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A B S T R A C T

Human islet amyloid polypeptide (hIAPP, amylin) may self-aggregate and rupture the membrane of β cells,
which is closely correlated with the pathogenesis of type 2 diabetes mellitus (T2DM). Hence, suppressing
amyloidogenic hIAPP may be beneficial for the treatment of diabetes. As an important part of hIAPP, the
fragment hIAPP19-37 was studied in this work to explore their disaggregation and cellular behavior regulation
by some selected Au complexes, as follows: dichloro diethyl dithiocarbamate Au complex [AuCl2(DDTC)] (1),
dichloro pyrrolidine dithiocarbamate Au complex [AuCl2(PDT)] (2), dichloro 4-4′-dimethyl-2,2′-bipyridyl Au
(III) chloride [AuCl2(Me)2bpy]Cl (3), and dichloro 4-4-di-tert-butyl-2,2′-bipyridyl Au(III) chloride [AuCl2(t-
Bu)2bpy]Cl (4). The peptide aggregation was observed and analyzed by fluorescence assay, atomic force mi-
croscopy (AFM), dynamic light scattering (DLS) and other methods. The assembly behaviors of hIAPP19-37
affected by the four Au complexes indicated that these complexes could effectively inhibit the fibrillation of the
peptide and depolymerized the aged peptide into nanoscale particles. These Au compounds also remarkably
reduced membrane leakage and cytotoxicity caused by peptide oligomers. An interaction study revealed that the
complexes were predominantly bound with hIAPP19-37 through hydrophobic and electrostatic interactions, and
metal coordination. The differences among various complexes were compared according to their binding affi-
nity, inhibitory effect, and cellular behavior. Our study offers a potential path for the possible utilization of Au
compounds as amyloidosis inhibitors.

1. Introduction

The amyloid deposition of some proteins and peptides are asso-
ciated with a series of diseases, such as α-synuclein with Parkinson's
disease, amyloid-β protein (Aβ) and tau protein with Alzheimer's dis-
ease, and human islet amyloid polypeptide with T2DM [1,2]. hIAPP
consists of 37 amino acids and is co-secreted with insulin by β-cells
[3,4]. The hIAPP fragment hIAPP19-37 (SSNNFGAILSSTNVGS-
NTY-NH2) is an important component of the full peptide hIAPP1-37.
The differences in the species-specific amino acid sequence of IAPP
mainly focus on the sequence 20-29. Compared with the fragment of
nonamyloidogenic rat amylin rat-IAPP20-29, hIAPP20-29 has a ten-
dency to spontaneously aggregate. Moreover, there are three aromatic
residues in the sequence of hIAPP, two of them are located in the
fragment hIAPP19-37, phenylalanine 23 (Phe23) and tyrosine 37
(Tyr37). These aromatic residues may interact with each other and with
aromatic compounds by π–π stacking. It has been reported that Phe-Phe
interaction within the hydrophobic core make the fibers more stable.
Therefore, the fragment hIAPP19-37 acts as a key regulatory sequence

to produce amyloidosis [5–9].
Inhibitors of amylin deposition have been extensively studied. Many

small organic molecules, natural products, and metal compounds affect
the aggregation and depolymerization of amylin through hydrophobic
and electrostatic interactions and hydrogen bonding [9–12]. Metals and
their complexes, such as the anticancer cisplatin, the anti-inflammatory
auranofin, and masses of metal diagnostic reagents, are widely utilized
for disease treatment and demonstrate diverse biological functions
[13–19]. Metal ions can interact with amylin and have a favorable ef-
fect on the speed, strength, and morphology of amylin aggregation
[15,20]. Zn(II) ions may resist hIAPP aggregation at low concentration,
but they increase hIAPP aggregation at high concentration [15]. Given
their advantages of distinct metal center and ligand with different
configurations, ruthenium complexes have become potential inhibitors
of amyloidosis [21,22]. Au has been widely used for the treatment of
various diseases since the ancient times. Au(III), Au(I) compounds, and
Au nanoparticles exhibit good antibacterial, antitumor, and anti-amy-
loidosis activities [23–28]. For example, Au complexes may inhibit
hIAPP aggregation and the prion protein (PrP) neuropeptide PrP106-
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126 via metal coordination as a major binding force. The compound
[Au(bipy)Cl2][PF6] regulates hIAPP aggregation through a dimer
transient state [29]. However, the effects of Au center and ligand
configuration on the assembly behavior and binding affinity of different
peptides remain obscure and need further exploration.

In this study, we synthesized four Au complexes (Scheme 1), di-
chloro diethyl dithiocarbamate Au complex [AuCl2(DDTC)] (1), di-
chloro pyrrolidine dithiocarbamate Au complex [AuCl2(PDT)] (2), di-
chloro 4-4′-dimethyl-2,2′-bipyridyl Au(III) chloride [AuCl2(Me)2bpy]Cl
(3), dichloro 4-4-di-tert-butyl-2,2′-bipyridyl Au(III) chloride [AuCl2(t-
Bu)2bpy]Cl (4), and studied their inhibition on the aggregation of the
hIAPP core fragment hIAPP19-37. We aimed to further understand the
effect of Au complexes on hIAPP. We also explored the interaction
mechanism between the peptide and Au complexes. Although many
metal ions and metal complexes affect the peptides' amyloidosis, the
effects are twofold, the inhibition or the promotion on peptide ag-
gregation. Gold complexes better inhibit the aggregation of amyloid
peptides mainly by metal coordination. Researches also find that some
small aromatic organic molecules may inhibit the aggregation and de-
polymerize the mature amyloid fibrils through hydrophobic and elec-
trostatic interactions. Therefore, considering Au(III) ion which provides
good metal coordination, and small organic molecules which provide
effective ligands to modify the complex's steric configuration, we chose
the four tetra-coordinated Au(III) complexes with different ligand fea-
tures. These complexes possibly possess favorable conformation ad-
vantages as amyloid inhibitors and may show good prospects for bio-
logical utilization [30–35]. We employed the thioflavin T (ThT)
fluorescence assay, AFM, DLS to detect the effects of Au complexes on
hIAPP19-37 aggregation and the depolymerization of the aged peptide
aggregates. The intrinsic fluorescence method and electrospray ioni-
zation mass spectrometry (ESI-MS) were performed to elucidate the
binding affinity of the complexes with hIAPP19-37. Furthermore, li-
posomal experiments, cell viability determination, and antibody im-
mune analysis were conducted to reveal the influence of these Au
complexes on the cellular behaviors of hIAPP19-37 and compare them
with other reported metal compounds.

2. Experimental section

2.1. Materials

The sample hIAPP19-37 was chemically synthesized by SynPeptide
Co., Ltd. (Shanghai, China). It had>95% purity and was identified by
high-performance liquid chromatography and ESI-MS. hIAPP19–37 was
treated with hexafluoroisopropanol before use.

Complexes 1, 2, 3, and 4 were synthetized in accordance with
previous reports [36,37]. The ligands diethyl dithiocarbamate (DDTC),
pyrrolidine dithiocarbamate (PDT), and 4-4′-dimethyl-2,2′-bipyridyl

((Me)2bpy), 4-4′-di-tert-butyl-2,2′-bipyridyl ((t-Bu)2bpy) were pur-
chased from SCR Beijing Co., Ltd. (China). The liposomes 1,2-dioleoyl-
sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG, ≥99%) and
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, ≥99%) were pur-
chased from AVT (Shanghai, China). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) was purchased from Sigma. A11
anti-amylin antibody was obtained from the Shanghai Hao Test Bio-
technology Co., Ltd. All other reagents were of analytical grade.

2.2. ThT assay

The dye ThT was used to detect the aggregation extent of hIAPP19-
37 and the inhibitory effects of Au complexes on amyloid peptide de-
position. hIAPP19-37 at 100 μM was dissolved in 10mM phosphate
buffer saline (PBS, pH 7.4) containing 10% dimethyl sulfoxide (DMSO).
The peptide was then incubated with Au complexes at different doses at
310 K for 72 h. After 72 h of cultivation, ThT was added into these
samples at a final concentration of 10 μM. The final concentration of
these Au complexes was 10, 30, and 50 μM. The peptide concentration
was 10 μM in solution. F-4600 (Hitachi, Ltd., Japan) was applied to
detect fluorescence at 310 K. The samples were excited at 432 nm, and
their fluorescent signals were received at the emission wavelength of
485 nm at a time interval of 10 s. The data were expressed as the
average value of three reported spectra.

The ThT assay was also used to observe the disaggregation extent of
hIAPP19-37 induced by Au complexes. Approximately 100 μM of
hIAPP19-37 was dissolved in 10mM PBS containing 10% DMSO.
Subsequently, the solution was incubated at 310 K for 72 h. After
3 days, different doses of Au complexes were added to the hIAPP19-37.
The mixtures were then further incubated for 72 h before detection. The
final concentrations and settings of the instrument were the same as
those mentioned above in the inhibition experiments.

2.3. Ultraviolet-visible (UV–vis) spectroscopy

The absorption spectra were recorded on a Cary 50 UV‐Vis spec-
trophotometer (Agilent, USA) at room temperature to clarify the pos-
sible influence of the Au complex on ThT. The concentration of ThT
used was 50 μM, and those of the Au complex were 0, 25, and 50 μM.

2.4. AFM images

AFM was used to observe the morphology of hIAPP19-37 in the
inhibition, disaggregation, and time-dependent dynamics experiments.
For the inhibition experiments, 100 μM of hIAPP19-37 was incubated
for 72 h at 310 K in the absence and presence of Au complexes at dif-
ferent concentrations. The final test concentration of hIAPP19-37 was
10 μM. For Au complexes, the concentrations were 10 and 100 μM. For

Scheme 1. Molecular structures of Au complexes [AuCl2(DDTC)] (1), [AuCl2(PDT)] (2), [Au(Me2bpy)Cl2]Cl (3), [Au(t-Bu2bpy)Cl2]Cl (4).
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the disaggregation experiments, 100 μM of hIAPP19-37 was incubated
for 72 h at 310 K. Afterward, different amounts of Au complexes were
mixed with hIAPP19-37, and the samples were incubated for 72 h. The
samples were diluted to the same concentration as in the inhibition
experiments before determination. For the time-dependent dynamics
experiments, different mixture solutions containing 10 μM of hIAPP19-
37 in the absence and presence of 10 and 100 μM Au complexes were
incubated together and analyzed at 0, 12, and 24 h at 310 K. “Tapping
in air” mode was selected with a silicon tip. The scanning rate was 1 Hz,
and the scanning line was 256. The final AFM images were obtained
from three repetitions.

2.5. DLS measurements

The particle size of peptide aggregates was measured by the
Zetasizer Nano instrument (Malvern Instruments, Worcestershire, UK).
HIAPP19-37 was incubated with different amounts of Au complexes for
72 h at 310 K. The final concentration of hIAPP19-37 was 10 μM, and
the molar ratios of Au complexes to hIAPP19-37 were 0, 1, 3, and 5
respectively. The sample for the disaggregation experiment was the
same as the sample preparation for the disaggregation in AFM experi-
ments. These samples were centrifuged for 10min at 10,000 revolution
per minute to remove oversized granules. The reported value was ac-
quired from three measurements.

2.6. Spectrofluorometric measurements

Changes in the intrinsic fluorescence of peptide and protein are
extensively used to detect the interaction of a small molecule with a
protein or peptide [7,38]. In this study, the residue Tyr37 of hIAPP19-
37 was excited at 275 nm, and the apparent dissociation constant (Kd)
was calculated from the intrinsic fluorescence change by using Formula
(1),

= = × + + + +T TF F F (F F ) {K P [(K P ) 4P T] }/2P0 L 0 d 0 d 0 2 0 1/2 0 (1)

where FL and F0 indicate the fluorescence intensity at 303 nm with and
without the Au compounds, respectively. Fα represents the fluorescence
intensity at which the protein reaches maximum quenching, P0 is the
initial concentration of the peptide, and T represents the added complex
concentrations ranging from 0 to 10 μM. The experiments were per-
formed in triplicate.

2.7. ESI-MS

The ESI-MS spectrum was recorded in positive mode at a flow rate
of 3 μLmin−1 by an APEX IV FT-ICR high resolution mass spectrometer
(Bruker, USA). The peptide was dissolved directly in water and mixed
with Au complex containing 10% DMSO. The solution pH was at 5.4
approximately. The final concentration used in the experiments was
50 μM for the peptide. The molar ratio of Au complex to the peptide was
5 for complexes 1 and 2 and 10 for complexes 3 and 4.

2.8. Membrane leakage assay

Large unilamellar vesicles (LUVs) were prepared at a DOPC/DOPG
liposome ratio of 7:3 to mimic the cell membranes in the membrane
leakage experiments. The peptide hIAPP19-37 was added into a mixture
of calcein containing 100 μM LUVs in 10mM PBS as the control group.
Five equivalent amounts of Au complexes were added into the
hIAPP19-37. The final concentrations of hIAPP19-37 and Au complex
were 20 and 100 μM, respectively. Fluorescence was reported by the F-
4500 fluorescence spectrometer (Hitachi, Japan). The excitation wa-
velength was set at 485 nm, and data were recorded at an emission
wavelength of 535 nm. The fluorescence was detected per hour. At the
end of each test, 1 μL of 10% Triton X-100 was added to the sample to
mark the maximum leakage of each measurement. The following

formula was applied to calculate the amount of fluorescent dye leakage
[39],

=L (t) (F F )/(F F )t 0 100 0 (2)

where L (t) is the normalized membrane leakage, Ft is the fluorescence
intensity measured each time, F0 is the fluorescence intensity at t=0,
and F100 is the fluorescence intensity measured after Triton X-100 ad-
dition.

2.9. Immune assay

The peptide hIAPP19-37 was freshly dissolved in 10% DMSO-PBS at
a final concentration of 100 μM in combination with Au complexes at
concentrations of 0, 100, and 500 μM. Equal amounts of Au complexes
at 100 and 500 μM were prepared as controls. These samples and oli-
gomer-specific anti-amylin antibody (A11 antibody) [40] were spotted
in the enzyme linked immunosorbent assay (ELISA) test plate and then
coated with 0.05M coating buffer (pH 9.6) overnight at 4 °C. After
coating, the plate was washed with 0.01M PBS–0.001% Tween 20
(pH 7.2–7.4) three times. The coated ELISA plate was blocked with 2%
bovine serum albumin (BSA) blocking buffer and incubated at 37 °C for
2 h. The A11 antibody was diluted 1:1000 with 1% BSA, added to the
ELISA plate at 100 μL per well, and incubated at 37 °C for 1 h. Goat anti-
rabbit antibody was diluted 1:10,000 with 1% BSA, added to the ELISA
plate at 100 μL per well, and incubated at 37 °C for 1 h. The sample was
treated with 3,3′,5,5′ tetramethyl benzidine colorimetric kit at 25 °C for
8min. Color number was read with a microplate reader at a wavelength
of 450 nm. This experiment was performed in triplicate and the results
were analyzed by one-way Analysis of Variance (ANOVA). The asterisk
labeled those results which significantly differed from that of hIAPP19-
37 alone.

2.10. Cell culture and MTT assay

Cell viability in the presence of hIAPP19-37 and Au compounds was
determined by MTT assay. Insulinoma β cells in rat (INS-1 cells) were
purchased from Bogoo Biotech Co., Ltd. (Shanghai, China). The cells
were cultured in monolayer cultures on Roswell Park Memorial In-
stitute-1640 medium supplemented with 10% fetal bovine serum, 2mM
L-glutamine, 100 UmL−1 penicillin, and 100 UmL−1 streptomycin. The
INS-1 cells were incubated for 24 h at 310 K and then cultured with or
without hIAPP19-37 and Au complexes. The INS-1 cells were mixed
with 10 μL of MTT, and the mixture was incubated for 48 h and then at
310 K for 4 h. The final concentration of hIAPP19-37 was 15 μM. The
Au complexes' concentrations were 1.5 and 15 μM. A UV–vis spectro-
photometer was used to determine the absorbance of these samples at
570 nm. The results were analyzed by one-way ANOVA as well.

3. Results

3.1. Synthesis of Au complexes

Au complexes 1, 2, 3, and 4 were synthetized and identified as
previously described [36,37]. The UV–vis spectra of these complexes
are shown in Fig. S1. The NMR and IR results (data not shown) iden-
tified that the products were consistent with the literature and could be
used for further experiments.

3.2. Influence of Au complexes on hIAPP19-37 aggregation

The dye ThT can bind the peptide aggregates and show intense
fluorescent emission peak at 485 nm [41]. Changes in the ThT fluor-
escence intensity were used to reflect the degree of hIAPP19-37 fi-
brillation both in the inhibition and disaggregation experiments (Figs. 1
and S2). The highest fluorescence intensity in the spectra was recorded
from the aggregated peptide alone. In the presence of Au complexes, the
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intensity of ThT fluorescence decreased gradually. The effects of the
four Au complexes on hIAPP19-37 aggregation were concentration
dependent, thereby reflecting that fibril formation was well-suppressed.
Within the concentration range used for measurement, the fluorescence
intensity decreased with increasing complex concentration. By com-
parison, complex 2 exhibited relatively strong inhibition and depoly-
merization ability against hIAPP19-37 amyloid deposition.

To clarify the interaction of ThT and metal complex, we designed a
series of experiments. As suggested in Fig. S3, no clear interaction oc-
curred among complexes 1, 2, and 4 and ThT. For complex 3, when the
concentration of the Au complex increased to 50 μM, the peak ab-
sorption at 418 nm was distinctly decreased, thereby implying a pos-
sible interaction existing between complex 3 and hIAPP19-37. This
result indicated the disturbance of ThT by complex 3 binding to the
peptide in the ThT assay. Therefore, imaging experiments were con-
ducted to clarify the effects of metal complexes on hIAPP19-37 fibril
formation.

3.3. Morphological analysis

Although ThT assay revealed inhibitory effects of Au complexes on
hIAPP19-37 aggregation at certain extent, AFM can intuitively exhibit
the morphological changes of hIAPP19-37 induced by Au complexes
without the disturbance of other substances. Figs. 2, 3, and S4 show the
AFM images for the inhibition, disaggregation, and time-dependent
aggregation experiments, respectively. When hIAPP19-37 was cultured
alone at 310 K for 72 h, dense fibers were observed (Fig. 2). In the
presence of equivalent amounts of Au complexes, these fibers were
shortened, and some spherical particles appeared. When the molar ratio
of Au complex to hIAPP19-37 increased to 10, those fibrils disappeared,
and the quantity of spherical particles decreased. The heights of the
marked fibrils and spherical particles, which represented the average
value of the aggregates in each image, were measured and presented.
The heights from line a to j were 6.38, 24.28, 13.08, 19.25, 4.74, 47.24,
26.01, 23.46, 15.57 nm respectively. These values illustrate the differ-
ence between fibrous substance and globular substance [12,22],
thereby indicating the effects of Au compounds on peptide aggregation.

Fig. S4 shows the results of peptide disaggregation affected by Au
complexes. After incubation with equivalent amounts of Au complexes,
the peptide fibrils faded away, and spherical particles arose. In the
presence of complex 3, some fibrils remained observable under the

current condition but disappeared when the molar ratio of compound to
peptide increased to 10. For three other complexes, when the con-
centration of Au complexes increased to 10-fold excess, the spherical
particles became much smaller and were less in quantity, thereby
suggesting that the three complexes had a dramatic effect on

Fig. 1. ThT assay for the peptide hIAPP19-37 ag-
gregation in the absence (solid) and presence of
different concentrations of 1 (A), 2 (B), 3 (C) and 4
(D). The concentration of peptide was 10 μM. The
different concentrations of Au complexes were 10
(dashed), 30 (dotted), and 50 μM (dash dotted). The
concentration of ThT (short dashed) was 10 μM.

Fig. 2. AFM assay for the peptide aggregation images of 10 μM hIAPP19-37 in
the presence of different concentration of complexes 1 (b,c), 2 (d,e), 3 (f,g), and
4 (h,i). The molar ratio of Au complex to hIAPP is 1 (b,d,f,h) and 10 (c,e,g,i)
respectively. The scale bar is 2 μm.
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depolymerization of the fibrils. The height analysis is presented in Table
S1, suggesting a remarkable particle size change in the AFM images.
Fig. 3 exhibits the results of the time-dependent peptide aggregation.
With time, the cultured peptide alone showed the development of some
spherical particles and bushy fibers. Very sparse granular oligomers
occurred in the images when complexes 1 and 2 were co-cultured with
peptides. For the samples with complexes 3 and 4, no fibers appeared,
but some spherical particles were present.

These AFM results revealed that the Au complexes well inhibited
and depolymerized the hIAPP19-37 aggregates. All of these complexes
played notable roles in inhibiting the formation of peptide fibrils. The
performances of complexes 3 and 4 were slightly inferior to those of 1
and 2. These results were basically consistent with those of the ThT
assay.

3.4. Particle size distribution

DLS is a sensitive tool used to detect the particle size distribution of
peptide with or without Au complexes (Figs. 4 and S5). When hIAPP19-
37 was incubated alone, the maximum particle size reached approxi-
mately 5600 nm. When the peptide was incubated in the presence of
equivalent of Au complexes, the particles distributed around the
5600 nm almost vanished, as shown in Fig. 4. When 5-fold excess of
complexes were added, the particle size was reduced to a small range,
even to several nanometers. Fig. S5 presents the disaggregation results
after the Au complexes were added to the aged peptide and further co-
cultured. As the concentration of the complexes increased, the particle
size of the aggregates decreased to a much smaller scale. The data de-
monstrated that the size distribution scope changed from micro to na-
noscale in the presence of Au complexes, illustrating that the four Au

complexes improved inhibition and depolymerization on hIAPP19-37
fibril formation.

3.5. Interactions of hIAPP19-37 with Au complexes

Intrinsic fluorescence quenching was applied to determine the ap-
parent Kd of the interaction system by exciting the residue Tyr37 of
hIAPP19-37. As expected, the fluorescence intensity decreased after the
complex was added successively (Fig. 5). The apparent Kd values were
0.20 ± 0.008, 0.38 ± 0.021, 3.07 ± 0.24 and 3.66 ± 0.13 μM for
complexes 1, 2, 3, and 4, respectively. The decreasing fluorescent in-
tensity also reflected the peptide conformational change induced by Au
complexes. With the addition of Au complex, the peak produced a slight
red shift, which was due to the increase in polarity around the residue
Tyr37 in hIAPP19-37 upon the binding of Au complex to the peptide
[42,43]. These findings indicated the strong binding affinity between
the peptide and the Au complexes.

In the study of ESI-MS, the peptide was incubated with the com-
plexes at different concentration ratios to identify probable binding
patterns between the peptide and complexes. The results are shown in
Fig. S6. For the addition of complex 1 to the peptide, the peak of free
hIAPP19-37 at 1932.83 (1+) was detected, consistent with previous
reports. Moreover, the adduct peaks at 1137.93 (2+) and 2274.77
(1+) referred to the complex of [hIAPP19-37+Au(DDTC)]. The peak
at 1309.91 (2+) represented the adduct of [hIAPP19-37+ 2Au
(DDTC)]. When complex 2 was added, the produced adduct peaks at
2129.81 (1+), 2306.78 (1+), and 2989.3 (1+) corresponded to the
assignment of [hIAPP19-37+Au], [hIAPP19-37+Au(PDT)Cl], and
[hIAPP19-37+3Au(PDT)], respectively. For complex 3, the adduct
peaks were at 1155.02 (2+), 2382.25 (1+), and 2688.03 (1+), which
referred to [hIAPP19-37+Au(Me2bpy)], hIAPP19-37+ [Au
(Me2bpy)Cl2], and [hIAPP+2Au(Me2bpy)], respectively. The results
of complex 4 with hIAPP19-37 displayed the adduct peaks at 1143.24
(2+) and 1539.85 (2+), which were assigned to [hIAPP19-37+Au
(DMSO)2] and [hIAPP19-37+ 2[Au(t-Bu2bpy)Cl2]], respectively
(Table 1).

3.6. Membrane protection and oligomer reduction by Au complexes

Oligomers have the greatest toxicity and are the main factors
leading to cell membrane rupture [39,44]. The deposition of amyloid
peptide damages the β-cells' membrane [45–47]. In the current work,
membrane leakage assay was used to explore the membrane damage
caused by hIAPP19-37 and the membrane protection mitigated by Au
complexes. As shown in Fig. 6, the rupture rate of cell membranes
caused by peptide alone progressively increased and equilibrated after
7 h. With the addition of Au compounds, the rupture rate of cell
membranes began to decrease. After the systems reached equilibrium,
the four complexes reduced membrane rupture to approximately 54%,
49%, 44%, 41% by 1, 2, 3, and 4 respectively. Complexes 3 and 4
performed well in cell membrane protection. Our study indicated that
the Au compounds were involved in regulation on peptide aggregation,
and the formation of oligomers were inhibited.

Some studies have illustrated that oligomers but not fibers possess
the strongest toxicity [47–49]. To explore the changes of oligomer
formation, we performed an immune assay using antibody A11, which
is a type of hIAPP antibody that specifically binds to the peptide's oli-
gomers [40,50,51]. Fig. 7 shows that A11 antibody was bound to the
incubated hIAPP19-37 and exhibited the maximum absorption value,
thereby suggesting the existence of numerous oligomers. However,
addition of Au compounds reduced the absorption value remarkably.
For complexes 3 and 4 at 100 μM, the absorption value decreased to
30% of the peptide itself. The data revealed that these complexes in-
hibited the formation of oligomers. As mentioned above, the complexes
could bind to hIAPP19-37 and change the conformation of the peptide
[49]. The ELISA data were consistent with that found in the membrane

Fig. 3. AFM images of time-dependent aggregation of 10 μM hIAPP19-37 in-
cubated with 100 μM Au complex for 0, 12 and 24 h at 310 K. The scale bar is
2 μm.
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leakage observation.

3.7. Peptide-induced cytotoxicity affected by Au complexes

MTT assay was used to disclose the effects of amylin aggregation on
cell viability and the regulation of Au complexes on peptide-induced
cytotoxicity. Caffeic acid, an effective inhibitor of hIAPP, was used as a
negative control in the experiments. In the absence of Au complexes,
the incubated hIAPP19-37 reduced the cell viability to 43.3% ± 1.9%
(Fig. 8). After incubation with 1.5 μM Au complexes, the cytotoxicity
induced by the peptide was reduced as the cell viability increased to
61.7% ± 3.3%, 69.3% ± 2.4%, 70.7% ± 3.1%, and 74.7% ± 2.3%
for Au complexes 1, 2, 3, and 4, respectively. When the concentration
of Au complexes was increased to 15 μM, the cell viability was
47.4% ± 1.8%, 51.5% ± 2.6%, 54.3% ± 2.3%, and 57.2% ± 3.5%
for complexes 1, 2, 3, and 4, respectively. The ANOVA analysis in-
dicated that the metal complexes might have a good effect on the cell
survival at low concentration. For the complexes themselves, they

exhibited cytotoxicity to INS-1 rat cells at some extent (Fig. S7).

4. Discussion

The deposition of hIAPP is a vital factor correlated with T2DM, and
the peptide aggregation to form fibers is attained through structural
transformation. Peptide conformation after aggregation is distinct from
the original state, and additional β-sheet components have been found
[52]. Hence, inhibiting the aggregation and disassembling the ag-
gregates of hIAPP may be a feasible way to manage T2DM. As a crucial
part of hIAPP, the peptide hIAPP19-37 plays an important role in the
deposition of full-length hIAPP. Some Au complexes produce good in-
hibitory effects on amyloid peptides, such as PrP106-126, hIAPP, and
Aβ protein [29,53–56]. In this study, the four different molecules of Au
compounds containing AueS bonds or AueN bonds were used to ex-
plore the interactions between them and hIAPP19-37, thereby revealing
their inhibitory efficacy and disaggregation ability on hIAPP19-37 fibril
formation.

Fig. 4. DLS analysis of the multimodal size distribution of 10 μM hIAPP19-37 aggregates in the absence (solid) and presence of 1(dashed), 3(dotted), and 5
equivalents (dash dotted) of 1 (A), 2 (B), 3 (C), and 4 (D).

Fig. 5. Intrinsic fluorescence spectra of 10 μM hIAPP19-37 in the presence of Au complexes 1 (A), 2 (B), 3 (C) and 4 (D) at 298 K. The data were from the excitation of
Tyr37 at 275 nm. The concentration of Au complex was 0, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 3, 4, 5, 7, and 10 μM, respectively (from top to bottom).
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4.1. Effective inhibition of Au complexes on hIAPP aggregation

Although the self-aggregation ability of hIAPP19-37 was weaker
than hIAPP1-37 [9], the fibrils were observed in our AFM images. As
expected, peptide aggregation was reduced after incubation with Au
complexes, especially with complexes 1 and 2, as indicated by the ThT
assay and AFM images. The morphological changes were intuitively

observed by AFM, thereby eliminating the possible disturbance from
ThT. The fibrils were decreased with a low dose of Au complexes and
almost disappeared after being incubated with a high dose of Au
complexes. The particle size of the aggregates decreased to nanoscale,
as measured by DLS. The obtained inhibition and disaggregation data
were in agreement with each other by the mentioned methods. The
aggregation kinetics measured by AFM proved the inhibitory effects of
Au complexes on peptide fibril formation. After comparing these data,
we found that complex 2 had enhanced inhibitory effect on peptide
aggregation, but combined with the cellular experiments, complexes 3
and 4 executed better effects than complex 2.

4.2. Binding behaviors of Au complexes with hIAPP19-37

Au compounds interact with proteins and amyloid peptides mainly
through metal coordination [55,57]. In our work, intrinsic fluorescence
quenching and ESI-MS data were used to demonstrate the binding be-
haviors of these Au complexes with hIAPP19-37. Changes in the
fluorescence quenching indicated the interactions of Au complexes with
hIAPP19-37 and the peptide conformational change by the complexes.
We also observed that Au complexes decreased the fluorescence of
Tyr37, which might be caused by π–π stacking interaction when the
complexes bound to the aromatic region of hIAPP19-37. The apparent
dissociating constant was in micromolar grade, thereby indicating a
strong interaction between them.

The ESI-MS data showed the possible binding mode of Au complexes
with hIAPP19-37. We observed the adduct peak of peptide+Au[li-
gand] accompanying with the release of coordinated chloride atoms,
indicating metal coordination contributed to the interaction between
hIAPP19-37 and Au complexes. Interestingly, the adduct peak was also
found in a mode of peptide+Au[ligand]Cl2 in complexes 3 and 4. As
the Au[ligand]Cl2 was charged positively, the binding might be at-
tributed to the electrostatic interaction. Furthermore, hIAPP19-37 is a
crucial hydrophobic fragment of hIAPP that contains some nonpolar
residues. Interaction between the peptide and Au complex might be
partly due to hydrophobic interaction [7,9,52], besides metal co-
ordination and electrostatic interaction.

4.3. Roles of Au complexes in resisting oligomer formation

Peptide oligomers are a major factor in inducing cytotoxicity and

Table 1
ESI-MS spectra of 50 μM hIAPP19-37 in the presence of Au complexes.

Complex Calculated Measured Binding species

hIAPP19-37+ 1 1139.95(2+)
1311.97(2+)
1931.89(1+)
2276.90(1+)

1137.93(2+)
1309.91(2+)
1932.83(1+)
2274.77(1+)

hIAPP19-37+Au(DDTC)
hIAPP57+2Au(DDTC)
hIAPP19-37
hIAPP19-37+Au(DDTC)

hIAPP19-37+ 2 1931.89(1+)
2128.86(1+)
2309.84(1+)
2989.89(1+)

1932.28(1+)
2129.81(1+)
2306.78(1+)
2989.30(1+)

hIAPP19-37
hIAPP19-37+Au
hIAPP19-37+Au(PDT)Cl
hIAPP19-37+ 3Au(PDT)

hIAPP19-37+ 3 1156.49(2+)
1931.89(1+)
2382.89(1+)
2691.13(1+)

1155.02(2+)
1931.73(1+)
2382.25(1+)
2688.03(1+)

hIAPP19-37+Au(Me2bpy)
hIAPP19-37
hIAPP19-37+ [Au
(Me2bpy)Cl2]
hIAPP19-37+ 2Au(Me2bpy)

hIAPP19-37+ 4 1142.31(2+)
1537.02(2+)
1931.89(1+)

1143.24(2+)
1539.85(2+)
1932.09(1+)

hIAPP19-37+Au+2DMSO
hIAPP19-37+ 2[Au(t-
Bu2bpy)Cl2]
hIAPP19-37

Fig. 6. hIAPP-induced membrane leakage in the absence (solid circle) and
presence of Au complexes 1 (square), 2 (rhombus), 3 (triangle), and 4 (semi-
solid circle). The concentrations of peptide and Au complex were 20 and
100 μM respectively.

Fig. 7. ELISA assay of A-11 antibody with 100 μM hIAPP19-37 in the absence
(solid) and presence of 100 (dense), 500 μM (sparse) of complexes 1, 2, 3 and 4
respectively. Data are shown as means ± SD, n=3 in normal distribution.
*p < 0.05 compared to the peptide by one-way ANOVA.

Fig. 8. Regulation of amyloid peptide-induced cytotoxicity by Au complexes.
INS-1 cells were treated with 15 μM hIAPP19-37 (transverse stripes dense),
hIAPP19-37 and 15 μM caffeic acid (medium), or hIAPP19-37 and different
amounts of Au complexes at 1.5 (oblique stripe) and 15 μM (sparse). Cell via-
bility was determined by MTT assay. Data represent the average of three ex-
periments, *p < 0.05 compared to the peptide by one-way ANOVA.
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membrane leakage. Au complexes remarkably regulate the peptide-in-
duced membrane leakage and improved the cell viability at some ex-
tent. Moreover, the immune assay using A11 antibody indicated that Au
complexes effectively reduced oligomer formation as the antibody A11
specifically bound to the amylin oligomers. Complexes 3 and 4 per-
formed better than complexes 1 and 2 relatively, which might be at-
tributed to their lower self-cytotoxicity.

Au compounds have been widely used in the field of biomedicine,
examples of which are auranofin in treating rheumatoid arthritis and
nano Au materials used as drug carriers to cross the blood-brain barrier
[18,53]. Au compounds may bind with various proteins and amyloid
peptides due to good coordination ability of metal center. In our present
work, two complexes with AueS bonds and two complexes with AueN
bonds were used and compared. Among the four complexes, complexes
1 and 2 are of good binding affinity with hIAPP19-37, as mentioned
above. Comparing those compounds by ThT assay, DLS measurement,
and AFM images, the AueS complexes exhibited relatively strong in-
hibition and disaggregation abilities. The ELISA assay, membrane
leakage, and MTT analysis results suggested that the AueN complexes
well reduced the cytotoxicity caused by the peptides and oligomers.
Complexes 3 and 4 may well inhibit the formation of oligomers in
cellular environment, probably due to their specific molecular config-
uration and binding pattern. Although the present doses of Au com-
pounds in cell culture conditions seem high compared to therapeutic
conditions, based on the present fundamental study, we aim to find
more favorable molecular configuration, modify current molecular
structure, and design more effective inhibitors against amyloidosis in
the future work.

4.4. hIAPP19-37 and hIAPP1-37

As mentioned above, the fragment hIAPP19-37 is a core fragment of
the full-length of hIAPP1-37, which contains the crucial sequence 20-29
and can self–aggregate to form amyloid fibrils. By contrast, for the full-
length hIAPP1-37, the existence of disulfide bond between cystine re-
sidues (Cys2-Cys7) stabilizes the helical structures spanning residues
5–17, and the residue His18 contributes to the turn formation around
18–21 when the peptide self-aggregates through β-sheet folding and
assembly [6,15,58]. In the study of hIAPP and other amyloid peptides,
such as Aβ and PrP106-126, it is known that the residue histidine offers
a highly active site to bind with metal ions. In this work, we explored
the binding mode between Au complexes and hIAPP19-37, and com-
pared them with the full length of hIAPP1-37. Unexpectedly, the lack of
His18 affected the binding mode of Au complexes with the peptide. The
aggregation ability of hIAPP19-37 was also weaker than hIAPP1-37 in
vitro as observed by AFM and ThT assay [9].

5. Conclusion

We studied the inhibition and depolymerization abilities of the Au
complexes on hIAPP19-37. The four compounds well inhibited the
peptide aggregation and scattered the aggregates into nanoscale parti-
cles. Complexes 1 and 2 had relatively better binding affinity with
hIAPP19-37 and inhibitory effects on peptide aggregation than com-
plexes 3 and 4. They bind to the peptide mainly through metal co-
ordination, hydrophobic interaction, and electrostatic interaction, as
indicated by the experiment's results. Moreover, the Au complexes ex-
hibited remarkable effects on the regulation of the peptide-induced
cytotoxicity and reduction of oligomer formation. The AueN complexes
3 and 4 demonstrated better cellular behaviors than complexes 1 and 2
due to the difference between the structures of AueS and AueN com-
pounds. This work paves the way for the use of Au complexes as po-
tential metallodrugs against amyloidosis-related disorders.
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