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water-soluble multifunctional nano-

materials composed of an inorganic core
surrounded by a small molecule capping
layer have been prepared and, in some
instances, described as protein-like. Pro-
teins are both a benchmark and a source
of inspiration for the design of those mate-
rials, which, ideally, will combine the distinct
physical properties of inorganic nanoparti-
cles with the remarkable (bio)chemical prop-
erties of proteins. Major differences remain,
however, between proteins and these syn-
thetic analogues. Proteins are nanoscale
objects where the exact position of each
residue, often critical to their function,
is obtained through the use of template
mRNA for the primary structure followed
by noncovalent interactions, self-assembly,
and self-organization leading to the second-
ary, tertiary, and quaternary structure. In
contrast, the small molecules forming the
organic capping layer of core—shell nano-
materials obtained to date tend to have an
uncontrolled and often unknown structure
at the molecular level.

Gold nanoparticles are an attractive mod-
el system because of the well-developed
particle syntheses, ease of surface function-
alization (Au-thiol chemistry), and possibi-
lity of monolayer reorganization through
ligand diffusion’? and ligand exchange.?
Previous efforts have focused on both the
structural characterization and the design of
synthesis routes leading to controlled com-
plex ligand shells. A major step has been the
recent elucidation of the structure of thio-
lates on Auq,, Which has revealed chirality,
unexpected geometries, and provided de-
tails of the Au—S bond geometry, reinforc-
ing the analogy between these clusters

In the past two decades, a range of
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ABSTRACT

Using a combination of Fourier transform infrared (FTIR) spectroscopy and solid-state nuclear
magnetic resonance (SSNMR) techniques, the secondary structure of peptides anchored on
gold nanoparticles of different sizes is investigated. The structure of the well-studied CALNN-
capped nanoparticles is compared to the structure of nanoparticles capped with a new
cysteine-terminated peptide, CFGAILSS. The design of that peptide is derived from the minimal
amyloidogenic sequence FGAIL of the human islet polypeptide amylin. We demonstrate that
CFGAILSS forms extended fibrils in solution. When constrained at a nanoparticle surface,
CFGAILSS adopts a secondary structure markedly different from CALNN. Taking into account the
surface selection rules, the FTIR spectra of CFGAILSS-capped gold nanoparticles indicate the
formation of 3-sheets which are more prominent for 25 nm diameter nanoparticles than for
5 nm nanoparticles. No intermolecular >C—"3C dipolar coupling is detected with rotational
resonance SSNMR for CALNN-capped nanoparticles, while CALNN is in a random coil
configuration. Coupling is detected for CFGAILSS-capped gold nanoparticles, however,
consistent with an intermolecular *C—"3C distance of 5.0 = 0.3 &, in agreement with
intermolecular hydrogen bonding in a parallel 5-sheet structure.

KEYWORDS: amyloid - self-assembly - FTIR - solid-state NMR - biomimetic
peptide-capped nanoparticles

and proteins.* Other recent developments

toward a better characterization of the

nanoparticle capping layers include elec-

tron paramagnetic resonance studies,’ elec-

tron microscopy showing individual ligands  x address correspondence to
using polyoxometalate complexes,® chemi-  m.volk@liverpool.ac.uk,

cal cross-linking,® as well as scanning tun-  "aPhaeliverpoolac.uk.
neling microscopy,” although the latter is
prone to artifacts and the interpretation  and accepted January 13, 2012.
is controversial.® Several strategies have
been tested to force the self-organization
in mixtures of ligands, from nonconstrained
self-organization of multiple ligands®® to  ©2012 American Chemical Society

Published online January 13, 2012
10.1021/nn204214x

ACR A\NTES
VOL.6 = NO.2 = 1416-1426 = 2012 @%{\)

WWwWW.acsnano.org

Received for review November 1, 2011

1416



“templating” using soluble target molecules,'® and en-
gineering of patches using adsorption of nanoparticles
on surfaces as a “mask” for selective functionalization."’

In 2004, we reported the rational and combinatorial
design of peptides that bind to gold nanoparticles
using the cysteine thiol side chain and form dense
self-assembled monolayers (SAMs), increasing colloi-
dal stability and providing a versatile means of func-
tionalization.'? In that initial study, hydrophobic inter-
actions between adjacent peptides were used to drive
a high surface coverage, leading to a compact SAM,
for example, with the peptide CALNN, and the combi-
natorial study provided insights into intermolecular
interactions, but the secondary structure of the pep-
tide monolayer remained unknown. Using IR and
"H NMR, Maran et al. reported the presence of hydro-
gen bonding in conformationally constrained peptide
layers (based on o-aminoisobutyric acid units) on
1—2 nm gold nanoparticles.'® Rio-Echevarria et al. have
reported the capping of particles of a similar size with
helix-structured undecapeptide using C*-tetrasubsti-
tuted o-amino acids," and a hypothetical p-type
structure has been proposed by Olmedo et al. for the
peptide CLPFFD-NH, on 12.5 nm gold nanoparticles.'”
In the latter studies, circular dichroism was used as the
structural characterization technique, indicating that
this technique can provide qualitative insights for small
particles in spite of the strong absorbance of gold
nanoparticles in the UV. Similarly, IR spectroscopy,
which also is highly sensitive to the secondary struc-
ture of peptides, has been used,'® although the inter-
pretation of IR spectra must account for the so-called
surface selection rules (vide infra), which also apply on
the surface of metal nanoparticles'® but have been
largely overlooked in the literature.'” The development
of peptide-capped nanomaterials has been expanding
in recent years with a number of other peptides being
proposed as gold nanoparticle capping agents or as
dual reducing and capping agents.'® 2’

The present work builds on structural biology in-
vestigation principles and tools to design and charac-
terize thin peptide layers on gold nanoparticles which
have different secondary structure motifs and supra-
molecular organization. A number of short peptides
can assemble into amyloid-like fibrils where intermo-
lecular hydrogen bonds lead to the characteristic
cross-f3 structure that is the hallmark of larger protein
fibrils associated with amyloid disease.??® Because of
the specific intermolecular directional assembly, we
envisioned that such peptides could constitute a new
category of building blocks to engineer complex na-
noparticles. We introduce a new peptide, CFGAILSS,
which is based on the minimal amyloidogenic se-
quence FGAIL of the human islet polypeptide amylin.

The incorporation of the sulfhydryl group enables
derivatization of the gold nanoparticles, and the native
diserine motif of amylin is preserved in order to present
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a hydrophilic surface to the aqueous environment.
Modifications to the FGAIL template are well-known
to result in fibrillar aggregates with different morphol-
ogies and molecular architectures. For example, FGAIL
and NFGAIL assemble into completely different fibrillar
assemblies,* and SNNFGAILSS has been shown to
associate into both antiparallel and parallel 5-sheets.?®
Thus, it was not known at the outset of this work
whether CFGAILSS forms fibrillar aggregates or indeed
whether it spontaneously self-assembles at all.

Using Fourier transform infrared (FTIR) spectroscopy
in aqueous solution and solid-state NMR, we elucidate
the structure of both CALNN and CFGAILSS in solution
and on spherical gold particles of diameters from 5 to
25 nm and demonstrate that CALNN exhibits a random
coil configuration in all cases, whereas CFGAILSS
adopts a curvature-dependent conformation toward
parallel 3-sheet with a significant proportion of inter-
molecular hydrogen bonding.

RESULTS AND DISCUSSION

Peptide Self-Assembly in Solution. To evaluate if the
addition of a cysteine to the FGAILSS motif preserved
the amyloid forming properties, the assembly of the
peptide CFGAILSS in aqueous solution was investi-
gated. When lyophilized CFGAILSS is dissolved into
water or phosphate buffer saline at mg/mL concentra-
tion, visual observation reveals the rapid formation of
aggregates (cloudiness).

The amide I band (the prime indicating deuterated
amides) of the FTIR spectrum is highly sensitive to the
secondary structure of the peptide.?® The solution FTIR
spectrum of CFGAILSS exhibits two amide I' bands at
1689 and 1624 cm™', the former being much smaller
than the latter (Figure 1A), which is indicative of an
antiparallel S-sheet structure.?”?® The modified pep-
tide CFGAILSS, like its parent peptide NNFGAILSS,
forms extended fibrils in solution, as shown by trans-
mission electron microscopy (Figure 1B). Figure 1C
shows a '>C CP-MAS NMR spectrum of fibrils produced
from a 1:1 mixture of ['3C’-AJCFGAILSS and ["*Co-
A]JCFGAILSS. Peaks at 171.6 and 47.3 ppm correspond
to C' and Ca, respectively. Chemical shift and line
widths for the fibrils and all peptide samples described
subsequently are summarized in Table 1. The relatively
narrow line widths and single peaks for the fibrils are
consistent with a reasonable degree of long-range
order as expected for an extended array of hydrogen-
bonded peptides. Altogether, these results demon-
strate that CFGAILSS forms ordered, homogeneous
fibrils with an antiparallel [-sheet conformation.
CALNN, on the other hand, has an amide I’ band
at 1648 cm ', indicative of the random coil struc-
ture,22%3% and shows no visible aggregation at mg/mL
concentration of fibrils in TEM.

Having obtained two cysteine-terminated peptides,
CALNN and CFGAILSS, which have different self-assembly
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Figure 1. Solution assembly of CALNN and CFGAILSS.
(A) FTIR spectra of CALNN (black) and CFGAILSS (red); the
sharp band at 1672 cm ™" in the CALNN sample did contain
trifluoroacetate ions (TFA) from the synthesis process,
which give rise to (B) electron microscopy with negative
staining of CFGAILSS fibrils (no fibrils observed with CALNN);
(C) "™3C CP-MAS NMR spectrum of 1:1 ['*C’-AJCFGAILSS/
['*Ca-A]CFGAILSS fibrils.

properties and molecular structure in solution, we then
evaluated their respective structure and molecular
organization when they are constrained at the surface
of nanoparticles of different sizes.

Considerations on Nanoparticle Synthesis. To test the
effect of surface curvature on molecular structure, gold
cores of 5, 8, 10, and 25 nm diameters were prepared
by aqueous reduction of HAuCl, (Supporting Infor-
mation, Figure S1). The classical citrate route was
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. |
TABLE1. Summary of '>C Chemical Shifts and Line Widths

at Half-Height for C' and Ca of CFGAILSS Fibrils and
CFGAILSS- and CALNN-Capped Nanoparticles

chemical shift (ppm) line width (Hz)

sample (¢ Co c (o
CFGAILSS fibrils 171.6 473 125.2 151
CFGAILSS nanoparticle
5nm 170.8 46.4 300.0 307.9
10 nm 173 47.0 4155 588.6
CALNN nanoparticle
5nm 172.6 487 473.0 4356
10 nm 171.8 48.6 4524 450.6

considered initially but eventually deemed unsuitable
because of the large absorbance of citrate carboxyls
at 1580 cm ™, which distorts the FTIR spectrum in the
amide I’ band region (it appears that the peptide
monolayer does not entirely displace the citrate when
tannic acid is used as a co-reducing agent).?’ Since
acrylate has only one carboxyl group, compared to the
three carboxyls of citrate, a combination of sodium
acrylate and tannic acid was used as reducing agents/
weakly adsorbed capping ligands for the synthesis of
the 5, 8, and 10 nm cores. In the case of the seeded
growth (25 nm diameter nanoparticles), a minimum
amount of citrate is required for the synthesis.
Formation of the Peptide SAM on Nanoparticles. We have
previously reported a simple route to obtain peptide-
capped gold nanoparticles in a one-step procedure,
that is, mixing the aqueous colloidal suspension with
an aqueous solution of the thiolated peptide 53234
This procedure was followed here to prepare the
CALNN-capped nanoparticles but had to be adapted
for CFGAILSS since the peptide aggregates were dis-
persed in, or diluted in, an aqueous buffer. Hexafluoro-
2-propanol (HFIP) exhibits strong hydrogen bonding
properties and has been reported to be a good solvent
for amyloid peptides leading to the dissolution of
amyloid proto structures and fibrils.>> Dissolution of
lyophilized CFGAILSS into HFIP provides indeed a clear
solution even at concentrations above 10 mM. When
an HFIP solution of CFGAILSS peptide is added to the
aqueous colloidal suspension, two processes occur in
parallel: the formation of amyloid fibers and the reac-
tion between the cysteine and the gold leading to the
formation of the peptide monolayer on the nanopar-
ticle surface. In order to obtain nanoparticles capped
with a dense layer of CFGAILSS, a protocol was devel-
oped to force the assembly on the nanoparticle surface
of this peptide that will otherwise self-assemble into
fibrils (see Supporting Information for details). Briefly,
following the first overnight incubation with pep-
tide, the nanoparticle—fibril supramolecular networks
(Figure 2A) were dried using a rotary evaporator; HFIP
was then added, and the particles were sonicated and
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Figure 2. CFGAILSS, from fibrils to SAMs; (A) TEM of fibril—
nanoparticle (8 nm) assemblies formed during the first
step of the capping process; (B) TEM after completion of
the capping process and removal of the excess peptide;
(C) stability against salt-induced aggregation of 10 nm
diameter CALNN-capped (green), CFGAILSS-capped (red),
and citrate-capped (blue) nanoparticles; (D) stability against
DTT ligand exchange, salt-induced aggregation of 10 nm
diameter CALNN-capped (green), and CFGAILSS-capped
(red) nanoparticles in the presence of 100 mM DTT. In image
(A), the scale bar represents 500 nm, and in image (B), the
scale bar represents 100 nm.

left overnight. In HFIP, the fibrils were dissolved leading
to additional free peptide that was available to react
and complete the SAM on the particles. The particles
precipitated slowly overnight. The particles were cen-
trifuged at 5000g for 10 min, forming a very dense
pellet, allowing most of the HFIP containing peptide
to be removed. The particles were then resuspended
in 0.2 M NaOH, and excess peptide and base was
then removed by a Sephadex G25 size exclusion
chromatography column, leading to CFGAILSS-capped
gold nanoparticles that were colloidally very stable in
aqueous solutions. Electron microscopy with negative
staining confirmed the disappearance of the fibrils,
and a white corona could be seen around the nano-
particles, suggesting the formation of the peptide layer
(Figure 2B).

To confirm the formation of the monolayer, the
extent of colloidal stabilization was measured. When
exposed to increasing ionic strength, CFGAILSS-
capped nanoparticles show a similar level of colloidal
stability as CALNN (Figure 2C). Resistance of the mono-
layer to ligand exchange with small molecules is
an indication of the compactness of the capping
layer.*® To compare the resistance of monolayers to
ligand exchange by dithiothreitol (DTT), CALNN and
CFGAILSS-capped 10 nm nanoparticles were treated
with DTT. DTT is a small, uncharged molecule with two
thiol groups. It readily exchanges with other ligands on
the surfaces of gold nanoparticles. As it replaces the
peptide monolayer, it also reduces the steric and
electrostatic barrier that keeps the gold nanoparticles
from aggregating. If ligand exchange is done at high
ionic strength, it is possible to detect ligand exchange
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simply by monitoring the extent of aggregation by
the red shift in the plasmon band. Aggregation of
CFGAILSS-capped nanoparticles induced by ligand
exchange with DTT is more than two times slower
than for CALNN-capped nanoparticles, suggesting that
CFGAILSS adopts a different structure in the SAM
(Figure 2D).

The colloidal stability and resistance to ligand ex-
change confirm the formation of a compact CFGAILSS
monolayer at the surface of the gold nanoparticles.
These results also indicate that peptides attached
to two different particles are unable to form antiparallel
[-sheets by intercalation. The peptide grafting density
of the CFGAILSS monolayer on gold nanoparticles
was measured by amino acid analysis, indicating
a coverage of 2.55 + 0.14 peptides/nm? (Supporting
Information), similar to CALNN (2.4 peptides/nm?).>”
Given that in identical conditions the peptide CFGAILSS
aggregates instantaneously into micrometer size fibrils,
it is remarkable that CFGAILSS-capped nanoparticles
have an extremely good colloidal stability. This is most
likely due to charge repulsion between the terminal
carboxylic acid as well as steric hindrance due to the
compact peptide monolayers.

Fourier Transform Infrared Spectroscopy Investigation of
CALNN-Capped and CFGAILSS-Capped Nanoparticles. FTIR spec-
troscopy is widely used for characterizing the second-
ary structure of proteins and peptides. Of particular
interest in this context is the amide I' band around
1650 cm ™', which mainly involves the amide carbonyl
stretch and has been shown to be highly sensitive to
peptide secondary structure.?3*° Gold nanoparticles
are transparent in this region of the electromagnetic
spectrum, so in situ measurements of SAMs on gold
nanoparticles are possible. However, the interpretation
of IR spectra of small molecules bound to metal
nanoparticles requires some careful considerations of
the so-called surface selection rules, which will be
discussed in more detail below.

Figure 3 shows the FTIR spectra of CALNN- and
CFGAILSS-capped gold nanoparticles. These spectra
indicate clearly a difference of conformation between
the CALNN and CFGAILSS capping layers, at least for
the larger nanoparticles, and point toward a diameter-
dependent conformation of the CFGAILSS SAMs.

Figure 3A compares the FTIR spectra of CALNN
peptide in solution (black dotted line) and as a SAM
on gold nanoparticles of 8 nm (magenta), 10 nm (blue),
and 25 nm (green) diameter. As noted before, the
solution sample did contain excess TFA ions, which
give rise to the sharp band at 1672 cm™'; these are
removed in the various cleaning steps during SAM for-
mation on gold nanoparticles. The band at 1600 cm ™'
arises from the carboxyl groups at the end of the
peptide backbone (and possibly residual acrylate in
the nanoparticle samples), whereas the main band at
around 1650 cm ' is the amide I’ band. For the solution

VOL.6 = NO.2 = 1416-1426 = 2012 A@%M

O
)

WWww.acsnano.org

1419



T T T
CALNN-solution A| CFGAILSS-solution B
CALNN-NPs | % CFGAILSS-NPs
8nm i - 5nm
10nm 10 nm
———25nm ~—=25nm
i CALNN-NPs
“eeeeee- 8 M

Absorbance / a.u.

1?60 1640 1660 1640 X
1700 1650 1600 1700 1650 1600 [

' ' '
1700 1650 1600 1700 1650 1600
Wavenumber / cm”' Wavenumber / cm'

Figure 3. FTIR spectra of (A) CALNN peptide in solution
and CALNN-capped gold nanoparticles (8, 10, and 25 nm
diameter) and (B) CFGAILSS peptide in solution and
CFGAILSS-capped gold nanoparticles (5, 10, and 25 nm
diameter). for comparison, the spectrum of CALNN-capped
nanoparticles with 8 nm diameter is reproduced in (B); the
insets in (A) and (B) show details of the spectra near the
maximum of the amide I band. All spectra have been scaled
to have the same maximum amide I’ absorbance. Panels (C)
and (D) show the negative second derivative of the NP-FTIR
spectra in (A) and (B), respectively.

as well as for the nanoparticle samples, the amide
I" band consists of a broad unstructured peak with a
maximum at ~1650 cm ™, as expected for a disordered
peptide.?®2%3® This result is unsurprising, given the
original design criteria, and is also in agreement
with molecular dynamic simulations of a CALNN
monolayer.?” The identical shape of the amide I' band
for CALNN-capped nanoparticles of different size
shows that there is no significant effect of the nano-
particle size on the secondary structure of the peptide
capping layer. For a more detailed investigation, the
second derivatives of the FTIR spectra were calculated,
which is a widely used band-narrowing and decon-
volution technique based on the fact that the nega-
tive second derivative of an individual band has
a maximum at the same position as the original
band, but with a smaller bandwidth, thus allowing
the resolution of strongly overlapping individual
bands.?® Figure 3C shows that the second derivative
spectra of CALNN-capped nanoparticles of different
size are essentially identical and broad with a maximum
at 1650 cm ™', confirming the disordered nature of
the capping layer for all nanoparticle sizes investi-
gated here.

Figure 3B shows that the FTIR spectra of the
CFGAILSS-capped nanoparticles are significantly dif-
ferent, indicating a nanoparticle-induced change in the
structure of the peptide between its solution (fibril) and
SAM configurations. For all CFGAILSS—nanoparticle
samples, the absence of the dominant band at
1624 cm ™' and the small band at 1689 cm ™' indicates
that there is no significant amount of antiparallel
[-sheet fibrils present, as expected due to the geo-
metrical constraint of the SAM, with CFGAILSS being
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anchored to the gold through the N-terminal cysteine
which determines the orientation of the peptides with-
in the SAM. The absence of the antiparallel f-sheet
bands also confirms that no significant amount of free
peptide remains in the sample. For nanoparticles with
5 nm diameter (red), the amide I band seems similar to
that found for CALNN-capped nanoparticles (dotted
magenta line), that is, a broad band centered at
1645—1650 cm ™', suggesting the presence of some
disordered peptide backbone. However, closer inspec-
tion of this band and the second derivative spectrum in
Figure 3D hints at the presence of two separate,
although strongly overlapping, bands at ~1640 and
~1665 cm ™. It has to be noted that second derivative
spectra emphasize the contributions from narrow
bands over those of broader, unstructured bands; thus,
it seems possible that the amide I' band of 5 nm
CFGAILSS-capped nanoparticles is dominated by a
broad band at 1650 cm ™' with a smaller contribution
from the two narrower bands at 1640 and 1665 cm ™'
The existence of these two bands becomes much
clearer in the FTIR spectrum of CFGAILSS-capped gold
nanoparticles of 10 nm diameter (blue), which has
a maximum at ~1640 cm ' with a pronounced
shoulder at ~1665 cm ™', yielding two separate peaks
in the second derivative spectrum. For CFGAILSS-
capped nanoparticles with 25 nm diameter (green),
the two bands are resolved even in the FTIR spectrum
(Figure 3B). These narrow amide I bands show that
for CFGAILSS-capped nanoparticles the capping
layer adopts a more ordered structure and that the
extent of ordering increases with increasing nano-
particle size.

As discussed above, the CFGAILSS capping peptide
was designed based on the high propensity of the
NNFGAILSS sequence for forming S-sheets. Since the
N-terminus of the capping peptide is bound to the gold
nanoparticle surface, only parallel 5-sheet formation is
possible in the capping layer. Similar to the antiparallel
[-sheet structure, the parallel 5-sheet conformation is
characterized by two narrow amide I' bands, although
these two bands are not as well separated as for
antiparallel -sheets, with a dominant band at slightly
higher frequencies than those found for antiparallel
B-sheets (i.e., ~1630 cm ™), and a much weaker band
which is split from this band by 20—40 cm™" (i.e., at
~1650—1670 cm™").3%3874% Most interestingly, these
frequencies correspond approximately to those found
for the component bands of CFGAILSS-capped nano-
particles, indicating the formation of parallel 5-sheets,
especially in the capping layer of the larger nanopar-
ticles. However, the frequencies and widths and parti-
cularly the relative strengths of the two bands do not
completely conform to expectation. This is due to two
effects, which will be discussed in detail in the follow-
ing: (i) the dependence of the 3-sheet amide I’ eigen-
modes on sheet size and (ii) the surface selection rules.
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The sensitivity of the amide I' band to peptide
secondary structure is largely due to dipole—dipole
coupling of the amide I’ vibrations of neighboring
amide groups, which strongly depends on their rela-
tive geometry. For an infinitely extended parallel
[-sheet structure, it can be shown by basic theoretical
considerations that only two of the resulting vibra-
tional eigenmodes are IR-active, with a dominant band
at lower frequency which is polarized orthogonal to
the peptide backbone and a much weaker band at
higher frequency which is polarized parallel to the
backbone.*>** Simulations based on dipole—dipole
coupling®®3° or ab initio quantum chemical methods*°
show that, for sheets consisting of less than ~7 parallel
chains, the observable eigenfrequencies change mea-
surably without greatly affecting the polarization direc-
tion of the main modes; in particular, a further decrease
in the number of chains results in a shift of the
dominant low-frequency band to higher frequencies,
whereas the high-frequency band is much less
affected.

For the SAMs investigated here, the curvature of the
anchoring surface frustrates the formation of extended
parallel 5-sheets, and the constraint becomes more
stringent with decreasing nanoparticle size. We pre-
sent a simple geometrical model to illustrate this effect
(Figure 4). Under the hypotheses of this model, the
maximum numbers of adjacent peptides in a sheet are,
respectively, 3, 5, and 11 for the 5, 10, and 25 nm
diameter nanoparticles.** We suggest that this is the
reason for the slightly higher frequency of the ob-
served low-frequency band, compared to typical val-
ues for parallel 5-sheets, and the observed shift of this
band with nanoparticle size (25 nm NPs, 1637 cm™’;
10 nm NPs, 1639 cm ™ '); in agreement with this sugges-
tion, the observed high-frequency band position is
largely constant, as judged from the second derivative
spectra. Structural inhomogeneity within the SAM, that
is, the occurrence of parallel S-sheets with different
number of strands, will furthermore lead to a broaden-
ing of the amide I' band, which should be most
pronounced for the high curvature anchoring surface
of smaller nanoparticles, in agreement with our ob-
servations. The curvature effect on molecular con-
formation observed here is reminiscent of the
increase of the gauche defects in alkyl chains ligands
observed by vibrational sum frequency generation
when the size of the nanoparticle decreases.*> Other
causes for inhomogeneity include the polydispersity
and polymorphism within each sample, as well as the
existence on each particles of nonequivalent binding
sites corresponding to different crystal faces, ter-
races, and vertices.***” Further experimental and
theoretical investigations will be required to fully
account for these effects. As shown in Figure 4A,
the dimension of the gold atom is in the same range
as the other critical lengths in this problem, so it is
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A)

Figure 4. Geometrical constraints for the formation of
parallel arrays of peptides on spherical nanoparticles. Par-
ticles of (A) 5 nm, (B) 10 nm, and (C) 25 nm diameter are
represented with hypothetical parallel peptides anchored
with a constant arc separation of 0.63 nm (corresponding to
1/(capping density)'/%).*" The hydrogen bonding network is
shown with dotted lines between adjacent peptides and is
deemed to break when the vertical mismatch between
adjacent peptides exceeds 0.15 nm, i.e., 50% of the distance
between two residues in a peptide strand in -sheet con-
figuration (numbers used to draw the figure are provided in
the Supporting Information). As a first approximation, the
gold surface is represented as a smooth spherical surface;
however, this is a serious oversimplification as the diameter
of the gold atoms is in the same size range as other
characteristic lengths of this problem. Some surface gold
atoms are shown to scale in (A).

likely that atomic details of the surface, ignored here
in first approximation, will contribute to the final
molecular structure.

The IR spectra of small molecules attached to a
metal surface are furthermore subject to the surface
selection rules, which state that only vibrations whose
dipole moment change has a significant component
orthogonal to the surface are IR-active. This effect
arises from the high conductivity of metals, which rules
out the existence of electric field components parallel
to the surface. It has been shown theoretically'® and
experimentally®® that the surface selection rule is also
valid at the surface of metal nanoparticles, at least up to
distances which are comparable to the particle size.
This does significantly affect the IR spectra of peptides
attached to gold nanoparticles. In particular, for pep-
tides which are anchored to the nanoparticle by one of
their termini and form parallel 5-sheet structures, the
low-frequency amide I' mode, which normally dom-
inates the IR spectrum but is polarized orthogonal to
the peptide backbone and thus parallel to the nano-
particle surface, will be strongly suppressed; on the
other hand, the high-frequency mode, polarized par-
allel to the backbone and thus orthogonal to the
surface, will be enhanced. This distorting effect will
be particularly pronounced for peptides anchored
to larger nanoparticles but also for the inner section
of peptides on the smaller nanoparticles. For the
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CFGAILSS peptide, which in the extended S-sheet
conformation has a length of 3 nm, this effect is
significant for the full length of the peptide when
attached to nanoparticles with a diameter of 25 nm.
The quantitative treatment of Greenler et al.'® shows
that for this case at the end of the peptide the IR
absorbance of vibrations parallel to the nanoparticle
surface is suppressed by a factor of 35 compared
to that of vibrations orthogonal to the surface, with
an even larger suppression closer to the nanoparticle
surface. For nanoparticles with 10 or 5 nm diameter,
the effect is somewhat weaker, with a suppres-
sion by only a factor of 6 or 2, respectively, at the
end of the peptide, but still very large close to
the surface. It is, therefore, not surprising that the
high-frequency band is of similar strength as the low-
frequency band in the FTIR spectra of CFGAILSS-
capped nanoparticles.

Taking into account this distorting effect of the
surface selection rules, the observed amide I spectra
for the CFGAILSS capping layer, with their distinct two
bands near 1665 and ~1640 cm™', confirm the forma-
tion of parallel 5-sheet structure. These bands are
clearly visible for nanoparticles with 10 or 25 nm
diameter, but even in the spectrum for 5 nm nanopar-
ticles, there is some indication for these bands (see
Figure 3D), indicating the formation of at least partial
[-sheet structure. It has to be noted that the total
amide I' absorbance of residues in f-sheet confor-
mation near the nanoparticle surface is significantly
reduced because of the suppression of the strong
absorbance of the low-frequency mode due to the
surface selection rules, whereas contributions from
disordered peptide structure is much less affected
due to the random orientation of the amide I' dipole
moment with respect to the nanoparticle surface. Thus,
the FTIR spectra shown in Figure 3B are likely to
significantly underestimate the 3-sheet content of the
CFGAILSS capping layer.

To further confirm the interpretation of the FTIR
measurements, we used solid-state NMR as an alter-
native independent experimental approach.

Solid-State NMR Investigation of CALNN-Capped and
CFGAILSS-Capped Nanoparticles. Figure 5 shows a '>C CP-
MAS spectrum of 5 nm gold nanoparticles capped
with a 1:1 mixture of ['*C’-AJCFGAILSS and ['*Ca-Al-
CFGAILSS. The peaks are somewhat broader than
observed for the fibrils (Table 1, Figure 1C), and the
increased line widths may originate from the proper-
ties of the nanoparticles or from structural disorder in
the peptide molecules around the labeled sites. NMR
studies of alkanethiolate-capped gold nanoparticles
revealed that the '>C lines are broadest for carbon
sites closest to the Au core,*® and line widths also
increase with increasing particle size.”° This systematic
effect has been attributed to inhomogeneous broad-
ening as a result of variations in the Au ligand site,
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Figure 5. *C CP-MAS NMR spectrum of 5 nm gold nano-
particles capped with 1:1 ['3C’-AJCFGAILSS/['*Ca-A]-
CFGAILSS.

giving rise to distributions of chemical shifts.**=°
A distribution of weak Knight shifts may also contribute
to the broadening effect.>’ Knight shifts could arise
from the interaction of conductance electrons of the
Au cluster with the '*C nuclei of the peptide, and this
phenomenon is known to increase with the density
and/or size of the particles.”® Indeed, substantially
broader lines are seen for 10 nm nanoparticles capped
with a 1:1 mixture of [>C’-AJCFGAILSS and ["*Ca-
A]CFGAILSS (Table 1), consistent with the broadening
effect being related to the size and metallic properties
of the particles.

We then turned to dipolar coupling experiments,
using first the CFGAILSS fibrils as a reference. Spectra
of ["*C’-AJCFGAILSS/['*Ca-AICFGAILSS fibrils obtained
in a rotational resonance experiment can be seen
in Figure 6. The decrease in the signal intensities
with increasing mixing time indicates that distance-
dependent dipolar couplings occur between *C’ and
3Ca of neighboring peptides. Comparison of the
exchange measurements with numerically simulated
curves (Figure 6B) yields a dipolar coupling constant
which translates into an intermolecular *C'—"3Ca
distance rcc of 5.0 + 0.3 A. Such a short distance is
possible if 3-strands are in-register along the hydro-
gen bonding axis of the fibrils; that is, each N—H of
Ala5 forms an intermolecular hydrogen bond with
C=0 of the same residue when in an antiparallel
alignment (Figure 6C).

Rotational resonance spectra of 5 nm gold nano-
particles capped with a 1:1 mixture of ['*C’-A]CFGAILSS
and ['3Ca-A]JCFGAILSS spectra show a decline in peak
intensities with increasing mixing time, similar to the
spectra of the fibrillar sample (Figure 7A). No change in
the peak intensities occurs away from a rotational
resonance (RR) condition (Figure 7B), confirming that
the effect is related to dipolar coupling between
13C’ and *Ca. of neighboring peptides on the particle
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Figure 6. Measurement of '>C'—"3Ca dipolar couplings in 1:1 ['*C’-A]CFGAILSS/['*Ca-A]CFGAILSS fibrils using rotational
resonance NMR. (A) Spectra of fibrils obtained using the constant time experiment described in Figure S2. Peaks for C' and
Co are shown, from left to right, for mixing times (z,,,) of 1, 10, 20, 30, and 40 ms at a MAS frequency of 6254 Hz, which
satisfies the n = 2 RR condition. (B) Plot of magnetization exchange, as represented by difference intensities for the C' and

Co peaks over a range of mixing times. Data are shown for
RR condition (open circles). Error bars represent the level
curves bounding the upper and lower error limits of then =

n =2 RR (filled circles) and for a MAS rate (5200 Hz) away from a
of the noise. Solid and dashed lines are numerically simulated
2 RRdata and correspond to the C'—Co distances and T2 values

indicated. (C) Model of an antiparallel configuration with Ala5 in-register. The double arrow indicates the interatomic

distance measured.

surface. If it is assumed that all peptides are distributed
at regular intervals in a uniform matrix, the exchange
measurements are again consistent with an intermo-
lecular "*C’—"3Ca. distance of 4.9 4 0.3 A (Figure S3A).
The peptide molecules are attached to the nanoparti-
cles via their N-terminal cysteine residue and so are
unable to assemble into the antiparallel S-strand ar-
rangement adopted in the fibrils. The short *C'—"3*Ca
distance is possible, however, if the peptide molecules
are organized in an in-register, parallel arrange-
ment with N—H of Ala5 hydrogen bonded to C=0 of
Gly4. Interestingly, rotational resonance spectra of
5 nm particles capped with 1:1 ['*C’-AJCALNN/["*Ca--
AJCALNN are unresponsive over the same mixing times
(Figure 7CD), indicating that the dipolar coupling
is weak and the intermolecular separation of '*C’ and
3Ca is substantially greater than for the CFGAILSS
nanoparticles. Rotational resonance spectra for
10 nm gold nanoparticles capped with a 1:1 mixture
of ['*C’-A]JCFGAILSS and ['® Ca-AJCFGAILSS (Figure 7E)
are again consistent with an intermolecular C'—Ca
distance of 5.0 & 0.3 A (Figure $3B). Spectra of 10 nm
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particles capped with 1:1 ['*C’-AJCALNN/[*Co-AJCALNN
show no evidence of magnetization exchange (not
presented).

Given that CALNN and CFGAILSS have very similar
capping density (2.55 and 2.4 peptides per nm?
respectively), the presence of dipolar coupling ob-
served indicates a difference in the molecular confor-
mations of these peptides. If we consider a locally
hexagonal close-packed structure with a packing den-
sity of 2.55 peptides per nm?, the intermolecular dis-
tance would be 0.67 nm, that is, larger than the
intermolecular distances measured above. In addition,
if we take into account the fact that the labeled
alanines are not in direct contact with the surface,
the predicted average distance becomes even larger.
In other words, it is clear that the intermolecular
distances observed in the CFGAILSS monolayer cannot
be explained simply by a confinement in a dense layer
but rather originates from local oriented intermolecu-
lar hydrogen bonding which occurs in the CFGAILSS
layer but not in the CALNN layer. An interesting,
and potentially useful, outcome of this work is that,
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Figure 7. Detection of '3C'—'3Ca. dipolar couplings in pep-
tide-capped gold nanoparticles using rotational resonance
NMR. Peaks for C' and Co are shown, from left to right,
for mixing times (z,,,) of 1, 10, 20, 30, 40, and 50 ms at MAS
frequencies satisfying the n = 2 RR condition. Top row:
spectra for 5 nm particles capped with 1:1 ['*C’-A]-
CFGAILSS/['*Co-AICFGAILSS at n = 2 RR (A) and off-RR (B).
Middle row: spectra for 5 nm particles capped with 1:1
['3C’-AICALNN/["*Ca-AICALNN at n = 2 RR (C) and off-RR (D).
Bottom row: spectra for 10 nm particles capped with 1:1
['3C'-AICFGAILSS/['*Ca-AlCFGAILSS at n = 2 RR (E).

whereas free CFGAILSS aggregates into amyloid-like
fibrils spontaneously and rapidly, aggregation of the

MATERIALS AND METHODS

Complete materials and methods are provided in the Sup-
porting Information. A summary is given here.

Peptides. For NMR studies, the CFGAILSS and CALNN pep-
tides were each labeled with '3C at either the amide carbon (C')
or the a-carbon (Ca) of the single alanine residue (i.e., ['3c'—Al-
CFGAILSS, ["*C’-AICALNN, ["*Ca-AICFGAILSS, and [*Ca-Al-
CALNN).

Synthesis of 5, 8, 10, and 25 nm Diameter Gold Nanoparticles. Nano-
particles were prepared by aqueous reduction of HAuCl,.
Sodium acrylate and tannic acid were used for the preparation
of 5,8, and 10 nm nanoparticles. A two-step seeding method>?
was used to obtain the 25 nm diameter nanoparticles.
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CFGAILSS-capped nanoparticles does not occur. Pro-
tein and peptide fibril structures are stabilized by
generic intermolecular hydrogen bonds and also by
specific packing interactions between amino acid side
groups of two or more f3-sheet layers constituting a so-
called cross-3 spine.>? It appears from the results here
that all of the required intermolecular interactions are
satisfled within each nanoparticle, thus preventing
interdigitating peptide interactions between nanopar-
ticles. The ability of CFGAILSS to form distinct supra-
molecular assemblies within individual nanoparticles
is a potentially valuable property which could be
exploited for novel purposes.

CONCLUSIONS

Using a combination of FTIR and rotational reso-
nance NMR spectroscopy, we have demonstrated that
the two cysteine-terminated peptides CALNN and
CFGAILSS adopt different molecular conformations at
the surface of nanoparticles. CALNN is random coil
both in solution and when attached to gold nanopar-
ticles. CFGAILSS is forming extended amyloid fibrils in
aqueous solutions with an antiparallel 3-sheet struc-
ture. When constrained to a nanoparticle surface, it has
a curvature-dependent tendency to form parallel
p-sheets with hydrogen bonding between adjacent
peptides. While determining the structure of small
molecules at the surface of nanoparticles remains a
major challenge, our study shows that FTIR and
ssNMR spectroscopy can provide detailed insights
into the structure and intermolecular interactions.
Whereas FTIR spectroscopy yields information on
the overall secondary structure of the peptide cap-
ping layer, ssNMR spectroscopy is sensitive to local
structure and allows one to measure the distances
between labeled residues. In the future, CALNN,
CFGAILSS, and other peptides that will be designed
and characterized with similar methods will consti-
tute a library of elements with well-defined structures
and intermolecular interactions, which could be used
as building blocks for the rational design of protein-
like nanoparticles with multiple domains and com-
plex functions.

Preparation of Peptide-Capped Nanoparticles. Because of the high
peptide concentration required for NMR and FTIR studies, the
samples were prepared by mixing the appropriate peptide
solution with 100 mL of nanoparticle suspension for FTIR and
250 mL for solid-state NMR. For the preparation of the CFGAILSS
nanoparticles, a two-step capping procedure was used to
dissolve fibers and promote formation of the SAM. Those
samples were then purified (removal of excess peptide), con-
centrated, lyophilized, and resuspended in 200 uL of D,0O for
FTIR studies or 100 uL of H,0 for NMR.

Fourier Transform Infrared Spectroscopy: Data Acquisition and Treat-
ment. The samplesin D,O were loaded into a FTIR cell consisting
of two CaF, windows separated by a 50 um PTFE spacer. FTIR
spectra were recorded using a BioRad FTS-40 spectrometer with
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a HgCdTe (MCT) detector. A nominal resolution of 1 cm™! was
used throughout, and all spectra were averaged over 500 scans.
The spectrometer was purged with dry air; any residual water
vapor absorption was corrected for by subtracting an appro-
priately scaled spectrum of humid air. Solvent correction was
performed by subtracting a spectrum of D,0, measured under
the same conditions as peptide/nanoparticle samples, and
appropriately scaled to achieve a flat baseline in the region
1800—2000 cm ™.

For calculating the second derivative spectra shown in
Figure 3, the spectra had to be numerically smoothed to remove
artifacts arising from noise and residual water vapor lines,
effectively reducing the resolution to ~7 cm™'; all spectra were
subjected to the same smoothing process.

Solid-State NMR: " Cross-Polarization Magic-Angle Spinning. (CP-
MAS) NMR experiments were performed with a Bruker Avance
400 spectrometer operating at a magnetic field of 9.3 T.
Hydrated fibril or nanoparticle samples were packed into a
4 mm zirconium rotor and rotated at a MAS frequency of
between 6 and 7 kHz (+1 Hz). All experiments utilized an initial
4.0 us "H 90° excitation pulse, 1 ms Hartmann—Hahn contact
time at a 'H spin-lock field of 65 kHz, 85 kHz TPPM proton
decoupling,*® and a 2 s recycle delay.

. Constraints on '>C—"3C Interatomic Distances were
obtained by measuring magnetization exchange at n=2
rotational resonance (RR) using the constant time pulse
sequence described by Balazs and Thompson.>® The variable
time pulse sequence used routinely for RR measurements
(Figure S2a in the Supporting Information) can give rise to
different amounts of heat being absorbed by the gold particles
as a result of increasing exposure to high-power irradiation
(i.e., proton decoupling) in experiments with longer mixing
times. Sample heating could affect the measured signal inten-
sities and prevent the accurate measurement of dipolar cou-
plings. In the constant time pulse scheme (Figure S2b), the
mixing time 7., is varied as normal but the overall duration of
proton decoupling (z.), and hence the heat absorbed by the
sample, remains the same in each experiment. As an extra
precaution against sample heating, the temperature was re-
duced to —40 °C, which has the further advantage of reducing
interference from molecular dynamics.

Magnetization exchange was measured by adjusting the
sample spinning rate (wg) to half the frequency difference of the
pair of spins selected (i.e., n = 2 RR). Measurements at n = 1 RR
were not attempted for nanoparticle samples because higher
MAS frequencies tended to give rise to frictional heating which
severely attenuated the signal. A series of experiments at mixing
times 7., of up to 50 ms was performed to measure the time
dependence of difference polarization. Data representing ex-
change of Zeeman order (“magnetization exchange curves”)
were obtained from the difference in intensities of each pair of
peaks. Spectra were processed with 20 Hz exponential line
broadening.

Numerical Simulations of Magnetization Exchange Curves. The inter-
nuclear distance (rcc) between the C’ and Ca spins of Ala5 atn =
2 RR were determined from numerical simulations of magneti-
zation exchange curves using a Fortran computer program
written specifically for this purpose. Curves were calculated as
described elsewhere®®” and are a function of the distance-
dependent *C—"3C dipolar coupling constant d,, and the zero
quantum relaxation time T5°. Values for '3C chemical shift
anisotropy and asymmetry parameters were measured from
solid alanine. Simulations took into account the statistical
frequency of adjacent peptides in the fibrillar or nanoparticle
matrix being labeled the same site and therefore unable to
participate in magnetization exchange. The value of 752 is not
known but is routinely estimated from the reciprocal sum of the
two line widths; in this case, for C’ and Co.. A series of curves was
calculated for a range of 752 values in which the upper and
lower limits corresponded to half the sum of the line widths and
twice the sum of the line widths, respectively. Values of rcc and
742 were taken from the simulated curves, giving the best fit to
the upper and lower error limits of the experimental data.
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