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ABSTRACT: We provide strong chemical and biophysical
evidence that documents that branched amphiphilic peptides,
BAPs, known to assemble into spherical nanoassemblies in
solution, do assemble as peptide-bilayer-delimited capsules.
These nanoassemblies are termed branched amphiphilic
peptide capsules (BAPCs). BAPCs are taken up by cells and
accumulate in the perinuclear region to persist there without
apparent degradation. BAPCs also entrap small proteins and
solutes and stably encapsulate α-particle-emitting radionuclides. We have devised a method utilizing thiol chemistry
to conjugate these peptide sequences onto gold nanoparticles
(≤5 nm) with the objective of demonstrating the assembly of
these peptides into a bilayer. The peptides are initially assembled as a monolayer on the gold surface via interaction with
cysteine residues on the peptide C-terminus in an organic solvent. The subsequent transition of these peptide-monolayerprotected gold nanoparticles to an aqueous solution in the presence of excess peptides led to the formation of the peptide
bilayer on the gold surface. The approach was exploited further to produce bilayer-coated magnetic nanoparticles. The
innovation described in this study provides a stable metallic nanoparticle−peptide conjugate system that will help to determine
interactions of BAPs in a biological system, with relative ease, important for developing future applications such as simultaneous
delivery and imaging of surface-bound molecules of interest.

■

Our studies show that the molecular architecture of BAPCs
resembles liposomes, that is, bilayer-membrane-delimited
vesicles. Few peptide amphiphiles self-assemble into stable
bilayer membranes and/or form polymeric vesicles/capsules.6−8 Scanning electron microscopy/transmission electron
microscopy (TEM) imaging data supported by coarse-grained
modeling study suggested that BAPs form bilayer-delimited
capsules.2,3 However, no direct experimental evidence has been
generated to document the existence of the bilayer. In this
study, we used nanoparticles (NPs) whose surface served as a
scaﬀold to conjugate the inner leaﬂet. Excess peptide, delivered
under controlled conditions, formed the outer leaﬂet of the
bilayer. Self-assembly of the peptides into a bilayer on the
nanoparticle surface was driven by the switch from an organic
to an aqueous solvent, similar to the transition that leads to
BAPC formation.1,2 This study reports the evidence that BAPs

INTRODUCTION

Branched amphiphilic peptides (BAPs), bis(Ac-FLIVI)-K-K4CONH2 and bis(Ac-FLIVIGSII)-K-K4-CONH2, spontaneously assemble at room temperature in an aqueous solution
to form cationic capsules (vesicle-like spherical structures)
called branched amphiphilic peptide capsules (BAPCs). The
origin of BAPs can be traced to an internal peptide segment
(underlined), derived from the pore-lining segment of the Ltype calcium channel (DPWNVFDFLIVIGSIIDVILSE).1
When chemically synthesized, the cleaved deprotected peptide
forms insoluble mechanically resistant clumps upon dessication.2 This property was ascribed to strong cohesive forces
among the peptides and thus tested initially for peptide
adhesion strength. The optimization of these sequences for
solubility and functionality led to the creation of BAPs.1 We
have previously explored the eﬀects of solvent, temperature,
pH, peptide composition, potentially destabilizing agents such
as chaotropes, commercial proteases, and peptide ratios on the
stability, structure, and assembly of BAPCs.2−5
© 2018 American Chemical Society
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Figure 1. Characterization of dodecanethiol-protected gold nanoparticle surfaces modiﬁed with BAPs. Transmission electron microscopy (TEM)
image of (A) bis(Ac-FLIVIGSII)-K-K4-C-CONH2 monolayer bound gold nanoparticles and (B) bis(Ac-FLIVIGSII)-K-K4-C-CONH2 (inner
leaﬂet) and bis(Ac-FLIVI)-K-K4-Cys(Hg-CH3)-CONH2 (outer leaﬂet) bilayer bound gold nanoparticles in water. (C) Amino acid residue
sequence of BAPs with modiﬁed versions synthesized for use in diﬀerent experiments of this study, for conjugation to the gold surface via cysteine
(left) and the peptides (right) added to form the second layer. The peptides were modiﬁed with ﬂuorescent residues such as 4-cyanophenylalanine
(PheCN) and tryptophan (W) as well as heavy metals like mercury (Hg) to determine and characterize the peptide bilayer formation on gold
nanoparticles. (D) Energy-dispersive X-ray (EDX) spectra showing the M shells of co-localized gold and mercury in BAP−AuNPs. The right panel
shows the 10 nm Hg-labeled peptide bilayer Au particle that was scanned. The top-left panel shows the spectral counts recorded while scanning the
surface of gold, while the bottom-left panel shows the spectral counts observed for mercury contained in the outer leaﬂet comprising solely bis(AcFLIVI)-K-K4-Cys(Hg-CH3)-CONH2 peptide.

thylammonium bromide/water/toluene followed by the
addition of the digestive ripening agent dodecanethiol
generating highly monodisperse AuNPs. These AuNPs were
one of the two systems used for our study. The reduction of
gold chloride (Turkevich method) by trisodium citrate in
water yields ∼20 nm gold nanoparticles capped with sodium
citrate molecules. Citrate stabilizes the AuNPs, keeping them
well dispersed. Piella et al.18 have shown that stoichiometric
amounts of tannic acid can help reduce the AuNP size to 3.5
nm known as seeds. Although AuNPs can be synthesized using
certain peptides simultaneously for reduction and capping in a
reducing buﬀer like N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid,19,20 obtaining monodispersed AuNPs using this
approach is diﬃcult. In this study, we used citrate-AuNPs
synthesized using the method standardized by Piella et al.18 as
our preferred green chemistry system for the BAP-bilayer
conjugation.
AuNPs are most often functionalized with thiols since the
AuNP surface atoms are electrophilic and have an aﬃnity for
nucleophiles like sulfur. Self-assembled monolayers on gold
have been extensively studied and reviewed,21 but the nature of
the Au−thiol bond has not been determined unambiguously.
However, a recent study using atomic force microscopy has
shown that the Au−S bond formed changes from coordinate to
covalent as the pH of bond formation is transitioned from
acidic to alkaline.22 The BAPs were modiﬁed with a cysteine
residue on their oligolysine tail to facilitate their binding to
AuNPs. Using an analogous approach, we prepared bilayercoated magnetic nanoparticles. We chose to employ magnetic
beads (MNBs) modiﬁed with BAPs to assess nonspeciﬁc
binding partners from serum and/or cytoplasm in future
studies, given their ease of recovery from biological samples

assemble as peptide bilayers in water and has led to the
development of a gold nanoparticle (AuNP) conjugated
multifunctional peptide bilayer complex, described for the
ﬁrst time to the best of our knowledge.
Gold nanoparticles (AuNPs) were chosen for their favorable
properties that allow for the monitoring of bilayer formation.
These properties include stability, inertness, ease of synthesis,
surface functionalization, easy detection of surface alterations,
and high electron density suitable for imaging. First, gold
nanoparticles of speciﬁc sizes can be readily prepared following
published procedures. Furthermore, their electronic property
of localized surface plasmon resonance (LSPR) is a convenient
preliminary indicator of surface functionalization. The
observed LSPR wavelength (λLSPR) is dependent on the
shape, size, and distance between the adjacent nanoparticles
and is aﬀected by changes in the electronic environment. This
provides for a visual indication since the color of AuNPs
changes from orangish-red (∼5−40 nm) gradually to black
(∼100 nm) as they begin to aggregate or bind to large
molecules. Functionalized AuNPs are used to bind molecules
of interest that cannot conjugate directly to gold. This
approach has led to a variety of applications ranging from
the fabrication of nanoelectronics9 to drug delivery,10
bioimaging,11 colorimetric assays,12 and detection of DNA13
and proteins.14
Gold nanoparticles are typically synthesized by the reduction
of gold chloride in the presence of a stabilizing capping reagent
(i.e., the Brust−Schiﬀrin15 and Turkevich16 methods). Each of
these techniques results in AuNPs of varying stability and sizes.
Lin et al.17 described the facile synthesis of 5 nm gold
nanoparticles stabilized by dodecanethiol in toluene. They
used an inverse micelle system consisting of didodecyldime11072
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Figure 2. Characterization of aqueous, citrate-capped gold nanoparticles: (A, B) TEM images of citrate-AuNPs at two diﬀerent magniﬁcations. (C)
Representative UV−vis spectra plotted using normalized absorbance values for the AuNPs between 300 and 800 nm with LSPR peak (λLSPR) at 505
nm. (D) Histogram depicts the size distribution of the AuNPs. The size was calculated for ∼600 AuNPs in two diﬀerent TEM image ﬁelds using
ImageJ software.22 The histogram is unimodal showing a narrow distribution of AuNP sizes. The numbers on the top of each bar represent the
number of AuNPs in each class. The average size of the AuNPs was calculated to be 3.56 ± 0.667 nm with 78.5% of gold nanoparticles in 3−4 nm
size range.

terminus (bis(Ac-FLIVIGSII)-K-K4-C-CONH2). These peptides were pretreated with ammonium hydroxide to
deprotonate the lysyl residues, which renders the peptides
fully soluble in toluene. The dodecanethiol-coated AuNPs
were reﬂuxed at 70 °C with excess peptides in toluene,
facilitating cysteine-modiﬁed BAP monolayer self-assembly on
the gold surface. Thiols with longer carbon chains displace the
smaller carbon chain thiols and therefore the thiol-containing
branched peptides formed a self-assembled peptide monolayer
on AuNPs through this ligand substitution method. The
subsequent transfer of the BAP monolayer−AuNPs into 1:1
triﬂuoroethanol (TFE)/H2O gave a monodispersed colloidal
solution of AuNPs with the branched N-terminal tails of the
peptides’ solvent exposed. Such colloidal suspensions in sealed
containers have proven to be stable for greater than 6 months.
The BAP-monolayer-adducted AuNPs in 1:1 TFE/H2O
when dried on a TEM copper grid formed aggregates (Figure
1A). This is due to the increase in the H2O concentration as
TFE evaporated, resulting in the association of the branched
FLIVIGSII segments of the peptide generating the array of
aggregates shown.
Water-soluble, peptide bilayer gold nanoparticles (BAP−
AuNPs) were generated by adding 1.1:1.0 excess of bis(AcFLIVI)-K-K4-CONH2 to the bis(Ac-FLIVIGSII)-K-K4-CCONH2-adducted AuNPs in the 1:1 TFE/H2O mixture,
followed by drying slowly to reduce the TFE concentration.
The sample was subsequently fully dried, and then rehydrating
yielded monodispersed BAP−AuNPs (Figure 1B). The
presence of excess peptides in an aqueous environment drives
the hydrophobic tails of the BAPs to interact with each other,
thus leading to the formation of a BAP bilayer on the gold
nanoparticles. The two parent peptide sequences, bis(AcFLIVI)-K-K4-CONH2 and bis(Ac-FLIVIGSII)-K-K4-CONH2,
were modiﬁed with ﬂuorescent and heavy metal tags as
required. The amino acid sequences of these peptides used for
all experiments in this study have been summarized in Figure
1C. For the scanning transmission electron microscopy

over conventional AuNPs. Besides, AuNPs are also known to
quench ﬂuorescence of molecules within 10 nm of their
surface.23 The MNBs also served as a control for the Förster
resonance energy transfer (FRET) experiment for the
determination of bilayer formation.
The magnetic nanoparticles generally made of ferromagnetic
metals and the recently developed gold-coated nanoparticles
with a magnetic core are widely used for biomedical
applications.24−26 Similar to AuNPs, these can be functionalized for binding diﬀerent molecules. Their magnetic property
makes them useful in diagnostics as it helps in their rapid
recovery from complex mixtures, separating them from
unbound molecules. They are also used as magnetic resonance
imaging agents, and studies are currently being carried out to
use them for drug delivery by controlling them remotely with a
magnetic device.24,25 The BAP-conjugated MNBs could thus
ﬁnd various biomedical applications.
BAPCs being highly cationic are readily taken up by
eukaryotic cells and escape the late endosomes, leading to the
successful release of surface-bound nucleic acids for genetic
modulation. This has been demonstrated in prior studies
where they have been successfully used in vivo to deliver an
HPV-16 DNA vaccine in mice and siRNA orally in two insect
species.27,28 Thus, BAP-bilayer-conjugated AuNPs are great
candidates for the simultaneous delivery of desired molecules
and in vitro and in vivo imaging. The study presented has thus
given us peptide-bilayer-conjugated metallic nanoparticle
systems that can ﬁnd applications in binding assays, imaging,
and delivery.

RESULTS AND DISCUSSION
Generation of a Branched Amphiphilic Peptide
Bilayer on Gold Nanoparticles in Toluene. Dodecanethiol-capped gold nanoparticles were initially used to prepare
peptide-monolayer-adducted AuNPs (BAP monolayer−
AuNPs) suspended in toluene.17 The BAPs used for this
preparation contained an additional cysteine residue at the C-
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AuNPs. To prevent the aggregation of the AuNPs in ethanol so
that the entire surface of the AuNPs was accessible for the
binding of the peptides, the citrate-AuNPs were washed
through a 10k molecular weight cut-oﬀ (MWCO). The
removal of the excess salts such as the unreacted gold chloride
and sodium citrate prevents the aggregation of the AuNPs in
ethanolic solutions.
However, the aggregation of AuNPs was observed upon the
addition of peptides to form the BAP monolayer even after the
removal of excess salt. The UV−vis spectra showed a broad
LSPR peak with high absorbance in the 600−800 nm region
(Figure S2B), a characteristic of large AuNPs. This was
conﬁrmed by dynamic light scattering, where large aggregates
(100−2000 nm) were detected (Figure S2A and Table S2).
The observation suggested that the peptides while able to
displace the citrate ions were not reacting eﬃciently with the
gold surface, thus leaving much of the surface unprotected and
prone to aggregation. The presence of hydrophobic triﬂuoroacetic acid (TFA) salts that were present as counterions
associated with the C-terminal lysines were thought to hinder
the binding of the peptide to the Au surface. To address this
possibility, the TFA salts were replaced with chloride. The
substitution was accomplished by multiple rounds of dilute
HCl washes followed by freeze-drying, as previously reported
in Andrushchenko et al.32 The process was monitored by
NMR following the successive decreases in the ﬂuorine (19F)
signal intensity with each washing step. By the end of the ﬁfth
wash, no detectable ﬂuorine signal was present, suggesting that
most of the TFA salt had been exchanged with chloride
(Figure S3). When these chloride-containing peptides were
conjugated to AuNPs, we observed signiﬁcant diﬀerences in
the dispersion of peptide-adducted AuNPs (Figure S2B). The
use of the peptides after chloride replacement eliminated the
aggregation of AuNPs in water/alcohol mixture. For all
subsequent experiments, we therefore chose to use the chloride
counterion of peptides. In the case of the peptides used in the
toluene-based system, the deprotonation of the lysyl residues
using ammonium hydroxide followed by freeze-drying may
have caused a loss of most of the TFA counterions. Besides,
the hydrophobicity of toluene coupled with reﬂuxing at high
temperature could have helped in promoting the conjugation
of peptides to AuNPs. The reaction of the chloride form of
bis(Ac-FLIVIGSII)-K-K4-C-CONH2 with the citrate-AuNPs
yielded the desired product, as the binding of excess peptides
to AuNPs was evidenced by a slight color change and a red
shift in the gold plasmon wavelength. This change is indicative
of a change in the electronic environment of the gold
nanoparticles.
A titration experiment with the cysteine-containing peptide
bis(Ac-FCNLIVIGSII)-K-K4-C-CONH2 was conducted to
ensure the complete coverage of the AuNP surface. A
cyanophenylalanine (PheCN) ﬂuorescent tag was incorporated
into the peptide sequence because it does not alter the
secondary structure of the peptide and can also serve as a good
donor for exciting tryptophan residues by FRET.33 Increasing
concentrations of the ﬂuorescent-PheCN-containing peptide
were tested, until no further increase in ﬂuorescence was
observed. The cyanophenylalanine group when excited at 240
nm has an emission maximum between 280 and 300 nm.34
The concentration of bis(Ac-FCNLIVIGSII)-K-K4-C-CONH2
was varied from 1 μM to 0.3 mM. The BAP monolayer−
AuNPs were prepared using the same protocol previously
described. The ﬂuorescence intensity of peptides bound to

(STEM) studies, 30 mol % bis(Ac-FLIVI)-K-K4-Cys(HgCH3)-CONH2 was added to the peptide monolayer conjugated to AuNPs. Energy-dispersive X-ray (EDX) analysis of a
scanned single 10 nm BAP−AuNP showed overlapping signals
for the gold- and the mercury-containing peptides in the outer
leaﬂet, conﬁrming its association with the inner leaﬂet (Figure
1D). While most BAP−AuNPs were 5 nm in diameter, a few
10 nm particles were observed. Analyses of larger sizes
provided a better signal-to-noise ratio.
Aqueous Citrate-Capped Gold Nanoparticle SynthesisA Green Chemistry Approach. Although the
toluene-based system gave us the desired BAP−AuNPs, we
wanted to adopt a green chemistry approach for synthesizing
these nanoparticles. The basic scheme for the generation of the
BAP-bilayer-coated gold nanoparticles using citrate-AuNPs as
the starting material has been shown in Figure S1. The TEM
images of the citrate-AuNPs synthesized using a standardized
protocol showed well-dispersed AuNPs (Figure 2A,B). The
UV−vis spectrum of the citrate-AuNPs gave a sharp LSPR
spectral peak at 505 nm (Figure 2C), which is in agreement
with the data published by Piella et al.18 Since sodium citrate
molecules are small ligands, the LSPR peak is not signiﬁcantly
aﬀected by the ligand on the surface and therefore one can
consider that the plasmon resonance is characteristic of the
gold core itself. The TEM images were used to measure the
size of the nanoparticles using ImageJ software.29 The
histogram (Figure 2D) plotted using the data obtained by
measuring the size of ∼600 citrate-AuNPs shows a fairly
monodisperse population of AuNPs with an average size of
3.56 nm and standard deviation (SD) of 0.667 nm. The
number of nanoparticles synthesized in solution was
determined using the absorbance at λLSPR and extinction
coeﬃcient calculated using the eq 1
ln ε = 3.32 ln(d) + 10.8

(1)

where d is the diameter of the spherical AuNPs in nm and ε is
the extinction coeﬃcient of AuNP in M−1 cm−1. This equation
was experimentally derived by Liu et al.,30 where they
examined three diﬀerent types of capped AuNPs (citrate,
oleylamine, and dodecanethiol capping) to standardize the
extinction coeﬃcient values for AuNPs of diﬀerent sizes and
capping agents. The extinction coeﬃcient for 3.6 nm citrateAuNPs was calculated to be 3.44 × 106 M−1 cm−1 using eq 1.
Using the Beer−Lambert law, the average number of AuNPs in
solution was calculated to be ∼1013 AuNPs/mL.
Branched Amphiphilic Peptide Monolayer SelfAssembly on Citrate-Capped Gold Nanoparticles. The
BAPs were subsequently conjugated to citrate-AuNPs to form
a self-assembled peptide monolayer using the same chemistry
used to prepare the BAP monolayer−AuNPs previously
described, that is, ligand substitution by Au−thiol bond
formation but in 75% ethanol. The citrate molecules only
weakly bind to the Au surface and are thus displaced easily.18
The BAPs were added to the citrate-AuNPs in 75% ethanol
solution to prevent the self-assembly of the peptides into
capsules. However, the citrate-AuNPs alone used as the control
aggregated in the presence of ethanol. This was attributed to
the presence of excess salts in the citrate-AuNPs solution that
led to the formation of linear aggregates in ethanol. The linear
aggregates have been thought to form because of the charge on
the citrate molecules, leading to aggregation in a low-dielectric
solvent like ethanol and increases with the increase in ethanol
solvent concentration.31 This hindered the peptide’s binding to
11074
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K4-C-CONH2 and bis(Ac-FLIVI)-K-K4-C-CONH2-only peptide bilayers, as expected on the basis of data from prior
studies, providing further proof of peptide binding to gold
nanoparticles.
Branched Amphiphilic Peptide Bilayer Formation on
the Surface of Gold Nanoparticles. Peptide bilayers were
assembled by adding a second layer of peptides to the BAP
monolayer−AuNPs in TFE. The free peptide added to form
the bilayer was added at the same concentration (0.2 mM)
used to saturate the surface of AuNPs to form the peptide
monolayer. Theoretically, the second layer should require
more peptides than that of the monolayer because of the
increased surface area. This peptide concentration should be
ideal to form the outer leaﬂet on most of the monolayer-coated
AuNPs while simultaneously limiting the formation of higher
number of BAPCs by excess, unbound free peptides in
solution. The assembly of the peptides occurred as the water
content of the solution was gradually increased until the
organic solvent content is below 10%, as described in Methods
section. This increase in the dielectric value of the solvent
drives the branched hydrophobic segments of the bis(AcFLIVIGSII)-K-K4-CONH2 peptides to associate with the
hydrophobic peptide tails bound to the AuNPs, thus forming
a bilayer. TEM images of the BAP−AuNPs (Figure 5A,B)
show NPs that are fairly dispersed because of the cationic
nature of the BAP−AuNP surface, leading to the electrostatic
repulsion of the individual particles. This was observed as a red
shift in the LSPR spectral wavelength because of the change in
the electronic environment of the AuNPs and also observed as
a color change in the AuNP colloidal suspension solution. The
LSPR spectral position shifted from ∼505 nm for citrateAuNPs to ∼514 nm for BAP−AuNPs in water. The UV−vis
spectra from ﬁve separate reactions of similarly prepared BAP−
AuNPs showed an average LSPR peak at 514.78 nm with a SD
of 2.81 nm (Figure 5C). Since LSPR spectral position is highly
dependent on size, shape, and composition as well as solvent
refractive index, an overlap in the UV−vis spectra indicates the
reproducibility of protocol. A few aggregates of BAP
monolayer−AuNPs appear to form a multiparticle system
encapsulated by a peptide bilayer, as seen in TEM images. This
suggests that some of the BAP monolayer−AuNPs were still
able to interact as the water content was increased. These
aggregates can be separated from the other monodispersed
BAP−AuNPs by centrifugation at ∼75 000g. The ∼7.5 nm
BAP−AuNPs do not pellet out at this high speed.
The bilayer-modiﬁed BAP−AuNPs were vacuum-dried and
easily resuspended in water as fairly monodispersed particles
upon rehydration. On the other hand, dried BAP monolayer−
AuNPs could not be suspended in water without forming large
aggregates. They precipitated out of solution to yield a
colorless solution. However, dried BAP monolayer−AuNPs
could be readily resuspended in 100% TFE. This diﬀerence in
solvent preference of BAP monolayer−AuNPs with their
exposed hydrophobic tails and bilayer-modiﬁed BAP−AuNPs
with their solvent-exposed positively charged lysine tail
indicates that the BAPs have assembled into a bilayer on the
AuNP surface. The ﬁnal yield of the BAP−AuNPs obtained is
∼25% of the starting gold nanoparticle concentration.
Thermogravimetric analyses (TGA) on both the monolayerand bilayer-modiﬁed bis(Ac-FLIVIGSII)-K-K4-C-CONH2 NPs
gave quantitative information on the number of peptides
coupled to the AuNPs. Analyses to show interactions of
diﬀerent decomposition proﬁles due to a diﬀerence in the

AuNPs did not increase beyond 0.2 mM peptide concentration, and the AuNP surface appears to be saturated (Figure
3). Thus, 0.2 mM peptide concentration was used
subsequently for preparation of all BAP monolayer−AuNPs.

Figure 3. Fluorescence response for diﬀerent concentrations of
bis(Ac-FCNLIVIGSII)-K-K4-C-CONH2 peptide added to gold nanoparticle surfaces. Diﬀerent concentrations of bis(Ac-FCNLIVIGSII)-KK4-C-CONH2 peptide, ranging from 2 to 300 μM, were added to gold
nanoparticles to determine the maximum concentration at which the
gold surface is saturated with the monolayer-forming peptide. The
ﬂuorescence intensity was normalized for diﬀerent batches of the
samples prepared as the percentage of ﬂuorescence intensity of the
AuNPs with maximum peptide concentration.

After the addition of the peptide, subsequent washes via
centrifugation removed excess unbound peptides. The pelleted
AuNPs were then redispersed in 100% TFE to ensure a
monodispersed solution of AuNPs with the hydrophobic tails
of the BAPs solvent exposed. As the dielectric constant of the
solvent is increased by lowering the alcohol content by
evaporation or dilution with water, the branched hydrophobic
sequences ﬁnd each other and form bilayers between adjacent
AuNPs. Since the peptides are very small and lack electron
density, they are invisible in the TEM images (Figure 4A,B).
The TEM images of the BAP-monolayer-adducted AuNPs in
water show a fairly uniform spacing among the nanoparticles.
This gap represents the peptide bilayer. Using these TEM
images, we calculated the width of the bilayer as the distance
between two adjacent electron-dense AuNPs. The distance
between 2 bis(Ac-FLIVIGSII)-K-K 4 -C-CONH 2 -bound
AuNPs, measured for ∼80 pairs of AuNPs, was found to be
∼1.9 nm with a SD of 0.5 nm. The bis(Ac-FLIVIGSII)-K-K4C-CONH2 BAP bilayers are tightly packed with a packing
density of 0.85 and are known to form smaller BAPCs as
compared to those of bis(Ac-FLIVI)-K-K4-CONH2-only
bilayer with a packing density of 0.68.35 Thus, when the
distance between 2 AuNPs bound by bis(Ac-FLIVI)-K-K4-CCONH2 peptides was measured, the average size of the bilayer
was found to be ∼2.92 nm with a SD of 0.3 nm for 80 pairs.
We could see a signiﬁcant diﬀerence (p ≤ 0.05, Student’s
unpaired t-test) between the sizes of all bis(Ac-FLIVIGSII)-K11075
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Figure 4. TEM and UV−vis spectral analysis of BAP-monolayer-adducted gold nanoparticles. (A) TEM image showing aggregates of gold
nanoparticles modiﬁed with the bis(Ac-FLIVIGSII)-K-K4-C-CONH2 peptide monolayer in water. The distance between two nanoparticles
represents the thickness of the bis(Ac-FLIVIGSII)-K-K4-CONH2 BAP bilayer and was measured for the uniformly spaced nanoparticles in clusters
(e.g., dashed boxes). The average size of the bis(Ac-FLIVIGSII)-K-K4-CONH2 bilayer calculated for approximately 80 pairs of AuNPs is 1.95 ± 0.5
nm. (B) TEM image showing aggregates of the bis(Ac-FLIVI)-K-K4-C-CONH2-monolayer-adducted AuNPs in water. The average size of the
bis(Ac-FLIVI)-K-K4-CONH2 bilayer calculated for ∼80 pairs of AuNPs is 2.92 ± 0.437 nm. The average sizes of the bilayers were statistically
determined using Student’s unpaired t-test, p ≤ 0.05. (C) UV−vis spectra of BAP monolayer−AuNP aggregates in water (gray line) and of BAP−
AuNPs in water (black line) for comparison. The inset shows the clear colloidal solution of monodispersed AuNP−BAPs (right) and the turbid
AuNP−BAP monolayers in water (left).

contributing to a higher proportion weight loss in the 125−
200 °C.
The BAP monolayer−AuNPs TGA showed that 30% of the
mass could be attributed to free AuNPs and 60% to the mass
of peptides. For the bilayer-modiﬁed BAP−AuNPs, 10% of the
mass came from the AuNPs and 75% of the mass was from the
bound peptides. This indicates that there is a stoichiometric
diﬀerence for the number of peptides binding AuNPs in the
monolayer and bilayer samples. The bilayer-modiﬁed BAP−
AuNPs show a diﬀerent decomposition and mass loss proﬁle
compared to the BAP monolayer−AuNPs, providing further
evidence that BAPs can be assembled into a bilayer on the
surface of the gold nanoparticles.
To further conﬁrm the formation of the bilayer, we
conducted a FRET experiment. PheCN and Trp are a FRET
pair with PheCN acting as the donor and Trp as the acceptor
when irradiated at 240 nm. The addition of the cyano group
does not appear to perturb the structure of the assembly on the
basis of circular dichroism (CD) analyses, as discussed later. In
addition, designing the peptides such that the ﬂuorescent
molecules are placed at the peptide−peptide interface greatly
improves the FRET eﬃciency and gives a better understanding
of the distance among interacting moieties.33,38 On the basis of
our modeling studies, these two residues should come in close
proximity to one another when the bilayer forms.35 The
bis(Ac- FCNLIVIGSII)-K-K4-C-CONH2 peptide used in the
previous titration experiment was used for this FRET
experiment.
The bis(Ac-FCNLIVIGSII)-K-K4-C-CONH2 monolayer was
formed on the AuNP surface by adding saturating levels of

nature of the bonds formed between the two peptide layers
and the peptide-AuNPs were conducted.
In this study after determining the initial weight of the
sample, the temperature was slowly increased from room
temperature to 800 °C. The amino acids decompose into CO2
and H2O over a particular temperature range, depending on
their composition. As expected, the decomposition of the
peptides was observed between 200 and 300 °C as a sharp
decline in the weight of the sample. At the end of the heating
cycle, the weight of the remaining sample was determined. The
weight was attributed solely to the metallic nanoparticles since
gold itself is not aﬀected over this temperature range. The BAP
monolayer−AuNPs (Figure 6A) showed ∼10% weight loss
between 100 and 200 °C, which was attributed to the
decomposition of water absorbed by the peptides from the
atmosphere. An approximate 40% weight loss was seen from
225 to 550 °C because of the decomposition of the BAPs. Two
sharp weight-loss regions are observed in this range, which
could be indicative of the loss of peptides binding the AuNPs
with diﬀerent strengths in the 225−400 °C and 400−550 °C
regions. On the other hand, the bilayer-modiﬁed BAP−AuNPs
(Figure 6B) showed three distinct weight-loss regions. The
sharp decrease (∼30%) from 125 to 200 °C cannot be
attributed to water decomposition alone but also to the loss of
some of the outer leaﬂet peptides noncovalently bound to the
BAP monolayer−AuNPs. The samples were dried completely,
and 30% of the weight loss cannot be from water loss alone.
BAPs are rich in lysine and isoleucine, which have been shown
to start decomposing at a lower temperature, ∼120 °C for
lysine36 and ∼180 °C for isoleucine,37 which could be
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Figure 5. TEM images and UV−vis spectra of bis(Ac-FLIVIGSII)-K-K4-CONH2 BAP-bilayer-adducted gold nanoparticles. (A) Representative
TEM image of the BAP-bilayer-adducted gold nanoparticles at a lower magniﬁcation capturing the well-dispersed AuNPs in a large image ﬁeld.
Few, if any, aggregates of the AuNPs are observed. (B) Relatively higher magniﬁcation TEM image of the BAP−AuNPs. (C) Overlapping UV−vis
spectra of representative three diﬀerent batches of BAP−AuNPs with normalized absorbance, showing a LSPR peak at ∼515 nm.

lengths depend on the nature of the capping ligands, ζpotential, and size of the nanoparticles.39 However, the
controls used helped us eliminate the possibility of interference
by the AuNPs alone in the ﬂuorescence emission spectral
region used for analyses. The ﬂuorescence emission proﬁles of
bis(Ac-FCNLIVIGSII)-K-K4-C-CONH2 and bis(Ac-WLIVIGSII)-K-K4-CONH2 forming BAPCs in water were recorded.
The ﬂuorescence emission proﬁles of these BAPCs, as seen, do
not give a complete shift in emission to 360 nm (Figure 7A).
We see signiﬁcantly high ﬂuorescence emission from PheCN
and a slightly lower Trp ﬂuorescence. Since there is no control
over which two peptides come together in which leaﬂet and
whether they are in proximity to themselves or the other
residue, we cannot observe an enhanced FRET eﬀect although
we observe some. The bis(Ac-FCNLIVIGSII)-K-K4-C-CONH2
and bis(Ac-WLIVIGSII)-K-K4-CONH2 equimolar mix in
100% TFE (monomeric peptides not forming capsules in
solution) shows that bis(Ac- FCNLIVIGSII)-K-K4-C-CONH2
emission predominates the spectrum because of its higher
quantum yield even though bis(Ac-WLIVIGSII)-K-K 4CONH2 by itself shows ﬂuorescence when excited at 240
nm (not shown).34
We dispersed the BAP−AuNPs in 100% TFE, which should
cause the outer leaﬂet of the bilayer on AuNPs to dissociate
from the inner one because of the disruption of hydrophobic
interactions between the peptides as well as the disruption of
hydrogen bonding due to their transition back to a helical
conformation. The ﬂuorescence emission of the free peptides,
once liberated, reverts back to ∼290 nm for PheCN. The same
conditions would also have a disruptive eﬀect on any free
BAPCs that formed in solution for the reasons previously
described. Newly freed peptide bis(Ac-WLIVIGSII)-K-K4-

peptides. Subsequently, bis(Ac-WLIVIGSII)-K-K4-CONH2
peptide was added, as previously described, to form the
outer leaﬂet of the bilayer. After washing the bilayer-modiﬁed
BAP−AuNPs with water through a 10k MWCO ﬁlter to
remove any excess free peptides when they were excited at 240
nm, we saw a shift in the emission peak to 360 nm,
characteristic of Trp emission, instead to 290 nm, which is
the emission from PheCN (Figure 7A). The shift can be
ascribed to the FRET phenomenon where the Trp accepts the
photons emitted by PheCN donor molecule at 290 nm on
excitation at 240 nm and itself emits ﬂuorescence at 360 nm.
Although the PheCN ﬂuorescence is not completely lost at 240
nm, it is signiﬁcantly decreased. The few aggregates observed
in the BAP−AuNPs solution might be contributing to the
emission at 290 nm since PheCN has a higher quantum yield of
0.11 and signiﬁcantly higher molar absorptivity of 13 500 M−1
cm−1 at 240 nm. The two emission peaks could also be
indicative of the distance between the tightly packed,
interdigitating BAP bilayers showing a complete overlap of
the hydrophobic segments and hence a larger distance between
the donor−acceptor on the opposite leaﬂets. Gold nanoparticles have strong absorption in the UV range; hence, it was
not possible to determine the absorbance due to peptides
alone accurately and therefore we could not calculate the
FRET eﬃciency. Since they absorb in the UV range, we
wanted to check whether gold nanoparticles themselves or
with the nonﬂuorescent BAP bilayer bound to them have any
inﬂuence on the ﬂuorescence spectrum when excited at 240
nm. No signiﬁcant ﬂuorescence signals for citrate-AuNPs alone
(not shown) or BAP−AuNPs (nonﬂuorescent) in water were
detected, as observed (Figure 7A). The gold nanoparticles
exhibit some ﬂuorescence, and the excitation/emission wave11077
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Figure 6. Thermogravimetric analysis (TGA) of gold nanoparticles
modiﬁed with BAPs. The TGA curve represents the percentage of the
starting weight for (A) BAP monolayer−AuNPs and (B) BAP−
AuNPs as the temperature increases from 25 to 800 °C. The 30%
weight loss observed between 125 and 225 °C for the BAP−AuNPs is
not observed for the BAP monolayer−AuNPs. It represents the
weight loss due to the decomposition of the noncovalently bound
outer leaﬂet of the peptide bilayer.

Figure 7. FRET demonstrating the formation of the BAP bilayer on
gold nanoparticles. (A) Fluorescence proﬁle for peptides binding to
AuNPs. Bis(Ac-FCNLIVIGSII)-K-K4-C-CONH2-adducted gold nanoparticles in 100% TFE (black bold), bis(Ac-FCNLIVIGSII)-K-K4-CCONH2 and bis(Ac-WLIVIGSII)-K-K4-CONH2 bilayer bound
AuNPs (black dashed) in water and in 100% TFE (black dotted).
Nonﬂuorescent peptide bilayer bound AuNPs, that is, bis(AcFLIVIGSII)-K-K4-C-CONH2 and bis(Ac-FLIVIGSII)-K-K4-CONH2
bound AuNPs (gray dotted) in water when excited at 240 nm. BAPCs
prepared with bis(Ac-FCNLIVIGSII)-K-K4-C-CONH2 and bis(AcWLIVIGSII)-K-K4-CONH2 (gray bold). The binding of bis(AcWLIVIGSII)-K-K4-CONH2 peptide causes a FRET phenomenon,
leading to the shift in ﬂuorescence emission from ∼290 nm (λemission
for PheCN) to ∼360 nm (λemission for Trp). (B) Magnetic nanobeads
modiﬁed with maleimide groups binding with bis(Ac-FCNLIVIGSII)K-K4-C-CONH2 (black bold) in 75% TFE and with bis(AcF CN LIVIGSII)-K-K 4 -C-CONH 2 and bis(Ac-WLIVIGSII)-K-K 4CONH2 bilayer (black dashed) in deionized (DI) water.

CONH2 from the BAPCs should again show one emission
peak at ∼290 nm. For this study, we observed that treating the
BAP−AuNPs with 100% TFE shows only a modest drop in the
ﬂuorescence intensity at 360 nm, with retention of the FRET
eﬀect (Figure 7A). The ﬂuorescence proﬁles of these BAP−
AuNPs in 100% TFE somewhat resembled those of intact
BAPCs in water. This result signiﬁes that much of peptide
bilayer bound to AuNPs was not disrupted by the solvent. We
have observed this phenomenon previously for locked BAPCs
described in Sukthankar et al., where the peptides adopt a
structural conﬁguration that makes them resistant to disruption
by TFE.4 Therefore, when TFE is added, the peptide bilayer
conjugated to the AuNPs does not dissociate, most probably

because of the nature of the strong interactions between the
peptides on the gold nanoparticles.
A conjugate was also made with commercially obtained
magnetic nanobeads (MNBs), which were 50 nm in size and
were surface-adducted with maleimide. The method uses
maleimide chemistry to conjugate the cysteine of bis(AcFCNLIVIGSII)-K-K4-C-CONH2 to the surface and then forms
the bilayer by adding excess bis(Ac-WLIVIGSII)-K-K4CONH2 as there is an increase in water concentration, as
mentioned before. The MNBs with BAP monolayer alone
show emission at 290 nm (Figure 7B), indicating the successful
coupling of BAP to the surface. Addition of bis(AcWLIVIGSII)-K-K4-CONH2 shows FRET eﬀect similar to
that of the BAP−AuNPs, where we see emissions at 290 and
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360 nm (Figure 7B), indicating that the BAP bilayer was
successfully formed. Thus, the MNBs act as a control here for
bilayer formation on AuNPs. The BAP-MNBs showed a
ﬂuorescence proﬁle similar to that of BAP−AuNPs separated
from BAPCs in solution. The present BAPCs, if any, were
separated from BAP-MNBs thoroughly using a magnetic
separator. Thus, the FRET experiment provides strong
evidence that the BAPs form a bilayer on AuNP and MNB
surfaces in an aqueous solution.
Determination of Secondary Structure of Peptides
Bound to Gold Nanoparticles. We wanted to compare the
secondary structures of the BAPs when bound to the gold
nanoparticles to those previously observed for BAPs free in
solution. The tethered peptides that form the inner leaﬂet will
not have the same ability to sample conformational space as
those which are free in solution. Previously, it was established
that bis(Ac-FLIVIGSII)-K-K4-CONH2 BAPs assembled into
capsules in water exhibit β-sheet secondary structure over a
wide range of temperatures.4 Since it was established that a
BAP bilayer successfully formed on the surface of AuNPs,
determining the secondary structure of the inner leaﬂet as well
as the bound bilayer was now possible. The BAP monolayer−
AuNPs in 100% TFE (Figure 8A) show a secondary structure
intermediate between β-sheet and α-helix with a broad peak
ranging from 218 nm (characteristic of β-sheet) to 222 nm and
a small peak at 208 nm, both of which are characteristic of an
α-helix. The BAP−AuNPs in water (Figure 8A) show a strong
β-sheet characteristic with a minimum peak at 218 nm similar
to that of BAPCs in water. Citrate-AuNPs alone are not chiral
and, as expected, do not exhibit any ellipticity, and bis(AcFLIVIGSII)-K-K4-C-CONH2 peptide alone in 75% TFE
(Figure 8B) showed an α-helical structure as monomeric
peptides in TFE do.
With these results, we conclude that BAPs assemble to form
a bilayer in water, leading to a transition in secondary structure
from α-helix to β-sheet because of intermolecular and
intramolecular interactions between peptides of the two
leaﬂets as they are transferred from a lower dielectric constant
to an aqueous environment.

Figure 8. Circular dichroism spectra analysis of peptides bound to
AuNPs. (A) BAP monolayer−AuNPs (dashed line) in 100% TFE
show slight β-characteristic as opposed to an all α-helix structure
observed in the free monomeric BAPs. The minimum peak is broad
between 215 and 225 nm, with minima at 222 nm and a slight peak at
208 nm. The BAP−AuNPs (bold line) on the other hand show a
strong β-sheet structure, with minima at 218 nm, which is the
structure adopted by BAPs when they form capsules in water. CitrateAuNPs alone were scanned (dotted line) as a control and, as
expected, they do not show any ellipticity. (B) CD spectrum of
bis(Ac-FLIVIGSII)-K-K4-C-CONH2 monomeric peptides in 75%
TFE showing a strong α-helical characteristic.

CONCLUSIONS
BAPs assemble into a bilayer when one leaﬂet at a time is
added to gold nanoparticles, which serve as a substrate/scaﬀold
for their formation. The self-assembly of BAPs as a bilayer is
driven by the presence of water, causing the hydrophobic
segments to interact with each other and thus shielding them
from the hydrophilic solvent. Thus, BAPs are very similar in
structure to phospholipids that self-assemble to form bilayerdelimited liposomes with signiﬁcant advantages over their
liposome counterparts. The gold nanoparticles capped with
BAP bilayer are approximately 7.5 nm in size. These assemblies
being smaller in size may serve as more-eﬃcient delivery
systems for surface-binding molecules like nucleic acids and
proteins. Since BAPs are not degraded within cells because of
their unique stability as an assembly, they may provide new
capping agents that prevent toxicity caused by gold nanoparticle accumulation in vivo as bioaccumulation.40 Gold being
electron dense is a good candidate for electron-beam-based
imaging techniques like micro computed tomography scanning.41 Therefore, BAP−AuNPs provide a system that can be
used for imaging with targeted delivery simultaneously. The
BAP−AuNPs described here with their bilayer-forming nature

■

can be applied to future studies in diagnostics as a delivery
system in both in vitro and in vivo research.

EXPERIMENTAL SECTION
Solid-Phase Peptide Synthesis. The peptides were
synthesized as previously published3 by an ABI 431 automated
peptide synthesizer using Fmoc chemistry on 0.1 mmol scale
using CLEAR amide resin (Peptides International, Louisville,
KY). For the bis(Ac-FLIVIGSII)-K-K4-CONH2 peptides only,
the initial amino acid was added manually and was allowed to
react for 5 min. Once this was completed, the resin was rinsed
and capped with the acetyl capping cocktail to block any other
unoccupied active sites on the resin. This is done to decrease
the number of less-inaccessible sites on the resin, which usually
ultimately results in a number of failed sequences at the end of
the synthesis. This approach also spaces out the growing
bis(Ac-FLIVIGSII)-K-K4-CONH2 chains, thereby reducing
any interchain interactions during the synthesis that can

■

11079

DOI: 10.1021/acsomega.8b01633
ACS Omega 2018, 3, 11071−11083

ACS Omega

Article

Synthesis of Citrate-Capped Gold Nanoparticles. The
citrate-capped gold nanoparticles were prepared as described
in Piella et al.18 For the preparation of 3.5 nm gold
nanoparticles, 100 mL of freshly prepared 2.2 mM sodium
citrate (Fisher Scientiﬁc, Inc., NJ) solution in deionizeddistilled (DDI) water and 668 μL of 150 mM potassium
carbonate (Fisher Scientiﬁc, Inc., NJ) were reﬂuxed at 70 °C in
a round-bottomed ﬂask under vigorous stirring on a Corning
magnetic heat-stir plate. 66.8 μL of freshly prepared 2.5 mM
tannic acid (Sigma-Aldrich, Inc., WI) was added, followed by
668 μL of 25 mM gold chloride (HAuCl4) (Sigma-Aldrich,
Inc., WI) under vigorous stirring. The color of the solution
turned from brownish-black to orangish-red in less than a
minute. The solution was heated for an additional 20 min to
ensure complete reduction of HAuCl4. On cooling, the citratecapped gold nanoparticles were washed using 20 mL, 10k
MWCO-Omega ﬁlters (Pall Corporation Centrifugal Devices)
to remove excess salts. The concentrated gold nanoparticles
free of excess salts were diluted back to their original
concentration with DDI water. The UV−vis spectrum was
recorded from 200 to 800 nm at the rate of 300 nm/min and
0.5 nm data interval with baseline correction using water as the
blank on Cary 50-Bio UV−Vis Spectrophotometer (Varian
Inc., Palo Alto, CA).
Modiﬁcation of Citrate-Capped Gold Nanoparticles
with a Peptide Bilayer. The concentration of the peptide
required to completely cover the surface of the gold
nanoparticles was theoretically calculated to be 2 μM for a
solution containing ∼1013 gold nanoparticles of average size
3.6 nm. Prior to the addition of the peptides, the nanoparticles
were sonicated using a FS20 (Fisher Scientiﬁc, Inc., NJ) water
bath sonicator so as to evenly disperse the nanoparticles in
solution. This breaks any small clusters of nanoparticles and
therefore increases the surface area accessible for peptide
binding. 0.2 mM bis(Ac-FLIVIGSII)-K-K4-C-CONH2 peptide
(concentration was calculated using Phe absorbance at 257.5
nm with ε = 195 M−1 cm−1) in 75% ethanol was added to the
citrate-capped gold nanoparticles. The organic solvent content
was maintained at 75% to prevent self-assembly of the free
peptides and to prevent the AuNP-bound peptides from
aggregating because of hydrophobic tail interactions. The
AuNP-bis(Ac-FLIVIGSII)-K-K4-C-CONH2 peptide mix was
incubated for 1 h at room temperature with constant mixing to
ensure maximum binding and coverage of the nanoparticle
surface. The bis(Ac-FLIVIGSII)-K-K4-C-CONH2‑adducted
AuNPs were washed by centrifugation at 37 000 relative
centrifugal ﬁeld for 30 min in poly(tetraﬂuoroethylene)
centrifuge tubes (Thermo Scientiﬁc, Nalgene Products Inc.,
NY) on a JA-20 rotor in a model J2-21 Beckman centrifuge.
The AuNPs were washed three times, and after every wash, the
AuNPs were suspended in 100% ethanol. After the third wash,
the AuNP-bis(Ac-FLIVIGSII)-K-K4-C-CONH2 was suspended
in a minimal amount of 100% TFE. The (bis(Ac-FLIVIGSII)K-K4-CONH2) peptide (0.2 mM) was added to the AuNPbis(Ac-FLIVIGSII)-K-K4-C-CONH2 monolayer in TFE and
mixed well. Excess, that is, 25 times more, water was added to
this TFE solution gradually so that the organic solvent
concentration is below 10% and incubated for 30 min with
constant mixing. The AuNP−BAPs were then washed through
10k MWCO ﬁlters to remove any excess unbound peptides
and were redispersed in minimal DDW to obtain a
concentrated AuNP−BAP solution.

cause irreversible peptide aggregation. The remainder of the
synthesis was completed on the automated peptide synthesizer.
The peptides were cleaved from the resin using a solution of
92% TFA, 5% thioanisole, and 2% 1,2-ethanedithiol for 90 min
at room temperature. The liquid was removed and poured into
ice-cold diethyl ether. Three additional washes of the peptide
precipitate were done with diethyl ether. The bis(Ac-FLIVI)K-K4-CONH2 peptide was then suspended in distilled
deionized water and lyophilized. The bis(Ac-FLIVIGSII)-KK4-CONH2 peptide was dried directly with diethyl either
without suspending in water. The yield for the diﬀerent
peptide syntheses based on the initial resin substitution is
between 30 and 40%. This number does not accurately
represent the actual yield because of the fact that we discard
the less-accessible sites, as previously mentioned. On the basis
of high-performance liquid chromatography analyses, the yield
of the ﬁnal peptide is closer to 75%. The matrix-assisted laser
desorption ionization time-of-ﬂight mass spectrometry was
used to ensure correct product formation with the peptide
spotted in a DHB matrix (Sigma-Aldrich, St. Louis, MO) on a
Bruker Ultraﬂex II instrument. The mass spectra for all
peptides used in this study (prior to puriﬁcation) are shown in
Supporting Information (Figure S4).
Synthesis of BAP−AuNPs Using DodecanethiolCapped Gold Nanoparticles. Prior to the addition of the
peptide to AuNPs in toluene (Fisher Scientiﬁc, Inc., NJ), the
peptide was deprotonated by dissolving bis(Ac-FLIVIGSII)-KK4-C-CONH2 peptide in water and adjusting the pH to 14
with ammonium hydroxide (Fisher Scientiﬁc, Inc., NJ),
incubating it for 1 h, and then drying it in vacuo. This allows
the peptide to easily dissolve in toluene. A 2-fold excess of
peptide was added to the dodecanethiol-capped AuNPs in
toluene and then reﬂuxed under argon for 90 min, leading to
the substitution of dodecanethiol with bis(Ac-FLIVIGSII)-KK4-C-CONH2 peptide. This BAP-monolayer-conjugated
AuNPs in toluene were dried in vacuum and redispersed in
50% triﬂuoroethanol in water (Sigma-Aldrich, Inc., Wisconsin). The excess unreacted peptide was removed by ﬁltering it
through a 30 kDa MWCO Amicon, Ultra 0.5 mL ﬁlter (Merck,
Millipore Inc., Burlington, MA). A 1.1:1.0 excess of bis(AcFLIVI)-K-K4-CONH2/bis(Ac-FLIVIGSII)-K-K4-CONH2 peptide was added to the BAP-monolayer-conjugated AuNPs with
thorough mixing and was then dried. For STEM, we used 30
mol % bis(Ac-FLIVI)-K-K4-C(CH3Hg)-CONH2 instead. The
rehydration of this mix under mild acidic conditions gives
BAP-bilayer-modiﬁed AuNPs.
Replacement of Triﬂuoroacetic Acetate (TFA Salt)
Peptide Counterion with Chloride. The TFA-salt replacement was carried out by the acid substitution protocol
mentioned in Andrushchenko et al.32 The peptides were
solubilized in a 1:1 ethanol/water solution to prevent selfassembly into capsules. Hydrochloric acid, 1 mM, (Fisher
Scientiﬁc, Inc., NJ) was added with thorough mixing to the
peptide solution. The peptide solution was then frozen at −80
°C, followed by lyophilization using a Lab Conco (Free Zone
2.5 L, benchtop) freeze-dryer and Savant concentrator. This
process was repeated for an additional four times with 100 μM
HCl. The complete dissolution of peptides was ensured to
ensure eﬃcient reaction. The eﬃciency of TFA-salt displacement from peptides by HCl was determined by onedimensional ﬂuorine (19F) NMR scans of peptides after
every wash.
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Transmission Electron Microscopy and Energy-Dispersive X-ray (EDX) Spectrometry. The sample (20 μL)
was placed onto a 200-mesh Formvar-coated grid for 10 min,
and the excess sample was wicked oﬀ using a ﬁlter paper.
Samples were given 30 min to dry completely prior to
visualization. The energy of the X-ray emitted by the heavy
metals, that is, gold and mercury, was detected using an EDX
detector linked to the Hitachi S-4800 (Hitachi high Tech, Inc.,
Pleasanton, CA) STEM instrument.
FRET Experiment. The gold nanoparticles with the
requisite peptide bilayer, that is, bis(Ac- FCNLIVIGSII)-K-K4C-CONH2 and bis(Ac-WLIVIGSII)-K-K4-CONH2 bilayer,
were prepared in the same way as the gold nanoparticles
with the BAP bilayer, as mentioned above. The MNBs were
obtained from Ocean Nanotech (San Diego, CA). Bis(AcFCNLIVIGSII)-K-K4-C-CONH2 was covalently linked to the
maleimide on the functionalized MNBs in 75% ethanol
solution by adjusting the pH to 7.4 using 0.1 N NaOH. The
MNBs were washed on an Invitrogen bead separator
(Invitrogen Corp., Carlsband, CA), and the bilayer was
formed by adding excess bis(Ac-WLIVIGSII)-K-K4-CONH2
and dispersing it in water. The MNBs with the peptide bilayer
were washed three times by giving suﬃcient time for the beads
to separate out. The bis(Ac-FLIVIGSII)-K-K4-C-CONH2
modiﬁed at Phe with CN were excited at 240 nm, and the
emission was recorded as a scan from 250 to 500 nm on Varian
Cary Eclipse Fluorescence Spectrophotometer (Varian Inc.,
Palo Alto, CA) at a scan rate of 600 nm/min and data interval
of 1 nm. The slit was adjusted between 5 and 10, as per the
ﬂuorescence intensity obtained from the sample to obtain
signiﬁcant ﬂuorescence intensity reading. The samples were
placed in a quartz cuvette with a path length of 0.3 cm (Starna
Cells Inc., Atascadero, CA).
To test the eﬀect of 100% TFE on the dissociation of the
outer peptide leaﬂet on BAP-bilayer-conjugated AuNPs, they
were dried in vacuo, as previously described. Neat TFE was
added to them and then thoroughly mixed to completely
resuspend the AuNPs. They were incubated at room
temperature for 30 min and were washed using a 30k
MWCO spin ﬁlter to remove any peptides separated from
the bilayer. The NPs were again resuspended in the same
volume of 100% TFE to re-establish the initial concentration.
The ﬂuorescence spectrum was then collected by excitation at
240 nm, a slit of 5, and scanned for emission wavelengths
between 250 and 450 nm.
CD Spectroscopy Measurements. CD data was collected
on a Jasco J-815 CD spectrophotometer (Jasco Analytical
Instruments, Easton, MD) using a 1 mm path-length
cylindrical quartz cuvette (Starna Cells Inc., Atascadero,
CA). The spectra were recorded by scanning from 260 to
190 nm at a scan rate of 50 nm/min with 1 nm step intervals.
The ﬁnal spectra recorded were an average of ﬁve scans with
the ellipticity measured in millidegrees. The data was corrected
for the solvent, and the spectra were smoothed using a
Savitsky-Golay ﬁlter on the Spectra Analysis software provided
by the manufacturer (Jasco Inc., Easton, MD).
Thermogravimetric Analysis (TGA). The thermal analysis of the AuNPs with peptides was carried out using a TGA50, Shimzadu thermogravimetric analyzer (Shimzadu Corp.,
Kyoto, Japan) by increasing the temperature from 25 to 800
°C at the rate of 5 °C/min and nitrogen gas ﬂow rate of 10
mL/min.
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