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ABSTRACT: Amphiphilic nanoparticles are known to cause defects in lipid
bilayers. However, we have shown recently that their disruptive effects are
significantly enhanced when surface charges and hydrophobic groups are
spatially segregated on opposite hemispheres of a single particle. Using the
same amphiphilic cationic/hydrophobic Janus particle system, here we
investigate the role of the hydrophilic−lipophilic balance of the particles
(namely the Janus balance) in their interaction with zwitterionic lipid bilayers.
We show that Janus nanoparticles induce holes in lipid bilayers only when the
hydrophobic side of particles occupies 20% or more of their surfaces. Beyond
this threshold, the larger the hydrophobic surface area, the more attractive the
particles are to lipid bilayers, and a lower particle concentration is needed for
causing defects in the bilayers. The results establish a quantitative relationship
between the surface coverage of hydrophobicity on the Janus particles and the
particle-induced disruption to the lipid membranes.

1. INTRODUCTION

Understanding the interaction of engineered nanoparticles
with biological membranes is critical for assessing and
predicting the potential impact of engineered nanoparticles
on living systems. Extensive studies have been done to
understand how these interactions are affected by the surface
properties of particles. The surface properties studied include
charge1−7 and hydrophobicity.8−11 Cationic and anionic
nanoparticles have been shown to differ significantly in the
way they bind to cells,2 disrupt the integrity and function of
cell plasma membranes,1,3 enter the cell, and are transported
intracellularly after entry.4 Different surface charge effects were
also observed when particles interacted with model lipid
membranes.5−7 The interaction between the membrane and
the particle can become more complex when hydrophobic
ligands are presented together with charges on particle
surfaces. Amphiphilic particles coated with a uniform mixture
of charged and hydrophobic groups have been found to induce
pores in model lipid membranes8−11 and stabilize the open
edge of lipid bilayers.12

Most studies of the interactions between amphiphilic
nanoparticles and biomembranes have focused on homoge-
neous particles. Only a few have investigated the effects of
nonhomogeneous arrangements of ligands on the particle
surface. Gold nanoparticles with striped patterns of hydro-
phobic and hydrophilic molecules have been shown to
penetrate cell membranes more easily than the ones with
random patterns.13,14 Our group has reported recently that
amphiphilic Janus nanoparticles (JPs) that are charged on one
hemisphere and hydrophobic on the other induce holes in lipid
bilayers.15 Such two-faced amphiphilic nanoparticles disrupt

lipid bilayers more effectively than uniformly coated particles
because they can rotate to interact with the bilayer from the
energetically favorable side.15 We found in that study that the
hydrophobic interaction plays a crucial role in the ability of
amphiphilic Janus particles to extract lipids from intact
membranes. Given the growing interest in synthesizing and
using amphiphilic nanoparticles,10,13,14,16−19 these findings are
important and timely for understanding the distinctive way in
which they interact with the lipid bilayer membranes.
However, the mechanism by which amphiphilic particles
disrupt such membranes remains poorly understood. One
important question, among many, is the role hydrophobicity
plays in particle−membrane interactions. For example, must
particle hydrophobicity exceed some threshold for amphiphilic
particles to disrupt lipid membranes? How can the effects of
surface charge and particle hydrophobicity on the disruption of
membranes be decoupled from one another?
Building on our recent study, here we conduct a quantitative

investigation of the role of hydrophobicity in the interaction
between amphiphilic JPs and zwitterionic lipid membranes.
The particles were positively charged on one side and
hydrophobic on the other. It is difficult to control and
quantify the hydrophobicity of nanoparticles. By using the two-
faced Janus particle system, we were able to fine-tune the
amount of surface coverage by the hydrophobic sidethe so-
called Janus balance of the particleusing chemical etching.
We could quantitatively measure the hydrophilic−lipophilic
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balance of the particles. We show that the cationic/hydro-
phobic amphiphilic JPs induce holes in lipid bilayers when the
hydrophobic side covers 20% or more of the particle surface.
Beyond this threshold, more hydrophobic Janus particles are
more attractive to lipid bilayers and cause defects at lower
threshold concentrations. When the hydrophobic area
decreases below 10% of the total particle surface, amphiphilic
JPs can no longer cause any noticeable defects in bilayers. Our
results reveal the exact role of hydrophobicity in the interaction
between amphiphilic Janus particles and lipid membranes.
More importantly, this work establishes a quantitative
relationship between the hydrophobicity of amphiphilic JPs
and their impact on lipid membranes.

2. RESULTS AND DISCUSSION

We fabricated 100 nm cationic/hydrophobic JPs, with
controlled variations in the surface area of their hydrophobic
side, using a three-step procedure. We first deposited thin films
of chromium and gold on one hemisphere of amine-modified
silica nanoparticles, etched the gold caps using cyanide
solution, and finally conjugated hydrophobic octadecanethiol
(ODT) onto the gold caps (Figure 1a). The etching was used
to control the surface area of the gold cap and thus the Janus

balance of the particles. The size of the remaining gold cap
after etching was measured as the polar angle θ from scanning
electron microscopy (SEM) images (Figures 1b and S1). The
angle θ was found to decrease linearly with etching time, 55.6°
± 3.4° (avg ± SD) at 120 s and 34.2° ± 2.9° at 200 s (Figure
1b,c). For comparison, θ for nonetched Janus particles was
94.6° ± 5.1°. Correspondingly, ≈54, 22, and 9% of the particle
surfaces were hydrophobic for the nonetched particles and
those etched for 120 and 200 s, respectively. We therefore refer
to the three types of JPs as the “50/50 JPs”, “80/20 JPs”, and
“90/10 JPs” to reflect the different surface coverages of their
hydrophobic caps. The water contact angle measured on the
submonolayer of particles after the chemical etching was
similar for different particles, 43° for 50/50 JPs and 40° for 90/
10 JPs (Table S1, Supporting Information), but increased to
≈90°, 75°, and 48° for the 50/50, 80/20, and 90/10 JPs,
respectively, after ODT conjugation (Figure 1b). This result
confirms the varied hydrophobicity of the different types of
Janus particles together with the remaining gold film
surrounding the particles on glass substrates. It also indicates
that the particle hydrophobicity is due to ODT coating, but
not chemical etching. Because the cyanide solution does not
etch away the chromium coating (5 nm thick) underneath the

Figure 1. (a) Schematics showing the fabrication of amphiphilic Janus particles and subsequent chemical etching of the gold coating. (b) SEM and
water contact angle characterization of Janus particles after various durations of etching as indicated. Scale bars: 200 nm. (c) Angle θ, as
schematically illustrated in the inset, is plotted as a function of etching time. Each data point in the scattered plot represents the measurement from
a single particle. Each box plot indicates the mean (squared dot), median (horizontal line), and the interquartile range from 25 to 75% of the
corresponding data set.

Figure 2. Fluorescence images showing the morphology of lipid bilayers after incubation with the 50/50, 80/20, and 90/10 JPs for 70 min at
various particle concentrations as indicated. Each image is representative of the results from two or three independent samples. Scale bars: 10 μm.
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gold layer, the surface area of the positively charged side likely
remained at ≈50% for all three types of Janus particles. We
assume that the chromium layer had negligible effect on the
particle−membrane interaction. In ζ-potential measurements,
we repeatedly observed that the ζ-potential for the amphiphilic
JPs was measured negative, even though that of bare amine-
modified silica nanoparticles was +25.9 mV (Table S2 of the
Supporting Information). Although the exact cause for the
negative ζ-potential is unclear, the measured values may not
accurately reflect the surface charges on the Janus particles
because the classical electrophoretic models used in ζ-potential
measurements may not be applicable to metal-coated Janus
particles that are known to exhibit an unusual electrokinetic
motion.20

We next investigated the interactions between the
amphiphilic JPs of varied hydrophobicity and zwitterionic
lipid bilayers. The lipid bilayers were formed in deionized (DI)
water on glass microscope slides by self-assembly of mostly
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 0.2
mol % of fluorescently labeled lipids. The morphology of the
bilayers was examined using fluorescence imaging after
incubation with different concentrations of JPs for 70 min
(Figure 2). The 50/50 JPs at 20 and 40 pM concentrations

caused large defects in the bilayers that were depleted from the
lipids, as we have reported previously (Figure 2).15 In contrast,
the 80/20 JPs, with reduced hydrophobicity, only caused
defects in the lipid bilayer at concentrations of 30 pM or
higher. Meanwhile, lipid aggregates were also formed on
bilayers, appearing as bright dots in the fluorescence images.
Higher particle concentrations led to larger areas of defects and
more lipid aggregates. Different from the 50/50 or 80/20 JPs,
the 90/10 JPs did not cause any obvious morphological
changes in the lipid bilayer even when the particle
concentration was increased to 60 pM. In all experiments,
we ensured that the JPs were dispersed when being added to
the lipid bilayers at the concentrations shown here.
By simultaneously imaging 80/20 JPs and the lipid bilayer,

we found that the lipid aggregates contained both particles and
lipids (Figure 3). Most of the aggregates were distributed
randomly on the bilayer, whereas some became detached. This
agrees with our previous observation for 50/50 JPs and
suggests that the 80/20 JPs, like the 50/50 JPs, likely extracted
lipids from the bilayer onto their hydrophobic hemispheres,
thereby inducing defects in the bilayers.15 The results
demonstrate that the disruptive effect of amphiphilic JPs on
lipid bilayers increases as particle hydrophobicity increases.

Figure 3. Fluorescence images showing the lipid bilayer (left) and 80/20 JPs (middle) after defect formation at 40 pM particle concentration. A
merged image is shown on the right. The circles highlight the colocalization between the Janus particles and lipids extracted from the lipid bilayer.
Scale bars: 10 μm.

Figure 4. (a) Surface coverage of defects in lipid bilayers as a function of particle concentration for different types of Janus particles: 50/50 JPs
(black squares), 80/20 JPs (red dots), and 90/10 JPs (blue triangles). (b) Change in the lipid diffusion coefficient (ΔD) after the addition of DI
water (0 pM) and various concentrations of Janus particles. (c) Average fluorescence intensity of the lipid bilayer as a function of time after the
addition of DI water (no particles), 90/10 JPs (blue), 70/30 JPs (red), and 50/50 JPs (black). The particle concentration was 30 pM for all three
types of particles. (d) Color-coded diagram showing different effects of JPs on lipid bilayers as a function of particle hydrophobicity and particle
concentration. Each data point in (a−c) is an average of the results from three independent samples. Error bars in all plots represent standard
deviation.
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However, the mechanism by which particles induce holes in
lipid bilayers likely remains the same.
To quantify the disruption of lipid bilayers by particles, we

measured the changes in the surface area of defects, membrane
fluidity, and the time-dependent fluorescence intensity of the
bilayer. The surface coverage of defects, measured as the
fraction of surface area depleted from fluorescent lipids, was
found to increase almost linearly with particle concentration
once past the threshold for both 50/50 and 80/20 JPs (Figure
4a). In the presence of 20 pM 50/50 JPs, ≈20.5% of the bilayer
was occupied by defects. This defect coverage increased to
≈31.5% at 30 pM and ≈47.2% at 40 pM. The 80/20 JPs
caused defects in ≈11.3% of the bilayer surface at 30 pM and
≈26.8% at 40 pM. The fluidity of lipid bilayers is essential to
their biological functions. To quantify how this fluidity is
affected by amphiphilic Janus particles, we measured the
ensemble-averaged diffusion coefficients of lipids using
fluorescence recovery after photobleaching (FRAP) (Figure
4b). In each lipid bilayer sample, the lipid diffusion coefficient
(D) was measured before and after the addition of Janus
particles. The changes in lipid diffusion (ΔD) were used to
indicate the change in membrane fluidity. The D value of the
DOPC lipid bilayers used in this study was within the range of
1.3−1.6 μm2/s, consistent with the previous FRAP studies of
the DOPC bilayers.21,22 The 90/10 JPs showed a negligible
effect on lipid membrane fluidity. By contrast, both 50/50 and
80/20 JPs caused a drastic decrease in lipid diffusion at
concentrations higher than the thresholds. The bilayer was less
fluid at higher particle concentrations. Interestingly, even
though the 50/50 JPs at 20 and 30 pM caused a larger decrease
of bilayer fluidity compared to the 80/20 JPs, both types of
particles at 40 pM resulted in nearly nonfluid bilayers with the
lipid diffusion coefficients of <0.3 μm2/s. These results indicate
that the effects of both types of particles on lipid bilayers are
not limited to the formation of localized holes. Their extraction
of lipids also disrupts the integrity of the remaining bilayers
where no defects were visible. Indeed, we found that the
fluorescence intensity of the remaining lipid bilayers decreased
with time in the presence of 50/50 JPs and 80/20 JPs at 30 pM
(Figure 4c). The 50/50 JPs caused the most rapid decay in
bilayer intensity, whereas 90/10 JPs exhibited a negligible
effect. The decreased intensity of membranes further
confirmed the loss of lipids from the bilayer areas without
visible defects and showed that the effect of lipid extraction is
stronger with more hydrophobic particles.
On the basis of the results of these measurements, we

constructed a “phase” diagram to illustrate the different
disruptive effects induced by amphiphilic Janus particles as a
function of their hydrophobicity and concentration (Figure
4d). We categorized the results into three groups: lipid bilayers
with >20% surface coverage of defects and a decrease of the
lipid diffusion coefficient (ΔD) of <−0.6 μm2/s were defined
as severely disrupted; the ones with 10−20% surface coverage
of defects and −0.6 μm2/s < ΔD < −0.3 μm2/s as moderately
disrupted; and the ones with 0−10% defect coverage and ΔD
> −0.3 μm2/s as negligibly disrupted. The color-coded “phase”
diagram demonstrates the essence of our findings that
amphiphilic Janus particles with increased hydrophobicity
disrupt lipid bilayers more effectively. Their impact on the
integrity of lipid bilayers is dependent on the particle
concentration.
To further understand how the interaction between

amphiphilic Janus particles and zwitterionic lipid bilayers

change with varied particle hydrophobicity, we estimated the
association rate constant (ka) and activation energy (Ea) of
particle adsorption on bilayers by using a previously reported
method.23 We imaged the adsorption of fluorescently labeled
JPs on bilayers and measured the surface density of particles
adsorbed as a function of time by using single-particle tracking
(Figures 5a and S2). The values of ka and Ea were obtained

after fitting the plots with the equations derived from the
classical collision theory (see details in the Experimental
Section). We found ka (50/50 JPs) > ka (80/20 JPs) > ka (90/
10 JPs) and a reverse relationship for Ea (Figure 5b). Given
that the three types of amphiphilic Janus particles used in this
study have similar surface coverage of positive charges, this
result is a clear evidence that the hydrophobic interaction
between amphiphilic Janus particles and lipid bilayers drives
the adhesion of particles to the bilayers. This agrees with our
observation in a recent study that amphiphilic Janus particles
have significantly higher ka than the positively charged particles
without any hydrophobic groups. Amphiphilic Janus particles
that are more hydrophobic are more effective in disrupting
lipid bilayers. This is likely because they have stronger
attraction to the bilayers and also because the larger surface
coverage of their hydrophobic caps better extracts lipids from
the intact bilayers after particle adhesion.

3. CONCLUSIONS
In this study, we investigated how amphiphilic JPs with varying
hydrophobicities disrupt zwitterionic lipid membranes. The
hydrophobicity of nanoparticles is a material property that can
be challenging to quantify or control. We overcame this
challenge by using chemical etching to control the surface area
of the gold coating on Janus particles. As a result, we were able
to control and measure the effective hydrophilic−lipophilic
balance of these particles using the ratio of surface areas
between the two sides. We showed that cationic/hydrophobic
amphiphilic JPs induce lipid-depleted holes in zwitterionic
lipid bilayers only when 20% or more of their particle surface is
hydrophobic. Beyond this threshold, the larger the surface area
of the hydrophobic portion of the particle, the more strongly

Figure 5. (a) Number of Janus particles adsorbed on lipid bilayers as
a function of time. The solid lines are linear fit to the corresponding
data plots. Each data point is an average of the results from three
images and the error bars represent standard deviation. (b)
Association rate constant (ka) and activation energy (Ea) of particle
adsorption on lipid bilayers for different types of Janus particles.
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particles are attracted to the lipid bilayers and also, the lower
the particle concentration needed for causing defects in the
bilayers. When the hydrophobic area decreases below 10% of
the total particle surface, amphiphilic JPs can no longer cause
any visible defects in the bilayers. By measuring the association
rate constant between the particles and lipid bilayers, we
showed that the hydrophobic interactions between amphiphilic
JPs and lipid bilayers are the main driving force for the
adsorption of particles onto zwitterionic lipid bilayers and the
depletion of lipids from the membrane. The lipid bilayers used
in this study were formed on glass substrates, which are slightly
negatively charged in water. The potential effect of the glass
surface charge in the observed particle−membrane interactions
is currently unclear. However, given that neither the 90/10 JPs
nor the purely cationic nanoparticles caused membrane
defects, the surface charge of the underlying glass surfaces is
an unlikely cause for the particle-induced membrane defects.
Nevertheless, a freestanding lipid membrane system would
allow us to exclude the effect of the glass substrates in the
interaction between particles and lipids in future studies.
We have shown previously that amphiphilic JPs disrupt lipid

bilayers more effectively than uniform particles with the same
mixture of chemical groups.15 The new quantitative
information provided by this study pinpoints the role of
hydrophobicity in particle−membrane interactions. On the
basis of our findings, many new questions that warrant future
investigations arise. One such question is the effect of particle
size. It is possible that particles of different sizes require
different thresholds of particle concentration or surface
coverage of hydrophobicity to induce defects in lipid
membranes. Another potentially interesting area to explore is
to decouple the effects of the Janus balance and particle
hydrophobicity by varying the length of the hydrophobic alkyl
chains on the particles. The Janus particle system is unique in
that it allows systematic and quantitative investigations on the
spatial arrangements of chemical groups on particle surfaces
and affects their interactions with biological membranes.

4. EXPERIMENTAL SECTION
4.1. Materials and Reagents. Amine-functionalized silica

particles (100 nm) were purchased from Nanocomposix (San
Diego, CA). ODT was obtained from Sigma-Aldrich (St. Louis,
MO). Chromium (99.99% purity) and gold (99.99% purity) pellets
were purchased from Kurt J. Lesker (Jefferson Hills, PA). Cyanine5
N-hydroxysuccinimide ester (Cy5 NHS ester) was purchased from
Lumiprobe Corporation (Hunt Valley, MD). Succinic anhydride
(99% GC) was purchased from AK Scientific, Inc. (Union City, CA).
Phospholipids, DOPC and 1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-lissamine rhodamine B sulfonyl, were purchased from
Avanti Polar Lipid (Alabaster, AL). N-(4,4-Difluoro-5,7-dimethyl-4-
bora-3a,4a-diaza-s-indacene-3-propionyl)-1,2-dihexadecanoyl-sn-glyc-
ero-3-phosphoethanolamine, triethylammonium salt (BODIPY-
DHPE) was purchased from Thermo Scientific (Waltham, MA).
Potassium hexacyanoferrate(III), 98+% and potassium
hexacyanoferrate(II) trihydrate, 98+% were obtained from Alfa
Aesar (Haverhill, MA). Sodium thiosulfate anhydrous was purchased
from MilliporeSigma (Burlington, MA). Potassium hydroxide was
purchased from BDH Chemicals (Radnor, PA). Ultrapure water
(resistivity of 18.2 MΩ·cm) was used for all experiments.
4.2. Methods. 4.2.1. Fabrication of Janus Particles. To prepare

cationic amphiphilic JPs (+/pho JPs), submonolayers of amine-
modified silica nanoparticles were prepared using the solvent
evaporation method with a slight modification.24 Briefly, 50 μL of
particles (0.1 wt % in ethanol) was cast on a piranha-cleaned glass
microscope slide, and a continuous stream of the solution was used to

reduce the coffee-ring effect. Subsequently, the submonolayers of
particles were coated with thin films of chromium (5 nm in thickness)
and then gold (25 nm) in an Edward Thermal evaporator (Nanoscale
Characterization Facility at Indiana University). Immediately after
metal deposition, the particle submonolayers on the glass microscope
slides were immersed in ethanol containing 2 mM ODT. Prior to each
experiment, the particles were sonicated off the microscope slides and
rinsed in HCl−ethanol and then ethanol for three times each to
remove the nonspecifically adsorbed ODT. The particle aggregates
were further removed by differential centrifugation at 100 rcf for 30 s
for three times and then 500 rcf for 30 s for three times. The particles
were dispersed in DI water immediately before being added to
supported lipid bilayers (SLBs).

To vary the Janus balance of amphiphilic particles by chemical
etching, the Janus particles after metal deposition were immersed in a
cyanide-based etching solution that was composed of 2.958 g Na2SO3,
0.051 g K4Fe

II(CN)6, 0.4002 g K3Fe
III(CN)6, and 6.72 g KOH in 180

mL of DI water. The etching time was varied as indicated in the text.
4.2.2. Fluorescent Labeling of Particles. Amine-modified silica

nanoparticles were dispersed in 1× phosphate-buffered saline (PBS)
(pH 7.4). Cy5 in DMSO (0.5 mg/mL) was added to the particle
solution for the reaction. The final concentration of Cy5 was 0.8 μM
and the particle concentration was 80 pM. After the reaction
overnight at room temperature, the particles were washed with DI
water and stored in ethanol.

4.2.3. Characterization of Particles. ZetaView nanoparticle
tracking analyzer was used to measure the concentration of the
Janus particles. Water contact angle measurements were done on the
particle monolayers after ODT conjugation. SEM was used to
characterize the morphology of the Janus particles. To measure the
polar angle θ of the gold caps on Janus particles from the SEM images,
the size of each gold cap on the particles was measured (as shown in
Figure S3) and used to calculate the polar angle θ using the equation:
θ = arcsin(a/r), where a is the radii of the gold cap and r is the
nanoparticle radii also measured in SEM images. The surface coverage
of the gold cap on Janus particles was calculated using the equation:
Acap = 2πr2(1 − cos θ). For accurate measurements of θ from SEM,
only particles that were oriented with their gold cap facing the SEM
detector were selected.

4.2.4. Preparation of SLBs. Unilamellar vesicles of 100 nm were
prepared using the extrusion method. Briefly, DOPC and Rhd-DHPE
were mixed in a round-bottom flask at a 500:1 ratio in chloroform.
The lipids were dried under nitrogen flow and then hydrated in 1×
PBS to reach a final lipid concentration of 1 mg/mL. The hydrated
lipid solution was frozen and thawed repeatedly for five times before
being passed through a 100 nm filter membrane using a mini-extruder
(Avanti Polar Lipids, Inc.). The SLBs were prepared by the vesicle
fusion method. The lipid vesicles were diluted with 1× PBS to a final
lipid concentration of 0.2 mg/mL and added to a precleaned glass-
bottom imaging chamber. The lipid vesicles were incubated for 30
min. The quality of the lipid bilayers was checked under a
fluorescence microscope after the incubation. Only the lipid bilayers
with minimum immobilized lipid vesicles were used for the
experiments. The excess lipid vesicles were rinsed away gently with
DI water. The pH of the DI water was ≈6.6 under experimental
conditions.

4.2.5. Fluorescence Imaging. Wide-field epifluorescence imaging
was done with a Nikon Eclipse Ti microscope equipped with an
Andor iXon3 EMCCD camera and a Nikon Plan Apo 100×/1.49
N.A. TIRF objective. All imaging experiments were done at room
temperature. Each sample of lipid−particle interactions was repeated
at least twice on different days to ensure reproducibility.

4.2.6. Fluorescence Recovery after Photobleaching. FRAP was
measured using a Nikon Eclipse Ti microscope in an epifluorescence
imaging mode. A circular region of the bilayer in a field of view was
photobleached by a 562 nm laser at maximal intensity. After
photobleaching, the fluorescence recovery of the bilayer was recorded
for 4 min with 2 s intervals. In particle interaction experiments, FRAP
of bilayers was measured before and 70 min after the addition of
particles. The images were processed using “simFRAP”, a built-in
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plugin of ImageJ. Briefly, the diffusion coefficients were obtained by
fitting the experimental FRAP data with a simulated recovery profile
generated in this plugin.25

4.2.7. Measurement of Particle−Bilayer Binding Constant.
Binding constants were determined by following a previous method
based on a second-order binding process model.23 Briefly, the
adsorption of Cy5-labeled particles on the lipid bilayers was imaged
using epifluorescence microscopy. A MATLAB single-particle tracking
algorithm was used to count the number of adsorbed particles per unit
surface area (N).26 Assuming a second-order binding process between
the particles and lipid bilayers, the overall adsorption rate, dN/dt, can
then be expressed as

=N
t

k C C
d
d a s n (1)

where ka is the association rate constant, Cs is the maximum number
of binding sites on the bilayer, and Cn is the bulk concentration of
nanoparticles. By assuming a close packing of nanoparticles (d = 100
nm) on a flat surface, Cs was estimated to be 115. With known Cn and
measured dN/dt, ka was then calculated.
The activation energy (Ea) for adsorption was further calculated

using the Arrhenius equation

= [ − ]E Q k k Tln( ) ln( )a a B (2)

where Q is the diffusion collision frequency factor, kB is the
Boltzmann constant, and T is the temperature. Q was calculated
using the following equation, based on the assumption that the
particle−bilayer binding is limited by the diffusion of nanoparticles:

π≈Q RDN2000 a (3)

where R is the radius of the collision sphere, equivalent to the radius
of the nanoparticles (r) in our experimental system, and Na is
Avogadro’s number. D is the diffusion coefficient of nanoparticles in
bulk solution, obtained from the Stokes−Einstein equation

πη
=D

k T
r6

B

(4)

Q was estimated to be 9.285 × 1011 M−1 s−1 under our experimental
conditions.
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