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 2 

ABSTRACT: The nanoparticle (nano)-cell membrane interface is one of the most important in-

teractions determining the fate of nanoparticles (NPs), which can stimulate a series of biological 

events, allowing theranostic and other biomedical applications. So far, there remains a lack of 

knowledge about the mechanisms governing the nano-cell membrane interface, especially the 

impact of ligand exchange, in which molecules on the nano-surface become replaced with com-

ponents of the cell membrane, resulting in unique interfacial phenomena. Herein, we describe a 

family of gold nanoparticles (AuNPs) of the same core size (∼13 nm core), modified with 12 

different kinds of surface ligands, and the effects of their exchangeable ligands on both nano-

supported lipid bilayers (SLBs) and nano-natural cell membrane interfaces. The ligands are cate-

gorized according to their molecular weight, charge and bonding modes (physisorption or chemi-

sorption). Importantly, we found that, depending on the adsorption affinity and size of ligand 

molecules, physisorbed ligands on the surface of NPs can be exchanged with lipid molecules. At 

a ligand exchange-dominated interface, the AuNPs typically aggregated into an ordered mono-

layer in the lipid bilayers, subsequently affecting cell membrane integrity, NP uptake efficiency 

and the NP endocytosis pathways. These findings advance our understanding of the underlying 

mechanisms of the biological effects of nanoparticles from a new point of view and will aid in 

the design of novel, safe and effective nanomaterials for biomedicine. 

KEYWORDS: Nanoparticles, surface ligand exchange, nano-cell membrane interface, nano-

biological effects, molecular dynamics simulation 
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 3 

INTRODUCTION 

    A recent dramatic increase in the use of nanomaterials in biology and medicine has raised the 

issue of the potential toxicity of these formulations.
1,2

 Interactions between nanomaterials and 

biological systems can be essentially seen as a series of nano-bio interface events occurring at 

different size magnitudes, involving biomacromolecules, membranes, organelles, cells etc..
3,4

 

The cell membrane, as the primary defensive barrier of the cell, plays a key role in the uptake of 

nanoparticles (NPs) and the subsequent biocompatible or adverse outcomes.
5-7

 NPs can adhere to 

the amphiphilic lipid bilayer surface or become inserted into the bilayer alkane chain region, via 

hydrophilic/hydrophobic interactions, where they can disturb phospholipid bilayers and block 

membrane proteins.
8,9

 Therefore, investigating the underlying mechanisms of the nano-cell 

membrane interface is a key entry point for understanding nanosafety issues. 

    In spite of much research effort, understanding the nano-cell membrane interface remains 

challenging due to the diversity of NPs with unique physicochemical parameters and the dynam-

ic characteristics of the interfacial interactions.
10,11

 The intrinsic characteristics of nanomaterials, 

such as size, shape, roughness, and surface chemistry, are usually important factors to be consid-

ered in the study of nano-bio interfaces.
12,13

 However, these intrinsic nanomaterial properties are 

often shielded or altered by ligands on the nanomaterial surface, which are generally applied to 

decrease the high surface energy of NPs, stabilize the nano colloid system, and/or functionalize 

the NPs.
14,15

 Thus, the actual interactions between NPs and biological systems are mediated by 

what has been unintentionally adsorbed or intentionally layered onto the surface of the NPs, ra-

ther than the unaltered surface of nascent NPs.
16,17

 There are many unintentional sources of lig-

ands, such as chemical moieties adopted from the nanomaterial preparation
15

 and biomolecules 

adsorbed from the biological microenvironment, forming a corona.
18,19

 Therefore, a typical nano-
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 4 

cell membrane interface includes the NPs, surface ligand moieties, and the cell membrane ele-

ments composed of biomolecules and patchy structures.
3
 Thus, ligands in the midst of the contact 

area at the nano-cell membrane interface play a vital role in interfacial interactions. 

    In most cases, the specific properties of ligands are major contributors to the biological effects 

or toxicity induced by nanomaterials. However, dynamic ligand exchange on the nano-surface is 

a potential factor that is often ignored. Chemically, ligands adhere to the nano-surface mainly 

through ‘chemisorption’ and ‘physisorption’ pathways. Physisorbed ligands are easily replaced 

by cell membrane components, such as proteins and phospholipid species, when the NPs ap-

proach the cell membrane, as driven by thermodynamics and kinetics.
20,21

 Ligand exchange is a 

very complicated occurrence, involving multiple interaction potentials/forces.
22-24

 In the ligand-

exchange process, the intrinsic characteristics of the NP core (nanocore) are exposed and subse-

quent interactions of varying types ensue. These interactions, including ligand-ligand, ligand-

particle, particle-particle, ligand-membrane and/or particle-membrane, repeatedly create feed-

back and influence each other. Ligand exchange occurring at the nano-cell membrane interface 

will inevitably lead to some unique interface phenomena and a variety of dynamic outcomes. 

However, there is currently a general lack of understanding of relevant interfacial ligand ex-

change mechanisms. The present study examines the effects of NP ligands and ligand exchange 

on the nano-bio interface with the goal of establishing general principles applicable to the ration-

al design of bioactive NPs. 

    Here we have designed a cohort of model nanomaterials, gold nanoparticles (AuNPs) modi-

fied with 12 different kinds of ligands, to probe the roles of exchangeable ligands (exchanging 

with phospholipids) at the nano-membrane interface. We first utilized the quartz crystal micro-

balance with dissipation (QCM-D) technique to acquire kinetic and thermodynamic information 
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 5 

about the ligand exchange in the nano-membrane interface interactions. Subsequently, we devel-

oped a combined imaging method, integrating AFM, ESEM and TEM, to comprehensively ob-

serve the morphology and ultrastructure of the nano-membrane interface, using both a nano-

supported lipid bilayer (SLB) mimic and natural cell membranes. With the assistance of molecu-

lar dynamics (MD) simulations, we experimentally illustrate how exchangeable ligands dominate 

characteristic nano-bio interface phenomena and influence cell membrane integrity, uptake effi-

ciency, and endocytosis of NPs. 

RESULTS 

Characteristics of NPs and membrane mimics. We synthesized Cit-AuNPs(–) by the citrate 

reduction of HAuCl4 
25

 with a physisorption pattern and negative surface charges. To systemati-

cally explore the roles of ligands in the nano-membrane interface interactions, we then prepared 

a family of AuNPs of the same core size (∼13 nm) with different surface ligands (Table 1; details 

of the synthesis are provided in the Materials and Methods section). The ligands were catego-

rized according to molecular weight, charge and bonding modes (‘physisorption’ or ‘chemisorp-

tion’). The relevant characteristics are provided in Figures S1 and S2 and Table S1. Furthermore, 

we constructed three types of SLBs with different charges (the structural formulas are provided 

in Figure S3): the neutral POPC, negatively charged DOPC/DOPS(–) and positively charged 

DOPC/DOEPC(+), all supported on silicon dioxide-coated, piezoelectric crystals in a QCM-D 

device (Figure S4). The processes and kinetics of the interactions between SLBs and AuNPs 

coated with different ligands were monitored by measuring the frequency variation (ΔF), which 

can be used to evaluate the mass of NPs adsorbed onto the SLBs, which is the reflection of the 

interaction intensity (Figure S5).  

Roles of physisorbed ligands in nano-membrane interactions. As revealed by the "★" 

symbols (strong interactions) in Table 1, regardless of the ligand on the AuNP surface, the elec-
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 6 

trostatic interaction appears to be a universal driving force for NP adsorption onto charged lipid 

bilayers. Smaller molecule ligands could not fully shield the particle surface energy or high reac-

tivity, leading to weak interactions (denoted by the "☆" symbol) between AuNP-S-C11OOH(–) 

or AuNP-S-C11ONHC2NH2(+) and SLBs with like charges (Table 1 and Figure S5a, b). When 

PEG polymers were used to modify AuNPs (AuNP-S-PEG-COOH(–), AuNP-S-PEG-NH2(+), 

AuNP-S-PEG-OCH3), the electrostatic interaction became the only factor (Table 1 and Figure 

S5c-e), protecting AuNPs against self-aggregation. The situation became more complicated 

when AuNP surfaces were modified with bio-macromolecules (ssDNAP36 and BSA), because of 

the involvement of more types of interaction forces, such as hydrophobic interactions, hydrogen 

bonds and locally charged patches, etc., which led to weak interactions of NPs with neutral or the 

same charged SLBs (Table 1 and Figure S5f, g). 

    Our results demonstrate that all AuNPs covered with bonded ligands were either not absorbed 

at all or only weakly adsorbed onto neutral POPC bilayers, while AuNPs covered with unbonded 

ligands (e.g., Cit-AuNPs(–) or AuNPs with adsorbed short ssDNA) could interact intensely with 

the neutral bilayers (Table 1 and Figure S5h-j). Cit-AuNPs(–) are typically stabilized by ad-

sorbed citrate ions, which provide just enough repulsion to prevent AuNPs from self-aggregation 

due to the strong van der Waals (VDW) attraction between AuNP particles.
15

 The affinity of cit-

rate ions to AuNPs is relatively weak, considering it is only several kJ/mol of desorption 

energy.
26,27

 In the case of DNA, it has been found that ssDNA can stick to AuNPs via DNA base 

adsorption, resulting in a more stable nano colloid system compared with citrate.
28,29

 The energy 

of desorption from AuNPs for a nucleoside base is about 100−120 kJ/mol, where G, C and A ad-

sorb more strongly than T.
30,31

 Similarly, AuNPs modified with short ssDNA in the physisorp-

tion mode (AuNP@T8(–), AuNP@T18(–)) interacted with neutral POPC bilayers, but to a lesser 

degree than Cit-AuNPs(–); this interaction shows a base-length dependence (Table 1, and Figure 
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 7 

S5i, j). AuNPs modified with the same length ssDNA strands in the bonding mode (AuNP-S-

T8(–), AuNP-S-T18(–)) did not show a detectable interaction with the neutral and negative bi-

layers, but did so with positively-charged bilayers, driven by electrostatic interaction (Table 1 

and Figure S5k, l). These results reveal that the unbonded ligands play key roles in NP-bilayer 

interactions. 

Interfacial features involving physisorbed ligands. The Cit-AuNPs(–) represent AuNPs 

with exchangeable small-molecule ligands with a negatively charged surface. The adsorption iso-

therm profile of the [Cit-AuNP+POPC] system resembled a "Type III" isotherm,
32

 resulting typi-

cally from a positive synergistic interaction (Figure S6). AFM imaging revealed the microstruc-

tures of the nano-bio interface of the Cit-AuNPs(–) interacting with the different membrane sys-

tems (Figure 1a-c). When Cit-AuNPs(–) (100 µg/mL) were incubated with the neutral POPC bi-

layers for 3 h, agglomerated particles appeared on the SLBs (Figure 1b). High-resolution images 

show that the planform dimensions of the agglomerated particles reached into the hundreds of 

nanometers. Interestingly, the height of the agglomerate, however, still remained ~13 nm, indi-

cating that AuNPs formed a monolayer aggregation on the neutral interface of POPC. 

In the case of the negatively charged bilayer DOPC/DOPS(–), the Cit-AuNPs(–) also formed a 

monolayer aggregation, but at a lower scale, which could be attributed to the electrostatic repul-

sion (Figure 1a). When the Cit-AuNPs(–) were incubated with the positively charged bilayers 

DOPC/DOEPC(+), the electrostatic attraction facilitated the adsorption of Cit-AuNPs(–) onto the 

surface of the SLBs and resulted in aggregation on a larger scale and a multilayer accumulation 

(Figure 1c). When the ligand was changed to the polymer-ligand-modified AuNPs (AuNP-S-

PEG-COOH(–)), few NPs were found on the negative bilayer DOPC/DOPS(–) (Figure 1d), or 

the neutral membrane bilayer POPC (Figure 1e). Even when interacting with the positively 
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 8 

charged membrane DOPC/DOEPC(+), the adsorbed dimension of AuNP-S-PEG-COOH(–) was 

much smaller than that of the [Cit-AuNP+DOPC/DOEPC] system (Figure 1f). High-resolution 

images display dispersed particles on the DOPC/DOEPC(+) rather than aggregated ones. The 

adsorption isotherm (Figure S7) could be classified as a Langmuir-like model, that is typically a 

monolayer adsorption driven by electrostatic forces.
32

 Based on the above results, it can be in-

ferred that the physisorbed ligands (citrate) dominate a particular interaction mode at the nano-

membrane interface, during which electrostatic interactions can affect the degree of interaction, 

but not the nature of the interaction. 

Insertion of Cit-AuNPs into synthetic lipid membrane micelles. We performed further 

experiments using vesicles in the place of the bilayers. A fluorescence quenching method based 

on a lipophilic dye was developed and the Cit-AuNP itself was used as a quencher (Figure 1g). 

Quantitative measurements of the fluorescence intensity showed that the degree of fluoresence 

quenching largely depends on the concentration of Cit-AuNPs(–) (Figure 1h). This suggests that 

the AuNPs were in close contact with the dye within a distance of around 10 nm.
33

 Wang et al. 

found that fluid DOPC liposomes can promote the aggregation of Cit-AuNPs on the surface of 

liposomes, which may be attributed to the relatively faster diffusion within fluid bilayers and lo-

cal lipid gelation.
34

 Herein, TEM examination showed that the AuNPs inserted themselves into 

the lipid membrane (Figure 1i). The fluidity of the lipid membrane makes it possible to embed 

particles with a larger size. Considering the hydrophobic surface of naked AuNPs, one of the 

most likely mechanisms for the interaction is a hydrophobic interaction between the naked 

AuNPs and hydrocarbon groups of the phospholipids, during which the citrate molecules are dis-

placed by lipid molecules, while the AuNPs are inserted into the lipid layer.  

Ligand exchange between NPs and lipid membranes. ATR-IR spectra of pure Na3Cit 

(Figure S8) shows two distinct peaks around 1500-1630 and 1305-1415 cm
-1

 which are 
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 9 

respectively assigned to the asymmetric and symmetric stretching vibrations of the carboxylate 

group.
15,35

 Citrates on the surface of AuNPs include coordinated (coordination with the gold 

surface) and dangling citrate species, which connect through hydrogen bonding of carboxylic 

acid groups.
15,27

 The purified Cit-AuNPs were prepared by centrifuging repeatedly under basic 

conditions (pH~9) where the intermolecular interactions of COOH hydrogen bonds were 

interrupted. The resulting IR spectra homogeneously originate from citrate species coordinated 

directly with the AuNP surface. The vibrational frequencies of carboxylate groups rely heavily 

on their coordination modes,
36

 which lead to vibrational peak broadening of the adsorbed 

carboxylate groups on AuNPs (Figure 2a). However, these characteristic vibrational peaks of 

adsorbed carboxylate groups disappeared after interaction of Cit-AuNPs(–) with the POPC 

liposome solution (Figure 2a); the spectrum profile tended to be consistant with the pure POPC 

species (Figure S9), indicating the replacement of adsorbed citrates by the POPC species on the 

surface of AuNPs. Similarly, we employed XPS to further investigate the exchange of citrate 

ligands at the nano-membrane interface. The binding energy of the C 1s and O 1s from pure 

Na3Cit, POPC species (Figure S10, S11), and Na3Cit adsorbed on AuNPs (Figure 2b, c) could be 

easily distinguished. The dominant peaks of the free or Au-coordinated carboxylate groups of 

Cit-AuNPs(–) as prepared (both C 1s and O 1s) dispeared and changed into an XPS spectrum 

characteristic of POPC scpecies after intercation of Cit-AuNPs(–) with a POPC liposome 

solution, indicating the replacement of adsorbed citrates by POPC species on the surface of the 

AuNPs. 

    To better understand the process of ligand exchange in detail, we performed coarse-grained 

molecular dynamics simulations using the dissipative particle dynamics (DPD) technique. Typi-

cally, a citrate bilayer was constructed on AuNPs based on a trimeric unit consisting of two ad-

sorbed and one dangling species which connected to each other through hydrogen bonding (Fig-
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 10 

ure S12). The coverage of adsorbed citrates per NP was 22% (Figure 2d) or 46% (Figure S13), as 

calculated from the well equilibrated Cit-AuNPs in water. When the Cit-AuNPs(–) encountered 

the phospholipid bilayer, at both levels of coverage, the Cit-AuNPs(–) were likely to enter the 

hydrophobic interior of the lipid bilayer, due to the hydrophobic interaction provided by the sol-

vent-accessible hydrophobic Au beads. During this process, the citrates desorbed from the sur-

face of AuNPs, decreasing the citrate coverage to 1.2% as the citrates preferentially remained in 

the water rather than the hydrophobic environment. This can be seen in the inset image at 

t=22000 τ of Figure 2d. The AuNPs in the lipid bilayer are expected to undergo random motion, 

possibly interacting with each other during the diffusion. In contrast to Cit-AuNPs in water, 

without the long range electric repulsion provided by the adsorbed citrates, bare AuNPs will ag-

gregate when encountering each other in the lipid bilayer due to the strong interaction between 

the Au beads (Figure 2d image at t=50000 τ [arrows]). The aggregated AuNPs are clearly visible 

in the images of lipid density and height inset into Figure 2d at t=50000 τ. The above processes 

were recorded (Video S1) and the results are consistent with the AFM images (Figure 1b). How-

ever, in the bonded-ligand case, AuNP-S-PEG-COOH(–), the surface of which is 83% covered 

with bonded hydrophilic ligands (PEG-COOH) at a grafted density 0.44 1/rc
2
, AuNPs barely at-

tached to the lipid bilayer and remained suspended in water due to the lack of any special adhe-

sion force (Figure 2e). 

Key factors affecting ligand exchange. In another case, it has been found that ssDNA-

physisorbed AuNPs (AuNP@T8(–)) can interact with neutral POPC bilayers (Figure S5i), but to 

a lesser degree than Cit-AuNPs(–) (Figure S5h). The corresponding AFM images (Figure 3a-c) 

reveal that the density and dimension of the particles in the AuNP@T8/SLB systems were simi-

lar to those in the Cit-AuNP/SLB systems (Figure 1a-c), indicating a similar interaction mecha-

nism, but a weaker interaction strength. Additionally, when thiolated AuNP-S-T8(–), used as a 
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 11 

control group, interacted with the different SLBs (Figure 3d-f), its behavior was similar to that of 

AuNP-S-PEG-COOH(–) (Figure 1d-f); widely dispersed particles were found on the 

DOPC/DOEPC(+) bilayers (Figure 3f), which is in agreement with the characteristics of an elec-

trostatic force-mediated interaction. The statistical analysis of the diameters and heights of the 

above NPs at the nano-membrane interface are shown in Figure 4a, b, which indicates that a 

more stable colloid system is unfavorable for ligand exchange. To uncover the key factors affect-

ing ligand exchange, we additionally investigated the ligand exchange events in a series of poly-

Tn strand-stabilized AuNPs (Tn: T8, T12, T15, T18), using the corresponding thiolated strands 

as controls. The sequences and modifications of the oligonucleotides are listed in Table S2. It 

should be noted that using oligonucleotides as the model of an exchangeable ligand is quite 

complex. The adsorption behavior of poly-T strands onto the surface of AuNPs was first investi-

gated using molecular dynamics (MD) simulations. Representative images of state trajectories of 

the four systems at 140 ns are inset in Figure 4c. Next, key indexes based on the thicknesses of 

the ligand layer (L), the number of bonded bases and the binding energy per ssDNA strand were 

determined by averaging frames over 100-140 ns (Figure 4c). As expected, the interactions be-

tween AuNP@Tn and the POPC bilayers were strand length-dependent (Figure 4d), i.e., the de-

gree of interaction was proportional to the size and adsorption affinity of ligands. 

    Here we have shown that a ligand's size and adsorption affinity are two key factors affecting 

ligand exchange with lipid molecules at the nano-membrane interface. This conclusion is based 

on the following: 1) In the case of Cit-AuNPs, the small size and weak adsorption affinity of the 

citrate ions on the nano-surface were conducive to ligand exchange with a higher interaction 

strength (Figure S5h); 2) For AuNP@Tn, both ligand size and adsorption affinity improved with 

increasing ssDNA strand length, generating conditions less favorable for ligand exchange (Fig-

ure 4c). For AuNP-S-Tn (which possess a desorption enthapy corresponding to alkanethiols of 
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 12 

about 167 kJ mol
-1

),
37

 ssDNA strands can "tie" tightly to the surface of AuNPs with a high densi-

ty, which markedly enhances the affinity and coverage, and thereby inhibits ligand exchange 

(Figure 4d); 3) For BSA-stabilized AuNPs, it had previously been found that BSA can be ad-

sorbed onto the surface of AuNPs and form a rigid corona. Although the desorption energy of 

BSA from AuNPs was estimated to be only in the range of several tens of kJ/mol,
38,39

 the large 

volume of BSA significantly improved the thickness of the ligand layer, preventing ligand ex-

change (Figure S5g). Thus, a simplified two-dimensional assessment system based on ligand size 

and adsorption affinity as two key factors may be created to estimate the possibility of ligand ex-

change at the nano-membrane interface (Figure 4e). To more comprehensively understand ligand 

exchange events, additional potential factors (such as the NP’s chemical composition, ligand 

physicochemical properties, media conditions, etc.) should be also considered. A reasonable 

strategy would be to select as many key factors as possible to establish a multi-dimensional as-

sessment system to predict ligand exchange. 

Ligand-exchange interactions at the surface of cells. Finally, we investigated ligand-

exchange behavior using natural cell membranes. We chose AuNP@T18(–) as a representative 

NP to explore the role of exchangeable ligands at a human lung carcinoma cell line (A549) cell 

membrane interface. ESEM images of untreated A549 cells show intact cell membranes covered 

uniformly with long microvilli (Figure 5a). After exposure to AuNPs with various ligands for 6 h, 

the AuNPs can be found on the membrane surface in SEM mode (bright spots/red arrows). The 

ESEM images reveal that AuNP@T18(–) particles aggregated on the cell membrane, depending 

on their concentration (Figure 5b, c). At the same time, the number of microvilli decreased sub-

stantially around the aggregated-AuNPs, indicating an immediate response to the foreign stimu-

lus
40

. In contrast, AuNP-S-T18(–) and AuNP@BSA aggregated to a lesser extent on the cell sur-

face, and the microvilli still were present, suggesting that thiol-bonding or a BSA corona im-
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proves the stability of AuNPs, preventing their aggregation at the nano-cell membrane interface, 

ultimately reducing membrane damage (Figure 5d, e).  

    The TEM images (Figure 5f-i) show that AuNPs modified with the various ligands mainly lo-

calized around microvilli of the cell membrane (Figure 5III, VIII, and X) and were transported to 

endo-/lysosomes when internalized (Figure 5VI, VII, IX and XI). Au@T18 also aggregated on 

the surface of membrane microvilli (Figure 5III, IV), exhibiting characteristics of an exchangea-

ble ligand-dominated nano-cell membrane interface (Figure 5V). In contrast, AuNP-S-T18(–) 

particles were better dispersed around the microvilli (Figure 5VIII), indicating that bonding by 

the sulfhydryl group improves the stability of AuNPs and decreases their aggregation on the 

membrane. As a result, monodispersed NPs were found in lysosomes (Figure 5IX). Similarly, 

including the protein molecule (BSA) improved steric repulsion and compromised ligand ex-

change, resulting in AuNP@BSA(–) nanoparticles deposited around microvillar membranes with 

less aggregation. In another case, AuNP-S-PEG-COOH(–) particles were not found near the mi-

crovilli of the cell (Figure S14), implying that PEG molecules effectively decrease the contact of 

NPs with cells. The above results show that various ligands and their bonding modes influence 

the interaction of NPs with the natural cell membrane and subsequent cellular trafficking and dis-

tribution. 

Effect of ligand exchange on the cellular  internalization of NPs. We next examined the di-

rect effects of NPs on endocytosis, which can be triggered by nano-cell membrane interactions, 

using various inhibitors of this complex cellular process. (Detailed information on the inhibitors 

used is listed in Table S4.) Interestingly, the endocytic pathways mediated by NPs’ surface lig-

ands were quite diverse and proceeded via multiple pathways, rather than being specifically me-

diated by a particular receptor (Figure S15). The endocytosis pathways of AuNP@T18(–) at a 
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series of concentrations was investigated (Figure 6a). The clathrin- and caveolae/lipid raft-

mediated pathways decreased, while the macropinocytosis pathway was stimulated when A549 

cells were incubated with the higher concentrations of AuNP@T18(–) particles. Macropinocyto-

sis is a dynamin-independent process, which differs from the caveolae-dependent and clathrin-

mediated pathways, and involves a larger-scale internalization (0.5-10 µm).
13,41

 Ligand ex-

change-dominated nano-membrane interfaces readily result in the emergence of larger-scale par-

ticle aggregation at increased concentrations of AuNP@T18(–), which favors the macropinocy-

tosis pathway. 

We also evaluated the efficiency of AuNP uptake by A549 cells using the following equation: 

(dQ/dt)/(NcellC0), where Q is the mass of AuNPs internalized by cells, Ncell is the number of cells 

incubated with AuNPs, and C0 is the initial concentration of AuNPs (µg/ml) in the apical cham-

ber of the cell culture system (See Materials and Methods in the supporting information). The 

uptake efficiency did not increase, but declined with increasing initial concentrations of AuNPs, 

indicating that larger particle aggregation was unfavorable for the internalization of NPs (Figure 

6b). Our results also indicate that the efficiency of endocytosis mediated by the higher energy-

consuming macropinocytosis pathway was lower than those regulated via the caveolae-

dependent or clathrin-mediated pathways. A549 cells took up AuNP@T18(–) at a higher effi-

ciency than any of the other bonding-ligand modified NPs (Figure 6b). A likely reason for this is 

that the aggregation of AuNP@T18(–) at the nano-cell interface resulted in an increased local 

concentration of particles near the surface of the cell membrane, which in turn promoted the in-

ternalization of the particles. Generally, ligand exchange occurring at the nano-cell membrane 

interface not only affects the endocytosis pathway of particles, but also impacts uptake efficiency. 
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Discussion and conclusions. The nano-membrane interface comprises specific physicochemi-

cal interactions, and the related dynamic outcomes between the nano-surface and membrane 

components. To explore the complicated process of such an interface, we must understand the 

forces governing these interactions.
22-24,42

 The DLVO theory under classical colloidal conditions 

is partly applicable to describe the interaction between nanoparticles and lipid bilayers (sphere-

on-flat geometry system) using the appropriate equations.
22,43

 DLVO theory breaks down within 

separations < 2 nm, where the situation is further complicated with the appearance of other forc-

es, including thermal fluctuations, steric forces and solvent interactions etc.
22,44,45

 At the nano-

membrane interface, these long-range or short-range forces often intertwine or interact simulta-

neously or follow one another in some systematic order in space and/or time (Figure S16a, b). In 

our case, the hydrophobic interaction/force plays a very important role. This feature consists of 

the hydrophobic surface of AuNPs and the hydrocarbon groups of phospholipids. It has been 

proven that the hydrophobic interactions between both small molecules and macroscopic parti-

cles or surfaces is of surprisingly long range and much stronger than VDW attraction.
22

 For lig-

and-coated AuNPs, the hydrophobic surface of naked AuNPs is masked by the hydrophilic coat-

ings from the aqueous phase, which interfere with hydrophobic interactions. However, the mask-

ing is incomplete and depends on the size and modified density of ligands. In the case of the 

SLBs, hydrocarbon groups are, in principle, shielded efficiently by the hydrophilic headgroups 

from the aqueous phase in the unstressed state. However, a more accurate description is that the 

hydrocarbon groups are always partially exposed to the aqueous phase, as long as there exists a 

stretching force or tensile stress, permitting a hydrophobic interaction to take place. By changing 

the mean hydrophilic headgroup area by only a few percent, a remarkable enhancement of the 

hydrophobic attraction can be obtained.
46
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    The exchange of ligands occurring at the nano-membrane interface is a result of multiple force 

interactions. The incompletely-shielded hydrophobic force and attractive VDW force, as long-

range forces, are the main attractive forces dominating the adsorption of AuNPs to the lipid bi-

layer surface from a long separation distance up to a very close position. At a critical proximity 

(D→0), the emergence of other, non-DLVO forces usually makes the net repulsive forces reach a 

maximum. To move closer to the phospholipid surface, or even embed into the lipid bilayers, 

NPs need to overcome these resistances, requiring that the hydrophobic forces be greater than the 

repulsive forces. Considering that the hydrophobic force is exponentially proportional to the sep-

aration distance between a hydrophobic pair-potential, it can be inferred that the thickness of the 

ligand layer (or the size of the ligand molecule) is a key factor in ligand exchange. Simultaneous-

ly, for ligand exchange, NPs need to extricate themselves from the adhesion of their ligand mol-

ecules to ultimately expose their primal hydrophobic surfaces. Undoubtedly, a relatively strong 

affinity of ligand molecules for the NP surface is disadvantageous for ligand exchange. However, 

it is difficult to quantitatively assess the effects of ligand affinity, since a considerable portion of 

the attraction is counteracted by the forces that arise at the nano-SLB interface. 

    The spherical morphology of NPs makes the direction of ligand affinity shift away from the 

direction of the pair potential between the ligand and lipid molecule by the angle "θ" (Figure 

S16a), resulting in a "pulling" effect on the ligand molecules (proportional to the θ angle), which 

impairs the ligands affinity for the nano-surface. As shown in Figure S17 and S18, a fraction of 

the ligand molecules (citrate or T8 strand) has been separated from the surface of the NP, se-

quentially along the spherical nano-surface from the outside edge to the bottom, as the NP (Cit-

AuNPs or AuNP@T8) approaches the phospholipid bilayer. Needless to say, it is impossible to 

describe with certainty all the forces and correlatively shaped interactions at the nano-SLB inter-

face. For real nano-cell membrane interactions, the situation becomes more complicated and un-
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predictable, due to membrane fluidity, heterogeneity of the cell surface and the involvement of 

additional components (ligand-receptor); it is expected that different cell types will have unique 

features that may add nuances to their interactions with nanomaterials.
47,48

 While it is impossible 

to account for every factor involved, a tractable approach is to elucidate key factors affecting in-

terfacial interactions under experimental conditions and to implement conditional predictions 

theoretically. In the current work, we built a ligand exchange assessment system based on ligand 

size and adsorption affinity as the key factors feeding into a conceptual strategy to guide relevant 

explorations at the nano-bio interface. 

    In summary, our work serves as a first step toward understanding the nano-cell membrane in-

terface from the point of view of ligand-exchange. Our results show that exchangeable ligand-

stabilized NPs can aggregate synergistically, side-by-side into lipid bilayers, driven by ligand-

exchange, based on ligand properties, namely size and adsorption affinity. Subsequently, these 

characteristic interface interactions can influence NPs' endocytic pathways, uptake efficiency, 

and effects on cell membrane integrity. Uncovering the roles of ligand exchange at the nano-cell 

membrane interface improves our understanding of the underlying mechanisms involved in the 

complicated nano-bio interface and provides guidance for the rational design of nanomaterials 

for biomedical applications.  
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Table 1. Results of CM-D measurements of the interactions between different ligand-modified AuNPs and 

SLBs with different charges. 

Ligands 

SLBs 

POPC  

(neutral) 

DOPC/DOPS(–)  

(negatively charged) 

DOPC/DOEPC(+)  

(positively charged) 

Small molecules (thiolated) 

(M.W. 218.36; 260.44)    

AuNP-S-C11OOH(–)  
 

☆ ★ 

AuNP-S-C11ONHC2NH2(+) 
 

★ ☆ 

Polymers (thiolated) 

(M.W. 2000; 2000; 2000)    

AuNP-S-PEG-COOH(–) 
  

★★ 

AuNP-S-PEG-NH2(+) 
 

★★ 
 

AuNP-S-PEG-OCH3     

Biomacromolecules (thiolated) 
(M.W. 10802; 66430)    

AuNP-S-P36(–) 
 

☆ ★★ 

AuNP@BSA(–) ☆ ☆ ★ 

Biomolecules (non-thiolated) 

(M.W. 189.14; 2371.6; 5413.6)    

Cit-AuNPs(–) ★★★ ★★ ★★★★★ 

AuNP@T8(–) ★ ☆ ★★★ 

AuNP@T18(–) ☆ 
 

★★ 

Biomolecules (thiolated) 
(M.W. 2403.7; 5445.7)    

AuNP-S-T8(–)   ★★ 

AuNP-S-T18(–) 
  

★★ 

"★" denotes strong interactions (ΔF﹥30 Hz) between NPs and SLBs. An additional ★ represents a ΔF incre-

ment of 100 Hz. The number of ★ symbols is proportional to the mass of AuNPs adsorbed onto SLBs. The 

symbol "☆" denotes a weak interaction with 5Hz < ΔF < 30 Hz. Sites with no symbol exhibited little or no 

interaction with ΔF﹤5 Hz.  
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Figure 1. Interfacial features between Cit-AuNPs(–) and various lipid bilayers. (a), (b) and (c) AFM top view 

of the interaction of 100 µg/mL Cit-AuNPs(–) with DOPC/DOPS(–), POPC and DOPC/DOEPC(+) SLBs, re-

spectively, with a 10 µm scan size after 3 h of incubation. The images on the left are the regions encircled in 

black at a higher magnification with a scan size of 0.5 or 2.0 µm. (d), (e) and (f) AFM overview of the interac-

tion of 100 µg/mL AuNP-S-PEG-COOH(–) with DOPC/DOPS(–), POPC and DOPC/DOEPC(+) SLBs, re-

spectively, with a 10 µm scan size after 3 h of incubation. The images on the right are the regions encircled in 

black at a higher magnification with a scan size of 0.5 µm. (g) Schematic illustration of the interaction of Cit-

AuNPs(–) with POPC liposomes based on fluorescence quenching. (h) Fluorescence quenching efficiency of 

Cit-AuNPs(–) with Dio dye-inserted POPC bilayers. The final concentration of vesicles was 2 mg/mL, includ-

ing 100 nM of Dio dye (λex=485 nm, λem=505 nm), after mixing the same volume of Cit-AuNP solution from 

serial dilutions. (i) Representative TEM image of a POPC liposome incubated with Cit-AuNPs(–) (80,000× 

magnification). The sample was treated with osmium tetroxide solution (2% w/w).   
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Figure 2. Ligand exchange occurring at the nano-membrane interface. (a) ATR-IR spectra of Cit-AuNPs, puri-

fied Cit-AuNPs and the NPs after interaction with an excess of POPC liposomes at the frequency region of 

νsy(COO
−
) and νasy(COO

−
) vibrations. The peaks of νsy(COO

−
) at 1500-1600 cm

−1
 and νasy(COO

−
) at 1400 cm

−1
 

disappear upon the addition of the POPC liposomes (arrowed). (b) and (c) XPS spectra of the C1s and O1s 

binding energy of purified Cit-AuNPs and after interaction with an excess of POPC liposomes. (d) Coarse-

grained molecular dynamics simulations using the DPD technique for time evolution of the interaction be-

tween the POPC SLBs and Cit-AuNPs(–). The inset image at t=22000 τ is the cross-section showing the inser-

tion of AuNPs into the lipid bilayers. A lipid monolayer formed around AuNPs and the citrates were replaced 

during the interaction process. The inset images at t=50000 τ are top-view snapshots for the lipid density and 

height, coloured using the color scale bar on the right. (e) The coarse-grained molecular dynamics simulations 

using the DPD technique for time evolution of the interaction between the POPC SLBs and AuNP-S-PEG-

COOH.   
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Figure 3. Microstuctures of oligonucleotide-adsorbed AuNPs at various lipid bilayer interfaces. (a), (b) and (c) 

AFM top view of the interaction of AuNP@T8(–) (100 µg/mL) with DOPC/DOPS(–), POPC and 

DOPC/DOEPC(+) bilayers, respectively, with a 10 µm scan size after incubation for 3 h. The images on the 

left correspond to the region in the black circle at a higher magnification with a scanning size of 500 nm. (d), 

(e) and (f) AFM top view images of the interaction of AuNP-S-T8(–) (100 µg/mL) with DOPC/DOPS(–), 

POPC and DOPC/DOEPC(+) bilayers, respectively, with a 10 µm scanning size after incubation for 3h. The 

images on the right correspond to the region in the black circle at a higher magnification with a scanning size 

of 500 nm.  
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Figure 4. Key factors affecting the ligand exchange. (a) and (b) The statistical analysis of the diameters and 

heights of NPs after interacting with the indicated SLBs. The statistical results were obtained from more than 

100 particles under 10 µm scan size of imaging using NanoScope Analysis software. (c) The thickness of the 

ligand layer, the number of bonded bases and adsorption energy per poly-Tn strand on the surface of AuNPs 

based on MD simulation. Inserted images are representative snapshots from the state trajectories at 140 ns. (d) 

QCM-D monitoring of the adsorption kinetics of ssDNA-functional AuNPs onto POPC bilayers. (e) Assessing 

the possibility of ligand exchange on the surface of AuNPs, based on the affinity and size of ligand molecules. 

The color (from pale yellow to deep red) indicates the level of likelihood of ligand exchange. Other potential 

factors such as the nanoparticle's chemical composition, surface properties, and culture medium conditions etc., 

are suggested as additional dimensional vectors to establish a multi-dimensional assessment system. 
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Figure 5. ESEM and TEM imaging of the nano-cell membrane interfaces and intracellular ultrastructures. The 

left-hand ESEM images are representative of whole, untreated A549 cells (a), A549 cells treated with 6 

µg/mLAuNP@T18 (b), 18 µg/mL AuNP@T18 (c), 18 µg/mL AuNP-S-T18 (d) and 18 µg/mL AuNP@BSA (e) 

for 6 h. The right-hand ESEM images are magnification of the areas in the white dashed-line boxes in the cor-

responding images on the left. The TEM image in (f) shows the cellular ultrastructures of untreated cells as 

controls. (I) and (II) are the magnification of microvilli and lysosomes, respectively, corresponding to the area 

in the red circle marked by red numbers in image f. The TEM image in (g) shows the cellular ultrastructure 

after cells were exposed to 18 µg/mL AuNP@T18(–) for 6 h. (III-VII) are the magnification of microvilli, the 

nano-cell membrane interface, macropinocytosis, an early endosome and lysosome, respectively, correspond-

ing to the area of the red circle marked by red numbers in image g in the sequence. The TEM image in (h) 

shows the cellular ultrastructure after cells were exposed to 18 µg/mL AuNP-S-T18(–) for 6 h. (VIII) and (IX) 

are the magnification of the red dashed circle in image h showing microvilli and a lysosome, respectively. The 

TEM image in (i) shows the cellular ultrastructures after cells were exposed to 18 µg/mL AuNP@BSA(–) for 6 

h. (X) and (XI) are the magnification of the region in the red dashed circle in image I, showing microvilli and a 

lysosome, respectively.  
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Figure 6. Effects of Ligand exchange behavior on the internalization of NPs by cells. (a) Endocytosis path-

ways of AuNP@T18(–) at the indicated concentrations in A549 cells, measured by ICP-MS. The incubation of 

cells with only AuNPs without inhibitors served as the control, set to 100%. (b) Endocytosis efficiency of 

AuNPs with different ligands. The inhibitors and their concentrations used in uptake pathway experiments are 

listed in Table S4. All data are presented as the mean ± SD of three replicates. * P< 0.05 and ** P< 0.01. 
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