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ABSTRACT: Peptide conjugate molecules comprising a gold-
binding peptide (e.g., AYSSGAPPMPPF) attached to an aliphatic
tail have proven to be powerful agents for directing the synthesis
and assembly of gold nanoparticle superstructures, in particular
chiral helices having interesting plasmonic chiroptical properties.
The composition and structure of these molecular agents can be
tailored to carefully tune the structure and properties of gold
nanoparticle single and double helices. To date, modifications to
the β-sheet region (AYSSGA) of the peptide sequence have not
been exploited to control the metrics and assembly of such
superstructures. We report here that systematic peptide sequence
variation in a series of gold-binding peptide conjugate molecules
can be leveraged not only to affect the assembly of peptide
conjugates but also to control the synthesis, assembly, and optical properties of gold nanoparticle superstructures. Depending upon
the hydrophobicity of a single-amino acid variant, the conjugates yield either dispersed gold nanoparticles or helical superstructures.
These results provide evidence that subtle changes to peptide sequence, via single-amino acid variation in the β-sheet region, can be
leveraged to program structural control in chiral gold nanoparticle superstructures.

Plasmonic metal nanoparticles (NPs) are important
building blocks for constructing a wide variety of materials

whose properties depend not only on the size, shape, and
composition of the component NPs but also on their precise
arrangement in three-dimensional (3D) space.1−4 Helical NP
superstructures have attracted widespread interest because they
exhibit strong plasmonic chiroptical activity,5−7 which makes
them attractive for a range of potential applications.8,9 Their
plasmonic chiroptical response derives from the intrinsic chiral
3D arrangement of the component NPs, and the intensity of
the response depends largely on metrics such as helical pitch
length and NP dimensions, with the strongest chiroptical signal
predicted to arise from helices with a short pitch and large
NPs.10,11 The rational construction and systematic structure
and property optimization of helical NP superstructures, and
NP superstructures in general, require robust assembly
platforms. To this end, we have developed a peptide-based
platform for assembling NPs into structurally complex
architectures.12−21 Much of our research has focused on
using this peptide platform to design and construct chiral,
helical NP assemblies, in particular gold (Au) NP-based
single20−23 and double helices.12,14,17,19

Our assembly strategy is based on peptide conjugates, which
are molecular agents consisting of an organic tail appended to a
NP-binding peptide.12 When a given peptide conjugate is
dissolved in an aqueous assembly buffer along with appropriate
inorganic salts and reducing agents, it directs the synthesis and

assembly of inorganic NPs; NP nucleation/growth and
assembly are coincident processes.12,15 Here, we restrict our
discussion to Au-binding peptide conjugates of the general
formulas Cx-(PEPAu)y (PEPAu = AYSSGAPPMPPF; also
known as A324), which feature prominently in this study. An
individual Au-binding peptide conjugate can be subdivided
into multiple sections that each play a key role in the assembly
process. First, each peptide conjugate has an aliphatic tail (Cx)
appended to the N-terminus of PEPAu. The aliphatic tail helps
drive peptide conjugate aggregation in aqueous assembly
media and plays a key role in dictating the morphology of the
target assembly.12,13,25 Second, the six N-terminal amino acids
of PEPAu, AYSSGA, which are adjacent to the aliphatic tail, also
play an important role in peptide conjugate assembly.
Specifically, they engage in interpeptide β-sheet formation,
which helps direct the assembly of peptide conjugates into
chiral fibers, including helical coils and twisted ribbons.12,20

The third and final section consists of the C-terminal amino
acids, PPMPPF. This region of PEPAu adopts a PPII
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conformation,20,26 and experimental and computational studies
indicate that this region strongly associates with AuNP
surfaces.20,23,27

In the context of building and optimizing the chiroptical
properties of helical NP superstructures, we have successfully
demonstrated that (i) the global molecular structure and
composition of the peptide conjugates can be modified to
direct formation of either single or double helices,12,17−20 (ii)
varying the amino acid sequence within the PPII region
profoundly affects the dimensions of the component AuNPs in
single-helix superstructures,23 and (iii) a small adjustment of
the aliphatic tail length can lead to dramatic changes in the
length of the helical pitch of these assemblies.19,22 For the
latter, we specifically reported that Cx-(PEPAu

M‑ox)2 (x = 16−
22, and M-ox is the oxidized form of methionine) assembles
into helical ribbon fibers in HEPES buffer, such that the ribbon
width and helical pitch increase with an increase in aliphatic
tail length.22 This effect translates to the final AuNP single
helices: C16−22-(PEPAu

M‑ox)2 directs the assembly of single-
helical superstructures ranging in average pitch value from 80
to 120 nm. Contrary to the observed trend, C14-(PEPAu

M‑ox)2,
when subjected to similar NP superstructure synthesis and
assembly conditions, did not assemble into helical fibers and
consequently yielded only free unassembled AuNPs.22 We
reason that C14-(PEPAu

M‑ox)2 exhibits a diminished assembly
propensity because of its shorter (less hydrophobic) aliphatic
tail. To further decrease the pitch within this family of helices
and ultimately increase the magnitude of the plasmonic
chiroptical signal, we must identify an alternate strategy for
promoting the assembly of peptide conjugates with aliphatic
tails shorter than C16. In this study, we examine for the first
time whether modifications to the β-sheet-forming region of
PEPAu affect peptide conjugate assembly, potentially providing
yet another synthetic handle for tuning the metrics and
properties of helical NP superstructures.

■ EXPERIMENTAL METHODS
General Methods and Materials. All chemicals were

obtained from commercial sources and used without further
purification. All peptides were synthesized using established
microwave-assisted solid phase peptide synthesis protocols on
a CEM Mars microwave. Nanopure water (18.1 mΩ) from a
Barnstead Diamond water purification system was used to
prepare all aqueous solutions. Peptides were purified by reverse
phase high-performance liquid chromatography on an Agilent
1200 liquid chromatographic system equipped with diode array
and multiple-wavelength detectors using a Zorbax-300SB C18
column. Peptide masses were confirmed by liquid chromatog-
raphy−mass spectrometry (LC−MS) data using a Shimadzu
LC−MS 2020 instrument. Ultraviolet−visible (UV−vis)
spectra were recorded using an Agilent 8453 UV−vis
spectrometer with a quartz cuvette (10 mm path length). All
microscopy measurements were performed using ImageJ.
Synthesis. Peptide Synthesis. The peptides used in this

work were synthesized via an established microwave-assisted
solid phase peptide synthesis protocol. In summary, 138.8 mg
(0.25 mmol) of Fmoc-Phe-Novasyn TGA resin (Millipore
catalog no. 8560340001) swelled in dimethylformamide
(DMF) for 15 min. The Fmoc-Phe-Novasyn TGA resin was
deprotected by adding 2 mL of 20% 4-methylpiperidine in
DMF to the resin, heating the mixture to 75 °C in 1 min, and
maintaining that temperature for an additional 2 min. A
filtration manifold was used to drain excess reagent, and the

resin was then washed with 3 × 5 mL of DMF. For the
coupling step, a 0.1 M solution of HCTU in NMP (5 equiv,
1.25 mL) and DIEA (7 equiv, 0.175 mmol, 30.4 μL) were
added to Fmoc-protected amino acid (4 equiv, 0.125 mmol).
The solution was then thoroughly vortexed and centrifuged to
dissolve the amino acid. The resulting solution was added to
the washed resin, and the mixture was heated to 75 °C over the
course of 1 min and held at that temperature for 5 min. After
the coupling step, the excess reagent was drained and the resin
was washed with 3 × 5 mL of DMF. This cycle was then
repeated for every amino acid. Double coupling of proline and
adjacent amino acids was used to ensure the complete reaction
of the secondary amide group. For divalent peptide conjugates,
the N-terminus was completed by a 5-azido pentanoic acid cap
using the same coupling steps described above. For the
monovalent peptide conjugates, the final amino acid was
deprotected to yield an N-terminal amino group using a
previously described deprotection protocol. To produce
peptides with the oxidized methionine residue, N3-PEPAu was
dissolved in a 1:1 Nanopure water/acetonitrile solution. A
concentrated hydrogen peroxide (H2O2) solution was added
until the final H2O2 concentration was 100 mM. This solution
was left undisturbed overnight, and the resulting oxidized
product was purified via high-performance liquid chromatog-
raphy.

Peptide Conjugate Synthesis. The divalent peptide
conjugate was synthesized using established protocols.19,20

C14-dialkyne was attached to each azido peptide sequence via
Cu-catalyzed click chemistry described previously.19,20 The
monovalent peptide conjugate was synthesized by following a
previously reported protocol, coupling succinimide-activated
decanoic acid (C10-NHS) to the free N-terminus of the peptide
sequence.12

Assembly Conditions. Peptide Conjugate Assembly. To
the lyophilized peptide conjugate (18.725 nmol for single-helix
peptide conjugates and 74.9 nmol for double-helix peptide
conjugates) was added 250 μL of 0.1 M HEPES buffer. The
solution was sonicated for 5 min and then left undisturbed at
room temperature for approximately 16 h before TEM sample
preparation.

Assembly of AuNP Single Helices. First, 18.725 nmol of
C14-(PEPAu

M‑ox)2
X (X = S, T, or F) was dissolved in 250 μL of

0.1 M HEPES buffer, sonicated for 5 min, and then left
undisturbed for 25 min. Next, 2 μL of a 1:1 mixture of aqueous
0.1 M HAuCl4 in 1 M TEAA buffer was added to the peptide
conjugate solution. Approximately 2−3 s after addition of a
gold precursor solution, a black precipitate appeared. The vial
was vortexed immediately after the appearance of the
precipitate.

Assembly of AuNP Double Helices. First, 74.9 nmol of C10-
PEPAu

X (X = S, T, or F) was dissolved in 250 μL of 0.1 M
HEPES buffer and allowed to sit undisturbed for 30 min. A
solution of 0.1 M HAuCl4 in 0.1 M TEAA buffer was prepared
and allowed to sit for 10 min, and then a 100 μL aliquot was
transferred to a new vial and centrifuged for 10 min at 10 rpm.
Two microliters of this solution was added to the peptide
conjugate solution. Upon appearance of a black precipitate, the
vial was immediately vortexed.

Characterization and Sample Preparation. Circular
Dichroism (CD) Spectroscopy. CD measurements were
collected with an Olis DSM 17 CD spectrometer with a
quartz cuvette (0.1 cm path length) at 25 °C with a scan rate
of 8 nm/min. Solutions in 10 mM HEPES buffer for C14-
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(PEPAu
Mox)2

X (75 μM) or C10-PEPAu
X (300 μM) were

prepared for each CD measurement (X = S, T, or F).
Attenuated Total Reflectance Fourier Transform Infrared

Spectroscopy (ATR-FTIR). ATR-FTIR measurements were
collected with a PerkinElmer Spectrum 100 FTIR instrument
equipped with an ATR accessory and recorded with
PerkinElmer Spectrum Express software. C14-(PEPAu

Mox)2
X

(75 μM) or C10-PEPAu
X (300 μM) in 0.1 M HEPES buffer

was prepared and left undisturbed on the benchtop for ∼24 h
(X = S, T, or F). The solution was then dialyzed against
Nanopure water using d-tube dialyzers (Millipore catalog no.
71505-3). After dialysis, the peptide conjugate solution was
concentrated via evaporation and was drop cast onto the ATR
substrate prior to data collection.
Atomic Force Microscopy (AFM). AFM measurements were

collected in tapping mode using the Asylum MFP-3D atomic
force microscope and ultrasharp AFM tips (NanoandMore
SHR-150). A 0.1% APTES (3-aminopropyl-triethoxy-silane)
solution was drop casted onto a freshly cut mica surface, and
then the surface was rinsed with Nanopure water; 50 μL of
C14-(PEPAu

Mox)2
F (75 μM) or C10-PEPAu

F (300 μM) in 0.1 M
HEPES was then drop cast and rinsed with water after 1 min
and allowed to dry in the desiccator overnight.
Transmission Electron Microscopy (TEM). TEM was

conducted on a FEI Morgagni 268 instrument operated at
80 kV and equipped with an AMT side mount CCD camera
system. Six microliters of 50 μL of C14-(PEPAu

Mox)2
X (75 μM)

or C10-PEPAu
X (300 μM) in 0.1 M HEPES was drop cast onto

a 3 mm diameter copper grid with Formvar coating (X = S, T,
or F). After 5 min, excess solution was wicked away and the
grid air-dried for 2 min. For studying peptide conjugate
assembly, 6 μL of phosphotungstic acid (pH 7) was drop cast
onto the grid and allowed to sit for 30 s. For studying
nanoparticle assemblies, 6 μL of Nanopure water was drop cast
onto the grid and allowed to sit for 30 s. Excess solution was
wicked away, and the grid air-dried for 5 min.

■ RESULTS AND DISCUSSION
We designed a series of sequence-modified C14-(PEPAu

M‑ox)2
peptide conjugates having incrementally increasing relative
hydrophobicity in their β-sheet-forming region to promote
fiber and superstructure assembly (Figure 1). Because the β-
sheet-forming residues (-AYSSGA) are not associated with
gold binding in the proposed assembly model,20 we
hypothesize that replacing the hydrophilic S residue with
more hydrophobic amino acids will effectively increase the
hydrophobic to hydrophilic ratio in C14-(PEPAu

M‑ox)2 without
detrimentally affecting NP binding. To test this hypothesis, we
synthesized two new backbone-modified peptide conjugates:
C14-(AYSXGAPPM

oxPPF)2, where X = T or F (Figures S1 and
S2). Hereafter, each peptide conjugate is referenced by its
modified amino acid residue: C14-(AYSFGAPPM

oxPPF)2 =
C14-(PEPAu

M‑ox)2
F. Our established model for C18-(PEPAu

M‑ox)2
assembly20 guided our decision to substitute at the fourth
position. According to this model, there are two different
interfaces between the stacked β-sheets: an aromatic interface
defined by the Y (position 2) and S (position 4) side chains
(∼9 Å distance between stacked β-sheets) and an interface
defined by the A (position 1) and S (position 3) side chains
(∼6.5 Å distance between stacked β-sheets). Because the larger
Y−S interface is dictated by the steric bulk of Y, we reasoned
that replacing the S at the fourth position with larger, more
hydrophobic residues (T or F) would not significantly disrupt

β-sheet stacking. We note that similar peptide sequence
modifications have been shown to significantly affect peptide
assembly. Stupp et al. reported that the morphology of one-
dimensional (1D) fibers derived from a family of peptide
conjugates can vary on the basis of the relative position of
hydrophilic and hydrophobic amino acids,28 and Stevens et al.
showed that minute backbone changes, such as S to T
substitution, can alter peptide fiber morphology from twisted
to planar ribbons.29

We dissolved each conjugate in 0.1 M HEPES buffer [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid] (pH 7.3) at
room temperature and examined their resulting assemblies
using TEM. Images of negatively stained samples revealed that
only C14-(PEPAu

M‑ox)2
F assembles into 1D fibers, while C14-

(PEPAu
M‑ox)2

S and C14-(PEPAu
M‑ox)2

T do not assemble into any
well-defined structures (Figure 2a,b and Figure S3). CD
spectroscopy and FTIR spectroscopy were used to determine
the peptide secondary structure.30 CD spectra of C14-
(PEPAu

M‑ox)2
F display characteristic β-sheet signals at ∼215−

220 nm,20,22,30,31 while spectra of C14-(PEPAu
M‑ox)2

T and C14-
(PEPAu

M‑ox)2
S reveal peaks at ∼205 nm, which is indicative of

unassembled structures in solution (Figure 2c).20,22,32,33

Similarly, FTIR spectra of C14-(PEPAu
M‑ox)2

F have distinct
amide I peaks centered at ∼1630 cm−1 indicative of β-sheet
secondary structure,34 while C14-(PEPAu

M‑ox)2
T and C14-

(PEPAu
M‑ox)2

S display broad peaks centered around ∼1645
cm−1, characteristic of unordered structure (Figure 2d).20,22,34

Taken together, both microscopic and spectroscopic data are
in good agreement and indicate that C14-(PEPAu

M‑ox)2
F

assembles into fibers. We examined the fiber morphology
using AFM, which revealed tightly coiled helical ribbons with
an average ribbon width of ∼28 nm and an average helical
pitch of ∼65 nm (Figure 2e,f and Figures S4 and S5). We note
that both the ribbon width and the pitch are significantly
shorter than what we observed for C16-(PEPAu

M‑ox)2 (∼47 and
∼82 nm, respectively).22 Collectively, the microscopy and
spectroscopy data indicate that modification of the β-sheet
region of PEPAu can significantly affect peptide conjugate
assembly behavior.

Figure 1. Peptide conjugate design and β-sheet modification strategy
for C14-(PEPAu

M‑ox)2. (a) Peptide conjugates contain a C14 aliphatic
tail attached to the N-terminus of the peptide, which has a β-sheet-
forming region and an inorganic particle-binding region (PPII
section). (b) The fourth amino acid in the sequence will be replaced
with increasingly hydrophobic amino acids, which are expected to
increase the assembly propensity of the peptide conjugate and thereby
promote the assembly of AuNP superstructures.
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To investigate whether trends in the assembly behavior of
the modified peptide conjugates translated to similar patterns
in NP assembly, we subjected each sequence-modified peptide
conjugate to our established superstructure assembly con-
ditions.20 As previously discussed, C14-(PEPAu

M‑ox)2
S yielded

discrete AuNPs (Figure S6). C14-(PEPAu
M‑ox)2

T also yields
discrete NPs, which is consistent with our observation that
C14-(PEPAu

M‑ox)2
T does not assemble (Figure 3a). However,

C14-(PEPAu
M‑ox)2

F yields well-defined AuNP single helices
(Figure 3b,c and Figure S7). The average helical pitch is ∼67
nm (Figure 3d), which is in agreement with the helical pitch
observed for C14-(PEPAu

M‑ox)2
F helical fibers. The NPs

comprising the single helices have an average length and an
average width of 11.4 ± 2.1 and 7.2 ± 2.3 nm, respectively
(Figure S8). As described in our prior studies, the oblong
shape of the AuNPs can be attributed to the oxidized
methionine residue within the peptide sequence.23 Impor-
tantly, single helices derived from C14-(PEPAu

M‑ox)2
F exhibit a

distinct chiroptical response that is not observed for the
products of the C14-(PEPAu

M‑ox)2
S- and C14-(PEPAu

M‑ox)2
T-

based reactions (Figure S9). We note, however, that the
chiroptical signal intensity may be further optimized by
improving the product yield. Nevertheless, these results
represent a significant advance in this methodology: acute
molecular modifications to the β-sheet region of the peptide
conjugates manifest on the nanoscale in the assembly of helical
superstructures.
Encouraged by these results, we turned our attention to a

family of double-helical superstructures prepared using Cx-
PEPAu conjugates.12,14,17 We previously reported that C12-
PEPAu assembles into twisted fibers and directs the assembly of
AuNP double helices exhibiting a regular pitch of ∼85 nm.12

Attempts to decrease the pitch by shortening the aliphatic tail
were unsuccessful, because C10-PEPAu, like C14-(PEPAu

M‑ox)2,
does not assemble into fibers in aqueous HEPES buffer. We
predicted that the β-sheet modification strategy again could be
leveraged to produce new peptide conjugates that would form
fibers and subsequently direct the assembly of AuNP double
helices. To test this prediction, a similar series of peptide
conjugates were synthesized: C10-AYSXGAPPMPPF, where X
= T or F [C10-PEPAu

T and C10-PEPAu
F (Figures S10 and S11)].

When dissolved in 0.1 M HEPES, only the most hydrophobic
peptide conjugate, C10-PEPAu

F, assembles into fibers (Figure 4a
and Figure S12), as determined via TEM imaging. A negative
band at ∼220 nm in the CD spectrum and an amide I peak at
∼1630 cm−1 in the FTIR spectrum of the assembled fibers
(Figure 4b,c) are attributed to the presence of β-sheet
secondary structure, which is consistent with our previous
studies.12 In contrast, CD and FTIR spectra of C10-PEPAu

S and
C10-PEPAu

T show no evidence of β-sheet structure. C12-PEPAu
assembles into fibers that resemble twisted ribbons,12 and we
predicted that C10-PEPAu

F
fibers would adopt a similar

morphology. However, AFM imaging of the C10-PEPAu
F
fibers

does not reveal a discernible morphology (Figure 4d and
Figure S13).
We proceeded to investigate whether these modified peptide

conjugates could direct the assembly of AuNP superstructures.
C10-PEPAu

S and C10-PEPAu
T yield AuNP particles and

aggregates, as predicted on the basis of the fact that neither
assembled into fibers (Figure S14). C10-PEPAu

F, however,
directs the assembly of 1D NP assemblies (Figure 4e and
Figure S15). Although the superstructures are not as well-
defined as the pristine double helices produced using C12-
PEPAu,

12,14,17 they do contain distinct double-helical regions,
from which an average pitch of 68.5 ± 13.8 nm was
determined. The particles within the superstructures have an
average length and an average width of 8.6 ± 1.5 and 9.4 ± 1.8
nm, respectively (Figure S16). These particles are more
spherical than those in the single helices, because in this case,
the methionine is not oxidized.23

Figure 2. Negatively stained TEM images of (a) C14-(PEPAu
M‑ox)2

T

and (b) C14-(PEPAu
M‑ox)2

F assemblies. (c) CD and (d) FTIR spectra
of C14-(PEPAu

M‑ox)2
X assemblies. (e) Low- and (f) high-magnification

AFM images of C14-(PEPAu
M‑ox)2

F
fibers.

Figure 3. AuNP assemblies formed using backbone-modified peptide
conjugates. (a) C14-(PEPAu

M‑ox)2
T results in discrete unassembled

AuNPs. (b and c) C14-(PEPAu
M‑ox)2

F directs the assembly of AuNP
single helices. (d) Helical pitch distribution of single helices derived
from C14-(PEPAu

M‑ox)2
F.
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These results successfully demonstrate that an identical set
of amino acid modifications can be applied to construct two
different chiral architectures: AuNP single helices and AuNP
double helices. In both cases, the assembly propensity of
peptide conjugates with shorter aliphatic tails can be increased
by substituting hydrophilic S with hydrophobic F. Therefore,
this amino acid substitution strategy is a powerful and
generalizable approach for programming the assembly of chiral
AuNP superstructures.

■ CONCLUSIONS

In this report, we demonstrate that single-amino acid
modifications can promote the assembly of two different
peptide conjugates into fibers of varying morphologies. We
then use these designed peptide conjugate variants to construct
chiral superstructures, including AuNP single helices that
exhibit a distinct chiroptical response. To fully realize the
promise of these new materials, future synthetic optimization is
necessary to increase the superstructure yield and maximize the
chiroptical signal. More generally, our studies show that
synthetically modifying the β-sheet region of these gold-
binding peptide conjugates allows for further increased control
over NP assembly and that molecular chemistry can be used to
dramatically influence nanomaterial design. In the future, we
intend to further investigate this relationship through expanded
studies that specifically examine the effects of amino acid steric
bulk and charge.
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