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Environmental Significance Statement

As engineered nanoparticles find increasing use in applications from agriculture to batteries to biomedical 
purposes, they also find increasing release into the environment. It is important to understand the 
mechanistic interactions of nanoparticles with biological interfaces to predict toxicity and thereby 
engineer more sustainable and safer nanomaterials. In this study, we demonstrate that not only do 
positively charged polyallylamine hydrochloride-wrapped diamond nanoparticles attach to negatively 
charged phospholipid bilayers via electrostatics, but they go further and extract lipid from the bilayers via 
contact ion pairing. Our study contributes to determining structure-property-interaction relationships 
between NPs and model biological interfaces for assessing nanoparticle toxicity and guiding future 
nanoparticle design.
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Interaction of Supported Phospholipid Bilayers with Diamond 
Nanoparticles Non-Covalently Functionalized with a Cationic 
Polyelectrolyte  

Thomas R. Kuech,a,# Nasim Ganji,a,# Caroline Anastasia,b Marco D. Torelli,c Eric. S. Melby,a 

Arielle C. Mensch,c,d Emily R. Caudill,c Ralf Zimmermann,d Robert J. Hamers,c* Joel A. 

Pedersena,c,e,f 

We use diamond nanoparticles (DNPs) wrapped in the cationic polyelectrolyte 
poly(allylamine) hydrochloride (PAH) and bilayers composed of either pure DOPC or a 
mixture of DOPC/DOPG to investigate the influence of membrane phospholipid 
composition and net surface charge on nanoparticle-membrane interactions and the 
extent of nanoparticle adhesion to supported phospholipid bilayers. Our results show that 
in all cases electrostatic attractions between the negatively charged bilayer and cationic 
PAH-DNP were responsible for the initial attachment of particles, and the lateral 
electrostatic repulsion between adsorbed particles on the bilayer surface determined the 
final extent of PAH-DNP attachment. Upon attachment, NPs attract lipids by the contact 
ion pairing between the ammonium groups on PAH and phosphate and glycerol groups on 
the lipids and acquire a lipid corona. Lipid corona formation on the PAH-DNP reduces the 
effective charge density of the particle and is in fact a key factor determining the final 
extent of NP attachment to the bilayer. Incorporation of DOPG to the bilayer leads to a 
decrease in efficiency and final extent of attachment compared to DOPC alone. The 
reduction in PAH-DNP attachment in the presence of DOPG is attributed to the adsorption 
of free PAH in equilibrium with bound PAH in the nanoparticle solution, thus reducing 
electrostatic attraction between PAH-DNPs and SLBs. This leads to an increase in hydrogen 
bonding interactions between lipid headgroups that limits extraction of phospholipids 
from the bilayer by PAH-DNP, lessening the reduction in interparticle repulsion achieved 
by acquisition of a lipid corona. Our results indicate that the inclusion of charged 
phospholipids in SLBs changes bilayer rigidity and stability and hinders the attachment of 
PAH-DNPs by preventing lipid extraction from the bilayer. 

Environmental Significance    

As engineered nanoparticles find increasing use in 
applications from agriculture to batteries to biomedical 
purposes, they also find increasing release into the 
environment. It is important to understand the 
mechanistic interactions of nanoparticles with biological 
interfaces to predict toxicity and thereby engineer more 
sustainable and safer nanomaterials. In this study, we 
demonstrate that not only do positively charged PAH-
wrapped diamond nanoparticles attach to negatively 
charged phospholipid bilayers via electrostatics, but 
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they go further and extract lipid from the bilayers via 
contact ion pairing. Our study contributes to 
determining structure-property-interaction 
relationships between NPs and model biological 
interfaces for assessing nanoparticle toxicity and guiding 
future nanoparticle design. 

Introduction   
 

Rising production and use of engineered 
nanoparticles (NPs) in diverse applications has 
undoubtedly led to the release of these materials into 
the environment.1,2 As NPs enter the environment, 
evaluating their interaction with biological systems is a 
key aspect toward understanding their impact on 
environmental health and safety.3–6 Nanotoxicity studies 
have shown that NPs can interact with cell membranes 
and induce cytotoxicity.1,7 Although the pathways for 
cytotoxicity are diverse and depend on nanoparticle 
physicochemical properties and cell type,8 recent 
studies have provided evidence that direct contact 
between nanomaterials and the cell membrane is 
necessary for membrane damage or cell inactivation; it 
may in fact be a primary mechanism for engineered 
nanomaterial (ENM)-induced cytotoxicity.9–13 The 
interfacial and biological interactions between 
nanoparticles and cell surfaces that modulate this 
process can be examined using model cell 
membranes.14–26  

Model membranes, in the form of supported 
lipid bilayers, have been used extensively to examine the 
adhesion of, and subsequent disruption by, carbon 
nanotubes,27,28 quantum dots,29–31 carbon dots,32 and 
gold,33–35 silica,36,37 and polystyrene38–40 nanoparticles. 
Two main advantages of model membranes are that: (1) 
the lipid composition can be precisely controlled, 
thereby mimicking some of the most relevant 
physicochemical features of the real cell membrane,32 
and (2) the membrane organization and disruption can 
be characterized directly using a range of surface-
sensitive techniques that are not easily applicable on 
living cells.21 These simplified structures enable 
controlled and systematic study of the chemical 
components that serve important roles in the function 
of the cell membrane.41,42  

In the context of nanoparticle-membrane 
interactions, Leroueil et al. have shown that both 
organic and inorganic cationic nanoparticles can induce 
defects in SLBs and that the physical disruption of lipid 
membranes and formation of holes and/or thinned 
regions is a common mechanism of interaction between 

cationic nanoparticles and lipids.1,36 Earlier work 
comparing the interaction of cationic and anionic 
quantum dots (QDs) with SLBs showed the adhesion of 
QDs to phospholipid bilayers is driven by nonspecific 
electrostatic interactions, and depends on bilayer 
composition (e.g., net surface charge) and the ionic 
strength of the surrounding medium.29 Similar works 
using giant unilamellar vesicles,43 liposomes,44 lipid 
monolayers21, and sulfolipid-containing bilayers32 as a 
model membrane indicated that nanoparticle adhesion 
to lipid-based model membranes depends on 
nanoparticle charge, and cationic nanoparticles have 
higher affinity compared to anionic nanoparticles for 
membrane adsorption and disruption.45 

Poly(allylamine hydrochloride) (PAH) is a 
polycation, commonly used for polyelectrolyte-
wrapping of colloidal nanoparticles.33,46–48 Because an 
excess amount of polyelectrolyte is usually employed 
during the surface modification process, free or 
unbound ligand can remain in nanoparticle solutions 
even after purification49 and affect NPs intrinsic 
toxicity.50,51 Although the adsorption of PAH to lipid 
bilayers has been found to be reversible and 
nondisruptive,52 PAH-NPs solutions have been shown to 
bind irreversibly to supported lipid bilayers33 and exhibit 
toxicity to bacteria49,53 and simple multicellular 
organisms.54,55 Mechanistic insight into the influence of 
excess ligand in NP solutions on the interaction of non-
covalently functionalized NPs with cell membranes are 
needed to understand and control interactions at nano-
bio interfaces and aid in the design of environmentally 
and biologically compatible polycation-wrapped NPs. 

The objectives of this study were to examine the 
effects of ionic strength and bilayer composition on the 
interaction of non-covalently PAH-functionalized DNPs 
with SLBs and to determine the influence of free PAH 
polymer, in equilibrium with bound PAH in nanoparticle 
solutions, on the efficiency and extent of PAH-DNP 
attachment to SLBs. To accomplish these objectives, we 
employed quartz crystal microbalance with dissipation 
monitoring (QCM-D) and atomic force microscopy 
(AFM) to examine the interactions between diamond 
nanoparticles (DNPs) wrapped in PAH (∼190 repeat 
units), and supported lipid bilayers. Bilayers were 
composed of a zwitterionic phospholipid and 0 to 20% 
of an anionic phospholipid. Experiments were 
conducted over a range of ionic strength values (I = 
0.006−0.106 M) to investigate the influence of 
electrostatic interactions on the extent of particles 
attachment to model membranes and lipid extraction 
from the bilayers.  
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Materials and methods 

Materials. We purchased 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DOPG) from Avanti 
Polar Lipids Inc. (Alabaster, AL). Poly(allylamine 
hydrochloride) (PAH, 15 kDa) was procured from Sigma 
Aldrich (Milwaukee, WI). The chemical structure of lipids 
and PAH polymer are presented in Table S1. Diamond 
nanoparticles (Monocrystalline Synthetic Diamond, MSY 
0-0.03 µm) were obtained from Microdiamant (Lengwil, 
Switzerland). Tris(hydroxymethyl) aminomethane (Tris, 
99.8%), NaCl (99.0%), HNO3 (70.0%), H2SO4 (98.0%), 
H2O2 (30.0%), NH4OH (29%), and concentrated HCl were 
from Fisher Scientific (Milwaukee, WI). Ultrapure water 
(18.2 MΩ∙cm resistivity) was obtained from a Barnstead 
GenPure Pro UV purification system (Thermo Scientific). 
Solutions were prepared in 0.01 M Tris buffer solution; 
pH was adjusted to 7.4 with 2 M HCl and ionic strength 
was adjusted to the indicated values using NaCl. All 
materials were used as received unless otherwise noted. 

Functionalization and Characterization of 
Diamond Nanoparticles. We wrapped DNPs with PAH 
following a previously described procedure.56 As-
received DNPs were oxidized under reflux with a mixture 
of sulfuric acid and nitric acid (3:1 (v/v) H2SO4:HNO3) for 
3 days. After oxidation, particles were diluted (10×) in 
ultrapure water and sedimented by centrifugation (5 
min, 4696g). The supernatant was removed, and the 
pellet containing DNPs was resuspended in ultrapure 
water. The centrifugation and resuspension steps were 
repeated twice, and the remaining pellet was 
resuspended in 3:1 (v/v) H2SO4:HNO3 and refluxed for 
another 3 days. The subsequent DNP suspension was 
diluted, centrifuged (5 min, 4696g), and resuspended 
repeatedly until the pH was neutral and the particles did 
not sediment. The dispersed particles were wrapped 
with PAH by mixing particles with polymer solution (10 
mg·mL-1 in 0.001 M NaCl) at 1:1 (v/v) overnight. Excess 
polymer was removed by dialysis (Spectrum 
Laboratories, nominal MWCO 25 kDa) against 12 L 
ultrapure water.  

We determined nanoparticle hydrodynamic 
diameters (dh) and ζ-potentials by dynamic light 
scattering and laser Doppler electrophoresis 
microelectrophoresis (Malvern ZetaSizer, 
Worcestershire, UK). Nanoparticle stock solutions were 
diluted with 0.001 to 0.1 M NaCl buffered to pH 7.4 (0.01 
M Tris), and measurements were made at 25 °C. 
Number-averaged hydrodynamic diameters were 
calculated from the particle diffusivities using 

Stokes−Einstein equation and Mie theory.57  ζ-potentials 
were estimated from the electrophoretic mobility using 
the Smoluchowski approximation.58 The number-
averaged hydrodynamic diameters and a ζ-potentials 
reported are averages of six independent 
measurements.  

Preparation and Characterization of Lipid 
Vesicles. We prepared small unilamellar vesicles (SUVs) 
following a published protocol.34 In brief, a 1 mg·mL-1 
solution of the desired ratio of DOPC and DOPG was 
prepared in chloroform. The solvent was removed under 
a stream of nitrogen gas, followed by drying under 
vacuum overnight. The dried film was rehydrated in 0.01 
M NaCl buffered to pH 7.4 with 0.01 M Tris, sonicated 
for 30 min in a bath sonicator and subjected to three 
cycles of freeze-thawing (5 min freeze in liquid nitrogen 
followed by 5 minutes in a bath sonicator). Aliquots (1 
mL) of this suspension were extruded 11 times through 
a 0.05 μm polycarbonate membrane using an extruder 
kit (Avanti, 610000) to produce unilamellar vesicles with 
a narrow size distribution. The vesicle suspension was 
diluted to 0.125 mg·mL-1 total lipid concentration, stored 
at 4 °C and used within 10 days of preparation. We 
determined vesicle hydrodynamic diameters and ζ-
potentials by dynamic light scattering and laser Doppler 
electrophoresis as described above for nanoparticles.  

Quartz Crystal Microbalance with Dissipation 
Monitoring (QCM-D). We examined the interaction of 
PAH-wrapped DNPs with supported lipid bilayers 
formed on SiO2-coated quartz crystal sensors (QSX 303, 
Biolin Scientific) mounted in temperature-controlled 
liquid flow cells (QFM 401) using a Q-Sense E4 
instrument (Biolin Scientific). The QCM-D technique 
measures changes in both resonance frequency (∆f) and 
energy dissipation (∆D) of a coated piezoelectric quartz 
crystal upon interaction with an analyte. Changes in 
frequency are proportional to the mass of materials 
adsorbed on the sensor surface, which includes the mass 
of analyte and dynamically coupled solvent. The 
dissipation factor represents the fractional energy loss 
during one oscillation cycle and are related to the 
viscoelastic properties of laterally homogeneous adlayer 
or to the rigidity of particle-surface contact zone for 
laterally heterogeneous films composed of discrete 
nanoscale objects.29,59,60 For acoustically rigid films (e.g., 
SLBs) with low dissipation, ΔDn/(–Δfn/n) << 4 × 10−7 Hz−1, 
the acoustic surface mass density (ΓQCM-D) is related to 
the changes in resonance frequency (∆fn) using the 
Sauerbrey equation:61,62 

Γ 𝑄𝐶𝑀−𝐷 = −
𝐶

n
∆𝑓n  (1)  
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where C is the mass sensitivity constant which depends 
on the fundamental frequency, f1, and crystal properties 
(C = 17.7 ng∙cm-2∙Hz-1 for the 4.96 MHz crystal used 
here), and n is the harmonic number. For nonrigid films 
with large dissipation (e.g., vesicles at critical vesicle 
coverage), both the frequency and dissipation responses 
display harmonic dependencies. For such films, the 
Voigt-Kelvin viscoelastic model was used to quantify the 
mass associated with the sensor surface. This model 
extends QCM-D responses to include the effective 
viscoelastic properties that cause overtone 
dependencies. 63,64  

Supported phospholipid bilayers were formed 
on SiO2-coated quartz crystal sensors from SUVs 
composed of DOPC or binary mixtures of DOPC and 
DOPG (9:1 and 8:2 mass ratios) via the vesicle fusion 
method.65,66 Cleaned sensors were equilibrated in a 
solution mixture of 0.1 M NaCl and 0.005 M CaCl2. 
Details on sensor cleaning procedure are provided in 
Text S1. Vesicles (0.125 mg∙mL-1) in a solution of the 
same composition were flowed over the sensors until 
the critical surface coverage of adsorbed vesicles was 
attained (indicated by maximum changes in the 
frequency and dissipation responses)60 and thereafter, 
vesicles fused and ruptured to form a bilayer. Once the 
frequency and dissipation values stabilized, the bilayers 
were rinsed sequentially with the vesicle-free solution 
described above and 0.1 M NaCl to remove any loosely 
adhering vesicles.  

After formation, supported lipid bilayers were 
equilibrated with 0.001 to 0.1 M NaCl (pH 7.4 with 0.01 
M Tris). PAH-wrapped diamond nanoparticle 
suspensions (12.8 nM) in the same solution were then 
flowed over the supported lipid bilayers and particle 
attachment was monitored for at least 20 min or until 
the frequency response attained a plateau (df5/dt < 0.05 
Hz∙min-1). After 20 min or stabilization, bilayers were 
rinsed with nanoparticle-free solution to examine the 
reversibility of attachment.  

Initial attachment rates (rd) were defined as the 
first derivative of the change in acoustic surface mass 
density with respect to time over the first 30 s of 
attachment. The attachment efficiency (αd) is calculated 
from attachment rates (rd):67,68 

 

𝛼𝑑 =
𝑟𝑑,𝑏𝑖𝑙𝑎𝑦𝑒𝑟

𝑟𝑑,𝑓𝑎𝑣
=

(𝑑Γ𝑄𝐶𝑀−𝐷 𝑑𝑡⁄ )
𝑏𝑖𝑙𝑎𝑦𝑒𝑟

(𝑑Γ𝑄𝐶𝑀−𝐷 𝑑𝑡⁄ )
𝑓𝑎𝑣

  
(2) 

 
where dΓQCM‑D/dt is the change in adsorbed surface mass 

density per unit time and the subscript “fav” represents 
the change in adsorbed surface mass density under 
favorable adsorption conditions where the 
nanoparticles carry the opposite charge to the surface of 
the QCM-D sensors and hence there is no energy barrier 
to adsorption. In this study, we approximated favorable 
adsorption conditions for the positively charged PAH-
DNPs using the strongly negatively charged SiO2 
surface56,69 and determined initial rates of attachment to 
SiO2 under the same solution conditions used for the 
bilayers. Assuming that PAH-DNP attachment to the 
silica surface is largely irreversible (the changes in 
resonance frequency upon rinsing < 1 Hz) and multilayer 
adsorption does not take place (PAH-DNP attachment to 
the SiO2 substrates does not exceed the estimated 
jamming limit), the total dry surface mass density of 
PAH-DNP on the sensor surface can be expressed as:70 
 

Γ = Γ∗(1 − 𝑒
−(

𝑘𝑎𝑚𝑠
Γ∗ )𝑡

)    (3) 
 
Where Γ* is the maximum surface density of PAH-DNP 
that can cover the silica surface (not to exceed the 
jamming limit), ms is the bulk solution concentration of 
NP, and ka is the adsorption rate constant and can be 
calculated as: 
 

𝑘𝑎 = 𝐷𝑐
2/3

𝑄1/3𝑛       (4) 
 
where Dc is the diffusivity, Q is the total volumetric flow, 
and n is a geometrical constant, which is equal to 4.44 × 
103 m-4/3 for the QCMD chamber (E1, Biolin Scientific).71 
We approximated PAH-DNP molar mass on the basis of 
XPS quantitative analysis of the surface structure of 
covalently PAH-functionalized DNPs by Zhang et al. 
yielding an average surface coverage of 1.3 ± 0.06 PAH 
strands per nm2 of the DNPs.72 

Control experiments were conducted in the 
absence of SLBs to assess the attachment of PAH-DNPs 
to strongly negatively charged SiO2-coated sensors and 
establish a baseline for attachment under favorable 
conditions (absence of an energy barrier). PAH (50 mg∙L-

1) adsorption to bare SiO2 substrates and to SLBs in the 
absence of DNPs was also examined. The choice of 50 
mg∙L-1 PAH was based on a prior analysis of the amount 
of free PAH polymer present in PAH-AuNP suspensions 
purified through diafiltration.49 In a subset of 
experiments, the bilayers were first exposed to 50 mg∙L-

1 PAH polymer prior to the introduction of PAH-DNPs to 
examine the influence of adsorbed polymer on 
nanoparticles attachment to the bilayers. The flow rate 
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(100 µL∙min-1) and temperature (25 °C) were held 
constant throughout all the experiments. The odd 
harmonics (n = 3−11) were measured simultaneously. 
Data from odd harmonics 3 through 11 were 
equivalent;73 we report data from the fifth harmonic 
(~25 MHz). Representative frequency and dissipation 
traces for 9:1 DOPC:DOPG SLBs formation and PAH-
DNPs attachment are illustrated in Figure S1. All bilayers 
had -Δf5/5 = 24.5 ± 1.5 Hz and ΔD5 < 4 × 10-7 (Table S2) 
as expected for well-formed SLBs.34  

Characterization of Supported Lipid Bilayers. 
The ζ-potentials of SiO2 sensors and SLBs were 
determined as previously reported.69 Briefly, SUVs 
composed of DOPC alone or a combination of DOPC and 
DOPG were prepared by mixing the desired ratio of lipids 
in chloroform, evaporating the solvent with nitrogen gas 
and additionally under vacuum for 4 h, and hydrating in 
pH 4 saline (0.01 M NaCl, 0.005 M CaCl2, adjusted to pH 
4 with 0.1 M HCl). The mixtures were extruded at least 
31 times through a 0.05 μm polycarbonate membrane 
(Whatman Ltd., UK), stored at 4 °C and used within 10 
days of preparation. Silicon wafers with a thermal oxide 
layer of 30 nm were used as solid supports. The 
substrates were cleaned in an aqueous solution of 
NH4OH and H2O2, 1:1 v/v, at 70 °C for 10 min and rinsed 
intensively with ultrapure water. Prior to the 
preparation of supported lipid bilayers, the substrates 
were treated in a plasma chamber at high RF for 2 min 
to render the surface hydrophilic (Harrick Plasma, 
Ithaca, USA). Subsequently the measuring cells were 
assembled, and the lipid vesicle suspensions (0.2 mg mL-

1 in 0.001 M KCl solution) were injected into the cells and 
incubated for 2 h at 22 °C. After incubation, the cells 
were excessively rinsed 10 times with the electrolyte 
used for the subsequent streaming current 
measurements. Streaming current measurements were 

preformed using the Microslit Electrokinetic Setup.69 ζ-
potentials were calculated from steaming current data 
using the Smoluchowski equation.74 

Atomic Force Microscopy (AFM). We imaged 
supported lipid bilayers before and after introduction of 
DNPs by AFM to determine the surface coverage of PAH-
DNPs on the bilayer surfaces. SLBs were formed on 
ultraflat thermal SiO2 wafers (Ted Pella) following the 
procedure described above for QCM-D measurements. 
All images were collected in tapping mode (1 Hz scan 
rate) using a Multimode™ atomic force microscope 
(Bruker). Further details are provided in Text S2.  

Results and Discussion 

Nanoparticle Hydrodynamic and Electrokinetic 
Properties. We determined the hydrodynamic 
diameters and ζ-potentials of the diamond 
nanoparticles in ultrapure water and in solutions 
buffered to pH 7.4 with 0.01 M Tris and ionic strength 
adjusted with NaCl. As-received DNPs had dh of 16 ± 1.4 
nm and ζ-potentials of –35 ± 1 mV in ultrapure water. 
Wrapping the DNPs with PAH led to changes in their 
hydrodynamic and electrokinetic properties (Figure 1). 
PAH-DNPs had dh of 23 ± 2 nm in ultrapure water, and 
28 ± 1 nm, 29 ± 1 nm, and 27 ± 1 nm at ionic strengths 
of 0.006, 0.016, and 0.106 M, respectively. The relatively 
invariant hydrodynamic diameter of the PAH-DNPs 
enabled study of their attachment to SLBs at different 
salt concentrations without concomitant effects of 
particles aggregation. The positive ζ-potential of PAH-
DNPs decreased with increasing ionic strength (45 ± 1, 
43 ±1, and 34 ±5 mV at ionic strengths of 0.006, 0.016, 
and 0.106 M), consistent with charge screening by the 
electrolyte.  

Electrokinetic Properties of Silica-Supported 
Lipid Bilayers. We determined ζ-potentials of the SiO2 
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Figure 1. (A) Number-average hydrodynamic diameters and (B) ζ-potential of poly(allylamine HCl)-wrapped diamond nanoparticles (PAH-DNPs) as a function 
of solution ionic strength. Solutions were buffered to pH 7.4 with 0.01 M Tris and ionic strength adjusted with NaCl. Data points represent the mean of six 
replicates. Error bars denote one standard deviation. Numerical data are tabulated in Table S2. 
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substrates and silica-supported lipid bilayers in 0.01 M 
NaCl (buffered to pH 7.4 with 0.01 M Tris) from 
streaming current measurements (Figure S2). The silica 
substrates exhibited a large negative ζ-potential (−81 ± 
4 mV), which is not significantly different (p > 0.05) than 
what we found for 0.01 M KCl (-75.6 ± 2.1 mV) at pH 7.5 
in the absence of Tris. Supported lipid bilayers 
composed of the zwitterionic phospholipid DOPC 
exhibited a negative ζ-potential (−11.3 ± 0.8 mV), slightly 
more negative than that obtained for the corresponding 
vesicles under the same solution conditions (–5 ± 1 mV), 
likely reflecting the influence of the underlying silica 
substrate on the ζ-potential of the adlayer. The ζ-
potential measured here was slightly less negative than 
that reported previously for SiO2-supported DOPC 
bilayers in the absence of Tris and in 0.01 M KCl (−17.5 ± 
0.7 mV, pH 7.5).69 The difference is attributed to the 
presence of Tris cations,33 as the isoelectric point of 
DOPC bilayers in the presence of Na+ or K+ is 
indistinguishable.75 Incorporation of 10 mass% DOPG to 
DOPC bilayers decreased the ζ-potential to −57.0 ± 2.3 
mV. While these SLBs were formed from SUVs 
containing 10% DOPG, we expect some degree of 
asymmetry in the distribution of the anionic 
phospholipid between the two leaflets of the bilayer due 
to electrostatic repulsion between the SiO2 surface and 

the anionic DOPG leading to enrichment of the anionic 
lipid in the distal leaflet.76–78 

Attachment of PAH-DNP to Silica-Coated QCM-
D Sensor. We investigated the attachment of PAH-DNPs 
to SiO2-coated substrates under the same conditions 
used to study their interaction with bilayers (vide infra). 
The final acoustic surface mass densities (ΓQCM‑D) 
attained by nanoparticles on silica substrates (Figure 2A) 
increased with increasing salt concentration. We 
attribute this trend to charge screening by the 
electrolyte reducing the electrostatic repulsion between 
adjacent PAH-DNPs on the silica surface. Electrostatic 
repulsion between adjacent particles is largest at the 
lowest ionic strength, leading to a lower surface 
coverage than at higher ionic strength. The extent of 
adsorption increases with decreasing adsorbate charge 
density or as the Debye screening length decreases and 
interactions between particles occur over shorter 
distance. This behavior has been commonly reported for 
adsorption of polyelectrolytes on solid surfaces.79–81  

Random sequential adsorption (RSA) modeling82 
was used to estimate the jamming limit of particles 
packing onto the silica substrate. Details are provided in 
Text S3. The jamming limit predicted by RSA was 7733 
ng·cm-2, corresponding to a fractional surface coverage 
of 0.547 and ∆fν/n = 430 Hz.81 Based on this estimate, 

Figure 2. Final surface mass densities (ΓQCM-D) attained by PAH-DNPs on (A) SiO2 substrates. (B) supported DOPC bilayers (p ≤ 0.0001), and (C) supported DOPC 
bilayers containing the indicated amount of DOPG at I = 0.106 M (p < 0.05). (D) Attachment efficiencies (d) for PAH-DNP attachment to indicated supported 
lipid bilayers; two-way ANOVA with Tukey’s multiple comparisons test (Prism 6.0) was used for statistical analysis. Bars correspond to mean values. Error bars 
indicate one standard deviation (n ≥ 3); in some cases, error bars are smaller than symbols. Numerical data are presented in Table S4 and S5. Representative 
QCM-D traces of PAH-DNP attachment to SiO2 are illustrated in Figure S3.  
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the PAH-DNP attachment to the silica substrate we 
observe is well below the jamming limit, displaying 
fractional coverages of 0.01, 0.03, and 0.06 at ionic 
strength values of 0.006, 0.016, and 0.106 M, 
respectively.  The Debye screening length ranges from 
2.4 nm to 0.93 nm over this concentration range and is 
always smaller than diameter of the PAH-DNPs, 
indicating that unfavorable electrostatic nanoparticle-
nanoparticle interactions are not limiting packing. On 
the other hand, the attachment traces suggested that 
PAH-DNPs attained the maximum surface coverage 
quickly (Figure S3); rapid drops in frequency (up to 4 Hz 
in less than 1 min) followed by leveling to steady values. 
This behavior prompted us to investigate the influence 
of unbound PAH in the PAH-DNP suspension on 
nanoparticle adsorption onto the SiO2 surface. Results 
for attachment of PAH alone (no DNPs) on silica are 
presented in Table S4. The extent of final attachment for 
unbound PAH on silica was comparable to that value for 
PAH-DNPs (Table S5), indicating that unbound PAH in 
the PAH-DNP suspension was responsible for some 
portion of the acoustic mass attained during the 
adsorption process.49 At early timepoints, adsorption is 
diffusion-limited. The diffusivity of free PAH is higher 
than that of PAH-DNPs, leading to the free PAH 
commencing attachment to the SiO2 surface prior to 
PAH-DNPs. Later in time during the adsorption process, 
as PAH-DNPs approach the sensor surface, they 
encounter a PAH-coated surface leading to a decrease in 
adsorption rate due to an electrostatic barrier. As a 
result, ∆fn/n plateaus, reflecting a pseudo-steady-state 
condition. These results show that the different 
dynamics of adsorption of free PAH and of PAH-coating 

DNPS leads to a final surface coverage far below what 
was expected from RSA. In fact, if we assume that the 
maximal amount of PAH is adsorbed to the SiO2 surface, 
then the acoustic mass attributable to PAH-DNPs and 
dynamically coupled solvent on the silica substrate 

would be  2 ng·cm-2. Our results demonstrate that 
excess molecules in solution, including non-covalently 
grafted coatings and excess ligand, can significantly 
impact the attachment of NPs to surfaces. These results 
further prompted us to explicitly investigate the 
influence of free PAH on the interaction of PAH-DNP 
with supported phospholipid bilayers.  

Influence of Unbound PAH on Attachment of 
PAH-DNP to Supported Lipid Bilayers. The results of 
QCM-D measurements for attachment of free PAH 
polymer (no DNPs) to supported lipid bilayers showed 
that PAH bound to all bilayers studied (Table S4). 
Changes in ΓQCM-D due to the adsorption of free PAH to 
lipid bilayers were far below those observed with PAH-
DNPs (Table S5); furthermore, the extent of PAH 
attachment increased as the DOPG content of the 
bilayer increased (Figure 3A); this trend is opposite of 
what was observed with PAH-DNPs. At I = 0.106 M, ΓQCM-

D due to the adsorption of free PAH were 72 ± 6 ng∙cm-2, 
82 ± 8 ng∙cm-2, and 91 ± 15 ng∙cm-2 on pure DOPC, DOPC 
+ 10% DOPG and DOPC + 20% DOPG, respectively (Table 
S4). We attribute this trend to stronger electrostatic 
attraction between the cationic polyelectrolyte and 
more negatively charged supported lipid bilayers. The 
final acoustic surface mass density attained by PAH was 
only 2.3% of that attained by PAH-DNPs on pure DOPC 
bilayer, 4.5% of that attained by PAH-DNPs on 
DOPC+10% DOPG, and 45% of that attained by PAH-
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Figure 3. (A) Poly(allylamine hydrochloride) adsorption to supported DOPC bilayers containing 0, 10, or 20% DOPG (p < 0.05). (B) Influence of adsorbed PAH 
polymer on subsequent attachment of PAH-DNPs to supported phospholipid bilayers. In (B), after 50 mg∙L-1 PAH polymer had attained maximal adsorption to 
the surface, PAH-DNPs were introduced to the QCM-D flow cell. Experiments were conducted at I = 0.106 M and pH 7.4 (0.01 M Tris). Bars correspond to 
mean values; error bars indicate one standard deviation (n = 3). 
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DNPs on DOPC+20%DOPG. These results imply that free 
PAH had more impact on PAH-DNP attachment to SLBs 
as the DOPG content of the bilayer increased.  

To probe whether free PAH caused the decrease 
in maximal attachment of PAH-DNPs as DOPG content in 
the DOPC bilayer increased (Figure 2C), we conducted 
experiments in which PAH-DNPs were introduced to 
QCM-D flow cells after PAH polymer (50 mg∙L-1) had 
attained maximal adsorption on the surface (Figure S4). 
For DOPC + 10% DOPG bilayers after free PAH polymer 
had attained maximal attachment, overall PAH-DNP 
attachment saw only a minute decrease (p=0.0025) and 
no significant decrease in total attachment was 
observed in DOPC + 20% DOPG bilayers (Figure 3B). 
Given these results, we do not attribute the decrease in 
PAH-DNP attachment to DOPC bilayers containing 
increasing amounts of DOPG to free PAH attachment. 
Previous studies have also shown that PAH attachment 
to SLBs is reversible and non-disruptive under our 
experimental conditions52 

It should be noted that although PAH-DNPs 
demonstrated only a small decrease in overall 
attachment to a DOPC + 10% DOPG bilayer exposed to 
free PAH, there was a significant decline in initial 
attachment rate compared to unexposed bilayers; at I = 
0.106 M, (df5/dt)initial of PAH-DNP to the virgin bilayer 
over the first 30 s was 0.269 ± 0.068 Hz∙s-1 compared to 
0.034 ± 0.003 Hz∙s-1 for PAH-DNP on bilayers exposed to 
free PAH. Further, adsorption of PAH-DNP to a virgin 
DOPC + 10% DOPG bilayer over the first 30 s was 
comparable to that for free PAH; at I = 0.106 M, 
(df5/dt)initial were 0.270 ± 0.003 Hz∙s-1 for free PAH 
polymer and 0.269 ± 0.068 Hz∙s-1 for PAH-DNP. This 
result implies that free PAH, in equilibrium with bound 
PAH in nanoparticle solution, was responsible for the 
change in frequency over the first 30 s of attachment. 
The diffusivity of free PAH is higher than that of PAH-
DNPs, leading to the free PAH attachment to the bilayer 
surface prior to PAH-DNPs. Based on this result, initial 
attachment rates (rd) for PAH-DNP were defined as 
dΓQCM‑D/dt over the second 30 s of attachment (i.e., t = 
30 to 60 s) (Figure S6).  

 Attachment of PAH-DNP to Supported Zwitterionic 

DOPC Bilayers. Attachment efficiencies (d) for PAH-
DNP attachment to supported DOPC bilayers increased 
with increasing ionic strength (Figure 2D and Table S6), 
consistent with charge screening reducing the 
electrostatic repulsion between the PAH-DNP and free 
PAH adsorbed on the supported DOPC bilayer. The final 
acoustic mass densities resulting from interaction of  

PAH-DNPs with DOPC bilayers also increased with 
increasing ionic strength (Figure 2B and Table S5), as was 
the case for attachment to SiO2.82Rinsing the bilayers 
with nanoparticle-free solution of otherwise identical 
composition produced an increase in frequency of ~1 Hz, 
indicating that PAH-DNP attachment to DOPC bilayers 
was largely irreversible on the timescales and under the 
conditions of the experiments.  

Attachment of PAH-DNPs to the negatively 
charged SiO2 substrate occurred under electrostatically 
more favorable conditions relative to attachment to the 
DOPC bilayers. Despite this, ΓQCM-D for PAH-DNP 
attachment to DOPC bilayers far exceeded that to the 
SiO2 substrates (Table S5). These results suggest that 
PAH-DNP attachment to SiO2 substrates and DOPC 
bilayers occur through different mechanisms. We 
hypothesize that similar to the SiO2 surface, the lateral 
electrostatic repulsion between PAH-DNPs on the DOPC 
bilayer surface ultimately determines the extent of NPs 
attachment. The higher packing density of PAH-DNP on 
the DOPC bilayer suggests that lateral repulsion 
between diamond nanoparticles is diminished on the 
lipid bilayer compared to the silica surface. We 
previously reported that the effective charge density of 
PAH-wrapped gold nanoparticles is reduced when they 
attach to the 9:1 DOPC:DOTAP lipid bilayer.33 Upon 
attachment, interaction with the negatively charged 
phosphate groups in the phosphatidylcholine 
headgroups, and/or any negatively charged counterions 
associated with the electrical double layer above them, 
reduces the net charge of the attached particles. The 
reduction in repulsion between PAH-DNP particles on 
the DOPC bilayer may result from the recruitment of 
phospholipid molecules to the nanoparticle surface, 
reducing the effective charge density of the (now) lipid-
coated particles. Formation of a phospholipid corona on 
nanoparticles wrapped in cationic polyelectrolytes has 
been previously reported.83,84 Computational analysis of 
ions and lipid distributions around the nanoparticle 
indicated that the cationic PAH polymer plays the key 
role of attracting lipids by contact ion pairing between 
the ammonium groups on the polymer and phosphate 
and glycerol groups on the lipid.83 

Attachment of PAH-DNP to Supported DOPC 
Bilayers Containing Anionic DOPG. We next 
investigated the effect of the incorporation of the 
anionic phospholipid DOPG into silica-supported DOPC 
bilayers on the rate and extent of PAH-DNP attachment. 
The maximum extent of attachment significantly 
decreased as the DOPG content of SLBs increased from 
0 to 20% (Table S4). Results for PAH-DNP attachment to 
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zwitterionic and anionic SLBs at I = 0.106 M are shown in 
Figure 2C. Although ΓQCM-D for PAH-DNP attachment to 
bilayers were below the jamming limit (7733 ng∙cm-2), 
they all exceeded that to SiO2 substrates (81 ± 4 ng∙cm-

2). Adsorption to bilayers in excess of the maximal extent 
of attachment to SiO2 implies a reduction in lateral 
repulsion between PAH-DNPs on the bilayers, albeit to a 
lesser degree than on DOPC-only bilayers. Visualization 
of PAH-DNP attachment to supported DOPC bilayers 
containing 0%, 10%, or 20% DOPG by AFM showed a 
qualitatively similar trend (Figure S5). The fractional 
surface coverage of PAH-DNP as determined by AFM 
decreased as the DOPG content of the bilayer increased 
(from 9.2 ± 5.3 for pure DOPC to 5.0 ± 1.9 and 2.3 ± 0.3% 
for DOPC containing 10% and 20% DOPG, respectively).  

We attribute the decrease in maximum 
attachment with increasing DOPG content in the bilayer 
to diminishing phospholipid recruitment by the PAH-
DNPs leading to decreasing reductions in interparticle 
repulsion on the surface. The presence of DOPG in the 
bilayers may increase hydrogen bonding interactions 
between lipid headgroups, thereby limiting extraction of 
phospholipids from the bilayer by PAH-DNP and 
lessening the reduction in interparticle repulsion 
achieved by acquisition of a lipid corona. Several studies 
have indicated that incorporation of phospholipids 
bearing PG headgroups into bilayers composed of PC 
lipids increases intermolecular headgroup–headgroup 
interaction relative to the pure PC case.85–87 Molecular 
dynamic simulations show that in POPC/POPG bilayers, 
about 75% of all the POPG lipids are engaged in 
hydrogen bonding with either POPC or other POPG 
lipids, while in POPC bilayers, an insignificant number of 
POPC–POPC hydrogen bonds are detected.87 Moreover, 

salt concentrations as low as 0.01 M decrease the lateral 
diffusion of DOPG in bilayers due to binding of Na+ or 
Ca2+ to the negative DOPG headgroups, resulting in 
closer packing of DOPG lipids and thereby increasing 
bilayer rigidity, an effect not seen with zwitterionic 
phospholipids.88 The increase in bilayer rigidity and 
intermolecular forces between phospholipid 
headgroups would make lipid extraction more difficult, 
as these interactions would have to be disrupted in the 
extraction process. We examine the extent of lipid 
extraction from DOPC bilayers containing varying 
amounts of DOPG in the next section. 

Attachment efficiencies of PAH-DNPs to SLBs 
also decreased as the amount of DOPG incorporated 
into the bilayer increased from 0 to 20% (Figure 2D). This 
trend held for all ionic strength conditions examined. 

The trend in attachment efficiencies (d) with increasing 
DOPG content is opposite of that expected from 
increased electrostatic attraction between the cationic 
DNPs and the anionic SLB. We attribute this trend to the 
increased overall adsorption of free PAH polymer to the 
bilayers with increasing DOPG content (Figure 3A) prior 
to PAH-DNPs leading to charge neutralization on the 
bilayer surfaces and reduction of electrostatic attraction 
between PAH-DNP and supported lipid bilayers, similar 
to the decrease in attachment rate of PAH-DNPs to 
DOPC + 10% DOPG bilayers after exposure to free PAH 
polymer (vide supra). 

Extraction of Lipids from Supported Lipid 
Bilayers. Recruitment of phospholipids to the surfaces 
of PAH-DNP would be expected to alter the 
electrokinetic properties of the particles. Extraction of 
lipids by gold NPs from lipid bilayers has been reported 
previously on the basis of neutron reflectivity 

Figure 4.  ζ-potentials of PAH-DNP after flowing across (A) bare SiO2 sensors and DOPC bilayers as a function of ionic strength and (B) bare SiO2 sensors 
and DOPC bilayers containing 0, 10 and 20% DOPG at I = 0.106 M. Data points and bars correspond to mean values; error bars indicate one standard 
deviation (n = 6). 
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experiments and supported by molecular dynamics 
simulations.90 To examine this possibility, we collected 
PAH-DNPs rinsed from the bilayer and compared their ζ-
potentials with those of PAH-DNPs that had passed 
through a flow cell lacking a bilayer. We found that the 
ζ-potentials of PAH-DNP rinsed from the DOPC bilayer 
were lower than those of particles rinsed from the bare 
SiO2 substrates (Figure 4A), consistent with them 
extracting DOPC molecules from the bilayer and 
acquiring a lipid corona. The reduction in the  ζ-potential 
of the particles due to the acquisition of lipids was 
roughly the same (~20 mV) over all ionic strengths 
investigated. The PAH molecules were not covalently 
bound to the DNPs and one may reasonably question 
whether the reduction in ζ-potential was not due rather 
to loss of PAH molecules from the DNPs that were rinsed 
from the bilayer. We consider this possibility less likely 
than the particles acquiring a lipid corona. First, the ζ-
potentials of the PAH-DNPs exiting the flow cell 
containing the bare SiO2-coated QCM-D sensor did not 
differ from those measured prior to the experiments (p 
> 0.05; compare Figures 1B and 4). This would imply no 
discernable loss of PAH from the DNPs that had been in 
contact with the SiO2 surface. Second, the detachment 
rate of PAH-DNPs from the silica substrate was less than 
those from the bilayers. At I = 0.106 M, PAH-DNPs 
detachment rates were 0.022 ± 0.006 Hz∙min-1, 0.067 ± 
0.023 Hz∙min-1, 0.077 ± 0.028 Hz∙min-1, and 0.091 ± 0.030 
Hz∙min-1 from SiO2, pure DOPC, DOPC + 10% DOPG, and 
DOPC + 20% DOPG, respectively. This implies stronger 
interaction with the SiO2 surface than to the bilayers and 
therefore a higher likelihood of PAH detachment from 
the particles.  

To test the hypothesis that incorporation of 
DOPG into DOPC bilayers reduces lipid extraction by the 
PAH-DNP, we collected particles rinsed from DOPC 
bilayers containing 0, 10, and 20% DOPG and 
determined their ζ-potentials (Figure 4B). While in all 
cases, ζ-potentials for PAH-DNP rinsed from the bilayers 
were lower than those rinsed from the bare SiO2 
substrates, the degree of reduction in ζ-potential 
declined as the DOPG content of the bilayers increased. 
This trend is attributed to lipid extraction decreasing as 
the anionic DOPG phospholipid content in the bilayers 
increased. With zwitterionic DOPC bilayers, PAH-DNP 
would interact with the phosphate group.83 Accessing 
the phosphate group of the DOPC headgroup requires 
tilting of the cationic trimethylamine group away from 
the like-charged PAH amine and concomitant 
movement of the phospholipid molecule perpendicular 
to the plane of the bilayer.89 This process would disturb 

hydrophobic interactions and represent a first step in 
extraction of lipids from the bilayer. In systems with 
DOPG present, PAH-DNP would also engage in hydrogen 
bonding with the DOPG head group glycerol moiety,83 
which is less disruptive and may in fact be a reason that 
less lipid extraction occurs. Thus, while free PAH 
behaves similarly on the DOPC and DOPC:DOPG bilayers, 
the PAH-DNPs induce significantly greater bilayer 
disruption on pure DOPC bilayers due to the ability to 
extract lipids more effectively from this composition. 

 
Conclusions 
 

We employed quartz crystal microbalance with 
dissipation monitoring (QCM-D), atomic force 
microscopy (AFM), and ζ-potential measurements to 
examine the interactions between PAH-DNPs and 
supported lipid bilayers composed of either pure DOPC 
or a mixture of DOPC and DOPG. Our results indicate 
that in all cases electrostatic attractions between the 
bilayer and PAH-DNP were responsible for the initial 
adsorption of particles and lateral electrostatic 
repulsion between adsorbed particles on the bilayer 
determined the final extent of PAH-DNP attachment. 
Adsorption of free PAH, in equilibrium with bound PAH 
in nanoparticle solution, prior to PAH-DNPs led to a 
decrease in attachment efficiencies of PAH-DNP to the 
bilayer and had more impact on PAH-DNP adsorption as 
the anionic DOPG phospholipid content of the bilayers 
increased, as more free PAH was adsorbing to the 
increasingly anionic bilayer. The fractional surface 
coverage acquired by particles on the DOPC bilayers 
suggested that mutual repulsion between PAH-DNPs 
was diminished on the bilayer relative to that attained 
on SiO2. We previously showed that the effective charge 
density of PAH-wrapped gold nanoparticles is reduced 
when they attach to the DOPC:DOTAP lipid bilayer. Upon 
attachment, interaction with the negatively charged 
phosphate groups in the PC headgroups, and/or any 
negatively charged counterions associated with the 
electrical double layer above them, reduces the net 
charge of the adsorbed particles. We further 
demonstrate that PAH-DNPs extract phospholipid 
molecules from the DOPC bilayer and acquire a lipid 
corona. Lipid corona formation on the nanoparticle 
surface alters the electrokinetic properties of the 
particles (decreases electrophoretic mobility) and 
increases the maximum surface mass density attained 
by the PAH-DNP on the bilayer surface. Incorporation of 
the anionic phospholipid DOPG into the DOPC bilayers 
led to an increase in initial adsorption rate but a 
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decrease in final extent of PAH-DNP attachment to the 
bilayer. The reduction in final extent of PAH-DNP 
attachment with increasing DOPG content of the bilayer 
is attributed to the increase in hydrogen bonding 
interactions between lipid headgroups that limits 
extraction of phospholipids from the bilayer by PAH-
DNP, lessening the reduction in interparticle repulsion 
achieved by acquisition of a lipid corona. 

This works aids in understanding nanomaterial–
phospholipid interactions and may be used to help 
predict the cytotoxicity of polymer-functionalized 
nanoparticles. The observation of lipid extraction would 
likely affect the cell function and could induce toxicity. 
Recent work assessing PAH-AuNP toxicity to both 
Daphnia magna91 and Shewanella oneidensis53 shows 
that particles functionalized with this polymer are toxic 
to both species, although the mechanism of toxicity was 
not determined. This study will serve as a baseline for 
investigating the interactions of polymer-functionalized 
nanoparticle with biological membranes as well as for 
comparison with future studies with increasingly 
complex bilayers or particles that have been altered by 
the environment or biological media. 
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