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A
structural organization of nanopar-
ticles (NP) into two-dimensional (2D)
arrays with tunable interparticle

distances is of importance for fabrication
of photovoltaic devices,1,2 metamaterials,3

optically tailored coatings,4�6 andmagnetic
storage media.7,8 From a fundamental per-
spective, there is a broader interest to un-
derstand the key physical parameters
influencing assembly of nanoscale objects,
which often includes inorganic core and soft
organic shell, in reduced dimensions and
their interactions with the environment. The
interfacial interactions between the poly-
meric and the inorganic components under
confinement can alter the structure as well as
macroscopic behavior of the assembly in a
complex manner.9�12 The construction of 2D
arrays with conventional methods using spin
coating,13 dryingmediated deposition of NPs
on solid surfaces,14 allows for fabrication of
static arrays. Alternatively, assembly of nano-
objects at liquid interfaces, for example,
by using Langmuir monolayers of charged
lipids was shown to yield 2D assemblies with

controlled surface density.15 The lipid mono-
layer facilitates the adsorption of nano-
particles at the liquid�air interface through
electrostatic interaction via the counterion
release mechanism,10,16 while at the same
time intrinsic fluidity of the interface allows
for particle mobility, which is important for
nanoparticle rearrangement and for a long-
range order.17�19

Besides the fundamental and technolog-
ical aspects of NP self-assembly at the
lipid interface, there is a growing interest
in understanding the interactions of nano-
particles with lipid membranes.20�22 This
is due to the analogy of synthetic NP with
naturally occurring macromolecular con-
structs, and emerging questions in nano-
toxicology and nanomedicine. For instance,
the lipid�nanoparticle hybrids can be ex-
ploited to encapsulate drugs in lipid vesicles
for targeted delivery,23,24 while the nanopar-
ticle acts as a functional probe25 providing
contrast for imaging or response in any
external simulation, e.g. magnetic field.26

DNA-coated NP was demonstrated as an
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ABSTRACT Structurally tunable two-dimensional (2D) arrays of

nanoscale objects are important for modulating functional responses

of thin films. We demonstrate that such tunable and ordered

nanoparticles (NP) arrays can be assembled at charged air-water

interfaces from nanoparticles coated with polyelectrolyte chains,

DNA. The electrostatic attraction between the negatively charged

nonhybridizing DNA-coated gold NPs and a positively charged lipid

layer at the interface facilitates the formation of a 2D hexagonally closed packed (HCP) nanoparticle lattice. We observed about 4-fold change of the

monolayer nanoparticle density by varying the ionic strength of the subphase. The tunable NP arrays retain their structure reasonably well when

transferred to a solid support. The influence of particle's DNA corona and lipid layer composition on the salt-induced in-plane and normal structural

evolution of NP arrays was studied in detail using a combination of synchrotron-based in situ surface scattering methods, grazing incidence X-ray scattering

(GISAXS), and X-ray reflectivity (XRR). Comparative analysis of the interparticle distances as a function of ionic strength reveals the difference between the

studied 2D nanoparticle arrays and analogous bulk polyelectrolyte star polymers systems, typically described by Daoud�Cotton model and power law

scaling. The observed behavior of the 2D nanoparticle array manifests a nonuniform deformation of the nanoparticle DNA corona due to its electrostatically

induced confinement at the lipid interface. The present study provides insight on the interfacial properties of the NPs coated with charged soft shells.
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effective platform for gene delivery;27,28 however,
the mechanism of their penetration into a cell is still
not well understood. The future biomedical applica-
tions of NPs require an understanding of the NP�lipid
interactions.
Here we report the salt-controlled behavior of DNA-

functionalized gold nanoparticles adsorbed at charged
lipid-coated air�water interfaces. Whereas a NPmono-
layer forms due to attraction between negatively
charged DNA shell and positively charged lipid layer,
the internal structure of monolayer is determined by
interparticle electrostatic repulsions provided by non-
complementary DNA shells. The observed 2D HCP
lattice of NPs can be tuned by changing the ionic
strength. By studying the evolution of in-plane and
surface-normal structure of the NP array, we reveal the
role of chain confinement on the interparticle interac-
tions at the interface. We also show that the 2D
assembled arrays can be successfully transferred to
solid substrates while retaining their order, supporting
the potential utility of these structures as a template for
2D patterning.

RESULTS

We investigated the assembly of DNA-coated gold
nanoparticles (DNA�NP) on the positively charged
lipid layer at the water�air interface. The system

consists of NPs of one kind only, with a shell composed
of single-stranded (ss) DNAs with nonhybridizing se-
quences, and therefore, the dominant interactions in
the system are electrostatic and steric, and interparticle
DNA hybridization can be neglected. We note that
use of DNA allows for creation of NP systems with a
precisely tailored polyelectrolyte shell: the chains in the
shell are monodisperse in size and composition. Thus,
the DNA-functionalized NP is an appropriate model
system for a quantitative study of the effect of nano-
scale interactions at the interface on the structure of NP
monolayer.
The schematic of our experimental strategy and the

major parameters as defined in the text are shown in
Figure 1. The combination of surface-to-particle attrac-
tion and interparticle repulsion results in the formation
of a highly ordered 2DHCP lattice, as we discuss below.
The electrostatic attraction between the cationic lipid
layer and the negatively charged single stranded (ss)
DNA corona promotes NP adsorption, as shown in the
schematic of Figure 1a. A nanoparticle monolayer
forms as a result of the balance between the inter-
particle repulsion due to the same charged DNA shells
and the particle-lipid attraction due to the oppositely
charged shell and lipid monolayer. We manipulated
these interactions by varying the salt concentration by
adding NaCl solution in the subphase. The choice of

Figure 1. Schematic of the experimental setup. (a) Cross-sectional view of the lipid layer at the air�water interface. On
addition of DNA functionalized NPs, the electrostatic interaction results in adsorption and formation of NP monolayer at the
interface. With increase in ionic strength by addition of NaCl, the repulsion between DNA chains is screened. (b) The
core�corona system used in this study consists of fixed core of size, D = 8.5 nm and corona of thickness H, which was varied
between 50 and 65 bases. (c) Schematic for in situ surface scattering measurements of 2D assemblies at the air/water
interface. An X-ray beam incident on the surface is scattered from the nanocrystalline assemblies and recorded on CCD
detector. For XRR, the same setup was used with θ = 0� and the reflected intensity is recorded on point detector as a function
of wave vector.
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ssDNA is motivated by its polyelectrolyte behavior
which permits a broad range of tunability in the
interparticle distances with the change in salt con-
centration.29 The evolution of the interface-normal and
in-plane structure of the monolayer was explored
using synchrotron based X-ray reflectivity (XRR) and
grazing incidence small-angle X-ray scattering
(GISAXS), respectively. The systems of choice include
two types of liquid interfaceswith different ratios of the
neutral lipid 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC) and the cationic lipid 1,2-dimyristoyl-3-tri-
methylammonium-propane (DMTAP), 50/50 and 0/100,
respectively, and two types of DNA-coated gold nano-
particles (diameter, D∼ 8.5( 0.75 nm) correspondingly
functionalizedwith ssDNAof 50 and65bases. This allows
probing the effects of both the surface charge and the
ssDNA shell on the structure of the 2D assembly. We
denote these systems as SC50_B50, SC100_B50, and SC100_B65
(the index C designates the content of the cationic lipid,
50% or 100%, and B represents the number of bases in
DNA chains). The lipid molecule occupies ∼75 Å2 per
headgroup, thus corresponding to one positive charge
per 75 Å2 and per 150 Å2 for SC100 and SC50, respectively.
The GISAXS measurements of the nanoparticle layer

reveal the presence of a highly ordered structure
(Figure 2). With no added salt (0 mM), the observed
GISAXS image displays up to 4-5 Bragg rods that are
sharply peaked along the in-plane scattering wave
vector, qr, axis as shown in Figure 2(a) (SC100_B50,
SC50_B50) and Figure S2, S3 (SC100_B65). The GISAXS
pattern along the qr direction (at constant qz ∼
0.024 Å�1) is plotted in Figure 2b for system SC100_B50.
The estimated peak ratios, qi/q1 ∼ 1:

√
3:
√
4:
√
7:
√
9

(i = 1, 2, 3, ...) satisfies the condition for a HCP lattice.

Notably, the obtained GISAXS pattern for the lipid
monolayer with only the neutral DMPC lipid shows
no evidence of in-plane surface structure or particle
adsorption to the interface (Supporting Information
Figure S2). This suggests that the positive charge on
the lipid layer is essential to promote the 2D assembly
through electrostatic attraction. Interestingly, the sys-
tem with the higher density of cationic lipids exhibits a
higher degree of order (SC100_B50 vs SC50_B50,), as indi-
cated by the larger number of observed diffraction
peaks and their narrower widths (Figure 2a). Thus, a
stronger electrostatic attraction of DNA-NP to the lipid
layer results in better 2D order within theNPmonolayer.
The presence of HCP lattices were also revealed through
ex situ SEM measurement (Figure 2c) performed on
the gold NP monolayer transferred onto a positively
charged polymer-coated silicon substrate (see Support-
ing Information, Figure S4).
The probing of the monolayer structure with in-

crease in salt concentrations shows a decrease in the
in-plane interparticle separations and the reduced de-
gree of lattice order, as indicated by the shift in the first
diffraction peak to larger qr and the broadening of the
diffraction peaks in the GISAXS data (Figure 2b), respec-
tively. For example, for system SC100_B50, we observed
a decrease of grain size, ξ ∼ 2π/Δq30 (where Δq is the
resolution-corrected full width of the first diffraction
peak) from∼1140 nm at 0 mM to∼140 nm at 100mM,
as shown in Figure 2d, which indicates a significant
order decrease within the NP monolayer.
The surface-normal structure of the DNA�NP

monolayer at the lipid interface was probed by X-ray
reflectivity. The XRR profiles obtained from the bare
and DNA�NP (SC100_B50) coated lipid interface at

Figure 2. (a) The GISAXS scattering data from 2D assemblies of NPs as a function of salt concentration for SC100_B50 (top) and
SC50_B50 (bottom). (b) The line profiles for SC100_B50 at various salt concentrations, indicated alongside each profile. The first
diffractionpeakposition shifts towardhigherqr with increase in salt concentration revealingdecrease in in-plane interparticle
distance. (c) Ex situ SEM image fromDNA�NP layer transferred to solid substrate. The highmagnification SEMdata alongwith
the Fourier transform clearly indicates the formation of HCP lattice. (d) Grain size at different salt concentration for the same
system as in (b).
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different salt concentrations are shown on a semilog
plot as Rqz

4 where R is the reflectivity signal from a
nanoparticle monolayer and qz is the surface-normal
scattering wave vector (Figure 3a). Compared to the
XRR profile of the bare lipid interface, the data for the
DNA�NP bearing interface show additional modula-
tions at low qz. The period and amplitude of these
modulations are related to the thickness and density of
the adsorbed DNA�NP monolayer. A progressive in-
crease in the modulation amplitude and a decrease of
the modulation period are observed for all studied
systems when the NaCl concentration is increased in
steps from 0 to 100 mM, as visible on several repre-
sentative XRR profiles (Figure 3a). These changes in-
dicate the evolution of the nanoparticle interface
toward a denser and thicker DNA�NP layer, as we
discuss below.
Detailed quantitative information on the surface-

normal structure of the interface was obtained through
the fittingof theXRRdata using theParratt algorithm31,32

(solid lines, Figure 3a, Supporting Information). The
obtained electron (e) density profiles, Fv vs z, at different
salt concentrations for SC100_B50 areplotted in Figure 3b.
The maximum value of Fv for the lipid monolayer was
found to be∼0.35e/Å3. This value is slightly higher than
that of water, ∼0.33e/Å3, and consistent with the lipid
headgroup.33 With the addition of DNA�NP in the
subphase and no added salt (0 mM), we observed the
formation of an additional layer with high e-density

just below the lipid, which is attributed to the NP
adsorption. Subsequent increase in the salt concentra-
tion resulted in gradual increase in the e-density and
layer thickness. Interestingly, at low salt (e20 mM),
the e-density profiles for the NP layer are asymmetric
and its maxima are shifted toward the lipid layer. By
contrast, a symmetric profile is observed at higher salt
concentrations.
The thickness of theDNA�NP layer (Figure 3c), t, was

obtained by subtracting the thickness of the lipid layer
(∼3 nm, as determined from XRR for the initial lipid
interface without NP) from the total layer thickness.
The DNA�NP layer thickness, t is about 6.5�7 nm with
no added salt, and it increases with salt concentration
to about 8.7 ( 0.2 nm (SC100_B50), which is close to the
diameter of the gold NP core. The evolution of t,
together with the asymmetric electron density profile
(Figure 3b), suggests that DNA�NPs at low salt con-
centrations interact strongly with the lipid layer, possi-
bly causing the deformation of the DNA shell, as
illustrated in the cartoon in Figure 5b. At the same time,
the broader, more symmetric e-density distribution
observed for the DNA�NP layer at higher salt concen-
trations reflects a weaker NP�lipid binding. Neverthe-
less, the increased e-density of the NP layer at high
salt concentrations indicates that even when highly
screened, the electrostatic lipid-DNA attraction is
sufficient to drive the DNA�NP adsorption to the
interface.

Figure 3. XRR on 2D assembled nanostructures. (a) The XRR data as a function of salt concentration for SC100_B50 along with
the fit to the data (solid lines) using Moto fit package in IgorPro.32 The amplitude of oscillation increases and minima of the
oscillation shifts toward higher wave vector, with increase in salt concentration. (b) Electron density profile obtained from fit
to the data in (a) (cartoon not to scale). (c) Thickness of the DNA�NP layer at the interface obtained by subtracting the
thickness of lipid layer from the total layer dimension.
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The evolution of GISAXS and XRR-derived measures,
interparticle distance d and surface density F, of the NP
array with salt concentration are shown in Figure 4,
panels a and b, respectively. The in-plane center-
to-center interparticle distances were estimated as,
d = [4π/(

√
3q10)], where q10 is the position of the first

diffraction peak in the GISAXS data. For all the studied
systems, the in-plane interparticle distance, d, mono-
tonically decreaseswith the salt concentration increase
(Figure 4a). The observed by 2-fold d change indicates
a high degree of tunability of these NP arrays. In
Figure 4b, we show the evolution of the excess surface
e-density F, of the gold NPs as a function of a salt
concentration, which is calculated by taking the differ-
ence between the z-integrated e-densities for the
lipid�subphase interface with and without the ad-
sorbed NP layer. Similar to the reduction in d from
GISAXS, the surface excess e-density, F, from XRR was
found to increase with salt concentration as shown in
Figure 4a,b. We note that at 0 mM salt, the estimated
number of excess electrons per area occupied by a
single particle (∼Fd2) in the NP layer is consistent with
the calculated number of excess electrons per gold
nanoparticle ∼ [(FVAu � FVwater) � (πD3/6)] where D

denotes the NP core diameter, FVAu and FVwater are
the bulk e-densities of gold and water, respectively.
We also note that at any given salt concentration,
the comparison between SC100_B50 and SC100_B65 shows
that the longer ssDNA chains result in larger d and
smaller F, as expected.

One of the key results of the present study is the
observation that the packing density of the adsorbed
DNA�NPs does not scale with the lipid charge density
at nonzero salt concentrations. With no added salt,
SC100_B50, the system with the higher lipid charge
density exhibits both smaller d and larger F than
SC50_B50 (Figure 4a,b, 0 mM). Surprisingly, this trend is
reversed once salt is added (Figure 4a,b, 5 mM of NaCl
and higher). This indicates that interfacial charge has
an unusual effect on the morphology of the DNA�NPs
within the monolayer in the presence of salt. The
possible origin of this complex dependence of d and
F on the lipid layer charge density will be discussed
below.

DISCUSSION

The present study demonstrates a directed assem-
bly of ordered 2D arrays of nanoparticles with tunable
lattice spacing and packing density. As shown in
Figure 4, the nanoparticle packing density can be
controlled over a wide range (by a factor of up to 4
or tens of nm in interparticle spacing) simply by varying
the salt concentration. The tunability of the interparti-
cle spacing in 2D NP arrays, which has been difficult to
achievewith solution-cast14,34 and Langmuirfilms,35�37

is a unique feature of the lipid-supported DNA�NP
monolayer.
The remarkable tunability of the 2D nanoparticle

density with salt concentration can be qualitatively
understood by considering the polyelectrolyte nature
of the DNA shell. With added salt, ions in the solution
screen the electrostatic repulsion of DNA chains, which
results in the reduced persistence length of ssDNA,29

and accordingly, the DNA shell thickness decreases.
The estimate of the Debye screening length at the
lowest added salt concentration (5 mM) is ∼4 nm,
which is much smaller than the measured interparticle
distances for all the systems studied here. The screen-
ing of electrostatic repulsion with added salt reduces
the range of the electrostatic repulsion between the
interface-confined DNA�NPs. These effects should
decrease the area occupied by each adsorbed particle
at the interface. The newly available free surface area
is created, and it allows for adsorbing additional NPs
from the subphase. Hence, the 2D nanoparticle density
at the interface increases, as confirmed by our XRR
measurements (Figure 4b). A concomitant effect of
increasing salt concentration is the reduction in in-
plane order, as observed by the GISAXSmeasurements
(Figure 2). This result, which likely originates from
reduced adsorption of new NPs to the lipid surface at
higher salt condition and the weakening of the inter-
particle repulsive interactions due to the screening,
correspondingly highlights the important role of the
particle-interface attraction and interparticle repulsion
in promoting the in-plane order within NP monolayer.
This finding agrees with previous studies that showed

Figure 4. (a) In-plane center�center nanoparticle separa-
tion, d, as a function of salt concentration for SC50_B50 (b),
SC100_B50 (9), and SC100_B65 (2). Systems SC50 and SC100 consist
ofonepositive chargeper150Å2andper75Å2, respectively. (b)
The estimate of surface density of gold NPs in DNA�NP layer,
obtained by integrating the electron density profiles for gold
monolayer (refer to text). Symbols are same as (a).
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that repulsive interactions can induce order in 2D
arrays of interface-confined particles.38

The DNA chain length and the charge density of the
lipid layer provide additional control parameters for
tuning the 2D packing density of DNA�NPs, as well as
for understanding themechanismofNP array formation
and dynamical changes with salt. The F dependence
on the DNA chain length is in qualitative agreement
with the expected behavior. The observation that the
in-plane interparticle distance d decreases with the
DNA length (SC100_B65 vs SC100_B50), regardless of the salt
concentration, indicates that the 2D packing density
depends on the size of the NP-bound DNA corona.
In particular, the d-spacings observed for SC100_B65
and SC100_B50 show that increasing the DNA length by
15 bases results in the increase of the in-plane DNA
corona thicknessH = [(d� D)/2] (Figure 1b) from 19.7 to
25.0 nm when no salt is added, i.e., for the naturally
stretched DNA chains. The relative increase in H by 27%
is consistent with the 30% increase in the number of
bases per DNA chain.
The intriguing finding of this study is the complex

dependence of the 2D packing density of DNA�NPs
on the lipid-layer charge density (Figure 4). For the
systems with the same DNA length (SC50_B50, and
SC100_B50) and no added salt, the higher charge density
in the lipid layer leads to a higher NP packing density.
This can be explained by the higher affinity of the NPs
to the interface with the higher concentration of
the cationic lipids. In contrast, in the presence of added
salt (5 mM and higher), the system with the lower
lipid-layer charge density (SC50_B50, vs SC100_B50) is
found to exhibit a substantially higher NP packing
density. This result implies that the affinity of NP to

the interface on its own cannot explain the packing
density of NPs at the charged interface, as we have
hypothesized above. In the absence of any surface
effects, e.g., for 3D superlattices of DNA�NP assembly,
the major parameter defining the interparticle dis-
tances is the thickness of the DNA shell. However,
for the DNA�NP assembly at charged interfaces, the
electrostatic interaction of the DNA shells with the lipid
layer plays an important role in defining the NP
monolayer structure. To explain the observed behavior
of d and Fwith salt concentration, we need to consider
possible nonuniform changes in the DNA shell struc-
ture when the NPs are confined to the interface
through electrostatic attraction as discussed below.
To gain insight into the confinement effect on

the morphologies of DNA chains at the interface, we
compare our data with the scaling prediction of the
modified Daoud�Cotton (DC) model for polyelectro-
lyte brushes (see Supporting Information).39,40 The
model explains well the change in the morphology of
charged polymer brushes attached to a curved surface
with increase in salt concentration and it can be
applied for DNA�NP in solutions due to the morpho-
logical similarities of these objects.41 However, given
that the DC is strictly applicable for star polymers in 3D
solution, our goal in using this model is to identify the
deviation of the observed 2D assembly behavior from
the bulk behavior. In the inset of Figure 5 we plot the
salt dependence of the in-plane thickness of the DNA
shell, H vs Cs, where Cs is the salt concentration. The
solid lines are fits of the DC model to our experimental
data for three different studied systems; thus, the
grafting density of DNA chains, Σ, on the nanoparticle
surface can be extracted by applying the DC model.

Figure 5. (a) Power law analysis for length of DNA shell,H vs Cs (salt concentration) for SC50_B50 (b), SC100_B50 (9), and SC100_B65
(2). The indicated numbers alongside each data are estimate of power law exponent obtained from linear fit (red solid line).
Inset: Analysis using DCmodel. The red lines are fit to the data (see Supporting Information). (b) Schematic representing the
competing role of 2D subcorona and 3D sub corona in defining the in-plane morphology of DNA chains (highlighted
nanoparticle) in the NP monolayer, at different strength of DNA�lipid layer interaction. With increase in salt concentration,
the dominant shrinkage in 3D subcorona for systemwith low charge density of lipid layer results in higher exponent as shown
in (a). The 2D subcorona is shown by shaded blue color region and the 3D subcorona is marked by dashed circle. The
neighboring particles in the 2D HCP lattice at low and high salt are shown with faded color in background around the
highlighted nanoparticles.
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The obtained values of Σ are ∼0.1 chains/nm2 for
SC50_B50, 0.5 chains/nm2 for SC100_B50, and 0.8 chains/
nm2 for SC100_B65, corresponding to the coverage of 23,
113, and 185 chains per/particles, respectively. These
values of Σ deviate from the experimentally measured
value of 40�60 chains/particle for the DNA�NPs used
in this work. This deviation is greater for the systems
with the larger lipid charge density and for longer
ssDNA chains, being the smallest for SC50_B50, inter-
mediate for SC100_B50, and the largest for SC100_B65. That
is, the deviation from the bulk behavior increases with
increasing interactions of the DNA�NP monolayer
with the charged lipid layer. Interestingly, a
recent study on Gibbs monolayers of DNA-coated
nanoparticles34,42 at free air�liquid interfaces found a
good agreement with the DC model. We believe that
the applicability of the DC model for the Gibbs mono-
layers was possible due to the nonconfined nature
of the DNA�NP layer at the interface, which allowed
the DNA chains to retain the bulk confirmation and
NP exhibited the solution behavior. In contrast, in the
present case the lipid layer causes a strong confine-
ment of the DNA�NP layer at the interface due to the
electrostatic particle�surface (DNA�cationic lipid) at-
traction, which, in turn, results in a larger deviation
from the solution-like morphology of the DNA corona.
Interestingly, a nonmonotonic adsorption of duplex
DNA chains on oppositely charged nanoparticle sur-
face was reported at high salt concentration.43 Our 2D
nanoparticle system (SC50_B50) exhibits a monotonic,
weak power law dependence (Supporting Information
Figure S5) at high salt (>100 mM).
The power law scaling analysis of the in-plane DNA

corona thickness, H, further confirms the deviation
from bulk behavior. We evaluated the dependence of
H on the salt concentration using the power law form
H∼ Cs

γ (Figure 5). The exponent γ provides a measure
of the dependence of the corona thickness on the salt
concentration, where γ = 0.33 is typically observed for
polyelectrolyte brushes in the bulk solutions.44�46 The
log�log plot H(Cs) for the three studied systems along
with the fits for γ are shown in Figure 5. Analogously
with the DC model analysis discussed above, we find
that deviation ofγ frombulk value (∼0.33) is greater for
the systems with stronger interacting DNA�NP and
the lipid layer. This analysis suggests that the DNA shell
morphology is significantly modified at the lipid layer
in comparisons to the bulk behavior.
While the detailed quantitative description of the

above-discussed confinement effect calls for future
theoretical efforts, here we seek a qualitative under-
standing of the observed differences in the H(Cs)
behavior for the various systems. The deviations from
the bulk behavior can be understood in terms of the
interplay of the morphologies of the DNA chains
adsorbed at the interface and the chains on the bulk
side of NP that are not adsorbed at the interface. At the

charged interface, the interparticle separation is deter-
mined by both parts of the DNA corona�the part that
is not adsorbed at the interface (referred to as the NP's
3D subcorona) and the DNA chains adsorbed at the
interface (the NP's 2D DNA subcorona) as shown in
Figure 5b. These 2D and 3D parts of the DNA coronas
are affected differently by the salt concentration, and
the relative contribution of each part changes depend-
ing on the interfacial charge density and the DNA
length. The repulsion between the charges in the 2D
subcorona is already partially screened by the pre-
sence of the cationic lipids. Thus, the 2D subcorona
should be less sensitive to the salt concentration
changes than the 3D subcorona.
We now examine the relative importance of the 2D

and 3D subcoronas in dictating the interparticle spa-
cing in the studied systems. For the system SC100_B65,
which has the largest DNA shell and the highest charge
density on the lipid monolayer, and thus the strongest
NP-surface interactions, the measured exponent is
γ ∼ 0.13, corresponding to the largest deviation from
bulk value among the three systems studied. This result
is consistent with our expectation that SC100_B65 is the
system in which the effect of the 2D electrostatic
confinement is the most dominant, i.e., the 2D sub-
corona is the largest, and consequently, the depen-
dence on salt concentration will be the weakest. For
the system SC100_B50, γ is about 0.20, suggesting that
the contribution to the interparticle distance from
the 3D subcorona increases while that from the 2D
subcorona declines. Finally, for SC50_B50, where the 2D
confinement effect is expected be the smallest among
the three systems, the power law exponent (γ ≈ 0.26)
approaches the value, 0.33, for polyelectrolyte brushes
in bulk solution, suggesting the predominant contribu-
tion of the 3D subcorona. The analysis suggests that in
the 2D system of DNA�NPs that are electrostatically
bound to the lipid layer, the competing effects of the
2D and 3D DNA subcoronas determine the behavior
of nanoparticle packing with ionic strength. This result
has important implications for a variety of interfacial
systems where NPs with charged soft shells interact
with charged interface.
On the basis of the discussed relative contributions

of the 2D and 3D subcoronas, we can explain the
observed crossover behavior of d and F between
Cs = 0 and 5 mM (Figure 4). Our interpretation of this
behavior is summarized schematically on Figure 5b. At
zero salt, where the DNA chains are almost completely
stretched out and 3D corona dominates, the interpar-
ticle distance is larger for SC50_B50 than for SC100_B50
because a smaller fraction of chains are adsorbed at the
interface as result lower density of lipid charges for
SC50_B50. With the addition of salt, the shrinkage of the
3D subcorona leads to the dominance of 2D subcorona
in defining the interparticle distances. The 2D subcor-
ona is larger for the system SC100_B50, which has a
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higher density of lipid charge than for SC50_B50; hence,
this results in the observed crossover behavior.

CONCLUSION

We have demonstrated the formation of ordered
and salt-tunable 2D nanoparticle arrays at the lipid-
coated air�water interface. The particle�particle
and particle�surface interactions were controlled by
changing the salt concentration. The influence of the
system design parameters, such as the length of DNA
chains in the NP shell and the charge density of the
lipid layer, was investigated. The NP density in the
monolayer can be tuned by up to ∼4 times via ionic
strength with controllable changes of the in-plane
interparticle spacing, as was investigated by the
in situ studies using surface X-ray scattering methods
(GISAXS and XRR). The major mechanism for the
observed tunability of the arrays is related to the
decrease of the DNA persistence length with salt
increase, which results in the reduction of interparticle
distances. Consequently, the adsorption of additional

nanoparticles to the lipid interface occurs due to the
newly available area; thus, NP monolayer density is
increased with salt concentration.
Our analysis based on the Daoud�Cotton model

and power law scaling for salt-dependent behavior of
bulk polyelectrolyte systems reveals that 2D assembly
exhibits a peculiar dependence on a salt concentration,
different from bulk systems. The comparison with pre-
dictions for bulk polyelectrolyte systems suggests that
the deviations for the studied DNA-coated NPs at the
charged interfaces arise from the deformation of DNA
shells. We attribute this deformation to the nanoparticle
confinement at the lipid interface through electrostatic
nonuniform interactions of the NP shell with the charged
lipid layer. The confinement results in the interplay of 2D
and 3D effects, which determine the interparticle dis-
tances within the 2D NP array. Our findings on the
behavior of nanoparticle soft shell at the charge interface
are of importance for a broad range of nanoscale inter-
facial systems, and the detailed theoretical studies are
called for to fully understand the observed phenomena.

MATERIALS AND METHODS
The charged interfaces were prepared by depositing

the monolayer of neutral and cationic lipid at water surface
by using the Langmuir method. The neutral 1, 2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and cationic lipids, 1, 2-di-
myristoyl-3-trimethylammonium-propane (DMTAP) were pur-
chased from Avanti Polar Lipids, Inc. Lipid membranes with
different positive charge density of the cationic lipid, DMTAP,
were prepared by mixing desired composition of neutral and
cationic lipid in chloroform solution at appropriate molar ratio.
The NPs were purchased from Ted Pella and sizes of the
nanoparticles from SAXS measurement were estimated as 8.5
((0.75) nm (Supporting Information Figure S1). Gold nanopar-
ticles were functionalized with noncomplementary thiolated
ssDNA chains (Integrated DNA technologies) of varying length,
50 and 65 bases. All other chemicals used in this study were
purchased from Sigma-Aldrich. Ultrapure water (Millipore, 18.2
MΩ cm) was used throughout sample preparation. The home-
built Teflon troughs with fixed area of 2535 mm2 were used in
the experiments.15,17 The trough was equipped with a Delrin
port for injection of the gold nanoparticle solution into sub-
phase without disturbing the lipid membrane. The trough held
9mL of subphase (water) in volume. The troughwas enclosed in
an aluminumbox filled with humidified heliumwhich helped to
reduce the background scattering and radiation-induced oxida-
tion. For in-plane study, the flight path for the detector was
continuously flowed with helium gas for higher signal-to-noise
ratio. The measurements were done at constant temperature
of 25 �C which was controlled by circulating water at constant
temperature through the aluminum plate underneath the
trough. In a typical experiment, ∼60 μL of 0.1 mM of lipid
solution in chloroform was spread on the thoroughly cleaned
water surface using Hamilton syringes to form monolayer of
lipid with average molecular area of ∼75 Å2/lipid. The surface
pressure at the air/water interface, measured using a precali-
brated paper Wilhelmy plate, varied between 8 and 14 mN/m.
After equilibration time of 20�30 min, 500 μL (∼200 nM) of
nanoparticle solution in water functionalized with noncomple-
mentary ssDNA chains was added to the subphase. Upon
adding the NPs, 2D assembly was instantaneously observed.
A schematic of the experimental setup is described in Figure 1.
However, for studying the structure of 2D assemblies at

different ionic strength, a sample was allowed to equilibrate
for at least 8�10 h after adding the salt.
The in situ Grazing Incidence Small Angle X-ray Scattering

(GISAXS) and X-ray reflectivity (XRR) measurements were per-
formed to study the structure formation and their development
simultaneously both in plane and normal to the Langmuir
monolayer. The in situ GISAXS and XRR were carried out at
Beamline X22B of the National Synchrotron Light Source
(NSLS). The critical angle for water at incident energy 8.2 Kev is
0.15�. In our experiments, incident angle, R, was fixed at 0.2� to
ensure that the X-rays penetrate the entire depth of the
nanoparticle layer. The schematic of the scattering geometry
is shown in Figure 1c. The scattering vector q was calibrated
by measuring the scattering pattern from a silver behenate
standard sample. The wave vectors ki = ko = 2Π/λ, where the
x-ray energy was kept fixed at λ = 1.517 Å. The perpendicular
and in-plane components of scattering vector are defined as
qz = ko (sin Ri þ sin Rf), qy = ko (cos Rf sin θ) and qx = ko (cos Rf

cos θ � cos Ri) where angles are as defined in Figure 1c.
Exposure time of 100 s with incident flux of ∼108 ph/s was
used for recording the GISAXS images from the different
region of the sample. No damage of the samples was observed
at this exposure time. In XRR, the outgoing angle is equal to the
incident angle (Rf = Ri = R) and θ = 0. The specularly reflected
intensity from the surface is measured as a function of the
incident angle R or wave vector transfer qz = (4Π/λ) sin R. The
protocol for the XRR measurement was optimized for different
qz ranges to minimize x-ray induced structural changes in the
monolayer of lipid bound NPs.
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