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A B S T R A C T   

Islet amyloid polypeptide (IAPP) is a neuroendocrine hormone from pancreatic β-cells. Misfolded, aggregated 
IAPP is believed to be toxic to islet cells and amyloid deposits in the pancreas are pathological hallmarks of type 2 
diabetes. Rapid fibrillization of this peptide makes it difficult to study in its soluble form, impeding a better 
understanding of its role. In this study, a variety of popular pretreatment methods were tested for their ability to 
delay aggregation of IAPP, including solutions of hexafluoroisopropanol, sodium hydroxide, hydrochloric acid, 
phosphate buffered saline, ammonium hydroxide, as well as tris buffer at different pH and containing either 
calcium (II), zinc (II), or iron (II). Aggregation was assessed using the thioflavin T fluorescence assay as well as by 
transmission electron microscopy. Tris buffer at pH 8.1 containing Zn(II) was found to have the best balance of 
temporary inhibition of aggregation and biological relevance.   

1. Introduction 

Islet amyloid polypeptide (IAPP), also known as amylin, is a 37- 
amino acid residue co-synthesized and secreted with insulin from β- 
cells in the pancreas. IAPP aids in the secretion of glucagon from α-cells 
in the pancreas to the blood stream and has a secondary role of being a 
gastric emptying as well as a satiety agent [1–4]. The aggregation of 
IAPP is implicated in the pathogenesis of type 2 diabetes (T2DM) due to 
its toxicity in beta cells and evidence of IAPP amyloid plaques in hu
manized rodent models for T2DM [1,4,5]. Furthermore, evidence that 
IAPP levels are elevated in type 1 diabetes (T1DM) patients and that it 
acts as an islet autoantigen suggests it may also play a role in T1DM [6]. 
Notably, IAPP aggregates form rapidly in islets transplanted into T1D 
recipients and may be implicated in islet graft dysfunction [7]. 

Amyloidogenesis of IAPP is a self-driven progress where misfolded 
IAPP will preferentially aggregate. This process initiates when two or 
more mostly unstructured monomers misfold into a beta-sheet confor
mation yielding cytotoxic oligomers, then progress exponentially to a 
fibrillar form. The fibril form can insert in the phospholipid bilayer 
leading to cell apoptosis, specifically of β- cells (Fig. 1a). IAPP pertur
bation of the phospholipid bilayer is among many factors that may 
explain its cytotoxicity to β- cells [5]. 

Further study is needed in order to decipher the exact mechanism of 
IAPP aggregation and to elucidate its potential role in T1DM and T2DM. 

Unfortunately, the rapid aggregation of the peptide upon dilution can 
make these studies difficult. Nevertheless, there are many examples of 
exogenous ligands (e.g. ions, small molecules [8], polymers, and nano
particles [9]) that have been identified as inhibitors of amyloid poly
peptide (APP) as well as IAPP fibrilization through a variety of pathways 
[10–14]. Notably, metal ion solutions have been shown to redirect ag
gregation of amyloids off-pathway leading to oligomeric forms with 
varying impact on toxicity. For example, iron solutions were found to 
induce a more cytotoxic form of APP by impeding aggregation [12]. 
Whereas, specifically for IAPP, it has been shown that zinc at the same 
concentration does not elicit these toxic effects [15]. Zinc is found in 
relatively high concentrations within the pancreas, and has been shown 
to have a potential effect in delaying aggregation in vitro [16,17]. 

A simple, biologically inert, pretreatment strategy is needed in order 
to delay, but not prevent, IAPP aggregation and permit longer term 
experiments to determine mechanism of aggregation and the effective
ness of new inhibitors. In this work, multiple pretreatment methods used 
to suppress the aggregation of similar amyloid polypeptides were 
applied to IAPP (Fig. 1 b) [3,18–24]. Moreover, these methods were 
compared to some new approaches in order to optimize a pretreatment 
method for IAPP studies. All the methods were assessed by transmission 
electron microscopy (TEM) and the thioflavin T assay (ThT). ThT is a 
fluorescent dye that is the gold standard for identifying and quantifying 
the formation of structurally ordered fibrils over a long period of time 
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[25,26]. Our studies indicate that a pretreatment consisting of HFIP and 
Zn(II) ion at pH 8.1 was the most effective pretreatment strategy for 
delaying IAPP aggregation and could be used in future work to find new 
aggregation inhibitors. 

2. Experimental 

2.1. Materials 

IAPP was purchased from New England Peptide. All other reagents 

were purchased from Sigma-Aldrich (Oakville, On, Canada). Pretreat
ment solutions of 100 mM Tris-HCl (either pH 8.1, 7.8, or 7.4), 100 mM 
NaCl, and 2 mM of metal dichloride, HCl, NaOH, NH4OH, HFIP, or PBS 
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4) 
were prepared in house. 

2.2. IAPP pretreatments and testing 

0.5 mg of lyophilized IAPP from 0.1% TFA was suspended in 1 mL of 
one of the pre-treatment solutions at room temperature (see Table 1). 
Solutions were vortexed and placed onto sonicator for 5 min, placed 
under a stream of argon, removing volatile organics, for 5 min, then 
were freeze-dried using a lyophilizer at − 50◦C for 24 h (See Fig. 1b). 

Pretreated, lyophilized IAPP samples were then re-dissolved into 
testing solutions to monitor aggregation (Table 1). Pretreated lyophi
lized IAPP from hexafluroisopropanol (HFIP) 10% ammonium hydrox
ide (NH4OH) [20], 2 mM Hydrochloric acid (HCl) [19], PBS pH 7.4 [20], 
2 mM sodium hydroxide (NaOH) [19], were all suspended in 5 mL of 
PBS buffer pH 7.4 solution. The remaining pretreated HFIP samples were 
dissolved in 5 mL of the following solutions: 2 mM Ca (II) chloride in Tris 
buffer (pH 7.4, 7.8 and 8.1), 2 mM Zn (II) chloride in Tris buffer (pH 7.4, 
7.8 and 8.1) [15], 2 mM Fe (II) [12] chloride in Tris buffer (pH 7.4, 7.8 
and 8.1). Pretreated lyophilized IAPP from 2 mM Ca (II) chloride, 2 mM 
Zn (II) chloride and 2 mM Fe (II) chloride in Tris buffer pH 8.1 were all 
re-dissolved in 5 mL of their same respective solution. Note that salts are 
not removed during lyophilization step and therefore they are present in 
final solution. Different pH conditions were assessed from pH 7.4 to 8.1, 
which is the approximate range found in beta cells of the pancreas [27, 
28]. pH of all solutions was checked before and after the experiment and 
no changes were noted. All solutions were placed into an incubator at 
37◦C. 100 μL of each solution was extracted every 24 h for testing by 
fluorescence and TEM until end of testing at 192 h. 

Fig. 1. a) Illustration of human IAPP fibril formation. Oligomers form from misfolded monomers, changing their conformational state and leading to cytotoxicity. 
The elongation phase is where oligomers extend and aggregate into fibrils, eventually reaching a saturation phase where the majority of the IAPP have formed into 
fibrils. b) Scheme outlining the experimental protocol used in this work for suppressing IAPP aggregation. Figure prepared in Biorender. 

Table 1 
Description of pretreatment and testing strategies investigated in this study. 
Identification name is used to describe the pretreatment along with testing so
lution used for that given analysis.  

Identification name Pretreatment Testing solution 

HCl 2 mM HCl  
NaOH 2 mM NaOH  

NH4OH 10% NH4OH PBS pH 7.4 
PBS PBS pH 7.4  
HFIP   

Zn 8.1 HFIP  2 mM Zn in Tris pH 8.1 
Zn 7.8 HFIP  2 mM Zn in Tris pH 7.8 
Zn 7.4 HFIP Neat HFIP 2 mM Zn in Tris pH 7.4 
Ca 8.1 HFIP  2 mM Ca in Tris pH 8.1 
Ca 7.8 HFIP  2 mM Ca in Tris pH 7.8 
Ca 7.4 HFIP  2 mM Ca in Tris pH 7.4 
Fe 8.1 HFIP  2 mM Fe in Tris pH 8.1 
Fe 7.8 HFIP  2 mM Fe in Tris pH 7.8 
Fe 7.4 HFIP  2 mM Fe in Tris pH 7.4 

Zn 8.1 2 mM Zn2+ in Tris buffer pH 8.1 2 mM Zn in Tris pH 8.1 

Ca 8.1 2 mM Ca2+ in Tris buffer pH 8.1 2 mM Ca in Tris pH 8.1 

Fe 8.1 2 mM Fe2+ in Tris buffer pH 8.1 2 mM in Tris H 8.1  
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Fig. 2. 25 μM IAPP pretreated in HCl (A), PBS (B), NaOH (C), HFIP (D), NH4OH (E), suspended in 5 mL pH 7.4 PBS solution drop casted onto TEM grids and stained 
using 1% uranyl acetate solution. 60 min (a), 120 h (b), 192 h (c) incubation time at 37◦C prior to drop casting. All scale bars are 2 μM. 

Fig. 3. 25 μM IAPP pretreated with Ca 8.1 (A), HFIP (B,C,D), all lyophilized then suspended in 5 mL of Ca pH 8.1 solution (A,B), Ca pH 7.8 solution (C) Ca pH 7.4 
solution (D), drop casted onto TEM grids and stained using 1% uranyl acetate solution. 60 min (a), 120 h (b), 192 h (c) incubation time at 37◦C prior to drop casting. 
All scale bars are 2 μM. 
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2.3. Fluorescence testing 

50 μM thioflavin T (ThT) was dissolved into 100 μL of sample solu
tion and allowed to incubate at room temperature for 45 min before 
reading. Excitation λ = 445 nm emission λ = 483 nm Fluorolog fluo
rescence spectrophotometer (Horiba Jobin Yvon, Edison, NJ, USA) the 
average of 3 scans were plotted against one another for aggregation 
comparison analysis. Each sample was analyzed every day for eight 
days. 

2.4. Transmission electron microscopy (TEM) 

5 μL of sample solution was drop casted onto a 200-copper mesh TEM 
grid FCF200-CU 50 (Electron microscopy science) then 1 μL of 98% 
depleted 1% uranyl acetate (Polysciences) solution was applied to grid 
for 10 s interaction then removed. Grids were thoroughly washed with 
water and allowed to dry for 48 h prior to analysing using Technai G2 
F20 TEM at the Carleton University Nano-imaging Facility. 

3. Results 

3.1. Transmission electron microscopy analysis 

TEM was performed to qualitatively determine the relative shape 
and size of aggregates formed from each pretreatment. (See 

representative images in Figs. 4–7). 
Pretreatment tests of HCl, PBS, NaOH, HFIP, and NH4OH (see Table 1 

for pretreatment description) all yielded large fibrils within 60 min 
suspended in solution (Fig. 2). HFIP showed smaller aggregates on day 
one, although at day five and day eight mass amounts of large fibrils 
were observed. HCl, PBS, NaOH, and NH4OH all showed similar-sized 
fibrils across all days with slight increases observed from day one to 
day five. 

Fig. 3 examines treatments that involved Ca(II) ion. On day one, 
fewer aggregates were observed in Ca 8.1 and Ca 8.1 HFIP testing when 
compared on Ca 7.8 HFIP or Ca 7.4 HFIP. By day five and day eight, the 
degree of fibrilization was relatively consistent across all these treat
ments indicating that there is an initial inhibition of aggregation, but 
that aggregation is not completely halted. This is desirable for a pre
treatment strategy that could be used in the discovery of new inhibitors. 

Results from Zn(II) ion containing treatments can be visualized in 
Fig. 4. Zinc ion is found in the mM level in pancreatic beta cells [29] and 
has been observed to increase IAPP aggregation at atypical concentra
tions and decrease aggregation at physiological concentrations [30,31]. 
Only Zn 8.1 HFIP shows a noticeable reduction in aggregation of fibrils 
on day one while allowing for aggregation to proceed but at a slower 
rate through day five and day eight testing. All other zinc treatments (Zn 
8.1, Zn 7.8 HFIP and Zn 7.4 HFIP) showed larger aggregates on day one 
progressing through day five, increasing in fibril complexity and size. 

Fe(II) treatments are shown in Fig. 5. Interestingly, iron pretreatment 

Fig. 4. 25 μM IAPP pretreated with Zn 8.1 (A), HFIP (B,C,D), all lyophilized then suspended in 5 mL of Zn pH 8.1 solution (A,B), Zn pH 7.8 solution (C) Zn pH 7.4 
solution (D), drop casted onto TEM grids and stained using 1% uranyl acetate solution. 60 min (a), 120 h (b), 192 h (c) incubation time at 37◦C prior to drop casting. 
All scale bars are 2 μM. 
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Fig. 5. 25 μM IAPP pretreated with Fe 8.1 (A), HFIP (B,C,D), all lyophilized then suspended in 5 mL of Fe pH 8.1 solution (A,B), Fe pH 7.8 solution (C) Fe pH 7.4 
solution (D), drop casted onto TEM grids and stained using 1% uranyl acetate solution. 60 min (a), 120 h (b), 192 h (c) incubation time at 37◦C prior to drop casting. 
All scale bars are 2 μM. 

Fig. 6. 25 μM concentration of human IAPP suspended in respective buffers (see legend) at 37 ◦C for 192 h. Samples were treated with 50 μM ThT for 1 h and 
analyzed using excitation 445 nm and emission of 460 nm–550 nm. 
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all show much smaller fibrils across all eight days. The smallest amount 
of fibril formation is observed in Fig. 7 A and B where Fe 8.1 and Fe 8.1 
HFIP all show very small fibrils present when compared to other treat
ments. The relative fibril size increases slowly over eight days indicating 
significant delay of the aggregation process. Notably, the morphology of 
these aggregates are different from what was observed in the other 
treatments. Specifically, there are fewer large needle-like fibrils and 
more amorphous particulates. 

3.2. Thioflavin T analysis 

The ThT fluorescence assay was used to complement the TEM im
aging and provide more ensemble assessment of the degree of aggre
gation after each treatment. Fig. 6 shows representative spectra for ThT 
fluorescence of the IAPP samples after treatment and incubation over 
192 h. Interestingly, despite TEM evidence of fibrils in the iron- 
containing pretreatments, the ThT assay consistently showed no fluo
rescence signal for the presence of aggregates when any Fe(II) was 
present (See Figs. 5 and 6). This anomaly has been noted elsewhere [12] 
and for this reason, those treatments were excluded from the remainder 
of the ThT analysis. 

Aggregation determined using the ThT assay (See Figs. 7–9) 
increased from day one to three then remained at a plateau from day 
three to eight for all treatments except for the Zn 8.1 HFIP and Zn pH 8.1 
systems. Both Zn 8.1 HFIP and Zn 8.1 reached maximum on day four 
whereas Zn 8.1 HFIP had a significantly lower intensity indicating less 
aggregation was obtained before it reached that plateau. 

Fig. 10 provides a direct comparison between our HFIP and Zn 8.1 

methods. Overall Zn 8.1 HFIP pretreatment and testing solution provide 
the lowest overall aggregation occurring across 8 days, while striking an 
important balance that it does not prevent aggregation entirely. There
fore, this method is recommended for facilitating the discovery of new 
inhibitors. 

4. Discussion 

Interest in achieving a better understanding of the mechanism of 
IAPP aggregation and its role in pathogenesis of T2DM and T1DM is on 
the rise [1,15,23,31–35]. Given the propensity for the peptide to 
fibrillize, studies examining the non-aggregated peptide are difficult. 
Under conditions described by previous studies to support the non-fibril 
form, evidence of highly aggregated peptide was observed at the outset 
[36–38]. Thus, this work sought a method for treating IAPP to ensure 
that investigations could be done with samples that were not already in 
aggregated form. On the other hand, a pretreatment that led to complete 
inhibition of aggregation or to an off-path aggregation state that was not 
physiologically relevant was also not ideal. Thus, a balance was sought 
by qualitatively examining the degree of aggregation after treatment 
using TEM as well as quantifying the aggregation state using the ThT 
fluorescence assay. 

A variety of treatments were investigated in this study. On balance, 
the zinc treatments, in particular Zn 8.1 HFIP, showed the most promise. 
Smaller and fewer aggregates were observed initially when compared to 
the other samples, where upon day eight analysis aggregation of both 
were comparable to all other tests. This suggests that the Zn(II) ion 
might play an inhibitory role in the initial few days of testing but does 

Fig. 7. 25 μM concentration of human IAPP suspended in respective buffers at 37 ◦C for 60 min. Treated with 50 μM ThT for 1 h, analyzed using excitation 445 nm 
and emission 483 nm. All tests were analyzed using one-way anova, Greek symbols indicate the groups where a significant difference was noted. “*” indicates P ≤
0.05, “**indicates P ≤ 0.01, “***” indicates, P ≤ 0.001 and “****” indicates P ≤ 0.0001. 
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not permanently alter the peptide in such a way that aggregation is 
completely blocked. In contrast, the Fe(II) containing treatment strate
gies eventually led to similar sized large fibrils, however, far fewer of 
them and their morphology appeared to be different. It has been re
ported in other work that iron pauses IAPP aggregation in a highly 
cytotoxic oligomeric form, which may account for the differences noted 
here and preclude it from use as an appropriate pre-treatment [12,39]. 
Aggregation of IAPP is believed to be driven by an amyloidogenic region 
from Serine (Ser) 20-Ser29 where alanine 25, Ser 28, and Ser 29 are 
present. Indeed, in the rodent version of IAPP, which does not aggregate, 
all three of these residues are replaced with Pro. Zn(II) ion is believed to 
bind with the imidazole ring of histidine (His) 18 [15,25,40]. Notably, 
His 18 is the only residue in the N-terminus region which is different 
from the rodent version of IAPP [32]. Fe(II) and Ca(II) can also interact 
with histidine to varying degrees which may correlate with the degree of 
inhibition observed [40]. 

Other gold standard methods of pretreatment were taken into 
consideration for this study but then ultimately not used. Many methods 
use HFIP to suspend the peptide followed by filtration through a filter 
size of 0.22 μm–0.45 μm [41–43]. To avoid peptide loss, we instead 
investigated methods that did not require filtration. Overall, this 
experiment has allowed for the investigation of 17 different commonly 
used pretreatment methods with reports that aggregation is delayed. 
The most common pretreatment used for IAPP include HFIP, which in 
our hands has been shown to induce the highest aggregates across days 

2–8. Alternatively, these investigations have shown that Zn 8.1 HFIP is 
suitable for delayed aggregation of IAPP but never preventing 
aggregation. 

Understanding the mechanism and path towards aggregation of IAPP 
can help elucidate the role IAPP plays in the pathogenesis towards 
T2DM and T1DM. Pretreatment of IAPP with HFIP followed by sus
pension in Zn 8.1 solution appears to strike the optimal balance that 
allows for analysis of aggregation from initial monomeric form and 
onward. This method will allow for more fruitful study of IAPP to help 
unravel its function and impact. 

5. Conclusion 

In this study, 17 approaches for the pretreatment of IAPP were 
investigated for their inhibition of aggregation of the peptide. Overall, 
the initial treatment with HFIP, followed by incubation in a 2 mM Zn(II) 
containing Tris buffer solution at pH 8.1 yielded the optimal scenario of 
short term inhibition of aggregation of IAPP. This method will allow 
researchers to better investigate the path of IAPP aggregation as well as 
assess the effects of other inhibitory compounds. 

Declaration of competing interest 
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Fig. 8. 25 μM concentration of human IAPP suspended in respective buffers at 37 ◦C for 120 h. Treated with 50 μM ThT for 1 h, analyzed using excitation 445 nm and 
emission 483 nm. All tests were analyzed using one-way anova, Greek symbols indicate the groups where a significant difference was noted. “*” indicates P ≤ 0.05, 
“**indicates P ≤ 0.01, “***” indicates, P ≤ 0.001 and “****” indicates P ≤ 0.0001. 
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