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Iodine staining as a useful probe 
for distinguishing insulin amyloid 
polymorphs
Takato Hiramatsu1, Naoki Yamamoto2, Seongmin Ha1, Yuki Masuda1, Mitsuru Yasuda3, 
Mika Ishigaki4,5, Keisuke Yuzu1, Yukihiro Ozaki3,6 & Eri Chatani1*

It is recently suggested that amyloid polymorphism, i.e., structural diversity of amyloid fibrils, 
has a deep relationship with pathology. However, its prompt recognition is almost halted due to 
insufficiency of analytical methods for detecting polymorphism of amyloid fibrils sensitively and 
quickly. Here, we propose that iodine staining, a historically known reaction that was firstly found 
by Virchow, can be used as a method for distinguishing amyloid polymorphs. When insulin fibrils 
were prepared and iodine-stained, they exhibited different colors depending on polymorphs. Each 
of the colors was inherited to daughter fibrils by seeding reactions. The colors were fundamentally 
represented as a sum of three absorption bands in visible region between 400 and 750 nm, and the 
bands showed different titration curves against iodine, suggesting that there are three specific iodine 
binding sites. The analysis of resonance Raman spectra and polarization microscope suggested 
that several polyiodide ions composed of I3

− and/or I5
− were formed on the grooves or the edges of 

β-sheets. It was concluded that the polyiodide species and conformations formed are sensitive to 
surface structure of amyloid fibrils, and the resultant differences in color will be useful for detecting 
polymorphism in a wide range of diagnostic samples.

Amyloid fibrils are protein aggregates associated with many amyloidosis and neurodegenerative diseases includ-
ing Alzheimer’s disease (AD) and Parkinson’s disease1,2. While straight unbranched morphology and cross-β 
structure are known as a common basic structure of amyloid fibrils, it was revealed that amyloid fibrils show 
structural variations even from the same protein; this phenomenon is referred to as amyloid polymorphism3–5. 
Variations in the number and the arrangement of protofilaments are an example of polymorphism6,7, and more 
microscopic variations at the level of secondary or tertiary structure of polypeptide chains have been also iden-
tified in many proteins8–14. In studies of prion diseases, different physicochemical properties among amyloid 
polymorphs, such as fragility and growth rates, have been suggested to be the molecular basis underlying the 
presence and propagation of distinct prion strains15. While oligomer species have been proposed as major cyto-
toxic agents especially in the case of AD, amyloid polymorphs also exert different neurotoxic effects on living 
cells9, and it has recently been suggested that tau protein adopted distinct amyloid conformations in the human 
brain in different diseases14. Although further researches are needed to elucidate the pathological significance, the 
formation of such conformationally distinct amyloid fibrils now attracts much attention for understanding patho-
genic mechanisms of amyloid-related diseases and developing curative treatments in terms of protein structure.

Amyloid polymorphs have been successfully reproduced in vitro depending on growth conditions, e.g., 
temperature15, protein concentration16, and solvent17; however, the most critical factors have not been fully 
revealed yet5. Subtle variations in amino acid sequence among different species also result in different fibril 
structures18, although it does not correspond to amyloid polymorphism because amino acid sequences are not 
the same. In another case, distinct fibril structures can be also induced in a stochastic manner even under the 
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same conditions19. Recently, detailed structural investigations of amyloid fibrils are progressing by using several 
powerful methods, such as solid-state NMR (ssNMR)9,11,20, cryo-electron microscopy (cryo-EM)12–14,21, and X-ray 
crystallography8. The clarified structures have revealed distinct molecular structures of amyloid polymorphs. The 
relevance of amyloid polymorphism to in vivo pathology has also been clarified by the structural investigation 
of Aβ1-40 amyloid fibrils that were prepared with seeds derived from brain tissues of AD patients with distinct 
clinical histories20. However, the use of these techniques requires a lot of labor and time and therefore making 
them unsuitable for high throughput use. If an easy-to-use method of analyzing fibril structures can be devel-
oped, it will become a great help to cover a wide range of samples including pathological tissues as targets of 
investigations, thereby contributing to progress toward a unified understanding of relationships between fibril 
structures and pathologies.

Here, we focus on iodine as a molecular probe that recognizes structural polymorphs of amyloid fibrils. Iodine 
staining is a coloring reaction that occurs by complexing iodine with crystalline compounds or polymers. The 
molecular origin of the color is the formation and subsequent alignment and orientation of polyiodide ions. An 
iodine–starch complex is a good example, and from the crystal structure of iodine-doped α-cyclodextrin, it is 
suggested that linear chains of pentaiodide ions (I5

−) are encapsulated in channel-like voids in the center of the 
helical polysaccharides22,23. The color formed by iodine is considered to originate from the electronic transition 
within a polyiodide ion24. The coloration by polyiodide ions is also observed in iodine-doped synthetic poly-
mers such as polyacetylene25, nylon 626 and polyvinyl alcohol27. Interestingly, colors formed by iodine staining 
vary sensitively depending on constituting polyiodide ions and their coordination patterns inside the complex 
structures28,29. From these observations, it is postulated that the color exhibited by iodine staining will serve as a 
sensitive indicator of structures of host compounds to which iodine binds. With regard to iodine staining of amy-
loid fibrils, Virchow firstly found that tissue deposits of amyloid fibrils were stained with iodine30. However, soon 
after this pioneering discovery in the 1850s, fluorescent dyes such as Congo Red and thioflavin S or thioflavin T 
(ThT) with higher detection sensitivity replaced iodine for diagnosis of amyloidosis31–33, and molecular mecha-
nisms underlying iodine reaction have almost not been studied; indeed, there is only one report by Dzwolak10.

In this work, we have performed iodine staining of human insulin amyloid fibrils using three polymorphs 
obtained under different additive conditions (i.e., in the presence of NaCl or sodium dodecyl sulfate (SDS) and 
in the absence of additives). Insulin is a hormone protein associated with iatrogenic amyloidosis2. It has been also 
used as a good model for amyloid researches in a past few decades34. As a result of the characterization of color 
properties of each type of insulin fibrils by ultraviolet–visible (UV–Vis) spectra, we have found that the color 
significantly varied depending on the polymorphs. Each color conserved even after the self-seeding reaction, 
demonstrating that iodine staining tracked the propagation of amyloid polymorphs. Polyiodide ions formed by 
iodine staining were characterized by resonance Raman spectra and titration experiments. Furthermore, iodine-
stained insulin spherulites were observed by polarization microscopy to gain insights into the binding manner of 
the polyiodide ions to amyloid fibrils. It was proposed that different polyiodide species were formed depending on 
the surface structures of amyloid fibrils, which resulted in different colors. From the results obtained, molecular 
mechanisms of iodine staining of amyloid fibrils and future perspectives for the use of iodine staining as a probe 
for amyloid polymorphism will be discussed.

Results
Formation of polymorphic insulin amyloid fibrils.  We firstly prepared amyloid fibrils of human 
insulin used for iodine staining. For the spontaneous formation of insulin amyloid fibrils, acidic pH and high 
temperature are typically used as amyloidogenic conditions, under which insulin hexamers are dissociated and 
molecular conformation become disordered34. In this work, 25 mM HCl and 65 °C were selected as conditions 
for spontaneous fibrillation, and amyloid polymorphs were attempted to be obtained by using two types of 
additives, NaCl and SDS. As a result of incubating the sample solutions for 24 h, ThT fluorescence exhibited dif-
ferent intensity among the amyloid fibrils formed (Fig. 1a, blue bars). In light of a previous observation that the 
affinity and stoichiometry between ThT and amyloid fibrils varied depending on fibril structures35, the different 
fluorescence intensity suggests that amyloid polymorphs were formed. As for a possible molecular mechanism 
explaining the additive-induced formation of the polymorphs, the modulation of side-chain interactions that 
would affect nucleus structure is typically expected. It does not seem so intense in the present case as no signifi-
cant structural changes were observed when the difference in the initial structure of the insulin molecule was 
analyzed using far-UV CD spectroscopy (Fig. S1). We refer to the amyloid fibrils generated in the absence and 
presence of NaCl and SDS as no-salt fibrils, NaCl fibrils, and SDS fibrils, respectively.

We next performed seed-dependent fibril formation with the amyloid fibrils formed as seeds to produce 
daughter fibrils. Here, all reactions were performed without additives to unify solvent conditions, and 37 °C 
was chosen as reaction temperature to avoid simultaneous spontaneous fibrillation. As a result, the daughter 
fibrils all showed higher intensity than that of the parent fibrils. This result suggests that the amyloid fibrils 
self-propagated selectively while non-fibrillar aggregates contained in the parent fibril samples did not. Even 
though ThT fluorescence intensity increased overall, the relative differences were still maintained in the daughter 
generation (Fig. 1a, orange bars). Furthermore, significant differences in peak wavelength were found in addition 
to the differences in intensity in the ThT fluorescence spectra (Fig. 1b). These observations strongly support the 
formation of amyloid polymorphs.

We further analyzed morphology and secondary structure of the amyloid fibrils generated from the three 
different additive conditions by atomic force microscopy (AFM) and attenuated total reflection Fourier trans-
form infrared (ATR-FTIR) spectroscopy. AFM images showed that NaCl fibrils were thicker (9.5 ± 2.7 nm; n = 8) 
compared to SDS (4.2 ± 1.7 nm; n = 8) and no-salt fibrils (3.5 ± 1.7 nm; n = 8) (Fig. 1c). On the other hand, when 
ATR-FTIR spectra were analyzed, all fibrils exhibited a main peak at 1630 cm−1 in amide I region, which was 
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assigned to β-sheet structure (Fig. 1d; upper panel)36. Second derivatives of the spectra also showed similar 
peak positions of minima among NaCl, SDS, and no-salt fibrils. However, differences at around 1670 cm−1 and 
1710–1750 cm−1, which are assigned to β-turn and carboxyl groups of side chains, respectively, were observed 
(Fig. 1d; lower panel)36. This result suggests that polymorphism was derived from differences in turn and/or 
higher-order structures including hierarchical architecture, while the main cross-β structure was very similar.

Color formation by iodine staining of insulin amyloid fibrils.  To investigate iodine staining of amy-
loid fibrils, we analyzed changes in colors by mixing iodine solution with NaCl, SDS, or no-salt fibrils. The iodine 
solution, in which three types of iodine species, I−, I2, and I3

−, are present in equilibrium, shows yellowish color, 
and the absorption spectrum of the iodine solution shows two major peaks and one broad one derived from I3

− 
and I2, respectively37,38 (Fig. S2). When amyloid fibrils were added to the iodine solution, reddish or bluish color 
appeared for all types of fibrils (Fig. 2a). Native insulin mixed with iodine solution, on the other hand, showed 
quite a similar UV–Vis absorption spectrum to that observed for the iodine solution-only control (Fig. S2a), 
suggesting that iodine staining occurs specifically to fibril structures. Interestingly, the color varied among types 
of fibrils, and absorption spectra in UV–Vis region showed different shapes in visible region (400–750  nm) 
(Fig. 2b). The spectra as well as their second derivatives showed that iodine-stained NaCl fibrils had a major 
peak at around 550 nm (Fig. 2b, red line), whereas iodine-stained SDS and no-salt fibrils had one at around 
650 nm (Fig. 2b, blue and orange lines, respectively). Although contamination of salts from the parent fibrils 
may affect the spectral shape, this was ruled out by supporting experiments, in which it was confirmed that the 
spectra did not change even after complete desalting of NaCl and SDS fibrils or the addition of salts to no-salt 
fibrils (Fig. S3).

We next performed spectral deconvolution to discuss absorption bands constructing the experimental spec-
trum. Each spectrum was replotted against wavenumber so that the analysis was performed in a manner pro-
portional to energy, and then was reproduced by a sum of Gaussian distributions according to the following 
model function;

Figure 1.   Basic properties of three types of insulin amyloid fibrils prepared in the presence of NaCl (NaCl 
fibrils) or SDS (SDS fibrils) or in its absence (no-salt fibrils). (a) ThT fluorescence intensity. Blue and orange bars 
represent fluorescence intensity of parent and daughter fibrils, respectively. All measurements were performed 
three times and the error bars depict the S.D. ± mean. (b) ThT fluorescence spectra of daughter fibrils. (c) 
AFM images of daughter fibrils. The white scale bars represent 1 µm. The color scale bar represents the height 
of samples. (d) ATR-FTIR absorption spectra (upper panel) of daughter fibrils and their second derivatives 
(lower panel) in amide I region. Amyloid fibrils subjected to these measurements were formed at an insulin 
concentration of 2.0 mg/ml.
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where Aj and νj represent amplitude, center wavenumber of the jth absorption band, respectively, and σj is a coef-
ficient related to the full width at half-maximum (FWHM) of the jth absorption band, and FWHM is described 
as 2σj

√
2ln2 . b0 and b1 are intercept and slope of the baseline for Rayleigh scattering caused by fibrils, respectively. 

Curve fitting was performed until both measured and second derivative spectra were reproduced well. For stable 
and accurate convergence, the wavenumber and FWHM of the most prominent band in visible region were fixed 
to values read from the local minimum and its distance to the inflection point in the second derivative spectrum.

As a result, all of the absorption spectra were reproduced successfully by approximating with six Gaussians 
(i.e., n = 6) and a linear baseline (Fig. 3). Although hardly recognizable in the second derivative spectrum (see 
Fig. 2b), the installation of another band between 23,000 and 25,000 cm−1 (i.e., between 400 and 435 nm), which 
was conceived to be derived from I2 molecules (see Fig. S2)37,38, certainly improved the reproduction of the 
experimental spectra. In the case of no-salt fibrils, although the peak at around 650 nm appeared less significant 
than that of SDS fibrils (Fig. 2b), the absorption band at 14,500 cm−1 was identified (Fig. 3c). When the six Gauss-
ian absorption bands were compared to the bands observed in the iodine solution (Fig. S2b), the three bands at 
higher wavenumbers (dashed lines in Fig. 3a-c) showed similar positions to those for the I2 and I3

− in the iodine 
solution (dashed lines in Fig. S2b). The remaining three absorption bands at lower wavenumbers, on the other 
hand, were observed only for the fibril-bound iodine (filled bands in Fig. 3a-c). It was thus suggested that the 
color formation by the iodine staining of amyloid fibrils was represented mainly by these three newly emerged 

(1)A(ν) =
n

∑

j=1

Ajexp

{

−

(

ν − νj
)2

2σj2

}

+ b0 + b1ν

Figure 2.   Color properties of iodine-stained insulin amyloid fibrils. (a) Photographs of samples of iodine-
stained NaCl fibrils, SDS fibrils, and no-salt fibrils. (b) Absorption spectra of iodine-stained fibrils in UV–Vis 
region (upper panel) and their second derivatives (lower panel). For each absorption spectrum, the spectrum of 
unstained fibrils was subtracted to obtain a net spectrum derived from iodine. It should be noted that the scales 
of the vertical axes for the region of 400–740 nm and that of 260–400 nm are different in the lower panel. The 
conditions of iodine staining were 0.25 mg/ml daughter fibrils, 0.3 mM KI and 0.04 mM I2 in 25 mM HCl.

Figure 3.   Deconvolution of UV–Vis absorption spectra of iodine-stained NaCl fibrils (a), SDS fibrils (b), and 
no-salt fibrils (c). In all panels, black and red solid lines represent the experimental and reproduced spectra, 
respectively, and the experimental spectra are the same as those shown in Fig. 2b. Six Gaussians represented 
with dashed red lines or filled areas correspond to absorption bands obtained by the deconvolution using 
Eq. (1), and dashed black lines represent baselines derived from scattering of the sample fibrils. The wavenumber 
of each absorption band is labeled.
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absorption bands, although, in the cases of NaCl and SDS fibrils, the absorption band at ~ 25,000 cm−1 was 
increased after iodine staining and thus is partly responsible for the color formation. The three newly emerged 
bands showed higher peak wavenumbers in NaCl fibrils compared to those of SDS and no-salt fibrils, and in SDS 
and no-salt fibrils, the relative intensities of the three bands were different while the peak positions were similar.

Tracking structural propagation of amyloid fibrils by iodine staining.  To verify whether the 
intrinsic iodine colors can serve as a probe for the propagation of amyloid fibril structures, we tracked the time 
course of seed-dependent elongation by iodine staining (Fig. 4). In this experiment and thereafter, NaCl and 
SDS fibrils, which showed markedly distinct characteristics in terms of the positions of the three absorption 
bands, were subjected to the analyses. As seeds, the parent fibrils were used. When the color formation by iodine 
was examined by sampling the reaction mixture at different time points, absorption intensity in visible region 
gradually increased both in the NaCl and SDS fibrils as time advanced (Fig. 4a,c). Spectral deconvolution was 
successfully achieved by assuming six absorption bands with constant wavenumbers (Fig. S4). When the areas 
of the three absorption bands at lower wavenumbers were plotted against reaction time, all of them increased 
synchronously with the time-dependent increase of ThT fluorescence intensity (Fig. 4b,d), suggesting that the 
color developed in response to fibril elongation without changing its tone.

Characterization of polyiodide species responsible for visible color.  According to studies of 
iodine-doped compounds, the molecular mechanism of visible color formation by iodine is due to the forma-
tion of polyiodide ions39,40. In the case of iodine-doped amyloid fibrils, the formation of pentaiodide ions and 
several other oligoiodide ions was suggested by Dzwolak10. To identify polyiodide species formed on the amyloid 
fibrils analyzed in the present work, resonance Raman spectra were measured. Raman spectroscopy is a use-
ful technique for detecting subunits of polyiodide chains in complexes with amylose23,41,42 and other organic 
compounds43–46. Here, two excitation wavelengths 514.5 nm (19,436 cm−1) and 785 nm (12,739 cm−1) were used; 
two out of the three absorption bands (red and green bands in Fig. 3a-c) are supposed to be excited with the 
514.5 nm laser, and the remaining band (blue bands in Fig. 3a-c) is supposed to be excited with the 785 nm laser.

As a result, resonance Raman effects were observed for both NaCl and SDS fibrils, and characteristic Raman 
spectra with two strong peaks at around 110 cm−1 and 160 cm−1 were observed at both excitation wavelengths 
(Fig. 5). Based on a previous Raman study of the crystalline compounds containing triiodide or pentaiodide 
ions43, the 110 cm−1 and 160 cm−1 peaks were assigned to I3

− and I5
−, respectively. The present observation there-

fore suggests that the fundamental building blocks of polyiodide ions are I3
− and I5

−. Unstained fibrils showed no 
significant peaks in the same way as those of iodine solution without fibrils (Fig. 5, dotted line), indicating that the 

Figure 4.   Tracking seed-dependent fibril growth by iodine staining. (a–d) Time dependent changes in iodine 
color of NaCl (a,b) and SDS fibrils (c,d). In panels (a and c), UV–Vis spectra of NaCl (a) and SDS fibrils (c) 
stained with iodine monitored at different time are shown. The conditions of iodine staining were 0.25 mg/ml 
insulin, 0.3 mM KI and 0.04 mM I2 in 25 mM HCl. In panels (b and d), areas of the three absorption bands of 
NaCl fibrils (b) and SDS fibrils (d) in the low wavenumber region (e.g., filled bands in Fig. S4c-h) are plotted 
against reaction time. For details about spectral deconvolution for the determination of these absorption 
bands, see Fig. S4. ThT fluorescence intensity which was measured concurrently is also plotted in each panel for 
comparison.



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:16741  | https://doi.org/10.1038/s41598-020-73460-y

www.nature.com/scientificreports/

peaks are derived from iodine species bound to the fibrils. Especially when excited at 514.5 nm, two weak bands 
were additionally observed at ~ 220 cm−1 and ~ 320 cm−1, which were assumed to be overtone bands of the I3

− and 
I5

− bands, respectively. A very weak combination band of the I3
− and I5

− bands was also found at around 270 cm−1 
for SDS fibrils, whereas it was undetectable for NaCl fibrils, probably due to low intensity of the 160 cm−1 band. 
When excited at 785 nm, the overtone band of the I5

− band and the combination band of the I3
− and I5

− bands 
were observed both for NaCl and SDS fibrils. When two spectra excited at different wavelengths were compared 
(i.e., between Fig. 5a,c or between Fig. 5b,d), the positions and intensity ratio of the I3

− and I5
− peaks at ~ 110 cm−1 

and ~ 160 cm−1 were different in both types of fibrils. This observation suggests that the conformations and the 
composition ratio of the I3

− and I5
− subunits constituting the polyiodide ions vary among the absorption bands.

The Raman spectra were also compared between NaCl and SDS fibrils to see whether there are differences 
in the conformations and the composition ratio of polyiodide species, which would be responsible for the dif-
ference in color in iodine staining among the amyloid polymorphs. This comparison was performed using the 
spectra excited at 785 nm where only the same single absorption band is selectively resonated (Fig. 5c,d). As a 
result, the positions of the I3

− and I5
− peaks at ~ 110 cm−1 and ~ 160 cm−1 and the intensity ratio of these peaks 

were slightly different between NaCl and SDS fibrils. This observation suggests that different polyiodide ions are 
formed depending on the amyloid polymorphs.

Titration of iodine to insulin amyloid fibrils.  We further performed titration experiments to analyze 
iodine concentration dependence of the absorption band intensities. With stepwise addition of the iodine solu-
tion to amyloid fibrils, gradual intensification of the absorption bands was observed both in NaCl and SDS 
fibrils. The absorption in the low wavenumber region finally saturated after the addition of excess amount of 
iodine (Fig. 6a,b). Interestingly, absorption intensity at lower wavenumbers grew slightly later compared to that 
at higher wavenumbers, and indeed, distinct shapes of the titration plots were observed when the areas (A(c)) 
of the three absorption bands in the low wavenumber region (the bands with filled area in Fig. S5) were plotted 
against iodine concentration c (Fig. 6c,d). The titration plots showed cooperative properties and as a result of 
curve fittings with Hill Equation47,

where Amax, KA, and n represent band area attained after saturation, iodine concentration at which half of the 
binding sites are occupied, and Hill coefficient, respectively, different parameters in their binding affinity and 
cooperativity were obtained among the three absorption bands both in NaCl (Fig. 6c) and SDS fibrils (Fig. 6d). 
This result suggests that there are at least three different iodine-binding sites. Furthermore, all plots exhibited 
n > 1, from which a cooperative mechanism was suggested in the iodine binding to amyloid fibrils. It is deduced 
that small iodide species, such as I3

− and I− with negligible absorption in visible region, initially bind and then 
facilitate subsequent iodine binding to form polyiodide ions showing visible color.

Investigation of the orientation of polyiodides on the surface of amyloid fibrils.  It is often 
revealed that polyiodide chains formed by complexation of iodine/iodide with various compounds lie in an 
oriented manner22,46,48. To gain insights into whether the polyiodides bound to amyloid fibrils have some specific 

(2)A(c) =
Amaxc

n

KA + cn

Figure 5.   Resonance Raman spectra of iodine-stained insulin amyloid fibrils with excitation of 514.5 nm (a,b) 
and 785 nm (c,d). The spectra of NaCl fibrils (a,c) and SDS fibrils (b,d) are shown. Samples containing 0.5 mg/
ml daughter fibrils, 0.6 mM KI, and 0.08 mM I2 in 25 mM HCl were subjected to the measurements. Solid and 
dotted lines represent spectra of iodine-stained fibrils and unstained fibrils measured as a control, respectively, 
and the positions of peaks are indicated by black dashed lines.
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orientation, a polarization property of the iodine-stained fibrils was investigated. Linear polyiodides ions have 
a transition moment in a direction parallel to their long axes43, and thus the aligned polyiodides ions absorb 
polarized light, as seen in unidirectionally stretched films of iodine-doped polyvinyl alcohol49. In this analy-
sis, amyloid spherulites, a spherical hierarchical structure composed of radially oriented amyloid fibrils50, were 
selected as a good model for evaluating the orientation of fibril-bound iodine molecules. Amyloid spherulites of 
insulin were formed, treated with iodine solution, and then observed by a microscope equipped with an analyzer 
to assess whether the transmitted light of the iodine-stained amyloid spherulites showes a polarized property.

As a result, the transmission microscope images of the iodine-stained amyloid spherulites showed two cone-
shaped dark sections along the analyzer axis, and their direction changed with response to the rotation of the 
analyzer (Fig. 7). In contrast, no dark section was observed for unstained spherulites (Fig. S6), verifying that 
the polarized nature of the iodine-stained spherulites was derived from polyiodide. The direction of the dark 
sections and that of the analyzer axis coincided well, which suggests that polyiodide chains are oriented along 
the fibril axis given the radial orientation of fibril axes in the amyloid spherulite.

Discussion
We have investigated color properties of iodine-stained amyloid fibrils of human insulin mainly by using UV–Vis 
absorbance spectroscopy. When iodine molecules bound on the surface of the insulin fibrils, they showed clear 
coloration like iodine–starch reactions. An interesting feature of the iodine staining of amyloid fibrils was that 

Figure 6.   Titration of insulin fibrils with iodine solution. 0.5 mg/ml daughter fibrils in 25 mM HCl and iodine 
solution containing 18 mM KI and 2.4 mM I2 in 25 mM HCl were used as an analyte and a titrant, respectively. 
(a,b) Examples of absorption spectra of NaCl (a) and SDS fibrils (b) measured at different concentrations of 
iodine solution. (c,d) Iodine concentration dependence of area of the three absorption bands of iodine-stained 
NaCl or SDS appearing in the low wavenumber region (e.g., filled bands in Fig. S5c-h). In these plots, the 
concentration of I2 in the titrant iodine solution is represented as the scale of horizontal axes. For details about 
spectral deconvolution for the determination of these absorption bands, see Fig. S5. Black lines represent fitted 
curves using Eq. (2) and parameters obtained from the fitting are represented inside the panels.
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different colors were observed among the three types of insulin amyloid fibrils (i.e., NaCl, SDS, and no-salt 
fibrils) upon the addition of iodine solution. The differences in color tone were spectroscopically demonstrated 
in visible region, and furthermore, the colors formed by iodine staining could track the propagation of amyloid 
fibril structures by seed-dependent growth reactions. The present observation suggests that iodine staining can 
serve as a new probe indicating structural polymorphs of insulin amyloid fibrils.

There are several chemical dyes that have been widely used for detection and tracking of amyloid fibril 
formation. The most widely used one is ThT, which exhibits enhanced fluorescence upon binding to amyloid 
fibrils. ThT has been used for many assays as well as extended applications such as microscopic observation of 
amyloid fibril growth and diagnosis of fibrils in tissue section33,51,52. Several ThT derivatives with high affinity 
toward amyloid fibrils have also been designed, and recently, radioactively labeled Pittsburgh compound-B is 
widely used for non-invasive in vivo positron emission tomography imaging for diagnosis of AD53,54. Congo 
Red, which shows characteristic apple-green birefringence under polarized light, is the most histological amyloid 
dye used for the diagnosis of amyloidosis for several decades55,56. 8-Anilino-1-naphthalenesulfonic acid has also 
been used for detecting fibrils and prefibrillar intermediates, although specificity is not high57. These amyloid 
dyes are very good at detecting the presence and quantifying the amount of amyloid fibrils. However, they are 
not so sensitive to differences in structure of amyloid fibrils and fail to probe amyloid polymorphism in many 
cases. Although NaCl, SDS, and no-salt fibrils showed slightly different peak wavelengths in ThT fluorescence 
spectrum (Fig. 1b), ThT fluorescence is typically considered to show little change in peak wavelength and only 
fluorescence intensity can be used for detecting amyloid polymorphs58. Compared to these conventionally used 
dyes, it is expected that the color formed by iodine staining is highly sensitive to fibril structures, and in the case 
of the insulin fibril samples used in this study, clear differences in color, which were obvious even with the naked 
eye, were observed. A possible reason why the amyloid polymorphism could be detected with higher sensitivity 
in iodine staining than in ThT fluorescence spectroscopy may be due to the differences in binding sites between 
ThT and iodine, although further investigation is necessary for verifying it.

The coloration of amyloid fibrils by iodine staining is thought to be derived from polymerization of iodine 
upon binding to amyloid fibrils10. In water solution without any host compounds, polyiodide ions larger than 
I3

− are absent in an iodine solution59. However, a wide range of polyiodides structures have been observed within 
supramolecular crystalline compounds and polymers25–29. As for amyloid fibrils, it is predicted that, because the 
cross-β structure of amyloid fibrils has high periodicity along the fibril axis, they can act as a scaffold of iodine 
complexation in a similar manner to other compounds. Indeed, resonance Raman spectroscopy identified the 
presence of I3

− and I5
− species as fibril-bound forms of iodine (Fig. 5). Considering that I3

− itself does not absorb 
visible light so strongly37,38, it is predicted that I5

− and other polyiodide ions composed of I3
− and I5

− as fun-
damental building blocks, (I3

−)n and (I5
−)n, and possibly some other types of polyiodides composed of both of 

I3
− and I5

−, (I3
−)m(I5

−)n, serve as the molecular basis of color formation.
Interestingly, the resonance Raman spectra excited at 785 nm were similar to the previously reported iodine-

amylose pattern in terms of positions and relative intensities of fundamental bands as well as their overtone and 
combination bands23,42. According to the crystal structure of iodine-doped α-cyclodextrin, a structural model that 
resembles the iodine-amylose complex, it is proposed that a chain-like I5

− ion is encapsulated inside a channel-
like cavity of the helical structure of amylose29. It is therefore suggested that linearly aligned (I5

−)n polyiodides 
contribute to the formation of the absorption band at the lowest wavenumber. On the other hand, the band 
at ~ 110 cm−1 was rather stronger than that at ~ 160 cm−1 when excited at 514.5 nm (Fig. 5a,b), implying that 
other types of polyiodides containing I3

−, possibly (I3
−)n, might also be involved in the formation of reddish color. 

Alternatively, the increased Raman band at ~ 110 cm−1 in the spectra may result from impairment of linear array 
of (I5

−)n chains, in light of a previous report on the analysis of (I5
−)n chains with different levels of alignment43.

Figure 8 is a proposed model of the binding of polyiodides on amyloid fibrils. The crystal structures of several 
iodine-doped compounds, such as α-cyclodextrin22 and an inorganic–organic compound {(C4H12N2)2[CuII4]
(I2)}n

60, have already been revealed at atomic level. According to these structures, iodine molecules are encapsu-
lated or buried in gap structures of the host molecules. In contrast, Dzwolak revealed that iodine species bound 
to bovine insulin fibrils are easily reduced by ascorbic acids10, suggesting that iodine molecules are located on 
the solvent-accessible surface of amyloid fibrils. Given that the anisotropic coordination of polyiodides was 
suggested by the observation of iodine-stained spherulites by polarization microscopy, it is estimated that line 
shaped polyiodides are formed and stabilized on the grooves of the pleated cross-β structure running in parallel 
to the long axis of fibrils (model I in Fig. 8). The space between two side chains of the β-strand is approximately 
7 Å, which is suitable size for iodine atoms of 4 Å in diameter to get stuck, and it is thus conceived to act as a 

Figure 7.   Anisotropic property of polyiodides on the spherulite. For the polarization microscopy, iodine-
stained spherulites were prepared by adding a small amount of concentrated iodine solution containing 24 mM 
KI and 3.2 mM I2 to the spherulites formed between slide and cover glasses at an insulin concentration of 
5.0 mg/ml. In each image, the direction of the analyzer slit is represented with a double-headed arrow in the 
upper right. Scale bars represent 10 μm. The images of an unstained spherulite recorded by the same procedure 
are shown in Fig. S6 for a reference.
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scaffold to form line shaped polyiodide species. In addition to the surface of the cross-β structure, the typical 
distance between two laminated β-sheet layers is approximately 10 Å. The edge of the β-sheets could be another 
candidate for the binding region of polyiodides in a similar manner to the case of ThT binding61 (model II in 
Fig. 8). Twist grooves formed by intertwining protofilaments may also play a role as iodine binding sites suitable 
for the fixation of polyiodides. Further investigation is needed for more detailed specification of the binding sites.

In the system of insulin amyloid fibrils, spectral deconvolution of the UV–Vis spectra has clarified that the 
color formed by iodine staining of amyloid fibrils is represented as the sum of three major absorption bands in 
visible region. The titration of iodine solution to amyloid fibrils revealed that each of these absorption bands 
had its own specific binding constant for iodine binding (Fig. 6). This result indicates that insulin amyloid fibrils 
basically have three independent iodine-binding sites, to each of which a specific and different type of polyiodide 
ion binds; while the polyiodide ions are commonly composed of I3

− and I5
− building blocks, the conformations 

of the building blocks as well as their composition are different, as deduced from the result of the resonance 
Raman spectra obtained at two different excitation wavelengths (Fig. 5). Additionally, degree of polymerization 
may also be different depending on the binding sites, in view of a previous study on amylose with different degree 
of polymerization in which the absorption band shifted effectively to longer wavelength as the chain length of 
polyiodides increased28.

As shown in Fig. 3, differences in the peak positions and intensity ratio of the three absorption bands in vis-
ible region were the spectroscopic entities underlying the color difference in iodine staining among polymorphs. 
The characteristics of the three absorption bands seem to change sensitively depending on structural properties 
of fibril surface. It is anticipated that the characteristic topology of amyloid polymorphs on cross-β structure 
and/or at its edge parts determines the structure and degree of polymerization of polyiodides on the binding 
sites, and eventually, leads to different coloration. Furthermore, when the absorption spectra of SDS and no-salt 
fibrils were compared, the wavenumbers of the three constituent absorption bands were similar; however, the 
relative ratio of their absorbance intensities were markedly different (Fig. 3b,c). This observation may suggest that 
differences in factors related to absorption intensity, i.e., the number of binding site and their binding constant 
of polyiodides, are also available for detecting polymorphic structures of amyloid fibrils, even though iodine 
binding sites are very similar.

Conclusion
Through this work, it was clarified that coloration by iodine staining has promising characteristics in identify-
ing polymorphism of insulin amyloid fibrils. Considering that the colors successfully reported the differences 
in structure of insulin amyloid fibrils despite that their secondary structures were very similar (Fig. 1–3), it is 
expected that iodine staining works as a sensitive probe for amyloid polymorphs by discriminating their surface 
structures. The iodine color also successfully tracked the propagation process of insulin amyloid structures 
(Fig. 4). If future studies reveal that amyloid polymorphs of different proteins also show different colors, iodine 
staining will be extensively used as a general method for investigating amyloid polymorphism. Although iodine 
staining alone cannot function as a technical strategy for clarifying amyloid structures, its colors can act as a 
fingerprint of amyloid polymorphs. If color information on a particular type of amyloid fibrils of interest is 
investigated beforehand, its quick identification will be achieved by matching the color features. Moreover, given 
the recent situation that a growing number of the structures of amyloid fibrils are determined by cryo-EM and 
ssNMR spectroscopy, valuable insights into the relationships between the surface topology of amyloid fibrils and 

Figure 8.   Schematic illustration for the binding of the polyiodides on the surface of amyloid fibrils. In this 
figure, I5

− and (I3
−)2 are shown as tentative examples of polyiodides, and two possible candidates for the binding 

sites of polyiodides, i.e., the grooves of the pleated cross-β structure (model I) and the edge of β-sheets (model 
II), are represented.
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the corresponding color property by iodine staining are obtained practically by analyzing the color properties 
of amyloid fibrils with known structures. This will provide perspective on clarifying the molecular mechanism 
of iodine staining, and consequently, will boost the elucidation of molecular details for amyloid polymorphism 
underlying amyloid diseases.

Recently, luminescent conjugated polythiophenes and oligothiophenes have been developed as a molecular 
probe of amyloid fibrils62 and very recently, succeeded in differentiating pathological amyloid subtypes of Aβ 
in AD brains63. This observation has revealed the presence of structurally distinct conformations in the affected 
area of amyloid diseases, arguing the importance of characterizing amyloid polymorphs in biological samples. 
Although iodine staining is based on absorption and is inferior in terms of signal intensity compared to fluores-
cent probes, it has potency of being applied to all of the amyloidogenic proteins, and covering a wide range of 
samples that have not been analyzed so far because of problems with amount that can be supplied for the analysis 
as well as inhomogeneity. Furthermore, in light of the fact that the iodine staining of amyloid fibrils was firstly 
discovered in the field of anatomy and is still used in part for diagnosis of amyloidoses, the present work also 
suggests that it will be worth revisiting the usefulness of the iodine staining of pathological tissues for evaluat-
ing the conditions and progress of diseases on the basis of amyloid polymorphism. Especially in Aβ, which is 
one of the most pathologically important amyloidogenic proteins and has been reported to adopt various fibril 
structures even in vivo probably due to its flexible and disordered conformation21, iodine staining may serve as 
an effective method to distinguish the complex polymorphism in the future. Further data accumulation con-
necting the iodine colors and fibril structures will open up new perspectives of the usage of iodine staining in 
various field of amyloid researches.

Materials and methods
Materials.  Recombinant human insulin was purchased from Wako Pure Chemical Industries, Ltd., Osaka, 
Japan. Insulin was dissolved in 25 mM HCl, and whose concentration was determined using an absorption coef-
ficient of 1.08 for 1.0 mg/ml at 276 nm64. Iodine, potassium iodide, and ThT were also purchased from Wako 
Pure Chemical Industries, Ltd. HCl solution at a concentration of 100 mM, NaCl, and SDS were purchased from 
Nacalai Tesque (Kyoto, Japan).

Formation of amyloid fibrils of insulin.  Human insulin dissolved in 25 mM HCl at a concentration of 
2.0 mg/ml (344 μM in monomer units) was used as a fundamental sample solution. Fibrillation reaction was per-
formed by incubating this solution at 65 °C for 24 h. For inducing polymorphism of amyloid fibrils, two types of 
additives, 100 mM NaCl or 100 µM SDS were used in addition to the solvent condition without additives. After 
the formation of amyloid fibrils, which were referred to as parent fibrils, a seed-dependent fibril formation was 
performed to obtain daughter fibrils. In this reaction, the fragments of fibrils were added to 2.0 mg/ml insulin 
dissolved in 25 mM HCl as seeds at a final concentration of 5% (w/v), and then incubated at 37 °C for 24 h. It 
should be noted that all of the seed-dependent fibrillation reactions were performed in the same solvent condi-
tions without any additives. For the preparation of seeds, the parent fibrils were subjected to pulsed sonication 
using an XL2000 sonicator (Misonix, San Diego, CA, USA) operating for 1 s with power level at 2.0 W. The total 
number of sonication pulses was 40, and it was ensured that amyloid samples are not excessively heated during 
the sonication treatment.

ThT fluorescence assay.  ThT fluorescence assay was performed according to the method of Naiki et al.52 
with a slight modification of solution; 4.5 µl aliquots of sample solution was mixed with 1.5 ml of 5 µM ThT in 
50 mM Gly-NaOH buffer (pH 8.5) at room temperature. After 1 min for equilibrium, fluorescence intensity at 
485 nm was measured with an excitation wavelength of 445 nm with an RF-5300 PC (Shimadzu Corporation, 
Kyoto, Japan) to assay the formation of amyloid fibrils.

AFM.  Samples of insulin amyloid fibrils were diluted 250 times with 25 mM HCl, and 10 µl aliquots of which 
were deposited onto a freshly cleaved dry mica surface. The solution was adsorbed for 1 min and then the mica 
surface was washed with 100 µl of water. The solution was blotted off by blotting paper and the mica plate was 
air-dried. AFM images were obtained by using an SPA-400 and a nano navi (Hitachi High-Tech Science, Tokyo, 
Japan). The scanning tip was an OMCL-AC160TS-C3 micro cantilever (Olympus Corporation, Tokyo, Japan; 
spring constant = 21–37 N/m, resonance frequency = 270–340 kHz), and the scan rate was 1.0 Hz.

ATR‑FTIR absorption spectroscopy.  ATR-FTIR spectra were measured with an FT/IR-6100 (JASCO, 
Tokyo, Japan). 2 μl of sample solution was blotted onto a germanium prism and then dried using compressed air. 
The spectral resolution and the number of scan were set to 4 cm−1 and 128, respectively. A spectrum of atmos-
pheric air was used as a reference spectrum to subtract the contributions of water vapor and carbon dioxide from 
each sample spectrum.

Iodine staining of amyloid fibrils.  The color formation of insulin fibrils by the addition of iodine was 
analyzed by using UV–Vis spectroscopy. For the preparation of a sample, an iodine solution containing 24 mM 
KI and 3.2 mM I2 was initially prepared, and 0.25 mg/ml (43 μM in monomer units) insulin fibrils containing 
0.3 mM KI, and 0.04 mM I2 in 25 mM HCl was made with the iodine solution and the sample fibrils. UV–Vis 
spectra from 250 to 750 nm were then measured at room temperature with a UV-2400PC (Shimadzu Corpora-
tion) or a Jasco V-650 spectrometer (JASCO Corporation, Tokyo, Japan) with a quartz cell with 1 cm optical 
length. The reaction between fibrils and iodine molecules was sufficiently rapid to reach equilibrium within 
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1 min under the present solution conditions, and thus we performed the measurement between 1 and 10 min 
after preparing the sample. For tracking seed-dependent fibrillation reactions, an aliquot of a reaction mixture 
was taken every one hour for sample preparation and subsequent spectral measurement, which were performed 
under the same conditions as those mentioned above. For titration experiments, 1 ml of 0.5 mg/ml (86 μM in 
monomer units) insulin fibrils dissolved in 25 mM HCl was prepared as an analyte, to which an iodine solution 
containing 18 mM KI and 2.4 mM I2 in 25 mM HCl was titrated. A UV–Vis spectrum was monitored every after 
the addition of 4 μl of the iodine solution to the fibrils, and this procedure was repeated until spectral saturation 
was observed.

Resonance Raman spectroscopy.  Raman resonance spectra were measured by using two types spec-
trometers, an HR-800-LWR (HORIBA, Kyoto, Japan) with 514.5 nm excitation and an inVia Raman microscope 
(Renishaw, Gloucestershire, UK) with 785 nm excitation. Both of the spectrometers were equipped with notch 
filters for suppressing Rayleigh scattering. A sample containing 0.5 mg/ml (86 μM in monomer units) insulin 
fibrils, 0.6 mM KI, and 0.08 mM I2 in 25 mM HCl was taken in a glass capillary with its inner diameter of 
1.13 mm (Drummond Scientific Company, Broomall, PA, USA) and placed on a sample stage. An excitation 
light was focused on the sample solution closed to the wall surface of the capillary to minimize reabsorption 
of Raman scattered light by the sample. Raman scattering was measured with back-scattering mode from 0 to 
500 cm−1 at room temperature.

Polarization microscopy of spherulites.  To investigate polarization properties of the polyiodide ions 
bound on amyloid fibrils, microscopy observation of iodine-stained insulin spherulites was performed with an 
ECLIPSE LV100POL (Nikon, Tokyo, Japan), in which an analyzer was placed in the optical pathway between an 
objective lens and an eyepiece. To prepare spherulites, insulin solution at a concentration of 5.0 mg/ml (861 μM 
in monomer units) in 25 mM HCl was sealed between slide and cover glasses and incubated at 70 °C for 2 h, 
according to the method reported by Rogers et al50. The spherulites formed were then stained with iodine by add-
ing a small amount of iodine solution containing 24 mM KI and 3.2 mM I2. Microscope images were recorded 
with a DS-L3 digital camera (Nikon) at different angles of rotations of the analyzer.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).

Received: 19 April 2020; Accepted: 27 August 2020

References
	 1.	 Knowles, T. P., Vendruscolo, M. & Dobson, C. M. The amyloid state and its association with protein misfolding diseases. Nat. Rev. 

Mol. Cell Biol. 15, 384–396 (2014).
	 2.	 Benson, M. D. et al. Amyloid nomenclature 2018: recommendations by the international society of amyloidosis (ISA) nomenclature 

committee. Amyloid 25, 215–219 (2018).
	 3.	 Pedersen, J. S., Andersen, C. B. & Otzen, D. E. Amyloid structure-one but not the same: the many levels of fibrillar polymorphism. 

FEBS J. 277, 4591–4601 (2010).
	 4.	 Tycko, R. Physical and structural basis for polymorphism in amyloid fibrils. Protein Sci. 23, 1528–1539 (2014).
	 5.	 Gallardo, R., Ranson, N. A. & Radford, S. E. Amyloid structures: much more than just a cross-β fold. Curr. Opin. Struct. Biol. 60, 

7–16 (2019).
	 6.	 Seuring, C. et al. Amyloid fibril polymorphism: almost identical on the atomic level, mesoscopically very different. J. Phys. Chem. 

B 121, 1783–1792 (2017).
	 7.	 Close, W. et al. Physical basis of amyloid fibril polymorphism. Nat. Commun. 9, 699 (2018).
	 8.	 Nelson, R. et al. Structure of the cross-β spine of amyloid-like fibrils. Nature 435, 773–778 (2005).
	 9.	 Petkova, A. T. et al. Self-propagating, molecular-level polymorphism in Alzheimer’s β-amyloid fibrils. Science 307, 262–265 (2005).
	10.	 Dzwolak, W. Insulin amyloid fibrils form an inclusion complex with molecular iodine: a misfolded protein as a nanoscale scaffold. 

Biochemistry 46, 1568–1572 (2007).
	11.	 Xiao, Y. et al. Aβ(1–42) fibril structure illuminates self-recognition and replication of amyloid in Alzheimer’s disease. Nat. Struct. 

Mol. Biol. 22, 499–505 (2015).
	12.	 Gremer, L. et al. Fibril structure of amyloid-β(1–42) by cryo-electron microscopy. Science 358, 116–119 (2017).
	13.	 Fitzpatrick, A. W. P. et al. Cryo-EM structures of tau filaments from Alzheimer’s disease. Nature 547, 185–190 (2017).
	14.	 Falcon, B. et al. Structures of filaments from Pick’s disease reveal a novel tau protein fold. Nature 561, 137–140 (2018).
	15.	 Tanaka, M., Chien, P., Naber, N., Cooke, R. & Weissman, J. S. Conformational variations in an infectious protein determine prion 

strain differences. Nature 428, 323–328 (2004).
	16.	 Pedersen, J. S. et al. The changing face of glucagon fibrillation: structural polymorphism and conformational imprinting. J. Mol. 

Biol. 355, 501–523 (2006).
	17.	 Chatani, E., Yagi, H., Naiki, H. & Goto, Y. Polymorphism of β2-microglobulin amyloid fibrils manifested by ultrasonication-

enhanced fibril formation in trifluoroethanol. J. Biol. Chem. 287, 22827–22837 (2012).
	18.	 Jones, E. M. & Surewicz, W. K. Fibril conformation as the basis of species- and strain-dependent seeding specificity of mammalian 

prion amyloids. Cell 121, 63–72 (2005).
	19.	 Dzwolak, W. et al. Conformational indeterminism in protein misfolding: chiral amplification on amyloidogenic pathway of insulin. 

J. Am. Chem. Soc. 129, 7517–7522 (2007).
	20.	 Lu, J. X. et al. Molecular structure of β-amyloid fibrils in Alzheimer’s disease brain tissue. Cell 154, 1257–1268 (2013).
	21.	 Kollmer, M. et al. Cryo-EM structure and polymorphism of Aβ amyloid fibrils purified from Alzheimer’s brain tissue. Nat. Com-

mun. 10, 4760 (2019).
	22.	 Noltemeyer, M. & Saenger, W. X-ray studies of linear polyiodide chains in α-cyclodextrin channels and a model for starch-iodine 

complex. Nature 259, 629–632 (1976).
	23.	 Teitelbaum, R. C., Ruby, S. L. & Marks, T. J. A resonance Raman-iodine Mössbauer investigation of the starch-iodine structure. 

Aqueous-solution and iodine vapor preparations. J. Am. Chem. Soc. 102, 3322–3328 (1980).



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:16741  | https://doi.org/10.1038/s41598-020-73460-y

www.nature.com/scientificreports/

	24.	 Okuda, M. et al. Theoretical modeling of electronic structures of polyiodide species included in α-cyclodextrin. J. Phys. Chem. B 
124, 4089–4096 (2020).

	25.	 Matsuyama, T., Sakai, H., Yamaoka, H., Maeda, Y. & Shirakawa, H. Mössbauer spectroscopic study of iodine-doped polyacetylene. 
J. Phys. Soc. Jpn. 52, 2238–2245 (1983).

	26.	 Murthy, N. S. & Khanna, Y. P. Transformations between polyiodide structures in a nylon-6 matrix. Chem. Mater. 5, 672–677 (1993).
	27.	 Yokoyama, T., Kaneyuki, K., Sato, H., Hamamatsu, H. & Ohta, T. Structure, composition, and vibrational property of iodine-doped 

polyvinyl alcohol studied by temperature-dependent I K-edge extended X-ray-absorption fine structure. Bull. Chem. Soc. Jpn. 68, 
469–475 (1995).

	28.	 Ono, S., Tsuchihashi, S. & Kuge, T. On the starch-iodine complex. J. Am. Chem. Soc. 75, 3601–3602 (1953).
	29.	 Noltemeyer, M. & Saenger, W. Structural chemistry of linear α-cyclodextrin-polyiodide complexes. X-ray crystal structures of 

(α-cyclodextrin)2·LiI3·I2·8H2O and (α-cyclodextrin)2·Cd0.5·I5·27H2O. Models for the blue amylose-iodine complex. J. Am. Chem. 
Soc. 102, 2710–2722 (1980).

	30.	 Virchow, R. Nouvelles observations sur la substance animale analogou a la cellulose vegetale. C. R. Acad. Sci. (Paris) 37, 860–861 
(1853).

	31.	 Sipe, J. D. & Cohen, A. S. Review: history of the amyloid fibril. J. Struct. Biol. 130, 88–98 (2000).
	32.	 Buxbaum, J. N. & Linke, R. P. A molecular history of the amyloidoses. J. Mol. Biol. 421, 142–159 (2012).
	33.	 Gade Malmos, K. et al. ThT 101: a primer on the use of thioflavin T to investigate amyloid formation. Amyloid 24, 1–16 (2017).
	34.	 Groenning, M., Frokjaer, S. & Vestergaard, B. Formation mechanism of insulin fibrils and structural aspects of the insulin fibril-

lation process. Curr. Protein Pept. Sci. 10, 509–528 (2009).
	35.	 Groenning, M. Binding mode of thioflavin T and other molecular probes in the context of amyloid fibrils-current status. J. Chem. 

Biol. 3, 1–18 (2010).
	36.	 Bandekar, J. Amide modes and protein conformation. Biochim. Biophys. Acta 1120, 123–143 (1992).
	37.	 Awtrey, A. D. & Connick, R. E. The absorption spectra of I2

−, I3
−, I−, IO3

−, S4O6
= and S2O3

=. Heat of the reaction I3
− = I2 + I−. J. Am. 

Chem. Soc. 73, 1842–1843 (1951).
	38.	 Pursell, J. L. & Pursell, C. J. Host-guest inclusion complexation of α-cyclodextrin and triiodide examined using UV-Vis spectro-

photometry. J. Phys. Chem. A 120, 2144–2149 (2016).
	39.	 Svensson, P. H. & Kloo, L. Synthesis, structure, and bonding in polyiodide and metal iodide-iodine systems. Chem. Rev. 103, 

1649–1684 (2003).
	40.	 Kupper, F. C. et al. Commemorating two centuries of iodine research: an interdisciplinary overview of current research. Angew. 

Chem. Int. Ed. Engl. 50, 11598–11620 (2011).
	41.	 Yu, X. C., Houtman, C. & Atalla, R. H. The complex of amylose and iodine. Carbohydr. Res. 292, 129–141 (1996).
	42.	 Teitelbaum, R. C., Ruby, S. L. & Marks, T. J. On the structure of starch-iodine. J. Am. Chem. Soc. 100, 3215–3217 (1978).
	43.	 Mizuno, M., Tanaka, J. & Harada, I. Electronic spectra and structures of polyiodide chain complexes. J. Phys. Chem. 85, 1789–1794 

(1981).
	44.	 Burzynski, R., Prasad, P. N. & Murthy, N. S. Structure of the iodine columns in iodinated nylon-6. J. Polym. Sci. B. Polym. Phys. 

24, 133–141 (1986).
	45.	 Moulay, S. Molecular iodine/polymer complex. J. Polym. Eng. 33, 389–443 (2013).
	46.	 Madhu, S. et al. Infinite polyiodide chains in the pyrroloperylene-iodine complex: insights into the starch-iodine and perylene-

iodine complexes. Angew. Chem. Int. Ed. Engl. 55, 8032–8035 (2016).
	47.	 O’Riordan, J. F., Goldstick, T. K., Ditzel, J. & Ernest, J. T. Characterization of oxygen-hemoglobin equilibrium curves using nonlinear 

regression of the Hill equation: parameter values for normal human adults. Adv. Exp. Med. Biol. 159, 435–444 (1983).
	48.	 Reddy, J. M., Knox, K. & Robbin, M. B. Crystal structure of HI3·2C6H5CONH2: a model of the starch-iodine complex. J. Chem. 

Phys. 40, 1082–1089 (1964).
	49.	 Seto, M., Maeda, Y., Matsuyama, T., Yamaoka, H. & Sakai, H. Light polarization in iodine-doped polyvinyl alcohol films. Hyperfine 

Interact. 68, 221–224 (1991).
	50.	 Rogers, S. S., Krebs, M. R., Bromley, E. H., van der Linden, E. & Donald, A. M. Optical microscopy of growing insulin amyloid 

spherulites on surfaces in vitro. Biophys. J. 90, 1043–1054 (2006).
	51.	 Vassar, P. S. & Culling, C. F. Fluorescent stains, with special reference to amyloid and connective tissues. Arch. Pathol. 68, 487–498 

(1959).
	52.	 Naiki, H., Higuchi, K., Hosokawa, M. & Takeda, T. Fluorometric determination of amyloid fibrils in vitro using the fluorescent 

dye, thioflavin T. Anal. Biochem. 177, 244–249 (1989).
	53.	 Klunk, W. E. et al. Imaging brain amyloid in Alzheimer’s disease with Pittsburgh compound-B. Ann. Neurol. 55, 306–319 (2004).
	54.	 McNamee, R. L. et al. Consideration of optimal time window for Pittsburgh compound B PET summed uptake measurements. J. 

Nucl. Med. 50, 348–355 (2009).
	55.	 Bennhold, H. Specific staining of amyloid by Congo red. Münch. Med. Wochenschr. 69, 1537–1538 (1922).
	56.	 Yakupova, E. I., Bobyleva, L. G., Vikhlyantsev, I. M. & Bobylev, A. G. Congo red and amyloids: history and relationship. Biosci. 

Rep. 39, BSR20181415 (2019).
	57.	 Lindgren, M., Sorgjerd, K. & Hammarstrom, P. Detection and characterization of aggregates, prefibrillar amyloidogenic oligomers, 

and protofibrils using fluorescence spectroscopy. Biophys. J. 88, 4200–4212 (2005).
	58.	 Singh, P. K., Kumbhakar, M., Pal, H. & Nath, S. Ultrafast bond twisting dynamics in amyloid fibril sensor. J. Phys. Chem. B. 114, 

2541–2546 (2010).
	59.	 Ramette, R. W. & Sandford, R. W. Thermodynamics of iodine solubility and triiodide ion formation in water and in deuterium 

oxide. J. Am. Chem. Soc. 87, 5001–5005 (1965).
	60.	 Redel, E., Rohr, C. & Janiak, C. An inorganic starch-iodine model: the inorganic-organic hybrid compound {(C4H12N2)2[CuII4]

(I2)}n. Chem. Commun. 16, 2103–2105 (2009).
	61.	 Morii, H., Saiki, M., Konakahara, T. & Ishimura, M. Peripheral region for core cross-β plays important role in amyloidogenicity. 

Biochem. Biophys. Res. Commun. 342, 808–816 (2006).
	62.	 Fändrich, M. et al. Amyloid fibril polymorphism: a challenge for molecular imaging and therapy. J. Intern. Med. 283, 218–237 

(2018).
	63.	 Rasmussen, J. et al. Amyloid polymorphisms constitute distinct clouds of conformational variants in different etiological subtypes 

of Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 114, 13018–13023 (2017).
	64.	 Nielsen, L., Frokjaer, S., Carpenter, J. F. & Brange, J. Studies of the structure of insulin fibrils by Fourier transform infrared (FTIR) 

spectroscopy and electron microscopy. J. Pharm. Sci. 90, 29–37 (2001).

Acknowledgments
We thank Tomomi Kozu (Renishaw K.K.) for help of resonance Raman measurements and Prof. Masahide 
Yamamoto (Kyoto University) for valuable comments on iodine-polymer complexes. AFM measurements were 
performed at Research Facility Center for Science and Technology, Kobe University. This work was supported 



13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:16741  | https://doi.org/10.1038/s41598-020-73460-y

www.nature.com/scientificreports/

by JSPS Core-to-Core Program, A. Advanced Research Networks. This work was funded by JSPS KAKENHI 
Grant Numbers JP16H04778, JP16H00772, JP17H06352, and JP20K21396.

Author contributions
T.H. and E.C. designed experiments. T.H., S.H., Y.M., M.Y., M.I., K.Y. performed experiments. T.H., N.Y., Y.O., 
and E.C. performed data analysis. T.H. and E.C. wrote the manuscript. All authors discussed the results and 
commented on the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-73460​-y.

Correspondence and requests for materials should be addressed to E.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-73460-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Iodine staining as a useful probe for distinguishing insulin amyloid polymorphs
	Results
	Formation of polymorphic insulin amyloid fibrils. 
	Color formation by iodine staining of insulin amyloid fibrils. 
	Tracking structural propagation of amyloid fibrils by iodine staining. 
	Characterization of polyiodide species responsible for visible color. 
	Titration of iodine to insulin amyloid fibrils. 
	Investigation of the orientation of polyiodides on the surface of amyloid fibrils. 

	Discussion
	Conclusion
	Materials and methods
	Materials. 
	Formation of amyloid fibrils of insulin. 
	ThT fluorescence assay. 
	AFM. 
	ATR-FTIR absorption spectroscopy. 
	Iodine staining of amyloid fibrils. 
	Resonance Raman spectroscopy. 
	Polarization microscopy of spherulites. 

	References
	Acknowledgments


