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ABSTRACT: When nanoparticles interact with cellular or
organelle membranes, the coating ligands are known to
affect the integrity of the membranes, which regulate cell
death and inflammation. However, the molecular mecha-
nisms of this modulation remain unresolved. Here, we use
synchrotron X-ray liquid surface scattering and molecular
dynamics simulations to study interface structures between
phospholipids and gold nanorods (AuNRs) coated by
surfactant and polyelectrolyte. These ligands are two types
of widely used surface modification with different self-
assembled structures and stabilities on the surface of
nanoparticles. We reveal distinct mechanisms of the ligand
stability in disrupting membrane integrity. We find that the cationic surfactant ligand cetyltrimethylammonium bromide
detaches from the AuNRs and inserts into phospholipids, resulting in reduced membrane thickness by compressing the
phospholipids to align with the shorter ligand. Conversely, the cationic polyelectrolyte ligand poly-
(diallyldimethylammonium chloride) is more stable on AuNRs; although it adsorbs onto the membrane, it does not
cause much impairment. The distinct coating ligand interactions with phospholipids are further verified by cellular
responses including impaired lysosomal membranes and triggered inflammatory effects in macrophages. Together, the
quantitative analysis of interface structures elucidates key bio−nano interactions and highlights the importance of surface
ligand stability for safety and rational design of nanoparticles.
KEYWORDS: membrane integrity, ligand stability, phospholipid, gold nanorod, X-ray liquid surface scattering

Coating ligands affect physicochemical properties of
nanoparticles (NPs).1,2 By tuning type,3,4 density,5

composition,6,7 and chirality8 of ligands, surface
properties of NPs can be well realized, which determine their
eventual biomedical effects. When NPs target biological
membranes, they will lead to multiple biomedical effects
including cellular recognition, the uptake of NPs,9 inflamma-
tion,10 and cytotoxicity.11,12 To understand the underlying

causes of these biomedical effects, it is inevitable to investigate

nanoparticle−membrane interaction at the interface. Resulting

from favorable bioavailability, surfactants and polyelectrolytes
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are two types of ligands that are widely used for surface
functionalization of biomedical NPs.7,13,14 Even then, the
ligands have distinct assembled structures that exhibit different
physicochemical properties within the biological microenviron-
ment.13,15 Therefore, it is of great interest to study how ligand
structure and stability influence nanoparticle−membrane
interactions and to understand the molecular mechanisms
behind the distinct inflammatory responses induced by NPs
with different surface properties.
Considering the thickness of a phospholipid bilayer, which is

7−8 nm,16 it is challenging to quantitatively characterize the
interface structure at high resolution and high sensitivity in
liquid environments. Multiple techniques have been used to
study nanoparticle−lipid structure, but it remains difficult to
both realize liquid phase measurement11,12,17 and obtain
quantitative information.18−21 To this end, we apply X-ray
liquid surface scattering techniques, including X-ray reflectivity
(XRR) and grazing incidence X-ray off-specular scattering
(GIXOS),22,23 and molecular dynamics (MD) simulation to
quantitatively characterize the interface structure between
surface-coated NPs and biological membranes at high
resolution. Both XRR and GIXOS are surface-sensitive
analytical techniques that provide information in both normal
and parallel directions to the surface. Based on the electron
density profile of a phospholipid monolayer at the air−liquid
interface, the methods allow measurement of the membrane
thickness and the amount and the orientation of the NPs
adsorbed to the phospholipids.23−26 MD simulations provide
detailed molecular structures at the interface and reveal
molecular mechanisms of the interaction between NPs and

phospholipids.27 Combining XRR and GIXOS with MD
simulations, we are able to capture distinct interactions at the
bio−nano interface and quantitatively analyze the biomedical
effects of NPs on the structural integrity of biological
membranes.
In this study, we used model gold nanorods (AuNRs) to

evaluate the biological effects of different coating ligands on
membrane structure. AuNRs were coated with two types of
ligands, cetyltrimethylammonium bromide (CTAB) and poly-
(diallyldimethylammonium chloride) (PDDAC, abbreviated as
“PDC”), which both carry a positively charged moiety (CTA
and PDDA, respectively) and an anion (bromide and chloride,
respectively) but have different self-assembled structures
(Figures 1a, S1). CTA molecules form an ordered bilayer
structure on the surface of AuNRs (CTAB-Au)28 due to van der
Waals (vdW) interactions. In contrast, the PDC layer is
relatively disordered, in which PDDA molecules adsorb to
AuNRs (PDC-Au) via hydrophobic and electrostatic attraction
with negatively charged poly(sodium 4-styrenesulfonate)
(PSS).29 The phospholipid 1-octadecanoyl-2-(9Z-octadeceno-
yl)-sn-glycero-3-phosphocholine (SOPC) is one of the major
components in biological membranes. In the X-ray liquid surface
scattering experiments, a SOPC monolayer in a Langmuir
trough was used to study its interaction with the ligand-coated
AuNRs and to characterize the monolayer thickness. The MD
simulations demonstrated detailed molecular interactions
between the coating ligands of the adsorbed AuNRs and a
SOPC bilayer in explicit solvent and elucidated the mechanism
of the ligands affecting the thickness of the lipid bilayer. We also
evaluated the effects of the internalized ligand-coated AuNRs on

Figure 1. Structure and stability of the surface ligands on Au nanorods and X-ray liquid interface scattering setup. (a) Schematic illustration of
the layer-by-layer deposition process of the ligands on the surface of a pristine AuNR. The AuNRs are coated with a CTAB bilayer (CTAB-Au)
and then with a layer of the negatively charged polyelectrolyte, PSS (PSS-Au), and finally with the positively charged polyelectrolyte, PDC
(PDC-Au). (b, c) Binding affinity of the two kinds of ligands with AuNRs derived from the ITC isotherms of the integrated heat Q at different
molar ratios of (b) CTAB and CTAB-Au and (c) PDC and PSS-Au. The data are fit to the standard binding models. Thermodynamic quantities,
including association constant (Ka), dissociation constant (Kd), stoichiometry (n), and changes in enthalpy (ΔH) and entropy (ΔS), are listed
in the insets. The Kd values reflect the binding affinity between the ligands and their corresponding ligand-coated AuNRs. The sign of the ΔH
andΔS indicates different intermolecular interactions in the two systems. (See the text for more details.) (d) Schematic diagram of the
experimental setup for XRR and GIXOS and the scattering geometry shown in the center. A SOPC monolayer (red) is spread on the water
(blue) at a surface pressure of 20 mN/m. The two graphs at the left and right are the representative XRR and GIXOS curves illustrating the
structures at the AuNR−membrane interface, respectively. The signal at Qz ≈ 0.06 Å−1 represents the form factor of the rod-like AuNRs and
verifies the AuNR adsorption onto SOPC. (See the text for more details.)
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the integrity of the cytoplasmic and lysosomal membranes of
macrophages. Finally, in the molecular and cellular studies, we
explored the inflammatory response induced by the ligand-
coated AuNRs, which we found to be associated with the
impaired structure of the lysosomal membrane.

RESULTS AND DISCUSSION

Characterization of Ligand-Coated AuNRs. We exam-
ined the sizes and surface charges of the prepared CTAB-Au and
PDC-Au by transmission electron microscopy (TEM) and zeta
potential, respectively. Both AuNRs have a mean diameter of
13.3 ± 1.7 nm and a length of 58.2 ± 2.8 nm and carry positive
surface charges (Figure S2). CTA and PDDA have distinct self-
assembled structures on the surface of AuNRs. The CTA
molecules form an ordered bilayer structure on the surface of
AuNRs (CTAB-Au) with a thickness of ∼32 Å,15,28 while the
PDDA molecules assemble into a relatively disordered layer on
the surface of PSS-Au.29 To probe the stability of the coating
ligands, we measured thermodynamic parameters for the Au
nanorod−ligand interactions by isothermal titration calorimetry

(ITC) experiments (Figures 1b,c and S3). The parameters
derived from the ITC isotherms show negative enthalpy and
entropy changes between CTAB and CTAB-Au and positive
changes between PDC and PSS-Au. The signs reveal different
intermolecular interactions in the two systems, in which the
CTA molecules assemble on the surface of CTAB-Au by vdW
interactions, while the PDDAmolecules assemble through ionic
and hydrophobic interactions.30 Moreover, the dissociation
constant (Kd) between CTAB and CTAB-Au is 10-fold greater
than that between PDC and PSS-Au, suggesting a higher binding
affinity in the latter system.

Thickness Change of Phospholipid Monolayer by
Ligand-Coated AuNRs Characterized by X-ray Liquid
Interface Scattering. Next, we applied X-ray liquid surface
scattering techniques to characterize the structure of a SOPC
monolayer and the effect of AuNR adsorption in a Langmuir
trough (Figure 1d). We used XRR and GIXOS to derive the
electron density profile of the monolayer at the air−liquid
interface and calculated the monolayer thickness as well as the
amount and the orientation of the NPs adsorbed to the

Figure 2. Effect of AuNR adsorption on the SOPCmonolayer characterized by XRR andGIXOS and diagrams of the interface structure between
AuNRs and the monolayer. (a) XRR data of AuNR adsorption and the SOPC thickness. (b) Electron density profiles derived from the XRR data
in (a). (c) GIXOS data of AuNR adsorption onto the SOPC monolayer. The GIXOS intensity reflects the relative amount of the membrane-
bound AuNRs. (d, e) Schematic diagrams showing the effect of self-assembled structure and stability of ligands on AuNR adsorption and
phospholipid structure. (f) Distinct behaviors of adsorption and ligand insertion for the cationic surfactant- and polyelectrolyte-coated AuNRs
when they interact with the lipid monolayer.
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phospholipids.23−26 In the GIXOS curve, a characteristic signal
around the wavevectorQz of 0.06 Å

−1 represents the form factor
of the Au nanorod. The form factor represents the structural
architecture such as the shape, the aggregation state of the
nanomaterial, in this case, a nanorod.31

The electron density profile of the SOPC monolayer derived
from XRR can provide quantitative information on the effect of
AuNR adsorption (Figures 2a,b and S4). For instance, exhibiting
strong reflectivity, the oscillations at low Qz on the XRR curve
allow the assessment of the relative amount of the adsorbed
PDC-Au on the monolayer surface per unit area (Figure 2a).
Nevertheless, XRR is less sensitive than GIXOS in detecting
adsorbed NPs at the air−liquid interface. The oscillations at low
Qz on the XRR curve were too small to quantify the adsorption
of CTAB-Au (Figure 2a), but the form factor (Qz of 0.06 Å

−1)
on the GIXOS curve for CTAB-Au exhibits the same width as
that for PDC-Au, which verified the adsorption of nanorod-like
matter (i.e., CTAB-Au) onto SOPC (Figure 2c). Furthermore,
the GIXOS signals at the Qz value around 0.025 Å−1 indicated
the adsorption of both AuNRs. Compared with CTAB-Au, more
PDC-Au was adsorbed onto SOPC based on the stronger
oscillations on the XRR curve and the higher GIXOS intensity at
low Qz (Figure 2c). The fact that the scattering intensities of
PDC-Au are stronger than those of CTAB-Au at the same
concentration also suggests that more PDC-Au was adsorbed on
SOPC than CTAB-Au (Figure S5c,d).
The reason that PDC-Au and CTAB-Au exhibit a different

amount of absorption for SOPC is complex. One reason may be
the surface charges of AuNRs. According to the zeta potential,
the surface charge of PDC-Au is higher than that of CTAB-Au
(Figure S2c), which may result in a greater attractive force
between the PO4

3− groups of SOPC and the positively charged
moiety of PDC. The other reason may be the stability of the
ligands, which we will discuss later.
To calculate the SOPC monolayer thickness from the XRR

measurements, we modeled the electron density profiles by a
two-slab model.32 For the system of the SOPC monolayer on a

pure water subphase, the fitting data show that the mean
thicknesses of the tail group region, the headgroup region, and
the SOPC monolayer were 12.8−0.7

1 Å, 7.9−1.8
1.6 Å, and 20.7−0.8

0.9 Å,
respectively. After incubation with 10 μg/mL CTAB-Au, the
corresponding thicknesses decreased and became 11.6−1.1

0.9 Å,
6.9−1.9

2.4 Å, and 18.5−1
1.3 Å, respectively (Table 1). In addition, the

wavevector Qz value corresponding to the minimum of the XRR
curve was shifted from 0.28 Å−1 to 0.32 Å−1, indicating a
decrease in the thickness of the SOPC monolayer (Figure 2a).
On the contrary, PDC-Au did not affect the thickness of the
SOPC monolayer (Table 1, Figure 2a), and the Qz value
corresponding to the minimum of the XRR curve remained the
same at different concentrations (Figure S5b).
To explore the underlying factors that cause a decrease in

monolayer thickness, we further measured the thickness and
area of the SOPC monolayer spread on the pure water with
increasing concentration of AuNRs. We found that CTAB-Au
causes a decrease of the SOPC thickness in a concentration-
dependent manner (Tables 1 and S1). With 5 μg/mL of CTAB-
Au, the Qz value corresponding to the minimum of the XRR
curve was shifted to 0.3 Å−1 (Figure S5a). The SOPC thickness
was 19.4−1

1.6 Å, which was ∼1.3 Å thinner than that on pure water
and ∼0.9 Å thicker than that with 10 μg/mL of CTAB-Au
(Tables 1 and S1). Moreover, the GIXOS measurements
showed that the adsorption of CTAB-Au is concentration-
dependent, suggesting different amounts of adsorbed CTAB-Au
on the surface of SOPC at the two concentrations (Figure S5c).
However, compared to the GIXOS intensities of PDC-Au
(Figure S5d), the CTAB-Au intensities were low, which might
be due to the interaction between the ligand and lipids at the
interface. One possible explanation is that CTA molecules,
assembling on the surface of CTAB-Au merely through vdW
interactions, detach from the CTAB bilayer and insert into
SOPC. To assess this possibility, wemeasured the surface area of
the SOPC monolayer on incremental concentrations of the
CTAB-Au subphase at constant surface pressure. By increasing
the final concentration of the CTAB-Au subphase, the surface

Table 1. XRR Fitting Parameters for the Structures of the Pure SOPCMonolayer, the AuNR-Bound SOPCMonolayers, and the
Ligand-Bound SOPC Monolayersa

SOPC
SOPC+ 5 μg/mL

CTAB-Au
SOPC+ 10 μg/mL

CTAB-Au
SOPC+ 5 μg/mL

PDC-Au
SOPC+10 μg/mL

PDC-Au
SOPC+0.1 μg/mL

CTAB
SOPC+0.05 μg/

mL PDC

d1 (Å) 12.8−0.7
1 12.2−1.7

1.2 11.6−1.1
0.9 12.3−0.3

0.9 12.4−0.1
1.8 12.3−0.8

0.9 11.7−0.3
1.1

d2 (Å) 7.9−1.8
1.6 7.2−2.2

3.3 6.9−1.9
2.4 8.2−1.8

0.2 8.2−1.5
0.3 7.1−1.8

1.8 8.1−2.1
0.9

d1+d2 (Å) 20.7−0.8
0.9 19.4−1

1.6 18.5−1
1.3 20.5−0.3

0.3 20.6−0.7
1.8 19.4−0.9

0.9 19.8−0.8
1.2

d3 (Å) N/A N/A N/A 26.1−0.1
1.2 25.5−1.1

1 N/A N/A
d4 (Å) N/A N/A N/A 126.4−2.4

3.3 132.6−1.2
1.3 N/A N/A

ρ1 (e/Å3) 0.292−0.007
0.009 0.3−0.02

0.007 0.3−0.014
0.01 0.294−0.012

0.009 0.298−0.015
0.01 0.301−0.01

0.006 0.294−0.005
0.009

ρ2 (e/Å3) 0.427−0.012
0.009 0.429−0.029

0.04 0.43−0.023
0.039 0.43−0.014

0.011 0.433−0.022
0.012 0.44−0.02

0.036 0.425−0.04
0.009

ρ3 (e/Å3) N/A N/A N/A 0.344−0.001
0.001 0.347−0.001

0.001 N/A N/A
ρ4 (e/Å3) N/A N/A N/A 0.352−0.001

0.001 0.364−0.001
0.001 N/A N/A

σ1, σ2, σ3
(Å)

3.3 3.5 3.4 3.2 3.2 3.4 3.3

σ4 (Å) N/A N/A N/A 5.1 6.8 N/A N/A
σ5 (Å) N/A N/A N/A 27.9 27.8 N/A N/A
ad1 and d2 are the thickness of the tail (slab 1) and the head (slab 2) group regions of the SOPC monolayer, respectively. d1+d2 is the overall
thickness of the SOPC monolayer. d3 is the distance between the head group region of SOPC and the upside region of AuNR, representing the
thickness of the coating ligands on the upside of PDC-Au (slab 3), and d4 is the cross-sectional thickness of the gold region of PDC-Au (slab 4).
ρ1, ρ2, ρ3, and ρ4 are the electron density of the corresponding area of the slabs. σ1, σ2, σ3, σ4, and σ5 represent the root-mean-square roughness
of the interfaces between air and slab 1, between slab 1 and slab 2, between slab 2 and slab 3, between slab 3 and slab 4, and between slab 4 and
water, respectively. d1, d2, ρ1, and ρ2 of SOPC with PDC-Au are the standard values of a SOPC monolayer. The large value of σ5 is due to the
polydispersity and the size of PDC-Au i.e., the intrinsic and capillary surface width of AuNRs. The margins of error are calculated using the 95%
confidence level.
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area increased by 5.4, 7.0, and 9.6 cm2, respectively (Figure S5e).
The increased surface area indicated the insertion of the released
CTA molecules into the monolayer, which also explains the
lower amount of CTAB-Au adsorption. As wementioned earlier,
the surface charges of AuNRs may result in different amounts of
CTAB-Au and PDC-Au absorption for SOPC. Another possible
reason may be the release of CTAmolecules from the CTAB-Au
during the adsorption. As CTA molecules are released from the
surface of CTAB-Au and deposited to the space between CTAB-
Au and SOPC, they weaken the adsorption of CTAB-Au. In
Figures 2d and S5g, we show the schematic diagrams of the
adsorption of CTAB-Au on the phospholipids.
More PDC-Au was adsorbed onto the surface of SOPC than

CTAB-Au. The amount of PDC-Au adsorbed was also positively
correlated with the incubation time and the concentration of
PDC-Au (Figures S5b,d and S6). However, unlike CTAB-Au,
PDC-Au has a negligible impact on the monolayer thickness
(Figures S5b). The surface area of SOPC on the PDC-Au
subphase remained quite stable with an increasing concentration
of PDC-Au. The surface area increased only by 0.7, 1.3, and 1.9
cm2 after incubation with 5, 10, and 20 μg/mL of PDC-Au,
respectively (Figure S5f). The slight change in the surface area
might result from the adsorption of PDC-Au and the free PDC.
To conclude, during the adsorption of CTAB-Au for the SOPC
monolayer, the unstable surfactant ligands may be released from
the NPs and insert into the membrane, resulting in a decreased
membrane thickness (Figures 2d and S5g). Conversely, more
PDC-Au is adsorbed onto the surface of the SOPC monolayer,

but it has a negligible effect on the membrane thickness due to
the more stable polyelectrolyte ligands on the surface of AuNRs
(Figures 2e and S5h). Figure 2f summarizes the distinct
behaviors of adsorption and ligand insertion for the surfactant-
and polyelectrolyte-coated AuNRs with cationic charges when
they interact with the SOPC monolayer.
With strong reflectivity, the XRR data can also reveal the

orientation of the adsorbed PDC-Au. We used a four-slab model
to fit the reflectivity data.32 The first two slabs were the same as
the two-slab model explained above, where slab 1 was to
calculate the average electron density in the tail group region of
the SOPC monolayer and slab 2 was to calculate that in the
headgroup region. For the additional two slabs, slab 3 was to
calculate the average electron density between the headgroup
region of SOPC and the upside region of AuNR, representing
the coating ligands on the upside of PDC-Au, and slab 4 was to
calculate that in the Au nanorod region of PDC-Au. An
additional slab was used to calculate the average electron density
between the headgroup region of SOPC and the downside
region of AuNR. We observed a large roughness between slab 4
and water due to the polydispersity and the size of PDC-Au.24,26

The best-fit results indicated that the thickness of AuNR (slab 4)
was 126.4−2.4

3.3 Å, which was consistent with the mean diameter of
the ligand-coated AuNRs in the TEM image, indicating that the
long axis of PDC-Au was aligned with the horizontal plane. In
addition, the thickness of the coating ligand (slab 3) was 25.5−1.1

1

Å, which also agreed with the approximate thickness of the

Figure 3. Molecular interaction at the interface between the coating ligands of the adsorbed AuNRs and the SOPC bilayer. Initial system setup
and snapshots from a representative trajectory of the (a) CTAB-Au and (b) PDC-Au systems. (a) ThreeCTAmolecules detached from the outer
leaflet of the CTAB bilayer and inserted into the outer leaflet of the SOPC bilayer. Once inserted, the CTAmolecules diffused in the leaflet. The
detached, membrane-inserted CTA molecules are represented as VDW spheres in magenta. (b) The PDDA layer stayed in between the CTAB
bilayer and the SOPCbilayer throughout the simulation. TheCTAB bilayer is colored in blue, the PDDA layer in green, and the SOPC bilayer in
gray. The ions are represented as VDW spheres (Br− in pink, Cl− in cyan, and Na+ in yellow). Water is in QuickSurf representation in cyan.
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ligands on the upside of PDC-Au. All XRR fitting parameters are
listed in Table 1.
Thickness Change of the SOPC Monolayer by Free

Ligand Characterized by X-ray Reflectivity. To investigate
whether cationic surfactant ligands also affect the SOPC
thickness, again we used XRR to characterize the monolayer
structure in the presence and absence of the free CTAB and
PDC. The 0.1 μg/mL CTAB was close to the concentration of
the free CTAB in the 10 μg/mL CTAB-Au dispersion and
therefore was used as the positive control of the experiment. As
expected, the thickness of the monolayer decreased after
incubation with 0.1 μg/mL CTAB (Figure S7a−c). The mean
thickness of the tail and the headgroup regions of the monolayer
were 12.3−0.8

0.9 Å and 7.1−1.8
1.8 Å, respectively (Table 1). The overall

thickness of the monolayer was 19.4−0.9
0.9 Å, which was ∼1.3 Å

thinner than that on pure water and ∼0.9 Å thicker than that on
the 10 μg/mL CTAB-Au subphase (18.5−1.1

1.2 Å). The difference
between the monolayer thicknesses of the CTAB-Au and CTAB
systems suggested that the decreased thickness of the monolayer
on the CTAB-Au subphase was due to both the released CTA
and the adsorbed CTAB-Au. Moreover, as the concentration of
the CTAB subphase increased, the thickness of the monolayer
decreased and the surface area increased (Figure S8a−c). The
increased surface area indicated the insertion of CTA into the
monolayer. Table 1 and Table S1 list the XRR fitting parameters

for the SOPC monolayer on different concentrations of the
CTAB subphase.
For PDC, the 0.05 μg/mL PDC has the same amount of

quaternary ammonium groups as that in the 0.1 μg/mL CTAB
and was used as the positive control. Unlike the unchanged
thickness of the monolayer on the PDC-Au subphase, the
thickness decreased from 20.7−0.8

0.9 Å to 19.8−0.8
1.2 Å on the PDC

subphase, suggesting that the free polyelectrolyte ligand caused a
decrease in the monolayer thickness.17,33 In addition, the
thickness decreased as the concentration of PDC increased
(Figure S8d,e). Similar to the change in the surface area of the
monolayer with CTAB and CTAB-Au, the surface area
increased after incubation with PDC, which suggested the
insertion of PDC into themonolayer (Figures S7d and S8f). The
XRR fitting parameters for the SOPC monolayer on different
concentrations of the PDC subphase are listed in Table 1 and
Table S2.
Both CTAB and PDC carry positive charges and reduce the

monolayer thickness in a concentration-dependent manner.
However, the stability of the ligands on the surface of AuNRs has
a significant influence on their ability to change the monolayer
structure. Based on the Kd values, PDC is more stable than
CTAB on the surface of AuNRs (Figure 1b,c). Therefore, as
PDC-Au adsorbs to the phospholipids, PDC is less likely to
detach from PDC-Au or insert into the lipid layer (Figure 2e).
On the contrary, CTAB is less stable on CTAB-Au and CTA is

Figure 4. Interaction energies between the coating ligands of AuNRs and SOPC and changes in the membrane thickness by CTA insertion. The
electrostatic (black) and vdW (red) interaction energies of SOPC with (a) the three inserted CTA molecules and with (b) one PDDA chain of
the PDDA layer in the first 150 ns simulations. Note that the time scale in the first 10 ns is zoomed-in to show the rapid decrease of energies as
the detached CTAmolecules merged into the lipids. The open circles and squares represent the raw energy data plotted every 0.1 ns before 10
ns and every 0.5 ns afterward. The solid lines are themoving average data in which the raw energy data were averaged every 1 ns before 10 ns and
every 5 ns afterward. (c) Membrane thickness of the four heterogeneous membrane systems. (d) Average z positions of the P atoms in SOPC
head groups (PSOPC, solid lines) and theN atoms in CTAhead groups (NCTA, dashed lines) in the two leaflets of the fourmembrane systems. The
center of mass of eachmembrane was set to 0. For the systemwith 50% inserted CTA, the data are the average of three independent trajectories,
and the error bars represent the standard error of the mean.
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Figure 5. Effects of ligand stability on the membrane integrity and cytotoxicity. (a, b) Schematic diagrams showing how cationic surfactant and
polyelectrolyte ligands change the structures of the lysosomal membrane. (c) Viability of THP-1 cells exposed to different concentrations of the
ligand-coated AuNRs or the free ligands for 24 h measured by a CCK-8 assay. Unexposed cells were used as the negative control (Ctr), and the
cells treated with 2 μg/mL polyethylenimine (PEI) were used as the positive control. The relative cell viability was expressed as the percentage
of the absorbance of the sample relative to that of the negative control. (d) Time-dependent cellular uptake of CTAB-Au and PDC-Au at 10 μg/
mL. (e) Change in the cytoplasmic membrane permeability in serum-free media determined by LDH assay. The cells treated with Triton-X100
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likely to detach from the CTAB bilayer and intercalates into the
lipid layer. As a result, the lipid structure is affected when CTAB-
Au adsorbs to the phospholipids (Figure 2d).
MD Simulations of the Interactions between Coating

Ligands and SOPC. To further understand the molecular
mechanism at the interface, we used MD simulations to study
the structural details of the interactions between the adsorbed
AuNRs and a SOPC bilayer. We performed 12 independentMD
trajectories to study the interaction between CTAB-Au and a
SOPC bilayer. Six of the trajectories started with an initial
structure in which the CTAB bilayer was placed closer to the
SOPC bilayer along the z-axis. In two of the six trajectories, we
observed one CTA molecule that detached from the CTAB
bilayer and inserted into the lipids from 1 and 133 ns,
respectively (Figure S9 and Movie 2). The other six trajectories
began with a structure in which the CTAB bilayer was slightly
more distant from the lipid bilayer. Out of the six trajectories,
four had one CTA molecule and one had three CTA molecules
detaching from the CTAB bilayer (Figure 3a and Movie 1) and
merging into the lipids within 20 ns. The distance between the
two bilayers provided space for the CTA molecules either (i) to
detach from the outer leaflet of the CTAB bilayer, which was
facing water, and then to insert into the outer leaflet of the
membrane as we saw in Figure 3a and Movie 1, or (ii) to detach
from the inner leaflet of the CTAB bilayer, which was facing
AuNR, and then to insert into the inner leaflet of the membrane
in the periodic image at the +z direction, as we saw in Figure S9
andMovie 2 because we did not constrain the inner leaflet of the
CTAB bilayer in the simulations. In reality, AuNRs should
constrain the movement of the CTA molecules in the inner
leaflet such that they have no access to the membrane. In the
simulations, we intended to examine the preferred movement of
the released CTA molecules and therefore did not apply
constraints to them. Interestingly, the detached CTA molecules
preferred to insert into the membrane in the periodic image
more than to fall back to the inner leaflet of the CTAB bilayer.
Nevertheless, case (ii) happened less frequently. Only one out of
the seven trajectories with CTA insertion belonged to case (ii),
and the insertion occurred later in time (from 133 ns) (Figure
S9). In contrast, PDDA molecules in the PDC-Au system were
more stable. In all six trajectories we performed, the PDC layer
stayed in between the CTAB bilayer and SOPC throughout the
simulations (Figure 3b and Movie 3).
To analyze the effect of the CTA molecule in the SOPC

bilayer on the lipids, we calculated the electrostatic and vdW
interaction energies between the inserted CTA and the lipids in
the seven trajectories that had inserted CTA molecules. Both
interaction energies decreased when the CTAmolecules merged
into the membrane, and the insertion of one CTA molecule
corresponded to a −40 kcal/mol decrease in the vdW
interaction energy. The trajectory with insertion of three CTA

molecules that we displayed in Figure 3a shows a decrease of 120
kcal/mol in the vdW interaction energy (Figure 4a). On the
other hand, the interaction energies of the PDC-Au system
remained quite stable (Figure 4b).
To assess the effect of the inserted CTA molecules on the

thickness of the SOPC bilayer, we constructed heterogeneous
membranemodel systems of a SOPC bilayer with 0%, 10%, 20%,
and 50% inserted CTA. For each of the four systems, we
characterized the thickness of the lipid bilayer by two different
methods. One method measured the distance between the
average z position of the phosphorus atoms of the lipids in the
two leaflets.34 The thickness of the lipid bilayer decreased,
especially with a higher concentration of CTA. With 50%
inserted CTA, the bilayer thickness decreased from 41 Å to 38 Å
(Figure 4c). The other method measured the water density
along the z-axis. We defined the thickness of one leaflet of the
SOPC bilayer to be the distance between 0 and 1/3 of the
maximum water density. With 50% inserted CTA, the thickness
of one leaflet decreased from 21.5 Å to 19.5 Å (Figure S10),
which agreed very well with the XRR measurements of the
SOPC monolayer thickness. Further analysis of the headgroup
positions of SOPC and CTA revealed that with a higher
concentration of inserted CTA the headgroup positions of the
lipids became lower, aligning with the headgroup positions of
the inserted CTA (Figure 4d). Together, the inserted CTA
molecules affect the membrane structure and decrease its
thickness. It is worth mentioning that differences exist in the
physical structures of the monolayer and bilayer of SOPC. The
bilayer is symmetrical, in which the hydrophobic tails are buried
inside and the hydrophilic heads are facing the aqueous phase.
On the contrary, the monolayer is asymmetrical, in which the
hydrophobic tails are facing the air while the hydrophilic heads
are distributed in the water. However, both the monolayer and
bilayer of SOPC are similar at the lipid−water interface, where
the ligands of AuNRs adsorb and interact. This similarity
supports the interface comparison between the AuNRs-SOPC
monolayer by X-ray experiments and the AuNRs-SOPC bilayer
by the simulations.

Stability of the Ligands on AuNRs Modulating Cell
Viability and Membrane Integrity. Next, we verified the
influence of ligand stability of NPs at the cellular level. In Figure
5a and b, the surface of NPs is immediately coated by serum
proteins to form a protein corona−NP complex. Serving as a
physical barrier, the coatings of the protein corona change the
surface properties of NPs and prevent the cell membrane from
directly contacting with the surface ligands of NPs.11,12 The
complex is then internalized by cells, trapped in the vesicles, and
transported to endosomes and lysosomes. In these organelles,
the coating proteins will detach from the surface of NPs and the
ligands on the surface can contact the lysosomal membrane. As a
result, the NPs coated by cationic surfactant ligands impair and

Figure 5. continued

at a concentration (w/w) of 0.2% were used as the positive control. (f) Change in the lysosomal membrane permeability determined by flow
cytometry. The lysosomal membrane permeability was expressed as the percentage of the cells with a low AO fluorescence intensity. (g, h)
Assessment of lysosomalmembrane integrity after the exposure to CTAB-Au and PDC-Au. (g) THP-1 cells were stained by AO and observed by
confocal microscopy. Red fluorescence represents intact endosomes/lysosomes at acidic pH. When the integrity of the lysosomal membrane
decreases and pH increases, the intensity of red fluorescence weakens and becomes dominated by green fluorescence. Scale bar: 20 μm. (h)
THP-1 cells were stained byMagic Red and Hoeschst 33342 (blue for the nucleus) and observed by fluorescence microscopy. Red fluorescence
indicates the release of the lysosomal cathepsin B to the cytoplasm, suggesting damage of the lysosomalmembrane. Scale bar: 30 μm. (c−f) Data
are the average of four independent replicates. Error bars represent the standard errors. The significant difference between the sample and the
control at p < 0.05 is indicated by a single asterisk, and that at p < 0.01 by a double asterisk.
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penetrate the lysosomal membrane and then are released in the
cytoplasm, which induced inflammation. Conversely, the NPs
with polyelectrolyte coatings remain in the lysosome due to
negligible effects on the membrane. In these cases, it is improper
to observe the effects of ligand stability on the cytoplasmic
membrane structure in the presence of serum proteins. Herein,
we focus on how the ligand properties of the intracellular NPs
affect the lysosomal membrane.
In detail, to study the effects of AuNRs on biological

membranes at the cellular level, we usedmacrophages as amodel
to evaluate the integrity of cytoplasmic and lysosomal
membranes when the cells were exposed to the AuNRs and
the free ligands. We used macrophages (dTHP-1) to evaluate
the cytotoxicity of both the ligand-coated AuNRs and ligands.
Based on the CCK-8 assay, both CTAB and CTAB-Au induced
concentration-dependent cytotoxicity. On the contrary, PDC
and PDC-Au had negligible effects on cell viability even at high
concentrations (Figure 5c). Furthermore, the amount of
intracellular NPs is considered as a determinant factor for
biological effects. Hence we studied the uptake of NPs by
macrophages after incubation with 10 μg/mL AuNRs for 3, 6,
12, and 24 h. ICP-MS results show that the uptake of both
CTAB-Au and PDC-Au is time-dependent; however, more
PDC-Au was endocytosed than CTAB-Au (Figure 5d). This was
partly due to the difference in the amount of serum proteins
adsorbed on the two types of NPs.35 Although more PDC-Au
was endocytosed, it induced negligible cytotoxicity and little
damage to the membrane.
To verify the influence of NPs on cell membrane integrity, we

exposedmacrophages to the ligands or the ligand-coated AuNRs
in a serum-free culture medium and then measured the released
lactate dehydrogenase (LDH) in the medium (Figure 5e). The

results of the LDH assay showed that both CTAB andCTAB-Au
increased the cytoplasmic membrane permeability, but CTAB-
Au had a stronger effect than CTAB. Compared with the
negative control, PDC caused only slight damage to the cell
membrane, while PDC-Au did not affect the membrane
permeability. These results were consistent with the XRR
measurements.
Next, we monitored the structural integrity of the lysosomal

membrane upon exposure to the AuNRs. Lysosome is one of the
major organelles where NPs are deposited when they enter the
cell. Inside the lysosome, the coated proteins on the NPs are
removed such that the coating ligands are exposed to the
lysosomal membrane.36 Herein, a pH-sensitive probe, acridine
orange (AO), was used to detect lysosomal membrane
permeability (LMP), and the fluorescence intensity of the
macrophages was measured by flow cytometry (Figure 5f). AO
exhibits red fluorescence in acidic lysosomes; however, the color
changes from red to green when the pH value becomes
neutral.34 Both CTAB and CTAB-Au significantly increased
LMP in a concentration-dependent manner, but CTAB-Au
caused higher permeability than CTAB, which suggested that
both the free ligand and CTAB-Au induce membrane damage.
In contrast, LMP increased only slightly as the concentration of
PDC increased, and PDC at 0.05 μg/mL had negligible effects
on LMP (data not shown). Similarly, PDC-Au did not cause
membrane damage even at 10 μg/mL. Comparing CTAB and
PDC, both decreased the integrity of the lysosomal membrane at
the concentration of 0.5 μg/mL; however, CTAB caused more
severe damage than PDC. The cells treated with polyethyleni-
mine (PEI) were used as the positive control. PEI exhibits
considerable buffer capacity in lysosomes, which leads to
lysosome swelling and potential rupture of the lysosomal

Figure 6. Intracellular localization of CTAB-Au and PDC-Au byTEM imaging. (a, b) TEM images of control cells. (c, d; e, f; g, h) Representative
TEM images showing the locations of AuNRs after incubation with CTAB-Au for 3 h (c, d), 6 h (e, f), and 24 h (g, h), respectively. (i, j; k, l)
Representative TEM images showing intracellular AuNRs after incubation with PDC-Au for 6 h (i, j) and 24 h (k, l), respectively. (b, d, f, h, j,
and l) Zoom-in images of the insets of a, c, e, g, i, and k, respectively. The arrows in blue, green, and yellow denote the AuNRs in the endosomes,
lysosomes, and phagosomes, respectively. The red ones show the AuNRs in the cytoplasm. Scale bar: 1 μm.
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membrane, resulting in high LMP.37,38 At 2 μg/mL, PEI caused
strong LMP, where the pH values changed from acidic to
neutral. We further observed the structure of the lysosomal
membrane after treatment with the AuNRs by confocal
microscopic imaging for AO (Figure 5g). The imaging results
showed red fluorescence (vesicular structures) in untreated
(control) and the PDC-Au-treated cells, indicating intact
lysosomal membranes. After PEI or CTAB-Au treatment, the
red fluorescence signals were replaced by green or yellow
fluorescences, suggesting an increase in pH and a decrease in
membrane integrity. In addition to AO, we used the Magic Red
assay, which is not pH dependent, to detect lysosomal
membrane integrity (Figure 5h). Magic Red cathepsin B
substrate was used to stain the cells. If the lysosomal membrane
is damaged, cathepsin B, a lysosomal enzyme, will be released
from the lysosome to the cytoplasm, where the enzyme will
convert the nonfluorescent substrates to the product with strong
red fluorescence signals that is detectable by light microscopic
imaging. The imaging results again showed that CTAB-Au
rather than PDC-Au impaired the lysosomal membrane.
Together, flow cytometry and imaging provided evidence that
CTAB-Au increases the lysosomal membrane permeability.
Furthermore, we observed intracellular locations of CTAB-Au

and PDC-Au by TEM. After 3 h of uptake, most CTAB-Au was
found in the endosomes, lysosomes, and phagosomes (Figure
6c,d). However, after 6 and 24 h, some CTAB-Au was found in
the cytoplasm (Figure 6e−h). The result that CTAB-Au was
released from lysosomes/endosomes into the cytoplasm also
supported the argument that CTAB-Au had damaged the
lysosomal membrane and the observations in the AO andMagic
Red imaging (Figure 5g and h). Conversely, PDC-Au remained
in the endosomes, lysosomes, and phagosomes after 6 and 24 h
of uptake (Figure 6i−l), which suggested negligible effects of
PDC-Au on the lysosomal membrane integrity. In conclusion,
the intracellular location of AuNRs explains the distinct effects of
CTAB-Au and PDC-Au on the structure of the lysosomal
membrane.
Proinflammatory Effect of AuNRs Due to Low Stability

of Surface Ligands. We further evaluated the inflammatory
response following the change in the lysosomal membrane
permeability triggered by the ligand-coated AuNRs and the free
ligands using RT-PCR and ELISA. The increased permeability
of the lysosomal membrane may promote the release of
proteolytic enzymes and cathepsins from the lysosome to the
cytoplasm, which is highly correlated with the activation of
inflammation, as well as the maturation and the secretion of
proinflammatory cytokines such as IL-1β.39 At the mRNA level,

macrophages highly expressed IL-1β after exposure to PEI,
CTAB, and CTAB-Au, which show a time- and concentration-
dependent response. Compared with CTAB and CTAB-Au,
PDC and PDC-Au induced much less change in the mRNA
expression (Figure 7a). At the protein level, a similar trend was
observed. Based on ELISA, PEI, CTAB, and CTAB-Au
significantly promoted the secretion of IL-1β. Particularly,
after exposure to 5 and 10 μg/mL CTAB-Au for 24 h, the
amounts of secreted IL-1β were increased by about 10-fold and
16-fold, respectively. The secretion of IL-1β increased only
slightly by PDC and had a negligible change by PDC-Au (Figure
7b).
Therefore, the inflammation induced by the ligand-coated

AuNRs was directly correlated with the integrity of the
lysosomal membrane, which was largely due to the stability of
surface ligands on the AuNRs. Both ligands and CTAB-Au
induced inflammation due to their interactions with the
lysosomal membrane and the subsequent change in the
membrane structure. Moreover, CTAB-Au triggered a stronger
inflammatory response than CTAB, while at the same
concentrations PDC-Au did not promote inflammation due to
negligible effects on the lysosomal membrane structure. That is
to say, cationic surfactant-coated NPs (CTAB-Au) induced
much stronger inflammation than polyelectrolyte-coated ones
(PDC-Au) due to distinct interactions of ligands with the
lysosomal membrane and the subsequent change in the
membrane structures.
Based on our findings, strategies to anchor ligands on the

surface of NPs are thus important for biomedical applications.
For example, the conjugation of PEI and other polymers to NPs
can significantly reduce the acute toxicity induced by free PEI37

and increase transfection capability.40,41 In addition, to reduce
the toxicity of cationic surfactant-coated NPs, the surfactant
molecules can be either coated by layered polyelectrolytes29 or
stabilized by polymerization, cross-linking,13 and other chemical
modifications for better adsorption.42

CONCLUSIONS
In summary, combining X-ray liquid surface scattering
techniques with MD simulations, we have uncovered the
mechanism of membrane structural change due to the different
self-assembled structures and the stability of the coating ligands
on AuNRs. In the CTAB-Au system, the CTA molecules form a
bilayer structure on the surface of AuNRs, while the binding
affinity between CTA and CTAB-Au is low. As a result, when
CTAB-Au is in contact with the membrane surface, some CTA
molecules may detach from the CTAB bilayer. The released

Figure 7. Effects of ligand stability on the inflammatory responses of macrophages. (a, b) Inflammation probed with IL-1β expression at (a) the
mRNA level and at (b) the protein level. Data are the average of four independent replicates. Error bars represent the standard errors. The
significant difference between the sample and the control at p < 0.05 is indicated by a single asterisk and that at p < 0.01 by a double asterisk.
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CTA molecules may intercalate into the membrane and cause a
decrease in the membrane thickness. The resulting change in the
membrane structure is directly associated with cytotoxicity and
inflammatory responses. In constrast, in the PDC-Au system, the
PDC molecules are stable on the surface of AuNRs and have
negligible effects on the membrane thickness, cytotoxicity, and
inflammation. Together, our study provides structural aspects of
the important contribution of ligand stability on the surface of
NPs to the modulation of nanotoxicity and inflammatory
responses. To the best of our knowledge, this is a direct
observation of the transfer of unstable ligands released from the
surface of membrane-bound NPs to the phospholipid layer. Our
results support the engineering of NPs to release surface coating
molecules onto membranes for functional design. It is therefore
important to consider the properties of coating ligands and the
structures of bio−nano interfaces when we explore the biological
effects of NPs. The applied quantitative analysis of the interface
structures also helps explore the interaction between NPs and
biological systems, which has promising applications for both
nanosafety assessment and rational design of NPs in the future.

MATERIALS AND METHODS
Preparation of Ligand-Coated AuNRs. CTAB-Au and PDC-Au

were prepared according to previous publications.29 CTAB-Au is a
pristine AuNR coated with a CTAB bilayer. PDC-Au is a pristine AuNR
with three surface coatings, including a CTAB bilayer, which makes up
the innermost layer, followed by PSS in the middle layer, followed by
PDC in the outermost layer. Figure S1 shows the structural formulas of
the three coating ligands and a schematic diagram of this layer-by-layer
deposition process of the ligands on the surface of a AuNR. The
concentrations of the stock solutions of the Au elements and the CTAB
and PDC were 100 μg/mL, 36.4 mg/mL (0.1 M), and 5 mg/mL,
respectively. About 50 mL of the CTAB-Au and PDC-Au dispersions
were each centrifuged twice at 9000 rpm for 10 min to remove the
excess ligands in the supernatant. After the first centrifugation, about
0.25 mL of the supernatant remained and 49.75mL of water was added.
Then, the second centrifugation was done, and 0.25 mL of supernatant
was left to disperse AuNRs. The final concentration of AuNRs was 20
mg/mL, while the concentrations of CTAB and PDC were
approximately 0.18 mg/mL and 25 μg/mL, respectively. For the
following experiments, the concentrations of the AuNRs were diluted to
10 μg/mL, while those of the free CTAB and PDC were ∼0.11 μg/mL
and ∼12.5 ng/mL, respectively.
Characterization of Ligand-Coated AuNRs. The diluted ligand-

coated AuNRs at 100 μg/mL were then placed on copper grids and
dried for TEM imaging (FEI Tecnai F-20) to record the sizes and
shapes. The surface charges were measured using 50 μg/mL of the
ligand-coated AuNRs in deionized water before and after incubation
with fetal bovine serum by a zeta potential and dynamic size analyzer
(Malvern Zeta Sizer Nano ZS). For the serum incubation, the ligand-
coated AuNRs were each added in a cell culture medium containing
10% fetal bovine serum for 30 min. Then the dispersions were
centrifuged at 9000 rpm for 10 min, and the precipitates were
suspended in water before zeta potential measurement. The
thermodynamics parameters for the interaction of CTAB and PDC
with the corresponding ligand-coated AuNRs were measured by ITC at
37 °C. In total, 250 μL of 0.7 mM CTAB was titrated into 1 mL of 3.5
nM CTAB-Au in water, and 250 μL of 0.5 mM PDC was titrated into 1
mL of 50.25 nM PSS-Au in water.
X-ray Reflectivity and Grazing Incidence X-ray Off-Specular

Scattering. XRR and GIXOS were employed on a liquid surface
reflectometer on the ChemMatCARS 15-ID-C beamline at the
Advanced Photon Source at Argonne National Laboratory.43,44 The
energy of incident X-rays was 10 keVwith a wavelength of 1.238 94 Å. A
60 mL single-barrier Langmuir trough with dimensions of 7.78 (W) ×
17.8 (L) × 0.3 (H) cm3 was used for the in situ XRR and GIXOS
experiments. As the ligand-coated AuNRs tend to aggregate in

phosphate-buffered saline (PBS), pure water was used to mitigate the
aggregation. A SOPC monolayer was spread on the surface of water. A
target surface pressure of 20 mN/m was maintained to be similar to the
physiological states of most biological membranes.20 Either CTAB-Au
or PDC-Au dispersion was injected into the subphase, which was
continuously stirred for 40 min at 120 rpm with a Teflon-coated
magnetic bar to disperse the nanoparticles and to improve their
adsorption to SOPC. Then, the reflectivity was measured by a two-
dimensional hybrid pixel array X-ray detector (PILATUS 100 K).45,46

The final concentrations of the ligand-coated AuNRs were 5 and 10 μg/
mL. The concentrations of CTAB were 0.1, 0.5, and 1.0 μg/mL. To
keep the same amount of the quaternary ammonium groups as that in
CTAB, the corresponding concentrations of PDC were 0.05, 0.25, and
0.5 μg/mL, respectively.

XRR measures the intensity of the reflected X-ray as a function of
incident angle, α, with respect to the plane of the liquid surface in the
specular condition. A schematic diagram of the experimental setup and
the scattering geometry is illustrated in Figure 1d. Qz is the component
of the wavevector transfer of the reflected X-rays, Q⃗, in the z-direction
normal to the surface. The relationship betweenQz and α is given by eq
1.

π λ α=Q (4 / )sin( )z (1)

The reflectivity, R(Qz), is the intensity of the reflected X-rays
normalized by the intensity of the incident X-rays. R(Qz) is often
normalized by Fresnel reflectivity, RF(Qz), which is a theoretical
reflectivity for an ideal flat abrupt interface between vacuum and a bulk
phase. The deviations of R(Qz) from RF(Qz), the R(Qz)/RF(Qz) values,
were analyzed to obtain the electron density profile of the interface
normal to the surface by the slab model32,47 with the Parratt recursive
algorithm.48 After data collection, XRR data were analyzed and the best
fits of the data were obtained based on a model-dependent and iterative
fitting procedure.

In GIXOS, incident X-rays at a fixed angle (α = 0.1016°) were used.
The incident angle was below the critical angle of the subphase (αc =
0.123°) for total external reflection. The GIXOS data were collected
simultaneously at a wide range of scattering angles, β, from 0° to 7.5°,
which covered Qz from 0.01 to 0.658 Å−1, with an azimuthal angle θ of
0.3°. The detector was placed 550 mm downstream of the sample. The
GIXOS experimental setup and the background measurements have
been described in detail in a previous study.26

Slab Model.32 The average electron density distribution along the
surface normal, ⟨ρ(z)⟩, describes the interface structure and is related to
the specular X-ray reflectivity, R(Qz), in the “master formula”.43 Due to
taking the absolute value of the integral of ⟨ρ(z)⟩, all information on the
phase is lost. To recover ⟨ρ(z)⟩, a model of ρ(z) is numerically fitted to
the measured values of R(Qz).

The model is constructed by a sum of error functions.
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, N + 1 is the number of interfaces, ρi is the

electron density of slab i with ρN+2 = 0 and ρwater=0.333 e/Å
3, and zi and

σi are the position and roughness of interface i, respectively. The
thickness of slab i is defined as |zi+1 − zi|.

Molecular System Setup. To simulate the interactions of CTAB-
Au and PDC-Au with a SOPC bilayer, we considered the interactions
between the coating ligands of AuNRs and the lipids. Compared with
CTAB, the Au atoms of CTAB-Au are relatively distant from the lipids
and their contributions to the interactions are small and therefore
neglected (but to be consistent with the naming in the experiments
above, we still called it “CTAB-Au”). Similarly, the Au atoms of “PDC-
Au” were also neglected. Essentially, AuNRs provided an anchor for the
CTAB and PDC layered structures.

The SOPC bilayer was generated by the Membrane Builder of
CHARMM-GUI47 with dimensions of 80 Å × 80 Å. The CTAB bilayer
was made of a total of 312 CTA, with 156 CTA at each leaflet. The size
of the CTAB bilayer was 79 Å × 70 Å. The PDDA layer consisted of a
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total of 182 DDA with dimensions of 76 Å × 73 Å. When constructing
the initial system of CTAB-Au, we placed the CTAB bilayer at two
different distances from the surface of the SOPC bilayer; the minimum
distances between the two bilayers were 0.23 Å (Figure S9) and 7.23 Å
(Figure 3a), respectively. Likewise, for the PDC-Au system, we placed
the PDDA layer above the membrane surface; the minimum distance
between the PDDA layer and the lipid bilayer was 1.16 Å. To prevent
the PDDA layer from moving away from the membrane surface in the
simulations due to lack of anchoring from the inner coating ligands or
AuNRs, we added the CTAB bilayer on top of the PDDA layer along
the z-axis for the structural support. The minimum distance between
the CTAB bilayer and the membrane was 8.73 Å.
To assess the effect of inserted CTA on the thickness of the SOPC

bilayer, we constructed heterogeneous membrane systems of a SOPC
bilayer with four different concentrations of inserted CTA, 0%, 10%,
20%, and 50%. The systems were first generated by the Membrane
Builder of CHARMM-GUI47 using SOPC lipids and stearic acids with
the following compositions: 100% SOPC, 90% SOPC + 10% stearic
acid, 80% SOPC + 20% stearic acid, and 50% SOPC + 50% stearic acid.
Then for each system, we mutated the stearic acids to CTA. The system
sizes were around 80 Å × 80 Å.
Molecular Dynamics Simulation. The two CTAB-Au systems

and one PDC-Au system constructed above were each solvated in the
center of an 80 Å× 80 Å× 115 Å water box. For each of the two CTAB-
Au systems, 312 water molecules were replaced by 312 bromide ions,
while for the PDC-Au system, 182 water molecules were replaced by
182 chloride ions. The resulting systems were neutralized with
counterions and ionized with 150 mM NaCl. The initial setups for
the three systems are shown in Figures 3 and S9.
Each of the three systems was subjected to 12 000 steps of energy

minimization, followed by a 1.2 ns equilibration with a harmonic
restraint on the phosphorus atoms of SOPC and the nitrogen atoms of
CTA. The force constant was 1 kcal/mol/Å2. After the first
equilibration, a harmonic restraint with a force constant of 0.1 kcal/
mol/Å2 was applied to the same selected atoms. The systems were
equilibrated again for 1.2 ns. Finally, the restraints were relieved, and a
300 ns trajectory was generated for each system in a production run.
Similarly, the four heterogeneous membrane systems (100% SOPC,

90% SOPC + 10% CTA, 80% SOPC + 20% CTA, and 50% SOPC +
50% CTA) were each solvated in the center of an 80 Å × 80 Å × 80 Å
water box. For the 10% CTA system, 22 water molecules were replaced
by 22 bromide ions; for the 20% CTA system, 44 water molecules were
replaced; for the 50% CTA system, 134 water molecules were replaced.
The resulting systems were then neutralized with counterions and
ionized with 150 mM NaCl. Again, each of the four systems was
minimized and equilibrated as described above before a 100 ns
production run. For the 50% CTA system, three independent
trajectories were performed.
All MD simulations were performed by the NAMD program49 in the

NPT ensemble at 1 atm and 310 K with a time step of 2 fs. In the two
equilibration runs, the area of the unit cell in the x−y planes was kept
constant, while in the production run, the ratio of the unit cell in the x−
y planes was kept constant. The CHARMM36 force field50 and TIP3P
water model51 were used. The Lennard-Jones parameters for bromide
ions were taken from a previous study.52 The nonbonding interactions
were calculated with a typical cutoff distance of 12 Å, while the long-
range electrostatic interactions were enumerated with the ParticleMesh
Ewald algorithm.53 For the two CTAB-Au systems and one PDC-Au
system, we performed six independent trajectories each.
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