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ABSTRACT: A potential therapeutic strategy to inhibit tau protein
aggregation in neurons has substantial effects on preventing or controlling
Alzheimer’s disease (AD). In this work, we designed a covalent and
noncovalent conjugation of β-boswellic acid (BA) to gold nanoparticles
(GNPs). We provided the opportunity to investigate the effect of the surface
composition of BA-GNPs on the aggregation of the tau protein 1N/4R
isoform in vitro. HR-TEM and FESEM micrographs revealed that GNPs were
spherical and uniform, smaller than 25 nm. According to UV−visible and
FTIR data, BA was successfully conjugated to GNPs. The finding illustrates
the effect of the surface charge, size, and hydrophobicity of BA-GNPs on the
kinetics of tau protein aggregation. The size and surface area of U-G-BA
demonstrated that inhibited tau aggregation more effectively than covalently
linked BA. The proposed method for preventing tau aggregation was
monomer reduction. At the same time, a chaperone-like feature of GNP-BA while sustaining a tau native structure prevented
the additional formation of fibrils. Overall, this study provides insight into the interaction of GNP-BAs with a monomer of tau
protein and may suggest novel future therapies for AD.

■ INTRODUCTION
Alzheimer’s disease (AD) is the most common form of
dementia in the elderly worldwide, and its prevalence is
increasing in tandem with life expectancy.1 The formation of
amyloid-beta (Aβ) plaques and tau neurofibrillary tangles are
two main hallmarks of AD pathology associated with other
disease processes including neuroinflammation, mitochondrial
dysfunction, and neurotransmitter shortfalls.2,3 The tau protein
is a member of the microtubule-associated protein (MAP)
family. The accumulation of tau protein’s paired helical
filaments (PHFs) causes dynamic instability in microtubule
protein (MT). Destabilization of MT disturbs axonal transport,
leading to a memory and learning deficit.4−9 Tau protein has a
natively unfolded structure with two domains with different
charge distributions. The charge distribution in the N-terminal
domain is negative, whereas the charge distribution in the C-
terminal domain is positive. The C-terminal segment of the tau
protein plays a major role in the tau protein aggregation to
paired helical filaments (PHFs). According to earlier studies,
particular charge−charge and hydrophobic interactions of the
amyloid−polypeptide structure are crucial for the development
of oligomeric states. Therefore, tauopathy may have powerful
importance in AD progression and a method focused on tau
pathology may be effective for AD therapeutics.10,11

Experimental and clinical studies have suggested the
beneficial effects of herbal medicine in neurodegenerative
conditions.12−14 Previous studies have indicated that plant-
derived terpenoids positively affect neurodegeneration.15 BAs

are triterpenoid and hydrophobic compounds extracted from
the resin of Boswellia plant species and they possess anti-
inflammatory, antioxidant, and antiedema properties.16−19 It
has been shown that BA can ameliorate memory deficit in
animal AD models.20 However, their mechanism of action is
not clearly understood.14,16 Previous studies showed BA
possesses therapeutic potential in the tau protein and in
microtubule stability, including in Alzheimer’s disease.21,22 The
therapeutic application of BA has been limited because of its
low aqueous solubility and bioavailability. BA is linked to
nanoparticles (NPs) to overcome these limitations.23

Nanotechnology-based methods and materials for diagnos-
ing and treating neurodegenerative diseases have been
developed. The combined nanoscience and pharmaceutical
science application is very promising and has multiplied
recently. Therefore, there has been a huge demand for the use
of NPs in the last few decades.24−26 Metal-based NPs, such as
gold NPs (GNPs), are readily synthesized in various sizes and
shapes, easily functionalized, and considered inert and highly
stable against oxidation in biological environments and
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crossing the blood−brain barrier.27,28 GNPs are generally
considered to be nontoxic29 and biocompatible with a high
surface-area-to-volume ratio30 and can be functionalized with a
high density of ligands for drug delivery.31−34

The NP shape, size, hydrophobicity−hydrophilicity, surface
charge, surface area, and surface chemical groups play a crucial
role in determining the effect of NPs on protein aggregation. A
wide range of possibilities may arise on both sides. The first
element of biological systems is proteins, which encounter NPs
upon arrival, where they are most welcomed by the protein-
provided corona. As a result, in an NP−protein complex,
protein binding to the surface of the NPs is not shocking.35,36

The bonding may result in conformational changes in the
adsorbed proteins, regardless of the state of the protein (from a
folded or unfolded monomer to larger assemblies like fibrils).
In this instance, the protein aggregation kinetics will be
accelerated or inhibited.37

Inhibition of tau protein aggregation by employing metal
NPs has been examined, suggesting that GNPs may also exert
disaggregation activity.35 Therefore, in the following inves-
tigation, the effects of hydrophobicity, size, and charged surface
GNP-BA on the monomer of tau protein aggregation were
examined. Subsequent inhibition of tau protein aggregation by
GNP-BA highlighted the impact of hydrophobic surfaces in a
chaperone-like mechanism.

■ RESULTS AND DISCUSSION
Preparation and Characterization of GNP-BA Nano-

particles. The Turkevich method and photochemical protocol
have been broadly utilized as standard methods for GNP
synthesis to develop biotechnological purposes.38,39 The
chemical synthesis procedure involving bioconjugating the

GNPs (C-G) to BA (C-G-BA) through carbodiimide
chemistry is illustrated in Scheme 1A.40 BA was conjugated
on the surface of cysteamine-GNPs via amide bonding
between the amino groups on the surface of cysteamine-
GNPs and the carboxylic groups of BA that were activated by
EDC/NHS. BA conjugation on the surface of GNPs also
enhances their bioavailability, and various physicochemical
criteria needed for biological applications are offered. Contra-
rily, the more stable method in this faction is covalent
conjugation. However, the majority of research that used in
situ, noncovalent bonding-based methods appeared success-
ful,41 whereas noncovalently electrostatic interaction coated
the physically prepared GNPs (U-G) with BA (Scheme 1b). It
is important to note that these appealing surfaces have the
potential to influence fibril formation.

We characterized the proper formation and conjugation of
GNPs with BA using UV−vis spectra (Figure 1a). A surface
plasmon band at 522 nm was detected that indicated stable C-
G formation. After treatment with BA, it redshifted to 525 nm.
Similarly, a surface plasmon band at 530 nm for physically
prepared U-G redshifted to 536 nm after loading of BA onto
U-G nanoparticles (U-G-BA). UV absorption studies of GNP-
BAs exhibiting a redshift show it is related to a change in the
dielectric environment of the NPs, thus indicating successful
conjugation of BA-GNP. Furthermore, the difference in the
surface plasmon bands and redshift, respectively, were related
to the larger diameter of U-G and utilized conjugation
methods.40,42

DLS (Figure 1b) and ζ potential results of C-G were ∼23.4
nm and −25.59 ± 2.02 mV. For C-G-BA, the hydrodynamic
diameter was increased to ∼27.4 nm, and ζ potential was
reduced to −15.74 ± 0.76 mV. Following the covalent
conjugation, the increased ζ potential was due to cysteamine

Scheme 1. (a) Schematic of the Cross-Linking GNP Reactions with BA Functionalized by EDC/NHS in Covalent
Conjugation; (b) Schematic of the Noncovalent Conjugation of GNPs with BA
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(cationic), cross-linking agent EDC (cationic carrier)/NHS,
and BA (ionic) addition to C-G. The BA addition presented a
less negative charge than expected. It might be due to the
impurities and less BA binding to C-G. Following binding to
negatively charged carboxyl groups of BA by electrostatic
interactions, a reduction in the ζ potential charge was
observed. The DLS and ζ potential results of U-G were

∼48.2 nm and +8.16 ± 0.86 mV. For U-G-BA, the
hydrodynamic diameter was increased to ∼55.5 nm, and ζ
potential was reduced to −22.56 ± 1.51 mV. U-G had a larger
diameter than C-G, so the number of BA equivalents might be
higher consequently. Our DLS study indicated a uniform size
that was increased in diameter when it conjugates with BA.
The stability of the synthesized GNPs and conjugated to BA

Figure 1. (a) UV−vis absorption spectra, (b) histograms of size distribution, (c) zeta potential of the phase diagram of GNP and GNP-BA. FT-IR
spectra of (d) C-G, BA, and C-G-BA and (e) U-G, BA, and U-G-BA.
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was measured by the phase plot of the ELS ζ potential
analyzer, which illustrates good stability. The phase sign of U-
G synthesized NPs, as shown in Figure 1c, was inverted
because of the electrostatic bond of BA onto the surfaces of the
photochemically synthesized NPs.

To further study the functional groups on the surface of
GNPs, we measured the FT-IR spectra of C-G, BA, and C-G-
BA (Figure 1d). Conjugation of BA onto the surface of C-G
leads to the representation of additional peaks at 1658, 1600,
and 3402 cm−1 that are attributed to the C�N amine, the
amide II band, and the primary amine band corresponds to the
formation of amide bonds between C-G and BA. The FT-IR
spectra of U-G, BA, and U-G-BA are shown in Figure 1e. U-G
was observed to be similar to C-G. Bands of U-G-BA are
shown at 1026 cm−1, which is associated with C−O stretching
removed, and 1637 and 1724 cm−1, which are ascribed to C�
C stretching in the aromatic ring and increased C�O
stretching, respectively.43,44

We further performed electron microscopy to illustrate the
surface morphology of the GNP synthesized C-G (Figure 2a)
and U-G (Figure 2e) and showed that C-G and U-G were
rather homogeneous in size and shape. The size of the NPs was
characterized by means of TEM around ∼13 nm for C-G
(Figure 2b) and 24 nm for the U-G (Figure 2f). The selected
area electron diffraction (SAED) pattern of C-G (Figure 2c)
and U-G (Figure 2g) indicated that the NPs were pure
crystalline in nature. Diffraction patterns were obtained from
HR-TEM with pure GNP (JCPDS Card No. 0784−04) and

Bragg’s law was used to evaluate the D spacing. Finally, the
corresponding data planes (hkl) were shown (Table S1). In
conclusion, these findings support a crystalline phase of the
synthesized GNP being composed of an inverted spinal
structure.45,46 FESEM, HR-TEM, and the EDX map confirmed
the purity of elemental gold NPs (Figure 2a, e, i−k).47

Characterization of Drug Loading Efficiency. The drug
loading content (DL) of C-G-BA and U-G-BA were calculated
using the following equation:48

DL (mg/mg)
Weight of the drug in nanoparticles

Weight of the nanoparticles
=

(1)

DL was calculated as 0.020 and 0.026 for the C-G-BA and U-
G-BA, respectively. The number of BA loaded on the U-G-BA
was higher than that on the C-G-BA.

Tau Protein Aggregation and Fibrillation. The
tendency of tau protein to aggregation in the presence of
heparin has been well reviewed. Therefore, the ThT assay was
used to track the kinetics of tau protein fibrillation. Kinetic
parameters have been estimated by fitting a sigmoid curve
(equation), which is commonly used to explain the kinetics of
amyloid aggregation regardless of protein type.49

F
F F

k t t1 exp( ( ))
final 0

app 1/2
=

+ (2)

Where F is the fluorescence intensity at time t and F0 and Ffinal
indicate the initial and final fluorescence intensity in order.

Figure 2. (a) FESEM image of the distribution of spherical C-G with the EDS map analysis in the inset. (b) TEM image for C-G and its size
distribution. (c) HR-TEM image of C-G. (d) Selected area electron diffraction (SAED) pattern. (e) FESEM image of the distribution of spherical
U-G and the EDS map analysis in the inset. (f) TEM image of U-G and size distribution. (g) HR-TEM image of U-G. (h) Selected area electron
diffraction (SAED) pattern. (i−k) TEM-EDX of GNPs.
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Furthermore, t1/2 is the needed time for the formation of half
of the protein aggregation amounts, and kapp is the evident
aggregation constant so that the lag time can be calculated.
Predicting the fibrillation lag time in the presence of dynamic
inhibitors would be useful. Fragmentation and other molecular
processes including inhibition and off-pathway aggregation are
thought to have a substantial influence in the fibril formation’s
lag phase.50

To quantify the lag phase for our system of nucleated self-
assembly, we used the formal explanation in which we
recognize the time at which the growth rate is the highest,
indicate the tangent at that point, and finally take its time
intercept as the lag time.51 Tau protein fibrillation kinetics are
shown, and the apparent protein aggregation constants are
mentioned (Table S2). Tau protein fibrillation kinetics started
with a short apparent lag phase that could be fitted by a
polynomial function, followed by a plateau phase. The findings
revealed that the conformational changes required for tau
protein fibrillation differed from those required for aggregation
in vitro.52 The secondary structure of the tau protein as shown
by far-UV CD was consistent with previous research.52,53 The
CD spectra of tau protein monomers (random coil structure)
(Figure 3a) had a characteristic, strong minimum at 200 nm

and a maximum at 220 nm, which is consistent with a random
coil conformation. The ThT fluorescence data at the end of
fibrillation process indicate that tau protein monomers are
converted to fibrils, and the CD spectrum showed changes in
the wavelength and intensity of the maximum and minimum
due to changes in the tau protein secondary structure.54

This demonstrated the formation of a β-sheet structure.
Thus, ATR−FTIR was provided as further evidence (Figure
3b). FTIR has a strong ability to detect changes in protein
secondary structures for amide I. Amide I arises from
stretching vibrations of carbonyl amide groups. ATR-FTIR
spectra recorded for the native and fibrillar forms of the tau
protein are presented. In the native tau protein, a maximum of
about 1631 cm−1 random coil predominances identified by
previous studies were elucidated. Even stronger conformational
changes occurred during fibrillation, such that the random coil
of the native tau protein has a narrow amide I maximum at
about 1645 cm−1 PHFs.55

AFM images show different stages of native tau protein
(Figure 3c) and tau protein fibrillation (Figure 3d): primarily,
the tau proteins are generated in oligomers as building blocks
that line up side by side to organize higher-order intermediates.
Spherical entities, which are a characteristic of oligomers, were

Figure 3. Tau protein structural analyses in native and fibril states: (a) ATR−FTIR and (b) far-UV CD. AFM image of (c) native tau and (b) tau
fibril.
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detectable right from the start of the fibrillation process. The
above oligomers have been identified as polymorphic
structures that initiate protofibril formation. Ultimately, the
maturation of protofibrils led to the formation of well-
organized fibrillation.56,57

Effect of GNP-BAs on Tau Protein Aggregation and
Mechanism of Inhibition. The complex tau protein−tau
protein, GNP−tau protein, and GNP−GNP interactions
determine the final outcome of the NP−protein system. It
was inferred by the GNP−BA impacting tau protein
aggregation/fibrillation dynamics that there was a helpful
NP−protein interaction; however, the exact mechanism is
unknown.58 Consequently, when examining the inhibitory
mechanism of GNP−BA on tau protein aggregation, the two
most likely theories were chosen to concentrate on: (1)
protein binding to the surface of GNP−BA causes protein
monomer reduction and (2) chaperone-like activity of GNP−
BA minimizes the conformational changes necessary for
stimulating the process. ThT fluorescence was used to monitor
the kinetics of tau protein aggregation in the presence of BA,
GNP, and GNP-BA during incubation. Use a suitable single
exponential function, the ThT fluorescence values were plotted

versus time (lag time is required to activate the time to
nucleation, which is required to form an ordered, stable
nucleus). Then, fibril elongation occurs rapidly as a result of
the association of monomers or oligomers by a combination of
various interactions. Furthermore, controlled by several types
of noncovalent forces/interactions.59,60 The apparent lag time,
rate constants, and final fibril extent of tau protein aggregation
were determined and listed from related exponential plots
(Table S2). ThT emission sigmoidal curves were seen during
tau protein incubation with all different BA doses (0.05−4
μM) (Figures 4a and 5a).

BA clearly showed a pattern of dose-dependent accelerated
fibrillation. Lower concentrations of BA (0.05−4 μM) reduced
fibrillation by decreasing the nucleation lag time. Conversely,
unlike with the aggregation experiments, elongation was
affected by the addition of BA in the presence of more than
20 μM BA. ThT fluorescence analysis showed the optimum
concentration of BA (0.05 μM) to inhibit tau protein
aggregation. The results of different concentrations of U-G
(0.25−1 mL) are shown in Figure 4b. U-G resulted in the
induction of aggregation in a dose-dependent manner. This
indicates that there is a relationship between the tau protein

Figure 4. Aggregation rate of tau protein in the presence of chemically prepared GNPs, measured by ThT assay. Effect of the (a) BA concentration
(0.05−1 μM), (b) C-G concentration (0.25−1 mL), and (c) C-G-BA concentration (0.05−1 μM). (d) AFM image tau treatment with C-G-BA.
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binding to the surface of U-G, which can lengthen the lag time
(by lowering the solution concentration such that the essential
nuclei cannot form), and the impact of the positive charge on
the conformation of the adsorbed tau protein. A possible
explanation for this result could be the physical interaction
between a positively charged U-G and a negatively charged tau
segment (C-terminal).61 This interaction increases the local
concentration of tau protein, which facilitates filament
nucleation on its surface and efficiently accelerates the
formation of tau protein. The effect of different concentrations
of C-G (0.25−1 mL) are shown in Figure 5b, C-G-BA (0.05−1
μM) in Figure 4c, and U-G-BA (4−95 μM) in Figure 5c.62

These NPs were illustrated to have a dose-dependent efficacy
on tau protein fibrillation. Opposite of the positive U-G, the
negative C-G, C-G-BA, and U-G-BA are demonstrated to delay
or inhibit the fibrillation process in a dose-dependent manner.
The fibrillation process was effectively inhibited with GNP-BA.
Therefore, it has been shown that the inhibitory effect of GNP-
BA is greatly dependent on the surface composition of the
GNP. At high concentrations of GNP-BA, the lag phase was
increased, which shows a delay time at which the primary
nuclei could emerge. Because apolar residues typically
compose about 30−50% of total proteins, remarkable amounts

of protein self-recognition and assembly must be derived from
hydrophobic interactions.63 The significant deceleration is
presumably caused by the interaction between the hydro-
phobic segment of tau and the negatively charged GNP-BA
surface.64 Moreover, GNP-BA could be caused by interactions
between the hydroxyl group of BA and the hydrophobic
residues of the tau protein monomers or oligomers, leading to
an uneven situation for fibril formation. More specifically, we
proposed that negatively charged GNP-BA can interact with
the amide backbone of the tau protein core (N-terminal).65

The inhibition of tau protein aggregation involves the
absorption of monomeric tau protein by the surface of the
GNP-BA so that the free monomer tau protein decreases
within the solution, shifting the equilibrium away from
fibrillation because a critical monomer concentration is needed
to initiate aggregation, causing an increase in the time required
for nucleation to happen. Moreover, in the phases of
polymerization, the elongation phase increased and there was
a reduction in tau protein aggregation. The kinetic parameters
Ffinal (aggregation extent) and Kapp (elongation phase) decrease
with an increase in the concentration GNP-BA, whereas t1/2
(lag time) increases.56,66−70 Overall, it can be deduced that NP
displays a dual manner that interferes with the protein amyloid

Figure 5. Aggregation rate of the tau protein in the presence of physically prepared GNPs, measured by ThT assay. Effect of the (a) BA
concentration (4−95 μM), (b) t U-G concentration (0.25−1 mL), and (c) U-G-BA concentration (4−95 μM). (d) AFM image of tau treatment
with U-G-BA.
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formation. In our study, the highest efficacy of U-G-BA in the
inhibition of tau protein aggregation might be due to the larger
diameter of U-G, and possibly higher amounts of the BA
carried on U-G compared to C-G.71 The CD spectra data of
tau fibrillation in the presence of BA, GNP, and GNP-BA
confirmed the ThT fluorescence results (Figure S1).54 These
results are further supported by our AFM studies on C-G-BA
(Figure 4d) and U-G-BA (Figure 5d). Treatment of tau
proteins with GNP-BA resulted in a few dispersed higher-order
oligomers (remarkably smaller and less than what the tau
fibrillation assessed), which were the most observed assembled
entities. Further, we observed the presence of spherical shapes,
possibly due to the interaction of tau protein with GNP-BA
that formed these spherical shapes.56,57

GNP-BA inhibited the formation of the fibrillar PHFs. To
further understand the interaction of BA loaded with NPs with
tau protein, we performed a binding assay. KD values were
measured and determined to be 203.55 for C-G-BA and 66.48
for C-G, indicating a higher binding affinity of C-G-BA to tau
protein (Figure 6a and Table S3). we could not measure KD
because of the increasing intensity of U-G and U-G-BA (Figure
6b).

The tryptophan signal in the tau samples from adding U-G
and U-G-BA had an increasing trend up, showing that more
hydrophobic complexes were formed.52 These SDS-PAGE
results affirm that GNPs-BA can effectively bind to tau.

On the basis of the results, this manner of GNP-BA could be
categorized as having a chaperone characteristic. According to
this, it has been found that clusterin, an extracellular
chaperone, prevents the formation of tau fibrils by stabilizing
tau monomers and interacting with their high-molecular-
weight oligomers. This chaperone function of GNP-BA
thereby increases the hydrophobicity of their surface.72

Conclusion. This study constructed a BA conjugated to
GNPs that can prohibit tau protein aggregation, which can be
administered to treat AD. Both methods of GNP synthesis
used resulted in a spherical and hemogenic size. FTIR
illustrated the BA load on GNP through covalent and
noncovalent conjugation. GNPs conjugated to BA interact
with tau protein through a rhythmic binding process. This
interaction prevented tau protein dimerization by reducing

tau−tau protein interaction, leading to tau−nuclei oligomeri-
zation and delaying the polymerization of tau protein amyloid
aggregates. U-G-BA demonstrates more efficiency in prevent-
ing aggregation compared to C-G-BA based on the higher
loading of BA and the purity in the synthesis method and
noncovalent conjugation. Research on the transmission across
the blood−brain barrier (BBB) and in vivo studies in animal
models to prove the inhibitory effect of U-G-BA on tau protein
aggregation and the possibility of its future therapeutic
application for Alzheimer’s disease is ongoing.

■ MATERIALS AND METHODS
Materials. Gold(III) chloride trihydrate, 1-ethyl-3-(3dime-

thylaminopropyl) carbodiimide (EDC), N-hydroxy succini-
mide (NHS), 2-(N-111Morpholino) ethane sulfonic acid
(MES), trisodium citrate, dimethyl sulfoxide (DMSO),
thioflavin T (ThT), isopropyl-D-1-thiogalactopyranoside
(IPTG), and the resin of SP sepharose gel were purchased
from Sigma-Aldrich (Munich, Germany). Tween 20, 1,4-
dithiothreitol (DTT), and Triton X-100 (TX-100) were
purchased from Merck (Darmstadt, Germany). Boswellic
acid was a gift from Kondor Pharma Inc. (Canada). Heparin
(M.W. 15 000 Da), was purchased from Santa Cruz
Biotechnology, USA. Deionized water was used for making
all solutions.

Preparation of GNP-BAs Using the Chemical Method.
GNPs were prepared using the Turkevich method.38 Briefly,
1.5 mL of trisodium citrate (1%) was added to 25 mL of
boiling chloroauric acid solution (0.8 mM) with vigorous
stirring until its color changed from yellow to red. The reaction
was completed within 15 min. The obtained colloidal
suspension was slowly cooled to room temperature. EDC/
NHS cross-linking chemistry was used to bind BA to GNPs
covalently. Initially, 10 mL of GNPs were mixed with 22 μL of
Tween 20 (20 μM) for 1 h. Then, 0.5 mL of the GNPs
solution was mixed with cysteamine at 1 μM and dispersed in
MES buffer (10 mM, pH 5.3). Next, the EDC (2 μM) was
added to BA at 1 M concentration and was dispersed in MES
buffer after 30 min under continuous shaking conditions. In
the last step, (1 mL) of cysteamine-coated GNPs were added
to the solution, NHS (4 μM) was added and shaken vigorously

Figure 6. Intrinsic fluorescence quenching of tau in the presence of (a) C-G and C-G-BA and (b) U-G and U-G-BA at room temperature.
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for 48 h at room temperature. The solution was centrifuged at
10 000 × g for 30 min to remove excess EDC/NHS and
unconjugated BA and stored at 4 °C.

Preparation of GNP-BAs Using the Physical Method.
To prepare GNPs, we added 3 mL of HAuCl4 solution (3
mM) and TX-100 (5 mM) to a quartz cuvette 4 × 1 cm. The
cuvette was placed directly under a UV light source (15 W) at
a distance of 3 cm. After 10 min of irradiation, the solution
turned red. To conjugate GNPs with BA, 0.5 mL of GNPs
were mixed with BA (5 mM solution in DMSO) and incubated
at room temperature on a rotator for 48 h. The solution was
then centrifuged at 10 000 × g for 30 min to remove the excess
and unconjugated BA and then stored at 4 °C.

Physicochemical Properties of GNP and GNP-BA. The
spectra GNP and GNP-BA are measured by a UV−vis
spectroscopy (Carry 100 Bio Varian) spectrophotometer. An
FT-IR spectroscope (Irprestige-21, Shimadzu) was used for
assessing the chemical interaction of different functional
groups. The particle size, size distribution, and surface charge
were analyzed by DLS and ζ potential (Brookhaven ZetaPlus ζ
Potential Analyzer). The surface morphology, size distribution,
and crystallinity of the GNP were examined using an HR-TEM
microscope (FEI Tecnai G2 F20 SuperTwin) operating at a
200 kV accelerating voltage and an FE-SEM microscope (Zeiss
Sigma VP). Images were analyzed using ImageJ software.

1N/4R-Tau Expression and Purification. The four-
repeat isoform of the human tau protein (1N/4R-tau) was
cloned and expressed in bacteria as previously described.62 In
brief, E. coli BL21 (DE3) carrying the recombinant pET-21a
plasmid vector containing the His-tagged 4R-tau gene was
cultured overnight at 37 °C with continuous shaking at 180
rpm in (10 mL) Luria broth (LB; 10 g/L yeast extract, 5 g/L
NaCl, and 10 g/L bactotryptone, pH 7.4) and supplemented
with 100 g/mL ampicillin. Bacterial culture was diluted 1:100
in LB media and grown until an optical density of 0.6
Expression of recombinant tau protein was induced by the
addition of (1 mM) IPTG. Cells were harvested by
centrifugation at 4000 × g for 20 min. The supernatant was
discarded, resuspended in lysis buffer (20 mM Tris-HCl, 50
mM NaCl, 2 mM EDTA, 1 mM PMSF, pH 7.4), and sonicated
at 4 °C. After centrifugation, it was boiled for 15 min, and then
filtered supernatants were loaded onto the SP sepharose gel
column. The SP sepharose gel column was washed with (20
mM Tris-HCl, 50 mM NaCl, pH 8.0). The tau protein was
eluted using buffer (20 mM Tris-HCl, 1 M NaCl, pH 7.4). The
protein concentration was determined using a Lowry assay,
and its purity was evaluated by SDS-PAGE (98%).

Aggregation of Tau Protein. In brief, tau protein
solution (45 μM) was treated with heparin (11.25 μM) in
the presence of various concentrations of BA, GNP, and GNP-
BA and incubated at 37 °C for 96 h. DTT (1 mM) was added
daily to the samples.73

Thioflavin (ThT) Fluorescence Assay. A steady-state
ThT kinetic assay with excitation at 440 nm and emission at
482 nm was recorded using a Cary Eclipse fluorescence
spectrophotometer (Varian) to study the tau protein
aggregation. Cuvette wells were filled with the final volume
of the sample (200 μL) containing tau protein (45 μM) and
ThT (20 μM).

Circular Dichroism (CD) Spectropolarimetry. The CD
spectroscopy of the sample was recorded by a Jasco
spectrometer (J−810) at room temperature between 200 and
260 nm, and then the obtained raw data representing the

remaining molar ellipse were calculated. Secondary structure
content was evaluated using CDNN software (version
2.1.0.233).

Attenuated Total Reflection−FTIR. ATR−FTIR meas-
urements were performed using a Bruker Tensor 27 ATR with
a resolution of 2 cm−1. Native tau protein and aggregated
samples were placed on the ATR crystal and the spectra were
then recorded at room temperature; the obtained data were
then baseline-corrected between 1700 and 1600 cm−1 for a
more informative illustration.

Binding Assay. The ligand-binding affinity between GNP-
BA was evaluated using fluorescence measurements at 25 °C.74

Aliquots of the stock stock solution of GNP and GNP-BA were
added to protein solutions to conduct a binding test. In each of
the experiments, the concentration of tau protein was
maintained at 45 μM, whereas the quencher concentrations
varied.

The fluorescence spectra of tau protein were measured
between 286−400 nm upon excitation at 276 nm. The
excitation and emission slit width were adjusted to 5 and 10
nm, respectively. Data were fitted to obtained the dissociation
constant of the ligand-binding site (KD).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis (SDS-PAGE). The inhibition of PHF assembly by
GNP-BA was confirmed by loading the samples at end of time
incubation intervals on 10% SDS-PAGE.

Atomic Force Microscopy (AFM). Native tau protein and
end-incubation samples were diluted with distilled water (1:32
V/V), and 10 μL of each sample was located onto freshly
cleaved mica and dried at room temperature. A Veeco Auto
Probe CP Research was used at a frequency of 50 kHz and 15
N/m with a rounding tip radius of 10 nm.
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