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Pomegranate seed polyphenol-based nanosheets
as an efficient inhibitor of amyloid fibril assembly
and cytotoxicity of HEWLY
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Poor water solubility and low bioavailability are considered as two main factors restricting therapeutic
applications of natural polyphenols in relation to various disorders including amyloid-related diseases.
Among various strategies developed to overcome these limitations, nanonization has attracted
considerable attention. Herein, we compared the potency of bulk and nano forms of the polyphenolic
fraction of pomegranate seed (PFPS) for modulating Hen Egg White Lysozyme (HEWL) amyloid fibril
formation. Prepared PFPS nanosheets using direct oxidative pyrolysis were characterized by employing
a range of spectroscopic and microscopic techniques. We found that the nano form can inhibit the
assembly process and disintegrate preformed fibrils of HEWL much more effective than the bulk form of
PFPS. Moreover, MTT-based cell viability and hemolysis assays showed the capacity of both bulk and
nano forms of PFPS in attenuating HEWL amyloid fibril-induced toxicity, where the nano form was more

effective. On the basis of thioflavin T results, a delay in the initiation of amyloid fibril assembly of HEWL
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Accepted 9th March 2022 appears to be the mechanism of action of PFPS nanosheets. We suggest that the improved efficiency of

PFPS nanosheets in modulating the HEWL fibrillation process may be attributed to their increased

DOI: 10.1039/d1ra05820g surface area in accord with the surface-assistance model. Our results may present polyphenol-based
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Introduction

Among approaches developed for amyloid fibrillation inhibi-
tion, use of naturally-occurring molecules, especially certain
dietary polyphenols, has attracted a great attention." However,
there are a number of challenges that limit development of
natural polyphenols as therapeutic agents relating to amyloid-
related diseases. These include poor water solubility and
stability, low absorption upon oral administration, and rapid
metabolism under physiological conditions. Moreover, because
of their hydrophobic nature, most of polyphenols are not ex-
pected to cross the blood-brain barrier (BBB), where they may
demonstrate their neuroprotective effects.>* In recent years,
nanonization, the process of size reduction of particles to
nanoscale, especially with a sheet-like structure,*® has become
one of the interesting research topics. In the case of poly-
phenols, nanonization has been considered as a promising
approach to increase water solubility and bioavailability, and
improve the pharmacological effects of these compounds.®®
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nanosheets as a powerful approach for drug design against amyloid-related diseases.

Interestingly, many recent reports show that nanoformulation
of various natural polyphenols significantly improves their
affinity for amyloidogenic species as well as their capacity to
bypass tissue filtration and cross the BBB, where they effectively
influence amyloid fibril formation and even target amyloid
plaques.®™ Pomegranate (Punica granatum L.) is an ancient
edible fruit with a very diverse chemical composition including
flavonoids, polyphenols, minerals, fatty acids, tannins, antho-
cyanins, and complex carbohydrates.'* It has been reported that
extracts from different parts of pomegranate exhibit therapeutic
properties and target a wide range of diseases including various
types of cancer, cardiovascular diseases," diabetes,'® AIDS,
obesity, and neurodegenerative disorders.'” These activities are
mostly considered to be related to ellagitannins (including
punicalagins), and various classes of polyphenolic compounds
such as flavonoids, anthocyanidins, anthocyanins, flavonols,
and flavones."” Although several mechanisms are suggested to
be related to the therapeutic benefits of pomegranate, it's
antioxidant, anticarcinogenic, and anti-inflammatory proper-
ties have attracted the most attention.”” Regarding to the
neurodegenerative diseases, some investigators have found that
pomegranate extracts/constituents could be used as a novel
protectant.’®?® However, poor water solubility, low bioavail-
ability, and inability to cross BBB are the main challenges
restricting their therapeutic applications, leading to attempts to
these problems.”””® Recently, reported that
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polyphenolic fraction of propolis, in the nanosheet form,
exhibits an improved capacity for modulating the assembly
process as well as clearance of preformed fibrils of bovine
insulin, and concluded that increased water solubility and
surface area upon nanosheet formation might be involved.*
This finding suggests that nanoformulation of polyphenolic
compounds, naturally occurring in fruits and plants, could
be a promising approach for drug design relating to the
neurological disorders. To further confirm this proposition,
self-polymerization of the polyphenolic fraction of pome-
granate seed (PFPS) was performed through direct pyrolysis.
The bulk and nano forms of PFPS (PFPS nanosheets) were
structurally and morphologically characterized. This was
followed by employing a range of amyloid-specific techniques
to compare the efficacy of bulk and nano forms of PFPS in
modulating hen egg white lysozyme (HEWL) amyloid fibril-
lation process. HEWL is one of the most extensively studied
proteins which assemble into amyloid fibrils under in vitro
conditions.** Moreover, structural homology with human
lysozyme, which it's amyloid deposits are related to systemic
amyloidosis,* has made HEWL an attractive model for in
vitro fibrillation studies. Obtained results clearly demon-
strated that PFPS nanosheets, compared to their respective
bulk form, were much more effective in inhibiting HEWL
amyloid fibrillation and clearance of preformed fibrils, indi-
cating improved anti-amyloidogenic properties of PFPS in the
nano form.

Materials and methods

Materials

HEWL, Thioflavin T (ThT), Congo red (CR), Nile red (NR), 3-(4,5-
dimethyl tiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT),
and dialysis tube were purchased from Sigma (St. Louis, MO,
USA). SH-SY5Y cells were a gift from Dr Karima (Shahid
Beheshti University of Medical Sciences, Tehran, Iran). The cell
culture medium (DMEM-F12), fetal bovine serum (FBS), and
penicillin-streptomycin antibiotics were purchased from Gibco
BRL (Life Technology, Paisley, Scotland). n-Hexane was
purchased from CARLO ERBA, France. All other chemicals were
obtained from Merck (Darmstadt, Germany) and were reagent
grade.

Extraction of polyphenolic fraction of pomegranate seed
(PFPS)

Pomegranates were collected from the Mazandaran, Iran. Fifty
grams of the dried pomegranate seeds were grinded finely, and
then it's fatty acid content was extracted with Soxhlet using n-
hexane for 24 h. To extract PFPS, the resultant powder was dried
and then dispersed in 100 mL of deionized water (DW), stirred
for 24 h, and filtered on a Whatman filter paper to eliminate non-
soluble materials. Finally, the suspension was evaporated in an
oven at 60 °C, and the resultant brown powder (Fig. S1AT) was
grinded finely and stored in a dark place for subsequent
experiments.
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Preparation of PFPS nanosheets

PFPS nanosheets were prepared using direct oxidative pyrolysis, as
previously reported with slight modifications.* Briefly, one gram
of the PFPS powder was added into a 10 mL beaker and heated to
200 °C for 2.5 min. A color change from brown to dark brown
indicates successful pyrolysis and nanosheet formation. Then, the
sample was quickly neutralized by adding 200 mL of 250 mM
NaOH and stirred at room temperature (RT) for 8 h. The obtained
suspension was filtered on a Whatman filter paper and dialyzed
(using cut-off 12 kDa dialysis tube) against DW until neutral pH
was achieved. The resultant dialyzed solution, containing the
purified PFPS nanosheets, was dried in an oven at 60 °C. Finally,
the obtained dark brown powder (Fig. S1Bt) was grinded finely
and stored in a dark place for subsequent experiments.

Characterization of bulk and nano forms of PFPS

Nanonization progress was confirmed by UV-Vis, FT-IR, and X-
ray photoelectron spectroscopies. The UV-Vis spectrum of
bulk and nano forms of PFPS (20 pg mL~") was recorded using
a spectrophotometer (UV-2550, Shimadzu). For FT-IR spectros-
copy, samples were dried in a vacuum oven at 60 °C. The related
spectrums were obtained from 400 to 4000 cm ™" using a Bruker
spectrometer (EQUINOX 55 Bruker, Germany) by preparing
their KBr pellets. X-ray photoelectron spectroscopy (XPS) anal-
ysis was performed using a K-alpha X-ray photoelectron spec-
trometer. The fluorescence emission spectra of bulk and nano
forms of PFPS were measured in aqueous solution (10 ug mL™")
by a fluorescence spectrophotometer (Cary Eclipse VARIAN,
Mulgrave, Australia) with a slit width of 5 nm for both excitation
and emission. The thermal stability of bulk and nano forms of
PFPS was determined by a thermal gravimetric analyzer
(NETZSCH STA 409 PC/PG). The samples were dried in
a vacuum oven at 60 °C and thermal gravimetric analysis (TGA)
was performed as described.” The surface zeta potential of
PFPS nanosheets (20 pg mL™") in a range of pH (from 2 to 12)
was recorded using a zeta potential analyzer (Brookhaven
Instrument, Holtsville, NY 11742-1896, USA). Finally, the
microscopic features of PFPS nanosheets were analyzed using
electron and atomic force microscopies. Briefly, aliquots of an
aqueous suspension of PFPS nanosheets (~20 pg mL ") were
placed on a carbon-coated copper grid and dried at RT. The
samples were analyzed using a Philips CM300 transmission
electron microscope (TEM). An aliquot of aqueous suspension
was dropped on a clean glass slide and dried in the oven at
60 °C, coated with a gold layer and imaged by the field emission
scanning electron microscopy (FE-SEM, Hitachi S4160 oper-
ating at 20 kV). Finally, for atomic force microscopy (AFM),
aliquots of PFPS nanosheets solution (diluted with DW to a final
concentration of 15 ug mL™") were placed on a freshly cleaved
mica and dried at RT. Images were acquired as reported
previously.>

Sample preparation

Protein sample was dissolved in 50 mM glycine buffer (pH 2.2) in
a final concentration of 7.5 mg mL ™" (~500 uM). The stock

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solutions of bulk and nano forms of PFPS were prepared at 5 and
100 mg mL ™, respectively, using DW as solvent, and were stored
at —20 °C until use (Fig. S1Ct). The molar ratios of bulk/nano
forms of PFPS to the HEWL used in this study were 1 : 150,
1:50,and 1: 33.

HEWL amyloid fibril formation and characterization

For amyloid fibrillation induction, aliquots of HEWL, contain-
ing 20 uM thioflavin T (ThT) and various concentrations (0, 50,
150, and 225 pug mL~ ") of bulk or nano forms of PFPS, were
transferred into a non-binding black surface with clear bottom
polystyrene 96-well plate (Corning Incorporated, 2 Alfred Road,
Kennebunk ME 04043 USA) with a final volume of 200 pL of
assay solution in each well. The plate was sealed with crystal
clear sealing tape (Axygen, Corning Incorporated USA) and
loaded into a Synergy Hybrid Multi-Mode microplate reader
(BioTek Instruments, Winooski, VT 05404-0998, USA) followed
by incubation at 57 °C without agitation. The fluorescence
signal was measured at 10 h intervals, with excitation at 440 nm
and emission at 485 nm for 8 days. In all experiments, ThT
fluorescence measurement was done in triplicate and the mean
of the three measurements was determined. The acquired data
from ThT fluorescence measurements were fitted to the sigmoid
curve and kinetics parameters were determined according to
the equation described by Nielsen et al.** For Nile red (NR)
fluorescence measurements, aliquots of protein solutions were
removed at the end of incubation time and diluted to a final
concentration of 5 uM, using H,O containing 50 uM NR.
Samples were excited at 530 nm and emission spectra were
recorded from 550-800 nm. For Congo red (CR) binding assay,
aliquots of incubated HEWL (final concentration of 5 uM), were
added to 950 pL of CR solution (20 uM). After 30 min of incu-
bation at RT, absorbance spectra were recorded between 400
and 600 nm. The amount of bound CR was quantified according
to the equation described by Klunk et al.** Far-UV CD spectra
were recorded in the range of 190-260 nm using an AVIV 215
spectropolarimeter (Aviv Associates, Lakewood, NJ, USA), in
a final concentration of 30 uM in glycine buffer (50 mM, pH 2.2).
Finally, 10 pL of the incubated samples (diluted to a final
concentration of 25 uM) were mixed with 10 pL of ThT solution
(100 uM) and incubated for 10 min in a dark place at RT. The
mixture was added on a clean glass slide and air-dried. The
images were captured on a fluorescence microscope (Zeiss,
Germany) at 20x magnification.

SDS-PAGE analysis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed without boiling treatment. Aliquots
(20 pL) corresponding to HEWL incubated under amyloido-
genic conditions for 8 days, either alone or in the presence of
various concentrations of bulk or nano forms of PFPS, were
mixed with 10 pL of the sample buffer and applied onto the gel
(15%). Electrophoresis was performed at constant voltage at
100 V. Gel was stained with 0.025% (w/v) Coomassie brilliant
blue followed by multiple destaining.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Remodeling activity of bulk and nano forms of PFPS

Matured fibrils of HEWL were prepared by incubation of the
protein solutions under amyloidogenic conditions for sufficient
time, as described before. Then, aliquots (200 uL) of preformed
amyloid fibrils were incubated alone or with various concen-
trations of bulk or nano forms of PFPS (150, 300, and 600 pg
mL~") at 37 °C for 96 h. The disaggregating potency of bulk and
nano forms of PFPS was investigated by ThT assay and fluo-
rescence microscopy imaging as described above.

In vitro cell viability assay

Human neuroblastoma SH-SY5Y cells, cultured
in DMEM-F12 medium as reported previously.** For cytotox-
icity experiments, cells were treated with increasing amounts
(0-2000 pg mL™") of bulk or nano forms of PFPS, or HEWL
amyloid fibrils (0-50 uM) and incubated for 24 h. To evaluate
the protective effects of bulk/nano forms of PFPS against
toxicity induced by HEWL amyloid fibrils, the aliquots of
incubated samples, aged without or with various concentra-
tions of bulk/nano forms of PFPS under amyloidogenic
conditions, were added to the cells (in a final concentration
of 20 uM) and left for 24 h. Cells treated with 50 mM glycine
buffer (pH 2.2) were used as control. Cell viability was
assessed using the conventional MTT reduction assay.
Results were expressed as percentage of MTT reduction
relative to the control cells, assuming that the absorbance of
control cells was 100%.

were

In vitro hemolysis assay

The hemolytic activity of bulk/nano forms of PFPS (0-400 pg mL ™),
or HEWL amyloid fibrils (0-50 pM) was evaluated as described
previously.” To evaluate the protective effects of bulk/nano forms
of PFPS against permeabilization induced by HEWL amyloid
fibrils, the cell suspensions (1% hematocrit) were incubated alone
or with various concentrations of incubated samples for 3 h at
37 °Cwhile being gently stirred. The samples were then centrifuged
at 1000 g for 10 min, followed by measuring the absorbance of
supernatants at 540 nm. The percentage of hemolysis was calcu-
lated as a fraction of the maximum effect (1% (v/v) Triton X-100):
(measured signal-blank signal)/(maximum signal-blank signal).
For microscopy imaging, 10 pL of resultant pellets (diluted 3 fold
with phosphate buffered saline) were added on a clean glass slide
and air-dried. The images were captured on an optical microscope
(Nikon, Japan) at 20x magnification.

Statistical analysis

All assays were performed two or three times with triplicate
repeats. Data are expressed as percentage of values in untreated
control cells, and each value represents the mean + SD (n = 3).
The significant differences between the means of the treated
and untreated groups were calculated by unpaired Student's -
test and p-values less than 0.01 were considered significant. *p <
0.01, **p < 0.001 were significantly different from control cells/
erythrocytes. *p < 0.01 was significantly different from those
exposed only to HEWL amyloid fibrils.

RSC Adv, 2022, 12, 8719-8730 | 8721
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Results and discussion

Extraction of PFPS, synthesis and characterization of PFPS
nanosheets

The high fatty acid content of pomegranate seed was first
removed by Soxhlet using n-hexane as solvent. It's polyphenolic
content was then extracted by DW as described above. Indeed,
this simple method provides an efficient way to extract the
relative hydrophilic polyphenols of pomegranate seed, with the
aim to prepare final hydrophilic water-soluble nanosheets.
Combustion, pyrolysis, oxidative coupling, carbonization and
hydrothermal carbonization are well-known methods to obtain
value-added products from naturally-occurring polyphenols.
However, due to existence of various polyphenols, in different
content and chemical structure, investigating the mechanism of
reactions occurring in these processes have many challenges.*
The PFPS nanosheets were fabricated through the pyrolysis
process in the presence of atmospheric oxygen, leading to the
fusion of polyphenolic species by reacting oxygen-containing
functional groups like hydroxyl and carboxyl groups and form-
ing the related ether and ester bridges. It worth to note that,
decarboxylation of compounds and decomposition of ester-
containing polyphenols during the process would diminish
the possibility of polyphenols self-condensation.®® But, that's
not the whole story, the phenoxy radicals formed in polyphenols
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structure show a resonance in which the radical character is
localized on the ortho- and para-carbons as well as the phenolic
oxygen, which can lead to self-condensation of polyphenols via
the C-O and C-C bonds.*” The charge densities calculations
have revealed that 41.3% and 39.1% of the spin densities are
located on the phenolic and para-carbons, respectively,*® indi-
cating that the polyphenols are mostly self-condensed through
these two sites. The UV-Vis absorption spectrum of bulk form of
PFPS showed a maximum absorption peak at 283 nm (corre-
sponding to the typical m-m* transition of C=C) with
a shoulder at about 350 nm (corresponding to the n-m* tran-
sition of C=0 bond) (Fig. 1A), indicating the presence of
flavonoids/polyphenols.**** Upon undergoing nanonization,
however, we observed a significant enhancement in the
absorption spectrum with a blue shift (Fig. 1A). Despite
confinement of the chromophore regions (i.e., short ranged
ordered sp”> domains) by atoms with sp® hybridization, it seems
that the number of these regions is increased, likely due to the
fusion of polyphenolic compounds during the nanonization
process, leading to increased UV-Vis absorption of PFPS nano-
sheets (Fig. 1A). One notable characteristic of the bulk and nano
forms of PFPS is their excitation wavelength-dependent emis-
sion. While the bulk form of PFPS shows some fluorescence
properties (Fig. S21), we observed a considerable emission for
PFPS nanosheets (Fig. 1B). This may be attributed to the
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Fig.1 Spectroscopic characterization of bulk and nano forms of PFPS. (A) UV-Vis absorption spectra of bulk (left axis) and nano (right axis) forms
of PFPS (20 png mL~* aqueous solutions). (B) Fluorescence emission spectra of PFPS nanosheets, excited at different wavelengths. (C and D) C 1s

spectra of bulk and nano forms of PFPS, respectively.
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increased number of chromophore regions as described above,
leading to a significant fluorescence with various emission
patterns (Fig. 1B and S31), a sign of non-uniformity in the size of
chromophore regions in the PFPS nanosheets.** As shown in
Fig. 1B, the maximum emission of PFPS nanosheets is around
460 nm when excited at 350 nm. The emission peak shifts to
shorter wavelengths (up to excitation at 320 nm) and longer
wavelengths (up to excitation at 450 nm). The shift is more
obvious when the fluorescence intensity is normalized at
different excitation wavelengths (Fig. S31). This excitation
wavelength-dependent emission property of nano form is due to
the inhomogeneity of the particle sizes and plenteous emissive
traps of surface states formed by the hydroxy, carboxy and other
oxygen-based functional groups.**** We believe that the
prepared nanostructures have non-directional nature due to
C-C cross linking phenolic moieties of polyphenols. Conse-
quently, the configuration of interconnected carbon network
would be tilted or rotated leading to isotopically bundled three-
dimensional architectures. This would generate a non-
graphitized phase of hard carbon with abundant structural
defects after pyrolysis. Therefore, these structural defects along
with those derived from partially carbonization can lead to
short-range-ordered sp>-carbon domains of hard carbons.
Moreover, due to the complicated mixture of polyphenols, it
seems that there are various ordered sp®-carbon domains of
different sizes which can result in excitation wavelength-
dependent emission. We believe that the fluorescence prop-
erty of PFPS nanosheets may provide these structures with the
potential to use as imaging probes for protein aggregates
detection. The FT-IR spectroscopy was employed to determine
the functional groups in bulk and nano forms of PFPS. For the
bulk form, the characteristic peaks are 3000-3200 (aromatic C—
H), 2850-2925 (aliphatic C-H), 1475, 1531, and 1600 (aromatic
C=C), 1730 (C=0 of ester and/or aldehyde groups), 1664
(ketone group), 1027, 1070, and 1232 cm ™" (C-O) (Fig. S41). The
assigned peak sequences at 690-900 cm ™" are for “out of plane”’
(oop) bending, indicating aromatic ring substitutes.” Upon
undergoing nanonization, the spectrum pattern was changed
due to the fusion of polyphenolic molecules and the production
of a new structure. As shown in Fig. S4,T broad peaks at 1554—
1760 (aromatic C=C and C=O0), 1000-1200 (C-O), and
3600 cm ™' (O-H) indicate the fundamental structural changes
in the polyphenolic structures leading to the formation of
various oxygen-based functional groups in the course of nano-
nization process.” These structural changes were further
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confirmed by XPS analysis. The C 1s spectrum of bulk form was
deconvoluted into four peaks including 284.5 eV (aromatic and
aliphatic C=C), 286.07 eV (C-O), 287.51 eV (C=0), and
288.71 eV (O-C=0) (Fig. 1C). Upon nanonization, however, the
C 1s spectrum of PFPS nanosheets was deconvoluted into three
peaks including 284.5 eV (aromatic and aliphatic C=C),
285.93 eV (C-0), and 287.72 eV (C=O0) (Fig. 1D).>>*4¢
Comparison of the XPS spectrums and extracted data revealed
a decrement in the intensity of C-O and C=O peaks, and
disappearance of the O-C=0 peak as well, upon nanonization
(Fig. 1C, D and Table 1). Thus, the high abundance of C=C,
compared to C-O and C=O, groups may provide another
reason for the notable fluorescence properties of PFPS nano-
sheets (Fig. 1B and S37). These observations suggest that PFPS
molecules can be fused and combined by eliminating oxygen-
containing small molecules such as water and alcohol. More-
over, it seems that the carboxylic groups in PFPS nanosheets
undergo decarboxylation and produce CO, during the pyrolysis
process. As depicted in Fig. S5, the surface zeta potential of
PFPS nanosheets follows a pH-dependent decrease from +1.14
to —22.99 and then increased to —14.77 mV, indicating an
isoelectric point around 1.7. In almost the whole pH range, the
negative surface charge may be related to deprotonation of
various functional groups existing in the structure of PFPS
nanosheets.” The increased of zeta potential by changing pH
from 7.3 to 11.5 is likely related to the ion screening effect.*”*®
The TEM and AFM images revealed around and sheet
morphology with a diameter ranging from 400 to 600 nm and an
average thickness of 2-3 nm (Fig. 2). The formation of stacked
nanosheets may suggest the involvement of both lateral and
vertical hydrogen bonds, mediated by the presence of oxygen-
based functional groups. The FE-SEM images were also
confirmed their potential to aggregate while drying (Fig. S67).
The thermal stability of the bulk and nano forms of PFPS was
studied by TGA. Four main weight losses at temperatures below
100 °C (elimination of physically adsorbed water), between 130-
250 °C and 250-367 °C (likely due to removal of flavonoids/
polyphenols), and above 500 °C (probably due to the decom-
position of resistant aromatic structures of biogenic salts such
as carbonates**?), was observed for the bulk form of PFPS
(Fig. 3). In the case of nano form, we observed three main
weight losses (Fig. 3). The first one below 100 °C relating to the
elimination of physically adsorbed water. The second one
ranging from 206-480 °C, is more likely due to the removal of
functional groups, existing on the surface of PFPS nanosheets,

Table 1 Obtained data from XPS analysis of C 1s in bulk and nano forms of PFPS

Bulk

Nano

Peak energy

Peak energy

Bond type bond, eV Height ratio Area ratio FWHM, eV bond, eV Height ratio Area ratio FWHM, eV
C=C, C-C 284.64 1 1 1.32 284.55 1 1 1.38

C-0 286.07 0.83 0.89 1.41 285.93 0.19 0.2 1.45

C=0 287.51 0.18 0.13 1.01 287.72 0.14 0.15 1.47
O-C=0 288.71 0.23 0.23 1.32 — — — —

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Microscopic characterization of PFPS nanosheets. (A—C) TEM images; and (D and E) AFM imagesand (F) related line profile of PFPS

nanosheets, respectively.
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Fig. 3 Thermal stability of bulk and nano forms of PFPS. (A) TGA; and (B) DTG thermograms of bulk and nano forms of PFPS.

and physically adsorbed organic polyphenols, accounting for
29.10 wt% or, in other words 34.03 wt% of the total weight of
PFPS nanosheets (Fig. 3). The third weight loss observed above
660 °C may attribute to the decomposition of main skeleton of
PFPS nanosheets. TGA results suggest increased thermal
stability of PFPS nanosheets, especially at high temperatures.

Effect of bulk and nano forms of PFPS on fibrillation process
of HEWL

ThT fluorescence assay was employed to monitor the effect of bulk
and nano forms of PFPS on the amyloid fibril formation of HEWL.
From data depicted in Fig. 4A and B, it can clearly conclude that
PFPS, in either bulk and nano forms, can modulate HEWL fibril-
lation process dose-dependently. However, at a same concentra-
tion, nano form of PFPS was found much more effective. As shown
in Fig. 4A, in the presence of various concentrations of bulk form
a dose-dependent decrease in ThT fluorescence intensity, with

8724 | RSC Adv, 2022, 12, 8719-8730

some increase in the nucleation phase duration (Table 2), was
observed. In samples treated with nano form of PFPS, however,
decrease in ThT fluorescence intensity was accompanied with
a more significant elongation of the nucleation phase, as in the
presence of 225 pg mL~" PFPS nanosheets the fibrillation process
of HEWL was completely inhibited without any detectible lag time
(Fig. 4B and Table 2). These results suggest that PFPS, in the
nanosheet form, exhibits enhanced capacity to delay and inhibit
amyloid fibril assembly of HEWL. This improved efficiency of PFPS
nanosheets was further confirmed by CR binding assay (Fig. S7t).
The higher anti-amyloidogenic properties of PFPS nanosheets,
compared to its respective bulk form, were further confirmed by
fluorescence microscopy and SDS-PAGE analysis. The morphology
of structures produced alone or in the presence of increasing
concentrations of bulk/nano forms of PFPS were examined by
fluorescence microscopy. As shown in Fig. 4C, incubation of
protein samples for 8 days under amyloidogenic condition is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of bulk and nano forms of PFPS on amyloid fibrillation of HEWL. (A and B) Kinetics of HEWL amyloid fibril formation monitored by
increasing fluorescence intensity of ThT at 485 nm. (C) Fluorescence microscopy images of HEWL samples incubated without or with various
concentrations of the bulk or nano forms of PFPS for 8 days. The scale bars represent 500 nm.

Table 2 Effect of bulk and nano forms of PFPS on the kinetics
parameters of HEWL amyloid fibrillation

Lag time (h)  t5, (h) Amplitude x 107°

Control 79.44 +1.81 110.88 +1.34 8990 + 272.88
Bulk 50 ng mL ™" 101.89 + 3.29 130.07 £3.91 6770 £+ 77.88
Bulk 150 pg mL™"  102.92 + 1.50 128.21 + 3.31 6000 =+ 92.73
Bulk 225 pg mL™* 90.12 £ 2.10 113.55 +1.19 4940 + 71.18
Nano 50 pg mL™'  102.11 + 1.63 122.61 & 1.15 3430 =+ 43.20
Nano 150 pg mL™" 128.51 +3.00 148.61 +2.03 3660 + 77.88
Nano 225 pg mL ™' —¢ 165.1 +2.88 95.94 + 1.49

“ The lag time could not be determined in the presence of 225 pg mL ™
nano form of PFPS since aggregation was not observed.

sufficient to induce the formation of mature amyloid fibrils. The
presence of bulk form of PFPS caused a dose-dependent inhibition
of amyloid fibrils formation (Fig. 4C). In samples containing
225 pg mL~" bulk form of PFPS, the formation of such fibrillar
structures was prominently prevented, with the appearance of
short amyloid fibrils (Fig. 4C). In samples treated with PFPS

© 2022 The Author(s). Published by the Royal Society of Chemistry

nanosheets, however, the extent of inhibition was more effective,
as in samples containing 225 pug mL™' PFPS nanosheets, no
detectible structure was seen (Fig. 4C). The SDS-PAGE profile of
incubated samples is depicted in Fig. 5. For the protein samples
incubated alone a band trapped in the well of stacking gel, cor-
responding to high molecular weight amyloid fibrils, was seen.
The presence of either bulk or nano forms of PFPS, however,
caused a dose-dependent transition from large aggregates into low
molecular weight intermediates and monomeric species; where
nanosheets were more effective (Fig. 5). This observation further
confirms the higher efficiency of nano form of PFPS to delay the
initiation of HEWL fibrillation process, in accord with ThT fluo-
rescence results (Fig. 4A and B). On the basis of obtained results,
we suggest that in the presence of high concentrations of PFPS
nanosheets, formation of mature fibrils is strongly inhibited.
These results are in accord with our recent report,* suggesting that
nano form of polyphenolic compounds, in comparison with their
respective bulk form, may exhibit improved capacity to modulate
the assembly process of various amyloidogenic peptides and
proteins. The size-dependent modulating effect of PFPS on HEWL

RSC Adv, 2022, 12, 8719-8730 | 8725
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Fig. 5 SDS-PAGE analysis of HEWL samples incubated alone or with
increasing concentrations of the bulk or nano forms of PFPS for 8 days.
The lanes represent native HEWL (lane 1), samples incubated alone
(lane 2) or with various concentrations of bulk (lanes 3-5) or nano
(lanes 6-8) forms of PFPS. The arrows indicate the increasing
concentration of the bulk/nano forms of PFPS corresponding to 50,
150, or 225 ng mL~%. Left lane represents protein marker.
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fibrillation process is in accord with the surface-assistance model,
reported by other studies.**** While the bulk form of PFPS was
somewhat water-soluble (up to 5 mg mL™ '), upon nanosheet
formation, we were able to prepare a 100 mg mL ' aqueous
solution of PFPS. Clearly, this improved water solubility would
increase capacity of PFPS nanosheets for hydrogen bonding/
electrostatic interactions with surrounding molecules including
HEWL monomers. This can lead to more efficient interaction with
HEWL monomers of nano, compared to bulk, form of PFPS.
Additionally, we suggest that increased surface area as well as
chemical modifications introduced upon nanonization may also
be involved. On the other hand, due to increased surface area,
PFPS nanosheets exhibit a significantly high protein absorption
capacity. Accordingly, nano form of PFPS may deplete a large
fraction of monomers form the solution leading to decreased
solution concentration and aggregation rate of the protein.*

Effect of bulk and nano forms of PFPS on structural/
conformational changes of HEWL

In continuous of the study, the structural/conformational
changes of HEWL in the absence and presence of bulk and
nano forms of PFPS were examined using far-UV CD and NR
fluorescence experiments. As depicted in Fig. 6, incubation of
HEWL alone under amyloidogenic conditions caused
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Fig. 6 Effect of bulk and nano forms of PFPS on structural/conformational changes of HEWL. (A and B) Far-UV CD spectra of HEWL samples
incubated with the bulk or nano forms of PFPS, respectively. (C) Changes in surface hydrophobicity of HEWL samples incubated with the bulk or
nano forms of PFPS, respectively, as measured by NR fluorescence assay. (D) Left-hand and right-hand y axes show maximum emission intensity
and maximum emission wavelength of incubated samples, respectively. Further descriptions are provided in the text.
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Fig. 7 Remodeling of preformed fibrils of HEWL by bulk or nano forms of PFPS. (A) Remodeling kinetics of preformed fibrils of HEWL
demonstrated by decreasing fluorescence intensity of ThT at 485 nm. (B) An enlarged view of the changes in the fluorescence emission intensity
of incubated samples after 1.5 h incubation. (C—H) Fluorescence microscopy images of preformed fibrils of HEWL before (C) or after incubation
at 37 °C either alone (D) or with 150 (E) or 600 (F) ng mL™! bulk, or 150 (G) or 600 (H) pg mL™ nano forms of PFPS for 96 h. The scale bars

represent 500 nm.

significant conformational changes characterized by a gradual
transition from a predominant a-helix to a -sheet structure and
a considerable enhancement in NR fluorescence signal with
a pronounced blue shift of the spectrum from 663 nm to
632 nm. However, the presence of either bulk or nano forms of
PFPS prevented such structural/conformational changes; where
PFPS nanosheets showed more efficiency (Fig. 6). It worth to
note that, although secondary structural transitions caused by
amyloidogenic conditions were not completely inhibited in the
presence of neither bulk nor nano forms of PFPS (Fig. 6A and B),
we observed an effective suppression of the exposure of hydro-
phobic regions, along with a considerable red shift, in the
samples incubated with 225 ug mL ™" PFPS nanosheets (Fig. 6C
and D). This observation indicates that the presence of PFPS
nanosheets has resulted in prevention of solvent-exposure of
hydrophobic regions.

Remodeling activity of bulk and nano forms of PFPS

The potency of bulk and nano forms of PFPS to disaggregate
preformed fibrils of HEWL was investigated by ThT assay and
fluorescence microscopy imaging. As illustrated in Fig. 7A, the
both bulk and nano forms of PFPS were able to disaggregate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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< 0.001, significantly different from cells exposed only to HEWL
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preformed fibrils of HEWL in a dose-dependent manner.
Interestingly, decrease in fluorescence intensity of ThT was very
fast, reaching a maximum decrement during the first few hours
of incubation (Fig. 7A and B). However, with the same concen-
tration, nano form of PFPS can more efficiently disaggregate the
amyloid fibrils (Fig. 7A and B). For instance, the performance of
150 ug mL ™" nano form is better than 600 ug mL ™" bulk form of
PFPS (Fig. 7A and B). As shown in Fig. 7D, further incubation of
HEWL fibrils at 37 °C led to generation of very long fibrils
assembled in large bundles, indicating the continuation of
amyloid fibril assembly. While disintegration of the HEWL
fibrils mediated by either bulk or nano forms of PFPS was
considerable, nanosheets were more effective (Fig. 7E-H). As
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illustrated in Fig. 7H, in the presence of 600 pg mL ' PFPS
nanosheets we almost observed complete disintegration of
amyloid fibrils without any detectable fibrillar structure.
Through bearing a larger surface area, we speculate that via
broad interaction and binding to fibrillar aggregates, PFPS
nanosheets may disintegrate fibrillar structures more effective
that the bulk form of PFPS, further clarifying surface-assistance
model.**** Moreover, modification of surface functional groups
upon nanonization, evidenced by various spectroscopic
measurements, may also involve in facilitating absorption of
fibrillar aggregates at the surface of PFPS nanosheets. However,
further studies are needed to validate this proposition.

® o

Fig. 9 Effect of the bulk and nano forms of PFPS on hemolytic activity of HEWL aggregates. (A) The percentage of hemolysis as a fraction of
Triton X-100. (B-1) Optical microscopy images of samples incubated with HEWL aggregates aged either alone or with different concentrations of
bulk or nano forms of PFPS. Further descriptions are provided in the text. **p < 0.001, significantly different from control erythrocytes. *p < 0.001,
significantly different from erythrocytes exposed only to HEWL amyloid fibrils.
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Effect of bulk and nano forms of PFPS on cytotoxicity and
hemolytic activity of HEWL amyloid fibrils

The protective effect of PFPS nanosheets, in comparison with the
respective bulk form, on toxicity of HEWL aggregates was eval-
uated using MTT-based cell viability and hemolysis assays. The
non-toxic doses of bulk/nano forms of PFPS were determined
based on the viability of SH-SY5Y human neuroblastoma cells.
We found slight, if any, toxicity in relation to the bulk form of
PFPS when applied at very high concentrations; whereas PFPS
nanosheets were totally nontoxic (Fig. S871). Results clearly show
that HEWL fibrils, dose-dependently, reduce the cell viability
(Fig. S9t). While a dose-dependent decrease in HEWL fibril-
induced cytotoxicity was observed in the samples treated
with either bulk or nano forms of PFPS, those containing
PFPS nanosheets showed more significant viability (~73%,
compared to 37%, increase in the cell viability of samples
containing 225 pg mL ™" nano or bulk forms of PFP, respec-
tively) (Fig. 8), indicating that substantial inhibition of HEWL
fibrillation process correlates with reduced cellular toxicity.
These protective effects were further corroborated by hemo-
lysis assay. First, the effect of bulk/nano forms of PFPS on the
integrity of erythrocytes membrane was investigated. We
observed some permeabilization of erythrocytes membrane
relating to PFPS nanosheets, when applied at high concen-
trations (Fig. S10%), indicating higher membrane binding
capacity of nano PFPS correlates with their increased surface
area. Similar to cell toxicity, a dose-dependent release of
hemoglobin was observed upon treatment with HEWL
amyloid fibrils of erythrocytes (Fig. S117). This was accompa-
nied with substantial aggregation at high concentration
(Fig. S11,} inset), in accord with a previous report.*® In the
samples containing either bulk or nano forms of PFPS, however,
a dose-dependent decrease in HEWL fibril-induced hemolysis was
observed; where those containing nano form of PFPS were more
protective (~72%, compared to 63%, decrease in the hemolysis
rate of samples containing 225 pg mL™" nano or bulk forms of
PFP, respectively) (Fig. 9A). Interestingly, neither bulk nor nano
forms of PFPS were effective in preventing erythrocytes aggrega-
tion induced by HEWL aggregates (Fig. 9D-I), suggesting that
membrane aggregation does not necessarily lead to per-
meabilization. Altogether, obtained data indicates that PFPS
nanosheets, in comparison with the respective bulk form, can
more effectively mitigate fibrillation and disaggregate preformed
fibrils of HEWL and related toxicity. This is proposed to occur by
interfering with the initial steps of fibrillation process and con-
straining the protein in a native-like state with significantly buried
hydrophobic regions.

Conclusion

In the present study, we demonstrated that nano form of PFPS is
much more effective than the respective bulk form of PFPS in
modulating fibrillation process, as well as clearance of preformed
fibrils of HEWL. The obtained results suggest that delay in initi-
ation of amyloid fibril assembly, likely due to increased water
solubility and surface area upon undergoing nanonization

© 2022 The Author(s). Published by the Royal Society of Chemistry
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process, is the mechanism by which PFPS nanosheets modulate
amyloid fibrillation of HEWL. While there are many reports
describing the effects of polyphenol-based nanoparticles on
assembly process of various peptides and proteins,”**** we
believe that our work has characteristics that distinguish it from
the others. First, to avoid the profound challenges introduced by
foreign additives including metals and polymers (commonly used
as core materials for preparation of polyphenolic nano-
particles),”*™ we employed direct pyrolysis to self-polymerize
PFPS. Second, the PFPS nanosheets are water-soluble nano-sized
particles (without limitations such as poor water solubility and
low bioavailability that greatly restrict therapeutic application of
natural polyphenols), and compared to the bulk form, show
considerable capacity to prevent assembly process of HEWL, as at
PFPS nanosheets:HEWL molar ratios of as low as 1 : 33 the fibril
formation process was completely inhibited. Beside these, our
preliminary experiments showed the potential of these nano-
sheets to use as imaging probe for detection and targeting intra-
cellular protein aggregates. While further investigations are
needed to validate these results, we suggest that polyphenol-based
nanosheets have the potency to use as a straightforward strategy
to design potent inhibitor relating to amyloid-related diseases.
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