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Abstract

Amyloid fibrils are widely studied both as target in conformational disorders and as basis for

the development of protein-based functional materials. The three Zr phthalocyanines bear-

ing dehydroacetic acid residue (PcZr(L1)2) and its condensed derivatives (PcZr(L2)2 and

PcZr(L3)2) as out-of-plane ligands were synthesized and their influence on insulin fibril for-

mation was studied by amyloid-sensitive fluorescent dye based assay, scanning electron

microscopy, fluorescent and absorption spectroscopies. The presence of Zr phthalocya-

nines was shown to modify the fibril formation. The morphology of fibrils formed in the pres-

ence of the Zr phthalocyanines differs from that of free insulin and depends on the structure

of out-of-plane ligands. It is shown that free insulin mostly forms fibril clusters with the length

of about 0.3–2.1 μm. The presence of Zr phthalocyanines leads to the formation of individual

0.4–2.8 μm-long fibrils with a reduced tendency to lateral aggregation and cluster formation

(PcZr(L1)2), shorter 0.2–1.5 μm-long fibrils with the tendency to lateral aggregation without

clusters (PcZr(L2)2), and fibril-like 0.2–1.0 μm-long structures (PcZr(L3)2). The strongest

influence on fibrils morphology made by PcZr(L3)2 could be explained by the additional

stacking of phenyl moiety of the ligand with aromatic amino acids in protein. The evidences

of binding of studied Zr phthalocyanines to mature fibrils were shown by absorption spec-

troscopy (for PcZr(L1)2 and PcZr(L2)2) and fluorescent spectroscopy (for PcZr(L3)2).

These complexes could be potentially used as external tools allowing the development of

functional materials on protein fibrils basis.

Introduction

The formation and deposition of ordered filamentous protein aggregates also known as amy-

loid fibrils are connected with a large number of human diseases, including amyloidoses and

neurodegenerative disorders [1–3]. Amyloid fibrils are highly ordered cross-β sheet protein

aggregates widely studied as target against conformational disorders, but due to the high

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0243904 January 7, 2021 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Chernii S, Gerasymchuk Y, Losytskyy M,

Szymański D, Tretyakova I, Łukowiak A, et al.

(2021) Modification of insulin amyloid aggregation

by Zr phthalocyanines functionalized with

dehydroacetic acid derivatives. PLoS ONE 16(1):

e0243904. https://doi.org/10.1371/journal.

pone.0243904

Editor: Giovanni Signore, Fondazione Pisana per la

Scienza, ITALY

Received: July 13, 2020

Accepted: December 1, 2020

Published: January 7, 2021

Copyright: © 2021 Chernii et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Data are available

from the Dryad (doi: 10.5061/dryad.wdbrv15kx).

Funding: This research was funded by National

Science Centre (research grant No. 2016/23/B/ST5/

024830) and by a PAN-NASU collaboration grant

for 2018-2020. V.Ch., I.T. and V.P. thank to NASU

Program of Fundamental Research "New

Functional Substances and Materials for Chemical

Engineering" No 17-20 for support of the synthesis

of phthalocyanines. The funders had no role in

https://orcid.org/0000-0002-2148-672X
https://orcid.org/0000-0002-3039-7091
https://orcid.org/0000-0003-2057-1639
https://orcid.org/0000-0001-8305-9398
https://doi.org/10.1371/journal.pone.0243904
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0243904&domain=pdf&date_stamp=2021-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0243904&domain=pdf&date_stamp=2021-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0243904&domain=pdf&date_stamp=2021-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0243904&domain=pdf&date_stamp=2021-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0243904&domain=pdf&date_stamp=2021-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0243904&domain=pdf&date_stamp=2021-01-07
https://doi.org/10.1371/journal.pone.0243904
https://doi.org/10.1371/journal.pone.0243904
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5061/dryad.wdbrv15kx


stability they are also considered as basis for the development of functional materials. While

the aspects of the inhibition of the pathological amyloid formation are studied in much detail

up to date [4], the use of the functional self-assembling materials based on amyloid fibrils is

still a growing field of research [5]. Amyloid fibrils are of high interest as functional materials

due to a number of their unique properties such as high elasticity and stability, mechanical

robustness, stiffness, easy assembly, the modulation of adhesion, etc. [6–8]. These functional

materials could be applied as components in active composites, sensors and biomimetic struc-

tures or underwater adhesives [5, 6].

The mentioned reasons cause an interest in the search of compounds that could specifically

detect amyloid fibrils and inhibit or modify fibril formation process. A number of molecules

containing aromatic fragments are proposed as compounds that can bind to amyloid aggre-

gates and, as a result, provide the fibril detection and/or influence the amyloid aggregation

process.

Amyloid fibrils can be detected by fluorescence-based methods, using dyes sensitive to β-

pleated grooves [9]. In this case, the commonly used dyes for the detection and visualization of

amyloid aggregates are Thioflavin T [10] and Congo Red [11, 12]. Furthermore, compounds

of cyanine [13] and styrylpyridinium [14] dye classes were proposed as probes for sensing of

amyloid fibrils.

Recently, we have discovered β-ketoenoles as a new class of dyes possessing fluorescence

sensitivity to amyloid fibrils [15, 16]. These compounds are able to specifically bind to the

amyloid fibrils with the increase of fluorescent quantum yield and lifetime, while demonstrat-

ing a relatively weak response in the presence of native protein. β-ketoenole dye AmyGreen

was also proposed as a stain for visualization of amyloids in bacterial biofilms of different amy-

loid-producing strains [17].

Dehydroacetic acid (DHA) is the basic material for the synthesis of a very wide range of

organic compounds, in particular β-ketoenoles, described in many reviews [18–20]. DHA

derivatives were studied for their antioxidant and cytotoxic [21], antitumor [22], antimicrobial

[23–25] and other properties. The interaction of DHA with aromatic aldehydes leads to the

formation of halcones [26, 27], which serve as starting compounds to obtain alkylamino-β-

ketoenoles. Another feature of DHA and some of its derivatives is their ability to form coordi-

nation complexes with metals [28–30]. In the case of metals with high coordination numbers,

the formation of mixed-ligand DHA complexes with 8-hydroxy quinoline [31] and β-dike-

tones [32] is possible. The complexes of Zr and Hf phthalocyanines with these ligands have

been also described [33–35].

Many external factors can strongly affect the stability of fibrils and the final structure of

amyloid aggregates [36]. We have previously reported that the presence of macrocyclic metal

complexes, namely out-of-plane coordinated phthalocyanines [37–39], planar phthalocyanines

and porphyrazines [40] and tetraphenylporphyrins [41], are able to inhibit the fibril formation

or significantly change the morphology of formed protein aggregates. Particularly, the pres-

ence of out-of-plane coordinated phthalocyanines led to the formation of different aggregate

populations (small amount of protofilaments, oligomeric or unstructured amorphous aggre-

gates) depending on the structure of their out-of-plane ligands [37–39]. Thus, the design of

out-of-plane coordinated phthalocyanines as agents able to change fibril formation pathway

seems to be an efficient way to develop a tool for design of functional materials based on amy-

loid fibrils.

Therefore, the aim of the work was to study Zr phthalocyanine complexes, which are struc-

turally based on phthalocyanine core and bear DHA derivatives as out-of-plane ligands.

According to this aim, three Zr phthalocyanines (ZrPc) bearing dehydroacetic acid (PcZr

(L1)2) and its derivatives condensed with crotonaldehyde (PcZr(L2)2) and benzaldehyde
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(PcZr(L3)2) as out-of-plane coordinated ligands (Fig 1) were synthesized. These ligands are

related to the amyloid-binding β-ketoenole dyes, for which amyloid-sensitive properties have

previously been shown [15, 16]. We thus suppose that DHA derivatives as out-of-plane ligands

could play role in the binding of phthalocyanines to amyloid fibrils. Thus, the effect of Zr phtha-

locyanines on the kinetics of amyloid insulin aggregation was studied and the morphology of

insulin aggregates formed in presence of Zr phthalocyanines was determined by scanning elec-

tron microscopy (SEM). Finally, we used UV-VIS absorption and fluorescence methods to

study the binding of phthalocyanines with native insulin and its mature amyloid fibrils.

Material and methods

Materials

Human insulin was acquired from Sigma-Aldrich. Prof. O. I. Tolmachev and Dr. Yu. L. Slo-

minskii provided amyloid-sensitive cyanine dye 7519 (Institute of Organic Chemistry of

Fig 1. Structures of out-of-plane coordinated Zr phthalocyanines and amyloid-sensitive cyanine dye 7519.

https://doi.org/10.1371/journal.pone.0243904.g001
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NASU). Dimethyl sulfoxide (DMSO), methanol (MeOH), 0.1 M HCl solution in water, and 50

mM Tris-HCl buffer (pH 7.9) were used as solvents.

The general method of synthesis of L2 and L3 ligands (Scheme 1)

To 10 mmol of dehydroacetic acid in 10 mL of butanol, equimolar amount of aldehyde was

added and the solution was heated to 80˚C. 3 drops of a pyridine mixture with piperidine (1:1

by volume) were added to the boiling homogeneous solution and boiled for 3 hours. When

half of the solvent was distilled, the mixture was cooled and derived crystals were filtered. The

product was washed twice on the filter with small amount of isopropanol and recrystallized

from dimethylformamide-isopropanol system. Then, it was filtered, washed on the filter with

isopropanol, then washed twice with water and finally air-dried.

L2. 3-(2E,4E)-hexa-2,4-dienoyl-4-hydroxy-6-methyl-2H-pyran-2-one. Yield: 45%. M.p. =

150–154˚C. Found (%): C, 65.53; H, 5.41. Anal. Calcd. (%) for C12H12O4: C, 65.45; H, 5.49. 1H

NMR (400 MHz, CDCl3) δ 18.08 (s, 1H), 7.59 (p, J = 15.0 Hz, 2H), 6.62–6.15 (m, 2H), 5.92 (s,

1H), 2.26 (s, 3H), 1.92 (d, J = 6.0 Hz, 3H).

L3. 3-cinnamoyl-4-hydroxy-6-methyl-2H-pyran-2-one. Yield: 78%. M.p. = 136–137 oC.

Found (%): C, 70.39; H, 4.75. Anal. Calcd. (%) for C15H12O4: C, 70.31; H, 4.72. 1H NMR (400

MHz, CDCl3) δ 17.95 (s, 1H), 8.32 (d, J = 15.7 Hz, 1H), 7.97 (d, J = 15.7 Hz, 1H), 7.74–7.64 (m,

2H), 7.48–7.30 (m, 3H), 5.97 (d, J = 0.9 Hz, 1H), 2.29 (d, J = 0.9 Hz, 3H).

The general method of synthesis of phthalocyanine complexes of zirconium

with dehydroacetic acid (L1) and its derivatives (L2, L3) as out-of-plane

coordinated ligands

445 mg of Zr(C7H15COO)2 (obtained as described in [42]) (0.5 mmol) was dissolved in 3 mL

of toluene under heating; 1.2 mmol of dehydroacetic acid or its derivatives (20% excess) was

also dissolved in hot toluene (2 mL). Reagents were mixed and refluxed for 4 hours, and then

reaction mixture was cooled. The resulting crystalline precipitate was filtered and washed with

large amount of acetone. Product was dried at 60˚C.

PcZr(L1)2. Bis-[3-acetyl-4-hydroxy-6-methyl-2H-pyran-2-onato] zirconium phthalocya-

ninate. Yield: 75%. Found (%): Zr 9.62. Anal. Calcd. (%) for C48H30N8O8Zr: Zr, 9.72. 1H NMR

(400 MHz, CDCl3) δ 9.46–9.33 (m, 4H), 9.27 (d, J = 7.5 Hz, 2H), 9.10 (t, J = 7.0 Hz, 2H), 8.55–

7.82 (m, 8H), 4.71 (d, J = 8.9 Hz, 2H), 1.97 (s, 6H), 1.76–1.64 (m, 6H).

PcZr(L2)2. Bis-[3-(2E,4E)-hexa-2,4-dienoyl-4-hydroxy-6-methyl-2H-pyran-2-onato] zir-

conium phthalocyaninate. Yield: 27%. Found (%): Zr, 8.91. Anal. Calcd. (%) for

C56H38N8O8Zr: Zr, 8.75. 1H NMR (400 MHz, CDCl3) δ 9.57–9.00 (m, 8H), 8.32–7.93 (m, 8H),

Scheme 1. Synthesis scheme of condensed derivatives of dehydroacetic acid.

https://doi.org/10.1371/journal.pone.0243904.g002
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6.60 (t, J = 17.7 Hz, 2H), 6.20–5.93 (m, 2H), 5.87 (t, J = 12.3 Hz, 2H), 5.44–5.17 (m, 3H), 4.79

(s, 1H), 1.99 (s, 6H), 1.76 (d, J = 6.7 Hz, 6H).

PcZr(L3)2. Bis-[3-cinnamoyl-4-hydroxy-6-methyl-2H-pyran-2-onato] zirconium phtha-

locyaninate. Yield: 72%. Found (%): Zr, 8.24. Anal. Calcd. (%) for C62H38N8O8Zr: Zr, 8.19. 1H

NMR (400 MHz, CDCl3) δ 9.90–8.79 (m, 8H), 8.64–7.72 (m, 8H), 7.72–7.09 (m, 10H), 6.97–

6.86 (m, 2H), 6.61–6.01 (m, 2H), 5.05–4.46 (m, 2H), 2.16–1.32 (m, 6H).

Preparation of stock solutions

The insulin solution with concentration of 2 mg/mL (340 μM) was prepared by dissolving the

weighted amount of human insulin in 0.1 M HCl solution in distilled water. The stock solu-

tions of phthalocyanines (2 mM) were prepared in DMSO.

Insulin fibril formation

Non-inhibited insulin fibrils were formed by incubating the 340 μM protein solution in a

water bath at 65˚C for about 5 h. To obtain fibrils inhibited by the studied phthalocyanines, an

aliquot of 2 mM DMSO solution of corresponding phthalocyanine was added to the 340 μM

protein solution (final concentration of phthalocyanine in reaction mixture was 100 μM); the

obtained mixture was than incubated in water bath at 65˚C for about 5 h. The experiment was

repeated 4 times.

Monitoring of amyloid fibril formation

The kinetics of the fibrillization reaction was monitored using the fluorescent dye 7519 that pro-

vides specific fluorescence response in the presence of amyloid fibrils. This assay was previously

developed by us [43] and applied in similar studies [37–40]; we suppose the fluorescence inten-

sity of the dye to be the measure of the quantity of beta-pleated amyloid structures. For this, ali-

quots of the reaction mixture were withdrawn from each tube at about 90, 150, 240, and 300

minutes after the reaction started, and added to 2 μM solution of 7519 in 50 mM Tris-HCl

buffer (pH 7.9). Fluorescence emission spectrum of 7519 (excitation at 580 nm) was measured

immediately after mixing the protein and dye solutions with the help of fluorescent spectropho-

tometer Cary Eclipse (Varian, Australia). The efficiency of inhibition of fibrillization reaction

by each phthalocyanine was estimated as (1–I/I0)×100%, where I and I0 are the fluorescence

intensities of 7519 measured in the presence of inhibited and non-inhibited fibrils after 300

minutes of incubation. Average values of inhibition efficiency (calculated based on 4 repeats of

the experiment) are provided, along with standard deviation represented as error bars.

Scanning electron microscopy study

SEM studies of the products of fibrillization reaction of insulin in the absence and in the pres-

ence of the studied compounds were carried out using FE-SEM microscope (FEI Nova Nano-

SEM 230) equipped with an EDS analyzer (EDAX Genesis XM4). SEM images were recorded

using an accelerating voltage of 5.0 kV. For layer deposition, the samples of insulin amyloid

aggregates obtained at the concentration of 340 μM were diluted in 15 times with distilled

water. Then, a drop of the solution was deposited on the silicon surface. The samples were stud-

ied after water evaporation. The length of the fibrils was determined using Gwyddion program.

UV-VIS spectroscopy study

Absorption spectra of phthalocyanines PcZr(L1)2, PcZr(L2)2, PcZr(L3)2 and ligands L1, L2, L3

with insulin were recorded on a SHIMADZU UV-VIS-NIR spectrophotometer UV-3600.
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Spectra were recorded at 250–820 nm region. Monomeric insulin and noninhibited insulin

fibrils (after 300 min of reaction) at concentration of 340 μM were diluted in 20 times in

50mM Tris-HCl buffer (pH 7.9) and then the aliquot of stock solution (2 mM in DMSO) of

corresponding compound (phthalocyanine or ligand) was added, so that the compound’s final

concentration was 5 μM (thus the compound-to-protein concentrations ratio was the same as

during the fibril formation reaction). Working solutions of phthalocyanines and ligands in

methanol were also 5 μM. All spectral measurements were performed in quartz absorption

cuvettes (1 ґ 1 cm) at room temperature.

Fluorescent spectroscopy study

The evaluation of fluorescent sensitivity of phthalocyanines and ligands to monomeric insulin

and mature fibrils was also performed. Fluorescence excitation and emission spectra were col-

lected on a Cary Eclipse fluorescence spectrophotometer (Varian, Austria). Working solutions

of the compounds (phthalocyanines and ligands) were prepared by dilution of the compound’s

stock solution with Tris-HCl buffer (pH 7.9) to the concentration of 2 μM (for all measure-

ments in buffer) with the further μligands in methanol were 5 μM. All spectral measurements

were performed in standard quartz cuvettes (1 ґ 1 cm) at room temperature.

Results and discussion

The synthesis of zirconium phthalocyanines

Dehydroacetic acid [44] and its derivatives [45] are chelating bidentate ligands exhibiting

properties corresponding to those of β-diketones and quite easily forming complexes with

boron [46] and transition metals [47]. According to the Knoevenagel reaction, we obtained

dehydroacetic acid derivatives condensed with aldehydes, which (similarly to DHA) have

ketoenole fragments suitable for coordination [47]. These derivatives also interact with coordi-

nation-unsaturated central metal atom of phthalocyanines (Fig 1) and form out-of-plane com-

plexes. In this work, we have obtained phthalocyanine complexes with dehydroacetic acid

(PcZr(L1)2) and its condensed derivatives (PcZr(L2)2 and PcZr(L3)2). The resulting com-

plexes are highly stable fine crystalline substances of dark blue color, with absorption bands

around 330 nm (Soret band) and 690 nm (Q-band). The yields for these reactions are about

30–75%. The studied complexes are soluble in most organic solvents.

Fluorescent dye-based assay study of fibril formation kinetics

Insulin is widely used as a model protein in the study of amyloid aggregation. Moreover, amy-

loid deposits of fibrillar insulin have been reported in patients with diabetes [48], during nor-

mal aging [49], and after repeated injections of insulin [50]. The monitoring of kinetics of the

insulin fibril formation (Fig 2) under the influence of out-of-plane coordinated Zr phthalocya-

nines was studied by fluorescent assay based on amyloid-sensitive cyanine dye 7519. The pres-

ence of phthalocyanines slightly affects the fluorescence intensity of the cyanine dye 7519 (S1

Fig). The dye emission intensity starts to increase in 90 min after the beginning of reaction for

free insulin as well as in the presence of all three compounds. Thus, the presence of phthalocy-

anines does not change the duration of the lag phase of the kinetics, which may indicate that

the studied phthalocyanines do not significantly affect the early stages of aggregation, the so-

called nucleation (the formation of stable association nuclei) [51]. The shapes of the kinetics

curves are similar for compounds PcZr(L1)2 and PcZr(L2)2, while it differs for PcZr(L3)2. We

suggest that aggregation intermediates intensively formed on the early stages of insulin aggre-

gation in the presence of PcZr(L3)2 partially degrade during the later elongation stages. The
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efficiency of inhibition at the final stage of the reaction intensity was found to be in the range

from 45% for compound PcZr(L2)2 to 68% for compound bearing two chalcone ligands (PcZr

(L3)2). Thus, dye-based fluorescent assay shows the difference in the effect of these phthalocya-

nines on the kinetics of insulin aggregation, which may indicate the difference in an amount

of formed insulin aggregates and/or their morphology.

Scanning electron microscopy study of the morphology of insulin

aggregates

The morphology of aggregates formed by insulin in free state and under the influence of out-

of-plane coordinated Zr phthalocyanines was determined by method of scanning electron

microscopy (Fig 3, Table 1). Different chemical nature of the out-of-plane ligands may affect

Fig 2. The kinetics of insulin fibrillization reaction under the influence of Zr phthalocyanines bearing different ligands.

https://doi.org/10.1371/journal.pone.0243904.g003

Table 1. Parameters of insulin amyloid fibrils formed in the presence of Zr phthalocyanines.

Name of ZrPc Morphology of products Length (range), μm Length (average�), μm

Free insulin fibril cluster 0.3–2.1 0.9±0.4

PcZr(L1)2 mature fibril 0.4–2.8 1.6±0.25

PcZr(L2)2 mature fibril 0.2–1.5 0.6±0.35

PcZr(L3)2 fibril-like structure 0.2–1.0 0.4±0.2

�Calculated based on 20 measurements of fibrils length.

https://doi.org/10.1371/journal.pone.0243904.t001
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phthalocyanine binding ability and provide distinctions in morphology of insulin amyloid

aggregates. Free insulin forms separate fibrils with length of about 0.2–2.1 μm sticking in large

clots (bundles) and clusters (Fig 3A). The wide spread of laterally aggregated fibril clusters

indicates a high tendency of free insulin fibrils to form such structures. Only a small number

of single fibrils are present in the images (Fig 3A). At the same time, the presence of the studied

Zr phthalocyanines induces changes in aggregate structures leading to the formation of fibrils

with substantially different morphology.

Thus, the presence of PcZr(L1)2 leads to the formation of individual 0.4–2.8 μm-long

mature fibrils with a reduced tendency to lateral aggregation and cluster formation (Fig 3B).

These fibrils are longer than in the case of free insulin. In contrast to the free insulin and PcZr

(L1)2 presence, PcZr(L2)2 leads to the formation of shorter fibrils with a tendency to lateral

aggregation, but without the formation of clusters (Fig 3C). It should be mentioned that this

Zr phthalocyanine has the lowest effect on the kinetics of insulin aggregation according to the

fluorescence assay. Comparison of the effects of PcZr(L1)2 and PcZr(L2)2 presence shows that

in the latter case separate fibrils dominated over lateral assembles of fibrils. Finally, in the case

of PcZr(L3)2 we observed the formation of fibril-like structures and «clots» 0.2–1.0 nm in size

for which it is difficult to determine their specific morphology (Fig 3D).

It was previously shown that phthalocyanine dichloride with small-size substituents redi-

rects the amyloid aggregation process towards the formation of large size particles (diameter

up to 100 nm and higher) that were attributed to amorphous aggregates [38]. At the same

time, the presence of the studied phthalocyanines containing DHA and its derivatives as the

out-of-plane ligands affects the type of aggregation product so that the formation of fibrils is

observed. This allows us to suppose that chemical nature of out-of-plane ligands of phthalocya-

nines is to the large extend responsible for the changes in insulin fibrils morphology. The

phthalocyanines bearing DHA (methyl side group) or DHA derivatives with alken side group

(PcZr(L1)2 and PcZr(L2)2, correspondingly) redirect aggregation reaction to the formation of

long separate filaments. At the same time, the compound PcZr(L3)2 bearing aromatic residue

lead to the formation of short aggregates with a tendency to gluing into clots.

VIS absorption study of Zr phthalocyanines and their ligands

In order to study the binding of phthalocyanines with native protein and mature fibrils, the

spectral-luminescent methods were used. Thus, the study of UV-VIS absorption behavior of

ligands L1, L2, L3 and corresponding Zr phthalocyanines PcZr(L1)2, PcZr(L2)2, and PcZr(L3)2

in MeOH and Tris-HCl buffer (pH 7.9) was performed (Figs 5 and 6). For L1 in MeOH, the

band with a maximum at 300 nm is observed, L2 has the broad band with the maximum at the

same wavelength as L1 (Fig 4A). Meanwhile, the maximum of the L3 absorption spectrum in

MeOH is located at 346 nm. Absorption spectra of ligands in buffer contain a band with maxi-

mum at 291–292 nm for L1 and L2, and 305 nm for L3. The UV-VIS absorption behavior of

ligands (L1, L2, L3) in the presence of monomeric and fibrillar protein was studied in order to

detect their interaction (Fig 4B–4D). By this method, no interaction between ligands and pro-

tein was observed.

Fluorescence spectroscopy was also used to study the properties of ligands (S1 Table). In

MeOH, compounds L1 and L2 have a maximum of fluorescence emission at 340 nm and a

maximum of fluorescence excitation at 265 nm. L3 is characterized by fluorescence emission

and excitation maxima at 491 nm and 391 nm respectively. These compounds do not possess

fluorescence in buffer as well as in the presence of proteins.

It was previously shown that phthalocyanine complexes with pronounced tendency to self-

association have a higher anti-fibrillogenic activity [4, 39, 52]. The interaction between
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aromatic amino acids of protein and macrocycle core of phthalocyanine via π-stacking pro-

vides a central mechanistic basis for the inhibitory activity of these compounds [53]. Since self-

aggregation of phthalocyanine is also provided by π-stacking interactions [54], the higher ten-

dency of the compound to self-aggregation provides better binding of phthalocyanine to aro-

matic amino acids of the protein [4].

Previously, the destruction of self-associates of phthalocyanine dichloride (containing

small-size chlorine atoms as substituents) in the presence of insulin fibrils has been shown,

which may indicate an interaction between the compound and the protein [39]. Moreover, the

enhancement of the intensity in phthalocyanine dichloride surface-enhanced Raman scatter-

ing spectra caused by the presence of insulin fibrils was observed that may reflect the interac-

tion between phthalocyanine complex and amyloid fibrils [55].

In order to estimate the self-association behavior of the studied phthalocyanines PcZr(L1)2,

PcZr(L2)2 and PcZr(L3)2, we have studied absorption spectra of these compounds in MeOH

and buffer (Fig 5). Thus in the compounds’ spectra in MeOH, intensive long-wavelength peak

of Q-band with maximum at 680–684 nm was observed along with a short-wavelength satellite

band with a maximum at 612–616 nm (Fig 5A). Another characteristic feature of phthalocya-

nines’ electronic absorption spectra is the Soret band, which is situated at 334–342 nm for the

studied compounds. Besides, in the spectrum of phthalocyanines PcZr(L1)2 and PcZr(L2)2 in

MeOH there is a ligand band at 285 nm. Meanwhile, the ligand band of PcZr(L3)2 appears to

overlap with the Soret band of phthalocyanine, since the ligand maximum is located at 373 nm

(while the maximum of the Soret band is at 342 nm). According to the literature, phthalocya-

nines exist as monomeric species in methanol at 5 μM concentration revealing the observed

shape of the absorption spectrum [54]. Thus, ZrPc spectra in MeOH correspond to the spectra

of unassociated phthalocyanines (in their monomeric form).

Fig 3. SEM images of insulin fibrils formed in the absence of phthalocyanines (a) and in the presence of PcZr(L1)2 (b),

PcZr(L2)2 (c), and PcZr(L3)2 (d).

https://doi.org/10.1371/journal.pone.0243904.g004
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Absorption spectra of Zr phthalocyanines in buffer contain two Q-band peaks, namely

short-wavelength band Q2 near 645 nm (at least partially corresponding to aggregates) and

long-wavelength one Q1 in the range 684–695 nm, as well as Soret band at 333–339 nm (Fig

5B–5D). The ratio between the intensities of short- and long-wavelength Q-bands point to the

conclusion that free PcZr(L1)2 (Fig 5B) has a higher tendency for aggregation compared to

PcZr(L2)2 and PcZr(L3)2. The presence of both monomeric and fibrillar insulin does not

change the shape of PcZr(L3)2 spectra (Fig 5D). At the same time, an addition of fibrillar insu-

lin to the PcZr(L1)2 solution leads to the significant decrease of short-wavelength Q-band and

increase of long-wavelength one, which indicates the destruction of phthalocyanines aggre-

gates (self-associates) accompanied with the release of monomer phthalocyanines (Fig 5B).

Although PcZr(L2)2 has lower tendency to self-association (compared to PcZr(L1)2), for this

phthalocyanine the similar redistribution of the Q-bands intensity upon addition of insulin

Fig 4. Absorption spectra of ligands in MeOH (a) and in Tris-HCl buffer pH 7.9 and in the presence of monomeric (mINS) and fibrillar(fINS) insulin (L1 (b), L2 (c),

and L3 (d).

https://doi.org/10.1371/journal.pone.0243904.g005
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fibrils was shown. We can thus assume that phthalocyanines PcZr(L1)2 and PcZr(L2)2 interact

with mature fibrils of insulin. The less intensive destruction of self-associates of PcZr(L1)2 and

PcZr(L2)2 is also observed in the presence of monomeric insulin, which indicates that the

compounds have a higher tendency to interaction with fibrillar insulin as compared to mono-

mer one.

The spectral-luminescent properties of Zr phthalocyanines have also been studied by fluo-

rescence spectroscopy. Excitation maxima of phthalocyanines are located at 688–693 nm with

emission in the range 697–700 nm. No increase or decrease in the fluorescence intensity of Zr

phthalocyanines in the presence of the initial and final products of amyloid aggregation was

observed for PcZr(L1)2 and PcZr(L2)2, while increase in 2.0 times for PcZr(L3)2 was regis-

tered upon addition of fibrillary insulin (S1 Table). This observation is considered to reflect

the binding of PcZr(L3)2 with mature fibrils. Thus, the spectral methods point to the interac-

tion of compounds PcZr(L1)2, PcZr(L2)2, and PcZr(L3)2 with mature amyloid fibrils.

Discussion of mechanism of activity

Studied Zr phthalocyanines with out-of-plane coordinated ligands are considered as com-

pounds able to modify the fibril formation reaction. We observed that the presence of phthalo-

cyanines led to the formation of fibrils of different structure depending on the structure of

out-of-plane ligands. The formation of protein aggregates of other types such as amorphous or

oligomeric species was not observed (Fig 3). We presume it is happening due to the insignifi-

cant effect of the Zr phthalocyanines at the early stages (seed formation stage) of fibril forma-

tion reaction. However, morphology of formed filaments is changed by the phthalocyanines at

later stages (probably elongation stages).

It is known that the structural basis for the influence of phthalocyanines on amyloid fibrils

aggregation relies on specific π−π interactions between the aromatic ring system of these mole-

cules and aromatic residues in the amyloidogenic proteins [4, 56, 57]. Insulin molecule con-

tains tyrosine aromatic residues (Y) in amyloidogenic regions of protein in both chains—(13)

LYQLEN(18) in A-chain and (11)LVEALYL(17) in B-chain [58, 59]. Since the studied phtha-

locyanines differ only by their out-of-plane ligands, the main difference in the effect of Zr

phthalocyanines on insulin aggregation should be contributed to these ligands. First, it can be

assumed that Zr phthalocyanines may be able to bind into β-sheet grooves of growing fibrils

with their out-of-plane ligands, since these ligands are a “core” of amyloid-specific dyes that

bind to these sites. The strongest influence on fibrils morphology by PcZr(L3)2 could be

explained by the presence of phenyl moiety in the out-of-plane ligand. It also explains the

lower effect of PcZr(L2)2 since it contains a ligand of the similar structure as PcZr(L3)2 but

without aromatic fragment. Thus, the presence of aromatic fragment in ligand may provide an

additional fixation (via stacking to aromatic aminoacid residue) during the compound-protein

interaction. That, in turn, may block protein-protein interaction and further fibril growth. It

can be assumed that phthalocyanine interacts with a growing fibril in β-folds, forming an aro-

matic bond between the phthalocyanine core or phenyl fragment of coordinated ligand and

tyrosine amino acid residue (Y14 in A-chain or Y17 in B-chain) (Fig 6). It should be noted that

in the case of antiparallel folding of β-sheets in amyloid fibril of insulin, the possible option is

binding of phthalocyanine simultaneously with two tyrosine residues in antiparallel chains

(via stacking interactions of both macrocycle core and coordinated ligand).

Conclusions

Three Zr phthalocyanines bearing dehydroacetic acid (PcZr(L1)2) and its derivatives (PcZr

(L2)2, PcZr(L3)2) as out-of-plane ligands was synthesized and studied for their influence on
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Fig 5. Absorption spectra of phthalocyanines in MeOH (a) and in Tris-HCl buffer pH 7.9, in the presence of monomeric (mINS) and fibrillar (fINS) insulin (PcZr(L1)2

(b), PcZr(L2)2 (c), and PcZr(L3)2 (d).

https://doi.org/10.1371/journal.pone.0243904.g006

Fig 6. Illustrative scheme of PcZr(L3)2 binding to antiparallel β-sheet groove of insulin amiloidogenic sequences

(11)LVEALYL(17).

https://doi.org/10.1371/journal.pone.0243904.g007
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insulin fibril formation. Monitoring of the kinetics of insulin fibrillization showed that the

presence of phthalocyanines decreases the intensity of this reaction, which varies depending

on the structure of out-of-plane ligand. This decrease was estimated by fluorescent assay as 45,

63 and 68% of initial intensity for compounds PcZr(L2)2, PcZr(L1)2), and PcZr(L3)2,

respectively.

The morphology of fibrils formed in the presence of the Zr phthalocyanines differs from

that of free insulin and also depends on the structure of out-of-plane ligands. Free insulin

mostly forms fibril clusters with length of about 0.3–2.1 μm. The presence of Zr phthalocya-

nines leads to the formation of individual 0.4–2.8 μm-long fibrils with a reduced tendency to

lateral aggregation and cluster formation for PcZr(L1)2, shorter 0.2–1.5 μm-long fibrils with a

tendency to lateral aggregation without clusters for PcZr(L2)2, and fibril-like structures of 0.2–

1.0 μm in length for PcZr(L3)2. The strongest influence on fibrils morphology by PcZr(L3)2

could occur due to the stacking of phenyl moiety of the out-of-plane ligand with side chain

aromatic residues of amino acids.

The spectral methods show the evidence of the interaction between PcZr(L1)2, PcZr(L2)2,

and PcZr(L3)2 and mature amyloid fibrils. Thus, the presence of mature fibrils leads to an

increase in the Q-band absorption corresponding to phthalocyanine monomers (Q1) and a

decrease in the intensity of Q-band of aggregates (Q2), which indicates the destruction of self-

associates of PcZr(L1)2 and PcZr(L2)2. The presence of amyloid fibrils leads to an increase of

the PcZr(L3)2 fluorescence intensity (in 2 times) that probably reflects its binding to amyloid

fibrils.

Reported Zr phthalocyanines are suggested as agents with well-pronounced modifying

activity for insulin aggregation reaction; they cause a decrease in reaction intensity and

changes in the morphology of formed aggregates. Thus they are considered to be of interest as

a potential tool for the design of functional materials based on protein amyloid fibrils.

Supporting information

S1 Fig. The fluorescence spectra of 7519 with PcZr(L1)2, PcZr(L2)2, PcZr(L3)2 in the

absence and in the presence of insulin fibrils.

(DOCX)

S1 Table. Spectral-luminescent properties of studied ZrPc in free state and in presence of

monomeric insulin and mature fibrils.

(DOCX)

S2 Table. Spectral-luminescent properties of studied compounds in MeOH.

(DOCX)

Author Contributions

Conceptualization: Vladyslava Kovalska.

Formal analysis: Svitlana Chernii, Mykhaylo Losytskyy, Iryna Tretyakova.

Investigation: Svitlana Chernii, Yuriy Gerasymchuk, Mykhaylo Losytskyy, Damian Szy-

mański, Iryna Tretyakova, Viktor Chernii.

Methodology: Viktor Chernii.

Project administration: Yuriy Gerasymchuk, Vladyslava Kovalska.

Resources: Anna Łukowiak, Vasyl Pekhnyo, Sergiy Yarmoluk.

PLOS ONE Modification of insulin amyloid aggregation by functionalized Zr phthalocyanines

PLOS ONE | https://doi.org/10.1371/journal.pone.0243904 January 7, 2021 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0243904.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0243904.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0243904.s003
https://doi.org/10.1371/journal.pone.0243904


Supervision: Vladyslava Kovalska.

Validation: Vasyl Pekhnyo, Sergiy Yarmoluk.

Visualization: Damian Szymański.

Writing – original draft: Svitlana Chernii, Mykhaylo Losytskyy.

Writing – review & editing: Yuriy Gerasymchuk, Anna Łukowiak, Viktor Chernii, Vladyslava

Kovalska.

References
1. Sami N, Rahman S, Kumar V, Zaidi S, Islam A, Ali S, et al. Protein aggregation, misfolding and conse-

quential human neurodegenerative diseases. Int J Neurosci. 2017; 127(11):1047–57. https://doi.org/10.

1080/00207454.2017.1286339 PMID: 28110595

2. Churches Q. I., Caine J., Cavanagh K., Epa V. C., Waddington L., Tranberg C. E. et al. Naturally occur-

ring polyphenolic inhibitors of amyloid beta aggregation. Bioorg. Med. Chem. Lett. 2014, 24:3108–

3112. https://doi.org/10.1016/j.bmcl.2014.05.008 PMID: 24878198

3. Chiti F, Dobson CM. Protein Misfolding, Amyloid Formation, and Human Disease: A Summary of Prog-

ress Over the Last Decade. Annu Rev Biochem Vol 86. 2017; 86(May):27–68. https://doi.org/10.1146/

annurev-biochem-061516-045115 PMID: 28498720

4. Valiente-Gabioud AA, Miotto MC, Chesta ME, Lombardo V, Binolfi A, Fernández CO Phthalocyanines

as Molecular Scaffolds to Block Disease-Associated Protein Aggregation. Acc Chem Res. 2016;17; 49

(5):801–8. https://doi.org/10.1021/acs.accounts.5b00507 PMID: 27136297

5. Knowles TPJ, Mezzenga R. Amyloid Fibrils as Building Blocks for Natural and Artificial Functional Mate-

rials. Adv. Mater. 2016; 28(31):6546–61. https://doi.org/10.1002/adma.201505961 PMID: 27165397

6. Jones OG, Mezzenga R. Inhibiting, promoting, and preserving stability of functional protein fibrils. Soft

Matter. 2012; 8:876–895.

7. Cherny I, Gazit E. Amyloids: Not Only Pathological Agents but Also Ordered Nanomaterials. Angew.

Chem., Int. Ed. 2008; 47:4062–4069. https://doi.org/10.1002/anie.200703133 PMID: 18412209

8. Knowles TPJ, Buehler MJ. Nanomechanics of functional and pathological amyloid materials. Nat Nano-

technol. 2011; 6(8):469–79. https://doi.org/10.1038/nnano.2011.102 PMID: 21804553

9. Hawe A, Sutter M, Jiskoot W. Extrinsic Fluorescent Dyes as Tools for Protein Characterization. Pharm

Res. 2008; 25(7): 1487–1499. https://doi.org/10.1007/s11095-007-9516-9 PMID: 18172579

10. D’Amico M, Di Carlo MG, Groenning M, Militello V, Vetri V, Leone M. Thioflavin T Promotes Aβ(1–40)

Amyloid Fibrils Formation. J. Phys. Chem. Lett. 2012; 3(12):1596–1601. https://doi.org/10.1021/

jz300412v PMID: 26285714

11. Lorenzo A, Yankner BA. Beta-amyloid neurotoxicity requires fibril formation and is inhibited by congo

red. Proc Natl Acad Sci U S A. 1994; 91(25):12243–7. https://doi.org/10.1073/pnas.91.25.12243 PMID:

7991613

12. Wu C, Scott J, Shea JE. Binding of Congo Red to Amyloid Protofibrils of the Alzheimer Aβ9–40 Peptide.

Biophys J. 2012; 103(3): 550–557. https://doi.org/10.1016/j.bpj.2012.07.008 PMID: 22947871

13. Kuperman MV, Chernii SV, Losytskyy MYu, Kryvorotenko DV, Derevyanko NO, Slominskii YuL et al.

Trimethine Cyanine Dyes as Fluorescent Probes for Amyloid Fibrils: The Effect of N,N’-substituents.

Anal Biochem. 2015;1; 484:9–17. https://doi.org/10.1016/j.ab.2015.04.038 PMID: 25963892

14. Inshyn DI, Chernii SV, Kovalska VB, Yarmoluk SM. Design of 4-(4-dialkylaminostyryl) -pyridinium dyes

for fluorescent detection of amyloid fibrils. Biopolymers and Cell. 2016; 32(4):289–299.

15. Kovalska V, Chernii S, Losytskyy M, Dovbii Y, Tretyakova I, Czerwieniec R et al. β-ketoenole dyes: Syn-

thesis and study as fluorescent sensors for protein amyloid aggregates. Dyes and Pigments. 2016;

132:274–281.

16. Kovalska V, Chernii S, Losytskyy M, Tretyakova I, Dovbii Y, Gorski A et al. Design of functionalized β-

ketoenole derivatives as efficient fluorescent dyes for detection of amyloid fibrils. New J. Chem. 2018;

42:13308–13318.

17. Moshynets O, Chernii S, Chernii V, Losytskyy M, Karakhim S, Czerwieniec R et al. Fluorescent β-ketoe-

nole AmyGreen Dye for Visualization of Amyloid Components of Bacterial Biofilms. Methods Appl Fluor-

esc. 2020; 8(3):035006. https://doi.org/10.1088/2050-6120/ab90e0 PMID: 32375137

18. Aggarwal R, Rani C, Swati. Dehydroacetic acid and its derivatives as starting synthons for synthesis of

heterocyclic compounds. Heterocycles. 2017; 94(7):1197–1244.

PLOS ONE Modification of insulin amyloid aggregation by functionalized Zr phthalocyanines

PLOS ONE | https://doi.org/10.1371/journal.pone.0243904 January 7, 2021 14 / 16

https://doi.org/10.1080/00207454.2017.1286339
https://doi.org/10.1080/00207454.2017.1286339
http://www.ncbi.nlm.nih.gov/pubmed/28110595
https://doi.org/10.1016/j.bmcl.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24878198
https://doi.org/10.1146/annurev-biochem-061516-045115
https://doi.org/10.1146/annurev-biochem-061516-045115
http://www.ncbi.nlm.nih.gov/pubmed/28498720
https://doi.org/10.1021/acs.accounts.5b00507
http://www.ncbi.nlm.nih.gov/pubmed/27136297
https://doi.org/10.1002/adma.201505961
http://www.ncbi.nlm.nih.gov/pubmed/27165397
https://doi.org/10.1002/anie.200703133
http://www.ncbi.nlm.nih.gov/pubmed/18412209
https://doi.org/10.1038/nnano.2011.102
http://www.ncbi.nlm.nih.gov/pubmed/21804553
https://doi.org/10.1007/s11095-007-9516-9
http://www.ncbi.nlm.nih.gov/pubmed/18172579
https://doi.org/10.1021/jz300412v
https://doi.org/10.1021/jz300412v
http://www.ncbi.nlm.nih.gov/pubmed/26285714
https://doi.org/10.1073/pnas.91.25.12243
http://www.ncbi.nlm.nih.gov/pubmed/7991613
https://doi.org/10.1016/j.bpj.2012.07.008
http://www.ncbi.nlm.nih.gov/pubmed/22947871
https://doi.org/10.1016/j.ab.2015.04.038
http://www.ncbi.nlm.nih.gov/pubmed/25963892
https://doi.org/10.1088/2050-6120/ab90e0
http://www.ncbi.nlm.nih.gov/pubmed/32375137
https://doi.org/10.1371/journal.pone.0243904


19. Fadda AA, Elattar KM. Reactivity of dehydroacetic acid in organic synthesis. Synthetic Communica-

tions. 2016; 46(1):1–30.

20. Prakash O, Kumar A, Singh SP. Synthesis of heterocyclic compounds from the reactions of dehydroa-

cetic acid (DHA) and its derivatives. Heterocycles. 2004; 63(5):1193–1220.

21. Sarhan AM, Elsayed SA, Mashaly MM, El-Hendawy AM. Oxovanadium(IV) and ruthenium(II) carbonyl

complexes of ONS-donor ligands derived from dehydroacetic acid and dithiocarbazate: Synthesis,

characterization, antioxidant activity, DNA binding and in vitro cytotoxicity. Applied Organometallic

Chemistry. 2019; 33(2):e4655.

22. Chen KH, Lin TH, Hsu TE, Li YJ, Chen GH, Leu WJ, et al. Ruthenium (II) complexes containing dehy-

droacetic acid and its imine derivative ligands. Synthesis, characterization and cancer cell growth anti-

proliferation activity (GI50) study. Journal of Organometallic Chemistry. 2018; 871:150–158.

23. Lal K, Yadav P, Kumar A, Kumar A, Paul AK. Design, synthesis, characterization, antimicrobial evalua-

tion and molecular modeling studies of some dehydroacetic acid-chalcone-1,2,3-triazole hybrids. Bioor-

ganic Chemistry. 2018; 77:236–244. https://doi.org/10.1016/j.bioorg.2018.01.016 PMID: 29421698

24. Saini S, Pal R, Gupta AK, Beniwal V. Synthesis, characterization, DNA photocleavage and antibacterial

study of a novel dehydroacetic acid based hydrazone Schiff’s base transition metal complexes.

Research Journal of Chemistry and Environment. 2017; 21(5):49–57.

25. Devi J, Devi S, Kumar A. Synthesis, spectral, and in vitro antimicrobial studies of organosilicon(IV) com-

plexes with Schiff bases derived from dehydroacetic acid. Monatshefte fur Chemie. 2016; 147

(12):2195–2207.

26. Hale W J. The constitution of dehydroacetic acid. Journ. Am. Chem. Soc. 1911. 33(7):1119–1135.

27. Wiley RH, Jarboe CH, Ellert HG. 2-Pyrones. XV. Substituted 3-Cinnamoyl-4-hydroxy-6-methyl-2-pyr-

ones from Dehydroacetic Acid. Journ. Am. Chem. Soc. 1955; 77(19):5102–5105.

28. Hanuza J, Ptak M, Lisiecki R, Janczak J, Kwocz A, Kucharska E et al. Spectral and energetic transfor-

mation of femtosecond light impulses in the Eu3+ complex with dehydroacetic acid. Journal of Lumines-

cence. 2018; 198:471–481.

29. Wu B, Wang Y, Chen S, Wang M, Ma M, Shi Y et al. Stability, mechanism and unique “zinc burning”

inhibition synergistic effect of zinc dehydroacetate as thermal stabilizer for poly(vinyl chloride). Polymer

Degradation and Stability. 2018; 152:228–234.

30. Benferrah N, Hammadi M, Philouze C, Berthiol F, Thomas F. Copper(II) complex of a Schiff base of

dehydroacetic acid: Characterization and aerobic oxidation of benzyl alcohol. Inorganic Chemistry

Communications. 2016; 72:17–22.

31. Mir JM, Rajak DK, Maurya RC. Oxovanadium(IV) complex of 8-hydroxy quinoline and 3-acetyl-6-

methyl-2H-pyran-2,4(3H)-dione: Experimental, theoretical and antibacterial evaluation. Journal of King

Saud University–Science. 2019; 31(4):1034–1041.

32. Malik BA, Mir JM. Synthesis, characterization and DFT aspects of some oxovanadium(IV) and manga-

nese(II) complexes involving dehydroacetic acid and β-diketones. Journal of Coordination Chemistry.

2018); 71(1):104–119.

33. Ming-Hua Y, Xin F, Mei–Jin L. Synthesis, Structure, and Optical Limiting Properties of an Axial Substi-

tuted Bis(8-oxide quinoline)zirconium Phthalocyanine. Chinese J. Struct. Chem. 2018; 37(12):1971–

1978.

34. Tomachynski LA, Tretyakova IN, Chernii VYa, Volkov SV, Kowalska M, Legendziewicz J. Synthesis

and spectral properties of Zr(IV) and Hf(IV) phthalocyanines with β-diketonates as axial ligands. Inorga-

nica Chimica Acta. 2008; 361(9–10):2569–2581.

35. Tomachynski LA, Chernii VYa, Volkov SV. Synthesis and spectral characterization of bis(β-diketonato)

zirconium(IV) and -hafnium(IV) phthalocyaninates. Journal of Porphyrins and Phthalocyanines. 2002; 6

(2):114–121.

36. Breydo L, Wu J, Uversky V. Α-synuclein misfolding and Parkinson’s disease. Biochim Biophys Acta.

2012; 1822:261–285. https://doi.org/10.1016/j.bbadis.2011.10.002 PMID: 22024360

37. Kovalska V, Chernii S, Cherepanov V, Losytskyy M, Chernii V, Varzatskii O et al. The impact of binding

of macrocyclic metal complexes on amyloid fibrillization of insulin and lysozyme. J. Mol. Recognit. 2017;

30:e2622. https://doi.org/10.1002/jmr.2622 PMID: 28295701

38. Kovalska V, Cherepanov V, Losytskyy M, Chernii S, Senenko A, Chernii V et al. Anti-fibrillogenic prop-

erties of phthalocyanines: Effect of the out-of-plane ligands. Bioorg. Med. Chem. 2014; 22:6918–6923.

https://doi.org/10.1016/j.bmc.2014.10.024 PMID: 25456081

39. Kovalska VB, Losytskyy MYu, Chernii SV, Chernii VYa, Tretyakova IM, Yarmoluk SM, et al. Towards

the anti-fibrillogenic activity of phthalocyanines with out-of-plane ligands: correlation with self-associa-

tion proneness. Biopolym. Cell. 2013; 29:473–479.

PLOS ONE Modification of insulin amyloid aggregation by functionalized Zr phthalocyanines

PLOS ONE | https://doi.org/10.1371/journal.pone.0243904 January 7, 2021 15 / 16

https://doi.org/10.1016/j.bioorg.2018.01.016
http://www.ncbi.nlm.nih.gov/pubmed/29421698
https://doi.org/10.1016/j.bbadis.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22024360
https://doi.org/10.1002/jmr.2622
http://www.ncbi.nlm.nih.gov/pubmed/28295701
https://doi.org/10.1016/j.bmc.2014.10.024
http://www.ncbi.nlm.nih.gov/pubmed/25456081
https://doi.org/10.1371/journal.pone.0243904


40. Kovalska V, Chernii S, Losytskyy M, Ostapko J, Tretyakova I, Gorski A et al. Activity of Zn and Mg

phthalocyanines and porphyrazines in amyloid aggregation of insulin. Journal of Molecular Recognition.

2017;e2660. https://doi.org/10.1002/jmr.2660 PMID: 28856782

41. Chernii S, Losytskyy M, Kelm A, Gorski A, Tretyakova I, Yarmoluk S et al. Study of Tetraphenylporphyr-

ins as Modifiers of Insulin Amyloid Aggregation. J Mol Recognit. 2020; 33(1):e2811. https://doi.org/10.

1002/jmr.2811 PMID: 31497916

42. Tretyakova IN, Chernii VYa, Tomachynski LA, Volkov SV. Synthesis and luminescent properties of new

zirconium(IV) and hafnium(IV) phthalocyanines with various carbonic acids as out-planed ligands. Dyes

and Pigments. 2007; 75(1):67–72. https://doi.org/10.1016/j.jbspin.2007.01.042 PMID: 17919961

43. Volkova K, Kovalska V, Inshin D, Slominskii Y, Tolmachev O, Yarmoluk S. Novel fluorescent trimethine

cyanine dye 7519 for amyloid fibril inhibition assay. Biotech Histochem. 2011; 86:188–191. https://doi.

org/10.3109/10520291003648466 PMID: 20210517

44. Satish G. Chapter 4—Dehydroacetic Acid–Metal Complexes. Dehydroacetic Acid and its Derivatives

Useful Synthons in Organic Synthesis. 2017;61–79.

45. Kashar TI, El-Sehli AH. Synthesis, characterization, antimicrobial and anticancer activity of Zn (II), Pd

(II) and Ru (III) complexes of dehydroacetic acid hydrazone. Journal of Chemical and Pharmaceutical

Research. 2013; 5:474–483.

46. Manaev AV, Tambov KV, Traven VF. Synthesis and Reactions of dehydroacetic acid difluoroborane

complex. Russ. J. Org. Chem. 2008; 44:1054–1060.

47. Patange V.; Arbad B. Synthesis, spectral, thermal and biological studies of transition metal complexes

of 4-hydroxy-3-[3-(4-hydroxyphenyl)-cryloyl]-6-methyl-2H-pyran-2-one. Journal of the Serbian Chemi-

cal Society. 2011; 76:1237–1246.

48. Gupta Y, Singla G, Singla R. Insulin-derived amyloidosis. Indian J Endocrinol Metab. 2015; 19(1):174–

7. https://doi.org/10.4103/2230-8210.146879 PMID: 25593849

49. Westermark P, Wernstedt C, Wilander E, Hayden DW, O’Brien TD, Johnson KH. Amyloid fibrils in

human insulinoma and islets of Langerhans of the diabetic cat are derived from a neuropeptide-like pro-

tein also present in normal islet cells. Proc Natl Acad Sci. 1987; 84(11):3881–5. https://doi.org/10.1073/

pnas.84.11.3881 PMID: 3035556

50. Brange J, Andersen L, Laursen ED, Meyn G, Rasmussen E. Toward Understanding Insulin Fibrillation.

J Pharm Sci. 1997 May; 86(5):517–25. https://doi.org/10.1021/js960297s PMID: 9145374

51. Nielsen L, Khurana R, Coats A, Frokjaer S, Brange J, Vyas S et al. Effect of Environmental Factors on

the Kinetics of Insulin Fibril Formation: Elucidation of the Molecular Mechanism. Biochemistry. 2001; 40

(20):6036–6046. https://doi.org/10.1021/bi002555c PMID: 11352739

52. Lamberto GR, Torres-Monserrat V, Bertoncini CW, Salvatella X, Zweckstetter M, Griesinger C, et al.

Toward the Discovery of Effective Polycyclic Inhibitors of α-Synuclein Amyloid Assembly. J Biol Chem.

2011 Sep 16; 286(37):32036–44. https://doi.org/10.1074/jbc.M111.242958 PMID: 21795682

53. Valiente-Gabioud A. A., Riedel D., Outeiro T. F., Menacho-Márquez M. A., Griesinger C., & Fernández

C. O. (2018). Binding Modes of Phthalocyanines to Amyloid β Peptide and Their Effects on Amyloid

Fibril Formation. Biophysical Journal, 114(5), 1036–1045. https://doi.org/10.1016/j.bpj.2018.01.003

PMID: 29539391

54. Palewska K., Sworakowski J., & Lipiński J. (2012). Molecular aggregation in soluble phthalocyanines–

Chemical interactions vs. π-stacking. Optical Materials, 34(10), 1717–1724. https://doi.org/10.1016/j.

optmat.2012.02.009

55. Losytskyy M., Akbay N., Chernii S., Avcı E., et al. (2017). Characterization of the Interaction between

Phthalocyanine and Amyloid Fibrils by Surface-Enhanced Raman Scattering (SERS). Analytical Let-

ters; 51(1–2):221–228.

56. Gazit E. (2002). A possible role for π-stacking in the self-assembly of amyloid fibrils. The FASEB Jour-

nal, 16(1):77–83. https://doi.org/10.1096/fj.01-0442hyp PMID: 11772939

57. Porat Y., Abramowitz A., & Gazit E. (2006). Inhibition of Amyloid Fibril Formation by Polyphenols: Struc-

tural Similarity and Aromatic Interactions as a Common Inhibition Mechanism. Chemical Biology Drug

Design. 67(1):27–37. https://doi.org/10.1111/j.1747-0285.2005.00318.x PMID: 16492146

58. Ivanova MI, Sievers SA, Guenther EL, Johnson LM, Winkler DD, Galaleldeen A, et al. Aggregation-trig-

gering segments of SOD1 fibril formation support a common pathway for familial and sporadic ALS.

Proc Natl Acad Sci. 2014; 111(1):197–201. https://doi.org/10.1073/pnas.1320786110 PMID: 24344300

59. Ivanova MI, Sievers SA, Sawaya MR, Wall JS, Eisenberg D. Molecular basis for insulin fibril assembly.

Proc Natl Acad Sci. 2009; 106(45):18990–5. https://doi.org/10.1073/pnas.0910080106 PMID:

19864624

PLOS ONE Modification of insulin amyloid aggregation by functionalized Zr phthalocyanines

PLOS ONE | https://doi.org/10.1371/journal.pone.0243904 January 7, 2021 16 / 16

https://doi.org/10.1002/jmr.2660
http://www.ncbi.nlm.nih.gov/pubmed/28856782
https://doi.org/10.1002/jmr.2811
https://doi.org/10.1002/jmr.2811
http://www.ncbi.nlm.nih.gov/pubmed/31497916
https://doi.org/10.1016/j.jbspin.2007.01.042
http://www.ncbi.nlm.nih.gov/pubmed/17919961
https://doi.org/10.3109/10520291003648466
https://doi.org/10.3109/10520291003648466
http://www.ncbi.nlm.nih.gov/pubmed/20210517
https://doi.org/10.4103/2230-8210.146879
http://www.ncbi.nlm.nih.gov/pubmed/25593849
https://doi.org/10.1073/pnas.84.11.3881
https://doi.org/10.1073/pnas.84.11.3881
http://www.ncbi.nlm.nih.gov/pubmed/3035556
https://doi.org/10.1021/js960297s
http://www.ncbi.nlm.nih.gov/pubmed/9145374
https://doi.org/10.1021/bi002555c
http://www.ncbi.nlm.nih.gov/pubmed/11352739
https://doi.org/10.1074/jbc.M111.242958
http://www.ncbi.nlm.nih.gov/pubmed/21795682
https://doi.org/10.1016/j.bpj.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29539391
https://doi.org/10.1016/j.optmat.2012.02.009
https://doi.org/10.1016/j.optmat.2012.02.009
https://doi.org/10.1096/fj.01-0442hyp
http://www.ncbi.nlm.nih.gov/pubmed/11772939
https://doi.org/10.1111/j.1747-0285.2005.00318.x
http://www.ncbi.nlm.nih.gov/pubmed/16492146
https://doi.org/10.1073/pnas.1320786110
http://www.ncbi.nlm.nih.gov/pubmed/24344300
https://doi.org/10.1073/pnas.0910080106
http://www.ncbi.nlm.nih.gov/pubmed/19864624
https://doi.org/10.1371/journal.pone.0243904

