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ABSTRACT
As nanomaterials become more prevalent in both industry and medicine, it is crucial to fully understand their health risks. One area of
concern is the interaction of nanoparticles with proteins, including their ability to modulate the uncontrolled aggregation of amyloid proteins
associated with diseases, such as Alzheimer’s disease and type II diabetes, and potentially extend the lifetime of cytotoxic soluble oligomers.
This work demonstrates that two-dimensional infrared spectroscopy and 13C18O isotope labeling can be used to follow the aggregation of
human islet amyloid polypeptide (hIAPP) in the presence of gold nanoparticles (AuNPs) with single-residue structural resolution. 60 nm
AuNPs were found to inhibit hIAPP, tripling the aggregation time. Furthermore, calculating the actual transition dipole strength of the
backbone amide I’ mode reveals that hIAPP forms a more ordered aggregate structure in the presence of AuNPs. Ultimately, such studies can
provide insight into how mechanisms of amyloid aggregation are altered in the presence of nanoparticles, furthering our understanding of
protein–nanoparticle interactions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0136376

I. INTRODUCTION
Due to their uniquely tunable chemical and optical properties,1

nanomaterials are found in applications as diverse as cosmetics,2
food science,3 and nanomedicine. The scale of nanoparticles (NPs)
allows them to cross biological barriers, including cellular mem-
branes and the blood–brain barrier.4–6 While this property enables
many biomedical applications of NPs, including drug delivery,7–9

diagnostics,10–12 and imaging,13–15 it can also make NPs difficult to
control within the body. Off-target NPs often accumulate in the liver
or spleen,16,17 and metal NPs can have a cytotoxic impact on liver
cells.18 Various NPs, including metal NPs, pose additional cytotoxic
risks to the reproductive system19 and the brain.20,21 One possi-
ble cause of NP toxicity is the accumulation of proteins on the NP
surface, leading to local increases in protein concentration and struc-
tural changes.22–27 Structural changes can impact protein function
by several means, such as disrupting the cell surface receptors that
bind NP–protein complexes22 or increasing thermal stability to pre-
vent fibrillation at higher temperatures,26 but these effects depend
on NP characteristics, such as surface chemistry, size, and relative
concentration, and the protein itself. As the impact of a particular
combination of factors is challenging to predict, it is vital to develop

methods capable of probing the structural effects of NP–protein
interactions to prevent adverse outcomes of NP exposure.

Of particular concern is the interaction of NPs with amy-
loidogenic proteins associated with Alzheimer’s disease, Parkinson’s
disease, type II diabetes, and other diseases that are characterized
by the misfolding and aggregation of proteins into extended β-
sheet-rich fibrils.28 While studies have demonstrated that amyloid
aggregation can be either accelerated or inhibited by the presence
of NPs, depending on their specific properties and the protein of
interest,29,30 little is known about the mechanism of interaction. One
hypothesis is that NPs provide a seed surface that accelerates the
rate of fibril formation, although factors, such as NP size and cur-
vature, determine that acceleration.31 Yet, adsorption of proteins
onto the NP surface depletes their concentration in solution, which
may inhibit aggregation. It is unknown, however, which species
are trapped on the NP surface. In the case of monomer binding,
the monomer–oligomer equilibrium is disrupted, forcing oligomeric
species in solution to dissociate back into monomers.32 However,
for oligomer binding, the opposite would be true and equilibrium
would favor the formation of more oligomers. Additionally, the
bound oligomers may persist longer than usual due to being trapped
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on the NP surface.32 Critically, soluble prefibrillar oligomers have
been shown to be the most cytotoxic species in these diseases;33–36

thus, NPs that prolong the lifetime of such oligomers could lead to
increased toxicity.

Gold nanoparticles (AuNPs) are commonly studied in
nanomedicine for use in biosensing,37–40 drug delivery,41–44 and
imaging.44–46 Additionally, they serve as a convenient model system
for biophysical studies due to their lack of spectroscopic signa-
tures that may interfere with protein signals. The effects of AuNPs
on amyloid aggregation have been demonstrated47 to vary between
acceleration and inhibition depending on both size and surface
chemistry, as well as between different amyloidogenic proteins. Sev-
eral studies have examined the interactions of AuNPs with human
islet amyloid polypeptide (hIAPP) [Fig. 1(a)], a 37-residue peptide
associated with type II diabetes.31,48–51 Two of these examined the
interactions of 5 or 20 nm citrate-capped AuNPs with a seven-
residue fragment (NNFGAIL) from the “amyloid core” of hIAPP
using Thioflavin T (ThT) fluorescence assays and found that aggre-
gation was accelerated in the presence of AuNPs.31,49 Another
study used circular dichroism spectroscopy to reveal that full-length
hIAPP adopted ordered secondary structures (both α-helices and β-
sheets) more quickly when aggregated in the presence of 5–10 nm
citrate-capped AuNPs.48 While the formation of fibrils was con-
firmed using transmission electron microscopy (TEM), α-helical
configurations appeared to persist when AuNPs were present. Yet
another study observed inhibition of hIAPP aggregation by both
negatively charged, carboxyl-functionalized and positively charged,
amine-functionalized 30 nm AuNPs via ThT assays.50 However,
none of these studies were able to determine the mechanisms by
which AuNPs alter hIAPP aggregation, leaving questions about
whether their interaction may be beneficial or harmful.

Fully understanding how NPs affect amyloid aggregation path-
ways requires experimental techniques capable of simultaneous

structural and temporal resolution sufficient to identify and track
transient oligomer species. ThT assays, commonly used to moni-
tor amyloid kinetics, provide limited structural information beyond
identifying the presence of amyloid β-sheets.32,52 Techniques with
high structural resolution, such as x-ray crystallography,53,54 solid-
state nuclear magnetic resonance (ssNMR) spectroscopy,55,56 and
cryo-electron microscopy,57,58 have limited temporal resolution and
are more readily applied to stable or isolated aggregates. In the case
of NMR, NPs further complicate spectral interpretation due peak
broadening caused by slower tumbling of the NP–protein com-
plexes.59 In contrast, two-dimensional infrared (2D IR) spectroscopy
coupled with site-specific isotope labeling has the requisite struc-
tural and temporal resolution to probe the mechanism of amyloid
aggregation and identify both transient intermediates and structural
polymorphs.60–64 Moreover, 2D IR of NP-bound peptides has been
demonstrated as a means to determine the β-sheet-like structure of
a tripeptide on the surface of silver NPs when compared to the pep-
tide in free solution.65,66 Small amide and carboxyl capping ligands
have also been characterized on the surface of gold NPs using 2D
IR, revealing that the dynamics of capping ligands change at the NP
surface.67 This work further advances the field by demonstrating that
2D IR spectroscopy can be used to continuously monitor the aggre-
gation of a full-length amyloid peptide, hIAPP, in the presence of
AuNPs and determine how the final structures may be altered.

II. METHODS
A full description of methods is given in the supplementary

material. Briefly, hIAPP was synthesized using standard Fmoc solid-
phase peptide synthesis (SPPS) and purified via high performance
liquid chromatography.68 Fmoc-protected 13C18O-labeled valine
was prepared for incorporation via SPPS according to established

FIG. 1. (a) Sequence and structural model of hIAPP fibrils derived from ssNMR,55 with residue V17 highlighted in orange. 2D IR spectra of UL hIAPP without AuNPs after
(b) 10 min and (c) 2 h of aggregation. 2D IR spectra of UL hIAPP with 60 nm AuNPs after (d) 10 min and (e) 6 h of aggregation. (f) Aggregation kinetics of hIAPP fibrils
without (blue) and with (red) AuNPs, monitored at the 1619 cm−1 β-sheet peak and normalized such that the intensity at t0.5 equals 0.5. The average kinetic trace for five
replicates at each condition are plotted in black.
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methods, starting from commercial 13C-valine.69 AuNPs were syn-
thesized in water using a modified version of established literature
methods,70 yielding 60 ± 10 nm AuNPs according to TEM (Figs. S1
and S2) and UV–vis characterization.71

hIAPP samples were dissolved in deuterated hexafluoroiso-
propanol (dHFIP) to fully disaggregate any fibrils. To initiate aggre-
gation, dHFIP was removed by lyophilization and the dry peptide
was reconstituted in 20 mM deuterated Tris buffer (pH ∼7.6) at a
final concentration of 1 mM. For nanoparticle experiments, AuNP
stock solution was washed three times with D2O and resuspended in
20 mM deuterated Tris buffer to obtain a final concentration of 2.08
× 1012 NPs/ml. Lyophilized hIAPP was then dissolved in the AuNP
solution to achieve a final peptide concentration of 1 mM.

The 2D IR system has been described previously, as have
detailed methods for 2D IR data collection and processing.69,72 For
aggregation runs, spectra were continuously collected for ∼2 h with-
out AuNPs or 6–8 h with AuNPs. Detailed methods for calculation
of transition dipole strength (TDS) spectra have previously been
described.73,74

III. RESULTS AND DISCUSSION
We first used 2D IR spectroscopy to monitor the aggregation of

unlabeled (UL) hIAPP without AuNPs. Spectra of the amide I’ mode
of hIAPP are shown in Fig. 1. In infrared spectra, the frequency
of the amide I’ mode, which largely comprises backbone C=O
stretching, depends strongly on the secondary structure: disordered
peptides absorb near 1645–1650 cm−1 while the extended β-sheets
present in amyloid fibrils absorb near 1620–1630 cm−1.60,62,63 After
only 10 min of aggregation [Fig. 1(b)], UL hIAPP exhibits a pair
of broad peaks at 1650 cm−1 that is characteristic of disordered
peptides and a weak peak pair at 1619 cm−1 that indicates initial for-
mation of β-sheet structures. After 2 h of aggregation [Fig. 1(c)], UL
hIAPP displays a strong peak pair at 1619 cm−1, characteristic of
extended β-sheets present in amyloid fibrils, while a weak shoulder
at ∼1650 cm−1 indicates that some disordered structures persist. This
fiber spectrum is consistent with known structural models based
on 2D IR and ssNMR spectra.55,60–63 Within the final fibrils, each
monomer forms two β-sheets spanning residues 8–17 and 25–37
connected by a partially disordered loop structure [Fig. 1(a)].

As an initial test to determine how AuNPs alter hIAPP struc-
ture, UL hIAPP was aggregated in the presence of 60 nm citrate-
capped AuNPs. At the 1 mM peptide concentration used, there was
an excess of hIAPP to AuNPs on the order of 28 000:1, where mono-
layer surface coverage corresponds to ∼900 peptides per AuNP. 2D
IR spectra of the AuNPs confirmed that they do not absorb in the
amide I’ region (Fig. S3) and thus do not interfere with interpretation
of peptide spectral features. After 10 min of aggregation [Fig. 1(d)],
UL hIAPP mixed with AuNPs displays a pair of broad peaks at
1648 cm−1 that correspond to disordered structures. In contrast to
the spectrum of hIAPP without AuNPs [Fig. 1(b)], however, there
are no clear peaks around 1620 cm−1, suggesting that early β-sheet
structures have not yet begun to form. After 2 h of aggregation (Fig.
S4), UL hIAPP with AuNPs remain largely disordered. After 6 h of
aggregation [Fig. 1(e)], UL hIAPP with AuNPs does display a strong
peak pair at 1619 cm−1 characteristic of amyloid fibrils, but the
high-frequency shoulder representing disordered structures remains
more distinct compared to spectra obtained when AuNPs were not

present [Fig. 1(c)]. The formation of amyloid fibrils in the presence
of AuNPs was confirmed via TEM (Fig. S1C). While amyloid fib-
rils formed with and without AuNPs present produced similar 2D
IR spectra, the time scales between the two conditions clearly dif-
fered, requiring continuous collection of 2D IR spectra throughout
the aggregation process to measure aggregation kinetics and thus
better understand how AuNPs impact hIAPP aggregation.

The intensity of the β-sheet peak at 1619 cm−1 can be moni-
tored as a function of time to track amyloid aggregation [Fig. 1(f)],
equivalent to traditional ThT fluorescence measurements.60,62,63 The
data were fit to a sigmoidal function [Eq. (1)] where y0 is initial base-
line intensity, A is the amplitude of the increase, k is the apparent
growth rate, and t0.5 is the midpoint of the growth curve,75–77

y = y0 +
A

1 + e−k(t−t0.5) . (1)

Each run was terminated when the intensity of the β-sheet peak
plateaued, suggesting that the solution had achieved equilibrium.
With AuNPs present, however, the solution never appeared to reach
a stable equilibrium after the growth phase, as indicated by a con-
tinued gradual increase in the intensity of the β-sheet peak for up to
8 h [Fig. 1(f), red]. To ensure consistency in fitting between repli-
cates, all AuNP kinetic traces were truncated after 350 min to match
the shortest aggregation run. Without AuNPs present, the average
t0.5 over 5 replicates was 63 ± 5 min [Fig. 1(f), blue]. In the pres-
ence of 60 nm AuNPs, the average t0.5 increased to 203 ± 10 min
[Fig. 1(f), red]. Therefore, the presence of the 60 nm AuNPs, even
with a 28 000:1 excess of peptide:NP slowed hIAPP aggregation by
nearly a factor of three. When AuNPs were present, the intensity
of the β-sheet peak continued to steadily increase after the rapid
growth phase was complete and did not reach a true equilibrium
even after 8 h. This deviation from standard sigmoidal growth could
indicate that fibrils simply elongate more slowly following the initial
growth phase or that the mechanism of aggregation may be more
dramatically altered, in that the incorporation of some residues into
the fibrillar β-sheets could be delayed. TEM images of the AuNPs
showed that the protein capping layer consistently remained around
7 nm over the course of 24 h (Fig. S2), indicating that the con-
tinued slow increase in β-sheet intensity does not arise from the
gradual desorption of proteins from the surface and their subsequent
incorporation into the fibrils. However, these hypothetical mech-
anisms cannot be differentiated using UL hIAPP as the amide I’
modes of each residue are identical and no single residue can be
distinguished from the rest of the peptide. To achieve residue-level
structural resolution, we can incorporate site-specific isotope labels.

When individual residues are labeled with 13C18O at the back-
bone carbonyl, the increased mass leads to a ∼60 cm−1 shift in amide
I’ frequency, spectrally isolating the labeled residue from the rest of
the peptide.69,78–80 This approach has been demonstrated to increase
the structural resolution of 2D IR to the level of single residues
in mechanistic studies of amyloid aggregation,60,62,63 investigations
into membrane proteins81,82 and α-helices,83,84 and the identifica-
tion of structural differences in polymorphic peptide aggregates.61,72

Additionally, isotope-labeling has been used to determine the static
structure of a self-assembled tripeptide monolayer on the surface of
silver NPs.66 This work demonstrates that 13C18O isotope-labeling
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with 2D IR spectroscopy is capable of tracking residue-level struc-
tural changes during protein aggregation in the presence of NPs. A
13C18O isotope label was inserted in hIAPP at valine-17 (V17). Based
on existing structural models,55,60–63 V17 falls within the N-terminal
β-sheet of hIAPP fibrils [Fig. 1(a)]. Thus, as hIAPP aggregates, the
V17 residue shifts from a disordered structure to β-sheet structure
and the labeled amide I’ mode redshifts correspondingly in 2D IR
spectra.60–62 After 10 min of aggregation without AuNPs [Fig. 2(a)],
the 13C18O label appears as a weak peak pair at 1582 cm−1, which,
along with the presence of weak β-sheet peaks at 1619 cm−1 for the
UL amide I’ mode, indicates initial formation of β-sheet structures
at V17. The 13C18O mode corresponding to V17 in a disordered
structure appears as a broad peak pair around 1595 cm−1 but is
significantly weaker than the other spectral features and not well-
resolved. After 2 h of aggregation [Fig. 2(b)], the labeled amide I’
mode at 1582 cm−1 is stronger and well-defined corresponding to
full incorporation of V17 into the fibril β-sheets. The UL amide I’
mode appears as a strong peak pair at 1619 cm−1, as expected from
spectra of UL hIAPP [Fig. 1(c)]. Similar behavior is observed in
the presence of AuNPs [Figs. 2(c) and 2(d)]. Critically, the isotope-
labeled mode appears at the same frequency within the final fibers
both with and without AuNPs, indicating that V17 adopts a sim-
ilar structure within the fibril β-sheets even when aggregation is
inhibited.

The rate of V17 incorporation into the fibril β-sheets can be
tracked using the intensity of the 13C18O mode at 1582 cm−1. Kinetic
traces of the V17 label were found to follow the same general trends
displayed by the unlabeled amide I’ β-sheet peak at 1619 cm−1

[Fig. 2(e)], with AuNPs slowing the rate that V17 is incorporated
into the fibril β-sheets by a factor of three. Furthermore, in the pres-
ence of AuNPs, the intensity of the V17 peak continues to slowly
increase after the rapid growth phase, matching with the trend
observed for overall fibril formation. Previous mechanistic studies of
hIAPP aggregation found that the V17 residue was among the first
residues to be incorporated into the β-sheet when compared to other
labeled residues.62 The V17 continues to track with overall fibril for-
mation, suggesting that AuNPs do not significantly alter early stages
of aggregation. The continued increase in intensity is due either to
a more gradual elongation of the fibrils once the core structure has
been formed or residues closer to the termini, known to adopt β-
sheet structures slower than the central residues, may be delayed in
adopting their final structures.

The similarities between the 2D IR spectra in Figs. 1 and 2 indi-
cate that, regardless of whether aggregation is inhibited by AuNPs or
not, hIAPP forms fibrils with similar overall β-sheet structures and
similar structures at the V17 residue, specifically. However, several
studies have shown that TDS are more sensitive than vibrational fre-
quencies to differences in protein secondary structure.73,74,85,86 Both
frequency shifts and changes in TDS arise from differences in vibra-
tional couplings between the amide I’ modes within ordered protein
structures.73 These couplings strongly depend on the residue dihe-
dral angles and the relative distance and orientations of the amide I’
groups. In extended structures, such as amyloid fibrils, however, fre-
quency shifts reach an asymptotic limit and the observed frequency
is primarily determined by the average magnitude of the vibrational
couplings, i.e., the average structure. In contrast, TDS is sensitive
to small variations in coupling around these average values;85 larger
variations lead to decreased delocalization of the vibrational modes

FIG. 2. 2D IR spectra of V17 hIAPP without AuNPs after (a) 10 min and (b) 2 h of
aggregation. 2D IR spectra of V17 hIAPP with 60 nm AuNPs after (c) 10 min and
(d) 6 h of aggregation. (e) Aggregation kinetics of V17 incorporation into fibril
β-sheets without (blue) and with (red) AuNPs, monitored at 1582 cm−1 and nor-
malized such that the intensity at t0.5 equals 0.5. The average kinetic trace of the
UL β-sheet peak at 1620 cm−1 is plotted in black for comparison at each condition.

and thus weaker TDS. Therefore, increased ordering of an amyloid
β-sheet can lead to higher TDS values, even when overall structure,
and thus the vibrational frequency, remains unchanged. Previously,
TDS calculations have been used to differentiate between disor-
dered and α-helical structures, despite their overlap in vibrational
frequency, and reveal the presence of structural polymorphs within
β-sheet aggregates that were invisible to other techniques.74

First, to determine if AuNPs enhance amide I’ signal, and thus
the calculated TDS, the TDS of N-methylacetamide (NMA), a well-
established model of uncoupled amide bonds with a documented
TDS of 0.12 D2,73,86 was calculated with and without AuNPs. Across
three replicates, the average TDS was found to be 0.12 D2 regardless
of whether AuNPs were present (Fig. S5), suggesting that AuNPs do
not affect TDS values. The lack of enhancement is further supported
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FIG. 3. Comparison of amide I’ TDS values for hIAPP without (blue) and with
(red) AuNPs present. TDS of lag-phase hIAPP (empty circles) was calculated at
1648 cm−1 after 10 min of aggregation, while TDS of aggregated hIAPP fibrils
(filled circles) was calculated at 195 min without AuNPs and 455 min with AuNPs.

by comparing TDS values for hIAPP with and without AuNPs dur-
ing the lag phase, during which time the peptide is primarily found
in a disordered, monomeric state [Figs. 1(b) and 1(d)]. For both con-
ditions, the TDS was found to be ∼0.11 D2 (Fig. 3, empty circles),
which is comparable to the fully uncoupled value observed for NMA.
While the disordered protein may not absorb onto the AuNP surface
in exactly the same manner as at later times when fibrils are present,
these results again indicate that AuNPs do not significantly enhance
2D IR signals or change the calculated TDS values.

Having confirmed that TDS is not affected by the presence of
AuNPs, TDS spectra of the final hIAPP aggregates formed with and
without AuNPs were calculated. As all TDS spectra of aggregated
hIAPP exhibit a single maximum within the β-sheet spectral region
(Fig. S6), we can simply compare the maximum TDS values (Fig. 3,
filled circles). Over three replicates, hIAPP fibrils formed without
AuNPs exhibited an average TDS of 0.30 ± 0.04 D2 when measured
after 195 min of aggregation. In comparison, fibrils formed with
AuNPs present displayed an average TDS of 0.45 ± 0.05 D2 when
measured after 455 min of aggregation. The variation in TDS val-
ues observed for each condition is comparable to or smaller than
variations reported for other amyloid proteins.73,85 A higher TDS
value indicates greater delocalization of the amide I’ mode and, when
considered in combination with the identical vibrational frequencies
between fibrils formed with and without AuNPs, suggest that the β-
sheets within hIAPP fibrils are similarly structured, but more highly
ordered, when formed in the presence of AuNPs. Slower aggrega-
tion in the presence of AuNPs may allow the individual peptide
monomers more time to adopt an optimal configuration as they
come into alignment within the fibril β-sheets, resulting in a more
uniform overall structure. Furthermore, when AuNPs were present,
the fibril TDS continued to increase after the sigmoidal growth phase
(Fig. S7), from 0.34 D2 to 0.45 D2 over the course of 100 min. In

contrast, TDS of fibrils grown without AuNPs remained constant
after the growth phase (Fig. S8). Given that the length of the fibrils
is already far longer than the delocalization length of 3–4 residues,
this increase does not indicate that the fibril is lengthening but rather
that the structure is continuing to become more rigid.

IV. CONCLUSIONS
As nanomaterials become increasingly ubiquitous in commer-

cial, industrial, and medical applications, it is vital to understand
how they interact with and affect the molecules that underlie all
biological functions. In particular, proteins are known undergo
structural changes when adsorbed onto NP surfaces,22–27 which may
affect their native function or create new toxic effects. Here, we
demonstrate that 2D IR spectroscopy can be used to continuously
monitor residue-level structural changes during the aggregation of
a full-length amyloid peptide, hIAPP, in the presence of AuNPs.
Using TDS calculations and isotope-labeling, we found that 60 nm
AuNPs do not significantly alter the structure of hIAPP fibrils, but
that the final fibrils do appear to be more ordered. This may arise
simply from the slower aggregation process allowing more time
for individual peptides to adopt an optimal configuration or may
indicate that AuNPs subtly alter the aggregation pathway. Previous
research has identified at least two structural polymorphs of hIAPP
that result from diverging aggregation pathways; in that study, the
amide I’ mode of V17 was insensitive to the different fibril struc-
tures, but those of alanine-25 were highly dependent on changes
in aggregation conditions.61 As both the structure and kinetics of
V17 incorporation into the fibril β-sheets appears unchanged in
the presence of AuNPs, differentiating between the possible mech-
anisms of inhibition remains the subject of ongoing investigations
with a wider range of isotope-labeled residues, including alanine-25.
Understanding changes to amyloid aggregation pathways, including
the structures of species that are kinetically trapped by binding to
the NP surface and different polymorphs that may arise, is critical to
understanding NP toxicity and the development of therapeutics.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed materials and
methods, TEM spectra of AuNPs and hIAPP fibrils, additional 2D
IR spectra, and sample TDS spectra.
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