
In this work, we combine GI-XPCS and epifluorescence

DFM to investigate a mixed Langmuir monolayer of 1,2-
dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) and hydro-
phobic SiNPs; a sketch of the experimental approach used is
reported in Figure 1. We choose DPPC as it is the prevalent
component of lung surfactants as well as of many cellular
membranes. We focus here on the effects of SiNPs on the
morphology arrangements and nanoscopic dynamics at differ-
ent values of film compression, and we characterize the arrest
transition as that of an attractive gel.

■ MATERIALS AND METHODS
Materials. DPPC was purchased from Sigma (Germany) at 99%

purity and used without further purification. The molecular weight of
this lipid is 734.1 g/mol. Solutions of lipids for the spreading were
prepared using 99.9% pure chloroform from Sigma (Germany).
Hydrophobic fumed silica nanoparticles (SiNP) employed in this work
are Aerosil R972 purchased from Evonik-Degussa (Germany). They
are produced by the continuous flame hydrolysis processing of SiCl4,
resulting in sintered clusters of spherical primary particles. In our case
the primary particles are composed by amorphous silica, pure at 99.8%,
with density 2.4 g/cm3, average size of 16 ± 3 nm, and Brunauer−
Emmett−Teller (BET) specific surface area of 110 m2/g. According to
the information on the producer, their hydrophobic character is
obtained by a specific treatment with dimethylchlorosilane made at the
final stage of the production process. This results in irreversible
attachment of methyl groups at the particle surface. The SiNP thus
produced are free from any surface-active contaminant. In fact, the
surface tension of a pristine SiNP Langmuir layer is not appreciably
different from that of pure water, unless the particle layer is highly
packed.

For the spreading, a chloroform solution of DPPC and a chloroform
suspension of SiNP with equal mass concentrations are prepared and
mixed in 1:1 proportions. This mixture is spread at the air/water
interface using a Hamilton syringe to obtain a 1:1 DPPC−SiNP
Langmuir film with initial surface concentration Γ = 1.8 mg/m2. For
epifluorescence investigation, 16:0−12:0 nitrobenzoxadiazole−
phosphatidylcholine (NBD-PC) from Avanti Polar Lipids (CAS:
105539-26-2) was added in the concentration 1% to the lipid.

Epifluorescence Microscopy. Epifluorescence images have been
recorded using a Nikon Eclipse Ti inverted microscope equipped with
a custom-made Langmuir trough. The trough has a quartz window in
its center to grant optical access; a Nima Wilhelmy balance is used to
measure the surface pressure; the equipment operates using Riegler &
Kirstein’s electronics. A 20× objective with ultralong working distance
was used; images were recorded using an Andor Clara camera, for a
pixel size of 1 pixel = 0.946 μm.

Grazing Incidence X-ray Photon Correlation Spectroscopy.
GI-XPCS experiments were performed at the beamline ID10 of the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
An incident X-ray beam with an energy of 8 keV and λ = 0.155 nm was
selected from the undulator radiation by a water-cooled Si(111)
pseudochannel cut monochromator scattering in vertical geometry
(energy bandwidth ΔE/E ∼ 10−4). The beam was then focused with
Be compound lenses while higher harmonics were suppressed by a
white beam double mirror placed before the main monochromator.
The spatially coherent part of the incoming radiation was selected by
using roller-blade slits opened to 10 × 10 μm, placed ∼0.18 m
upstream of the sample. The parasitic scattering produced by the
beam-defining slits was removed by carefully adjusting a set of guard
slits a few centimeters upstream of the sample. The resulting incident
flux on the sample was 3 × 1010 photons/s/100 mA. The beam was
reflected to impinge on the liquid surface at a grazing incident angle of
0.12°, which is about 90% of the critical angle for total reflection on
the water surface at this photon energy.

A custom-made Langmuir trough with a single moving barrier
(maximum surface 418 × 170 mm2) was installed on the sample
diffractometer. The trough was mounted on an active antivibration
table; it was equipped with a plastic enclosure under which a helium
atmosphere was created, in order to minimize parasitic scattering from
air and to reduce risks of beam-induced damage. A KSV-Nima
Wilhelmy balance and electronics were used to control the trough and
measure the surface pressure Π and the trough’s area during GI-XPCS
measurements.

Two-dimensional X-ray scattering speckle patterns were recorder
using a Medipix photon counting area detector,14 made of 256 × 256
pixels, each 55 μm in size. The detector was placed at a distance of
3.38 m from the sample. The exposure time has been chosen to be
long enough to warrant a reasonable S/N ratio, 5−20 ms in our case.
A shutter, synchronized with the area detector, was placed upstream of

Figure 1. X-ray photon correlation spectroscopy and epifluorescence discrete Fourier microscopy allow the characterization of the microscopic
dynamics of 2D layers; their combination effectively extends the Q-range explored beyond the limits of each technique.
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the sample to turn off the beam between measurements. Image sets up
to 10 000 images were collected for different surface concentrations,
with different exposure times. The pixels of the 2D detector have been
divided into groups, each of which is labeled by the averaged values of
scattering vector components in the directions parallel (Q∥) and
perpendicular (Q⊥) to the air/water interface. We calculate by software
the autocorrelation function of the scattered intensity I(t) measured by
each group of pixels as

=
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Discrete Fourier Microscopy. The dynamics of the systems in
momentum space can be measured using microscopy through the
temporal autocorrelation of Fourier transforms of epifluorescence
videos, a technique named discrete Fourier microscopy (DFM).15

Using the epifluorescence microscopy setup, we measured videos at
5−10 frames/s in correspondence of specific values of surface pressure.
The barriers of the Langmuir trough were blocked during measure-
ments. A steel ring of 1 cm diameter has been placed along the light
path, submerged in the water subphase. Its thickness was slightly lower
than the water subphase’s height: this effectively reduced collective
drifts of the film by suppressing convective motions in the water bulk.
Any remaining collective drift of the film was corrected by template
alignment of a region of interest of a portion of the images, using the
ImageJ software.16 We converted each sequence of images to a
sequence of binary images by applying a threshold that marks as 1 the
pixels of the liquid-compressed (LC) domains and 0 elsewhere. Then,
we calculated the 2D fast Fourier transform power spectrum of each
binary frames. The power spectrum was shifted to have zero frequency
in its center, and then its pixels have been grouped into concentric
rings, each labeled by the pixels’ average value of Q. Using eq 1, we
calculate by software the intensity autocorrelation function of the
intensity of each ring of pixels of the FFT spectrum as a function of
time.

■ RESULTS AND DISCUSSION
Morphology of the Film. Epifluorescence microscopy

characterizes the morphology of the DPPC−SiNP film by
monitoring a small fraction of molecules labeled with a
fluorescent dye, which are confined upon compression in the
liquid expanded (LE) phase of a Langmuir monolayer.17,18 In
Figure 2e, we report the surface pressure Π as a function of the
surface density Γ of the mixed layer. As Π increases from Π ≃
0, small liquid-condensed (LC) domains appear, as shown in
Figures 2a,b. The size of LC domains rapidly grows; at Π ≥ 4
mN/m both their size and their morphology reach some
saturation value. Figures 2b,c show the high size polydispersity
and the very diverse shapes of LC domains; actually, larger
domains appear to be clusters of smaller domains with a more
regular shape. At further compression, the packing fraction of
LC domains increases linearly. More details on this linear
growth are reported as Supporting Information (Figure S1).
Finally, at Γ > 6.3 mg/m2 (Π > 20 mN/m) a denser phase of
reticular structures is formed, which we term dense gel (Figure
2d); the mixed DPPC−SiNP phase, i.e. the light areas of the
image, is now reduced to a thin network that separates darker
domains. The transition to this phase is highlighted by a steeper
increase of Π(Γ) (Figure 2e); in this regime, the packing
fraction of domains does not increase upon further
compression.
Similar reticular gel structures were observed in Langmuir

films made of hydrophobic gold nanoparticles.19 In that case,
hydrophobic coating induces particle aggregation into clusters
located at the air/water interface. When the size of these
clusters reaches the micron range, individual clusters aggregate

forming string-like objects because of water meniscus mediated
interactions. Upon compression, these strings are connected,
forming a reticular network. Its mechanical response is that of a
gel.20 A similar aggregation mechanismprobably complicated
by the interaction with DPPC moleculesmight explain also
the phenomenology observed in our system.
In this respect, the gel phase found in our system is different

from that found in 3D multilamellar organizations of
amphiphilic molecules,21 where the gel-like character of the
system is linked to the arrangement and ordering of polar heads
and hydrophobic tails between different layers. In our system,
the properties of the 2D gel phase formed by the self-
organization of phospholipids and SiNP are connected to their
lateral arrangement. Both the formation process and the
morphology of this gel phase have strong resemblances to the
gels obtained by diffusion-limited cluster aggregation at
interfaces (DLCA).22

Microscopic Dynamics. By GI-XPCS and DFM we obtain
Q-dependent intensity signals respectively as scattered X-ray
intensity recorded in grazing-incidence small-angle geometry
(GI-SAXS) and power spectrum of the Fourier transform of
epifluorescence microscopic imaging (DFM). In both cases, we

Figure 2. The presence of nanoparticles causes the formation of
clusters of liquid-condensed phospholipid domains, at the same time
preventing coalescence. (a−d) Epifluorescence images measured at
increasing values of surface pressure Π; all pictures have the same size
and magnification; the white bar is 150 μm long. (e) The surface
pressure Π grows as the surface density Γ is increased. Above the gas
phase where Π is zero, two regions can be identified. For 3.5 mg/m2 <
Γ < 6.3 mg/m2 we observe coexistence of LC DPPC domains in a
mixed DPPC−SiNP phase (blue). At Γ > 6.3 mg/m2 we observe a
denser phase of reticular structures that we term dense gel, and the
Π(Γ) trend becomes steeper (red).
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calculate the temporal autocorrelation of this signal in the form
of g(2)(Q;t).23 Its decay is well described by a Kohlrausch−
Williams−Watts (KWW) modified exponential

β= + τ− γ
g Q t A( ; ) e t(2) 2( / )

(2)

Here, τ is the relaxation time of the dynamics and β is the
contrast; the parameter γ sets the shape of the exponential
curve, indicating whether g(2) decays faster (γ > 1, compressed
shape) or slower (γ < 1, stretched shape) than a simple
exponential. A priori, in a generic GI-XPCS experiment, the
parameters τ, β, and γ could depend on both components of
the scattering vector (Q∥, Q⊥) parallel and perpendicular to the
interface. The value of γ is linked to the dynamical regime that
characterize the system, together with the dependence of τ
from Q: in the case of Brownian dynamics, τ ∝ Q−2 and γ = 1;
pure ballistic motion shows τ ∝ Q−1 and γ = 2.24 More complex
systems display an intermediate behavior that eludes these
simplest models, e.g., in the case of polymeric layers or 2D gel
networks in which the correlation functions have compressed
exponential form25,26 with characteristic time τ ∼ Q−1, or in
aged colloidal creams,27 aged Laponite,28,29 and methylcellu-
lose30 gels, systems where stretched exponential correlation
functions are found with τ ∼ Q−1. Here, we use the parameters
obtained from fits to eq 2 to investigate the effects of a
controlled increase of surface compression/surface pressure on
the interfacial dynamics of the system. It is worth noting that
while in DFM the scattering vector Q lies naturally in the plane
parallel to the air/water interface, in GI-XPCS experiments we
have to decompose Q in its components parallel and
perpendicular to the interface, Q∥ and Q⊥.
Figure 3a reports GI-XPCS correlation functions measured at

Π = 12 mN/m for Q⊥ = 270 μm−1 and increasing values of Q∥;
experimental curves (filled symbols) have been fit with eq 2
(continuous lines). Both τ and Γ decrease with increasing Q∥.
In Figure 3b, correlation functions are reported normalized by
the contrast and on a rescaled time axis 2(t/τ)γ; the data curves
collapse on the same simple-exponential trend, confirming the
goodness of the fit. In Figure 3c we report the relaxation time τ
as a color map, as a function of the components of the

scattering vector (Q∥, Q⊥); the plot shows that the dynamics
are confined at the air/water interface because τ depends only
on Q∥. In all the successive analysis of data collected at
increasing values of Π, the correlation functions have been
calculated on groups of pixels that span the whole Q⊥ range
available, to improve the signal-to-noise ratio.
An analogous phenomenology is found in DFM correlation

functions; Figure 4a reports raw correlation functions measured
at Π = 10 mN/m. In Figure 4b they are normalized and
reported on the rescaled axis 2(t/τ)γ: again, they collapse on a
single curve. Both GI-XPCS and DFM correlation functions
show a decrease of contrast β for increasing values of Q. This
decrease is termed pseudo-Debye−Waller and is linked to the

Figure 3. GI-XPCS correlation functions decay following the Kohlrausch−Williams−Watts (KWW) law. The dynamics are confined at the air/water
interface. (a) Correlation functions measured at Π = 12 mN/m and at different values of Q∥. Lines are fit with eq 2 (KWW law). (b) The same
correlation functions, normalized by the contrast and reported on the rescaled axis 2(t/τ)γ, collapse on a single curve. (c) τeff obtained by the fits is
reported as a color map as a function of Q = (Q∥, Q⊥); it depends only on the component parallel to the interface Q∥.

Figure 4. (a) DFM correlation functions measured at 10 mN/m and
increasing values of Q. Lines are fits to eq 2. (b) The same correlation
functions, when normalized, collapse on a single curve on the rescaled
axis 2(t/τ)γ.
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presence of dynamics faster than the experimental integration
time, as discussed in the Supporting Information and shown in
Figure S2.
As stated at the beginning of this section, the particular

relation between relaxation time and Q is connected to the kind
of dynamics present in the sample. To take into account the
changes in shape of the decay (as described by γ), we calculate
an effective relaxation time, which is the first moment of g(2):

τ τ
γ γ

= Γ
⎛
⎝⎜

⎞
⎠⎟Q

Q
Q Q

( )
( )
( )

1
( )eff

(3)

where Γ is the gamma function. In Figure 5, we report τeff(Q)
for several values of Π. The combined use of GI-XPCS and

DFM allow us to cover more than 2 decades of Q-range and
therefore to evaluate accurately the power law τ ∝ Q−n. At low
pressure we find n = 1 (trend represented as a dashed line in
the figure), while n decreases when the pressure is increased, as
shown in the inset. The limiting value observed at (e.g., Π = 40
mN/m) is n = 0.7 (dash-dotted line in the figure). We attribute
the decrease of n to the onset of dynamical arrest, in analogy
with the results found in 3D in an aging colloidal gel formed by
PMMA particles and polystyrene dispersed in decalin.31 In that
case, the dominant dynamical process is the release of stresses,
leading to τ ∝ Q−0.5 and compressed exponential shape of the
correlation functions.
In Figure 6 we report as a color-map the shape parameter γ

(panel a) measured using GI-XPCS as a function of Q∥ and Π.
The behavior of γ as a function of Q∥ and Π is intriguing. At
surface pressure Π ≤ 7 mN/m, we find γ ∼ 1 decreasing slightly
to γ ∼ 0.7 at larger Q∥. As Π increases, γ increases and its Q∥
dependence becomes steeper, until saturation at value γ ∼ 1.7 is
reached at Π ∼ 40 mN/m. Analogous results are found using
DFM. In panel b we compare the rescaled time τeffQ measured
using GI-XPCS (at Q∥ = 23 μm−1, filled circles) and using
DFM (at Q = 1 μm−1, empty circles) with the elastic modulus
E1 (squares) measured using the oscillating barriers techni-
que.32 Data are reported on superimposed semilogarithmic axis;
both y-axes span 2 orders of magnitude. Both τeffQ and E1
increase with increasing values of Π for Π < 30 mN/m; as the

compaction of the film is further increased, the dynamics of the
system are slowed down andcorrespondinglythe mechan-
ical modulus of the film grows. It is worth noting that different
measurements yields different results in the Π region
corresponding to the high-Γ dense gel phase: the spreading
of the data points measured with the different techniques is due
to the breaking of the τ ∝ Q−1 scaling of the relaxation times.
This phenomenology is not compatible neither with

Brownian diffusion nor with Ballistic motion. In the first case,
because the presence of simple or stretched exponential decays
at low Π is not matched by a τ ∝ Q−2 dependence of the
relaxation time; for the latter, compressed exponential with γ =
2 has not been observed. On the contrary, the behavior of τeff
and γ has a strict analogy to that found by GI-XPCS on a 2D
gel of gold nanoparticles;33 moreover, the evolution of the
macroscopic elastic modulus was found to be the same as that
of the characteristic relaxation time for that system as well.
In our system, the shape of the relaxation (Figure 6a), the Q-

dependence of τeff (Figure 5a), and mostly the strict analogy
between the evolution of the elastic modulus E1 and the
characteristic time τeff for the fluctuations (Figure 6b) all
qualitatively agree with a model put forward long ago by
Bouchaud and Pitard.34 This model assumes the dynamics to
be governed by microcollapses of the gel, resulting in the
formation of force dipoles, which affect the surrounding
particles by inducing a strain field. With the further assumptions
that the collapses occur randomly in space and time, the
stochastic equations of motion for the strain field can be solved
analytically. An important parameter of the model is θ, the
typical collapse time. In the slow-collapse regime, i.e., for times

Figure 5. Effective relaxation times measured by GI-XPCS (squares)
and DFM (circles) as a function of Q. The horizontal error bars
indicate the Q-range over which τ is measured. Despite the large
difference in the spatial scale investigated with the two techniques, the
data fall along power law trends τ ∝ Q∥

−n. We find n ≃ 1 (dashed line)
at low Π. At higher values of Π, corresponding to the dense gel phase,
we find a less steep dependence with n = 0.7 (dash-dotted line). The
inset reports the power law exponent n as a function of Π.

Figure 6. (a) Color map of the dependence of γ on Q∥ and Π. The
white lines indicates contours for γ = 1 (solid line) and γ = 1.5
(dashed) obtained from a smoothed color map, to act as guides to the
eye; (b) rescaled time τeffQ measured by GI-XPCS at Q∥ = 23 μm−1

(filled circles), τeffQ measured by DFM at Q = 1 μm−1 (empty circles)
and the elastic modulus E1 (squares) are reported as a function of Π
on semilogarithmic axis. The two logarithmic axes span equally sized
ranges.
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shorter than θ, the resulting intermediate scattering function
has a compressed shape with γ = 1.5, while the relaxation time
is inversely proportional to the momentum Q and is
proportional to the macroscopic elastic modulus of the gel.
This detailed model, however, puts strict limits to the Q-
dependent values assumed by γ and cannot account for the
complex phenomenology summarized in Figure 6. In particular,
only two regimes are possible whenever τ ∝ Q−1, namely γ =
1.5 and γ = 1.25, thus excluding important parts of the plane in
Figure 6.
On the contrary, the observed dynamics can be described in

light of a model recently proposed by Duri and Cipelletti,35

which postulates the presence of intermittent rearrangements
taking place with average rate ν on a typical length δ (which is
not the same length identified by the pseudo-Debye−Waller
analysis reported in the Supporting Information). Each of these
events causes a decrease of correlation in g(2)(Q;t) until total
decorrelation is reached after a sufficiently high number of
events have taken place. The probability distribution of events
as a function of time is assumed to be Poissonian. The decrease
of correlation h(m,Q) due to m rearrangements is linked to the
probability function of the displacement lengths ΔR observed
in the gel, which is assumed to be Levy-like35,36 with its tail
toward large ΔR being proportional to ΔR−p with p = 2.5.
Under these assumptions, the model predict a transition from γ
= p − 1 = 1.5 to γ = 1 as a function of Q. For Qδ > 1 a single
displacement is sufficient to fully decorrelate the signal,
resulting in a simple exponential decay of the correlation
function; the fact that we observe also stretched exponential
decays with γ < 1 may be attributed to spatially heterogeneous
distribution of relaxation processes generates a distribution of
relaxation times. Our results show some discrepancies with the
original Duri−Cipelletti model. This is true in particular for the
behavior of γ, as shown in Figure 6b. We found γ > 1.6 at low q
and high surface pressure while the model predicts γ ≤ 1.5.
This can be explained with a steeper decay of the displace-
ments’ probability distribution in the low-q and large Π regime,
ΔR−(γ+1), if compared with the Levy-like distribution originally
assumed in the model.
To compare our results with the just described variant of the

model proposed in ref 35, we report values of γ measured at
each surface pressure in Figure 7a, on the adimensional axis Qδ,
varying δ so that they overlap collapsing on a master curve, in

analogy with Figure 7 of ref 33. The pronounced ballistic
character of the dynamics allows to build the red curve in
Figure 7 on the assumption of a distribution of rearrangements
whose tail is proportional to ΔR−3. The ambiguity of the
absolute scale of δ is solved by matching our choice of δ
accordingly to the fact that for Qδ > 1 the model predicts γ = 1.
The master curve thus obtained is in agreement with the model
curve up to Qδ = 2, above which value the model would plainly
predict γ = 1, while we observe a stretched shape that implies a
spatially heterogeneous distribution of relaxation times. The
scaling parameter δ is an estimate of the characteristic
displacement length of the dynamics taking place on the time
scale of τ; we report it as a function of Π in Figure 7b, on the
semilogarithmic axis, for both GI-XPCS and DFM data. We
find that the value decreases rapidly with increasing Π; δ
decreases steadily with increasing Π, reaching a limiting value of
a few nanometers around Π ≃ 30 mN/m. These results
confirm that the dynamics of the system have been modified
upon compressionby the formation of a compact layer,
where we already found a weak τ ∝ Q−0.7 dependence. In this
highly arrested state, the rearrangements of the film structure
are confined on nanometric length scales.
Interestingly, DFM and GI-XPCS yields different values of δ;

the values of δ measured by DFM follows the same trend of
those of GI-XPCS, but they are 1 order of magnitude larger.
We note that the values of δ measured using DFM fall below
the resolution limit of the epifluorescence microscope; this
might explain the inability of DFM to correctly measure the
value of δ.

■ CONCLUSIONS

We find that the incorporation of hydrophobic silica nano-
particles in the DPPC monolayer results in the formation of a
mixed DPPC-SiNP 2D gel, similar to the fractal 2D gel network
formed by attractive microparticles.37 The liquid-compressed
domains surrounded by this mixed network have irregular
shape, and they areon averagesmaller than those of
pristine DPPC; larger domains are clusters of small domains.
Upon compression, the size of the domains remains constant
while their surface concentration increase, leading to the
formation of a dense gel phase for surface pressure Π > 20
mN/m. On the contrary, hydrophilic silica was shown to induce
a stabilization of the LC/LE phase coexistence, with LC

Figure 7. (a) Master curve built from γ(Q) curves measured at different Π using GI-XPCS. γ(Q∥) curves are shifted along the x-axis by the scaling
length δ so that they overlap. The resulting master curve was built so that γ < 1 happens at Qδ ≥ 1, in agreement with the model.35 The red line
represents the prediction of the modified Duri−Cipelletti model described in the text. (b) Long-time displacement length δ as a function of Π. δ
decreases steadily with increasing Π, reaching a limiting value of a few nanometers around Π ≃ 30 mN/m, i.e. in the red region, that marks the Π
range corresponding to the dense gel phase.
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domains surviving along the whole surface pressure/area
isotherm.13

The microscopic dynamics are similar to that of a system
characterized by attractive interactions; in this case, random
intermittent rearrangements taking place on the submicron
spatial scale35 are deemed responsible for the observed
dynamics. Upon compression, the characteristic length δ of
these rearrangements continuously decreases, reaching a
limiting values of a few nanometers for Π = 30 mN/m. We
find that the relaxation time increases in the same fashion as the
elastic macroscopic response to mechanical stress, a feature
expected for a gel with microcollapses that induce a strain field
that affects the dynamics of the system.34,38 This indicates that
the film is not completely arrested, even in its higher
compaction state. In similar experiments with layer of gold
nanoparticles at the air/water interface, interacting via attractive
potentials, comparable results indicated the formation of a
percolating network of nanoparticles.33,39

This dynamics is significantly different from that found for
DPPC−hydrophilic SiNPs films, where the dynamics at low
surface concentration is diffusive. Upon compression, we
observed a transition to an arrested, cage-limited dynamical
regime that we interpreted as due to repulsive interactions;13

moreover, we identified a threshold value for the surface
concentration of LC domains that marks the transition.
In Figure 8, we compare the effects of SiNP of different

hydrophilicity through the analysis of the exponent n of the

power law trend τ ∝ Q−n and of the shape exponent γ measured
at Q∥ = 27 μm−1. The same results are summarized also in
Table 1.
At low compression, before the formation of the dense gel

phase, the presence of hydrophobic SiNP leads to an increase
of γ from ≃1 up to 1.8 while n decrease from ≃1 to 0.7. In the

γ−n plane, this corresponds to a shift of the dataupon
compressionalong a steep trend indicated by the black arrow.
In the case of hydrophilic nanoparticles, the transition from
diffusive motion to the arrested state is represented as a curve
that starts at γ0 = 1 and n = 2 (diffusive motion) and reaches, at
high surface concentration, roughly the same region of the γ0−n
plane; notably, in this case γ is found to be constant along Q,13

a remarkable difference from the data reported in Figures 6 and
7. Analogously, γ constant over Q was observed also in aged
ferrofluids of hydrophilic nanoparticles.40 Therefore, the two
arrested states found for SiNP of different hydrophilicity are
clearly distinguishable.
The ability to discriminate between different dynamical

regimes requires an high accuracy in the determination of the
relevant features from the analysis of the correlation functions,
over a large range of scattering vector. This work demonstrates
the unique capabilities of GI-XPCS combined with DFM in
providing a complete characterization of the micro/nanoscopic
dynamics of interfacial systems, exploiting both the superior
spatial resolution of XPCS and the wider field of view of DFM.
The combined used of GI-XPCS and DFM give access to a
wide range of Q, over 2 orders of magnitude; this leads to a
better accuracy in the evaluation of the Q-dependence of the
relaxation time, as shown in Figure 5.
Through this, we gave a new insight into the difference

between the arrested states obtained by mixing phospholipids
with nanoparticles of different hydrophilicity. This has relevant
implications for drug delivery systems in which SiNP are
currently exploited to tune the release properties, for instance,
explaining the mechanism by which drug release rate is
increased in lipid−hydrophilic SiNP microparticles9 and how
hydrophobic nanoparticles in nanoemulsions help to protect
drugs from gastric fluids while still allowing a gradual, slow
release.6
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Figure 8. Comparison of the different dynamical regimes induced by
hydrophobic and hydrophilic SiNP when added to DPPC monolayers.
Data are reported on the plane identified by γ measured at Q∥ = 27
μm−1 and by the exponent n of the power law trend τ ∝ Q−n. For
hydrophobic SiNP, γ increases from 1 up to 1.8 while n decrease from
≃1 to 0.7 (circles) upon compression (black arrow). In the case of
hydrophilic SiNP a different region of the γ−n plane is explored; upon
compression (red arrow) we observe a transition from Brownian
diffusion (blue circle) to an arrested dynamics ruled by repulsive
interaction13 with γ = 1.5 and n = 1 (squares). The morphology
corresponding to the two arrested states is shown in the legend.

Table 1. Comparison of Dynamical Regimes Found for
Mixed DPPC−Nanoparticle Layers for SiNPs of Different
Hydrophilicity, As Identified by γ(Q) and by the Power Law
Exponent n of the τ(Q) Dependencea

hydrophilic SiNP hydrophobic SiNP

low Γ γ ≃ 1, constant in Q γ(Q) = 1.2−0.7
n = 2 n = 1

high Γ γ ≃ 1.5, constant in Q γ(Q) = 1.8−1.3
n = 1 n = 0.7

aFor hydrophilic SiNP samples, upon compression we observe a
transition from Brownian diffusion to the arrested state ruled by
repulsive interactions as described in the text. For hydrophobic SiNP
samples, the dynamics is that of a gel network ruled by attractive
interactions, with the localization length of its rearrangements lowered
upon compression.
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