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Abstract:

Nanomaterials have the potential to transform biological and biomedical research, with
applications ranging from drug delivery and diagnostics to targeted interference of specific
biological processes. Most existing research is aimed at developing nanomaterials for specific
tasks such as enhanced biocellular internalization. However, fundamental aspects of the
interactions between nanomaterials and biological systems, in particular, membranes, remain
poorly understood. In this study, we provide detailed insights into the molecular mechanisms
governing the interaction and evolution of one of the most common synthetic nanomaterials in
contact with model phospholipid membranes. Using a combination of atomic force microscopy
(AFM) and molecular dynamics (MD)simulations, we elucidate the precise mechanisms by which
citrate-capped 5 nm gold nanoparticles (AuNPs) interact with supported lipid bilayers (SLBs) of
pure fluid (DOPC) and pure gel-phase (DPPC) phospholipids. On fluid-phase DOPC membranes,
the AuNPs adsorb and are progressively internalized as the citrate capping of the NPs is
displaced by the surrounding lipids. AuNPs also interact with gel-phase DPPC membranes where
they partially embed into the outer leaflet, locally disturbing the lipid organization. In both
systems, the AuNPs cause holistic perturbations throughout the bilayers. AFM shows that the
lateral diffusion of the particles is several orders of magnitude smaller than that of the lipid
molecules, which creates some temporary scarring of the membrane surface. Our results reveal
how functionalized AuNPs interact with differing biological membranes with mechanisms that
could also have implications for cooperative membrane effects with other molecules.



Nanomaterials are widely reported as advanced biomedical
technologies, often showing promise where other macroscale
approaches have failed. For example, nanoparticles (NPs) have been
investigated as drug delivery vehicles,! nanomedicines? emerging
antimicrobials,? disease diagnostics,* cellular-imaging tools, and tumor
(cancer) treatments,6 among others2-47 The commonality between
most nanoparticle-based technologies is the need to interact with, alter,
and/or transverse a cell’s outer membrane in order to fulfill their function.1-3
This biological membrane serves as the protective barrier that isolates the
internal cell environment from the surroundings and poses a challenge
for nanomaterial internalization®  with  considerable  research
focused  on tailoring nanomaterials to facilitate this task.4-6
Strategies include functionalization of metal nanoparticles,”~9 the use of
nano-objects with various shapes!®-12 and altering the NPs surface
chemistry,13-15 as well as employing biological’6-1 and polymeric20.21
NPs. In all of these systems,2-2 the approach often relies on
mimicking the hydrophilicity profile of the membrane? or finding
ways to Interact with or avoid specific cellular components (proteins,
lysosomes, organelles, etc.).27-32 The underlying challenge is to achieve
control of the membrane—nanomaterials interactions, a task complicated
by the large number of different biomolecules present in most
biomembranes.

Phospholipids make up the bulk of the biomembrane, forming a
continuous bilayer that is the universal component of all cell
membranes.18.2223.25 Other biomolecules such as proteins and sugars
can be embedded or anchored in this bilayer structure, ensuring the
functionality of the membrane for cellular-scale processes such as
transmembrane trafficking, budding, endocy- tosis, and protein-
mediated channel regulation.18222325 The lipids not only play a
passive role in hosting functional biomolecules but also play an
active role in locally modulating the membrane mechanical
properties in response to external stimuli and by being involved
in adapting the molecular composition of both lipids and
proteins to best support the needs of the cell.2627 It is therefore
crucial to derive a comprehensive understanding of the
nanomaterial—lipid interactions (i.e., adsorption,!2 desorption,’
translocation,?8 and internalization/uptake®?) at the molecular level
to achieve the desired application goal. Several experimental studies
have outlined interactions between gold NPs (AuNPs) and model
membranes, including their adsorption dynamics.33-36 In
tandem, computational simulations have analyzed interfacial
nanomaterial-supported lipid bilayer (SLB) interactions.-3
Results highlight the importance of the particle composition, ligand-
cap dynamics, and the underlying membrane composi- tion. AuNP
inclusions can disrupt the mechanical stability and normal ordering
of the bilayer,2333-3 but the molecular interactions that underpin
these processes are far from trivial. The lipid headgroup chemistry, the
solution properties,® and the precise adsorption of nanomaterials
can all influence the macroscopic properties of the membrane.4.

To date, our understanding of the general features under-
pinning the interactions of nanomaterials with biomembranes remains
limited for several reasons. First, the majority of studies tend to focus
on the properties specific to a given material, functionalization, or
on its ability to achieve a particular task with respect to biological
systems.6891617 Second, academ- ic1410 and medical studies®
have typically focused on the biological responses of living cells
to nanomaterials via nonspecific bioassays, which provide limited
information about the mechanics of the nanomaterial —molecular
level interactions during the biophysical response.# This is partially
because observations at the nanometer scale can be hard to track on
living cells in real time.2 When available,24445 results often lack the
contextual information about the nanoscale environ- ment of a given
nano-object to relate interaction with function. As a result, global
properties are favored such as nanomaterial- induced changes in the
cell membrane stiffness, physicochem- istry, and adhesive
properties.4-16 More quantitative studies are needed which follow
single nano-objects in situ as they interact with biomembranes and
with sufficient resolution to gather contextual information about
the impact of the object on the organization and evolution of the
membrane.

Here, we provide such fundamental insights by focusing on a
system simple enough to allow for a clear interpretation of the results.
To do this, we investigate the interaction of AuNPs with phospholipid

bilayers in fluid and gel phases. Noble metal NPs are among the
most common type of NPs and can be functionalized for
various tasks, usually through the formationof a self-assembled
monolayer on the particle’s surface.46 This coating is also necessary
to ensure the stability of the particle given its small size. In this
study, we use citrate-capped AuNPs#-4 the default
capping and arguably the most
common form also widely available commercially.48-5¢ The
model biomembranes are also kept as simple as possible, using in each
case only one type of lipid molecule. This is to identify in detail the
generic interactions and processes likely to play a role in most systems
where NPs interact with biomembranes. We selected lipids with
zwitterionic headgroups to avoid probing obvious electrostatic
interactions. We comparatively examine fluid- and gel-phase bilayers
since the mobility of the molecules in the membranes is a key physical
parameter in controlling the evolution and fate of a given system. We
use SLBs where the membrane is loosely adhered to a solid
substrate, but maintaining a ~1 nm thick water layer> which
preserves
molecular mobility within the bilayer.56-% Synthetic SLBs!819
are often used as model systems for studying the fundamental
biophysical processes of cell membranes,7.20 because they offer full
control of the model membranes both chemically and
structurally.3-6! The fact that SLBs are supported is also
arguably a better representation of the crowded cell-wall
environment where biomembranes are heavily constrained by the
supporting cytoskeleton as well as often the glycocalyx.626 To
carefully follow the evolution of our model system, we use
a combination of atomic force microscopy (AFM) in solution and
molecular dynamics (MD) simulations. The former provides
local insight at the scale of single NPs while also allowing for
contextual information over the scale of hundreds of nanometers around
the NPs of interest. AFM can be used to track the evolution of the
system over a time period from tens of seconds to hours, matching the
relevant biological time scales. Complementarily, MD offers precise
atomistic insights into the interactions and possible penetration of
NPs in the bilayers, highlighting the relevant molecular motions and
mechanisms. The time scales accessible in MD are consistently
shorter but allow tracking of known phenomena such as ligand
exchange mechanisms.38/6465
Our systems comprise citrate-capped AuNPs, with a nominal
diameter of 5 nm, at the interface of an artificial biomembrane. SLBs of
pure  1,2-di(9Z-octadecenoyl)-sn-glycero-3-phospho-  choline
(DOPC) and  1,2-dipalmitoyl-sn-glycero-3-phospho-  choline
(DPPC) were self-assembled atop a muscovite (mica) surface
(Figure 1) and represent liquid-phase (fluid) (La) and gel-phase (Lg)
lipid bilayers, respectively. These systems provide insight into the
differing behavior of ultrasmall, citrate-capped AuNPs at these
biointerfaces. Figure 1 shows a stylized schematic of these
systems using constituents from the MD simulations.

RESULTS AND DISCUSSION

Atomic Force Microscopy Investigation. High-resolu- tion
amplitude-modulated (AM)-AFM imaging was conducted in liquid
using small-amplitude imaging protocols previously developed for
interfacial imaging of ionic solutes,048-52 viscous
fluids,#54753-58 and soft matter interfaces.3359 For all experi-
ments, surface-adsorbed flat lipid bilayers were formed via the
previously reported vesicle fusion method (see Figure S1).194142
Figure 2A shows representative low-resolution (5 ym X 5 ym) and
high-resolution (500 nm X 500 nm, insert) AFM height images of
a DOPC SLB. The bilayer surface is relatively homogeneous, with
spatially dispersed defects (see Figure 2A). Examining a smaller region
of the surface (indicated
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Figure 1. Schematic overview of the systems studied in this work by AFM and MD simulations. (A) DOPC and (B) DPPC are investigated as
model supported lipid bilayers at the mica interface. The systems are first investigated as pure lipid bilayer systems (without AuNPs) to provide
a baseline for comparison with systems where AuNPs are introduced. The AuNPs are nominally ~5 nm in size with a dynamic citrate ligand shell
adsorbed to the surface of the AuNP for a total diameter of ~6 nm. Muscovite is used as a typical support structure for the formation of uniform
SLBs, and a layer of interfacial water is known to form between the solid substrate and the bilayer with a surface-normal width of ~1 nm. The
water layer above the membrane, and NaCl ions (150 mM) are not shown. A schematic key is shown at the bottom of the images. Hydrogen
atoms are not shown, and lipid phosphate groups are represented as a single orange bead centered on the phosphorus atom for clarity.

by the blue box, Figure 2A) shows that the lipid bilayer surface is
relatively unremarkable (see Figure 2A, inset). These images are
commensurate with a flat, continuous adsorbed lipid bilayer. In a
standard AFM experiment, such as that performed here, no
direct chemical data is provided, meaning that confirming the
presence of a continuous lipid bilayer cannot be achieved by
images alone since the bilayer appears as smooth as the
underlying mica surface. To confirm the presence of the lipid
bilayer, we used force spectroscopy (Figure 2B); the AFM tip is
moved toward the substrate at a selected location while tracking
the force it experiences. These so-called force curves show a
characteristic step as the tip ruptures the bilayer when pressing
with more than ~3 nN force (Figure 2B). The rupture force
depends on many parameters including the tip geometry, the
type of lipids composing the bilayer, and the environment, but it
unambiguously indicates the presence of a bilayer. Past the
rupture point, the cantilever then presses on the mica substrate
supporting the DOPC membrane, revealing a total bilayer
thickness close to ~5 nm, consistent with previous AFM
investigations.1960-63 This assertion is further supported by
analysis of supported lipid bilayer patches (SLBPs) which are
formed at lower concentrations (see Figure S2). Figure S1 and
its supported text provides further explanation in the Supporting
Information.

Following confirmed SLB formation, a 1 yL aliquot of the
AuNP solution (5 X 10%3 particles/ mL) was introduced to the
system, meaning that ~5 X 10 particles could equilibrate with
the SLB. The citrate-capped AuNPs employed in this study were
confirmed to be face-centered cubic (fcc) with a diameter of 5.0

+ 0.6 nm by transmission electron microscopy and dynamic
light scattering (see Figure S4). The underlying mica surface is
circular with a diameter of 1 cm, equivalent to ~700 particles/
pm2 It should be noted, however, that this is only an estimate,
and the number of surface-bound AuNPs is expected to be lower
than this, as not all particles will migrate to the interface from
solution immediately.

Figure 2C shows representative 5 ym X 5 um AFM height
images of a DOPC SLB following addition of the AuNPs. This
image was collected a few minutes after AuNP exposure (see also
Figure S5 for the associated phase data). Visual inspection of the
image reveals distinct protrusions at various locations.
Interestingly, the defects, or “holes”, noted in the pure DOPC
system have vanished from the SLB. The protrusions appear as
three subtly different entities atop the SLB, which have been
highlighted by different colored arrows: (1) individual, stable
dots with a size less than 10 nm (blue arrows); (2) larger,
aggregate-like structures (green arrows); and (3) streak-like
marks (yellow arrows). As AuNPs are the only new material
added to the system, the observed structures can be ascribed to
the AuNPs and interpreted as follows: (1) the individual dots are
attributed to surface-adsorbed, individual AuNPs from solution
(Figure 2E); (2) the larger structures are aggregates of two or
more AuNPs, which are expected in nanoparticle systems
without strong stabilizing agents (such as those investigated
here); and (3) the streak marks are a scan artifact caused by the
dislodgement of AuNPs by the AFM tip. The latter is expected
for loosely adsorbed material as it can be readily moved by the

tip—sample forces applied during AFM imaging.” This could
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Figure 2. DOPC SLBs at the mica interface with and without AuNPs. High-resolution AFM images of (A) A SLB formed on a mica substrate via
self-assembly (vesicle fusion method). (B) Force curve profile of the pure DOPC SLB (purple) and DOPC + AuNPs systems (orange). The inset
shows a histogram of the average bilayer rupture force for both systems (1 = 50 force curves). Raw deflection vs. distance data is provided in
Figure S3. (C) A 5 ym x 5 pm height image of a DOPC SLB obtained following introduction of the AuNPs (concentration: 5.5 x 103 particles/
mL). The blue arrows point to adsorbed particles; the yellow arrows show streak lines in the image, where the AuNPs are moved by the AFM
cantilever due to their adsorption not being complete, and the green arrows show AuNP aggregates. The inset shows the average particle height
of 50 AuNPs adsorbed to the underlying SLB as a histogram. (D) 80 nm x 80 nm height images of a AuNP during SLB adsorption (left) and/or
inclusion (right). Phase data are shown as insets (bottom right). The height difference is shown by the overlaid height profile representing the
comparative height of the AuNP above the bilayer. Note: it appears less than the expected ~5 nm measured from TEM in both cases (see Figure
S4). (E) Example time-lapse images obtained in the same scan region, highlighting that the particle is not static but rather slightly mobile. (F)
(Left) Particle position monitored from the central point of the particle as a function of time from the series of images represented in panel E.
(Right) Mean squared displacement (MSD) of the particle across/within the DOPC membrane plotted as a function of time.

highlight regions at which AuNP adsorption was incomplete or 60% reduction compared to the pure DOPC system. The fact

comparatively weaker than at other places. that the force decreases rules out possible tip aging or blunting

Force spectroscopy of the DOPC SLB—AuNP system reveals which would have the opposite effect. Further, the force profiles
on average a subtly different force profile compared to the routinely appeared less distinct, with wobbles and less distinct
DOPC (see Figure 2B). The apparent membrane thickness “jump-ins”, despite identical acquisition settings. This hints at
remains ~5 nm, but the required rupture force significantly the presence, or uptake/incorporation, of the AuNPs causing

decreases to 1.2 = 0.5 nN (Figure 2B, inset). This represents a destabilization of the SLB.



The evolution of single, surface-adsorbed AuNPs is
exemplified by Figure 2D (right) where the initial height of
~3 nm progressively reduces to ~0.9 nm. Moreover, the particle
subsequently is no longer visible in the phase data (see Figure
2D, insets). While the precise interpretation of the phase
contrast is not simple, it is sensitive to the stiffness of the
sample.!? Here, this indicates that the stiffer AuNP is initially
exposed to the cantilever and responsible for the contrast in
phase data but gets progressively embedded into the membrane
(Figure 2D) as the contrast decreases due to the gentle imaging
conditions. This interpretation is confirmed by a survey of
particle heights taken from multiple AFM images, which showed
an average value of 2 + 1.1 nm (see Figure 2C, inset).
Considering the average measured thickness of the bilayer (~5.5
nm), and that of the estimated solvation layer between the
bilayer and mica surface (~1 nm), we assume that the ~5nm
AuNPs are not touching the mica surface but are embedded
within the bilayer core, thus enabling their diffusion across/
within the bilayer without directly interacting with the mica.

To track the dynamics of the AuNPs once embedded in the
membrane, time-lapse AFM images of a single AuNP show its
diffusion into the membrane (Figure 2E). The time interval
between two consecutive images is ~40 s. The particle’s position
appears to move over time, and its center of mass was tracked for
~45 min (Figure 2F, left). From the mean squared displacement
of the particle over time, we estimate its 2D diffusion to be Dxp
~ 0.5 nm?/s (Figure 2F, right). To assess whether this value is
significantly influenced by the scanning AFM tip, the AFM
imaging force was estimated during these experiments. We
found a maximum value of 0.2 nN (see Figure S6), comparable
to the force stabilizing individual proteins or lipids in a
bilayer.t¢-% Considering the relatively large number of lipid
molecules in contact with the NPs, the force exerted by the tip
should not be sufficient to appreciably affect the NPs diffusion.
In addition, this small imaging force was coupled with brief,
intermittent tip—sample contact, because in AM mode the
cantilever is oscillated, so it does not drag across the sample.
Finally, the nanoparticle does not just move back and forth but
rather in random directions.

The gel-phase DPPC lipid system was then investigated using
the same protocols as outlined for the DOPC system (see
Methods). Figure 3A shows a representative low-magnification
(left) and higher-resolution (right) AFM image of a DPPC SLB.
Phase data for the low-magnification image is shown in Figure
S7. Defects are occasionally visible indicating a ~5.8 nm bilayer
thickness, consistent with previous AFM studies.®-71 As with
DOPC, the DPPC bilayer formation was further confirmed by
force spectroscopy, which revealed a higher elastic region of the
DPPC membrane (as opposed to the DOPC), however, with a
similar average rupture force of 3.0 + 0.9 nN (Figures 2B and
3B). The similar rupture force of DOPC and DPPC may seem
counterintuitive (i.e., it may be expected to be higher in a gel-
phase system such as DPPC), but it is likely due to inherent
experimental differences between the tips used for each
measurement. Importantly, the qualitative differences between
curves are self-consistent and still highlight differences between
the DOPC and DPPC systems. The step width of 6 nm is slightly
larger than that for DOPC, which is consistent with the presence
of a DPPC bilayer. Together, these data confirm the presence of
a single DPPC bilayer at the mica interface, as well as DPPC
SLBP assessment (see Figure S2).

After successful SLB formation, the same aliquot of 5 nm
AuNPs (5.5 X 108 particles/mL) was introduced into the

system. Protrusions over the bilayer are visible after adjunction
of the AuNP (Figure 3C), with an average height distribution of
4.3 + 1.9 nm (Figure 3C). Due to the known particle size (as
characterized via TEM and DLS in Figure S54), we can assume
these particles to be primarily atop the bilayer, with minimal
embedding. This is further corroborated by the phase data (see
Figure 3D, insets), which shows nonuniform phase maps on the
imaged surfaces. The required rupture force was seen to
decrease to ~1.6 = 1.4 nN, compared to the pure DPPC system
(cf. Figures 3B, inset). The decrease in rupture force indicates a
potentially destabilizing effect of the AuNPs on the membrane
structure; notably the observed rupture events are not seen
cleanly in the separation data in Figure 3B. This is another strong
indication of the destabilizing effects.

The dynamics of single AuNPs were also investigated using
time-lapse AFM. The inset in Figure 3D shows the height profile
of a single AuNP after adsorption onto the DPPC SLB. The
AuNP protrudes roughly 3 nm out of the membrane, indicating
partial embedding. Position tracking (see Figure 3F) yields a 2D
diffusion rate of ~3.6 X 10-3nm?/s; 1 order of magnitude lower
than that for the fluid-phase DOPC. The observed AuNP
inclusions in the DPPC SLB were at a shallower depth within the
bilayer compared to the DOPC SLB. However, even with the
reduced penetration depth, the AuNPs were still able to impart
interfacial mechanical changes in the bilayer as characterized via
the reduced rupture force (Figure 3B). The AuNP also exhibited
greatly reduced diffusion within the DPPC SLB as compared to
the DOPC SLB (see Figures 2 and 3).

Molecular Dynamics Simulations. MD simulations were
employed to gain atomistic insight into the behavior of citrate-
capped AuNPs and their interactions with the DOPC and DPPC
bilayer systems investigated experimentally (see Figure 4 and
Figure 5). Simulation components were selected to adequately
recreate the experimental in situ AuNP SLB systems discussed
above. As such, the simulated systems included a single basal
plane 10 nm (X) X 10 nm (¥) mica substrate, a lipid bilayer
(either DOPC or DPPC), an intervening ~1 nm thick adlayer of
water,”2-74 which resides between the substrate and the lipid
bilayer, and a solvated citrate-capped AuNP. The system itself
can then be thought of as two components: (1) the supported
bilayer, which includes the substrate, the water solvation layer,
and the lipid bilayer, and (2) the solvated citrate-capped AuNP.
The pure supported lipid bilayers were first separately
equilibrated for DOPC and DPPC, which provided a baseline
for analysis (see Figures S8 and S9, respectively). In general,
these data revealed stable bilayer systems with the characteristic
structure and behavior expected for a fluid-phase (DOPC) and
gel-phase (DPPC) system. The complete bilayer system for
analysis of adsorption consisted of the SLB and the citrate-
capped AuNP. Adjustments to the pairwise nonbonded
interactions between gold and the other atoms were made to
reproduce the experimental citrate coverage and exchange
(further discussion in Supporting Information) and were
deemed successful once the citrate surface coverage reached
~157 citrate ions, in line with literature values.507576

MD simulations of the citrate-capped AuNP—-DOPC SLB
systems were performed for 300 ns of simulation time. The
citrate-capped AuNP was free to move within the simulation
environment, and the citrate was not locked to the particle,
meaning that it could displace as a function of interactions with
the chemical environment. Figure 4A shows incremental
snapshots of the system every 100 ns of simulation run time.
Visual inspection of these snapshots qualitatively shows (1) the
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Figure 3. DPPC SLBs at the mica interface with and without AuNPs. High-resolution AFM images of (A) A SLB formed on a mica substrate via
self-assembly (vesicle fusion method). (B) Force curve profile of the pure DPPC SLB (purple) and DPPC + AuNPs systems (orange). The inset
shows a histogram of the average bilayer rupture force for both systems (1 = 50 force curves). (C) A 5 gm x 5 pm height image of a DPPC SLB
obtained following introduction of the AuNPs (concentration: 5.5 x 10'3 particles/mL). The blue arrows point to adsorbed particles; the
yellow arrows show streak lines in the image, where the AuNPs are moved by the AFM cantilever due to their adsorption not being complete,
and the green arrows show AuNP aggregates. The inset shows the average particle height of 50 AuNP adsorbed to the underlying SLB as a
histogram. (D) 80 nm x 80 nm height images of a AuNP during SLB adsorption (left) and/or inclusion (right). Phase data are shown as insets
(bottom right). The height difference is shown by the overlaid height profile representing the comparative height of the AuNP above the bilayer.
Note: it appears less than the expected ~5 nm measured from TEM in both cases (see Figure S4). (E) Example time-lapse images obtained in the
same scan region, highlighting that the particle is not static but rather slightly mobile. (F) (left) Particle position monitored from the central
point of the particle as a function of time from the series of images represented in Figure 3E. (right) Mean squared displacement (MSD) of the
particle across/within the DPPC membrane plotted as a function of time.

initial system (0 ns), (2) initial particle adsorption and citrate behavior and dynamics of the observed particle adsorption and
displacement (100 ns), (3) further citrate displacement and subsequent SLB internalization.

particle uptake within the SLB (200 ns), and (4) particle Figure 4B shows the vertical position of the citrate-capped
engulfment (300 ns). Simultaneously, increased order can be AuNP relative to the DOPC SLB calculated from the center of
observed in the SLB lipids as a function of time and particle mass (CoM) (solid yellow line) and outer radius (dashed line,
inclusion within the SLB (see Figure 4A). The MD simulations top and bottom) of the particle as a function of time. All values

were then quantitatively analyzed to better understand the here are measured as the average position of the AuNP CoM
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Figure 4. (A) MD simulation snapshots of the mica—DOPC—AuNP system. Movie S1 shows this process in more detail. (B) AuNP membrane
penetration, as measured by the center-of-mass z position of the AuNP compared to DOPC trimethylamine nitrogen atom position as a function
of time. (C) AuNP—citrate/terminal (tail) carbon contacts as a function of time. (D) AuNP—DOPC headgroup contacts as a function of time.
(E) Membrane contact area between the AuNP and the DOPC interface. (F) Lipid atomic density in the z direction. (G) Lipid order parameter

(Scd).

along the z-axis relative to the mica surface terminal oxygens.
The data shows that the AuNP was able to penetrate past the
outer headgroups of the lipid bilayer and into the hydrophobic
tail region of the lower leaflet. However, the particle was not
capable of penetrating the phosphate or trimethylamine
headgroups of the lower lipid leaflet and remained in the central
hydrophobic core of the bilayer. The particle is observed to
reach equilibrium at ~250 ns of simulation time. The AuNP was
also observed to have minor lateral diffusion through the
membrane (see Figure 4A and Movie S1). This is likely due to
the linear lateral diffusion rate of the DOPC and the subsequent

ability for the particle to diffuse within the system. This is not
unexpected as DOPC is in the fluid phase at 303.15 K, meaning
that a certain degree of intermolecular movement between lipid
molecules is expected within an SLB. Indeed, the lateral
diffusion coefficient value of DOPC lipids is reported to be ~1-
10 pm? s-1, which likely allows AuNP diffusion through the SLB
system.”7-7 Interestingly, similar diffusive behavior was
observed in the time-lapse AFM data discussed above (see
Figure 2E). Together, the simulated citrate-capped AuNP-
DOPC SLB system is in good agreement with observations
made from the AFM data discussed above (see Figure 2).
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Figure 5. (A) MD simulation snapshots of the mica—DPPC—AuNP system. Movie S2 shows this process in more detail. (B) AuNP membrane
penetration, as measured by the center-of-mass z position of the AuNP compared to DPPC trimethylamine nitrogen atom position as a function
of time. (C) AuNP—citrate/terminal (tail) carbon contacts as a function of time. (D) AuNP—DPPC headgroup contacts as a function of time.
(E) Membrane contact area between the AuNP and the DPPC interface. (F) Lipid atomic density in the z direction. (G) Lipid order parameter

(Scd).

Figure 4C shows the relative contact of the citrate (aqua line)
and terminal carbon (gray line) to the surface of the AuNP as a
function of time. This was counted based on a radial threshold of
within 0.6 nm of the AuNP surface. Importantly, it was observed
that the citrate cap of the AuNP dissociated from the gold
surface during the adsorption process, and the relationship
between the citrate contacts and lipid contacts was inversely
proportional (i.e., the greater the lipid contacts, the fewer the
citrate contacts). It was observed that the citrate molecules were
exchanged for lipid headgroup and tail interactions during the

production run, corresponding to increased DOPC contacts and
a reduction in citrate contacts of ~80 (Figure 4A,C). It must be
noted that, experimentally, the AuNP is capable of polarization,
which means that the citrate should interact with the AuNP
through the carboxylate surface charge interactions.5! Due to
limitations of classical MD simulations, the citrate is attracted
through the van der Waals carbon and oxygen interactions.
However, the parameter modulation allowed for similar
approximate behavior to what is observed experimentally (i.e.,
average surface coverage and citrate displacement). The relative



interaction of the zwitterionic headgroups of the DOPC lipids to
the AuNP was also considered as a function of time (see Figure
4D). These data were calculated as the number of headgroup
phosphorus and trimethylammonium nitrogen atoms within 0.6
nm of the AuNP surface, revealing a constant number of
trimethylamine contacts and increasing phosphorus contacts as
the AuNP penetrated deeper into the membrane (i.e., from
~150 ns onward). Figure 4E shows the contact area as derived
from the solvent-accessible surface area of both the membrane
and the AuNP. Over the course of the simulation, the AuNP-
DOPC contact area increased to a maximum of ~72%.

Figure 4F shows the lipid density for the final 10 ns of the
simulation trajectory for the pure DOPC SLB and AuNP—
DOPC SLB systems. In contrast to the pure DOPC SLB system
(see Figure S8), the AuNP—DOPC SLB shows a distinct
reduction in central lipid density, coupled to an increase in
density at larger z values, as the AuNP displaces the DOPC (see
Figure 4F). Local lipid molecules can be observed to slightly
“creep” up the surface of the AuNP (see Figure 4A and Movie
S1). The effect of the AuNP on the SLB is further described by
calculation of lipid tail deuterium order parameter (Scq) in the
pure DOPC SLB system and the AuNP-DOPC SLB system
(Figure 4G). The S.q provides a measure of the lipid orientation,
with a value of £0.5 corresponding to C—H bond alignment
perpendicular to the bilayer surface and deviations from +0.5
associated with increasing disorder. Figure 4G shows the S of
the bilayer during particle interaction versus the equilibrated
membrane state. The Seq indicates a stiffening of the lipid chain,
characterized by a shift toward 0.5 for the entire chain during
AuNP interaction. This increased order exhibited by the lipid
chains can be attributed to the compression caused by the
reduction in available volume as the AuNP penetrates the
membrane. This localized ordering of the lipid chains due to the
presence of the AuNP could potentially contribute to the
destabilization of the bilayer at larger length scales. This is
discussed further below.

MD simulations of the pure DPPC SLB and AuNP-DPPC
SLB were also performed (see Figure 5) under the same
conditions to compare the behavior of the fluid-phase system to
that of a gel-phase system, and to provide further insight into the
DPPC AFM data discussed above (see Figure 3). MD data from
the pure DOPC and DPPC systems can be found in Figures 58—
Sle. Figure 5A shows MD simulation snapshots of the citrate-
capped AuNP-DPPC SLB systems at 100 ns simulation
intervals. Visual inspection of these snapshots shows the
qualitative differences of the DPPC system when compared to
the DOPC systems (cf. Figure 4A and Figure 5A), including (1)
the initial system (0 ns), (2) initial particle adsorption and minor
citrate displacement (100 ns), (3) the particle arresting in the z-
plane and not penetrating further into the bilayer, and (4) the
particle reaching z-plane equilibrium with partial citrate
displacement and only partial bilayer inclusion (300 ns). The
diminished inclusion of the particle within the bilayer is
commensurate with the AFM data (see Figure 3), where
relative bilayer adsorbed particle heights were larger for this
system than for DOPC. These data suggest distinct differences
between the behavior of the AuNP at the fluid-phase and gel-
phase lipid interface. Interestingly, local bilayer distortion is
observed below the particle, where distinct compression of the
lipid tails can be seen. This could be thought of as a local
“puckering” of the lower leaflet lipids (see Figure 5A, 300 ns). As
before, the MD simulations were then quantitatively analyzed,

using the same approach as used for DOPC to compare the two
systems.

In general, the data revealed that the AuNP was unable to
translocate past the upper leaflet headgroups of the DPPC SLB.
The citrate molecules underwent significantly less displacement,
and adsorption of DPPC lipids was curtailed compared to that
with the DOPC system (cf. Figure 4 and Figure 5). The vertical
position of the citrate-capped AuNP relative to the DPPC SLB
calculated from the CoM (solid yellow line) and outer radius
(dashed yellow line, top and bottom) of the particle as a function
of time was largely invariant (see Figure 5B). The position of the
particle remained relatively stationary in the z-plane for the
majority of the simulation, with the CoM of the AuNP never
passing the trimethylamine functional groups of the DPPC
upper leaflet. These data suggest that the AuNP is not fully
internalized but strongly adsorbed to the DPPC SLB, unlike
what was observed for DOPC. The inability of the AuNP to
successfully incorporate past the upper leaflet of the membrane
is further demonstrated by the constant citrate contact rate and
lack of terminal carbon contacts during the 300 ns production, as
shown in Figure 5C. The inability of the AuNP to undergo
adsorption into the DPPC SLB limits its ability to disassociate
the citrate cap off the AuNP surface and allows the citrate
contacts to remain roughly in equilibrium on the surface (after
minor displacement of citrate molecules on the lower facet of the
AuNP that was in contact with the DPPC SLB). Furthermore,
Figure 5D shows the AuNP-lipid headgroup contacts, with a
preference for trimethylamine group contacts over phosphate
with the AuNP throughout the 300 ns production run.
Moreover, the lipid headgroup contact is localized to the
bottom quarter of the particle at all times (see Figure 5D, inset),
which further show a lack of particle uptake. Together, this
spatial data shows a restricted vertical diffusion, with the CoM of
the AuNP never passing the trimethylamine functional groups.
The simulation was run at 303.15 K and results in a solid/ gel
phase for the membrane system and thus a lack of lateral DPPC
diffusion is exhibited. The lack of adsorption is further
demonstrated via the minimal contact area displayed between
the AuNP and the DPPC SLB, as the AuNP cannot penetrate
the membrane resulting in the low contact area, as shown in
Figure 5E.

Structural assessment of the AuNP—-DPPC SLB system
revealed distinct differences compared to the DOPC system (cf.
Figure 4E—G and Figure 5E—-G). Here, the citrate-capped
AuNP did not significantly alter the overall membrane lipid
structure and mechanics of the membrane system as
demonstrated via lipid surface-normal density (Figure 5F) and
the Sca (Figure 5G). This is not surprising given the lack of
AuNP uptake within the bilayer, although the adsorption of the
lipid headgroups and lower leaflet puckering did show a small
difference in bending angle of the lipids within the SLB. Figure
5F shows the lipid density of the equilibrated mica—DPPC
versus the final 10 ns membrane density. Here, the AuNP
adsorption was found to have a negligible effect on the overall
lipid density, due to the low adsorption depth of the AuNP. The
inability of the AuNP to translocate through the DPPC
membrane system reduces the AuNP impact on the overall
structure and lipid mechanics of the membrane system. As such,
the adsorption has more subtle effects on the overall density and
lipid carbon chain structure of the membrane.

The atomic trajectory and AuNP z-diffusion profiles of
DOPC versus DPPC show distinct differences in their overall
adsorption dynamics of the AuNP~citrate complex at the SLB
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Figure 6. Closeup view of AuNP—lipid contacts during absorption/adsorption with (A) DOPC and (B) DPPC as a function of time.

interface (cf. Figure 4A,G and Figure 5A,G). The observed
differences in adsorption depth can potentially be attributed to
the differences in phase possessed by each membranellas their
phase is also a measure of their potential intermolecular
movement and therefore also contributes to particle movement
resistance through the membrane. The lipid phase also defines
the membranes lateral lipid diffusion coefficient. DPPC, which is
in gel phase at 303.15 K, has a reported diffusion coefficient of
0.006—0.1 ym? s-1.8081 Meanwhile DOPC, which is liquid
phase at 303.15 K has a diffusion coefficient value of 1-10 pm?
s~177-7 This is consistent with the lower lateral diffusion of the
AuNPs observed in the time-lapse AFM experiments for DPPC
(see Figure 3) when compared to DOPC (see Figure 2).
Comparing the Local NP—Lipid Interactions. In general,
particle uptake appears to be determined by the type (phase) of
lipid bilayer (see Figures 4 and 5), and the subsequent degree of
AuNP uptake can modulate the structure of the SLB. It was
observed that the AuNP was able to change the overall lipid
density of the DOPC system via volume displacement of the
lipids or the surface attraction effects of the lipid molecules to
the AuNP. Conversely, the inability of the AuNP to incorporate
past the upper leaflet headgroups of the DPPC membrane
significantly reduces the effects of the particle on the overall lipid
structure within the DPPC bilayer. In DOPC, the absorption
occurs in four distinct phases (Figure 6A): (1) initial attraction
between the positively charged trimethylamine headgroups of
DOPC and the negatively charged citrate adsorbed to the
AuNP; (2) direct contact between the trimethylamine groups
and the AuNP, which also brings the negatively charged
phosphate groups of DOPC close to the AuNP, repelling the
citrate; (3) direct contact between the lipid tails, including the
terminal carbons, and the AuNP; and (4) irreversible AuNP
uptake. Phase (1) involves initial displacement of the citrate cap
leading to direct contact between the AuNP and lipid
headgroups. While phases (1) and (2) involve electrostatic
interactions, the driving force is still largely hydrophobic. The
trimethylamine group has a net charge of +1e, but this charge is
distributed across the group, and each individual methyl group
retains a significant hydrophobic character and thus interacts
more favorably with the AuNP than the citrate cap. Indeed, in

simulations without the citrate cap, the AuNP penetrates the
membrane far more quickly (Figure S17), indicating that initial
electrostatic attraction between citrate and lipid headgroups is
not essential for absorption. Phase (3) occurs around ~125 ns in
the simulation (Figure 4) and represents the point where
irreversible AuNP penetration occurs. Interestingly, just before
this point, there is a slight spike in both citrate and DOPC
trimethylamine contact (Figure 4C,D) coupled with a decrease
in overall AuNP—DOPC contact area (Figure 4E). This is due to
the rearrangement of DOPC in contact with the AuNP and rise
of lipid tail contact with the AuNP, including the DOPC
terminal carbons (Figure 4C). In phase (4), following contact
between the AuNP and DOPC terminal carbons (from both
leaflets), trimethylamine contacts decrease initially before
reaching a steady value, phosphate contacts increase and even
exceed trimethylamine contacts, AuNP-citrate contacts
decrease steadily, and overall AuNP-DOPC contact area
increases steadily until all reach equilibrium values at ~250—
300 ns. The fact that trimethylamine contacts decrease and are
exceeded by phosphate contacts at equilibrium demonstrates
that the trimethylamine groups are not entirely hydrophobic in
character and oscillate freely between contact with the AuNP,
water, and other lipid headgroups, while the lipid tails remain in
continuous contact with the AuNP.

In contrast, with the DPPC SLB phases (1) and (2) still occur,
but the rearrangement required to allow the DPPC tails to
achieve significant contact with the AuNP and initiate phase (3)
is not possible, and the AuNP remains adsorbed at the interface
rather than absorbed into the membrane (cf. Figure 6A and 6B).
Coarse-grained simulations of citrate-capped AuNPs with free-
floating DPPC membranes® suggest that for absorption to
occur on a DPPC SLB, a substantial portion of the membrane
would need to be lifted off the mica to expose the lipid tails to the
AuNP, which would be highly energetically unfavorable in a SLB
system.

Overall, the MD simulations revealed the general adsorption
dynamics of a 5 nm citrate-coated AuNP both in a DOPC SLB
and DPPC SLB. Primarily, the MD results revealed the interplay
between the AuNP surface, the citrate complex, and the DOPC/
DPPC lipid headgroups, highlighting the lipid-phase-dependent



adsorption process of the AuNP that was also observed within
AFM experimentation. The increased inclusion of the AuNP in
the DOPC SLB versus the DPPC SLB during AFM character-
ization was also observed within the MD simulation, and this
increased inclusion was also shown to have a higher mechanical
disturbance in the DOPC SLB in both the AFM and MD results.
This method uses MD simulations to complement experimental
AFM biophysical experiments. Additionally, these MD methods
can be used for further analysis of other AFM bio-nano
interaction investigations to characterize other atomistic
mechanisms between different ligand coated nanoparticles and
SLBs.

In this work, we show that the adsorption of citrate-capped
AuNPs to SLBs is a complex process and directed by both the
particle-ligand-capping agent and the underlying bilayer phase.
Specifically, in our work, the citrate-capped AuNPs were capable
of translocating into the interstitial spacing of the DOPC SLB,
whereas the AuNP underwent only partial uptake in the DPPC
SLB. In all cases, the degree of uptake was linked to AuNP ligand
exchange with the lipid molecules, the extent of which was
controlled by the lipid phase (see Figures 4 and 5). MD
simulations showed structural changes in both systems, which
included higher localized ordering of the lipids in contact with
the AuNP (for DOPC). This leads to a localized stiffening of the
membrane (see Figures 4 and 5). In contrast, AFM force
measurements show an overall decrease in SLB cohesion when
citrate-capped AuNPs were introduced, observed as a decrease
in the required rupture force (see Figures 2B and 3B). This can
be rationalized as a function of length scale: localized ordering of
the lipid bilayer leads to generalized disorder. Further, AuNP
clusters are present experimentally (see Figure S18), which
likely causes further distortion of the SLB. Indeed, inspection of
both MD simulations shows rearrangement of the lipids further
away from the AuNP, which at larger length scales would lead to
decreased order in the bilayer. The important observation is that
the citrate-capped AuNP diffused slower in DPPC than for
DOPC (see Figures 2 and 3), and vice versa, and these
measurements should be taken as qualitatively comparative.
This result is aligned with the known differences in diffusion
dynamics of DOPC and DPPC. It should be noted while the
AuNP inclusion in the DOPC system caused localized lipid
ordering and slight membrane welling effects (due to local lipid
attraction to the upper facet of the AuNP), even without the
complete inclusion the AuNP, it was still able to illicit movement
of the lipid molecules. The AuNP inclusion in the DPPC SLB
distorted the membrane vertically (i.e., buckling) due to local
interactions, and lipids begin to fill the space underneath the
zone of buckling, causing a partial bulging effect on the
membrane. Furthermore, there is potential for this buckling
effect to cause membrane “scarring” or deformations.$3-86
Computationally, the formation of membrane pores onto free-
floating membranes has been partially explored, while effects of
distortions/scarring onto SLBs have not been thoroughly
investigated.$3-% However, similar interactions may cause
these membrane changes, while differences in bending curvature
between SLB and vesicle systems may affect overall membrane
scarring or deforming behavior.87-8

During AuNP interaction, the displacement and local
structural changes caused by the buckling effect is more notably
present in the DPPC membrane. The increased lipid velocity in
the fluid-phase DOPC allows temporary structural changes to be
reverted/minimized, whereas in the DPPC, the slower kinetics
of the lipid molecules allows for longer persisting structural

changes due to lower self-assembly rate and rotational freedom
of the carbon tails. The observed differences in systematic
structural changes between the DOPC SLB and DPPC SLB
during particle adsorption could potentially explain a potential
mechanism of biocompatibility/ toxicity, tailoring this factor
could enhance their functionality. The successful incorporation
into the fluid phasellwithout significant membrane deforma-
tion (aside from localized lipid ordering on AuNP surface)l
may indicate potential biocompatibility (however, the overall
unlocalized destabilizing effects are still present as well as the
localized welling effects); whereas the temporary buckling
effects observed in the gel phase, along with the slower self-
assembly rate (lipid velocity) causing significant overall
structural changes to persist within the membrane causing the
membrane to distort past its natural limit, could give rise to
effects such as membrane leakage, cell lysis, and intracellular
water/ion penetration.899 Tailoring the extent of particle
adsorption via modulation of ligand, specificity to lipid domains
phase, or phase-specific proteins will also allow for modulation
of lipid mechanical features, cell function, and morphology as
well as particle location and behavior.”* MD simuluations
revealed that the AuNP is still able to destabilize the DPPC
membrane but has alternative mechanisms dependent on the
lipid phase (see Figure 6). These observations can potentially
explain the difference in measured rupture force found via AFM
in both systems (Figures 2B and 3B), despite differences in
overall penetration depth (Figures 2C and 3C, insets). The
increased inclusion of the AuNP in the DOPC SLB gives rise to
higher lipid carbon tail interactivity between the AuNP and
causes a majority of its destabilizing effects laterally, while the
increased interfacial activity of the AuNP in the DPPC SLB
causes most of its destabilizing effects vertically. The generalized
movement of the SLBs during AuNP interaction revealed via the
MD simulations gives a reason to why the calculated rupture
force, even with the reduced adsorption of the AuNP into the
DPPC, showed similar destabilization of the membrane
(compared to DOPC) as characterized by the comparable
lowered rupture forces. It is important to note that both
mechanisms of particle interaction give rise to longer lasting
structural changes which destabilize the bilayer, lowering its
rupture force.

Future therapies may be able to counteract the destabilizing
effect of AuNPs on membranes via addition of biomolecules,
lipid conjugators, polymers, etc.,” while also keeping the AuNP
functionality and desired penetration depths via ligand/
biomolecule modification.#%% The variable control of the
temporary destabilizing effects of AuNP membrane inclusion
may be used to enhance immunotherapies by allowing
modulation of membrane stability for pharmaceutical uptake
of gene therapies or nonlipophilic drugs.?5%

The inability of the AuNP to successtully embed completely
within the gel-phase bilayer (i.e., interfacial interaction) has
potential implications for other hard—soft matter or lipid—NP
interactions and other biological-bilayer interactions, as other
materials with similar properties may exhibit similar behavior.
The ability of the AuNP to localize within the central core of the
fluid-phase bilayer has potential applications in targeting specific
membrane embedded protein anchorage motifs (i.e., nonpolar/
hydrophobic regions of proteins).9%% Specificity of these
domains and functionality can be further enhanced via
AuNP-protein/peptide conjugation,®-102 while cell penetra-
tion can be enhanced via alteration of ligand coating and
conjugation to cell-penetrating peptides.’® The ability of the



AuNP to potentially translocate across the gel-phase bilayer
upper leaflet surface allows it to potentially illicit effects and/or
delivery compounds to the cell without direct interference with
intracellular organelles or other cellular constituents. Due to the
various lipid domains found naturally on the cell, both
internalization and interfacial surface adsorption have various
widespread biomedical niches, the process of which is dictated
by ligand-lipid dynamics upon the nanomaterial. Diseased
cellular states relating to specific lipids, as well as other
biomarkers which can be selected for (e.g., cancer cells), and
are known to upregulate their fluid- or gel-phase lipids to alter
their cellular proliferation, migration, metabolism, and so
on.104105 Therefore, the ability of preferential adsorption/
uptake dependent on phase, which can be further tailored with
the addition of ligands and biological conjugates (peptides,
antibodies, liposomes), allows for selectivity in regards to
targeting of specific cellular diseased states. Being able to track
the atomistic dynamics of particle movement in these systems
occurring during interaction at the cellular interface is essential
in more accurate design of these therapies.

Experimentally, a number of studies have documented the
adsorption behavior of AuNPs, with a variety of sizes, onto
solution-based bilayer interfaces, such as giant unilamellar
vesicles (GUVs)106107 and SUVs.#388 Largely, these studies
have used optical microscopy,1% scattering techniques,$?
electron microscopy (including cryo-EM),#838¢ and/or
spectroscopic techniques'® to elucidate the influence of
AuNP-particle adsorption on the lipid bilayer interface. In
general, these studies have shown that structural changes in the
lipids within the bilayer occur during adsorption, which has
largely been rationalized using biophysical models.+784108-110
However, these experiments often preclude investigation of
ultrasmall nanoparticles, such as those investigated here, and
consider only the bending of the lipid bilayer rather than particle
translocation. In particular, recent cryo-EM and theoretical work
by Contini et al.# investigated the size-dependent adsorptive
behavior of citrate-capped AuNPs at the interface of DOPC and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPCQ)
GUVs in solution. Their work noted a size-dependent
adsorption, whereby smaller particles, such as 5 nm and 10
nm, were spontaneously engulfed and created distinct pores or
“tubulations” within the vesicle structure, while larger particles
could bend GUV membranes but were excluded from this
process. Cardellini et al.® built on this and investigated the
kinetics of adhesion of citrate-capped AuNPs onto a variety of
lipid vesicles of different rigidities via a combination of light and
energy scattering techniques and course-grained MD simu-
lations. In their work, a multistep process of particle absorption
was proposed, whereby particles adsorb, release citrate, embed,
and induce stiffness-dependent membrane wrapping, which is
dictated by the native lipid phase (soft/fluid or rigid/gel). This
process was observed to lead to differential particle behavior at
the liposomal interface, which was dictated by the lipid-phase
cluttering on soft membranes (DOPC) or separate, bridged
adhesion on rigid membranes (DPPC).82 Together, these
studies also showed how AuNP inclusions affect the lipid
ordering around the particle; furthermore, it was shown that
DOPC is more responsive to phase changes over DPPC, similar
to the systems studied in this work.1"1-113 Computationally,
similar observations have been made and outlined in several
studies, highlighting the adsorption process onto solution-based
bilayer interface and incorporation of the AuNP within the
bilayer upper leaflet and central core.>482111,112114115

In line with our systems, an earlier SLB computational study
by Lin et al.% characterized the adsorption behavior at the
interface of gel-phase SLB and a bare 10 nm AuNP using a CG
Martini model and have found similar upper leaflet/central core
localization of the AuNP, while mentioning the ability of the
AuNP to elicit ordering changes of the membrane carbon tails.
More recently, Wang et al.® attempted to understand the ligand
exchange process at the fluid-phase SLB interface when
interacting with 13 nm citrate-capped AuNPs and similarly
have found that the adsorption process was driven by the ligand
exchange mechanism, which was similar to that observed in our
SLBs. Overall, the results here are in line with existing
knowledge of AuNP adsorption, AuNP citrate surface exchange,
membrane inclusion, lipid structural changes, and how the
interplay between these drives adsorption mechanisms.
Although there is a fair comparison to free-standing model
membranes,’1116-122 and experimental SLBs, the lack of other
comparable computational SLB studies highlights the need for
further computational analysis onto these specific systems.
However, the work of Pfeiffer et al.!5 should be highlighted, as it
stands as a prime, recent example of combining both
experimental and computational methods to characterize the
SLB interface. It should be noted, however, the use of free-
standing membranes in their simulation methods. Gupta et al.1?
has also shown via molecular dynamics that incorporation and
internalization past the upper leaflet into the central core
(hydrophobic carbon tail region) of a 5 nm AuNP into an
unsupported POPC bilayer was possible using a coarse grain
Martini force field model. They also mention that a decrease in
nanoparticle size (from 5 to 1 nm) was related to an increase in
particle penetration, such as mentioned by Contini et al.84112

CONCLUSIONS

In this work, we used a combination of AFM and MD to
characterize the adsorption behavior of citrate-coated AuNPs at
both fluid-phase (DOPC) and gel-phase (DPPC) SLBs with
atomic resolution. Overall, both the AFM and MD results
showed increased inclusion of the AuNP in the DOPC versus
the DPPC bilayer, resulting in a higher degree of interaction
between the membrane and the surface of the AuNP. This in
turn led to greater changes in the mechanical stability of the
DOPC versus the DPPC. The MD simulations were able to
reveal the citrate exchange dynamics during the adsorption
process and showed how the displacement of the citrate
molecules by the lipid headgroups facilitated the adsorption of
the AuNP into the membrane. These results explain the
observed biophysical experimental AFM phenomena via
atomistic computational methods. The AuNP can exert greater
mechanical changes to fluid-phase membranes due to increased
inclusion, and the citrate capping has a role in the overall
adsorption process. However, there is a difference in the overall
“fate” of the AuNP as free-standing membranes have been
observed to allow greater AuNP translocation through the
membrane. Current computational work on SLBs remains in its
infancy, in part due to the collective favoring of free-standing
models and the specific niche of creating SLB systems for
computational use (as these are mostly made to compare to
experimental results), where in the case of experimental systems
they are routinely synthesized for AFM analysis. Currently, there
is a lack of computational SLB studies and an even greater
scarcity of combined AFM/MD SLB studies. As each system
varies in its membrane composition, particle composition and
molecular dynamics parameters, there exists a great deal of



uncategorized ligand-coated AuNP SLB interactions left to be
systematically investigated.

This research illustrates how MD results can support SLB
AFM results and vice versa, and when used in conjunction, these
tools provide a more robust characterization of the molecular
mechanism of interactions for the analysis of membrane
processes. We encourage others to take a similar combined
approach to their MD or AFM research for more accurate
understanding of the dynamics at play. The MD structural
optimization (inclusion of the mica, removal of potassium
constraints, and addition of the solvation layer) along with force
field parameter modulation for the AuNP can be utilized to
uncover other in situ AuNP SLB model adsorption dynamics.
More importantly, the observed data are currently in line with
known AuNP-citrate membrane behavior. The insights gained
here into the molecular mechanics of AuNP SLB adsorption will
also help inform the more rational design of AuNP therapeutics.
This study thus serves as a platform for further investigations.

METHODS

Lipid Preparation. Lipid solutions were prepared for AFM via the
following protocol. DOPC or DPPC lipids (Avanti Polar Lipids Inc.,
AL, USA) were rehydrated into ultrapure Milli-Q water to a
concentration of 1 mg/mL. The solutions were then bath-sonicated
at 55 °C for 30 min and subjected to a freeze—thaw cycle (chilled to
=20 °C for 30 min and then bath-sonicated again). At this stage,
solutions appeared uniformly “milky”, which is known to indicate the
formation of multilamellar vesicles.# The solution was then extruded at
least 21 (but always an odd number) times using a Mini-Extruder kit
(Avanti Polar Lipids Inc., AL, USA) with a 200 nm filter membrane
(Avanti Polar Lipids Inc., AL, USA). This process forms small,
unilamellar vesicles (SUVs). The solution was then diluted with 150
mM NaCl to a concentration of 0.01 and 0.1 mg/mL, dependent on the
experiment. All glassware and components were cleaned thoroughly by
sonication with ultrapure water, then isopropy! alcohol, and water again
for 10 min each prior to use.

Atomic Force Microscopy. The supported lipid bilayers were
formed for surface-based investigations via self-assembly via vesicle-
fusion at a freshly cleaved (refreshed) mica (muscovite) inter-
face.194142 In brief, the respective solutions were pipetted onto a
freshly cleaved mica substrate and left to equilibrate for 20 min prior to
imaging. This facilitates spontaneous fusion of SUVs to the mica
susbtrate.194142 This process formed either SLBs or SLBPs, depending
on the concentration, high or low, respectively. Each system was studied
using a Cypher ES atomic force microscope (Oxford Instrument,
Asylum Research, Santa Barbara, CA, USA) at room temperature (25
°C) using AM-AFM. All images and force data were obtained using
BioLever Mini BL-AC40TS cantilevers (Oxford Instrument, Asylum
Research, Santa Barbara, CA, USA, nominal spring constant k. = 0.09
N/m). To minimize the imaging force, a set point ratio (imaging
amplitude (4)/free amplitude (4o)) of >0.7—0.8 was maintained,
which has been shown to minimize any tip—sample distortion and
damage for a variety of materials.123-127 Each cantilever was calibrated
prior to use via the thermal spectrum method. Liquid experiments were
completed in a droplet of lipid solution. This droplet was exposed to the
atmosphere within an acoustic isolation cabinet (a sealed enclosure).

Figure 519 shows a model of the crystal structure of the mica surface,
which is used as the bilayer support in these experiments, from the side
and top perspective, respectively. Mica (muscovite) is a layered silicate,
which upon basal plane cleavage, along the weak interplane potassium
layer, exposes an atomically smooth, array of SiO; tetrahedra which
form a repeating hexagonal lattice with ~50% of the potassium left
attached to the exposed plane. The dominant lattice spacing, ring
center-to-ring center, is 0.52 nm.¢ Figure S19C shows a 15 nm X 15 nm
AM-AFM image of the mica interface obtained within a solution of 150
mM NaCl, which is the aqueous solution used for all experiments
reported. Importantly, the images appear markedly different to that of

the DES—mica interface. Here, at both magnifications, a distinct
hexagonal repeat structure is observed with a periodicity of 0.5 = 0.02
nm, measured via section and 2D fast Fourier transform analysis. Side
view and basal plane (without potassium ions) reconstructions of the
crystal structure of the mica surface are shown in Figure S19A,B. Here,
the characteristic hexagonal lattice structure is highlighted. The AFM
images obtained reflect this structure, meaning that the AFM was
capable of imaging the mica lattice with near-atomic resolution and
provided confidence in the ability of AM-AFM to probe nanoscale
phenomena with near molecular resolution (Figure S19C).

DLS Characterization. DLS experiments were performed on an
ALV-5022F light scattering spectrometer equipped with a laser
wavelength of 633 nm. Measurements were taken in a cylindrical
glass cuvette (inner diameter: 8 mm) (LSI Instruments, Fribourg) held
in a scattering vat at room temperature.

TEM Characterization. TEM images were acquired using a JEOL
JEM-2100 FEGTEM microscope (JEOL, Musashino, Akishima,
Tokyo, Japan) equipped with a Gatan Orius SC1000 CCD camera
and operated at an acceleration voltage of 200 keV. Images were
processed and analyzed using Digital Micrograph 2.31.

Molecular Dynamics Simulations. The 10 nm X 10 nm structure
of the mica was adapted from our previous work.12812 The 5 nm AuNP
was constructed using the Wulff Construction function of CHARMM-
GUI Nanomaterial Modeler,130-132 with a 2.5 nm radius and Miller
indices 100, 110, and 111. The 10 nm X 10 nm DOPC and DPPC
membranes were constructed using the Membrane Builder of
CHARMM-GUL133

Citrate was equilibrated around the AuNP in a 10 X 10 X 10 nm? box
containing 1 AuNP and 500 citrate ions solvated in 150 mM NaCl for
100 ns, with citrate within 0.5 nm of the AuNP retained. Each complete
system was composed of a 1 nm thick complete layer of mica (10 nm?
laterally), a solvation layer to include appropriate in situ membrane
dynamics,2-74 288 lipid molecules, the AuNP of 5743 gold atoms and
157 citrate molecules, solvated in a CHARMM TIP3P water box with
0.15 M NaCl and appropriate counterions. Simulations were run using
the MD code GROMACS 2020.13 Several adjustments to the baseline
model structures files and force field parameters were made to match
known literature SLB behavior, including the removal of the potassium
position restraints on the mica surface to allow disassociation of K* ions
in solution,13136 and the modulation of the Au-epsilon (¢) parameter
to a value of 3.5 for all pairwise interactions (except Au—Auy) to
accurately represent literature citrate surface coverage values (addi-
tional discussion in Supporting Information; see Figure 520 and Table
S1).5 Analogous procedures were used to tune Au—citrate interactions
for coarse-grained force fields®2 and self-assembled monolayers on
gold.4 The INTERFACE-CHARMM force field was applied to all
atoms.137-139 Although more recently developed water models provide
better reproduction of bulk properties of water,!40 we retain the use of
the CHARMM TIPS3P water model here for compatibility with the
CHARMM membrane model and INTERFACE-CHARMM nanoma-
terials. Topologies and force field parameters for the singly
deprotonated citrate ions were assigned using ParamChem 2.4.0
CGenFF 4.4.141-143

Short-range nonbonded interactions were treated using the Verlet
cutoff scheme at a distance of 1.2 A and a switch distance of 1.0 A, which
allows a smooth truncation of the van der Waals potential energy,
allowing it to approach zero slowly as the distance increases, avoiding
artifacts. Long-range Coulomb interactions were calculated via the
particle mesh Ewald method at a distance beyond 1.2 A. The reference
temperature during equilibration was 303.15 K and was controlled via
the Berendsen temperature coupling algorithm. Temperature during
production run was 303.15 K and was controlled via Nose—Hoover
weak coupling dynamics allowing for an NVT ensemble. A wall was
implemented in the z dimension to prevent periodic self-interactions. A
time step of 2 fs was used with atomic coordinates saved every 10 ps.
After the SLB systems (DOPC—mica and DPPC~mica) were run in
isolation for 100 ns to reach thermal equilibrium, the 5 nm AuNP—
citrate complex was added and run in triplicate for an additional 300 ns.
All other simulation settings not listed here were the default settings
generated by CHARMM-GUL



The primary analysis of the thermodynamic and physical properties
of the membrane—nanoparticle system was achieved via the use of
GROMACS gmx analysis tools, MEMBPLUGIN!4 in VMD,45 and
FATSIiM.146 The main characteristics analyzed were the AuNP z-
diffusion, lipid carbon chain order parameters (S.q), AuNP—citrate,
carbon and headgroup contacts, AuNP contact area, and lipid density
function. Secondary characteristics were also analyzed and are included
in the Supporting Information, such as root means squared deviation
for particle diffusion, area per lipid, membrane thickness, lipid
interdigitation, radial distribution, and solvent-accessible surface area.
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