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Different small molecules and nanomaterials have been known as inhibitors of protein misfolding and
subsequent fibrillation, which marks the initiation of various degenerative conditions. This work explores
the effect of polyphenol-capped gold nanoparticles on the extent of human serum albumin fibrillation.
Silymarin-capped (SAuNPs), quercetin-capped (QAuUNPs) and gallic acid-capped gold nanoparticles
(GAUNPs) were synthesized with a uniform size range and their relative antioxidant capacity was
determined through DPPH assay. The fibrillation of HSA at 65 °C was inhibited by ~15% in the presence
of SAuNPs and the process was monitored through a combination of Thioflavin T fluorescence
spectroscopy, circular dichroism spectroscopy and microscopic analysis. The inhibitory effect appeared
much pronounced in the case of QAUNPs (~67%) and GAUNPs (~60%). Using SDS PAGE analysis, we
demonstrated that the different inhibitory activity of SAUNPs, QAuNPs, and GAuNPs could be attributed
to the antioxidant potential of the individual nanoparticles. Our work revealed that apart from protein—
nanoparticle surface interactions, the antioxidant capacity has a role in determining the effectiveness of
a protein fibrillation inhibitor. Cytotoxic analysis of protein—gold nanoparticle aggregates on HaCaT cell
lines further confirmed that the nanoparticles were biosafe and can be considered as active therapeutics

rsc.li/materials-advances for translational use.

1. Introduction

Reactive oxygen species (ROS) are by-products of cellular meta-
bolism and act as redox signalling molecules essential for the
maintenance of physiological functions."? Excessive ROS pro-
duced are promptly scavenged by molecular chaperones as part
of the proteostasis mechanism,? the failure of which can cause
oxidative damage to the exquisitely arranged protein macro-
molecules. Under such conditions of oxidative stress, protein
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molecules, especially the newly synthesized ones, are susceptible
to aberrant structural misfolding and subsequently experience
molecular self-association to form amyloid fibrils. These fibrils
are cytotoxic, and their deposition in tissues is often the patho-
genic hallmark of certain degenerative conditions such as Par-
kinsonism, Alzheimer’s disease, atherosclerosis, diabetes and
several others.*

A considerable number of small molecules,” peptides,®
surfactants,” quantum dots® and nanoparticles are capable of
binding to amyloidogenic proteins and resisting the misfolding of
their tertiary structures. Nanoparticles of N-isopropylacrylamide-
N-butylacrylamide copolymer,’ amino-acid based polymers,*°
gold," graphene oxide,'> and metallic oxides™'* have been
explored as inhibitors of protein fibrillation, due to their
tunable surface functionalities and high surface to volume
ratio. Among them, gold nanoparticles (AuNPs) are of consider-
able interest in drug delivery, genetics, biosensing, and ther-
apeutics due to their ease of synthesis with controlled
dimensions, detection, facile bioconjugation, and high thermal
stability.’> AuNPs have also exhibited tremendous potency in
the management of oxidatively stressed conditions through
quenching of free radical species.'®'” AuNPs have been strate-
gically explored as one platform for studying the influence of
nanosurface charge,'® surface chirality,'® shape and size** on
protein fibrillation.

This journal is © The Royal Society of Chemistry 2020
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Since bioconjugated gold nanoparticles synthesized through
“green” routes are increasingly being used in a myriad of
biological applications,*! polyphenols derived from indigenous
plant sources have caught significant attention as reducing
and capping molecules for these nanoparticles. However
polyphenol-capped AuNPs, though widely established in the
literature,> have not yet been explored in the protein fibrilla-
tion domain. Therefore, elucidating the effect of different
polyphenol-capped AuNPs on protein fibrillation calls for
detailed investigation. Different polyphenolic compounds such
as silymarin, quercetin and gallic acid have been considered in
our work for the synthesis of biosafe AuNPs. These compounds
with different antioxidant capacities have been selected as they
have received substantial interest as alternative chemothera-
peutics in degenerative conditions.>?

Though 37 different proteins have been reported to cause
amyloid diseases,” human serum albumin (HSA) is exten-
sively used as one typical a-helical (>60%) protein to under-
stand the mechanisms of the misfolding and fibrillation
process.>>?® HSA is a physiologically prolific, single chain
protein containing 585 amino acids arranged in three homo-
logous domains.”” The literature has shown that the systematic
aggregation of albumin occurs through partial misfolding of
its native structure and the process has been conveniently
replicated in vitro through specific conditions such as high
temperature, metal ions, treatment with denaturing chemicals,
and lowering of pH.”® Free radical-induced fibrillation of HSA
occurs when HSA in phosphate buffer is incubated at elevated
temperatures.

Our present work intends to illustrate the role of polyphenol
capping molecules on the fibrillation of HSA at elevated tem-
peratures. Silymarin, quercetin and gallic acid were used for
the facile fabrication of gold nanoparticles in a controlled
size range. Fibrillation inhibition capacities of the nano-
particles have been recorded through a combination of various
spectroscopic and microscopic techniques. Both the nano-
particles and protein—nanoparticle complexes were separately
checked for any indication of cytotoxicity at their fibrillation
inhibitory concentrations. Additionally, in silico studies were
performed to identify all potential interactions between the
nanosurface functionalities and albumin native structure.
Finally, nanoparticle-treated HSA, under oxidatively stressed
conditions, was analysed through SDS PAGE to detect the
presence of protein oligomers.

2. Experimental
2.1 Materials

Gold(m) chloride, quercetin, silymarin, gallic acid, HSA and trypan
blue were obtained from Sigma-Aldrich, USA. Thioflavin T (ThT)
dye used for fibrillation experiments was purchased from TCI
chemicals, Japan. HPLC grade water and other solvents were
procured from Spectrochem Pvt. Ltd, India. Potassium bromide
for IR analysis was purchased from Merck, Germany. Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and,
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penicillin—streptomycin and trypsin-EDTA solutions were pur-
chased from HiMedia, India.

2.2 Preparation and characterization of AuNPs

Polyphenol-capped gold nanoparticles were synthesized through
methods previously developed in our laboratory. Quercetin stabi-
lized gold nanoparticles were prepared under low temperature
sonication for 1 min, where 3 mL of 1.3 mM chloroauric acid
was allowed to react with 1 mL of 4 mM quercetin. Gallic acid-
reduced gold nanoparticles were synthesized under similar condi-
tions. 1 mL of a methanolic solution of 4 mM gallic acid was
charged into 3 mL of chloroauric acid at 4 & 2 °C and sonicated for
1 min to facilitate GAUNP formation. Similarly, 1 mL of a metha-
nolic solution of 4 mM silymarin was added into 3 mL of
chloroauric acid and the synthesis of silymarin-reduced gold
nanoparticles was carried out at 45 + 2 °C under sonication for
30 min. The nanoparticle suspensions were first subjected to a mild
centrifugation at 6000 rpm to sediment any large particles. The
supernatants were collected and centrifuged again at 14 500 rpm to
harvest the nanoparticles. A two-step centrifugation process
ensured collection of the nanoparticles in a narrow size range.*
The pellets were washed, re-centrifuged and finally redispersed in
water before storing them at 4 °C for further applications.

The surface plasmon responses of different AuNPs were
recorded using a double-beam UV-vis spectrophotometer
(Shimadzu-2550, Japan) using 1 cm quartz cuvettes. The
samples were appropriately diluted with water and absorption
spectra were obtained at medium scanning speed in the
wavelength range of 200-800 nm. The hydrodynamic dia-
meters of the samples were recorded using a Nano ZS zetasizer
(Malvern Instruments, UK) equipped with a 4 mW helium-
neon laser beam, 633 nm and back scattering angle of 173°.
Electron microscopy was performed by placing a drop of
diluted sample on a carbon-coated copper grid (Ted Pella
Inc., US). Micrographs were recorded at an accelerating vol-
tage of 200 kV using a JEOL JEM 2100 HR transmission
electron microscope (JEOL, Japan). FT IR spectra over a range
of 4000-400 cm ' of pelletized samples were obtained at a
resolution of 4 cm ™" using a Jasco-670 Plus FT IR spectrometer
(Jasco, Japan). The particle size result, obtained from an
average of 50 particles in electron micrographs, was applied
to fix the working concentration of gold nanoparticles in
solution (100 nM) using a spectroscopic method described
by Khlebstov et al.**

2.3 DPPH radical scavenging activity

Free radical scavenging capacities of AuNPs (dispersed in
water) were determined and compared by DPPH assay following
a method described by Sanna et al.** 0.5 mL of samples was
added to 1 mL of 0.2 mM methanolic DPPH solution such that
final concentrations of AuNPs were in the range of 10-100 nM.
The ratio between water and methanol in the final mixture
was fixed at 1:2 for all samples. Methanol served as the
negative control. The absorbance values of the reaction mix-
tures were recorded at 517 nm after 30 min using a UV-vis
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Spectrophotometer. All experiments were performed in tripli-
cate and the percentage inhibition of the free radical scaven-
ging activity of the AuNPs was calculated using the following
formula:

Percentage inhibition of scavenging activity
__ Absorbance of control — Absorbance of AuNPs y

Absorbance of control 100

2.4 Protein fibril preparation

A stock solution of HSA was initially prepared by dissolving HSA
in 50 mM PBS (pH 7.4), and its concentration was fixed spectro-
photometrically at 280 nm using a molar extinction coefficient
of 35219 M~ " em ™. HSA (2 uM) was incubated in the presence
and absence of AuNPs at 65 + 2 °C for 24 h for the generation of
matured protein fibrils.>*** The effects of differently capped
AuNPs on HSA fibrillation were studied by adding 100 pL
aliquots of each type of AuNPs such that the stoichiometric
ratio of AuNPs:HSA was 1:200. Matured protein fibrils were
subsequently characterized by various biophysical techniques.

2.5 Thioflavin T assay

Samples withdrawn after completion of the incubation period
were incubated with ThT solution (20 uM)** and fluorescence
intensities were recorded using a spectrofluorimeter (PerkinEl-
mer LS-5, PerkinElmer Inc., US) equipped with a waterbath
circulator controlled by a Neslab RTE 100 thermostat. The
excitation and emission wavelengths were set at 450 and 480 nm,
respectively. The slit width was 5 nm. All blanks and nanoparticle
samples were checked to confirm non-responsiveness to ThT
fluorescence.

2.6 Circular dichroism (CD)

Far-UV CD measurements of the samples (from Section 2.4)
were performed on a JASCO J-815 CD spectro-polarimeter with a
thermostatically controlled cell holder at 25 °C, in a cuvette of
0.1 cm path length. The scan speed was set as 100 nm min "
and ellipticities were recorded between 190 and 250 nm from
an average of three scans. The data obtained were further
processed to quantify the secondary structural content using
the online server BeStSel (http://bestsel.elte.hu).*®

2.7 Microscopy

For fluorescence microscopy, HSA fibrillar samples (each 15 pL)
incubated with or without AuNPs for a period of 24 h were
stained with 1 mM ThT solution (15 pL) and placed on cleaned
glass slides, covered with cover slips. Fluorescence micrographs
of protein aggregates were captured using an Axiovert 40 CFL
(Carl Zeiss, Germany) microscope.

Diluted samples were applied onto carbon-coated copper
grids and negatively stained with freshly prepared 2% (w/v)
uranyl acetate solution. The grids were air-dried and the
micrographs were obtained using transmission electron micro-
scopy (TEM) at an operating voltage of 120 kVv.
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2.8 Cell culture

The HaCaT cell line was obtained from the National Centre for
Cell Science (NCCS), Pune, India. Cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin
at 37 °C and 5% CO.,.

2.9 Cytotoxicity assay

In vitro cytotoxicity evaluations of HSA-AuNP complexes were
performed by using the trypan blue exclusion method accord-
ing to a previous protocol.>” Briefly, HaCaT cells were cultured
at a density of 1 x 10° per well in a 24-well plate for 24 h. Then,
the cells were either left untreated or treated with different
doses of HSA (2 pM)-AuNP (5-20 nM) complexes for 24 h. Then,
the cells were harvested for microscopic investigations (Olym-
pus IX70, Olympus Corp., Japan) and trypan blue solution
(0.4%) was added to the cell suspensions in a ratio of 1:1.
Finally, the number of total and dead cells was counted using
a hemocytometer. The data were averaged from a set of three
replicates. The percentage of viable cells was calculated and
plotted.

2.10 Molecular modelling

Structures of silymarin, quercetin and gallic acid were prepared
in LigPrep.*® Induced fit docking was performed using the
IFD docking module of the Schrodinger software package.
The best dock pose of the ligands based on interaction scores
was selected and schematically represented as 3D figures.
The amino acid sequence in HSA was obtained in the FASTA
format and aggregation-prone regions were identified using the
Aggrescan online server.*®

2.11 HSA in vitro oxidation and SDS PAGE

Samples (from Section 2.4) were allowed to incubate in the
presence of 50 uM H,0, for complete oxidation of HSA.
Formation of high molecular weight protein aggregates was
determined by 1 D sodium dodecyl sulfate polyacrylamide gel
electrophoresis. The treated and untreated HSA samples
(50 uM) suspended in 20 pL of 1x loading buffer were incu-
bated at 90 °C for 2 minutes and cooled to room temperature.
Electrophoresis was then carried out using 10% polyacrylamide
SDS PAGE in an electric field run under a constant voltage of
100V for 45 minutes. The gels were then fixed by Coomassie
blue stain and captured on a gel documentation system
(BioRad, Hercules). Freshly prepared HSA solution was also
run alongside for comparative purposes.

2.12 Statistical analysis

Results are presented as mean + standard deviation (S.D.).
Origin 6.0 Professional was used for the analysis of the experi-
mental data. Student’s t-test was conducted for comparative
studies and the difference was considered significant when
P < 0.05.

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion
3.1 Characterization of AuNPs

A two-step process of AuNP formation involves an initial
nucleation, followed by coalescence of gold atoms*® and
the phenomenon was recorded by UV-vis absorption spectral
analysis. SAUNP synthesis was confirmed by a characteristic
surface plasmon resonance (SPR) at 547 nm, and similar peaks
were recorded at 541 nm and 539 nm for QAuNPs and GAuNPs,
respectively (Fig. 1). The SPR pattern depends on the shape and
size of metal nanoparticles, and also on the dielectric constant
of the surrounding medium,*' and the SPR intensity and
position varied with the type of capping molecules. The hydro-
dynamic diameters of AuNPs as recorded by DLS were within
the close range of 50 to 80 nm. High resolution TEM micro-
graphs showed that the nanoparticles capped with different
polyphenols were spherical in shape. Electron microscopy also
confirmed that the average particle diameters of SAuNPs,
QAuNPs and GAuNPs were 15.35 + 0.26 nm, 15.12 + 0.21 nm
and 15.05 + 0.20 nm, respectively. Particle size is a major
parameter that guides the association of protein molecules on
nano-scale materials."”> Near monodispersity of gold nano-
particles as confirmed by both light scattering and microscopic
techniques minimized the chances of differential interaction
with HSA arising from size variation. FTIR measurements were
performed to detect the surface presence of different polyphe-
nols responsible for reduction of the gold salt (Au*) into the
elemental form (Au®). The FTIR spectra of all three samples
exhibited common bands at around 3420 cm ™%, 1638 cm™* and
1508 cm™ ', arising from the phenolic ~OH vibrations, C—=0
stretching and aromatic ring stretching, respectively. These
bands are characteristics of polyphenolic structures and are

N wl(B)

SAuNPs
QAuNPs

Abs.
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ubiquitous on the gold nanosurface.>**> An additional stretching
band near 1088 cm ™" was observed in the case of SAUNPs and
QAuNPs, which was attributed to the benzopyran ring of the
capping molecules. It is likely that the phenolic -OH groups
contributed to the electrostatic stabilization of the nano-
particles in solution.*'

3.2 Free radical scavenging property of AuNPs

Hydroxyl groups present in the polyphenolic structure are not
only responsible for the effective reduction of Au** to elemental
gold, but also for imparting a free radical scavenging property
to the nanoparticles.”® Discoloration of DPPH is one widely
used technique to quantify the radical scavenging capacity of
polyphenols.** The DPPH radical scavenging activities of all
AuNPs were observed to be a function of their concentrations
and exhibited good linearity throughout (SAUNPs: R* = 0.9989;
QAUNPs: R” = 0.9678; GAUNPs: R* = 0.9667). Percent free radical
scavenging activity of GAuNPs and QAuNPs ranged from 26%
and 27% at 10 nM, to 91% and 94% at 100 nM, respectively
(Fig. S1, ESIf). A significant decrease (P < 0.05) of DPPH
inhibitory capacity was observed in the case of SAuNPs, with
only 22% activity recorded at 100 nM. Quercetin and gallic acid
are two of the best known antioxidant molecules of plant
origin.*® Silymarin, however, has a comparatively lower anti-
oxidation potential than the others. Previous studies have
established that the antioxidant capacity of such polyphenol
capping agents remains well preserved in the synthesized
nanoparticles. DPPH scavenging activity of the polyphenolics
is associated with the chemical structure, which influences the
accessibility to the radical centre of DPPH.***® It is therefore
understandable that the DPPH scavenging activity of SAuUNPs is

— SAuNPs N
—— QAuNPs () A
—— GAuNPs )

SAUNPs

QAuNPs

1Y Gaunps

200,00 60000 80000

1
O 100 200 300 400 500 600 700 0 WO W0 0 00 B0 00 0
- Wavenumber (cm™)
Size (dnm)

o'-"d_,
"ﬁ

o

Fig. 1 Characterization of different polyphenol-capped AuNPs. (A) UV-visible absorption spectra, (B) hydrodynamic diameter of polyphenol-capped
AuNPs, (C) FTIR spectra of AuNPs and (D) electron micrographs of different AuUNPs.
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significantly lower than that of QAuNPs and GAuNPs at different
concentrations.

3.3 Effect of AuNPs on HSA fibril formation

The fibrillation kinetics of HSA in the presence and absence of
differently capped AuNPs have been studied using ThT fluores-
cence spectroscopy (Fig. 2). Thioflavin T (ThT) is a fluorescent
dye capable of binding specifically to amyloid fibrils, and not to
precursor proteins and aggregates.’” HSA fibrillation was insti-
tuted at ~65 °C. Hydrogen peroxide is a major product gener-
ated when phosphate buffer is heated at elevated temperatures.
This induced oxidative stress and initiated protein fibrillation.
The ThT responses from HSA samples withdrawn at different
time intervals increased in a sigmoidal manner after an initial
lag phase of 0.6 h and achieved saturation at around 6 h. The
fibril growth curve was observed to be in agreement with the
nucleation-dependent polymerization model for amyloidogenic
proteins.*® While studying the inhibitory effects of different
AuNPs on HSA fibrillation, the maximum ThT intensity obtained
from HSA fibrils was used to normalize the ThT readings. The
HSA fibril growth profile showed significant deviation when HSA
was incubated in the presence of SAuNPs. All the ThT data were
fitted into the following sigmoidal equation (Microcal Origin 6.0)
to obtain the lag time information

Fmax

I—I‘(J]

F = Fyin +
1+e_[ T

where Y is ThT fluorescence intensity, Fp,i, is the minimal
fluorescence intensity, Fpa is the maximum intensity, ¢ is
incubation time, and ¢, is the time required to attain 50%
maximal fluorescence. The apparent first order rate constant
for protein fibril growth is expressed as 1/t and its lag time is
calculated as ¢, — 2.

Upon co-incubation of SAuNPs, the ThT temporal response
value at steady state was decreased by 15.2%. Conversely, the
ThT response diminished greatly throughout the incubation
period when HSA was incubated with QAuNPs. Though the ThT
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Fig. 2 ThT response of HSA incubated in the absence and presence of
AuNPs for 24 h.

146 | Mater. Adv., 2020, 1, 1142-1150

View Article Online

Paper

value at equilibrium was reduced by 67.6%, no change in lag
phase was observed. Similar effects on the lag phase of HSA
were recorded when GAuNPs were co-incubated under identical
conditions. A decrease in the ThT response by 60.2% detected
after 24 h of incubation indicated that GAuNPs delayed the
formation of HSA fibrils. Multivalent polyphenol-capped nano-
particles likely achieved concentration-dependent access to
HSA fibrillation zones. It was inferred that though the presence
of different polyphenol-capped AuNPs in HSA solution did
not interfere with the nucleation of protein monomers, a diminu-
tion in the fibril content was, however, observed in the elongation
and saturation stages in the case of HSA solutions co-incubated
with different AuNPs.

3.4 Effect of AuNPs on protein secondary conformation

Conformational changes in serum albumin secondary structure
during fibrillation were studied in detail using far UV-circular
dichroism. The CD spectra of native HSA and HSA fibrils in the
presence and absence of polyphenol-capped AuNPs are pre-
sented in Fig. 3a. A freshly prepared HSA solution at pH 7.4
exhibited the two obvious negative peaks at 208 and 222 nm,
owing to its a-helical structure." The negative peaks at 208 and
222 nm arise from the 1 — n* and n — 7* transitions of
carbonyl groups present in the polypeptide chains. Samples
incubated under fibrillating conditions for 24 hours showed a
disappearance of the negativity at 208 and 222 nm due to loss of
a-helicity. The appearance of the single negative peak at 215 nm
indicated an increase of B-sheet content, which leads to
protein fibrillation.***® Co-incubation with SAuNPs resulted
in a significant change in the CD spectra as compared to that of
the HSA fibrils. However, more negative mdeg values as
observed in the case of GAuNPs and QAuNPs revealed that
GAuNPs and QAuNPs were more effective in retaining the
a-helical features of the HSA structures. Nanoparticles appar-
ently hindered HSA hydrophobic interactions and catalysed the
a-helical transformations.

The histograms in Fig. 3b show that while native HSA in the
absence of nanoparticles contained ~72.4% a-helical structure
and ~8.5% B-sheets, the samples collected after 24 h of
incubation exhibited ~45.8% o-helical structure and 24.1%
B-sheet contents. It was observed that the a-helical content of
HSA fibril in the presence of SAuNPs improved to ~49%,
although changes in the B-sheet content were minimal. In
contrast, quantitative estimation of secondary structures of
GAuNP-co-incubated HSA samples revealed a notable amount
of a-helix (~56%) and a low B-sheet content ( ~16%). Similarly,
it was found that HSA samples incubated with QAuNPs con-
tained ~61.2% a-helix and only ~14% B-sheets. The o-helix
structural retention capacity was most pronounced in the case
of QAuNPs, closely followed by GAuNPs, whereas f-sheets
constituted the majority of the secondary structural content
of SAuNP-co-incubated HSA samples.

3.5 Morphological analysis of HSA aggregates

The formation and distribution of ThT stained protein fibril
structures were preliminarily monitored by using fluorescence

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00274g

Open Access Article. Published on 17 June 2020. Downloaded on 6/21/2026 12:28:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
native HSA 0
——— HSA fibril
] HSA+ SAUNPs 70
—— HSA+ QAuNPs
ol HSA+ GAuNPs
6
44
? 2] Y
=
é 04 \ P 30
24 ‘/\\JW//
P 20
X ) I
190 200 210 220 230 240 250 ; native HSA
wavelength (nm)
(a)
Fig. 3

microscopy. HSA fibrils formed in the absence of AuNPs
appeared as irregular patches with high fluorescence intensi-
ties scattered throughout the micrograph (Fig. 4a). A substan-
tial number of fluorescent patches were observed in the case of
HSA samples co-incubated with SAuNPs for 24 hours (Fig. 4b).
However, the numbers were found to be significantly smaller as
compared to the control HSA fibril solution. The fluorescent
patches disappeared even further in incubated HSA samples
containing QAuNPs and GAuNPs (Fig. 4c and d), which indi-
cated that even lower amounts of fibrils were formed as
compared to the control and SAuNP co-incubated HSA solution.

Electron microscopy is a powerful technique to study the
fibrillar structures of amyloid proteins.”* Fig. 5 shows the
electron micrographs of HSA fibrils incubated in the absence
or presence of different polyphenol-capped gold nanoparticles.
Images of HSA solutions when incubated alone at 65 °C
displayed entangled networks of long fibrils, and these obser-
vations are found to be similar to those of earlier works.>*>>>3
Co-incubation of SAUNPs resulted in protein absorption on the
nanoparticle surface and the generation of a disorganised
network of protein aggregates. A further reduction of fibrillar
networks and the presence of amorphous protein aggregates on
gold nanosurfaces were observed in the case of QAuNP and
GAuNP co-incubated HSA samples. It was also noted that the
sample containing QAuNPs contained significantly fewer aggre-
gates compared to the HSA solutions incubated with GAuNPs.
These observations were found to be in accordance with the
spectroscopic studies.

3.6 Effect of HSA-AuNP complexes on cell viability

Apart from considering fibrillation inhibitory efficacy, cell
viability conditions should also be taken into account when
selecting an appropriate inhibitor.'® Although serum albumin
has been reported to be non-cytotoxic,”* understanding the
effects of AuNP-co-incubated HSA solutions on cell viability is
essential prior to claiming polyphenol-capped AuNPs as protein
fibrillation inhibitors. Cell viability analysis (Fig. 6) on HaCaT
cells revealed that no significant cell death was recorded for
HSA fibril solutions incubated with varying concentrations of

This journal is © The Royal Society of Chemistry 2020
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(A) CD spectra and (B) histograms of secondary structural contents of HSA incubated in the absence and presence of AuNPs for 24 h.

Fig. 4 Fluorescence micrographs of HSA incubated (A) alone and in the
presence of (B) SAUNPs, (C) QAUNPs, and (D) GAuNPs. Scale bars represent
100 pm.

AuNPs (5-20 nM). The results were further confirmed through
microscopy, which showed no apparent changes in cellular
morphology. The cytotoxicity of all the synthesized nano-
particles was found to be minimal even at 2 fold the working
concentration (Fig. S2, ESIt). Polyphenolic coating on the
nanosurface contributed to the biocompatibility of the gold
nanoparticles,”* which otherwise are known for their cytotoxic
properties.”®

3.7 Influence of anti-oxidative capacity of AuNPs on HSA
fibrillation

The inhibition capacity of gold nanoparticles as examined by a
combination of spectroscopic and microscopic techniques was
found to differ for the differently capped nanoparticles. As the
physical characteristics of the synthesized nanoparticles were
similar, it can be hypothesized that polyphenol molecules
on the gold nanosurface dictated the fibril inhibitory capacity
of the nanoparticles. The inhibition mechanism caused by
the polyphenolic compounds constitutes complex pathways
involving both specific molecular interactions and free radical

Mater. Adv., 2020, 1, 1142-1150 | 1147
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Fig. 5 Electron micrographs of HSA incubated (A) alone and in the presence of (B) SAUNPs, (C) QAuNPs, and (D) GAUNPs.

(€Y

Fig. 6
concentrations of AuNPs (5-20 nM).

scavenging activities.”” IR experiments on the gold nano-

particles previously revealed that the surface hydroxyl groups
were available for interaction with albumin macromolecules
(Section 3.1). Molecular docking studies on quercetin, gallic
acid and silymarin demonstrated that the interactions of these
capping molecules with the amyloidogenic regions of HSA were
different in each case (ESIt). While gallic acid failed to form
interactions with any of the amyloidogenic spots, silymarin
formed one hydrogen bond with the GLU 153 residue of HSA.
Quercetin, on the other hand, formed two hydrogen bonds with
the GLU 230 and ASP 237 residues individually. These interac-
tions alone could not explain the strong inhibitory activity of
GAuNPs and milder inhibitory capacity of SAuNPs. Gold nano-
particles are known to enhance polyphenol solubilisation and
diffusive adsorption at protein interfaces.’® Polyphenols like
quercetin ionize extensively at pH 7.4, but that was minimal in
the case of silymarin. The different inhibitory effect of AuNPs
on HSA fibrillation was likely due to similar effects. A promi-
nent correlation between the DPPH scavenging activity and
fibrillation inhibitory capacity of capped AuNPs could also be
outlined. The QAuNPs bearing the highest DPPH scavenging
capacity restricted fibril formation to the maximum extent.
This observation further demanded an understanding of the
role of the polyphenol-tethered nanosurface in the free
radical-induced protein fibrillation inhibition. Samples were
subjected to hydrogen peroxide treatment to ensure complete
oxidation of HSA. Similar studies reported that oxidised
protein aggregates could be conveniently detected through

148 | Mater. Adv., 2020, 1, 142-1150
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(A) Microscopic views of HaCaT cell viability at 20x magnification and (B) percentage cell viability of HSA-AuNP complexes at varying

SDS PAGE.®® While gel electropherograms (Fig. 7) of hydrogen
peroxide-treated HSA showed the presence of different oxida-
tion products, AuNPs effectively preserved the protein from
oxidant-induced aggregation. It was recorded that QAuNPs
effectively conserved a majority of the native HSA monomers
in the presence of oxidants. Similarly, it was observed that
GAuNPs prevented the formation of oxidation species through
conservation of native HSA structure. SAuNPs, possessing the
least scavenging activity, allowed much of the HSA molecules
to lose their original configuration. This specific experimental
design supported the hypothesis that the polyphenol-capped
nanoparticles quenched the free radicals in the medium,

NativeHSA ~ HSA+H,0, HSA+H,0, HSA +H,0, HSA +H;0,

+SAuNPs

+GAuNPs +QAuNPs

Fig. 7 Resolved SDS PAGE of (i) untreated HSA solution, (ii) HSA + H,O,,
(iii) HSA + H>0O, + SAuUNPs, (iv) HSA + H,O5 + QAUNPs and (v) HSA + H,O, +
GAUNPs.

This journal is © The Royal Society of Chemistry 2020
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thereby maintaining the integrity of the native protein
structures.

4. Conclusion

Silymarin, quercetin and gallic acid were used as reducing
and stabilizing agents for the synthesis of biosafe gold nano-
particles of uniform size range. The influence of different
polyphenol-capped gold nanoparticles on human serum
albumin fibril formation was studied by a combination of
various biophysical techniques. Fluorescence spectroscopy
revealed that although the ThT intensity of the HSA fibril
sample incubated with SAuNPs reduced by ~15%, a consider-
able decrease of the signals was observed in the case of
QAuUNP(~ 67%)- and GAUNP (~ 60%)-co-incubated HSA samples.
Comparable observations of the secondary structural content of
AuNP-co-incubated HSA samples were recorded using CD
spectroscopy. QAuNPs and GAuNPs effectively conserved the
native o-helical features of albumin incubated at high tempera-
tures. Microscopic investigations showed that HSA incubated
alone formed well-defined regular fibrils, but formed amorphous
aggregates in the presence of AuNPs. The difference of
polyphenol molecule tethering thus caused a dissimilarity in
fibrillation modulatory effects of the structurally identical
AuNPs. Non-covalent interactions between nanosurface capping
moeities and HSA as perceived through in silico experiments
essentially remained unrelated to the difference in nanoparticle
fibrillation inhibitory potential. However, an association
between the fibrillation inhibitory capacities of the AuNPs and
their DPPH scavenging activities was well perceived. SDS PAGE
experiments corroborated that free radical generation in
aqueous medium diminished in the presence of polyphenol-
capped AuNPs, thereby restricting protein misfolding. This work
provided the first evidence that that antioxidant capacity of
nanoparticles contributes to their fibrillation inhibitory activity.
It is therefore expected that this report will contribute to the
better design of nanomaterials for therapeutic interventions
under amyloidogenic conditions.
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