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ABSTRACT: The use of nanomaterials has recently become
an emerging strategy against protein amyloidosis associated
with a range of metabolic and brain diseases. To facilitate
research in this area, here we first demonstrated the use of
hyperspectral imaging (HSI) and COMSOL simulations for
reporting the aggregation of human islet amyloid polypeptides
(IAPPs), a hallmark of type 2 diabetes, as well as the physical
interactions between the peptide and gold nanoparticles
(AuNPs) grafted with citrate and poly(ethylene glycol)
(PEG,q and PEGsy,). We found a distinct anticorrelation
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between increased IAPP aggregation and decreased spectral red shifts incurred in the AuNP plasmonic resonance. Moreover,
Jurkat cells exposed to IAPP and AuNPs were characterized by quantifying their cytokine secretions with a localized surface
plasmon resonance (LSPR) immunoassay, where a peak response was registered for the most toxic IAPP oligomers and most
suppressed by citrate-coated AuNPs. This study demonstrated the potential of using HSI and LSPR as two new platforms for
the facile examination of protein aggregation and their induced immune response associated with amyloid diseases.
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B INTRODUCTION

The human islet amyloid polypeptide (IAPP) is a 37-residue
peptide co-synthesized and co-secreted with insulin by
pancreatic f-cell islets."” In addition to its functional role in
glycemic control, IAPP is closely associated with p-cell
degeneration in type 2 diabetes (T2D), a metabolic disease
and a global epidemic.’ The aggregation of IAPP involves the
transformation of functional IAPP monomers to oligomers,
protofibrils, and amyloid fibrils. Although IAPP monomers are
disordered in nature, IAPP oligomers, protofibrils, and fibrils
are increasingly hydrophobic and rich in 3 sheets.’ Biologically,
IAPP in the oligomeric form is believed to be the most toxic,
whereas IAPP amyloids and plaques have been found in the
islets of 90% T2D patients suggesting a causative process.6
Overall, understanding the aggregation of IAPP, in a test tube
or in the physiological environment, is of crucial importance
for basic research on protein misfolding and for delineating the
pathogenesis of T2D.

The kinetics of protein aggregation is often inferred from a
thioflavin T (ThT) or a Congo red fluorescence assay, to
report on the three stages of protein nucleation, elongation,
and saturation on the pathway to the amyloid state. Direct
observation of the aggregation states of amyloid proteins, in
contrast, can be performed ex situ using atomic force
microscopy, electron microscopy, and nuclear magnetic
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resonance or X-ray spectroscopies.” ~ In addition, monoclonal
antibodies, such as solanezumab, have been utilized for
immunochemical detection of amyloid aggregation,'® as in
the Eli Lilly phase-3 clinical trial against Alzheimer’s.'""”
Antibodies such as aducanumab can bind to and clear amyloid
plaques'® but are selective against the conformation epitopes
rather than the sequences of fibrils.'"*™'® Overall, these
methods, with the exception of the kinetic assays, require
labor- and cost-intensive experimentation and data collection.

Recently, we have developed a biomimetic system of coating
gold nanoparticles (AuNPs) with the amyloid fragments of
whey protein /3 lactoglobulin (bLg).'” The resulting functional
bLg-AuNPs intercalated with IAPP through f-sheet stacking.
This scheme, though effective in mitigating IAPP toxicity,18
did not have the capacity of discerning the three major
aggregation states, i.e., monomeric, oligomeric/protofibrillar,
and fibrillar forms of amyloid proteins (Figure 1). Hyper-
spectral imaging (HSI) integrates high signal-to-noise dark-
field microscopy with high-resolution scattering spectra for
each pixel'” and has been employed for food quality control
and detection of the aggregation, cellular uptake, and
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Figure 1. Design of the study, where monomeric, oligomeric/
protofibrillar, and fibrillar IAPPs were brought into contact with
AuNPs coated with citrate, PEG,q0, and PEGjq0-

interaction of nanoparticles with proteins.'”™>* In this study,
we first employed HSI to probe the three major aggregation
states of IAPP via their interactions with ligand-stabilized gold
nanoparticles (AuNPs) (Figure 1) and subsequently induced
spectral shifts. Then, the responses of Jurkat human T cells to
the three IAPP aggregation states as well as their associations
with the AuNPs were examined, taking advantage of the high
sensitivity of a localized surface plasmon resonance (LSPR)
immunoassay for real-time, multiplex cytokine detection.
These physical and biological characterizations facilitate the
study of protein aggregation and therapeutic applications of
nanomaterials against the toxicity of amyloid proteins.

B RESULTS AND DISCUSSION

Syntheses of Ligand-Stabilized AuNPs. The AuNPs
used in this study were stabilized by three types of hydrophilic
ligands: citrate (Cit-, M.W. 189) and linear poly(ethylene
glycol) (PEG) of 400 Da (PEG,,) and 3000 Da (PEG;qq) in
molecular weight. The Cit, PEG,, and PEG;yy, AuNPs were
measured by transmission electron microscopy (TEM) to be
approximately 18—22 nm in size (Figures 2A and 3A). Citrate
can stochastically adsorb and desorb from nanoparticles in
suspension,” providing hydration to the AuNPs as well as
competitive binding between the ligand and IAPP. PEG is a
stealth polymer offering a steric separation of nanoparticles in
aqueous solutions and preventing their recognition by
opsonins of the immune system for prolonged blood
circulation.”®™>* Here, PEG,q, and PEG g, rendered flexibility
in modulating the aggregation of AuNPs as well as their
interactions with IAPP. AuNPs, meanwhile, induced surface
plasmon resonance (SPR) upon light excitation, which served
as reporters of their immediate nanoenvironments, including
that of adsorbed IAPP species.

Probing IAPP Aggregation States and Their Physical
Interactions with AuNPs. The interactions of AuNPs with
monomeric (abbreviated as IAPPm hereafter), oligomeric/
protofibrillar (IAPPo), and fibrillar IAPP (IAPPa) imparted
changes to the dielectric environment of the AuNPs and
consequently induced SPR spectral shifts. The Cit, PEG,q,,
and PEG;49, AuNPs possessed increasing hydrodynamic sizes
of 24.2—35.1 nm and ({-potentials of —24.4 to —18.1 mV,
indicating good suspensibility of all three types of nanoparticles
(Table 1).
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Figure 2. Interactions of Cit AuNPs with IAPP monomers (IAPPm), oligomers/protofibrils (IAPPo), and amyloid fibrils (IAPPa), observed with
(A) TEM and (B, C) HSI HSI analyses of pixels corresponding to single (up) and aggregated (down) Cit AuNPs are exemplified in the far-left
panels of (C). (D) TEM of the three types of IAPP control species. Incubation of Cit AuNPs with IAPPm (middle) and IAPPo (right) induced
color changes of the Cit AuNP suspension from wine red (left) to purple (middle) and light-purple (right) (E). Incubation: 5 min. Scale bars in
(A) and (D): 50 nm. Scale bars in (C): 2 ym.
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Figure 3. (A) Interaction of PEG,q, and PEG;pp) AuNPs with IAPP, observed with TEM. (B) Corresponding hyperspectral SPR shifts for PEG,,

and PEGj;gg9 AuNPs. IAPP: 25 yM. Incubation: 5 min.

Table 1. Hydrodynamic Sizes, Polydispersity Indexes (PDI),
and ¢{-Potentials of the Three Types of AuNPs”

parameters Cit AuNPs PEG,5) AuNPs  PEGj;) AuNPs
size (nm) 242 + 3.6 284 + 19 351 +22
PDI 0.179 0.128 0.231
{-potential (mV) —244 + 34 —21.1 + 3.8 —18.1 + 4.6
AZ,, (nm) 122 + 6 92 £7 76 £ 5
Al, (nm) 81+5S S3+6 35+ 4
A, (nm) 22+3 14 + 4 9+4

“The SPR spectral shifts of the AuNPs when incubated with IAPP
monomers (A4,), oligomers/protofibrils (A4,), and amyloid fibrils
(A2,) are also tabulated.

The Cit, PEG,, and PEG;yy, AuNPs were monodispersed
before interacting with IAPP, and immediately aggregated into
small clusters upon S min of incubation with cationic IAPP
monomers, driven by electrostatic and hydrophobic inter-
actions (for Cit) as well as hydrogen bonding (for Cit, PEG,q,
and PEGg;yg) (Table S1). Clustering of the AuNPs by IAPP
monomers into chainlike structures was revealed by TEM
(Figures 2A and 3A), which was accompanied by concomitant
color changes in the AuNP suspensions from wine red to

purple/light-purple (Figure 2E).

IAPP oligomers/protofibrils and fibrils were prepared by
incubating JAPP monomers at 4 °C for S h and at room
temperature for 24 h, respectively. Incubating AuNPs with
IAPP oligomers/thin protofibrils resulted in their association
(Table S1; Figures 2A and 3A), although the AuNPs were less
tightly packed than with IAPP monomers. No intercalation but
surface adsorption was observed when incubating AuNPs with
IAPP fibrils (Figure 2A). In addition, the toxicities of IAPPm
and IAPPo in the presence and absence of the three types of
AuNPs were examined and summarized in Figure S1, with a 14
h treatment of pancreatic fTC6 cells. As expected, IAPPm and
IAPPo elicited significant toxicities to the cells, whereas their
toxicities were alleviated by Cit, PEG,, and PEG;y,, AuNPs
by ~50—60% for the monomers and 40—50% for the
oligomers, respectively. No significant toxicity was observed
with IAPPa, whereas the presence of the AuNPs showed no
effects on the toxicity of the fibrils (data not shown).

Accordingly, HSI revealed the SPR spectral shifts of the
AuNPs, following the order of A, > A, > A4, for the
nanoparticles incubated with IAPP monomers, oligomers/
protofibrils, and fibrils, respectively (Figures 2B and 3B; Table
1). Furthermore, the most prominent SPR red shift upon
binding with IAPP monomers was observed for Cit AuNPs,
followed by that for PEG,y, and PEG;y5, AuNPs. The extents
of the red shifts can be partially attributed to the different
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Figure 4. (A) Measured UV—vis absorbance of Cit, PEG,q, and PEG;yy, AuNPs. (B) Simulated scattering spectra (normalized) and near-field
scattering intensity distributions (insets) of Cit AuNPs, IAPPm—Cit AuNPs, IAPPo—Cit AuNPs, and IAPPa—Cit AuNPs. (C) Schematics of the
spatial separations of AuNPs and their induced packing by the three types of IAPP species.

chain lengths/radii of gyration of the surface ligands, with Cit
being the shortest and PEGj;yy, the longest. The stronger
antifouling capacity of PEGjq than PEGyy, further dis-
couraged tight packing of the AuNPs on the IAPP species. On
the other hand, IAPP monomers were the most effective for
promoting close packing of AuNPs. Consequently, steric
separations among the AuNPs and their associations with the
IAPP species translated to different efficiencies of plasmonic
coupling upon light excitation.”” ™" On the basis of the above
observations, an additional measurement was performed to
determine the dependence of SPR spectral shifts on IAPP
concentration using Cit AuNPs and IAPPm (0.01-25 uM).
Specifically, IAPPm of 0.01 M induced no spectral shift from
the control of Cit AuNPs, and IAPPm of 0.1 yM caused a red
shift of 50 nm, whereas IAPPm of 1-25 uM yielded
comparable red shifts of ~110 nm, likely due to the
increasingly saturated surface coating of Cit AuNPs by
IAPPm at 1 uM and above (Figure S2).

The UV—vis absorbance characteristics of Cit AuNPs,
PEG,y AuNPs, and PEG,y, AuNPs are summarized and
compared in Figure 4A. All three samples exhibited an
identical extinction peak at ca. 520 nm, suggesting that the
AuNPs were well dispersed in the suspensions. No spectral
shifts were observed for the UV—vis absorbance of Cit AuNPs
incubated with IAPPm of 0.01—1 M, whereas red shifts of 5
and 40 nm were generated with IAPPm of 10 and 25 uM,
respectively (Figure S3), significantly less sensitive than the
single-particle-based HSI detection (Figure S2). Since HSI
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collects scattered light from samples, the scattering spectra of
four models, i.e., a single AuNP, IAPPm—Cit AuNPs, [APPo—
Cit AuNPs, and IAPPa—Cit AuNPs, were simulated with
COMSOL. A 20 nm red shift of the scattering spectrum was
observed for IAPPa—Cit AuNP interaction (Figure 4B). This
red shift could be induced by the attraction between the
oppositely charged Cit AuNPs and IAPP fibrils, which reduced
the interparticle distance compared with the nanoparticle
control (blue trace), but was still sterically restricted by the
large width of IAPPa (ca. 7—12 nm).” A larger red shift of 77
nm was obtained for IAPPo—Cit AuNP complexes, due to the
further reduced AuNP separations resulting from the smaller
dimensions of IAPPo than IAPPa. The strongest plasmonic
coupling and largest red shift (119 nm) occurred for IAPPm—
Cit AuNPs complexes, a logical outcome given the smallest
separations between the Cit AuNPs associated with JAPPm.
These results corroborated the experimental observations
(Figures 2 and 3; Table 1) that IAPP species at different
aggregation stages can significantly impact the plasmonic
coupling between IAPP-associated AuNPs (Figure 4C). In
light of the significant and unidirectional SPR spectral shifts
induced by IAPP in aggregation, especially for Cit AuNPs, HSI
may serve as a facile alternative to conventional kinetics assays
and electron microscopy for reporting the aggregation states of
a range of amyloid proteins.

Circular dichroism (CD) spectroscopy was performed to
further probe the secondary structures of the monomeric,
oligomeric, and fibrillar IAPP species. IAPPm possessed ~18%
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Figure S. (A, C, E) CD spectra and (B, D, F) percentage secondary structures of IAPPm, IAPPo, and IAPPa in the presence and absence of Cit
AuNPs, PEG,gy AuNPs, and PEGjg4 AuNPs. IAPP (100 yM) was incubated with SO #M of AuNPs for 10 min before reading

of both @ helices and f sheets (Figure SA,B). After binding
with Cit AuNPs and PEG,, AuNPs, the a-helix content
increased to 29 and 27%, whereas the f-sheet content reduced
to 14 and 12%, respectively (Figure SA,B), which is
comparable to the structural composition of IAPPo. IAPPo,
upon binding with Cit AuNPs and PEG,, AuNPs, assumed 25
and 27% of f§ sheets, respectively (Figure SC,D). In contrast,
PEG;y90 AuNPs did not induce any conformational changes in
IAPP after binding with IAPPm, IAPPo, and IAPPa. In the case
of IAPPa, none of the three types of AuNPs were able to
trigger any conformational change in tightly packed S-sheets of
IAPPa (Figure SE,F). A ThT kinetic assay further showed that
Cit AuNPs and PEG,o, AuNPs induced early oligomerization
of IAPP monomers and faster fibrillation of IAPP oligomers
into f-sheet-rich fibrils (Figure S4). In addition, the faster
fibrillization effect was found to be dependent upon the
concentration (10—1.25 uM) of all three types of AuNPs
(Figure SS). Apart from the concentration, the size of
nanoparticles has also been found to influence the aggregation
kinetics of proteins in the literature.”>”’ It should be noted
that although ThT measured the ensemble average of IAPP
aggregation kinetics in the presence of AuNPs, HSI allowed for
AuNP—protein interaction and AuNP corona formation to be
obtained on the single-particle level and with significant
statistics. Therefore, these two techniques are complementary
in describing the effects of (metal) nanoparticles on protein
aggregation and inhibition.

Immune Responses of T Cells to Three IAPP
Aggregation States without AuNPs. Current in vitro
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studies of IAPP toxicity typically focus on cell viability, whereas
the immune responses to amyloid proteins in various
aggregation states, especially in the presence of nanoparticle
inhibitors, have rarely been examined. Recent evidence
suggests that IAPP aggregates can trigger the upregulation of
proinflammatory cytokines to impair f-cell insulin secre-
tion.”*>> Unveiling the pathological mechanisms of IAPP-
induced immune responses can thus provide an alternative
strategy based on anti-inflammatory therapies for protecting
IAPP-induced f-cell dysfunction.’® Previous works investigat-
ing IAPP-associated immune responses mainly relied on the
“gold standard” enzyme-linked immunosorbent assay (ELISA),
which requires a typical assay time of 4—8 h. The complicated
sample preparation and long assay time of ELISA pose
significant challenges for monitoring the dynamic secretion of
immune cells upon IAPP exposure, especially considering the
rapid monomer to fibril transformation of the peptide.
Recently, we reported a microfluidic-based LSPR platform,
which allowed rapid and sensitive detection of multiple
cytokines in biological samples simultaneously.”” In this
study, the label-free and ease of integration characteristics of
the LSPR platform provided a near-real-time detection scheme
for on-chip determination of cellular immune responses to the
three IAPP forms as well as their associated AuNP complexes.

Jurkat human T cells were selected as a model system to
investigate the IAPP and AuNP—IAPP “corona” induced
immune responses.”” The immune cell secretion after
stimulation was assessed by quantifying two critical proin-
flammatory cytokines: tumor necrosis factor-a (TNF-a) and
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Figure 6. (A) LSPR immunoassay for IAPP- and AuNP—IAPP-induced T-cell immune response detection. Jurkat T cells were stimulated by as-
prepared pure JAPP or AuNP—IAPP coronas, and the cellular immune response was determined by simultaneously measuring the TNF-a and IL-6
concentrations in the collected cell culture medium using the LSPR microfluidic chip. (B) Specific binding events occurring on the AuNBP surface
yielded a localized refractive index change and a larger scattering cross section, resulting in a red-shifted peak and an increased scattering intensity.
By employing a band-pass filter (645—69S nm) and an EMCCD, the secretory cytokine levels were quantified by measuring the scattering light
intensity changes at the designed resonance wavelengths. (C) Representative real-time detection curves of cytokine concentrations for T cells
stimulated with IAPPo. (D) Cytokine secretion profiles of T cells for the control, PMA + ionomycine (positive control), IAPPm, IAPPo, and
IAPPa stimulation. Cytokine secretion profiles for T cells activated by (E) IAPPm, (F) IAPPo, and (G) IAPPa in the presence of the three types of
AuNPs. Data represent the mean =+ standard error of the mean with n > 3. P values were calculated using Student’s t-test. *P < 0.05; **P < 0.01.

interleukin 6 (IL-6). The three states of IAPP and the AuNP—
IAPP complexes were prepared as illustrated in Figure 6A.
After incubation with the T cells, the cell culture medium was
collected and loaded into the prepared LSPR chip (Figure S6).
The binding of secretory cytokines on antibody-functionalized
gold nanobipyramids (AuNBPs) led to plasmon resonance
spectrum red shifts and increased scattering intensities (Figure
6B). The optical signals were collected by an electron-
multiplying charge-coupled device (EMCCD) in real-time and
were converted into cytokine concentrations according to the
established standard curves (Figures 6C and S7). To validate
the LSPR immunoassay, phorbol 12-myristate 13-acetate
(PMA)/ionomycin-stimulated T cells were used as positive
controls, showing significantly higher cytokine secretion levels
than nonactivated T cells (control) (Figure 6D).” Among the
three IAPP species, IAPPo induced pronounced inflammatory
responses from T cells, as indicated by the high level of TNF-a
secretion (~2000 pg/mL), whereas IAPPm and IAPPa elicited
no significant cytokine secretions. This is consistent with the
finding that IAPP in the low order of oligomerization form can
provide a Toll-like receptor 2-dependent stimulus for NF-xB
activation,*® a known pathway for the expression of TNF-a.*’
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Interestingly, the T cells displayed a completely different
cytokine release after incubating with the three types of
AuNP—IAPP protein coronas. As indicated in Figure G6E,
AuNP—IAPPm coronas induced a relatively higher amount of
inflammatory cytokine secretions from T cells than the control
IAPPm. This could be attributed to the promoted close
packing of IAPPm on the AuNPs and thus accelerated
oligomerization from IAPPm to IAPPo, as evidenced by our
CD and ThT assays where similar structural compositions of o
helices and f sheets were observed for AuNP—IAPPm corona
and pure IAPPo. In contrast, a noticeable reduction of
secretory cytokines was observed from T cells treated with
AuNP—-IAPPo (Figure 6F). Such inhibited immune responses
may be consequential to the increased peptide dimensions and
altered secondary structure of the peptide after AuNP
adsorption, thereby prohibiting the interaction between
IAPPo and the T-cell surface receptor.’ The T cells showed
minimal immune responses to IAPPa and AuNP—IAPPa
coronas, which strongly agrees with our observations that
IAPPa was less toxic than oligomers and remained structurally
stable after incubating with AuNPs (Figure 6G).
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It is known that the surface morphology and chemistry of
AuNPs can elicit physicochemical and pathological changes in
protein conformation upon nanoparticle—protein interac-
tions.*”*’ Our results suggest that the smaller sized Cit
AuNPs facilitated their interactions with IAPPm and IAPPo
with considerable secondary structure changes induced
resulting from their larger surface curvatures and higher
surface energies as compared to the PEGylated AuNPs. This
could lead to the unfolding of IAPP and alter the subsequent
T-cell immune responses. The attachment of long PEG chains
on the AuNPs imposed a steric hindrance and entailed strong
antipeptide fouling and less protein misfolding. As such, the
differential immune responses from T cells triggered by IAPP
and AuNP—IAPP species may be understood as consequential
to the structural and toxicity profiles of the three states of IAPP
as well as the differential physicochemical properties of the
AuNPs derived from their surface ligands.

B CONCLUSIONS

In summary, we have demonstrated HSI and LSPR platforms
as two new strategies for differentiating the aggregation states
of human IAPPs and their elicited immune responses in T
cells. In the HSI scheme, the monomeric, oligomeric/
protofibrillar, and fibrillar IAPP states spatially separated
ligand-coated AuNPs, which translated to easily discernable,
unidirectional SPR spectral shifts upon light excitation. In the
LSPR scheme, the SPR shifts of gold nanobipyramids served as
reporters of cytokine secretion by immune cells exposed to
IAPP aggregates. IAPPo, being the most toxic form of the three
aggregation states, elicited the highest level of TNF-a cytokine
secretion, whereas Cit AuNPs were the most effective in
suppressing immune responses to IAPPo than PEGy,, or
PEG;p0 AuNPs. This finding suggests that nanoparticles
stabilized with ligands of shorter chain lengths and moderate
antifouling capacities (e.g, Cit over PEG,y, and PEGjqq) are
more effective reporters of protein aggregation and inhibitors
against amyloid protein toxicity. These findings have
implications for both fundamental research on protein
misfolding and therapeutic development against amyloid
diseases with nanotechnologies.

B MATERIALS AND METHODS

Syntheses of Ligand-Stabilized AuNPs. Citrate AuNPs (Cit
AuNPs) were synthesized by the direct reduction method.** Briefly,
10 mL of 1 mM aqueous solution of HAuCl, was refluxed at 120 °C
and 1 mL of 40 mM trisodium citrate was added into the Au solution.
The color of the suspension changed to wine red, indicating the
formation of 15—20 nm AuNPs. The PEG-stabilized AuNPs were
synthesized by ligand replacement.” Specifically, 1 mL of Cit AuNPs
was mixed with 10 4L of 10% PEG solution of molecular weight 400
or 3000 Da. The suspension was stirred overnight. All AuNPs were
purified via centrifugal filtration of 100 kDa MWCO. The
concentration of AuNPs was calculated by a reported method.***
The absorbance of the AuNP suspensions was measured with a UV—
vis spectrophotometer (PerkinElmer, Enspire).

Preparations of Three IAPP Aggregation States. Human islet
amyloid polypeptide, IAPP (KCNTATCATQRLANFLVHSSNNE-
GAILSSTNVGSNTY; disulfide bridge: 2—7; AnaSpec, Inc.) was
treated with hexafluoro-2-propanol (HFIP) before use. The HFIP-
treated IAPP assumed the monomeric form. Oligomeric IAPP was
prepared by incubating the HFIP-treated IAPP at 4 °C for S h,
whereas full-length mature fibrils of IAPP were prepared by
incubating the peptide for more than 24 h at room temperature. All
three fibrillation states were confirmed by transmission electron
microscopy (TEM).

Transmission Electron Microscopy. TEM images were
recorded on a Tecnai F20 transmission electron microscope (FEI)
at 200 kV with an UltraScan 1000 (2k X 2k) CCD camera (Gatan). A
formvar-coated copper mesh grid was glow-discharged, and a drop of
sample was blotted on the grid for 60 s. Negative staining with 1%
uranyl acetate was applied to improve image contrast.

Toxicities of Ligand-Stabilized AuNPs and IAPP Aggre-
gates. Pancreatic fTC6 (ATCC) f cells were grown in complete
Dulbecco’s modified Eagle’s medium (DMEM) with 15% fetal bovine
serum (FBS). To perform the viability experiment, a 96-well plate
(Costar black/clear bottom) was coated with 70 uL poly-L-lysine
(Sigma, 0.01%) for 30 min at 37 °C. The wells were washed three
times with phosphate buffered saline, and ~60 000 cells in 200 uL
DMEM with 15% FBS were added to each well. The cells were
incubated for 2 days at 37 °C and 5% CO, to reach ~80% confluency.
The cell culture medium was then refreshed, and 1 uM propidium
iodide (PI) dye in complete DMEM was added to the wells and
incubated for 30 min. For the treatment, 20 uM IAPP (0 h as
monomers and 1 h aged as oligomers), 20 uM of Cit AuNPs, PEG,,
AuNPs, and PEGj;;o9 AuNPs, and IAPP preincubated with the AuNPs
were added into the wells. After 14 h of treatment, samples were
measured by Operetta (PerkinElmer, 20X PlanApo microscope
objective, numerical aperture NA = 0.7) in a live cell chamber (37
°C, 5% CO,). The percentage of dead cells (PI-positive) relative to
total cell count was determined by a built-in bright-field mapping
function of Harmony High-Content Imaging and Analysis software
(PerkinElmer). The measurement was conducted at five reads per
well, and all were performed in triplicate. Untreated cells were
recorded as controls.

Hyperspectral Imaging (HSI). HSI imaging was performed on a
dark-field hyperspectral microscope (CytoViva) fixed with a PixelFly
CCD camera (Cooke/PCO, USA/Germany). Images were recorded
with 1 s exposure time and analyzed by ENVI 4.8 software. All images
were normalized for blank background spectra. SPR spectra for
AuNPs were recorded for 10—15 AuNPs across five images and
averaged together. To study the interactions of AuNPs with different
IAPP species, AuNPs (5 uM) were incubated for S min with the IAPP
species (25 yM) and a drop of sample was sandwiched between a
glass slide and a coverslip and sealed with a slide sealant.

Thioflavin T (ThT) Kinetic Assay. A ThT assay was performed
by incubating 100 yL aqueous solution of IAPP (25 uM), ThT (75
uM), and AuNPs (1.25—10 uM) in 96-well microplates at 37 °C.
ThT fluorescence readings were recorded with light excitation at 440
nm and emission at 485 nm over a period of 6 h after specified
intervals (PerkinElmer, Enspire).

Circular Dichroism (CD) Spectroscopy. CD spectroscopy
analysis was performed by mixing the three aggregation states of
IAPP, as prepared for TEM, with the three different types of AuNDPs.
The final concentrations of the IAPP and the AuNPs in the samples
were adjusted to 100 and 50 uM, respectively. The incubation time
was 10 min before the CD reading. A total of 200 uL of the samples
was pipetted into a CD cuvette, and CD spectra were recorded from
190 to 240 nm with 1 nm step size at room temperature. The data was
analyzed by Dichroweb (Contin/Reference set 4) for estimation of
the percentage secondary content.*’

COMSOL Calculations. The scattering spectra of Cit AuNP and
the three types of IAPP—Cit AuNP complexes were simulated by the
finite element method using commercial multiphysics simulation
software (COMSOL). Briefly, four simulation models of single Cit
AuNPs, IAPPm—Cit AuNPs, IAPPo—Cit AuNPs, and IAPPa—Cit
AuNPs were constructed. The far-field domain was set as a
semispherical shell with a radius of half the wavelength of the
incident light. A perfectly matched layer, serving as the boundary
condition of light and with a radius of half the wavelength of the
incident light, was then defined on top of the far-field domain. A
polarized incident light was set in parallel with the Cit AuNP packing
direction. The scattering intensity was evaluated by the scattering
cross section Cgcg of AuNPs, which is the integration of the scattering
wave intensity over the surface of far-domain
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Cocs = f Taunp 40

background ( 1 )
where I,y is the scattering intensity from the AuNPs and I, gground
the background signal without the presence of AuNPs. To simplify
computation, Cit AuNPs were treated as single nanospheres with a
radius of 11.3 nm. IAPP oligomers/protofibrils and amyloids were
simplified as cylinders with radii of 2 and 5 nm, respectively. The
frequency-dependent dielectric constant of gold, €, was derived from
the Lorentz—Drude model

2
,

g=1-—2
L ey 2)
where , is the bulk metal plasmon frequency and y is the bulk metal

damping frequency.”” The relative permittivities of water and IAPP
were fixed as 1.77 and 2.25, respectively.”’ Due to the relatively small
dimensions of IAPP monomers, the IAPPm—Cit AuNP model was
constructed as pure Cit AuNP aggregates, consisting of 12 Cit AuNPs,
whereas Cit AuNPs were assumed to be adsorbed on the fibrils in
IAPPa—Cit AuNP and IAPPo—Cit AuNP models. The distances
among neighboring AuNPs of the IAPPa—Cit AuNP, IAPPo—Cit
AuNP, and IAPPm—Cit AuNP models were defined as S, 1.2, and 0.7
nm, respectively.

Localized Surface Plasmon Resonance (LSPR) Immunoassay
Chip Fabrication. Glass slides were first cleaned by Piranha solution
(H,S0,/H,0, = 3:1 v/v) for 10 min, followed by deionized water
rinsing. The Piranha-cleaned slides were kept in an ultrasonic bath for
1S min and then thoroughly rinsed with deionized water. To create a
negatively charged surface, the slides were treated by oxygen plasma
for 2 min at 20 W (PE-50, Plasma Etch Inc.) (Figure S6A). The
poly(dimethylsiloxane) (PDMS) patterning layer was quickly
attached on the plasma-treated glass so that the positively charged
cetyltrimethylammonium bromide (CTAB)-capped AuNBPs were
immobilized onto the glass surface due to electrostatic interactions
after overnight incubation. The AuNBPs used in the LSPR chip were
prepared by a two-step method reported previously.”® Unbound
AuNBPs were washed by deionized water, and then 1 mM 11-
mercaptoundecanoic acid (Sigma-Aldrich) was loaded to replace the
CTAB layer on the surface of AuNBPs and served as linkers for
further functionalization. After 12 h incubation, 0.1 M NHS (N-
hydroxysuccinimide, Thermo Scientific) and 0.4 M EDC (1-ethyl-3-
[3-(dimethylamino)propyl]carbodiimide hydrochloride, Thermo Sci-
entific) were mixed (1:1 v/v) in 0.1 M MES (1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride, Thermo Scien-
tific) buffer. The EDC/NHS solution was loaded into microfluidics
channels at 2 yL/min for 8 min to activate the ligand and then
incubated for 40 min. Probe antibody solutions (antihuman IL-6 and
antthuman TNF-a, ebioscience) in 1X phosphate buffered saline
(PBS) were injected into different channels and incubated for 1 h.
Between each step, the AuNBP microarray was washed by 1X PBS at
2 uL/min for 8 min to remove any excessive molecules. After the
antibody functionalization process, the patterning PDMS layer was
peeled off and another piece of the PDMS layer with sample loading
channels was immediately attached perpendicularly to the barcode
patterns.

LSPR Detection of T-Cell Inmune Responses to IAPP. Jurkat
human T cells (CRL-2901TM, ATCC) were cultured in RPMI-1640
with 200 mcg/mL G428 and 10% fetal bovine serum. The cells were
incubated at 37 °C with 5% CO, in a Cell Culture Incubator
(Thermo Scientific). The culture medium was replaced two to three
times per week to maintain the suitable concentration of 1 X 10° to 1
X 10° cells/mL. The cells were collected through centrifugation at
125g for 5 min with subsequent resuspension in fresh culture medium.

For the IAPP control experiments, freshly prepared IAPP was
diluted in 1x PBS to 50 #M. IAPPm solution (1 xL) was immediately
added to 1 mL culture medium with T cells at 1 X 10° cells/mL and
incubated for 2 h. The remaining IAPPm solutions were incubated at
4 °C for 5 h (IAPPo) and 24 h (IAPPa). After that, 10 uL of a
supernatant was collected from the T-cell culture medium for the
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LSPR immunoassay. The same procedure was repeated for IAPPo-
and IAPPa-stimulated T cells. For the AuNP—IAPP corona
experiments, nine types of IAPP—AuNP complexes were prepared
by mixing 100 yM IAPP solution with 1 mM AuNP solution at a 1:1
molar ratio and incubated for 5 min. The same steps were conducted
to activate the T cells and perform the LSPR immunoassay.

B ASSOCIATED CONTENT
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DLS, {-potential, HSI, UV—vis, cell viability, ThT
kinetic assays, and LSPR immunoassay; hydrodynamic
sizes, polydispersity indexes (PDI), and {-potentials of
IAPPm, IAPPo, and IAPPa with and without incubation
with the three types of AuNPs. Incubation time: S min
(Table S1); in vitro toxicities of IAPPm (0 h) and
IAPPo (1 h) (20 4uM) in STC6 cells in the presence and
absence of 20 M Cit AuNPs, PEG,y, and PEGj;y
AuNPs. The assay was carried out in triplicate. The error
bars show the standard deviations of the averaged data
sets (Figure S1); dependence of HSI spectral shifts of
Cit AuNPs on the concentration of IAPPm. Cit AuNPs:
S uM. Incubation: S min (Figure S2); dependence of
UV-—vis absorbance of Cit AuNPs on the concentration
of IAPPm. Cit AuNPs: S M. Incubation: S min (Figure
S$3); ThT kinetic assay on the effects of Cit, PEG,q, and
PEG;p00 AuNPs on IAPP fibrillation. The IAPP
concentration was fixed at 25 uM, whereas the
concentrations of all AuNPs were set at 10 uM. Cit,
PEG,y, and PEG;yy AuNPs did not produce notable
ThT background fluorescence. The AuNPs were able to
speed up the process of IAPP fibrillation in the order of
Cit AuNPs > PEG,, AuNPs > PEG;q4 AuNPs (Figure
S4); ThT kinetic assay showing the concentration
dependence of three different types of AuNPs on
IAPP fibrillation. (A) Cit AuNPs asserted the strongest
influence on IAPP fibrillation when their concentration
was altered from 10 to 1.25 uM, followed by (B) PEG,,
and (C) PEG;ppo AuNPs (Figure S5); (A) illustration of
the preparation processes for LSPR immunoassay. The
glass slide was first plasma-treated to generate a
negatively charged surface and then a PDMS patterning
layer was placed on the glass. Due to electrostatic
interaction, the CTAB-capped AuNBPs loaded through
the PDMS channels were immobilized on a glass surface
and formed a barcode pattern. TNF-a and IL-6
antibodies were then injected and conjugated to the
AuNBPs by the standard EDC/NHS chemistry. (B)
Schematics of the LSPR sensing setup consisting of a
dark-field microscope, an EMCCD, and an LSPR
immunoassay chip. Scattering light was collected
through a 10X objective lens and filtered by a band-
pass filter (670 + 25 nm, Chroma). The optical signal
was analyzed by a customized Matlab code. (C) LSPR
immunoassay chip mounted under a dark-field micro-
scope. Before each measurement, the chip was
completely stabilized by T-cell medium to ensure that
the detected signals resulted from the binding of the
secretory cytokines on the antibody-coated AuNBPs
(Figure S6); (A) intensity mapping of the LSPR
immunoassay barcodes for TNF-a and IL-6 at different
concentrations. (B) Calibration curves of TNF-ar and IL-
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6. The limit of detection (LOD) was determined by the
three standard deviations of a blank sample over the
slope of the corresponding calibration curve. The LOD
was calculated to be 34.1 pg/mL for IL-6 and 45.6 pg/
mL for TNF-a (Figure S7) (PDF)
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