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Abstract
Neurodegenerative diseases are characterized by the presence of amyloid deposition. Thioflavin T (ThT) has been one of 
the molecules of choice to attempt the detection of the amyloid deposits, but ThT is unable to cross blood–brain barrier, due 
to its low lipophilicity. Therefore, there is strong motivation to design and develop new compounds for in vitro fibril detec-
tion as well as for in vivo amyloid imaging. Additionally, the importance and critical role of oxidative stress in the onset/
progression of some neurodegenerative disorders, and therefore, the efficacy of aurone compounds in inhibiting the resulting 
toxicity have been frequently reported. In this study, we report the synthesis of some benzofuranone compounds and examine 
their antioxidant inhibitory property. Furthermore, to establish the potential detection of synthesized compounds to amyloid 
aggregates, their in vitro binding to some non-disease related amyloidogenic proteins were characterized. Analyses of the 
in vitro binding studies showed that compounds 3 and 4 bind to the fibril structures successfully while compounds 1, 2 and 
5 indicated a low affinity binding to amyloid. Additionally, compounds 3 and 4 exhibited very good antioxidant properties. 
Furthermore, these compounds have a great potential as fluorescent probes for detecting amyloid aggregation for further 
investigations.
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Introduction

Amyloid fibrils are insoluble fibrillary protein, possess a 
cross β-sheet quaternary structure which formed by nor-
mally soluble proteins (or protein fragments) [1]. Amy-
loid fibrils have been associated with more than 50 human 
diseases [2], known as amyloidosis, a group of diseases 
requiring the self-aggregation of specific proteins (or pro-
tein fragments) into cytotoxic filamentous deposits [3]. 
Amyloidosis, including Alzheimer’s disease (AD), Par-
kinson’s disease, systemic amyloidosis, and type-2 dia-
betes are pathologically characterized by the presence of 
amyloid fibrils which are built up in one or more diseased 
organs [3]. For example, AD is a neurodegenerative disor-
der widely abundant in elderly people. Pathological hall-
marks of AD include intracellular neurofibrillary tangles 
consisting of insoluble deposits of hyperphosphorylated 
microtubule-associated tau protein and extracellular amy-
loid plaques deposition, mainly composed by neurotoxic 
Aβ peptides [4]. Despite the many pathological character-
istics of AD, one of the most consensual hypothesis that 
explains the disease process is the amyloid hypothesis. 
It states that the gradual accumulation and aggregation 
of the hydrophobic Aβ peptides can directly or indirectly 
result in progressive synaptic and neurotic injury through 
the generation of a complex cascade of molecular events, 
which subsequently lead to hyperphosphorylation of tau 
and formation of neurofibrillary tangles [5]. Indeed, Aβ 
accumulation, oligomerization and deposition within the 
brain are the hallmarks of AD pathogenesis, contributing 
to the imbalances observed in Aβ production and clear-
ance in AD [6].

On the other hand, during the process of aggregation, 
Aβ generates hydrogen peroxide, a mitochondrial redox 
product that requires oxygen and greatly potentiated by 
Fe2+ and Cu+ [7, 8], leading to oxidative damage of vari-
ous cellular and molecular components, such as proteins, 
lipids and nucleic acids, and it occurs by reactive oxy-
gen species (ROS). Several studies report directly dem-
onstrated extensive oxidative damage in association with 
AD (oxidative-stress-hypothesis) [7, 9, 10]. Brains of AD 
patients exhibit high amounts of oxidized macromolecules 
as well as impaired cellular function and cell death [11, 
12]. Several studies also showed oxidative stress induced 
by Aβ can be inhibited by antioxidants [13–15]. Recent 
studies are focusing on the design and development of 
drugs that will protect or delay the progression of the dis-
ease, giving opportunities for alternative methods of pre-
vention/treatment [16].

Detecting deposits of Aβ or Tau fibrils in the brain as 
well as design of tracers with specificity and improved 
binding affinity are of paramount importance for an early 

diagnosis of Alzheimer’s disease. Developing new mol-
ecules to be used as a marker of β-amyloid or Tau depos-
its in AD has been a goal of researchers for many years 
[17]. Understanding of molecular details of amyloidosis 
is required for developing new strategies to detect and 
control amyloid aggregation/formation and consequently, 
neurodegenerative disorders. Thioflavin T is a highly sen-
sitive fluorescent marker of amyloid fibrils that has been 
widely used for in vitro biomedical assays. However, nei-
ther its complex photophysical behavior nor its binding 
mode to amyloid fibrils is still well understood. On the 
other hand, the same ThT-BSA/ThT- Aβ42 binding affinity 
as well as a similar huge fluorescence enhancement (that 
follows a typical complexation profile) both for bovine 
serum albumin (BSA, an all-α protein) and for Aβ42 has 
been documented [18]. This non-specific increase in fluo-
rescence is attributed to the binding of ThT to the peptides 
and a resulting steric hindrance for the dye to undergo 
the twisting process. Additionally, ThT has a positive 
charge, and it seems that compounds without a perma-
nent positive charge are supposed to be capable of cross-
ing the blood–brain barrier (BBB) [19]. So, in this study, 
we synthesized and employed benzofuranone compounds 
(including aurone derivatives), as (1) fluorescent probes 
to quantitatively determine the amyloid fibrils made up of 
β-lactoglobulin (β-Lg), and (2) antioxidant compounds. 
The resulting data may be useful in providing mechanistic 
insights to develop potential diagnostic, curative, and/or 
preventive strategies in vivo against amyloid-related neu-
rodegenerative disorders.

Materials and methods

Chemicals and reagents

Ammonium persulfate, bromophenol blue, glycerol, gly-
cine, methylene bisacrylamide, SDS (sodium dodecyl sul-
phate), TEMED (N,N,N′,N′-tetramethylethylenediamine), 
HCl, ethanol, 3-methyle-2-benzothiazolinone hydrazine, 
cysteine, EDTA (ethylene diamine tetra-acetic acid), and 
ammonium sulfate were purchased from Merck (Darm-
stadt, Germany). Na2HPO4, KH2PO4, Tris, NaCl, NaOH, 
Na2CO3 were purchased from Applichem (Darmstadt, 
Germany). Bovine serum albumin was purchased from 
Sigma-Aldrich (St. Louis, MO). DEAE-sepharose resin 
was purchased from Pharmacia Biotech Inc. Acryla-
mide was purchased from Fluka (Sydney, Australia). All 
other chemicals were of the highest analytical grade of 
purity available and were used as obtained from suppli-
ers. All solutions were prepared with double distilled 
water. Unless otherwise stated, all solutions were made 
in 20 mM sodium phosphate buffer (pH 7–7.4). A stock 
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solution of ThT (10 mM) was freshly prepared in buffer 
and stored in the dark at 4 °C. The structure of compounds 
was characterized by IR, 1H-NMR spectra and mass spec-
trometry (MS). IR spectrum was recorded on a Shimadzu 
470 spectrophotometer (KBrdisk). 1H-NMR spectrum was 
recorded on a Bruker FT-250 NMR spectrophotometer 
using DMSO-d6 as solvent and tetramethylsilane (TMS) 
as an internal standard. The MS analysis was performed 
using a MS system comprising a Finnegan MAT Spec-
tra System P4000 pump coupled with a UV6000LP diode 
array detector and a Finnigan AQA mass spectrometer. 
A Cary-100 Bio (VARIAN) spectrophotometer was used 
for protein determination. All fluorescence measurements 
were performed in the ratio mode using a 1 cm cell in a 
Cary Eclipse (VARIAN) fluorescence spectrophotometer, 
equipped with a 150 W xenon lamp and a thermostatic 
cell holder, at room temperature or as stated. Appropri-
ate vehicle controls were run in all experiments. All the 
reported results are averages of 2–3 separate experiments 
whenever the coefficients of variation were less than 5%.

Chemistry

Solution of 6-hydroxy-3-benzofuranones (1 mmol), and 
appropriate aryl aldehyde (1 mmol) in ethanol (5 ml) were 
added to piperazine (0.5 mmol) as the basic catalyst. The 
reaction mixture was heated in 80 °C for 12–24 h, then was 
allowed to stand at room temperature for the next 24 h. The 
precipitate was filtered, dried, and crystallized from acetic 
acid to afford pure 6-hydroxy-2-benzylidene-3-benzofura-
nones. Structural assignments of the products are based on 
their IR, 1H-NMR, MS and melting point [20, 21].

6‑Hydroxy‑2‑(4ʹ‑nitrobenzylidene)benzofuran‑3(2H)‑one 
(compound 1)  Yield = 74%; Orange solid; m.p. over 300 °C; 
1H-NMR (250 MHz, DMSO-d6): δ 4.67 (s, OH aromatic), 
6.67–6.72 (d, J = 8 Hz CH benzene), 6.79 (s, CH ethylene), 
6.81 (s, CH benzene), 7.08–7.12 (d, J = 12 Hz, CH benzene), 
7.18–7.22 (d, J = 8 Hz, CH benzene), 7.86–7.90 (d, J = 8 Hz, 
CH benzene) ppm; IR (KBr, cm−1): υ3326, 1763, 1723, 
1500, 1385, 1280, 1153, 1058, 725; MS (m/z, %): 284 (M+, 
16.5), 283 (100), 152 (33), 137 (55), 85 (70).

6‑Hydroxy‑2‑(2ʹ‑nitrobenzylidene) benzofuran‑3(2H)‑one 
(compound 2)  Yield = 63%; Orange solid; m.p. over 300 °C; 
1H-NMR (250 MHz, DMSO-d6): δ 4.67 (s, OH aromatic), 
6.72 (s, CH benzene), 6.94 (s, CH ethylene), 7.57–7.65 (m, 
CH benzene), 7.68–7.80 (m, CH benzene), 7.86–7.90 (d, 
J = 8 Hz, CH benzene), 7.88–7.92 (d, J = 8 Hz, CH benzene) 
ppm; IR (KBr, cm−1): υ3335, 1760, 1712, 1614, 1565, 1406, 
1374, 1280, 1153, 1064, 727; MS (m/z, %): 284 (M+, 14), 
283 (100), 152 (33), 137 (55), 85 (70).

6‑Hydroxy‑2‑(2ʹ ,3ʹ ,4ʹ‑trihydroxybenzylidene)benzo-
furan‑3(2H)‑one (compound 3)  Yield = 57%; Orange solid; 
m.p. over 300 °C; 1H-NMR (250 MHz, DMSO-d6): δ 6.43 
(s, OH aromatic), 6.64–6.67 (d, J = 8 Hz CH benzene), 6.72 
(s, CH benzene), 6.75 (s, CH benzene), 6.79 (s, CH ethyl-
ene), 7.07–7.12 (d, J = 12 Hz, CH benzene), 7.86–7.90 (d, 
J = 8 Hz, CH benzene) ppm; IR (KBr, cm−1): υ3372, 1752, 
1712, 1608, 1500, 1406, 1220, 1153, 1059, 735; MS (m/z, 
%): 287 (M+, 12.5), 286 (100), 176 (30), 126 (30), 110 (50), 
85 (90).

6‑hydrox y‑2‑(3,4,5‑trihydrox ybenz ylidene)benzo-
furan‑3(2H)‑one (compound 4)  Yield = 61%; Orange solid; 
m.p. over 300 °C; 1H-NMR (250 MHz, DMSO-d6): δ 6.21 
(s, OH aromatic), 6.68 (s, CH ethylene), 6.72 (s, CH ben-
zene), 6.85 (s, CH benzene), 7.07–7.12 (d, J = 8 Hz, CH ben-
zene), 7.86–7.90 (d, J = 8 Hz, CH benzene) ppm; IR (KBr, 
cm−1): υ3351, 1761, 1715, 1602, 1500, 1406, 1220, 1153, 
1066, 725; MS (m/z, %): 287 (M+, 10), 286 (100), 176 (30), 
126 (30), 110 (50), 85 (90).

6‑Hydroxy‑2‑(4′‑hydroxy‑3′‑methoxybenzylidene)ben-
zofuran‑3(2H)‑one (compound 5)  Yield 80%; m.p. = 
280–282 °C; 1H-NMR (300 MHz, DMSO-d6): δ 7.61 (d, 
J = 8.7 Hz, 1H,H5‚), 7.49 (d, J = 8.7 Hz, 1H, H6), 7.53 (s, 
1H, H2‚), 6.91 (d, J = 8.8 Hz, 1H, H4), 6.80(s, 1H, H7), 
6.71 (d, J = 8.7 Hz, 1H, H5), 6.80 (s, 1H, =CH), 3.85 (s, 
3H, OCH3), 3.80 (s, 2H, OH) ppm; 13C NMR (DMSO-d6, 
75 MHz): δ182.3, 167.5, 165.1, 149.2, 147.4, 146.7, 128.1, 
125.6, 121.5, 116.4, 115.3, 111.6, 101.2, 56.2 ppm; IR (KBr, 
cm−1): υ 1743 (C=O), 3250 (OH).

Protein purification/determination

β-Lg was purified according to the method described by 
Ghadami et al. [22]. The purity of protein was checked by 
one-dimensional 15% sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) in vertical slab gel 
electrophoresis chamber [23]. Protein concentrations of 
purified β-Lg fractions were measured using Compassion 
Blue dye reagent, measured at 595 nm, according to the 
Bradford method with bovine serum albumin (BSA) as a 
protein standard [24].

Sample preparation

Preparation of amyloid aggregate

Amyloid aggregate made by β-Lg was monitored using fluo-
rescent dyes [25, 26]. The β-Lg was converted to amyloid-
like fibrils by the following protocol; 20–30 mg of β-Lg was 
dissolved in 2–3 ml phosphate buffer 10 mM at pH 2. The 
protein solution was incubated about 400 min at 80 °C. The 
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amyloid formation procedure was monitored by ThT probe 
every single 12 h [22] and finally the fibril was determined 
by transmission electron microscopy (TEM).

Preparation of amorphous aggregate

Amorphous aggregate was composed of bovine serum albu-
min (BSA) by the following method; 8 mg of BSA protein 
was dissolved in sodium nitrate buffer 50 mM at pH 5–5.5 
[27]. For obtaining the modify structure of protein, the pro-
tein solution was incubated about 25–30 min at 80–90 °C. 
The transparent soluble protein getting turbid when the 
native structure of protein became denature visibly and 
gradually [28] and was confirmed by atomic force micros-
copy (AFM) imaging.

Preparation of stock solutions of compounds and BSA/β‑Lg

10 mM dye stock solutions were prepared by dissolving 
the dye in DMSO [21, 26]. The concentrations of proteins 
in stock solutions were 1 mg/ml for β-Lg (both native and 
amyloid aggregates). The concentration of stock BSA pro-
teins were 2 mg/ml (both native and amorphous aggregates). 
Working solutions of free dyes at 10 mM were prepared by 
dilution of the dye stock solution in 20 mM sodium phos-
phate buffer (pH 7.4). Dye-protein complexes solutions 
were prepared by mixing an aliquot of the dye stock solu-
tion (2.0 µL) with an aliquot (1, 2, and 3 µl) of native or 
aggregate proteins in 20 mM sodium phosphate buffer. Con-
centration of the proteins in working solution were 0, 0.05, 
0.1, 0.15, and 0.2 mg/ml, for native, amyloid and amorphous 
aggregates, separately. All working solutions were prepared 
immediately before the experiment.

AFM and TEM imaging

The AFM imaging of amorphous aggregate of Bovine serum 
albumin (BSA) was performed in dynamic force operating 
mode and noncontact Mounted cantilever (Nanosurf mobile 
S. Switzerland) using high frequency (170 kHz) by silicon 
cantilevers with thickness 7 mm, length 225 mm, and width 
38 mm. Images were treated using the software installation 
instructions for Nano surf Mobile S version 1.8.

Samples of fibrillar dispersions of β-Lg were prepared 
for TEM using negative staining. A droplet of the β-Lg 
sample (20 mg/ml), which had been diluted 1:10 in water, 
was deposited onto carbon support film on a 400-mesh 
copper grid. After 1 min excess liquid was removed, using 
filter paper. Then, a drop of staining solution (0.1% (w/w) 
phosphotungstic acid) was added, and excess solution was 
removed after 30 s using a filter paper. Electron micrographs 
were taken using a Philips EM208 field emission scanning 

electron microscope. Bright field TEM images were acquired 
at 80 kV [22].

Spectroscopic measurements

UV–visible spectra were evaluated on a Carry-100 Bio 
UV–visible spectrophotometer (Varian, Australia). To deter-
mine the appropriate wavelengths of fluorescence studies, 
including excitation and emission, the UV–Vis spectros-
copy was used. Spectrum of each dye was collected between 
200 and 600 nm for choosing the best λmax to be used as an 
excitation wavelength of fluorescence spectroscopy (data 
not shown). Fluorescence spectra were collected on a Cary 
Eclipse fluorescence spectrophotometer (Varian, Australia). 
Fluorescence spectra were measured with excitation and 
emission slit widths of 10 nm. The study of the fluorescent 
spectra of each dye in the presence of native and aggregated 
form of both β-Lg [29] and BSA proteins were performed, 
separately. In vitro binding studies were conducted at least in 
triplicate by the procedures described in detail by Groenning 
and his co-workers [30].

Docking studies

Molecular docking was performed using the Auto Dock 
4.2 software [31]. The structures for each compound were 
mapped using ChemDraw [32], and after preparing a 3-D 
coordinate file in Chem 3D (both in Chem Office package 
ver. 15), the energy minimization and final optimization of 
the 3-D structures were performed using the steepest descent 
algorithm of Avogadro software [33]. The coordinate file for 
the β-amyloid was provided by rcsb protein datacenter coded 
with 2beg. MGL tools package was used for preparation 
of coordinate files containing information on the charges, 
active torsions and atomic type of the Auto Dock force field. 
Then, Gasteiger charges were added to each atom, and all 
the torsions were considered active for all ligands [31]. The 
search space was chosen to accommodate all of the protein 
spaces available to the ligand. Preparation of energetic maps 
of ligand-related atom types in the search space was done 
using the Auto Grid 4 software [34]. Finally, the interac-
tion structures with the lowest energy were obtained from 
Lamarck’s genetic algorithm [34] for 100 runs.

Antioxidant assays

DPPH radical scavenging assay

The phenolic compounds were dissolved in appropriate 
solvent mixed with 1 ml of 0.2 mM 2,2-diphenyl-1-pic-
rylhydrazyl radical (DPPH) in ethanol, and final volume 
was adjusted to 2 ml. Mixtures were variously shaken and 
left for 30 min in the dark. Absorbance was measured 
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at 517 nm using a UV–Vis spectrophotometer. 1 ml of 
0.2 mM DPPH diluted in 1 ml of ethanol was used as 
control. Neutralization of DPPH radical was calculated 
using the equation: S (%) = 100 (Ao − As)/Ao, where Ao 
is the absorbance of the control (containing all reagents 
except the test compound) and As is the absorbance of the 
test sample. Results were compared to activity of Trolox 
[35]. The IC50 values represented the concentration of the 
test compounds that caused 50% inhibition are shown in 
Table 3.

Ferric reducing antioxidant power (FRAP) assay

The FRAP assay reagent was prepared by adding 10 vol 
of 30 mM acetate buffer, pH 3.6 (1 g sodium acetate and 
16 ml glacial acetic acid), 1 vol of 10 mM 2,4,6-tripyri-
dyl-triazine prepared in 40 mM HCl and 1 vol of 20 mM 
FeCl3. The mixture was diluted to 1/3 with methanol and 
pre-warmed at 37  °C. This reagent (3  ml) was mixed 
with 0.1 ml diluted the test compounds. The mixture was 
shaken and incubated at 37 °C for 8 min and the absorb-
ance was read at 593 nm. A blank with only 0.1 ml metha-
nol was used for calibration [36, 37]. The difference in 
absorbance between the tested sample and the blank read-
ing was calculated and the data were expressed as mM of 
ferric reduced to ferrous form (Table 3).

Results and discussion

Pervious in vitro studies have suggested that polyphonolic 
compounds (PCs) from food products can be effective in tar-
geting Aβ [16]. Among all of them, flavonoids have been of 
interest due to their anti-oxidant, anti-inflammation proper-
ties, targeting metal-Aβ40, modulate metal-Aβ40 aggregation 
in vitro and diminish cytotoxicity induced by metal-Aβ40 
[38]. Recently, it was reported that flavonoids including fla-
vone, and aurone serve as useful molecular probes in the 
development of imaging agents for β-amyloid plaques [39, 
40]. To explore more useful candidates for amyloid imaging 
probes, we selected one of the flavonoids, aurone, as a new 
core structure [21, 41]. We synthesis 5 aurone derivatives 
(Fig. 1) as shown in Fig. 2.

To characterize the binding assay, the fluorescent spectra 
of each dye in the presence of native and aggregated forms 
of two model proteins: β-Lg [29], native and amorphous 
BSA [42] were measured, separately. Native β-Lg have 
been found to be converted to amyloid fibrils under various 
experimental conditions [22, 43]. There are three types of 
aggregates were generated upon heating β-Lg at increasing 
pH from 2.0 to 5.8 to 7.0: rod-like aggregates, spherical 
aggregates, and worm-like primary aggregates, respectively 
[44, 45]. In this investigation, to drive purified β-Lg (Fig. 3a) 
toward amyloid fibril formation, the native solutions at pH 
2.0, for 400 min was incubated in 80 °C [22]. Thereafter, 

Compound 1
(2E)-5-hydroxy-2-[(4-nitrophenyl)methylidene]-2,3-

dihydro-1-benzofuran-3-one

Aurone
(2Z)-2-(phenylmethylidene)-2,3-dihydro-1-

benzofuran-3-one

Compound 2
(2E)-5-hydroxy-2-[(2-nitrophenyl)methylidene]-2,3-

dihydro-1-benzofuran-3-one

Compound 3
(2E)-5-hydroxy-2-[(2,3,4-trihydroxyphenyl) 

methylidene]-2,3-dihydro-1-benzofuran-3-one

Compound 4
(2E)-5-hydroxy-2-[(3,4,5-trihydroxyphenyl)methylidene]-

2,3-dihydro-1-benzofuran-3-one

Compound 5
(2E)-5-hydroxy-2-[(4-hydroxy-3-methoxyphenyl) 

methylidene]-2,3-dihydro-1-benzofuran-3-one

Fig. 1   Chemical structures of synthesized compounds 1–5. See also aurone structures for comparison
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formation of amyloid fibrils by native β-Lg was verified 
using ThT fluorescence spectroscopy as well as Congo red 
binding assay [46] (data not shown). Additionally, additional 
characterization of amyloid fibrils was performed using 
TEM (Fig. 3b). The amorphous form of BSA was obtained 
according the procedure described in material and methods 
section and as indicated in Fig. 3c, the amorphous aggrega-
tion of BSA was verified using the AFM.

Binding of compounds 1–5 to the β-Lg amyloid aggregate 
was examined by observing fluorescence emission spectra 
between 300 and 600 nm, using specific excitation wave-
lengths (410, 340, 420, 345, and 380 nm for compounds1–5, 
respectively) and at a fixed concentration (40  µM) of 
compounds, the excitation wavelength for ThT was set at 
440 nm. As indicated in (Fig. 4) the fluorescence intensi-
ties (402, 478, 490, 392, and 505 nm for compounds 1–5, 

Closed Formula: C16H12O5

M.W. (g/mol): 284.2         

Yield (%): 80
Compound 5

Closed Formula: C15H9NO5 

M.W. (g/mol): 283.2

Yield (%): 63

Compound 2

Closed Formula: C15H9NO5 

M.W. (g/mol): 283.2

Yield (%): 74

Compound 3

Closed Formula: C15H10O6

M.W. (g/mol): 286.2

Yield (%): 57

Closed Formula: C15H10O6

M.W. (g/mol): 286.2               

Yield (%): 61
Compound 4

Compound 1

Fig. 2   Synthesis of compounds 1–5: reagents and conditions
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respectively) increased upon interaction with amyloid aggre-
gates. Moreover, as the amount of amyloid aggregates (cor-
responding to the concentration of β-Lg solution) increased, 
the fluorescence intensities were enhanced proportionally, so 
that the maximum fluorescence emissions increased linearly 
as a function of amyloid concentration. Unlike the amyloid 
aggregates, however, the fluorescence intensity of the com-
pounds (except compound 5) did not undergo a significant 
change upon interaction with the soluble (monomeric) form 
of β-Lg (Fig. 4).

The binding of the compounds to amorphous aggregate 
shows different behavior for different compounds, unlike 
the ThT and compound 1, the fluorescence intensity of the 
compounds 2, 3, 4 and 5 did not show the significant increas-
ing upon interaction with the amorphous aggregate. From 
the curve slopes (Table 1), the increasing of fluorescence 
intensity was less significant in the presence of native pro-
tein/amorphous aggregate compare to amyloid aggregate 
(Fig. 4). Such steadily enhanced emission intensities are 
attributed to the less effective (or nonspecific) interaction 
between compounds (2–4) and native protein/amorphous 
aggregate. Based on the results obtained so far, we excluded 
compounds 1 and 5 from subsequent experiments, and meas-
ured the binding fluorescence of the compounds 2–4 and 
ThT to the amyloid/amorphous aggregate at different con-
centrations of the protein (0, 0.05, 0.1, 0.15, and 0.2 mg/ml) 
(Fig. 5). The binding fluorescence of compounds 2, 3 and 4 
was demonstrated to be highly specific for amyloids as bind-
ing fluorescence was hardly observed with other proteins 
such as Globin (data not shown) [47–49] and amorphous 
protein aggregates made by bovine serum albumin (BSA) 
(Fig. 5). We then measured the curve slopes and the follow-
ing orders were obtained for the dye-amyloid complexes and 
dye-amorphous complexes, respectively: 2 > 4 > ThT > 3, 
ThT > 2 > 4 > 3. This indicates that ThT binds to amorphous 

aggregate stronger than compounds 2–4, and compound 3 is 
more specific for distinguishing between the amyloid fibril 
and the amorphous shape. Therefore, it may be inferred that 
all tested compounds, especially 3 (with a specific configu-
ration in aqueous solution) might experience a structural 
transition to new chromophores at the amyloid aggregate-
bound state. Overall, these compounds appear to be reliable 
fluorescent probes to determine the amyloids quantitatively.

Fluorescence of ThT upon binding to amyloids has been 
suggested to vary depending on the dye concentration, and 
is quenched at high ThT concentrations [26]. In this study, 
β-Lg aggregation was assayed under the effect of various 
concentrations of compounds and the results were compared 
with the amyloid binding properties of ThT. The amyloid 
stock was prepared as mentioned earlier (“Material and 
methods”). The fluorescence of various amounts of ThT 
(at 483 nm) was evaluated in the presence of a fixed con-
centration (0.5 mg/ml) of amyloid aggregates. As shown in 
Fig. 6, the binding fluorescence was maximized at 7 µM of 
ThT and gradually decreased to 12 µM of the dye. This fact 
reflects that the fluorescence of free ThT molecules might 
be quenched by binding. Additionally, the dye concentration 
is responsible for the maximal binding fluorescence shifted 
to higher values as the amount of amyloids increased [for 
instance, see Fig. 6, compound 3, indicating that the optimal 
dye concentration actually depends on the quantity of amy-
loids analyzed]. In other words, an amyloid/dye ratio would 
be critical to obtaining an appropriate and optimal binding 
fluorescence signal. This would limit the universal use of 
ThT for amyloid detection. On the other hand, dye binding 
to the amyloid aggregates has been shown to exhibit an ideal 
property of saturation for a ligand interaction at the fixed 
concentration of the protein.

Since the strong binding of the dye molecules is required 
for exact amyloid determination, there is a possibility that 

Fig. 3   a SDS-PAGE pattern of purified β-Lg (lane 2) and molecular 
size markers (lane 1) (purity 99.0%). b Negatively stained electron 
micrographs of aggregated β-Lg by TEM. Samples (20 mg/ml) were 
incubated at pH 2.0 (for native β-lg) and heated at 80 °C for specified 

time. Scale bars represent 100 nm. (c) Surface AFM micrographs in 
air of the dry protein (BSA) films adsorbed onto mica surfaces. Fur-
ther details are given in Experimental procedures
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the fluorescence characteristic of each compound is con-
trolled by the binding constants. To evaluate this possibility, 
we calculated dissociation constants using linear regression. 
It should be noted that, the compound 3 among other com-
pounds was chosen, because it binds to amyloid aggrega-
tion more specific than other compounds and ThT, as we 

mentioned previously. For further investigation, Scatchard 
analyses for the binding of ThT and compound 3 to amyloid 
aggregation were measured and shown in Fig. 6. According 
to Table 2 and Fig. 6, which compare the Kd and Bmax of 
compound 3 with ThT, compound 3 had much higher bind-
ing affinity for amyloid aggregation than ThT. Furthermore, 

Fig. 4   Binding fluorescence spectra of compounds 1–5 in the present 
of native β-Lg (filled circle), native BSA (filled square), β-Lg amy-
loid aggregates (open circle) and BSA amorphous aggregates (open 
square). Compounds 1–5 binding fluorescence spectra between 300 

and 600 nm were obtained with excitation at 440, 410, 340, 420, 345 
and 380 nm, respectively, in the presence of various amounts (0, 0.05, 
0.1, 0.15, and 0.2 mg/ml) of the β-Lg and BSA (native, amyloid and 
amorphous aggregates)
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the initial slopes of the saturation curves (inside Fig. 6), 
which might reflect dependence of the compound binding 
fluorescence on the amount of dye, increased linearly as the 
amyloid level increased (Fig. 7). This indicates that the bind-
ing fluorescence is proportional not only to the compound 
concentration, but also the amount of amyloids. Therefore, 
it may be concluded that a relatively wide range of dye con-
centrations may be employed to detect amyloids, whereas 
the amount of ThT for an amyloid assay needs to be selected 
within a rather short range on the basis of the amyloid/dye 
ratio [26]. Taking the binding data into account, it can be 
concluded that compound 3 based on Table 2 and Fig. 6 may 

Table 1   Curve slope of binding fluorescence of compounds 1–5 in 
the present of β-Lg and BSA (native, amyloid and amorphous aggre-
gates) according to the Fig. 4

Compounds Native β-Lg β-Lg 
amyloid 
aggregates

Native BSA BSA 
amorphous 
aggregates

ThT 227.3 1638.2 104.78 804.04
Compound 1 31.18 794.94 506.22 733.25
Compound 2 222.87 2336.8 534.85 655.39
Compound 3 23.66 965.75 402.67 264.23
Compound 4 108.8 1740.6 521.25 438.77
Compound 5 30.433 3566.7 3281.4 1411.2

Fig. 5   Comparison of binding fluorescence spectra between amy-
loid and amorphous aggregates. Synthetic compound 2–4 and ThT: 
compound 2 (filled triangle), compound 3 (open triangle), compound 
4 (filled square), and ThT (open circle). The protein concentrations 

as previously mentioned, were considered: 0, 0.05, 0.1, 0.15, and 
0.2  mg/ml for both amyloid and amorphous aggregates. Excitation 
and emission slit widths were set at 10–10. Further details are given 
in the “Material and methods” section

Fig. 6   Scatchard plots of binding of the ThT and compound 3 to β-Lg 
amyloid aggregate. Changes in the dye binding fluorescence (a.u.) of 
β-Lg derived amyloid aggregates under the effect of the concentration 
of ThT and synthetic compound 3 were monitored. The β-Lg amy-
loid at 0.5 mg/ml were treated with various concentrations of either 
ThT or compound 3. The enhanced dye binding fluorescence inten-

sities obtained at the corresponding maximum emission wavelengths 
and were plotted versus the dye concentrations. Data shown are rep-
resentative example of three independent experiments and standard 
deviations were approximately within 5% of the experimental values. 
Further details are given in the paper text
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be considered as a potential fluorescent probe to quantify 
amyloid formation.

Although the fluorescence emission of the compounds 
1 and 2 is less than ThT, and for 4 and 5, they are approxi-
mately equal to ThT, lack of the positive charge in these 
compounds is likely to help them pass through the mem-
brane to detect amyloid aggregates within the cell as well 
as their antioxidant activity as opposed to ThT, make 
them good candidates both for detecting amyloid fibrils 
in vitro, in vivo and inhibiting the formation of the amyloid 
aggregates.

The antioxidant activity was assessed using two meth-
ods, including, 1,1-biphenyl-2-picrylhydrazyl (DPPH) radi-
cal scavenging [35], and ferric reducing antioxidant power 
(FRAP) assay [36, 37], according to the methods described 
in the “Material and methods”. The DPPH is a stable free 
radical with maximal absorption at about 520 nm, the DPPH 
radical has a deep violet colour in solution, and it becomes 
colourless or pale yellow (decrease in absorbance) when 
reduced by an antioxidant or a free radical species. This 
property allows visual monitoring of the reaction and deter-
mining the antioxidant activity of the tested substances with 
Trolox (2,5,7,8-tetramethychroman-2-carboxylic acid) as the 
standard [35]. The FRAP assay is a widely used method that 
provokes the antioxidant to behave as prooxidant in a redox-
linked colorimetric reaction, wherein Fe3+ can be reduced 
by the antioxidant to an ion Fe2+. FRAP values are measured 
by comparing the change in absorbance at 593 nm in a test 
reaction mixture with that in mixtures containing ferrous 
ions at known concentrations. The DPPH and FRAP values 
of compounds are shown in Table 3. The antioxidant proper-
ties of all synthesized compounds except 5 were measured 
according to DPPH and FRAP methods [37]. Compounds 3 
and 4 exhibited very good antioxidant properties that were 
more potent than Trolox as a reference compound. It seems 
that the antioxidant activity was increased when electron-
donating groups such as hydroxyl and methoxy were added 
to the phenyl ring derived from aldehyde. This is due to the 
stabilization of the generated radical during oxidation. The 
compounds 3 and 4 have well antioxidative activity with a 
major activity for compound 4 (IC50 11.35 µM) in DPPH 
assay.

The results of antioxidant activity indicated that in addi-
tion to phenyl moiety, benzofuranone ring was also effective 

and important in this activity. However, it seems that during 
oxidation, benzofuranone moiety delocalized free electron. 
The result of DPPH assay was relatively consistent with that 
of reducing antioxidant power assay (FRAP). The potencies 
for the antioxidative activity of the synthesized compounds 
compared to the reference drug are in the following order: 
4 > 3 > Trolox > 1 > 2. These results show that the synthe-
sized compounds especially compound 3 could be a good 
candidate not only to detect the amyloid fibrils in in vitro, 
but also inhibit the toxicity of the aggregation by antioxidant 
activity.

A number of sensitive positron emission tomography 
(PET) tracers have been developed for amyloid imaging, 
but as indicated for ThT [18], most of them suffer from 
poor specificity and large signal to background ratio. So, 
design of tracers with specificity and improved binding affin-
ity requires the knowledge about various potential binding 
sites in the Aβ/Tau fibrils available for the tracers and the 
nature of the local microenvironment of these sites. In this 
step of the work, we investigate potential binding sites of 
the compounds in the Aβ local structure of fibrils using the 
well-known probes, ThT. The molecular docking for β-Lg 
is not possible as the pdb file for aggregate form of β-Lg is 
not available on the pdb server. The binding affinity/profiles 
of the compounds (or probe candidates) and Thioflavin T to 
amyloid β fibrils (2beg) have been investigated by molecular 
docking, although the effect of fibril flexibility on the avail-
able binding sites was ignored. As indicated in Fig. 7, the 
probe ThT and the test compounds were found to bind at the 
same site of the fibril, within the fibril structure. The binding 
affinities for all compounds (and ThT as well) are found to 
be higher at the core sites than on the surface due to more 
contact residues (see Fig. 7). The binding affinity (docking 
score) of the tested molecules were in the following order: 
3 > 4 > 2 > 1 > 5 > ThT, at a common site in the vicinity of 
Phe19, (site I [51], Fig. 7) which is in good agreement with 
experimental observations.

Since the synthesized phenolic compounds (PCs) and 
Thioflavin T can bind to amyloid fibrils in similar modes, 
some eligible PCs can be used to detect the presence of 
β-amyloid deposits, although due to the significant structural 
and binding affinity differences, they are used in quite dif-
ferent conditions. However, ThT can only be used as a fluo-
rescent probe in vitro, since it cannot pass the BBB, PCs or 
those derivatives may serve as sensitive PET radiology and 
for the detection of amyloid fibrils both in vivo and in vitro.

Currently, there is no approved therapeutic agent directed 
towards the formation of amyloid aggregates. In the recent 
decades, application of several small phenolic compounds 
(PCs) [52] that efficiently inhibit the aggregation process and 
the associated cytotoxicity, has been considered as impor-
tant therapeutic/preventive strategies [26, 53]. Regarding 
the radical scavenging activity of PCs, elevated oxidative 

Table 2   Dissociation constant of dye-amyloid complexed (Kd), the 
maximum existence of compounds in saturated concentration (Bmax)

Considering, mean ± standard error

Compounds Kd (µM) Bmax (µMdye/µMamyloid)

ThT 4.40 ± 0.53 446.30 ± 23.17
Compound 3 81.16 ± 8.27 196.90 ± 10.43
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stress as a major causative player in AD and the other neu-
rodegenerative diseases [54], the inhibition mechanisms of 
PCs are mostly attributed to antioxidant activity, if these 

compounds cross the BBB and enter the central nervous 
system successfully.

On the other hand, protein aggregation is a hallmark of 
many neurodegenerative diseases, including Alzheimer’s 

Fig. 7   Two-dimensional rep-
resentation of the Aβ peptide 
environment (interactions) in 
the binding site of the com-
pounds 1–5 plus ThT (right); 
Molecular docking of the 
compounds 1–5 plus ThT (stick 
representation) in the main 
binding site (left). The ThT/
compound binding take places 
at the interface between strands 
#1 and strands #2 [50]. Note: 
the same interacting side chains 
within the major ligand binding 
site revealed by molecular dock-
ing [51]
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and Parkinson’s. Although, the mechanisms linking aggre-
gation to neurotoxicity remain poorly understood, partly 
because only limited information is available on the structure 
of these aggregates. Non-polar residues constitute approxi-
mately 30–50% of most proteins and play a critical role in 
aggregation characteristics of an amyloidogenic protein [55]. 
It is generally accepted that restricted geometry of planar 
aromatic stacking with proper directionality and orientation 
plays a critical role in acceleration of self-assembly process-
ing of many cases of amyloid-related proteins (for instance, 
see [56]). Structural analyses [57] showed that Congo Red 
(CR), as an amyloid specific dye, interacts with stacked aro-
matic residues/β-strands within amyloidogenic interfaces, 
so it was also shown that CR can inhibit fibril formation as 
well.

Jung Sun Ahn et al. [58] reported that resveratrol, which 
may be classified either as a polyphenol or as a phytoes-
trogen, with the stilbene core structure, has potential to be 
used for quantitative determination of amyloid fibrils and as 
inhibitor as well. In continuation of our earlier work [26], we 
showed, in the current study, that the synthesized aromatic-
rich compound 3, with fibril inhibition/antioxidant proper-
ties, are susceptible to be applied for detection/determination 
of amyloid assemblies.

Conclusion

In conclusion, we successfully designed and synthesized 
a new series of aurone derivatives as probes for imaging 
of amyloid plaques. In the in vitro binding studies, these 
aurones showed high binding affinity to Aβ aggregates 
based on selectivity and specificity parameters [13–15]. The 
development of molecules to be used as markers/probes of 
β-amyloid deposits in amyloid diseases has been a goal of 
researchers for several years [59]. Photophysical studies on 
the enhanced fluorescence behavior of ThT in the presence 
of extended β-structures confirm that the remarkable prop-
erties of the dye, as fluorescence marker of amyloid fibrils, 
are based on its behavior as molecular rotor [18]. Moreover, 
the existence of a wide solvent dependent distribution of 

ground-state conformations with very different photophysi-
cal behaviors makes ThT a highly complex (and non-spe-
cific) probe with strong wavelength dependencies of all its 
fluorescence properties. On the other hand, it has been fre-
quently reported that ThT is unable to cross the BBB in vivo 
or to cross it in sufficient amounts for acceptable sensitivity 
[60, 61]; this is the result of its low lipophilicity and impor-
tantly, the presence of a permanent positive charge [62–64]. 
Uncharged aurone derivatives managed to permeate through 
the BBB in substantial amounts. Therefore, such a phenolic 
compounds without permanent positive charge and with bet-
ter lipophilicity have been synthesized and they were prob-
ably able to cross BBB in vivo [60, 61, 65]. Two uncharged 
aurone derivatives, compounds 3 and 4 may be highly effi-
cient in crossing the BBB, selective and specific binding to 
amyloid aggregates. According to our results, the synthetic 
compounds could be accounted as remarkable probes, but it 
should be investigated further as potential probes for detect-
ing β amyloid aggregates in the AD brain.
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