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ABSTRACT: Peptide-functionalized nanoparticles (NPs) often
rely on a well-defined peptide structure to function. Here, we
report the attachment of model peptides to the ligand shell of
AuNPs passivated with oligoethylene glycol (OEG). Specifically,
peptides containing the repeating (LLKK)n motif plus either one
or two reactive functional groups were covalently linked to OEG-
capped, ∼5 nm AuNPs via the Cu+-catalyzed azide−alkyne
cycloaddition reaction. This work builds on a previous study
from our group in which an (LLKK)n peptide having two reactive
functional groups was considered. Peptide attachment was
confirmed by FTIR spectroscopy. Amino acid analysis was used
to determine that 3−4 peptides were immobilized per AuNP.
Circular dichroism spectroscopy revealed a structural change from random coil in solution to α-helical upon attachment to OEG-
capped AuNPs. The key result of this study is that the nature of the capping layer on the AuNP surface influences peptide structure
to a significant degree. Other important findings resulting from this work are that the AuNP−peptide conjugates reported here are
water soluble and that the long axis of the helical peptides is oriented tangent to the AuNP surface. The latter point is important for
applications involving biorecognition.

■ INTRODUCTION
Nanoparticle (NP)−peptide conjugate materials combine the
unique properties of NPs with the biorecognition capabilities
of peptides.1−3 For example, surface-confined peptides can
recognize and bind biomolecules or direct NPs to precise
locations within biomaterials. Specifically, NP−peptide con-
jugates have been used to deliver NPs to the interior of cells,4

selectively stain tissue,3 and enable advanced chemical sensing
schemes.5 In some important cases recognition depends on the
secondary structure of the peptide. For example, β-sheet-
structured peptides on NPs bind to β-amyloid fibrils more
strongly than unstructured peptides.6 In addition, α-helical
peptide-functionalized AuNPs have been found to mimic
protein−protein interactions by binding a target protein.7 For
applications such as these, conformational stability of the
peptide is crucial, but there are numerous examples
demonstrating that this can be difficult to control.8−10

In addition to their secondary structure, peptide orientation
relative to NPs (e.g., perpendicular vs tangent to the NP
surface) is also important for molecular recognition. For helical
peptides, recognition interactions between the peptide and
other biomolecules generally occur parallel to the helical axis.11

Several reports describe NP−peptide conjugates in which the
conformation of the peptide was α-helical but the helix was
oriented perpendicular to the NP.9,12−14 Due to the steric
hindrance between the peptide chains, however, this
orientation can result in the bulk of the peptide side chain

being shielded from solution. Other reports describe NP−
peptide conjugates in which helical peptides are electrostati-
cally bound to NPs in parallel orientations. These conjugates
also have limitations due to weak and pH-dependent
electrostatic interactions between the NPs and the pep-
tides.15,16

We recently reported a general strategy for synthesizing
water-soluble, AuNP−peptide conjugates in which the
peptides are present primarily in α-helical conformations and
are oriented parallel to the NP surface.17 This configuration is
shown in Scheme 1, where a ∼5 nm AuNP stabilized with
alkylthiol/oligoethylene glycol (OEG) ligands is covalently
modified with a leucine/lysine (LLKK)n peptide which
undergoes a random coil to an α-helical structure change
when it transitions from solution to the surface of the AuNP.
We hypothesized that nonpolar regions of the peptide
preferentially associated with the OEG layer and that this
resulted in the aforementioned conformational change. In this
case the peptide was attached to the OEG surface at two sites
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however, and thus, the structural change could also have been
driven by a helix-stapling mechanism18 or a combination of
factors. Understanding the forces that control peptide structure
on OEG-modified AuNPs was a principal reason for
undertaking the present study.
We used a ligand with the ethylene glycol (EG) motif for

our earlier study because OEG and polyethylene glycol (PEG)
are widely used for maintaining NP solubility in aqueous
solutions and for preventing nonspecific adsorption of
proteins.4,19−21 Specifically, NPs stabilized with OEG/PEG
ligands are known to remain colloidally stable at high ionic
strengths and in concentrated protein solutions, such as in
biological milieu. In addition, these ligands are often used for
attaching biomolecules to NPs to prevent destabilizing
interactions between the NPs and the biomolecules to which
they are conjugated.21−25

Despite the wide technological use of the EG motif, there
have only been a few reports describing the nature of the
interactions between peptides and OEG/PEG-functionalized
NPs. For example, a study of amyloid-beta peptide (Aβ) and
PEG-functionalized NPs revealed that the peptide interacted
more strongly with the PEG-modified NPs than with free PEG
chains, suggesting a peptide binding mechanism involving
multiple PEG chains on the NP.26 Another study found that
cofunctionalization of NPs with EG and peptides sometimes
enhanced the colloidal stability of NPs to a greater extent than
just peptides.27

In the present article, we report the synthesis and
characterization of alkylthiol/OEG-capped, ∼5 nm AuNPs
functionalized with (LLKK)n peptides. Two versions of a
repeat (LLKK)n sequence peptide were investigated: one
version in which the peptide displayed a single functional
group for covalent attachment to the AuNPs and another in
which the peptide displayed two possible attachment points.
The results obtained using the (LLKK)n peptides having two
attachment sites to the AuNPs were consistent with findings in
our previous work.17 As briefly mentioned earlier, Scheme 1 is
an illustration showing the conjugation strategy for preparing
these materials. Fourier transform infrared (FTIR) spectros-
copy, circular dichroism (CD) spectroscopy, and amino acid
analysis (AAA) confirmed the presence of 3−4 covalently
bound peptides per AuNP. They also indicated the peptides
are mostly in a random coil configuration when free in solution
but adopt a helical conformation on the surface of the AuNPs.
The results further show that the change in structure is driven
by hydrophobic interactions between the peptides and the
capping OEG layer of the AuNPs. Taken together, these results
provide a detailed molecular-level understanding of the overall
structure of the entire AuNP−peptide construct, making this

an ideal model for future studies of the interaction between
NP−peptide conjugates and proteins or other biomolecules.

■ RESULTS AND DISCUSSION

Synthesis and Modification of AuNPs. The NPs used in
this work (AuNP-OEG4-N3/OH) consisted of 4.6 ± 1.2 nm
Au cores (Figure S1) capped with HS-(CH2)11-O-(CH2-CH2-
O)3-CH2-CH2-X (hereafter referred to as HS-C11-OEG4-X),
where X = OH or N3.

17 FTIR spectroscopy (Figures S2 and S3
and the associated discussion in the Supporting Information)
indicated that ∼16% of the molecules in the ligand shell were
terminated in −N3 and the balance in −OH. The −OH
terminal groups ensure the aqueous solubility of AuNP-OEG4-
N3/OH, while the −N3 groups function as attachment points
for the alkyne-functionalized peptides. AuNP-OEG4-N3/OH is
soluble in water, as demonstrated by UV−vis spectroscopy
(Figure S4).28

The diameter of AuNP-OEG4-N3/OH, accounting for the
contribution of both the Au core and the fully extended
ligands, is 10.6 ± 1.2 nm (see the Supporting Information for a
discussion of this calculation).29 The choice of this size was
determined by two factors. First, as the size decreases, surface
curvature increases. If the surface curvature is too severe, it is
possible that the 20-mer peptide would not form a helix due to
destabilizing strain effects. Scheme 2 displays a scale model of
AuNP-OEG4-N3/OH having four 20-mer helical peptides
attached. Here, the curvature of the 10.6 nm sphere (AuNP
core + HS-C11-OEG4-N3/OH shell) is small compared with
the long axis of the 20-mer peptide helix.

Scheme 1

Scheme 2
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The second reason for the choice of NP size has to do with
the optical absorbance of metal NPs in the 190−250 nm range.
According to Mie theory, the absorbance of spherical NPs
much smaller than the wavelength of light increases as a
function of the volume of the NP.30 Hence, larger AuNPs
would lead to opaque solutions and thus preclude the use of
the information-rich 190−250 nm region in CD spectroscopy
that is essential for characterizing the peptide structure. Taking
this into consideration, ∼5 nm AuNPs provided a good
balance between the need to minimize the strain of the peptide
structure and still making CD spectroscopy available for
characterization.
FTIR Analysis of Peptide Attachment to AuNPs. The

p e p t i d e s u s e d i n t h e p r e s e n t s t u d y w e r e
LKKLXKKLLKKLLKKGLKKL (α -LK1X20) and
LKKLXKKLLKKLLKKXLKKL (α-LK2X20), where X =
propargylglycine. Both α-LK1X20 and α-LK2X20 contain the
(LLKK)n repeat unit, an α-helix-forming peptide sequence
which has been used previously to investigate the structure of
peptides at interfaces.31−37 The conformational behavior of
(LLKK)n peptides will be discussed in detail below.
Both α-LK1X20 and α-LK2X20 contain the noncanonical

amino acid propargylglycine (X in the sequences). Propargyl-
glycine displays an alkyne-terminated R group, which allows
attachment of α-LK1X20 or α-LK2X20 to AuNP-OEG4-N3/
OH using the Cu+-catalyzed azide−alkyne cycloaddition
(CuAAC) reaction.38 Importantly, the CuAAC reaction is
bioorthogonal, which means that neither functional group
required for the reaction readily reacts with functional groups
typically found in biomolecules. This is an important property
of reactions involving peptides.
To attach peptides to AuNPs, AuNP-OEG4-N3/OH and α-

LK1X20 or α-LK2X20 were incubated together in the presence
of Cu+ for 18 h, and then the AuNP solutions were filtered
using molecular weight cutoff filters to separate small molecule
reactants and unattached peptides from the AuNPs. The FTIR
spectrum of AuNP-OEG4-N3/OH-α-LK1X20 is shown in
Figure 1 (red spectrum). The amide I and II peaks at 1656 and
1544 cm−1, respectively, demonstrate that in the presence of
Cu+ α-LK1X20 attaches to the AuNPs. Note that the spectrum
of the peptide alone (green) exhibits these same amide peaks
at nearly the same locations: 1658 and 1544 cm−1. The
spectrum of AuNP-OEG4-N3/OH-α-LK1X20 (red) also
contained the azide NN stretch at 2101 cm−1, indicating
that some of the azide groups in the AuNP-confined
monolayer do not react.
We carried out a negative control experiment to confirm that

the peptides are covalently linked to the AuNPs. AuNP-OEG4-
N3/OH was incubated with α-LK1X20 but in the absence of
the Cu+ catalyst required for the CuAAC reaction. Next,
unreacted peptide was removed from the solution by filtration.
Finally, the FTIR spectrum of the α-LK1X20-exposed AuNP-
OEG4-N3/OH was obtained (Figure 1, black). There are two
important outcomes of this experiment. First, the control
spectrum does not exhibit peaks in the amide region, which
means that the peptides do not physisorb to AuNP-OEG4-N3/
OH. Second, the height of the azide peak at 2101 cm−1 is
slightly higher than that of the corresponding peak in the red
spectrum, indicating that when the Cu+ catalyst is present in
solution a small percentage of the azide groups reacts. Taken
together, these two results confirm covalent attachment of α-
LK1X20 to AuNP-OEG4-N3/OH only in the presence of the
Cu+ catalyst through the cycloaddition reaction.

The same set of conditions used to obtain the spectra shown
in Figure 1 were also used for the other peptide in this study,
α-LK2X20. The results of this study, which are very similar to
those reported in our previous work,17 are shown in Figure S5.
The FTIR data reveal that α-LK2X20 attachment to AuNP-
OEG4-N3/OH is similar to the attachment of α-LK1X20.
Specifically, α-LK2X20 covalently attaches to AuNP-OEG4-
N3/OH, the majority of azide functional groups are still
present on AuNP-OEG4-N3/OH after attachment, and
unattached α-LK2X20 was removed from solution by the
filtration procedure described earlier.
It is possible to estimate the average number of peptides

covalently linked to each AuNP using eq 1 and the results in
Figures 1 and S5.

A f
B

n
×

=
(1)

Here, A represents the number of azide functional groups per
AuNP, B is the number of alkyne functional groups per
peptide, f is the fraction of azide functional groups which
reacted when the Cu+ catalyst was present (e.g., the fractional
decrease in the height of the azide peak at 2101 cm−1 in the
red spectrum as compared with the corresponding peak in the
black spectrum in Figure 1), and n is the estimated number of
peptides per AuNP.
To determine A, the total number of thiolated ligands per

AuNP was calculated by multiplying the average geometric
surface area of the Au core of AuNP-OEG4-N3/OH by the
estimated number of ligands per nm2.39 Next, the total number
of −OH plus −N3-terminated ligands was multiplied by the
fraction of N3-terminated ligands (∼0.16, as discussed in the
previous section).

Figure 1. FTIR spectra of the α-LK1X20 peptide, AuNP−peptide
conjugate, and control AuNPs: (green) α-LK1X20; (red) AuNP-
OEG4-N3/OH which was incubated with α-LK1X20 in the presence
of the Cu+ attachment catalyst and then separated from unreacted
peptide by filtration; (black) AuNP-OEG4-N3/OH which was
incubated with α-LK1X20 but in the absence of the attachment
catalyst and then separated from unreacted peptide by filtration. All
FTIR spectra were collected by drop casting and drying the reagent
solution onto a CaF2 disk and then collecting and averaging 500
scans. Procedure for processing the spectra is provided in the
Materials and Methods.
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The value of B comes from the known sequences of the two
synthetic peptides. For α-LK2X20, an assumption in eq 1 is
that both alkyne groups in every peptide react with the organic
monolayer. The value of f is determined by comparing the
heights of the azide peaks at 2101 cm−1 in the presence and
absence of covalently linked peptides (Figure 1, red and black
spectra). Specifically, the fraction of azide groups that react
with alkyne functional groups of the peptides directly
correlates to f.
To estimate the number of peptides per AuNP, we carried

out three independent syntheses and then obtained FTIR data
like that shown in Figure 1. The azide IR absorbance values of
the peptide-functionalized AuNPs and control AuNPs, as well
as details of the calculation of the number of peptides per
AuNP are provided in the Supporting Information. The results
of this spectroscopic analysis indicate that AuNP-OEG4-N3/
OH-α-LK1X20 and AuNP-OEG4-N3/OH-α-LK2X20 display
2.3 ± 0.6 and 2.6 ± 0.7 peptides per AuNP, respectively. The
uncertainties reported in these measurements represent
variability in AuNP size (4.6 ± 1.2 nm), variability in the
height of the azide absorbance peaks at 2101 cm−1 for the
three independent FTIR spectra, and the rather small
differences between the peak heights of the samples with
covalently attached peptide compared with those with no
attached peptide.
Due to the significant uncertainty in the number of peptides

per AuNP, we view the results of this analysis as qualitative. As
we will discuss later, more reliable data are required to estimate
the degree of helicity of the peptides. AAA is the gold standard
method for determining the number of peptides of fixed
composition in a sample,40 and therefore, we carried out AAA
of the AuNP−peptide conjugate samples.
Amino Acid Analysis (AAA) of Peptide Attachment to

AuNPs. To measure the peptide loading of the AuNP−peptide
conjugates, we carried out AAA of the AuNP−peptide
conjugates.40 For the AAA procedure used here, the AuNP−
peptide conjugate solution was first dried under vacuum and
then the samples were subjected to a high-temperature HCl
vapor to hydrolyze the peptide portion of the conjugates. Next,
the resulting amino acids were derivatized with o-phthalalde-
hyde, and then they were immediately quantified by HPLC
with fluorescence detection. Extensive control experiments
were conducted to ensure that the AAA results were not
significantly affected by the presence of AuNPs. These are
described in the Supporting Information (Figure S6 and
associated discussion). The AAA indicated that the number of
peptides per AuNP for AuNP-OEG4-N3/OH-α-LK1X20 and
AuNP-OEG4-N3/OH-α-LK2X20 was 3.9 ± 0.1 and 3.5 ± 0.2,
respectively. These quantitative values determined by AAA can
be compared to the rather qualitative values determined by
FTIR: 2.3 ± 0.6 and 2.6 ± 0.7, respectively.
We also used AAA to confirm that the peptides are only

present on AuNP-OEG4-N3/OH when linked covalently (i.e.,
the absence of nonspecific adsorption). The samples for this
experiment were generated by first incubating AuNP-OEG4-
N3/OH with α-LK2X20 (but without the Cu+ attachment
catalyst) followed by filtration to remove unreacted peptide.
AAA indicated no detectable level of peptide present in the
retained AuNPs. This result confirms the FTIR finding that the
peptide is neither covalently bound nor physisorbed to AuNP-
OEG4-N3/OH in the absence of the Cu+ catalyst and after the
filtration procedure.

Scheme 2 is a scale model of a AuNP−peptide conjugate
that is consistent with the transmission electron microscopy
(TEM), FTIR, and AAA results discussed thus far. The low
surface density of peptide decreases the likelihood of peptide−
peptide interactions compared with NPs displaying high
surface coverages. This is useful as peptide−peptide
interactions can potentially change the peptide structure and
thereby alter the physical characteristics of the system.9 The
relative isolation of the peptides in the AuNP−peptide
conjugates presented here is important because each peptide
interacts only with the OEG4 surface and the solvent. This
simplifies modeling and analysis of NP−peptide conjugates.
The low peptide density also allows subsequent surface
chemistry to be conducted on the unreacted and solvent-
exposed HS-C11-OEG4-N3/OH ligands. This may be useful
for potential applications, such as attachment of additional
biomolecules to the AuNP−peptide conjugates or immobiliza-
tion of the AuNP−peptide conjugates on a surface.

Determination of Peptide Secondary Structure for
AuNP−Peptide Conjugates. Peptides composed of repeat-
ing sequences of L and K amino acids were first shown to be
versatile models for studying peptide behavior at interfaces by
DeGrado and Lear.41 A prominent example is the family of
peptides with the (LLKK)n motif, which attains an α-helical
structure at nonpolar−polar molecular interfaces. This type of
interface includes, for example, the one that forms between
water and a self-assembled monolayer displaying a hydro-
phobic headgroup.42 This conformational transition to an α-
helix occurs because the hydrophobic L and hydrophilic K
residues partition on opposite sides of the longitudinal axis of
the peptide when the peptide is helical. Accordingly,
orthogonal interactions between L/K and the hydrophobic/
hydrophilic phases, respectively, stabilize the α-helical
structure.31,37 This property of peptides containing the
(LLKK)n motif has been used in previous studies for designing
antimicrobial agents43,44 and for templating well-defined
nanostructures.35 As mentioned previously, the two peptides
used in the present study, α-LK1X20 and α-LK2X20, contain
the α-helix-forming (LLKK)n motif. These peptides were
chosen for the current work because of the effect of the
(LLKK)n repeat unit on secondary structure.
Our prior work demonstrated that α-LK2X20 attains an α-

helical structure when situated between water and a nonpolar
self-assembled monolayer of alkylthiols on a planar Au
substrate45 or when attached to OEG-capped AuNPs dispersed
in water.17 In the current study, CD spectroscopy was used to
quantitatively determine the constituent secondary structure
components of α-LK1X20 and α-LK2X20 attached to AuNP-
OEG4-N3/OH. Structural characterization of the NP−peptide
conjugates provided insight into the interaction between the
peptides and the OEG monolayer.
CD spectroscopy is often used to evaluate the secondary

structure of proteins in solution, but it has also been used to
study surface-attached peptides.7,15,42,46 Accordingly, we used
CD to evaluate the peptides in the present study. As a control,
the CD spectrum of AuNP-OEG4-N3/OH with no attached
peptides was obtained to ensure that it did not exhibit
significant features over the wavelength range studied. As
shown in Figure S7, this spectrum is featureless, and thus any
CD features in the AuNP−peptide conjugates must arise from
the surface-bound peptides.
Figure 2 presents the CD spectroscopy of unconjugated

peptides and NP−peptide conjugates. The spectra of α-
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LK1X20 and α-LK2X20 will be discussed first. The CD spectra
of both α-LK1X20 and α-LK2X20 (green and blue spectra,
respectively, in Figure 2) were obtained using solutions of
unconjugated peptide in deionized (DI) water. All CD spectra,
including the spectra of α-LK1X20 and α-LK2X20, were
background corrected following a two-step procedure dis-
cussed in detail in the Supporting Information. Briefly, the
spectrum of a solvent blank was subtracted from the sample
spectrum. The resulting spectrum was further corrected by
subtracting the signal at 250 nm from the remainder of the
spectrum. This latter step ensures a zero baseline in a
nonabsorbing part of the spectrum. A representative,
unprocessed CD spectrum of AuNP-OEG4-N3/OH-α-
LK1X20, which is not blank subtracted, and the corresponding
DI water solvent blank spectrum are shown in Figure S8.
The spectra of both α-LK1X20 and α-LK2X20 in aqueous

solution exhibit a single minimum at 198 nm. This
spectroscopic feature is characteristic of a primarily random-
coil structure.47,48 More quantitative information can be
obtained by deconvoluting these spectra into fractional
secondary structure elements. This was accomplished using

the online deconvolution server BeStSel.49,50 Table 1 shows
that this analysis indicates the peptides are indeed present
primarily in a random-coil configuration in DI water.
A control experiment was also carried out in which α-

LK2X20 was added to a solution containing AuNP-OEG4-N3/
OH, but in this case the peptide and AuNPs were not
covalently attached. The CD results (Table 1 and Figure 2, red
spectrum) showed that the peptide in this case is also primarily
present in a random-coil configuration. This result indicates
that either α-LK2X20 did not adsorb strongly to AuNP-OEG4-
N3/OH or, if it did, adsorption did not cause a major structural
change in the peptide in the absence of covalent linking.
In contrast to unconjugated α-LK1X20 and α-LK2X20, the

CD spectra of α-LK1X20 and α-LK2X20 following covalent
linking to AuNPs (orange and purple spectra in Figure 2)
display double-trough character with minima at 208 and 222
nm. This shape is characteristic of an α-helical structure.51 As
shown in Table 1, structural deconvolution of AuNP-
conjugated α-LK1X20 and AuNP-conjugated α-LK2X20
indicates 50% and 46% helical character, respectively.
As discussed earlier, (LLKK)n peptides characteristically

attain helical structure at nonpolar/polar molecular interfaces
due to favorable interactions between L with the nonpolar
phase and K with the polar phase.31−37 We observed this
previously for α-LK2X20 conjugated to OEG-capped
AuNPs.17 However, because α-LK2X20 may bind to the
AuNP in two positions, the driving force for the helical
structural change could be hydrophobic interactions between
the peptide and the OEG layer, a helix stapling effect,18 or
some combination of these two factors. In contrast, α-LK1X20
is not capable of “stapling” to AuNP-OEG4-N3/OH at
multiple points, and therefore, the driving force for helix
formation is unambiguously hydrophobic interactions between
the leucine side chains and the OEG layer of AuNP-OEG4-
N3/OH. This is a key result because it demonstrates that the
design of bio/abiointerfaces must take into account both
noncovalent and covalent (e.g., bioconjugation) interactions.
This latter point is particularly important because hydro-

phobic interactions between a substrate and peptides or
proteins typically result in loss of defined secondary structure
of the biomolecule followed by aggregation and/or loss of
function.52 In the particular case of the (LLKK)n peptides used
in this work, this situation is reversed as it is clear that
hydrophobic interactions are responsible for attainment of the
α-helix structure upon attachment to the OEG layer. This
point further suggests that the helical axes of the peptides are
oriented parallel to the AuNP surface as illustrated in Scheme
2.
Peptides having an α-helical structure are notable recog-

nition elements in protein−protein and protein−DNA
interactions.53−56 Accordingly, the AuNP−peptide conjugates

Figure 2. CD spectra of peptides and AuNP−peptide conjugates:
(green) 30.0 μM α-LK1X20; (blue) 30.0 μM α-LK2X20; (orange)
1.24 μM AuNP-OEG4-N3/OH-α-LK1X20; (purple) 1.21 μM AuNP-
OEG4-N3/OH-α-LK2X20; (red) 3.00 μM α-LK2X20 in the presence
of (but not attached to) 1.04 μM AuNP-OEG4-N3/OH. All spectra
were recorded in deionized water using a 1.00 mm cuvette.
Procedures used for obtaining and processing the spectra are
provided in the Materials and Methods. Peptide-only spectra (green
and blue) were generated by averaging 6 scans. AuNP−peptide
conjugate spectra (purple and orange) were generated by averaging
500 scans. CD spectrum of α-LK2X20 in the presence of (but not
attached to) AuNP-OEG4-N3/OH (red) was also generated by
averaging 500 scans.

Table 1. Percentage Conformation of Unconjugated Peptides and AuNP-Conjugated Peptides (as predicted by BeStSel)a

structure
typeb α-LK1X20 α-LK2X20

α-LK2X20 plus AuNP-OEG4-N3/OH
(not attached) AuNP-OEG4-N3/OH-α-LK1X20 AuNP-OEG4-N3/OH-α-LK2X20

helix 0% 0% 2% 50% 46%
strand 35% 37% 31% 6% 20%
turn 16% 14% 18% 13% 13%
others 49% 50% 48% 31% 21%

aFrom left to right, 30.0 μM α-LK1X20, 30.0 μM α-LK2X20, 3.00 μM α-LK2X20 in the presence of (but not attached to) 1.04 μM AuNP-OEG4-
N3/OH, 1.24 μM AuNP-OEG4-N3/OH-α-LK1X20, and 1.21 μM AuNP-OEG4-N3/OH-α-LK2X20. All data were obtained using DI water as the
solvent. bThe normalized root-mean-square deviation (NRMSD) was below 0.05 in all cases.
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reported here should be useful motifs for designing NPs
displaying peptides in an α-helical conformation that function
as biorecognition elements. Importantly, the synthetic
approach we described leads to peptides having their
longitudinal axis tangent to the AuNP substrate. In turn, this
results in a solution-facing surface of amino acids tailored to
enhance interactions with, for example, a target protein. Work
toward this goal is ongoing.

■ SUMMARY AND CONCLUSIONS

We examined two versions of a AuNP−peptide conjugate
model system exhibiting (LLKK)n peptides to better under-
stand and control interactions between the peptides and the
OEG-capped AuNP substrates. The key finding is that covalent
attachment of the two peptides we examined to azide-
functionalized, OEG-capped AuNPs leads to a change in
peptide structure from primarily random coil to primarily α-
helix. CD analysis indicates that both peptides exhibit similar
magnitudes of helix, strand, turn, and random coil structure. It
is important to note that one version of the peptide had the
possibility of remaining completely random coil as it was
bound to the AuNP through only a single linkage. This shows
that the structural change in that peptide, and possibly both
peptides, is primarily due to hydrophobic interactions between
the peptide and the OEG monolayer. This finding is important
because OEG layers are often used in conjunction with NPs to
design NP−peptide conjugates.7,57,58

A second important point is that the AuNP−peptide
conjugates presented here are soluble in water and have just
three or four α-helix-structured peptides per AuNP. The
combination of structure control and low peptide surface
density creates an ideal model system for the tailored design of
AuNP−peptide conjugates intended to show specific inter-
actions with proteins. We are presently working to integrate
these materials in technologically useful sensors.

■ MATERIALS AND METHODS

Chemicals and Materials. H2SO4, NaOH, NaCl, NH4Cl,
isopropanol, ethanol, toluene, and dichloromethane were
purchased from Fisher Scientific (Waltham, MA, USA).
HAuCl4·3H2O, NaN3, NaBH4, anhydrous MgSO4, tetraocty-
lammonium bromide, 4-(dimethylamino)pyridine, (11-
mercaptoundecyl)tetra(ethylene glycol) (HS-C11-OEG4-
OH), [11-(methylcarbonylthio)undecyl]tetra(ethylene glycol),
triethylamine, sodium ascorbate, methyl sulfonyl chloride,
acetyl chloride, tert-butyl alcohol (t-BuOH), methanol, and
Amicon Ultra 0.5 mL 30 kDa molecular weight cutoff
centrifugal filters were all purchased from Millipore Sigma
(Burlington, MA, USA). Tris-hydroxypropyltriazolylmethyl-
amine (THPTA) was purchased from Lumiprobe (Hunt
Valley, MD, USA). CuSO4(20% w/v) was purchased from
Ricca Chemical Co. (Arlington, TX, USA). Synthetic peptides
α-LK1X20 (H-LKKLXKKLLKKLLKKGLKKL-OH, X = prop-
argylglycine), α-LK2X20 (H-LKKLXKKLLKKLLKKXLKKL-
OH, X = propargylglycine), and α-LK2X20W (H-
LKKLXKKLLKKLLKKXLKKLW-OH, X = propargylglycine)
were purchased from WuXi AppTec (Shanghai, China). All
aqueous solutions were prepared with DI water (>18.0 MΩ·
cm, Milli-Q Gradient System, Millipore-Sigma, Burlington,
MA, USA). [11-(Thio)undecyl]tetra(ethylene glycol)-azide
(HS-C11-OEG4-N3) was synthesized according to our
previously published procedure.17

Synthesis and Characterization of AuNPs Capped
with Azide and Hydroxyl-Terminated Alkylthiol/OEG
Ligands (AuNP-OEG4-N3/OH). AuNPs capped with HS-
C11-OEG4-N3 and HS-C11-OEG4-OH were synthesized
according to a previously published procedure.17,59 Briefly,
an aqueous solution of HAuCl4 (0.142 M, 0.700 mL) was
added to a stirred mixture of tetraoctylammonium bromide in
toluene (10.0 mL, 30.0 mM), and the resulting biphasic
mixture was stirred vigorously for 30 min. Next, NaBH4 (1.00
M, 1.00 mL) was added to the reaction mixture over the course
of 1.0 s, and then the resulting AuNP mixture was stirred for
18 h at 21 °C. Next, the aqueous portion of the biphasic
mixture was discarded, the toluene portion was washed with
H2SO4 (0.100 M), NaOH (0.100 M), and DI water in
succession, and this washing procedure was repeated three
times. An aqueous solution of 4-(dimethylamino)pyridine
(DMAP) (0.100 M, 10.0 mL) was added to the AuNP
solution, and the resulting mixture was shaken vigorously for 3
min. It is important to note here that in our previously
published procedure17 the DMAP solution used in this step
was indicated to be 10.0 mM. This was incorrect, and the
actual concentration used previously and in the current work
was 0.100 M. At this point, the wine-red color of the AuNPs
shifted from the toluene phase to the aqueous phase. The
toluene phase was discarded.
The resulting (DMAP)-capped AuNPs (10.0 mL, 2.49 μM)

were added to an ethanolic solution (18.0 mL) containing HS-
C11-OEG4-N3 (1.36 mM) and HS-C11-OEG4-OH (4.09
mM). This mixture was incubated for 18 h at 21 °C, and then
small molecule ligands not bound to AuNPs were removed
from solution by filtration using Amicon Ultra, 30 kDa, 0.5 mL
molecular weight cutoff (MWCO) filters. This purification
consisted of loading the MWCO filter with 0.500 mL of AuNP
solution followed by centrifugation at 14 000g for 10 min, and
finally, 0.400 mL of 1:1 t-BuOH/water mixture was added to
the retentate while the filtrate was discarded. This filtration and
dilution procedure was repeated eight times.
Transmission electron microscopy (TEM, JEOL 2010 F)

was used to determine the AuNP size distribution (4.6 ± 1.2
nm, Supporting Information, Figure S1).
Fourier transform infrared (FTIR) spectroscopy was used to

characterize the ligand shell of the AuNPs (Figure S2). FTIR
spectra were recorded using a Bruker Vertex 70 spectrometer
equipped with a HgCdTe detector. To generate each FTIR
spectrum, an AuNP solution (5.0 μL) was diluted into
isopropanol (20.0 μL) and from this mixture 2.0 μL was drop
cast onto each side of a CaF2 window (random-angle cut, 2.0
mm width, 25.4 mm diameter). A total of 500 scans were
averaged to generate blank and sample spectra (4 cm−1

resolution). The blank spectrum as well as a scaled spectrum
of atmospheric water were subtracted from the sample
spectrum. In addition, the spectral range between 2250 and
2400 cm−1 was set to baseline intensity to eliminate the CO2
peak. Finally, baseline tilt in the sample spectrum was
corrected using the OPUS Spectroscopic Software Straight
Lines function (OPUS, 6.5.92, Bruker Optik, GmbH,
Ettlingen, Germany). To account for differences in the number
of AuNPs, the spectra of AuNPs were normalized to the height
of the C−O stretching band at 1122 cm−1.
The concentrations of the AuNP solutions were determined

by UV−vis spectroscopy (Figure S4) and calculated from the
molar extinction coefficient for 4.6 nm AuNPs reported by
Huo and co-workers60 (ε506 nm = 8.56 × 106).
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Synthesis of AuNP−Peptide Conjugates. Alkyne-
functionalized peptides were attached to AuNP-OEG4-N3/
OH using Cu+-catalyzed azide−alkyne cycloaddition38 as
follows. A solution containing AuNP-OEG4-N3/OH (0.0998
μM), sodium ascorbate (10.0 mM), CuSO4 (10.0 μM),
THPTA (20.0 μM), and α-LK2X20 or α-LK1X20 peptide
(10.0 μM) (1:1 t-BuOH/water, 1.992 mL) was prepared
(control solutions did not contain Cu+). The solution was
incubated overnight at 21 °C for 18 h. Next, the AuNPs were
separated from unreacted peptide and other reagents by the
filtration and washing protocol utilizing MWCO filters
discussed in the previous section. Following this step, the
solvent containing the AuNPs was exchanged for DI water by
repeated filtration using MWCO filters (Amicon Ultra, 30 kDa,
0.5 mL) followed by addition of DI water (0.450 mL) to the
AuNP solution. This solvent-exchange procedure was repeated
a total of eight times. FTIR spectra of the AuNPs were
recorded using the procedure described earlier (Figures 1 and
S5).
The size distribution of AuNP-OEG4-N3/OH-α-LK1X20

was 4.5 ± 1.1 nm (TEM, Supporting Information, Figure S9),
and for AuNP-OEG4-N3/OH-α-LK2X20 it was 4.4 ± 0.9 nm
(TEM, Supporting Information, Figure S10).
Circular Dichroism Spectroscopy. CD spectra of the

materials discussed in this work (Figures 2, S7, and S8) were
obtained using a JASCO J-815 CD spectrometer. A quartz
cuvette (1.00 mm path length) was used in all cases. Spectra
were recorded from 250 to 190 nm, the bandwidth was set to 1
nm, the response time was 4 s, and the scan rate was 50 nm/
min. For all AuNP-containing samples, a blank spectrum of DI
water was obtained from 300 averaged scans, and a sample
spectrum was obtained using 500 averaged scans. The blank
spectrum was then subtracted from the sample spectrum. For
samples containing only peptides, blank and sample spectra
were obtained from six averaged scans and the blank spectrum
was subtracted from the sample spectrum. Finally, the CD
signal intensity at 250 nm was subtracted from all spectra
(Spectra Manager for Windows, 1.24.00, JASCO Corp., Tokyo,
Japan).
Amino acid analysis testing of the AuNP−peptide

conjugates was performed by the Protein Chemistry
Laboratory at Texas A&M University (College Station, TX,
USA)
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where X = propargy lg l yc ine ; α -LK2X20W, H-
LKKLXKKLLKKLLKKXLKKLW-OH, where X = propargyl-
glycine; CuAAC, Cu+-catalyzed azide−alkyne cycloaddition;
TEM, transmission electron microscopy; DI, deionized;
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tert-butyl alcohol; THPTA, tris-hydroxypropyltriazolylmethyl-
amine; DMAP, 4-(dimethylamino)pyridine; MWCO, molec-
ular weight cutoff
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Ref́reǵiers, M., and Kardos, J. (2015) Accurate Secondary Structure
Prediction and Fold Recognition for Circular Dichroism Spectrosco-
py. Proc. Natl. Acad. Sci. U. S. A. 112, E3095−E3103.
(51) Greenfield, N. J. (1996) Methods to Estimate the
Conformation of Proteins and Polypeptides from Circular Dichroism
Data. Anal. Biochem. 235, 1−10.
(52) Shemetov, A. A., Nabiev, I., and Sukhanova, A. (2012)
Molecular Interaction of Proteins and Peptides with Nanoparticles.
ACS Nano 6, 4585−4602.
(53) Hall, T. M. T. (2005) Multiple Modes of RNA Recognition by
Zinc Finger Proteins. Curr. Opin. Struct. Biol. 15, 367−373.
(54) Battiste, J. L., Mao, H., Rao, N. S., Tan, R., Muhandiram, D. R.,
Kay, L. E., Frankel, A. D., and Williamson, J. R. (1996) α-Helix-RNA
Major Groove Recognition in an HIV-1 Rev Peptide-RRE RNA
Complex. Science 273, 1547−1551.
(55) Kussie, P. H., Gorina, S., Marechal, V., Elenbaas, B., Moreau, J.,
Levine, A. J., and Pavletich, N. P. (1996) Structure of the MDM2
Oncoprotein Bound to the p53 Tumor Suppressor Transactivation
Domain. Science 274, 948−953.
(56) Dash, S., Niemaczura, W., and Harrington, H. M. (1997)
Characterization of the Basic Amphiphilic α-Helix Calmodulin-

Binding Domain of a 61.5 KDa Tobacco Calmodulin-Binding
Protein. Biochemistry 36, 2025−2029.
(57) Harrison, E., Nicol, J. R., Macias-Montero, M., Burke, G. A.,
Coulter, J. A., Meenan, B. J., and Dixon, D. (2016) A Comparison of
Gold Nanoparticle Surface Co-Functionalization Approaches Using
Polyethylene Glycol (PEG) and the Effect on Stability, Non-Specific
Protein Adsorption and Internalization. Mater. Sci. Eng., C 62, 710−
718.
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