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Gold Nanoparticle Adsorption and Uptake are Directed

by Particle Capping Agent

Rashad Kariuki, Rowan Penman, Alexander D. Newbold, Kalpani A. Mirihana,
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Kislon Voitchovsky, Claudia Contini, Andrew Hung, Kevion K. Darmawan,

Charlotte E. Conn, Saffron J. Bryant,* Andrew J. Christofferson,* and Aaron Elbourne*

Nanomaterials are revolutionizing the development of novel therapies, with appli-
cations ranging from drug delivery and diagnostics to controlling specific biological
processes. However, the specific interactions that govern nanomaterial behavior in
biological systems remain difficult to elucidate due to the complex dynamic nature of
the lipid bilayer environment. Here, a combination of atomic force microscopy and
molecular dynamics simulations is used to discover the precise mechanisms by
which various ligand-capped 5 nm gold nanoparticles (AuNPs) interact with sup-
ported lipid bilayers of pure fluid phospholipids (1,2-di(9Z-octadecenoyl)-sn-glycero-
3-phosphocholine (DOPC)). When the ligand capping agent is altered, differences
in adsorption and bilayer disruption as a function of capping agent size and charge
are observed. Weakly physiosorbed ligands enable the absorption of the AuNP into
the bilayer’s hydrophobic core, whereas more strongly adsorbed ligands inhibit
the complete insertion of the AuUNP. However, ligand-dependent headgroup inter-
actions can lead to interfacial adhesion or inhibition of adsorption. These results
reveal that the interaction of AuNPs with biological membranes varies depending
on the specific capping agent. Notably, the mechanisms may involve cooperative
(or synergistic) effects with membrane components, highlighting the importance
of understanding these interactions at molecular resolution.

1. Introduction

behavior, allowing for alternative therapeu-
tic,’# diagnostic,”'” or pharmaceutical
vector capabilities.'"!? The core feature
of therapeutic nanomaterials is that carry
out their desired cellular function, they
must inevitably interact,*>* bypass,[*>1l
or shield"”'® themselves from the cell
membrane, which is composed of self-
assembled phospholipids.*” There is a
significant amount of research focused on
tailoring nanoparticle (NP) composition
via synthesis techniques.[>2! Specific types
of cellular interactions are promoted/hin-
dered through control of NP morphol-
ogy,*** composition,***) and surface
chemistry,***”! with the ideal end goal of
complete control of NP behavior in vivo
via selection of NP properties. However,
this task has proven to be extremely difficult
due to the complexities of the cell, as it hosts
a wide variety of dynamically regulated
biomolecules,?®?*?! altering subsequent
NP-membrane interactions®**"  and
complicating specific molecular characteri-
zation.***3) Model membranes offer a plat-

Nanomaterials have distinctive physical,"? optical,>* and self-
assembly®™® properties that give rise to unique nanoscale

form to overcome these complexities via simplified composition,
such as pure phospholipid bilayers, which can be scaled up with
biomolecules into various morphologies to represent a range of
cellular types/environments.****! This allows for a systematic
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investigation of contributing effects to the interaction process.
SLBs are routinely used to study biophysical processes of mem-
branes as they offer precise control of their composition, environ-
ment, and structural properties. SLBs can also represent a range
of cellular environments.?*®

Amongst a wide range of nanomaterials being investigated,
gold nanoparticles (AuNPs) have gained significant biomedical
clinical interest due to their biocompatibility,*” ! ease of syn-
thesis,***) and alterable surface chemistry.**>% Their biocom-
patibility and properties have been routinely demonstrated in cell
culture,?? in vivo animal models,**>” and various clinical
trials.’®%% NP adsorption to lipid membranes is largely influ-
enced by the free energy landscape of the system, determined
by the sum of molecular forces between the NP, the membrane,
and the solvation environment (i.e., van der Waals (vdW),
Coulombic, hydrogen bonding, etc.).*"*4 The specific free energy
landscape of an NP changes as a function of its surface chem-
istry,1*%° which may be altered via the addition of ligands onto
its surface,[*®”) thereby changing its interactions with biological
systems such as lipid membranes.®®*~”® Control of NP adsorption
via the addition of ligands is a significant area of biomedical
research, as ligand properties can be tailored to target cellular
environments,”*”? deliver therapies,**”*”*! and control biologi-
cal interactions."”7>7% Additionally, ligands are often neces-
sary for the synthesis of various NPs, as they act as reducing
agents, nucleating regulators, or aggregation-stabilizers which
may remain on the surface postsynthesis.[**””78 Furthermore, in
vivo surface adsorbed molecules (i.e., biological coronas) may act
as additional unintentional pseudo-ligands (or surface adsorbed
molecules).”® Therefore, understanding the influence of ligand
properties on the interaction process is crucially important for the
development of biomedical therapies.

During biomembrane interactions, NPs may adsorb to the
bilayer interface, embed within the bilayer core, or fail to interact
with the bilayer. The bilayer interface is primarily hydrophilic and
the core hydrophobic, allowing for selection based on ligand
hydrophobicity.*>”*%”] NP interactions are influenced by the rela-
tionship between the NP ligand and the membrane composition.
As cell bilayers are chemically heterogeneous, investigations into
fundamental interactions are complicated by the variety of cellular
compositions.®®! Similarly, NP characterization is also compli-
cated by various NP properties and the limitations of analytical
instrumentation only look for very specific properties.® The com-
plexities of analysis of NP-membrane systems and their environ-
ments are compounded during investigations of fundamental
NP-membrane interactions. Additionally, the extensive material
and mechanical descriptors for NP materials and membranes
are quite vast, which further convolutes data collection.”” Due
to these factors, fundamental information about the effects of
ligands on NP adsorption in a controlled setting remain limited.
It should also be highlighted that a majority of clinically relevant
NP-cellular studies have an increased focus on holistic outcomes,
i.e., cell death,”® organ dysfunction,”® or metabolic alterations®”
rather than fundamental molecular interactions.”*® Instead,
larger-scale properties are often favored, such as membrane
estructure,®”! fluidity changes,”®?% or cell lysis.**”

The complexity of the cellular environment limits the accuracy
of analytical techniques, as currently there are few systematic
methods for tracking interactions between single NPs and
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biomembrane at molecular resolution. To fully understand the
AuNP adsorption process, the structure-function relationship
in AuNP-ligand-membrane systems and subsequent adsorption
behavior must be established. Achieving a fundamental molecu-
lar understanding of NP-membrane interactions will lead to
more advanced and safer clinical therapies, enabled by rational
design, allowing higher predictability of outcomes.”®°"1%%
Here, we present key insights into the adsorption mechanisms
between supported lipid bilayers (SLBs) and 5 nm AuNPs with
varying capping agents (or ligands), using a simplified system
allowing clear interpretation of the results. To do this, we
investigate the interaction of ligand-capped AuNPs with a fluid
phase phospholipid bilayer, using a combination of atomic
force microscopy (AFM) and molecular dynamics (MD)
simulations.

Noble metal NPs (such as AuNPs) are commonly functional-
ized with a self-assembled monlayer surface coating, depending
on the application. Here, the ligands were selected for their bio-
medical relevance and differences in key structural features such
as carbon chain length and functional group. Specifically, we
investigated AuNPs capped by citrate (CIT), tannic acid
(TAN), sodium dodecyl sulphate (SDS), thiol-3-polyethylene gly-
col acid (TPA), and cetyltrimethylammonium bromide (CTAB) to
establish a structure—function relationship for NP-membrane
interactions. The model biomembrane was kept consistent, as
a fluid phase (La), pure 1,2-di(9Z-octadecenoyl)-sn-glycero-3-
phosphocholine (DOPC), self-assembled atop a muscovite (mica)
surface (Figure 1). A zwitterionic phospholipid was chosen to
avoid probing any obvious electrostatic interactions originating
from the bilayer. Figure 1 shows a stylized schematic of these
systems using the MD simulation components.

Overall, these results agree with existing literature on the
generalized mechanisms of ligand dissociation and the effects
of NP adsorption onto bilayers.””'%*=1%7] In addition, this study
establishes a framework for the adsorption of 5nm AuNPs to
SLBs and developed an atomistic model to explain the observed
differences in adsorption. The adsorption differences between
hard and soft NPs have been explored.'®! Soft NPs can
more easily undergo conformational changes,**°% which facil-
itates incorporation into biomembranes, whilst harder NPs are
rigid, and hence, more resistant to direct adsorption into a
biomembrane.!'0*105:107.110113] -~ Additionally, the effects of
ligand morphology on NP adsorption behavior have shown that
larger ligand shapes''*! and higher ligand densities increase the
cost of adsorption.!) However, the mechanism for biomembrane
uptake of hybrid hard—soft NP systems, such as the ligand-
capped metallic NPs studied in this work, remains largely unex-
plored. The ligand capping agent is known to influence the initial
interaction between the AuNPs and the bilayers. By contrast,
where the ligand density sheilds the NP, or the ligand affinty does
not promote dissociation of the cap, core composition may have
negligible influence on NP adsorption. This platform enables the
effects of the capping agent to be differentiated from the effects
of the NP core, whilst also characterizing the distinct molecular
mechanisms by which various hybrid hard-soft (i.e., ligand-
coated) NPs interact with SLBs.

The various NP behaviors observed, namely interfacial adsorp-
tion, absorption, or inhibition of adsorption, have biomedical
implications. The ability of NPs to localize within the membrane
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Figure 1. MD simulation setup for the investigation of the effects of ligand capping and SLB composition on AuNP adsorption.

has implications for drug delivery!'* while adherence to the

interface has implications in cellular tagging!**® and hindering
adsorption enables stealth (immune cell evasion) properties.!”!
Controlling the localization fate of an NP is a primary objective
of pharmacokinetics, as control over specific biological pathways
may reduce toxicity.''”) The adsorption of various AuNPs to dif-
ferent solution-based phospholipid bilayers, such as liposomal/
vesicle models, has been previously investigated.[1°3’118] Often,
these studies use high-resolution optical or electron microscopy
methods, as well as scattering or spectroscopic techniques to
investigate adsorption mechanisms. Overall, these studies report
the general rearrangement and disruption of lipids as a function
of NP adsorption, which are rationalized in the context of bio-
physical models. These techniques, however, often do not study
the precise molecular NP-bilayer adsorption of single NPs due to
the increased difficulty of imaging NP interactions at this size
regime using classical experimental techniques. Currently, con-
tradictory results have been observed for the influence of ligand
parameters on uptake. For example, Jinag et al. showed an
increased uptake of cationic 2,4,6 nm AuNPs in HeLa cells,!'*”!
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whilst Canepa et al.’s MD coarse-grained models showed mini-
mal electrostatic adsorption bias effects from either cationic or
anionic 2 nm AuNPs to zwitterionic membranes.!"*” These dis-
crepancies in adsorption behavior can be attributed to the mul-
tifaceted nature of adsorption, where ligand charge, solvent
interactions, and ligand affinities interplay and give rise to
dynamic NP-adsorption behavior, emphasizing the need for
more simplified systematic studies on the role of NP-ligand prop-
erties. There have been various investigations into the role of
ligand charge,"*'*"! ligand morphology and composition,®®
ligand hydrophobicity,”” and ligand NP-affinity”*'**) on NP
adsorption. In parallel, SLB models to elucidate and compare
the effects of various physiosorbed and chemisorbed NPs have
been developed at the coarse-grain level,'® as well as other
experimental and coarse-grained MD floating bilayer studies.!"'%!
However, currently, there are no fully atomistic models that also
attempt to compare NP-ligand properties and their role in NP
adsorption in comparison with experimental SLB models.
Here we show that ligand adsorption is not dependent on a
singular ligand property, but the interplay of various ligand
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properties and their interaction with the lipids, the solvent envi-
ronment, and the affinity of the NP core.

In our study, we utilize both AFM and MD to investigate high
and low spatiotemporal ranges, which allows large-scale diffusive
behavior (AFM) to be linked to molecular behavior (MD), provid-
ing strong insights into the overall behavior of the NP-SLB sys-
tem. Although this simplified homogenous DOPC platform
cannot fully replicate the dynamic processes and composition
of natural bilayers, this work establishes an adaptable protocol
for determining the effects of the AuNP ligand coating on the
SLB adsorption process, which can be further tailored toward
numerous NP types, ligands, and relevant biomimetic mem-
brane compositions. Advancing NP-bilayer compositional com-
plexity allows for a more accurate representation of potential
in vivo NP-bio phenomena and will enable the systematic analy-
sis of the effect of additional/alternative NP-SLB properties on
NP adsorption. Moreover, this platform provides a fundamental
tool for screening adsorption capabilities of various NP-bilayer
systems, thereby advancing the preclinical development of these
therapies.
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2. Results
2.1. AFM

High-resolution amplitude-modulated-AFM imaging was con-
ducted in liquid using small-amplitude imaging protocols
previously developed for interfacial imaging of soft matter inter-
faces,["*>'?%] viscous fluids,*” and ionic solutes."” For all
experiments, surface-adsorbed flat lipid bilayers were formed
via the previously reported vesicle fusion method.'2¢27)
Figure 2A shows representative low-resolution (10 x 10 pm)
and high-resolution (150 x 150nm) AFM height images for
SLBs of (i) neat DOPC and (ii-vi) the different ligands. For neat
DOPC, the bilayer surface is relatively homogeneous and com-
mensurate with a flat, continuous adsorbed lipid bilayer. In a
standard AFM experiment, such as that performed here, no
direct chemical data are provided, meaning that confirming
the presence of a continuous lipid bilayer cannot be achieved
by images alone since the bilayer appears smooth, akin to the
underlying mica surface. To confirm the presence of the lipid

B
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Figure 2. A) AFM topographic images of i) Neat DOPC, ii) CIT, iii) TAN, iv) SDS, v) TPA, and (vi) CTAB, with low (top) and high (bottom) mag-
nifications shown for each case. B) AFM force spectroscopy graph of rupture forces of NP-membrane systems (2A i-vi). C) Particle heights of

NP-membrane systems (2A ii-vi).
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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 apparent force curves show a char-
acteristic step as the tip ruptures the bilayer (Figure 2B, inset)
at a distance of ~5nm, when pressing with more than
~2.78 £0.96nN force. The rupture force depends on many
parameters, including the tip geometry, lipid composition, 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, con-
firming a total bilayer thickness close to ~5 nm, consistent with
previous AFM investigations.l'*! The imaging force for these
experiments is roughly ~0.2nN (see Figure S1, Supporting
Information), which is below the threshold force for movement
of individual proteins or lipids,"?*~**" as such, it is assumed to
have negligible disturbance on system dynamics.

Following confirmed SLB formation, a 15pL aliquot of
the AuNP solution (5 x 10" particles mL ™" was introduced to the
system, meaning that ~5 x 10'° particles could equilibrate with the
SLB. The AuNPs were equilibrated with the surface for ~30 min
before imaging. Average rupture forces for the SLBs can be
seen in Table 1. A different location is randomly selected for each
set of measurements to gather a representative sample of the
bilayer integrity across the system. This is necessary because
we cannot identify where single AuNPs are at any given moment.
The underlying mica surface is circular with a diameter of 1 cm,
equivalent to ~700 particles pm 2. 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. Additionally,
there may be some ligand-dependent aggregation, as shown by
complementary dynamic light scattering (DLS) measurements
(see Figure S2, Supporting Information) which may influence
their dispersion and membrane settling rate. Transmission elec-
tron microscopy (TEM) images of the ligand-capped 5 nm AuNPs
can be found in Figure S3, Supporting Information, further
highlighting their individual particle size, monodispersity,
and aggregation behavior. Cluster analysis (see Figure S4,
Supporting Information) was performed on AFM topography
images using Gwyddion scanning probe microscopy (SPM) soft-
ware to distinguish between individual NPs and NP clusters
adsorbed onto the SLB. The analysis was based on a height
threshold approach, where features exceeding a defined height
relative to the bilayer surface were segmented and identified.
This threshold was selected to differentiate between single
NPs and aggregates, allowing for statistical characterization of
particle populations. The resulting data provided insights into
the distribution, size, and clustering behavior of NPs interacting
with the lipid membrane. Additional AFM phase data can further

Table 1. Rupture forces and height profile summary.

www.small-science-journal.com

be found in Figure S5, Supporting Information, this does not
show any noticeable difference from AFM height data.

AFM imaging and force spectroscopy revealed that the various
capped AuNPs all lowered bilayer integrity during SLB interac-
tion. The degree of SLB-AuNP penetration/adsorption was sig-
nificantly influenced by the composition of the ligand coating,
where smaller ligands such as CIT showed greater adsorption
depths as compared to larger ligands such as TAN, SDS, and
TPA which showed primarily interfacial activity. CTAB showed
only occasional bilayer adsorption, and the SLB was generally
devoid of surface features. This is in contrast to the other systems
(CIT, TAN, SDS, and TPA) where surface coverage was high.
While the degree of bilayer penetration was linked to higher rates
of membrane disruption (e.g., CIT showed the highest change in
rupture force and membrane penetration), systems such as TAN,
SDS, TPA, and CTAB which showed primarily interfacial inter-
action, also exhibited disruptive lipid organization mechanisms
despite the lack of complete adsorption into the SLB core. This
suggests that disruptive membrane mechanisms can exist via
interfacial interaction without the need for full SLB absorption.

Figure 2A(i-vi) shows the equilibrated DOPC-SLB-AuNP-
ligand systems, the CIT system surface still appears relatively
smooth with randomly isolated AuNP protrusions. By contrast,
TAN and TPA show an abundance of large-scale AuNP surface
aggregates. SDS also shows a large abundance of large-scale sur-
face aggregates, however, these clusters appear to be joined by
longer interconnected “webs”, which may be attributed to the
attempted micellization of dissociated SDS molecules as they
are not covalently bound to the AuNP surface and may also
behave as a linker between AuNP clusters."*”) The clustering
of the AuNPs is unsurprising given the aggregation seen in
the DLS data (Figure S2, Supporting Information), with aggre-
gate peaks of order ~100 nm for all samples. Similar to TAN,
SDS, and TPA systems, CTAB shows some bilayer protrusions
on closer inspection, however, it lacks the surface aggregates
seen in the other systems.

Different AuNP ligand compositions resulted in different SLB
interactions, as can be seen visually in the AFM results. From a
biomechanical perspective, AFM force spectroscopy revealed that
the addition of the AuNPs to the SLB system led to membrane
disruption effects and lowered the bilayer integrity of each sys-
tem. The AFM tip measures the localized bilayer rupture force
(bilayer integrity) next to the site of NP adsorption. Figure 2B
shows the drop in rupture force of the various SLBs, and the
CIT system shows the largest decrease in rupture force to
0.35 £ 0.25 nN. This is then followed by CTAB at 0.57 & 0.09 nN,
TAN at 0.73+£0.19nN, SDS at 0.88+0.33nN, and TPA
at 1.03 £0.07 nN. Individual representative force curves are
shown in Figure S7, Supporting Information. Interestingly, both

System DOPC caT TAN SDS TPA CTABY
Rupture force? [n=50] 2.78 £0.96 nN 0.35+0.25nN 0.73£0.19nN 0.88 £0.33nN 1.03 £0.07 nN 0.57 £0.09nN
Particle height [n = 50] N/A 2.00£1.07nm 4.91+£0.90 nm 420£3.50nm 3.86 £1.74nm 3.06 £0.82nm

See Figure S6, Supporting Information for rupture force evolution profile; Y CTAB (n =35, as particles were observed infrequently).

Small Sci. 2025, 5, 2500060 2500060 (5 of 18)

© 2025 The Author(s). Small Science published by Wiley-VCH GmbH

85UB017 SUOWILIOD BAE8.D 3(edl|dde ay) Aq peusenob ale ssppiie YO ‘@SN J0 Sa|n. oy Ar1q1T 3UIIUO A8]IM UO (SUORIPUCD-pUR-SULB LD A8 | I AReIq 1[BU[UO//SANY) SUORIPUOD pUe WS | 38U} 88S *[5202/20/TT] Uo ArigiTaulluo A8 |IM 80140 feaued ybinquip3 'SIN PUe(I0dS 10} UoIeoNp3 SHN AQ 090005202 3WS/Z00T 0T/I0p/W0o" A3 1mAzeaq1puljuo//sdny Wwoiy papeojumod ‘. ‘S0z ‘9v0r8s9z


http://www.advancedsciencenews.com
http://www.small-science-journal.com

ADVANCED
SCIENCE NEWS

small
science

www.advancedsciencenews.com

the CIT and the CTAB had the highest change in rupture force
but also had the fewest visible surface aggregates, which may
indicate higher adsorption rates into the membrane (as the
AuNPs are not as visible on the surface but still able to induce
mechanical changes). AFM imaging was further able to elucidate
the overall membrane penetration depth of the AuNP protru-
sions with the SLBs. Figure 2C shows the average bilayer particle
height profiles, with lower height measurements indicative of
high penetration depths into the bilayer. The CIT-coated
AuNPs had the lowest height of 2.00 £ 1.07 nm, which is lower
than the apparent normal AuNP height of ~5nm, suggesting
successful membrane absorption. The CTAB-coated AuNPs
had a recorded height of 3.06 +0.82 nm, indicative of inter-
facial adsorption (or occasional adsorption), followed by TPA
at 3.86+1.74nm, SDS at 4.20+3.50nm, and TAN at
4.91+0.90nm. For the CIT, the apparent lowered height of
the bilayer protrusions, along with a large change in the rupture
force, is also indicative of NP adsorption within the bilayer. The
larger average height profiles for TAN, SDS, TPA, and CTAB
suggest interfacial adsorption, however, the measured change
in rupture forces suggests a mechanism of bilayer destabilization
that is exclusive of membrane penetration. It should be further
noted for CIT, SDS, TPA, and CTAB that while the bilayer integ-
rity was disrupted on a molecular level, the presence of the rela-
tively smooth SLB surface indicates the ability of the AuNP to
incorporate or interact with the bilayer without significant mac-
roscale changes to the bilayer structure, in contrast to TAN where
the formation of lipid domains can be observed.

Previous work on the interactions of coated AuNPs with
bilayers has shown that citrate-coated AuNPs undergo adsorption
to phosphocholine bilayer interfaces, as well as cause changes to
lipid organization and affect bilayer fluidity.””1%3-1%>1%7] The
mechanism of adsorption of citrated-capped AuNPs to bilayers
has been suggested to involve the dissociation of the citrate
ligand coating of the AuNP surface and subsequent NP adsorp-
tion due to the hydrophobic contacts between the AuNP surface
and the lipid tails.["*71951%7) This allows the AuNP to incorporate
itself into the membrane and alter the membrane ordering with-
out significant macroscale alteration. It should be highlighted
that while an overall disruptive mechanism is observed here,
in curved membranes such as liposomes, the opposite effect
(ordering) can also be observed, that is, AuNPs causing a
fluid-gel-like transition during adsorption.''® The differences
in NP adsorption between the two systems may be rationalized
by geometric constraints on lipid packing due to the morphology,
leading to alternative membrane behavior.

In the case of TAN, the development of conserved lipid
domains, as opposed to the smooth planar bilayer observed with
the neat DOPC or during the adsorption of the other AuNPs,
suggests significant membrane disruption during interaction
that does not occur in the other AuNP systems. Additionally,
the height profiles suggest this disruption mechanism is exclu-
sive from membrane penetration, in contrast to CIT, where the
membrane destabilization coincided with adsorption. This dis-
ruptive bilayer effect may be due to the abundance of AuNP
aggregates inducing a mechanical destabilization effect.
Additionally, it has been observed that tannic acid molecules
can induce the formation of reactive oxygen species, which
can affect membrane integrity,!'>?! and this may happen during
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membrane interaction with the AuNP complex, as well as from
additional TAN molecules that may be only partially associated
with the NP-complex.

Specific reports of SDS-coated AuNPs in lipid bilayer adsorp-
tion appear to be lacking in the literature. This may be attributed
to the widespread use of SDS as a detergent, as it can solubilize
bilayers,!"*¥ which may be disruptive for the analysis of adsorp-
tion data, making it less suitable for certain biomedical studies.
As aresult, researchers may seek alternative coatings that provide
more controlled interactions for therapeutic applications.
However, SDS still has a role as a potential surfactant in the syn-
thesis of relevant biomedical NPs,'**! and exploration of the
mechanics is still useful. Although little has been done with
SDS-AuNPs, Alamadar et al. observed the interaction of SDS-
coated iron NPs with bacterial membranes. While no direct
uptake was observed, visual observation via TEM imaging
revealed interfacial surface activity.l'**! They additionally
observed membrane destabilizing effects of the SDS-coated
NPs at higher concentrations, suggested to occur due to cell wall
penetrating effects or oxidative stress.’*®! Similar interfacial
activity and membrane destabilizing effects may be occurring
in the current study. This aligns with Zhang et al. where the
adsorption of silver NPs was shown to be either inhibited or pro-
moted based on the localization of the NP organic matter coat-
ing."*” While coated NPs promoted adsorption, precoating the
SLB with the organic matter inhibited adsorption.!"*”! A similar
process may be observed here, where coated SDS AuNPs pro-
mote adsorption, and unbound SDS interacting with the mem-
brane may cause an inhibitory effect, allowing for alternative
adsorption scenarios such as aggregation.

For TPA, the presence of the carboxylate groups could lead to
distinct destabilizing effects during adsorption. Cao et al. have
observed membrane disruption with ~4 nm Au nanoclusters
coated with thiol-polyethylene glycol (PEG)-carboxylic acid in bac-
terial cells, with the destabilization mechanism partially attrib-
uted to the protonation of carboxylate groups (leading to a
change in membrane potential).l'*® This may explain the desta-
bilization effects observed with TPA despite primarily interfacial
bilayer activity.

In the CTAB system, electrostatics and AuNP-ligand and
ligand-headgroup interactions may play a larger role in mem-
brane destabilization and interfacial localization. Koch et al.
report differences in adsorption between CIT-AuNPs and
CTAB-AuNPs to polymersomes via DLS, suggesting the uptake
of CTAB-AuNPs is inhibited due to electrostatic repulsion.!***!
Peetla et al. had also observed the lack of adsorption of
130nm CTAB-coated polystyrene-NPs on phosphocholine
SLBs via AFM, and highlighted the primarily interfacial behav-
ior."*" They observed similar behavior in other model phospho-
lipid monolayers.'*"! While repulsive electrostatics may lead
to greater adsorption inhibition rates, Shimokawa et al.'*?
observed both cationic and anionic NPs undergoing adsorption
to bilayers if nonelectrostatic interactions such as vdW overcome
electrostatics, and further note membrane deformation effects
during adsorption due to electrostatic repulsion effects on
charged lipids. A simultaneous adsorption and partial repulsion
effect may be observed here that allows the incorporation of the
CTAB AuNP partially within the membrane interface (potentially
due to hydrophobic interactions), however, at the energetic cost
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of membrane distortion, leading to the lowered rupture force.
The lack of adsorption may also be in part due to the inhibition
of the dissociation of the ligand coating, which involves the bal-
ance between AuNP-ligand surface attraction, as well as ligand
dissociative capabilities of the SLB (through competitive surface
interactions of the lipids on the AuNP surface). There is report-
edly a strong association of the CTAB coating due to the self-
assembly of the energy minimum CTAB bilayer structure on
the AuNP surface,"**! so disassociation of the cap may require
substantial work for there to be sufficient interaction between the
AuNP and the lipid bilayer for subsequent adsorption, hence the
interaction being localized to the interface. Additionally, CTAB-
AuNPs have been shown to be interfacial bilayer “tags” and
remain arrested at a biomimetic phosphocholine-containing lipo-
somal interface."** The apparent lack of clustering of the AuNPs
on the SLB may be attributed to electrostatic repulsion.

Overall, these results highlight that ligand composition heavily
influences NP adsorption behavior and can present a variety of
different adsorption modes and aggregation behavior based on
ligand composition, leading to various membrane destabilization
and reorganization effects.

Collectively, the AFM results show that smaller ligand coat-
ings, such as CIT, facilitate higher adsorption depths into the
SLB, whereas larger ligand coatings, such as TAN, SDS, and

www.small-science-journal.com

TPA, localize the AuNP interaction to the bilayer headgroup
region, and CTAB significantly inhibits AuNP from undergoing
adsorption. These observations highlight the crucial role of
ligand composition in the overall AuNP-SLB adsorption process.
In addition, through comparison of height versus rupture force
profiles, the adaptation of AFM to measure differences in the
adsorption mechanisms between different capped AuNPs is
illustrated. While AFM is ideal for imaging changes to SLB integ-
rity and structure, large-scale aggregation behavior of AuNPs,
and investigating the adsorption of single particles and the sur-
rounding membrane area with nanoscale resolution, AFM can-
not fully resolve dynamic atomistic detail of the NP-SLB
interaction. Therefore, MD simulations were employed as a com-
plementary technique in order to understand these interactions
in more detail.

2.2. MD Simulations

All-atom MD simulations were employed to gain atomistic
insight into adsorption/interaction mechanisms of the sys-
tems that were investigated experimentally (see Figure 3).
Components were chosen to represent the insitu AuNP-SLB
environment. The simulated systems include a single basal plane
15nm x 15nm of mica, a DOPC lipid bilayer, ~1nm water

MD simulations of NP-SLB adsorption with

Ligands
Citrate (CIT) Ons
a cIr
B Ons

Tannic acid (TAN)

TAN

Sodium dodecyl sulfate
(SDS)

il

Thiol-3-PEG Acid (TPA)

Cetyltrimethylammonium
bromide (CTAB)

SDS

Ons

CTAB

AHHARRRS

different ligands

100ns 200ns 300ns

100ns 200ns 300ns

100ns 200ns 300ns

100ns 200ns 300ns

Figure 3. MD simulation of DOPC-SLB systems interacting with NPs with various coatings of A) citrate (CIT), B) tannic acid (TAN), C) sodium dodecyl
sulphate (SDS), D) thiol-3-PEG Acid (TPA), and E) cetyltrimethylammonium bromide (CTAB).
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solvation layer in between the lipid bilayer and the mica, as well
as the solvated AuNP-ligand capped systems, with the capped
systems being either CIT, TAN, SDS, TPA, or CTAB, denoting
their AuNP capping agent. Additional baseline, non-mica-
supported (floating) membranes can also be seen in Figure S8,
Supporting Information. Based on previously benchmarked
work,['%” the capping agents were equilibrated in order to reach
surface coverage densities between 90% and 100% to allow com-
plete single monolayers of the ligands. Table 2 shows the ligand
surface coverage densities on the AuNP in the simulations com-
pared to experimental data. Notably, the MD surface coverage is
always lower than that determined by experiment. These differ-
ences are probably due to the fact that in the simulation only a
single layer is adsorbed, whereas in experiments the ligand shells
may consist of double or multiple layers, clusters, etc.), and
the experimental determination of this thickness is difficult in
any case.

The systems can be divided into two primary components: the
mica-DOPC lipid membrane (SLB) system with the additional
water solvation layer, and the solvated ligand-capped AuNP sys-
tems. The pure DOPC-SLB was equilibrated in isolation to form
a baseline for analysis (see Figure S9, Supporting Information)
and was commensurate with known fluid phase DOPC mem-
brane models. The complete systems for analysis consisted of
the equilibrated SLB membrane system and the equilibrated
AuNP-ligand systems. Adjustments to the pairwise nonbonded
interactions between gold and the other atoms were made to
reproduce the experimental coverage and exchange mechanisms
(Table S1, Supporting Information).l"””) MD simulations of the
ligand-capped SLB systems were run for 300 ns with the ligand-
capped AuNP allowed to freely move within the system and the
ligands not locked to the AuNP, allowing for their displacement
as a function of interactions with the chemical environment over
time (see Figure S10, Supporting Information for radial distribu-
tion functions (RDFs) of systems). An additional simulation was
run as a bare nonligand capped AuNP for behavior comparison
and can be found in Figure S11, Supporting Information.

Figure 3 shows visual snapshots of the interactions for each of
the ligands. The lower molecular weight (MW) CIT ligand facili-
tated sufficient hydrophobic contact between the AuNP surface
and the lipids and enabled adsorption of the AuNP into the SLB.
The larger MW ligands TAN, SDS, TPA, and CTAB enabled
higher degrees of stable surface coverage, primarily shielding
the interaction between the AuNP and the phospholipids, lead-
ing to incomplete adsorption. However, for TAN, SDS, and TPA,

Table 2. Ligand and ligand-capped AuNP characteristics and behavior.

www.small-science-journal.com

the ligand morphologies resulted in sufficient interfacial interac-
tion with the headgroups, whereas with CTAB, the interaction
was primarily inhibited due to electrostatic repulsion. CIT dem-
onstrated the strongest bilayer interaction and underwent near
complete adsorption into the membrane, showing progressive
displacement of the CIT ligand coating as a function of lipid tail
interactions and AuNP adsorption into the SLB. SDS and TAN,
on the other hand, underwent interaction with the headgroups
without ligand displacement or adsorption. Whereas TPA largely
interacted with the outermost interface and CTAB was electro-
statically inhibited from interacting with the SLB and sat close
to the surface. These differences can be quantified via the
penetration depth into the membrane. Figure 4A shows the
Z-distance of the variously capped AuNPs’ center of mass relative
to the mica surface oxygens over the 300 ns simulation. Only the
CIT (cyan line) system shows adsorption past the nominal DOPC
headgroups and reaches an equilibrium within the bilayer core at
roughly ~250 ns, while SDS and TAN are seen to reach an equi-
librium distance from the headgroup region, TPA with the out-
ermost headgroup region, and CTAB equilibrating slightly above
the interface. As the CIT was able to undergo adsorption into the
SLB, the CIT further showed significant changes to the mem-
brane mechanics. Figure 4B shows the DOPC density for the
final 10ns of the simulation. The CIT-SLB shows a distinct
reduction in the central lipid density coupled to an increase in
density at larger z-value as the AuNP displaces the DOPC,
whereas the SDS, TAN, TPA, and CTAB showed negligible
changes as compared to baseline due to their lack of adsorption.
Mechanical changes were further demonstrated by the lipid
order parameter (S.q), which is a measure of the average lipid
molecule 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. The
Sea in Figure 4C indicates a stiffening of the lipid chain during
CIT adsorption, not observed for the SDS, TAN, TPA, and CTAB
systems. This increased order exhibited by the lipid chains in the
CIT system can be attributed to the compression caused by the
reduction in available volume as the AuNP penetrates the mem-
brane. Generalized disturbance to the membrane thickness and
area per lipid (APL) because of this inclusion can also be
observed (see Figure S12, Supporting Information). Additional
properties such as leaflet interdigitation (see Figure S13,
Supporting Information) show negligible changes, whilst the
adsorption coincides with an increase in contact area (see
Figure S14, Supporting Information).

Ligand Charge MD Surface Coverage Experimental Surface Coverage Behavior in AFM Behavior in MD simulations
aT -1 157 218201202 Absorption Absorption

TAN 0 39 2421203 Interfacial adsorption Interfacial adsorption
SDS -1 119 34821204 Interfacial adsorption Interfacial adsorption
TPA -1 230 609!20%1 Interfacial adsorption Interfacial adsorption
CTAB +1 125 15g[208] Occasional adsorption No adsorption

3Literature could not be found for specific SDS-AuNP surface density, so the SDS value is based on a minimum hydrodynamic radius of a single SDS molecule vs AuNP surface

area, considered to maximum surface density limit. (AuNP surface area/minimum SDS hydrodynamic radius = 121.7 nm~2/0.35 nm~% = 347.71 SDS ligands per AuNP).
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Figure 4. A) AuNP-membrane Z-axis penetration distance. Horizontal dashed black lines are representative of outer DOPC-N headgroup positions.
B) Surface normal DOPC density. C) lipid order parameter (S.q), and D) PMF for the ligands shown.

Figure 4D shows umbrella sampling data of the AuNP-capped
systems (as shown in Figure 3A-E), as a function of the AuNP
being pulled into the membrane via a biasing potential and
reveals differences in the free energy profiles between the sys-
tems. Similar to the findings obtained from the unbiased MD
simulation, the CIT-AuNP underwent adsorption more easily
compared to the other capped systems, with lower free energies
indicative of easier adsorption within the membrane. In contrast,
ligands that showed interfacial adsorption or no adsorption into
the membrane (i.e., the TAN, SDS, TPA, and CTAB) had the
highest potential of mean force (PMF) to incorporate the
AuNP complex into the bilayer. It should be noted that the cap-
ping agents remained on the AuNP surface during the steered
MD trajectory, except in the case of citrate which showed slight
cap displacement, albeit to a lesser degree compared to the unbi-
ased simulation. In the case of TPA (the system with the highest
PMF gradient), the presence of the ether groups increases the
chain hydrophilicity of the hydrocarbon chain, which increases
the resistance of movement through the hydrophobic mem-
brane core, resulting in a higher PMF gradient. The SDS-
capped and CTAB-capped systems had the second highest
PMF, as they are more easily incorporated into the bilayer than
TPA due to their hydrophobic chains. However, there is still
a minor energetic barrier due to their functional group-
headgroup repulsion interactions. The PMF of the citrate is
reduced due to the transient nature of the cap and subsequent
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hydrophobic interaction between the AuNP and the lipid carbon
tails. Van Lehn et al. observed increased adsorption of AuNPs at
bilayer defects, specifically due to interactions between AuNPs
and lipid tail protrusions.'*"! Interestingly, CIT and TAN have
similar PMF profiles, despite their stark differences in ligand
morphology/composition. In the case of CIT, the ligand-
facilitated interactions between the AuNP and lipid protrusions
lowered the energetic cost for adsorption. Conversely, in TAN,
the increased globular size of the ligand increased contacts with
the lipid tail protrusions and similarly lowered the PMF profile.
However, additional factors in the unbiased simulation, such as
steric hindrance effects, still lead to inhibition of TAN adsorp-
tion due to the inability of cap dissociation. Additionally,
similarities in the PMF of TAN and CIT may also further be
attributed to TAN having both hydrophilic and hydrophobic
components, as this may lower the energetic barrier into both
the headgroups (hydrophilic) and bilayer core (hydrophobic).
Su et al. had observed similar findings in relation to an opti-
mum hydrophobic/hydrophilic compositional ratio of NPs that
balances the attraction to the core and repulsion from head-
groups to enable maximum translocation as it is not biased
toward either region,[**®! potentially explaining the similar low-
ered PMF profile.

The observed differences in adsorption can be attributed to
underlying differences in their mechanisms of action. The mech-
anism of adsorption of CIT-AuNP with a DOPC-SLB has been
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established in detail in previously published work.’®” The
adsorption process primarily involves the initial attraction, both
vdW and electrostatic, between the negative citrate and the outer
positive trimethylammonium lipid headgroups. This interaction
enables proximal hydrophobic contact between the AuNP and
the DOPC lipids. Subsequently, electrostatic repulsion of the cit-
rate by the negatively charged phosphate groups of the DOPC
lipid results in the dissociation of the ligand shell and adsorption
of the AuNP.['%”)

In contrast to the CIT, the TAN showed equilibrium within the
headgroup interfacial region of the SLB and showed no deep
adsorption into the membrane. It should be noted that the
TAN changes the morphology of the AuNP complex more sub-
stantially than the other ligands, where the other ligands tend
to conform to the shape of the AuNP surface. TAN forms unique
protruding structures at the AuNP surface vertices due to the large
size of the molecule, and as such, structural effects such as steric
hindrance may be more apparent within this system. The TAN
also shows negligible ligand dissociation, which can be explained
by the strong hydrophobic association of the TAN ligand aromatic
rings with the AuNP surface, inhibiting its dissociation and shield-
ing the AuNP from interactions with the bilayer The interfacial
adsorption is then explained by initial interaction between the tri-
methylamine methyl groups and the aromatic benzene rings, as
well as the steric hindrance imparted by the large globular mor-
phology of the tannic acid complex on the AuNP surface increas-
ing the energetic barrier for complete adsorption.

Similar to the TAN system, the SDS also underwent interfacial
interactions primarily within the headgroup region. The interfa-
cial adsorption can be partially explained by the electrostatic
interaction between the negatively charged sulfate functional
groups and the positively charged trimethylamine DOPC head-
groups. While specific examination of SDS-coated AuNPs is lack-
ing in the literature, approximation of the behavior of the NP may
also be partially inferred from SDS’s native properties. The
strong hydrophobic interaction between the SDS carbon chain
and the surface of the AuNP inhibits dissociation and allows
it to remain strongly attached to the surface during membrane
interfacial interaction, causing inhibition of adsorption of the
AuNP into the SLB. Essentially, the presence of the cap shields
the interactions between the AuNP and the SLB. Furthermore,
while there is an attraction between the sulfate groups and the
outer positive trimethylamine groups, the AuNP cannot absorb
fully as desorption of SDS from the AuNP is energetically unfa-
vorable, as well as the electrostatic repulsive barrier imposed on
the negative sulfate groups of SDS molecules by the phosphate
lipid headgroups.

Unlike the SDS and TAN systems, the TPA can be seen to
localize at the top of the interface, as opposed to being embedded
slightly within the headgroup region. The lack of further adsorp-
tion past the outermost headgroup can be partially attributed to
the strongly adsorbed nature of the TPA ligands on the AuNP
surface, inhibiting their ability to dynamically fluctuate.'*752
The negative charge of the carboxylate group only permits inter-
action with the positive outer trimethylamine functional groups
and is repelled by the negatively charged phosphate groups of the
DOPC lipid, furthermore the hydrophilic nature of the TPA car-
bon chain (due to ether groups) may increase the solvent inter-
actions and may increase energetic cost for adsorption.
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In contrast to the other systems, CTAB showed inhibition of
adsorption. This can partially be explained by the strong hydro-
phobic interactions of the CTAB carbon chains with the
AuNP surface, limiting their dissociation from the surface.["*’
Additionally, both CTAB and DOPC have a positively charged
trimethylamine functional group, resulting in electrostatic repul-
sion and the CTAB equilibrating slightly above the interface.
While not in constant direct physical contact, the particle
remained at very close proximity to the SLB (=1 nm).

3. Discussion

The AFM and the MD showed comparable results for the CIT
system, where AuNP adsorption and subsequent membrane
destabilization were observed. MD results support the AFM
observations of the interfacial adsorption of the TAN-AuNP
SLB with the lack of z-penetration distance, however, they differ
in their overall measured effect on the bilayer integrity. In the
case of TAN, larger NPs typically have higher energetic costs
of adsorption/permeation due to their size.’> Tannic acid
hydroxyl and carbonyl groups are hydrophilic and may promote
interactions with the headgroups, but the benzene rings are pri-
marily hydrophobic and inhibit the desorption of the tannic acid
from the AuNP surface, as well as introducing an energetic bar-
rier for adsorption past the headgroups, localizing the AuNP to
the interface. Tannic acid also has potential reactive oxygen
species (ROS)-inducing mechanisms!**¥! that may disrupt the
bilayer, which could explain the measured bilayer disturbance
in AFM, despite the lack of complete adsorption. While specific
chemical changes are not modeled in a classical MD simulation,
the significance of measuring the localization of the AuNP to the
interface aids in explaining the observed AFM results. Similarly,
processes such as lipid oxidation resulting in membrane disrup-
tion can be measured indirectly with AFM. Notably, Orlowski
et al. report uptake in their JAWS II dendritic cell line for their
5, 24, and 58 nm tannic acid-coated AuNPs; however, when spe-
cific uptake proteins were inactivated, the AuNPs showed
increased interfacial with the cell membrane and inhibition of
internalization occured, highlighting the favorable interfacial
interaction with the lipid bilayer.'>*!

Discrepancies between the AFM and MD for SDS may be
explained by differences in the order of timescale or localized
detergent effects imposed by the SDS molecules on the SLB
observed within AFM and not MD. The detergent effects of
SDS on phospholipid membranes have primarily been found
to be due to SDS molecules causing lipid “flip-flop” events within
the membrane, however, this process can take roughly in the
order of minutes to hours for complete micellization.">¢%”!
As the time for post-AuNP equilibration was roughly ~30 min,
this allows for these events to be observed in AFM, timescales
which are not accessible in MD.

MD also shows localization of TPA-AuNPs above the interface,
supporting the AFM observations. Like the other larger size
ligands investigated here, the localization of the TPA-AuNP to
the interface may be in part explained by steric hindrance
induced from the presence of the TPA monolayer and electro-
static repulsion between the carboxylate groups on the TPA
and the negatively charged DOPC phosphate group. The lack
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of adsorption observed here for a TPA coating is commensurate
with Wang et al. who observed a significant decrease in bilayer
adsorption for their TPA (chemisorbed) coatings over their CIT
(physiosorbed) coatings due to their lowered interfacial interac-
tion in their coarse-grained model.[*®!

While the MD showed an inhibition of interaction between the
CTAB and DOPC, the AFM revealed primarily surface interaction
with occasional adsorption and subsequent membrane destabili-
zation. The discrepancies between the AFM and MD results may
be rationalized as a factor of time; the AFM results could show
higher adsorption rates due to NP settling processes at timescales
which are unachievable via MD simulations. CTAB-coated NPs
have been observed to undergo primarily interfacial adsorption
to a bilayer,™**'*! suggested in part due to electric repulsion
mechanisms inhibiting complete uptake. While the MD and
the AFM potentially differ in their localization of the NP, the
results together show a reduced tendency of the CTAB-AuNP
to incorporate into the bilayer as opposed to other systems, such
as CIT. Additionally, the electrostatic repulsion mechanism
observed in the MD between the CTAB and the DOPC lipids
may explain the AFM results, which showed the surface devoid
of any large clustering features, as the NPs may have a high or
negligible settling rate due to electrostatics (see Figure 2).
However, some AuNPs can still occasionally attach to the mem-
brane due to either thermal motion, hydrophobic contact, or
AuNP-ligand surface defects (due to improper coating), lowering
the overall adsorption energy between the AuNP and the SLB.

Combining both AFM and MD results shows how the adsorp-
tion of a 5nm AuNP with a DOPC-SLB can be modulated via
alteration of the capping agent. The MD and AFM reveal similar
overall trends of NP adsorption between various ligand systems,
primarily the increased adsorption of the CIT-capped AuNP into
the bilayer, with subsequent membrane disruption, and the
interfacial or inhibited interaction of the TAN, SDS, TPA, and
CTAB systems. AFM and MD results align in the localization
of the bilayer; however, the AFM shows increased bilayer distur-
bance effects even for interfacially adsorbed AuNPs as opposed to
MD. This may be explained via additional chemical effects,
aggregation behavior, or timescales that are not accessible via
MD. AFM and MD provide complimentary information. AFM
can elucidate the large-scale physical membrane changes and
AuNP behavior in a dynamic SLB environment, while MD
can be used to explore the detailed molecular behavior of the lip-
ids, AuNPs and ligands. The results gathered here provide
a method of establishing the absorbance tendencies of vari-
ous capped NPs to SLBs, which can be adapted to other
NP-ligand-SLB systems.

Notably, the mechanistic behavior of the AuNP-ligand com-
plex observed within MD seems to be influenced by multiple fac-
tors, and it is difficult to isolate a single determinant for
adsorption. Rather, it is the interplay of several ligand properties
as well as their interactions with the AuNP and the membrane
that dictate the specific adsorption behavior. While the adsorp-
tion of the AuNP was significantly influenced by ligand
size, smaller-sized ligands such as the CIT facilitated adsorption,
and intermediate-to-large-MW ligands such as the TAN, TPA,
SDS, and CTAB showed incomplete adsorption, but size alone
cannot explain the adsorption difference. Mid-larger sized
ligands of similar size, such as the TPA, SDS, and CTAB and
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TAN, showed differences in interfacial behavior. Electrostatic
effects play a key role, such as in the case of SDS (negative)
and CTAB (positive), where differences in functional groups lead
to a difference in adsorption behavior. However, molecules with
similar charge, such as the CIT (negative) and TPA (negative),
showed differing adsorption behavior. Also, TAN (neutral) still
showed interfacial adsorption, which highlights how additional
ligand properties, such as morphology and hydrophobicity, must
also play a role. Likewise, ligand chain hydrophobicity cannot
fully explain the adsorption differences, as both CTAB and
SDS chains are hydrophobic but display different adsorption
behavior. Figure 5 presents a visual comparison of key head-
group interactions, indicating a multivariant mode of interaction
determined by factors such as AuNP surface interactions, ligand
hydrophobicity, solvent interactions, and geometric constraints.
The ability to tailor different ligand behavior based on the coating
composition remains apparent.

The observed ligand surface orientation and behavior are in
line with the literature (see Table S2, Supporting Information,
for a summary of AuNP-ligand surface behavior). Citrate
(CIT) ligands have been shown to form loosely bound transient
monolayers on AuNP surfaces and be exchangeable with their
solvent environment"**7%! a5 well as undergo lipid-ligand
exchange mechanisms in DOPC bilayers.[1°3'1°5’1°6] For TAN,
the formation of a globular network of tannic acid stabilized
via vdW interactions around the AuNP with small protruding fea-
tures (due to the large molecule size) is consistent with the obser-
vations by Walsh et al. of Au and aromatic rings, stabilized via
noncovalent interactions and n—n stacking.'®!! For SDS, the
hydrophobic adsorption of the tails on the Au surface with the
headgroups facing outward in solution (see Figure S15C for
RDF Au-SDS terminal C vs Au-SDS S), as described by
Soares et al. is the energetically favorable configuration for
SDS on Au surfaces.'*¥ Thiolate ligands typically form Au-$S
surface bonds, which orient the R/tail group away from the sur-
face.'*”) For TPA, a thiolate ligand, the Au-S vdW parameter
(i-e., nonbonded interaction) was modeled according to the orig-
inal interface parameters!™*! to represent their strong attractive
nature."**52l We observe a surface adsorbed S-atom with the
carboxylate sticking in solution (see Figure S15D, Supporting
Information, RDF for Au-TPA S and Au-TPA carboxylate O), con-
sistent with previous CG simulations by Lin et al."*® For CTAB,
the hydrophobic adsorption of the carbon chains and the
outward-facing trimethylamine groups that associate with Br~
ions in solution is consistent with reports by Kalipillai et al.
(see Figure S1SE, Supporting Information, Au-CTAB N and

A CIT B TAN C

SDS D TPA

E CTAB

Figure 5. Close-up isolated interfacial interaction snapshots during the
adsorption/inhibition process, highlighting key interfacial interactions.
A) CIT, bilayer adsorption, B) TAN, interfacial interaction, C) SDS, interfa-
cial interaction, D) TPA, interfacial interaction, and E) CTAB, inhibition of
adsorption.
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Au-CTAB terminal C) who showed similar energetically favor-
able Au-CTAB orientations.!">?]

With respect to the presence of free ligands within the solu-
tion, ligand-capped NPs, such as those used here, typically go
through various purification and washing steps to remove excess
ligands.!"®*! Except for CIT, most of these ligands show minimal
dissociation and favor the AuNP-associated state. The presence
of significant quantities of free ligands would result in the for-
mation of micelles/aggregates which would be observable
using DLS and AFM and their effects on the SLB (such as
lipid detergent, oxidative, or destabilizing effects) would be
apparent.!'**19+"17% Additionally, as free ligands (like other exog-
enous molecules within the body) are typically rapidly cleared by
the immune system,!"”"! and as such, would not be present under
realistic biological scenarios, this lowers the necessity of free
ligand inclusion in the simulations.

In comparison to our CIT-AuNP-SLB system, recent experi-
mental work by Contini et al. investigated the interfacial bilayer
behavior of various-sized citrate-capped AuNPs with model
DOPC liposomes.””) Notably, they observe spontaneous adsorp-
tion of their 5nm AuNPs and rearrangement of the lipids, a
wrapping of the membrane around the NP, and embedment
of the AuNP within the bilayer.”” Cardellini et al. has furthered
molecular investigation into the adsorption mechanisms by
developing a coarse-grain molecular model of the adsorption
process of various-sized (8 nm & 14 nm) citrate-coated AuNPs
onto a free-floating DOPC membrane, where they observe the
spontaneous adsorption of the AuNP, subsequent release of cit-
rate molecules, and lipid re-arrangement effects." Similar
mechanisms of citrate-capped AuNP adsorption to PC bilayers
have been described elsewhere throughout the literature and
are in line with the results gathered here.'**'°* The work here
differs due to the use of all-atomistic models and the use of the
mica supporting mechanisms, however, parallels may be drawn
in the overall adsorption process.

Work by Villanueva et al. also had similarities, involving the
AFM investigation of the overall adsorption behavior of 2-5 nm
CdTe quantum dots onto a mixed DOPC:DOTAP bilayer.!*”?
They measure a drop in rupture force during NP-SLB interaction.
Additionally, while the initial interaction was facilitated via elec-
trostatics, the hydrophobic attraction between the NP and the
SLB was the determining factor for bilayer core incorpo-
ration.'”? In relation to our interfacial adsorbed systems (i.e.,
SDS, TPA, CTAB, and TAN), recent experimental work by
Wang et al. investigated the adsorption of various ligand-coated
13 nm AuNPs onto a DOPC mixed lipid bilayer. Similar to obser-
vations here, the results show weakly physiosorbed ligands, such
as citrate, enabled easier adsorption into the bilayer. Additionally,
larger chemisorbed ligands such as thiolated ligands either did
not directly adsorb or only weakly interacted with the SLB. This is
in part due to the reduced exchangeability of the physiosorbed
ligands with the solvent environment, whereas chemisorbed
ligands remain on the surface and shield the interaction with
the bilayer.'°® These results are in line with our weakly adsorbed
versus strongly adsorbed AuNP ligand observations and high-
light the importance of ligand affinity in the overall NP-SLB
adsorption process.

Wang et al. used both computational modeling methods and
AFM to support their findings. Our model builds upon this by

Small Sci. 2025, 5, 2500060 2500060 (12 of 18)

www.small-science-journal.com

establishing the adsorption mechanisms in the context of atom-
istic modeling, different size regimes, and alternative capping
agents. Similar work by Lehn et al. also used MD and AFM
for the analysis of AuNP bilayer adsorption and highlighted
the significant role of the lipid tail interaction for the internali-
zation of AuNPs.'*! It was observed that AuNPs occasionally
adsorb to the bilayer interface; however, in the presence of bilayer
defects (such as lipid tail protrusions), AuNP insertion was pri-
marily observed."**) That work highlights the advantages of com-
bining AFM and MD techniques for the analysis of adsorption
mechanisms, however, it does not give a comparison of ligand
systems."*) Inhibiting bilayer adsorption through the alteration
of the capping agent properties has been observed in a coarse-
grained model. On a mixed DPPC/DOPC bilayer, three modes
of adsorption can be observed for their anionic, cationic, or
hydrophobic/neutral AuNPs capping agents, where the AuNP
can be seen to either localize to the headgroups, undergo absorp-
tion, or be inhibited from adsorption. This further highlights the
interplay between ligand functional group composition and sub-
sequent adsorption behavior.!'”? Additional investigations of the
free energy profiles of capped versus noncapped AuNPs showed
that thiolated ligands significantly increase the energetic barrier
for adsorption.”* We highlight here the importance of using
both computational and experimental methods, which is some-
what lacking in the literature. For example, the MARTINI force-
field is popularly used for the adsorption of AuNPs,[!0410>173]
and studies using this forcefield have shown adsorption for a
highly physiosorbed PEGylated AuNPs."”>) However, this is con-
trary to experimental findings of the adsorption of AuNPs with
strong physiosorbed coatings, which show interfacial interaction
and lack of complete adsorption.'® Recent work in which
computational and simulation methods were used to understand
AuNP bilayer translation by Zolghadr et al. provides an explana-
tion for this observation.'”*! Their investigations into AuNP
adsorption to a DPPC/POPC bilayer highlighted the underesti-
mation of the free energy barrier using the MARTINI model,
which would account for the increased adsorption of specific
NPs.l'7¢! These results highlight the need for more combined
computational /experimental AuNP-bilayer studies, which, while
they do exist within the literature, remain in their minor-
ity.l'91761 Additionally, there exists an even smaller niche of
combined experimental/computational methods specifically for
S B [106.110]

4, Conclusion

In this work, we used a combination of AFM and MD to charac-
terize the adsorption behavior of various ligand-coated AuNPs,
with differing structural properties, primarily morphology and
functional groups, at a fluid-phase DOPC SLB. We further devel-
oped a platform for investigating NP-membrane interactions
atomistically, by using techniques that operate on different spa-
tiotemporal ranges. The large-scale biophysical behavior
observed in the AFM can be further rationalized by the molecular
mechanics observed in the MD. The specific MD-inspired crea-
tion of the in situ SLB AFM environment and the NP-ligand com-
plexes, as well as the comparison of the observations made
between AFM-MD can be utilized by other researchers for the
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analysis of a plethora of NP-membrane related systems and
behaviors; notably to a higher degree of accuracy as compared
to unsupported MD bilayer systems or isolated AFM investiga-
tions (which is currently extremely typical). Using these meth-
ods, we show the potential strength of combined AFM-MD
experimental work for the holistic characterization of NP-SLB
behavior. We encourage others to adapt these methods for the
development of their own systems, for their analyzes of specific
biophysical NP-SLB behavior, which will further aid in adding to
the limited but increasing body of knowledge surrounding NP-
SLB interactions.

The AFM established a relationship between the observed par-
ticle heights and the resultant change to rupture force, with
increases in the particle penetration depths linked to increases
in bilayer fluidity. However, bilayer disruption mechanisms were
also observed for interfacially interacting AuNPs, and MD was
used to further elucidate different interactions based on ligand
composition. The MD simulations were able to differentiate spe-
cific adsorption inhibition, adsorption, or absorption mecha-
nisms. While initial interaction (i.e., adsorption) is primarily
driven by vdW /electrostatic interactions, the complete absorption
of the NP is further driven by the propensity of the ligand coating
to dissociate from the AuNP surface, as well as the ability of the
AuNP to make sufficient hydrophobic contacts with the bilayer.
The combined AFM and MD results suggest that the adsorption
of the AuNP is modulated by the properties of the capping agent
and aid in the mechanistic understanding of NP-SLB adsorption
mechanisms, which remain a significant area of investigation
due to their relation to natural cellular mechanics and implica-
tions within the biomedical field. These methods may in part be
used as a screening tool for identifying specific ligand composi-
tions that can promote/hinder NP-SLB adsorption and allow for
the more rational design of NP therapeutics. These methods fur-
ther highlight the significance of combined experimental/
computational methods as their various spatiotemporal scales
can aid in understanding the NP-SLB system at various levels.

5. Experimental Section

Lipid Preparation: Lipid solutions were prepared for AFM via the follow-
ing protocol. DOPC lipids (Avanti Polar Lipids Inc., AL, USA) were rehy-
drated into ultrapure Milli-Q water to a concentration of 1 mgmL™". 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 0.15 M
NaCl to a concentration of 0.1 mgmL™". All glassware and components
were cleaned thoroughly by sonication with ultrapure water, then isopropyl
alcohol, and water again for 10 min each prior to use.

AuNPs: All AuNPs were purchased from a commercial supplier,
Nanopartz (https://www.nanopartz.com/). The particles were purified
using differential centrifugation protocols as described by the manufacturer
to ensure monodispersity, stability, and removal of residual reactants.

Atomic Force Microscopy: The SLB were formed for surface-based
investigations via the vesicle-fusion at a freshly cleaved (refreshed) mica
(muscovite) interface.’'7”) In brief, the respective solutions were pipet-
ted onto a freshly cleaved mica substrate and left to equilibrate for 20 min
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prior to imaging. This facilitates the spontaneous fusion of SUVs to the
mica substrate.*®'””! This process formed SLBs. Each system was studied
using a Cipher 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 kc =0.09 N m~". To mini-
mize the imaging force, a set point ratio (imaging amplitude (A)/free
amplitude (A0)) of >0.7-0.8 was maintained, which has been shown
to minimize any tip-sample distortion and damage for a variety of
materials.l'’7'82] Each cantilever was calibrated prior to use via the ther-
mal 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).

Molecular Dynamics Simulations: The 15 x 15 nm mica structure was
constructed using the nanomaterial modeler on CHARMM-GU.['83-"83]
The 5 nm AuNP was constructed using the Wulff Construction function
of CHARMM-GUI Nanomaterial Modeler, with a 2.5nm radius and
Miller indices 100, 110, and 111.'*37'%3] The 15 x 15 nm DOPC mem:-
brane was constructed using the Membrane Builder of CHARMM-GU|.['8¢!

Ligands were equilibrated around the AuNP in a 10 x 10 nm box con-
taining 1 AuNP. There were 250 ligands for tannic acid, 500 ligands for CIT,
CTAB, and SDS, and 750 for TPA. Solvated in 150 mM NaCl for 100 ns,
ligands found within 0.5 nm of the AuNP surface were retained. Each com-
plete system consisted of a 1 nm thick (15 nm? laterally) layer of mica, a
solvation layer to reproduce appropriate in situ membrane dynamics, the
AuNP consisting of 4753 atoms and a surrounding ligand shell, solvated in
a CHARMM TIP3P water box with 0.15 M NaCl and appropriate counter
ions. Simulations were run using the MD code GROMACS 2023.'87]
Adapted from previous work, certain adjustments were made to the base-
line structure files and forcefield parameters to match known literature
behavior, including the removal of the potassium position restraints on
the mica, to allow for the dissociation of K+ ions."®18 As well as
the modulation of Au-epsilon parameter to 3.5 for all pairwise interactions
(except for Au—Au and Au-S for TPA) to accurately represent literature
ligand coating coverage values (additional information Table ST,
Supporting Information). Ligand topology and forcefield parameters for
CIT, TPA, and TAN were assigned using ParamChem 2.4.0 CGenFF
44,1919 \hereas CTAB and SDS were assigned according to the
CHARMMS36 FF. It should also be noted that, since bromine is not
included in CHARMM36, the bromine sigma/epsilon parameters were
sourced from the CHARMM general forcefield. Horinek et al. had investi-
gated ion forcefields using these bromine parameters!'®®! and have com-
parable results to experimental properties (such as solvation energies).
Storm et al. had similarly used these parameters and have a good recrea-
tion of CTAB micelle behavior."* The interface CHARMM forcefield was
applied to all atoms.!"'%%1%€] \yhile more recent water models allowed
for better reproduction of bulk water dynamics, the TIP3P water model was
used due to the compatibility between the CHARMM membrane model
and the INTERFACE-CHARMM nanomaterials.

Short-range nonbonded interactions were treated using the Verlet cut-
off scheme at a distance of 12 A and a switch distance of 10 A. Long-range
Coulomb interactions were calculated via the particle mesh Ewald method
at a distance beyond 12 A. The reference temperature during equilibration
was 303.15 K and was controlled via the Berendsen temperature coupling
algorithm. The temperature during the production run was 303.15 K and
was controlled via Nosé—Hoover weak coupling dynamics, allowing for an
canonical (NVT) ensemble, where the number of particles (N), volume (V)
and temperature (T) and kept constant. A wall was implemented in the z-
dimension to prevent periodic self-interactions. A time step of 2fs was
used with atomic coordinates saved every 10 ps. The full production
run settings can be found in Table S3, Supporting Information.

After the SLB systems (DOPC-mica) were run in isolation for 100 ns to
reach thermal equilibrium, the 5 nm AuNP-ligand complexes were then
added and run in triplicate for an additional 300 ns. All other simulation
settings not listed here were the default settings generated by CHARMM-
GUI. The primary analysis was achieved via the use of GROMACS gmx
analysis tools,"*1 MEMBPLUGINI in visual molecular dynamics
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(VMD),['%® and FATSLIM."® The main characteristics analyzed were the
AuNP z-diffusion, lipid carbon chain order parameters (S.q), lipid density
function, and potential of mean force. Additional characteristics in the sup-
porting information include the APL, membrane thickness, lipid interdigi-
tation, radial distribution, and AuNP-DOPC contact area.

Steered MD Simulations and Umbrella Sampling: Pulling simulations
were performed for 1000ps, with a spring constant of 2000 K| mol™"
and a pull rate of 0.01 nmps ™' in GROMACS. The configurations from
these simulations were subsequently used as input for umbrella sampling,
weighted histogram analysis method was then applied to combine data
from each sampling window to generate the PMF profiles.

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

TEM Characterization: TEM images were acquired using a JEOL1010
(JOEL, Musashino, Akishima, Tokyo, Japan) equipped with a JEOL 1010
TEM (2001) with a Gatan Orius SC600 CCD Camera (2014) and operated
at an acceleration voltage of 200 keV. Images were processed and analyzed
using Digital Micrograph 2.31.

Statistical Analysis: Atomic force microscopy imaging data is repre-
sented in raw form. Force spectroscopy and particle height were measured
on n =50 particles and presented as (mean £ SD). DLS size was reported
as intensity-weighted distributions (n = 3, repeats). TEM particle size dis-
tribution (n = 50) was presented as (mean £ SD), and cluster analysis was
reported as distribution across population size (n =50). MD simulations
were run in triplicate (n = 3). MD simulations yielded Z-penetration (raw),
surface normal density (mean), lipid order parameter (Sc4) (mean), poten-
tial mean force (raw), thickness (raw), APL (raw), RDF (raw), interdigita-
tion (raw), Au-contacts (raw), Au solvent accessible surface area (raw). No
statistical testing was applied to AFM, DLS, TEM, or MD analysis. AFM
data were processed via Gwyddion,?° Asylum research, and Igor pro as
previously outlined.l"””) DLS was analyzed using the AVL correlator soft-
ware, TEM was analyzed using Gatan and Gwyddion software. MD sim-
ulations were run using the MD code GROMACS 2023.1'®”) MD analysis
was undertaken using VMD,!"®® custom.tcl script for Z-penetration. VMD
native RDF or g(r) to calculate RDFs. MEMBPLUGIN!®”) was used to ana-
lyze the surface normal density, lipid order parameter, and interdigitation.
GROMACS gmx analysis tools were used for analysis of PMF, Au-contacts,
and Au solvent accessible surface area.'®”] FATSLIM was used to analyze
the APL and thickness measurements.l'®%

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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