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ABSTRACT: Neurodegenerative diseases such as Alzheimer’s
disease (AD) are associated with progressive neuronal cell death,
and they are commonly correlated with aberrant protein misfolding
and aggregation of A� peptides. Transition metal ions (Cu, Fe, and
Zn) have been shown to promote aggregation and oxidative stress
through formation of A��metal complexes. In this context,
integrating molecular sca�olds rationally is used here to generate
multifunctional molecules as modulators for metal-induced
abnormalities. This work encompasses two azo-stilbene (AS)-
derived compounds (AS-HL1 and AS-HL2), the rationale behind
the design, their synthesis, characterization, and metal chelation
ability [Cu(II) and Zn(II)]. The molecular frameworks of the
designed compounds consist of stilbene as an A�-interacting moiety, whereas N,N,O and N,N,N,O donor atoms are linked to
generate the metal chelation moiety. Furthermore, we went on exploring their multifunctionality with respect to (w.r.t.) (i) their
metal chelating capacities and (ii) their utility to modulate the aggregation pathways of both metal-free and metal-bound amyloid-�,
(iii) scavenge free radicals, and (iv) inhibit the activity of acetylcholinesterase and (v) cytotoxicity. Moreover, the compounds were
able to sequester Cu2+ from the A��Cu complex as studied by the UV�visible spectroscopic assay. Molecular docking studies were
also performed with A� and acetylcholinesterase enzyme. Overall, the studies presented here qualify these molecules as promising
candidates for further investigation in the quest for �nding a treatment for Alzheimer’s disease.

1. INTRODUCTION
Potential drug candidates for currently incurable diseases
including Alzheimer’s disease (AD) are of huge interest for
synthetic and medicinal researchers. AD is characterized by
two main hallmarks in the brain: the extracellular deposition of
the amyloid-� (A�) in senile plaques and the appearance of
intracellular neuro�brillary tangles (NFTs) consisting of the
hyperphosphorylated tau protein.1,2 Several pathological
factors such as metal ion dyshomeostasis, oxidative stress,
and loss of the acetylcholine neurotransmitter (ACh) are
suggested to be independently or mutually involved in AD
pathogenesis.3�5 A breakdown in metal homeostasis is a key
factor in various neurodegenerative diseases, and the role of
metal ions has been strongly indicated in AD pathogenesis.6�14

The interactions between metal ions and A� are shown to
accelerate A� aggregation by di�erent pathways and are also
associated with the generation of reactive oxygen species
(ROS) through Fenton chemistry, which in turn leads to
enhanced oxidative stress.7,9,15�21 Oxidative stress is the result
of unregulated production of ROS. The chemistry behind the
generation of most of the ROS is the reaction of molecular
oxygen with the redox-active metals copper and iron, which

take advantage of the ability of these metal ions to occupy
multiple valence states to undergo easier redox cycling.22�25 In
addition, Cu2+ has been shown to stabilize soluble neurotoxic
Abeta species.26,27 Zn2+ is also known to play a signi�cant role
in altering the aggregation of A� peptides and induces
precipitation of amorphous aggregates, which are non�brillar
and less toxic in nature.27�30

Failures in the prevailing treatments for AD which mainly
alleviate symptoms by inhibiting acetylcholinesterase (AChE)
and disappointments of drug candidates at various stages of
clinical trials give way to paradigm for multifunctional
compounds (MFCs). This paradigm established that a
treatment strategy will be more e�ective if it targets multiple
factors speci�cally at a time, since AD is a complex disorder
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with multiple pathogenic factors.7,31,32 A great deal of e�orts is
been put in this direction as evident from a number of reported
multifunctional chelators in recent years from various
groups.4,33�36 Hydroxy-quinoline, clioquinol, thio�avin-T,
and stilbene frameworks have been extensively evaluated for
the preparation of metal chelators, and a range of multifunc-
tional compounds have been developed which have shown
promising results in modulating various pathological features
of AD (Figure 1).4,7,30,37�42

With this intention, small hybrid molecules that include the
amyloid binding properties from stilbene and the staining
characteristics of Congo red linked with strong metal-binding
arms are expected to lead to interesting and promising
multifunctional compounds.43,44 Congo red is one of the most
used compounds for staining A� plaques in brain slices.45 The
most important of all to consider a molecule as a potential
drug, it should be able to enter the brain through the blood�
brain barrier (BBB) and thus satisfy central nervous system
(CNS) drug-like parameters.46,47 Knowing the fact that Congo
red-, stilbene-, and thio�avin-T-based functionalities have been
separately employed in this �eld, no report presents a design
comprising these moieties as a hybrid for targeting neuro-

degenerative disorders. In this report, we planned to design
two Congo red�stilbene based compounds (AS-HL1 and AS-
HL2) possessing metal chelating capacity and good binding
a�nity toward A� �brils.48 The mechanism of binding was
thought to be that these molecules enter a hydrophobic pocket
or channel and bind by a combination of hydrophobic and
��� interactions similar to other reported molecules. The
metal chelating properties of the compounds toward Cu2+ and
Zn2+ metal ions were studied by determining their acidity and
stability constants. Their comparable pM values to those of
strong chelating agents such as diethylenetriamene pentaace-
tate (DTPA) qualify these molecules as strong metal chelators.
Furthermore, the utility of the compounds to modulate A�
aggregation pathways both in the presence and absence of
metal ions was studied by ThT �uorescence assay and
transmission electron microscopy (TEM) imaging. The
nanomolar binding a�nity of the compounds toward
preformed A�40 aggregates indicated strong binding, which is
also suggested by a signi�cant di�erence in the optical spectra
of A� upon addition of compounds. In addition, compounds
were further investigated as cholinesterase inhibitors and
showed promising micromolar IC50 values, which are higher

Figure 1. Structures of Congo red, thio�avin-T, 18-AV-�uorine, and other selected MFCs reported recently.

Scheme 1. Rational Structure-Based Design of Multifunctional Compounds
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than those of the reference inhibitor rivastigmine in similar
settings. Molecular docking studies with A� and the AChE
enzyme were performed to understand the observed inhibitory
e�ects. The metal sequestration ability of the compounds from
A�-bound metal pools was evaluated using the UV�vis
spectroscopic technique. Furthermore, results of antioxidant
assay show that our compounds exhibit moderate antioxidant
properties, and the cellular toxicity studies depict the nontoxic
nature of compounds. As a whole, the studies revealed the
ability of our strategically designed compounds as modulators
against vital aspects associated with toxicity in AD.

2. RESULTS AND DISCUSSION
2.1. Rationale for the Design of AS-HL1 and AS-HL2.

The basic idea behind the rational design is to include multiple
functions of two or more molecular sca�olds with known
properties and combine them into a single molecular entity.
For the design of the desired multifunctional compounds
(MFCs), the building blocks were rationally selected and then
linked together to develop MFCs. Stilbene is a well-known A�-
interacting unit, which has been used for developing various
A�-imaging agents and therapeutic agents, signifying the
importance of the stilbene moiety.49,50 We have chosen
stilbene molecular frameworks incorporated with an azo
function as the core skeleton moiety to furnish azo-dye
properties in the �nal molecules. The azo group is inspired
from Congo red, which is a gold standard in the staining agents
for amyloids.45,51,52 Metal-chelating arms have been developed
by linking tridentate (N,N,O) and tetradenate ligands
(N,N,N,O), which are known to e�ectively bind metals
(Scheme 1).41 Furthermore, since the phenolic functionality
is known to induce antioxidant properties, these molecules are
anticipated to have antioxidant properties.53 The dual utility of
these MFCs as metal ion chelators and amyloid aggregation
modulators makes them promising candidates to be explored
for controlling metal-mediated neurotoxicity, which is an
important matter of concern.

2.2. Synthesis of AS-HL1 and AS-HL2. For the design of
MFCs reported here, the linkage approach has been utilized.
These MFCs were designed by linking polydentate metal-
chelating arms with standard amyloid binding frameworks. The
synthetic strategy for the preparation of MFCs involved two
reaction steps to form amyloid-binding and metal-binding
molecular moieties independently (Schemes S1 and S2).
Synthesis of both compounds AS-HL1 and AS-HL2 is
described below in Section 4. For the synthesis of AS-HL1,
the �rst step involved the formation of the tridentate metal
binding unit by the re�ux reaction of 2-picolylamine with
salicylaldehyde in MeOH followed by its reduction using
sodiumborohydride to form the secondary amine. Further-
more, its reaction with benzyl bromide in CH3CN with K2CO3
as the base a�orded the tridentate unit. The next step follows
the reaction of diazo-coupling with aniline to obtain AS-HL1
(Scheme S1). For AS-HL2, the reaction of dipicolylamine with
salicylaldehyde in the presence of sodiumtriacetoxyborohy-
dride as a reducing agent forms Pre-HL2. Pre-HL2,
tetradentate metal binding unit, was then diazotized with
aniline to form AS-HL2 (Scheme S2). During the reactions, a
distinct color change due to azo-dye formation suggested
product formation. The compounds have been then
thoroughly characterized by 1H,13C, distortion enhancement
by polarization transfer (DEPT), high-resolution mass
spectrometry (HRMS), and IR and UV�vis spectroscopy.

2.3. Acidity Constant (pKa) Determination. Since both
AS-HL1 and AS-HL2 contain several acidic and basic
functional groups, their acidity constants (pKa) were
determined using UV�vis spectrophotometry in combination
with potentiometric titration. For AS-HL1, UV�vis titrations
from pH 2.0 to 11.0 reveal several changes in the UV�vis
spectra (Figure S1). The best �t to the data was obtained with
three pKa values: 3.52, 5.45, and 10.04 (Table 1). Based on

previously reported acidity constants for phenols, amines, and
pyridines, the lowest pKa value was assigned to the
deprotonation of the one pyridinium group. The second pKa
was due to the ammonium group deprotonation, while the
highest pKa value is likely due to phenol deprotonation in AS-
HL1.30 For AS-HL2, UV�vis titrations from pH 2.0 to 11.0
reveal changes in the spectra (Figure S2), and the data give
four pKa values: 3.47, 4.85, 7.18, and 9.67 (Table 1). The
lowest two pKa values can be assigned to the deprotonation of
the two pyridinium groups, and the third pKa value can be
assigned to the protonated amine group. Again, the highest pKa
value is likely due to phenol deprotonation in AS-HL2. From
the acidity constant values, speciation plots were plotted using
HYSS software.54,55 The speciation diagrams indicated the
presence of four di�erent forms of the ligand (deprotonated
(1�), neutral, monoprotonated (1+), and diprotonated (2+)
species; L�, LH, [LH2]+, and [LH3]2+, respectively) for AS-
HL1. For AS-HL2, �ve forms (L�, LH, [LH2]+, [LH3]2+,
[LH4]3+) were detected in solution, which is due to the
presence of an additional pyridyl ring. It was noticed that due
to the presence of an additional protonated form in AS-HL2, a
portion of the amine group remains protonated at pH 7.4
(monoprotonated form, [LH2]+), at which most of the
biological studies are performed. However, the speciation
diagrams indicate the presence of a signi�cant amount (�65%)
of neutral forms of the ligand (AS-HL2) also around
physiologically relevant pH.

2.4. Drug-Like Parameters of AS-HL1 and AS-HL2. An
important quali�cation for small molecules to �t for any
application in brain-related diseases is their ability to cross
through the blood�brain barrier (BBB). Lipinski’s “rule of
�ve” provides an estimate of the BBB permeability of any
compound. According to Lipinski’s rules56 for bioavailability,
at least three out of the �ve following rules for molecules are to
be obeyed: molecular weight <500, calculated logarithm of the
octanol�water partition coe�cient (Clog P) <5, the number of
hydrogen-bond donors (HBD) <5, the number of hydrogen-
bond acceptors (HBA) <10,57 and (TPSA) total polar surface
area of the molecules. The value of log BB depends on these
parameters and can be calculated using Clark’s equation (eq
1).58

Plog BB 0.0148 TPSA 0.152 Clog 0.139= Š × + × +
(1)

Table 1. Protonation Constants of MFCs Determined by
Spectrophotometric Titrations at 25 °C

equilibrium reaction AS-HL1 AS-HL2

[H4L]3+ = [H3L]2+ + H+ (pKa1) 3.47
[H3L]2+ = [H2L]+ + H+ (pKa2) 3.52 4.85
[H2L]+ = [HL] + H+ (pKa3) 5.45 7.18
[HL] = [L]� + H+ (pKa4) 10.04 9.67
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Compounds having log BB greater than 0.3 are expected to
have good BBB permeability, whereas log BB values lower than
�1.0 indicate poor chances of blood�brain penetration.59

Freely available software from http://www.molinspiration.
com/cgi-bin/properties was used to calculate the above-
mentioned properties to predict the drug likeness of the
compounds. Lipinski’s parameters for both investigated
compounds and their precursors exhibited appropriate lip-
ophilicity (CLog P <5), M.Wt. lower than 500, and all other
parameters in the range showing zero violation of the rule,
which indicate their good probable brain barrier permeability
(Table 2).

2.5. Determination of Metal Complex Stability
Constants. Stability constants, which are also known as
formation constants or binding constants, are the commonly
used and most e�ective parameter to measure the strength of
the metal�ligand complex. It basically involves the interaction
between the reagents that come together to form the complex.
In 1941, Bjerrum developed the general method for the
determination of stability constants of metal�ammine
complexes. According to this method, the formation of a
metal complex with a ligand is similar to acid�base
equilibrium, where the metal ion, Mn+, and the hydrogen
ion, H+, competes for binding with the ligand, L, involving two
simultaneous equilibria. The method comprises a glass
electrode and pH meter to determine the concentration of
the hydrogen ion.60

In the experiment, titration of Mn+ and AS-HL is performed
with a base, and the concentration of the hydrogen ion is
monitored. Then, the stability constant for ML is determined
by including the acid dissociation constant of the ligand in
calculations.

Similar spectrophotometric titrations were performed to
determine the stability constants and solution speciation of
Cu2+ and Zn2+ with AS-HL1 and AS-HL2. The pKa values of
the ligands were included in the calculations.61 In the titration
of AS-HL1 and Cu (Figure 2), below pH 2.5, the protonated
metal complex [CuLH] species (absorption at 350 nm) is a
major species, and as the pH increases to about 3, the [CuL]
species keep increasing (absorption at 380 nm) with the
isosbestic point at 360 nm. It remains stable till pH increases to
�6.5. With a further increase in pH, the absorption band at
380 nm starts decreasing. It is likely due to the deprotonation
of a coordinated water molecule to 1:1 species of the metal
complex (Figure 2). In the titration of AS-HL2 and Cu, only
the protonated form of complexes and deprotonated species
are observed. The calculated stability constant of the L�M
complex show that AS-HL2 exhibits slightly larger binding
constants (log K’s) with Cu2+ and Zn2+ than with AS-HL1
(Table 3), which was expected also given the additional metal-

binding N-(2-pyridylmethyl) arm for AS-HL2. In addition,
both AS-HL1 and AS-HL2 have a slightly higher a�nity for
Cu2+ than for Zn2+. Based on the obtained stability constants,
solution speciation diagrams (Figures 2, 3, S3, and S4) were
calculated for Cu2+ and Zn2+ with AS-HL1 and AS-HL2 using
the HYSS program. These diagrams suggest that a 1:1 metal�
ligand complex is predominant in all four cases. Free M2+, ML,

Table 2. Drug-like Parameters for Compounds

compounds CLog P TPSA M.Wt. HBD HBA log BB

Pre-HL1 3.31 36.36 304.39 1 3 0.1040
Pre-HL2 2.14 49.25 305.38 1 4 �0.2646
AS-HL1 5.48 61.09 408.50 1 5 0.0678
AS-HL2 4.31 73.98 409.49 1 6 �0.3008
Lipinski rules <5 <90 <500 <5 <10 �0.1 to 0.3

Figure 2. Variable-pH (pH 2�11) UV�vis spectra of the AS-HL1 and Cu2+ system ([HL1] = [Cu2+] = 50 �M, 25 °C, I = 0.1 M NaCl) and species
distribution plot.

Table 3. Stability Constants (log K’s) of the Cu2+ and Zn2+

Complexes of AS-HL1 and AS-HL2

log K

AS-HL1 AS-HL2

equilibrium reaction Cu2+ Zn2+ Cu2+ Zn2+

M2+ + HL � [MHL]2+ 5.11 4.46 5.47 4.18
M2+ + L� � [ML]+ 19.33 17.11 20.15 18.39
[ML(H2O)]1+ = [ML(OH)] + H+ �10.63
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and M(LH) species were present in the solution of both
compounds with Cu2+ and Zn2+. In addition, the concentration
of free Cu2+ was negligible in solution, while free Zn2+ was
visible up to pH 4.0 for both AS-HL1 and AS-HL2.

The stability constant (log �) of a metal�ligand species gives
an estimate of the overall stability. A direct comparison of
di�erent ligands with their log � values can be misleading, as it
does not re�ect the metal binding a�nity of the ligands at a
speci�c pH value.62 Another important term� pM (the metal
ion scavenging ability)� was introduced by Raymond and is
de�ned as �log[Mfree].

63 It gives the concentration of
unchelated metal ions at a speci�c pH in a given complex
equilibrium system. The pM value gives the most suitable
comparison of the ability of di�erent ligands with diverse
basicities and protonation states to chelate speci�c metal ions.
The pM values depend on the ligand and metal concentration,
temperature, pH, and ionic strength of the solution and are
linearly correlated to the stability constants of the metal
complexes.62,63 From the solution speciation, the concen-
tration of unchelated Cu2+ and Zn2+ was calculated (Table 4).

pCu values of 9.99 and 10.52 and pZn values of 8.9 and 9.65
are obtained, respectively, for AS-HL1 and AS-HL2 at pH 7.4.
The comparable pM to that of strong chelating agents such as
DTPA quali�es these molecules as strong metal chelators.30

Thus, the a�nities of AS-HL1 and AS-HL2 toward Cu2+ and
Zn2+ suggest that our compounds are able to chelate metal ions
from soluble A� species, which also supports the results from
the UV�vis studies of compounds with metal-treated A�
species.

2.6. Metal Chelating Capacity of AS-HL1 and AS-HL2.
The coordination of metal ions with A� has been linked with
modulated aggregation pathways leading to the formation of

toxic A� species.13,28,64 In addition, redox metal ions can
accelerate the ROS production using Fenton-type reac-
tions.5,8,65 Therefore, the possibility of using suitable metal
chelators to regenerate normal tra�cking of metal ions has
been considered as a therapeutic strategy to both a�ect
aggregation and reduce the redox stress, which is deleterious
for neurons.4,31 To assess the metal binding ability for AS-HL1
and AS-HL2, the UV�vis spectroscopic technique was
employed. The e�ect of addition of metal salts on the UV�
vis spectra of the chelator solution was observed. The spectral
changes in the optical bands of AS-HL1 and AS-HL2 upon
treatment with Cu(ClO4)2·6H2O or Zn(ClO4)2·6H2O indicate
the metal coordination by these compounds. A notable red
shift was observed in the absorption spectra of AS-HL1 and
AS-HL2 when their solution was mixed with Cu2+ and Zn2+

ions (Figures S5 and S7). The solution binding stoichiometry
of AS-HL1 and AS-HL2 with Cu2+ and Zn2+ was determined
by Job’s method of continuous variation. AS-HL1 is a
tridentate ligand that can generate metal complexes with
di�erent stoichiometries in solution versus the solid state,
while AS-HL2 is a tetradentate ligand, and thus, it is expected
to form 1:1 Cu and Zn complexes. For AS-HL1, a
stoichiometric break at 0.4 mol fraction of the metal ion
suggests the formation of a mixture of 1:1 and 1:2 metal�
ligand species in solution (Figure S6). For AS-HL2, a break at
0.5 mol fraction of metal ions suggests the formation of a 1:1
metal complex in solution for both Cu2+ and Zn2+ ions (Figure
S8).

2.7. Metal Sequestering Capacity of AS-HL1 and AS-
HL2 from A�42-Bound Cu Ions. Metal chelating capacities of
the compounds have been well established by Job’s plot and by
determining their stability constants with Cu2+ and Zn2+

(Sections 2.5 and 2.6). Furthermore, to study the ability of
these compounds to interact with metal ions in the presence of
A�42, competitive assays were performed. First, A�42 and Cu
solutions (25 �M each) were prepared, and their spectra were
recorded. Mixing of A�42 and Cu solutions shows a small
change in the spectra of A�42 (Figure 4). Then, increasing
amounts of AS-HL1/AS-HL2 (starting from 5 to 25 �M) were
added to the A�42�Cu complex solution, and spectra were
recorded after each addition. The spectra of AS-HL1/AS-HL2
with A�42�Cu in equivalent amounts were in good match in

Figure 3. Variable-pH (pH 2�11) UV�vis spectra of the AS-HL2 and Cu2+ system ([HL2] = [Cu2+] = 50 �M, 25 °C, I = 0.1 M NaCl) and species
distribution plot.

Table 4. Calculated pM (�log[M]free; M = Zn2+, Cu2+) for a
Solution Containing a 1:1 Metal/Ligand Mixture ([M2+]tot =
[Chelator]tot = 50 �M)

pCu pZn

chelator pH 6.6 pH 7.4 pH 6.6 pH 7.4

AS-HL1 9.58 9.99 8.47 8.90
AS-HL2 9.90 10.52 9.00 9.65
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nature and intensity to the parent ligand�metal spectra
(Figure 4). It was noticed that both AS-HL1 and AS-HL2
can chelate Cu from A�42 almost quantitatively at 1:1 metal�
ligand ratio. These results indicate the capability of these
compounds to chelate metal ions from the A�42-bound metal
pool.

2.8. Binding A� nity with A� Species Using ThT
Competition Assay. As per our design concept, the
molecular framework of the compounds consists of the azo-

stilbene-type fragment, which is likely to intercalate in the �-
sheets of A� aggregates. Therefore, we were keen to know the
binding a�nity of the compounds toward A� �brils. Due to the
non�uorescent nature of the compounds, we have performed
the ThT competition assay. For the study, A�40 was used since
it is well-known for its well-de�ned amyloid �brils.30,66 In the
experiment, a solution of the compound under study was
added sequentially (0�10 �M) in nanomolar amounts to a
solution of A�40 �brils (5 �M) and ThT (2 �M). Upon
addition, the decrease in ThT �uorescence was recorded (�ex/
�em = 435/485 nm).38 A signi�cant decrease in ThT
�uorescence intensity was observed upon the addition of
compounds, which indicates the replacement of the prebound
ThT to A� �brils through competitive binding. For the
calculation of Ki values, a Kd value of 1.17 �M was used for the
binding of ThT to A� �brils. The data were analyzed and �tted
with Graph Pad Prism 5 software using a one-site competitive
binding model. The result yields Ki values of 31 ± 2 and 23 ±
2 nM, respectively, for AS-HL1 and AS-HL2 (Figure 5). For
comparison, the competitive experiment was performed with
control molecules, i.e., Pre-HL1 and Pre-HL2 under the same
conditions. However, a very less decrease in ThT intensity was
observed. Then, a higher concentration (up to 100 �M) was
used, and Ki values of 722 ± 6 and 663 ± 8 nM (Figure S9),
respectively, were obtained for Pre-HL1 and Pre-HL2. The
low a�nity of the control compounds toward A� �brils
indicates the inability of the compounds to compete with ThT
for the binding site of �brils. The result suggests that this
molecular framework possessing the azo functionality exhibits
a strong a�nity for the A� �brils. The strong binding of these
molecules also indirectly supports the inhibitory e�ect on A�
�bril formation as observed above.

2.9. Binding A� nity with A� Species Using UV�Vis
Spectroscopy. Furthermore, to determine the ability of the
compounds to interact directly with A�42 species, the UV�vis
spectroscopy technique is employed. For this study, �rst, the
UV�vis spectra for the compounds are recorded in PBS bu�er.
For comparison, then, the compound solution (5 �L, dimethyl
sulfoxide (DMSO) stock solution) was added to monomeric
A�42 solution (25 �M). With the addition of AS-HL1 solution
to A�42, only slight spectral change was observed. which
indicates the poor interaction of the compound AS-HL1 and
A�42 monomer. However, in the case of AS-HL2, a good
spectral change was observed, indicating that AS-HL2 has
stronger interactions with the A�42 monomer than AS-HL1
(Figure 6). The interaction of the compounds with the A�
species has also been investigated by monitoring the
competitive binding of AS-HL1 and AS-HL2 with thio�avin-

Figure 4. (Top) UV�vis spectra A�42 (in phosphate-bu�ered saline
(PBS), 25 �M), A�42 + Cu2+, and with additions of AS-HL1 in 5, 10,
15, and 25 �M; (bottom) UV�vis spectra A�42 (in PBS, 25 �M);
A�42 + Cu2+ and with addition of AS-HL2 in 5, 10, 15, and 25 �M.

Figure 5. ThT �uorescence competition assays of A�40 �brils with AS-HL1 and AS-HL2 ([A�] = 5 �M; [ThT] = 2 �M; �ex/�em = 435/485 nm).
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T, a well-known �uorescent probe for A� aggregates. The
results of the above-mentioned studies suggest that AS-HL1
and AS-HL2 can interact with both the A� monomer and its
aggregates.

2.10. Inhibition of A�42 Aggregation: ThT Fluores-
cence Assay. Deposition of aggregates of the A� peptide in
the brain is the main causative factor for the initiation of the
sequence of events that lead to various abnormalities
associated with AD.2 Inhibiting the formation of these
aggregates is one of the key strategies to ameliorate the
burden of A� toxicity. In this context, the e�ect of AS-HL1 and
AS-HL2 on the A� aggregation process, both in the presence
and absence of metal ions, was investigated employing the
ThT assay. To study the inhibitory e�ect of the compounds on
A� aggregation, freshly prepared monomeric A�42 alone
(control), A�42 treated with AS-HL1/AS-HL2, and A�42
treated with AS-HL1/AS-HL2 plus metal ions were incubated
at 37 °C with constant agitation for 24 h. The aggregation was
monitored by measuring the �uorescence intensity of ThT,
which shows negligible �uorescence in the presence of A�42
monomers, while an increase in �uorescence is observed in the
presence of mature A� aggregates. An intense �uorescence
band at 485 nm is observed for A�42 (control), depicting the
formation of amyloid �brils, while in the case when

compounds were added to monomeric A�42 solution, the
�uorescence intensity was drastically decreased (�80�90%),
implying the signi�cant inhibitory action of AS-HL1 and AS-
HL2 toward the formation of �-sheet-rich A�42 aggregates.
Furthermore, the results demonstrate that the compounds also
drastically reduced the �brillization of A�42 in the presence of
Cu2+ or Zn2+ both (Figure 7). Both the compounds reduced

the �uorescence by �90% in the presence of Cu2+, while the
�uorescence intensity gets reduced to 47 and 77%,
respectively, by AS-HL1 and AS-HL2 in the presence of
Zn2+. The less decrease in the Tht �uorescence intensity
observed in the presence of Zn is most probably due to the
formation of non�brillar amorphous aggregates. The amor-
phous aggregates of A�42 formed in the presence of Zn are
known to have a lesser content of �-sheets and are less ThT-
reactive. The role of zinc in forming less-toxic amorphous
aggregates with Abeta peptides has been well estab-
lished.27,29,67 The results indicate the role of the designed
compounds as inhibitors of the aggregation process; at the
same time, there might be a bias that inspite of inhibiting the
aggregation, the observed behavior might be only delaying the
e�ect. To eradicate this, kinetic monitoring of the e�ect of the
compounds and their metal complexes on the aggregation
process was done till 7 days. The ThT �uorescence intensity of
the incubated samples was measured initially at the minute�
hour scale starting from 0 h and then after 24 h for 7 days. The
compounds alone and in the presence of metal ions exhibited a
continued decrease in the ThT intensity till the 7th day,
indicating that the inhibitory e�ect is prominent on the
aggregation process (Figure S10).

2.11. Inhibition of A�42 Aggregation Studied by
Transmission Electron Microscopy (TEM). To further
understand and visualize the regulatory e�ect of AS-HL1 and
AS-HL2 against metal-free A� and metal�A� aggregation
process, TEM was used. The ThT �uorescence assays do not
show a complete picture of A�42 aggregation. To thoroughly
understand the various species formed during the aggregation
studies, TEM images were recorded. TEM imaging was
performed with ultimate care, and repeated analysis was
made. A large area on multiple grids was analyzed, and the
images which are representative of the entire sample are

Figure 6. (Top) UV�vis spectra (in PBS) of A�42 (25 �M), AS-HL1
(25 �M), and AS-HL1 with A�42 (25 �M each); (bottom) UV�vis
spectra (in PBS) of A�42 (25 �M), AS-HL2 (25 �M) in PBS, and AS-
HL2 with A�42 (25 �M each).

Figure 7. ThT �uorescence of inhibition of A�42 �brillization,
measured upon incubation at 37 °C for 24 h. Samples are as indicated
on top of the lanes (conditions: PBS, [A�] = 25 �M; [M2+] = 25 �M;
[AS-HL1/AS-HL2] = 25 �M). The error bars represent the standard
deviation from two independent experiments.
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presented. The visualization of the TEM images shows the
presence of dense �brillar aggregates in the presence of A�42
alone (Figure 8a). In the presence of AS-HL1 or AS-HL2, the
morphology was quite di�erent, and the extent of aggregates
on TEM grids was much less compared to that with A�42 alone
(Figure 8b,c). A�42 aggregation in the presence of Zn2+ leads to
the formation of large amorphous A�42 aggregates (Figure 8d).
A�42 aggregation in the presence of both Zn2+ and the
chelators AS-HL1 and AS-HL2 leads to lesser aggregates of
morphology di�ering from A�42 alone or in the presence of
Zn2+ (Figure 8e,f). A�42 with Cu2+ formed much less
aggregates visible on TEM grids, and the morphology was
also di�erent from that of A�42 alone or A�42 with Zn2+ (Figure
8g). A�42 aggregation in the presence of both Cu2+ and the
chelators AS-HL1 and AS-HL2 leads to lesser aggregates of
amorphous morphology di�ering from that of A�42 alone
(Figure 8h,i). These results are consistent with the earlier

reports that Cu2+ stabilizes the soluble oligomers, while Zn2+

induces precipitation of amorphous aggregates.27,30 According
to TEM images, AS-HL1 and AS-HL2 altered the A�42
aggregation process both in the presence and absence of
metal ions. A� aggregates disassembled to form small
amorphous aggregates with di�erent morphologies. These
results were consistent with the ThT assay, thereby
ascertaining the role of these compounds as inhibitors of
metal-dependent and -independent A� self-induced aggrega-
tion.

2.12. Molecular Docking with A�. Earlier experiments
performed in this studies showed the strong nanomolar a�nity
of compounds toward A� species. Also, the compounds
exhibited inhibitory activity against A� �brillation. To gain
further insights into the detailed molecular interactions of AS-
HL1 and AS-HL2 with A� aggregates, in silico studies have
been undertaken. Molecular docking studies of our compounds

Figure 8. TEM images for the inhibition of A�42 aggregation by MFCs, in the presence or absence of metal ions ([A�42] = [M2+] = 25 �M, [AS-
HL1/AS-HL2] = 25 �M, 37 °C, 24 h; scale bar = 200 nm). Samples are (a) A�42, (b) A�42 + AS-HL1, (c) A�42 + AS-HL2, (d) A�42 + Zn, (e)
A�42 + Zn + AS-HL1, (f) A�42 + Zn + AS-HL2, (g) A�42 + Cu, (h) A�42 + Cu + AS-HL1, and (i) A�42 + Cu + AS-HL2.

Figure 9. Three-dimensional (3D) binding mode with A�1�40 (PDBID 2M4J) of the compounds (A) AS-HL1 and (B) AS-HL2.
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with the �brillar forms of A�40 (Protein Data Bank (PDB) ID:
2M4J) and A�42 (PDB ID: 5OQV) were performed to
determine the likely mode of interactions. The docking
calculations with A�40 and A�42 (Table S1) revealed that the
compounds interact mainly with the N-terminal loop of the
peptide. These interactions mainly occur via hydrogen
bonding, which is through OH of phenol or the �N atom of
the pyridine molecule or by ��� stacking interactions with
aromatic rings. The docking interactions of AS-HL1 and AS-
HL2 with the A�40 �brillar structure revealed their positioning
near the KLVFF hydrophobic region of the peptide (Figure
S11). Both the compounds interacted via ��� interactions
with the Phe-19 and Phe-20 residues and via hydrogen bonds
with Lys-28 (Figure 9a,b). The alignment of compounds near
the KLVFF hydrophobic region of the peptide may help the
compounds inhibit the aggregation process by preventing the
formation of �-sheets.

Docking interactions of AS-HL1 and AS-HL2 with the A�42
�brillar structure (PDB ID 5OQV) showed that the
compounds are oriented closer to the N-terminal region of
A�. The interaction of the compounds with the hydrophilic
metal binding region occurred mainly via ��� interactions
with the Phe-4 via hydrogen bonding with Leu-34 (Figures S12
and 10). The docking results indicated that the contact of
compounds near the metal binding region of A� strengthens
the metal coordinating abilities of the compounds from this
speci�c domain and also emphasized the capability of AS-HL1
and AS-HL2 to modulate the interaction between Cu2+ and
the A�42 �brils.

2.13. AChE Inhibitory Activity of AS-HL1 and AS-HL2.
The cholinesterase enzyme plays a pivotal role in AD research,
and these enzymes work toward controlling the levels of
neurotransmitters in the brain. The levels of AChE rapidly
increase in AD-a�ected brain, and designing AChE inhibitors
has been a therapeutic target for AD treatment. Therefore, the
inhibitory pro�le of the compounds against cholinesterase
enzymes was analyzed in vitro. For this purpose, the modi�ed
Ellman’s method was used.68 The experimental results were
presented as IC50 and were compared corresponding to the
known AChE inhibitors donepezil and rivastigmine as
reference molecules. The obtained low micromolar IC50 values
showed fairly good AChE inhibitory activity (Table 5). AS-
HL1 and AS-HL2 have shown IC50 values of 4.18 and 3.86
�M, respectively. In general, molecules without a donepezil
molecular framework show IC50 values in the very high
micromolar range. Therefore, it was interesting to see if the

compounds exhibit AChE inhibitory activity. To our surprise,
the compounds showed very low IC50 values as compared to
the reference inhibitor rivastigmine in the same experimental
settings.

2.14. Molecular Docking with AChE. To better under-
stand the observed inhibitory e�ects of the compounds toward
the AChE enzyme, docking studies were performed. In this
study, the acetylcholinesterase enzyme of Tetronarce californica
(TcAChE) and human (hAChE) was used to dock with the
designed molecules to understand the binding mechanism
between them.69 The active site of TcAChEis almost identical
to that of hAChE, and the detailed information is given in the
literature.52

Structurally, AChE possesses a catalytic active site (CAS)
and a peripheral anionic site (PAS), the two commonly
understood binding sites. The active site is primarily
responsible for hydrolysis of the ester bond of acetylcholine
involving Ser200, His440, and Glu327 with the anionic site
consisting of Trp84 and Phe330 aromatic residues. The second
binding site, PAS, is situated at the entrance of the gorge and
principally involves two aromatic amino acids, Trp279 and
Asp72. Research indicates the role of AChE in accelerating A�
aggregation by interactions through the PAS of the enzyme to
form a stable AChE�A� complex. Therefore, inhibitors with
dual interactions with both PAS and CAS simultaneously
appear to be a better therapeutic strategy, as these can combat
cognitive dysfunctions and prevent complications related to A�
aggregation.52,70,71

Molecular docking studies were performed with Maestro
v11.9 of Schro�dinger software. The X-ray crystal structure of
Torpedo AChE (TcAChE) in complex with tacrine (PDB ID:
1ACJ) was downloaded from the Protein Data Bank (PDB)
and docked with the designed compounds. Molecular docking
results suggested that the compounds are found well-
positioned in the active site of the enzyme through maintaining
similar interactions as the native crystal structure interactions.
In general, the compounds were found enclosed by the active
site residues� Asp 72, Asp85, Trp84, Tyr121, Tyr334, Trp279,
His440, Phe330, Phe 331, Ser200, and Tyr334 (Figure S13).

Figure 10. Three-dimensional (3D) binding mode with A�1�42 (PDB ID: 5OQV) of the compounds (a) AS-HL1 and (b) AS-HL2.

Table 5. Data for In Vitro AChE Inhibition (IC50 Values in
�M)

AS-HL1 AS-HL2 rivastigmine donepezil

AChE
IC50
(�M)

4.18 ± 0.15 3.86 ± 0.13 11.02 ± 1.26 0.06 ± 1.13
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Two types of major interactions, i.e., ��� stacking and
hydrogen bonding interactions, were mainly observed. The
compound AS-HL1 was having a docking score of �10.57 and
a glide energy of �87.33 kcal mol�1 with ��� interactions
through phenyl rings with aromatic residues of Tyr121 and
Phe330 and hydrogen bonding with Tyr121. On a similar note,
the compound AS-HL2 was having a docking score of �7.40
and a glide energy of �89.34 kcal mol�1. The outer phenyl ring
attached to the azo bonds forms ��� stacking interactions with
the aromatic residues of Tyr334 and Trp279 of the PAS, while
the two pyridine rings form ��� interactions with Phe330 and
Trp84 of the CAS. The ��� interaction with Tyr121 and a
hydrogen bonding interaction are also observed (Figure 11 and
Table S2).

Molecular docking results revealed that these compounds
were able to interact via hydrophobic interactions (within the
range of 5 Å) with the CAS and PAS residues of the
TcAChE.71 Rivastigmine, a Food and Drug Administration
(FDA)-approved drug, is used as a control for the in silico
study. It was observed that rivastigmine also interacts with the
active site residues of TcAChE via hydrophobic interactions
(Trp84 and Phe330) and one halogen bond interaction
(Asp72) with a docking score of �5.59 and a glide energy of
�44.23 kcal mol�1 (Table S2). The careful analysis of
molecular docking results of the designed compounds with
TcAChE suggests that the compounds AS-HL1 and AS-HL2
have signi�cant interactions with TcAChE with a better
docking score and glide energy as compared to those of the
drug rivastigmine, which is in good agreement with the
experimental results also.

Similarly, AS-HL1, AS-HL2, and rivastigmine (as a control)
were also docked into the active site of human acetylcholines-
terase (hAChE, PDB ID: 6F25) using Maestro v11.9 since
AChE of human and Torpedo is structurally similar. On a
comparative note, a docking score of �8.41, �8.29, and �5.74
and glide energy of �85.14, �86.04, and �50.64 kcal mol�1

were observed for the compounds AS-HL1, AS-HL2, and
rivastigmine, respectively (Table S2). In general, these
compounds were enclosed by the active site residues� Trp
286, Phe 295, Arg 296, Asp 74, Asp85, Trp84, Tyr72, Tyr341,
Trp86, His440, Tyr 337, Phe338, Tyr124, and Leu289 (Figure
12). The inner phenyl ring attached to the azo group of AS-
HL2 forms ��� stacking interactions with the aromatic amino
acids of Tyr72 and Trp286. Hydrogen bonding interactions
through the �N atom of the pyridyl ring with Tyr124 are also
observed. These studies revealed that the compounds AS-HL1
and AS-HL2 could be a better AChE inhibitor with hAChE

than rivastigmine, as it is capable of interacting simultaneously
with the residues of both PAS and CAS of the target enzyme.

2.15. Inhibition of AChE-Induced A�42 Aggregation.
Recent studies suggests a key role of AChE in accelerating A�42
aggregation by interactions through the peripheral anionic site
(PAS) of the enzyme to form a stable AChE�A� complex
along with the presence of BuChE also.72,73 Therefore,
compounds which have binding a�nity with the PAS of the
enzyme can inhibit AChE-accelerated �bril aggregation. To
combat cognitive dysfunctions and prevent complications
related to A� aggregation, inhibitors with dual interactions
with both the PAS and catalytic anionic site (CAS)
simultaneously appear to be a better therapeutic strat-
egy.70,74�77 To understand the role of these compounds as
dual inhibitors, AChE-induced A�42 aggregation inhibitory
activity was examined using the ThT �uorescence assay. For
this study, A�42 solution (25 �M) containing AChE (1 �g
mL�1) was incubated with AS-HL1 and AS-HL2 (25 �M)
under preoptimized �brillation conditions. The extent of
inhibitory e�ects of compounds on the AChE�A� complex
was monitored by the ThT �uorescence assay. Results indicate
that both compounds are capable of inhibiting the A�42
aggregation in the presence of AChE also (AS-HL1 by ca.
30 and AS-HL2 by ca. 40%, (Figure S14)). It validates the fact
that the compound that binds to both the CAS and PAS of
AChE simultaneously could inhibit AChE-induced A�
aggregation.

2.16. Antioxidant Properties. Involvement of oxidative
stress in neurotoxicity has been widely acknowledged as a key
feature of AD. Thus, reduction of oxidative stress is a key
concern while designing agents for AD treatment. In the
literature, the compounds containing redox-active groups such
as phenol and azo function are well accepted to exhibit
antioxidant properties.78 Since the molecular entity of our
compounds consists of the phenol functionality, their radical
quenching ability was determined. The antioxidant potential of
AS-HL1 and AS-HL2 as measured by their ability to quench
free radicals was evaluated using 6-hydroxy-2,5,7,8-tetrame-
thylchroman-2-carboxylic acid (Trolox) equivalent antioxidant
capacity (TEAC) assay and 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical scavenging assay. The TEAC assay measures
the capacity of the compounds to scavenge the stable radical
cation ABTS+• [ABTS = 2,2�-azino-bis-(3-ethylbenzothiazo-
line-6-sulfonic acid)]. ABTS+• is a blue-green chromophore
with maximum absorption at 734 nm, and it is generated by
the oxidation of ABTS by potassium peroxodisulphate. In the
assay protocol, the extent of decolorization of ABTS+• by the

Figure 11. (A) Surface representation of the binding mode of the
compound AS-HL2 within the active site of the Torpedo AChE and
(B) 3D binding mode (via ��� stacking and hydrogen bond) of the
compound AS-HL2 within the active site of residues of the Torpedo
AChE.

Figure 12. (A) Surface representation of the binding mode of the
compound AS-HL2 within the active site of the human AChE and
(B) 3D binding mode (via ��� stacking and hydrogen bond) of the
compound AS-HL2 within the active site of residues of the human
AChE.
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antioxidant molecule is monitored by the decrease in
absorption intensity at 734 nm. The relative decrease in
intensity with reference to the standard Trolox is meas-
ured.79,80 A range of concentrations of AS-HL1 and AS-HL2
starting from 20 to 200 �M were evaluated in relation to
Trolox. From the set of optimized results, the TEAC value is
calculated at 20 �M concentration. The compound AS-HL1
has a TEAC value of 2.26 ± 0.3, suggesting considerable
scavenging of free radicals. The compound AS-HL2 quenches
free radicals with a TEAC value of 1.86 ± 0.2. The high TEAC
values depict the better antioxidant capacity of our designed
compounds than that of Trolox against free radicals.

DPPH is a stable radical at room temperature, and the
solution is deep violet in color. When DPPH accepts an
electron from another molecule, it becomes diamagnetic and
pale yellow in color. As a result, the absorption of the solution
at 517 nm is signi�cantly quenched. A range of concentrations
starting from 20 to 200 �M were evaluated, and a positive
control of Trolox which showed 100% scavenging activity was
used as a standard in this study (Figure S15). At 200 �M
concentration, AS-HL1 showed ca. 71% scavenging of the
DPPH radical, while the same concentration of AS-HL2
showed about 54% scavenging. The results from both assays
revealed a good antioxidant property of the designed
compounds.

2.17. Cell Toxicity Studies. The objective behind the
cellular studies was to check if, in general, our molecular design
is toxic to cells or not and also to see if there is any e�ect of the
azo groups on cellular toxicity. Cell viability assays were
performed using the alamarBlue assay and Neuro2A cells. The
toxicity e�ects of AS-HL1, AS-HL2, and their precursor
molecules were investigated in a range of concentrations
starting from 2 to 20 �M. The cells incubated with AS-HL1
and its precursor molecule showed excellent viability up to 20
�M concentration (A1�A4 and C1�C4, Figure 13). By
comparison, the cell survival decreased to ca. 50% upon
incubation with AS-HL2 at a concentration of 20 �M and to
ca. 70% at 2 �M concentration (D1�D4, Figure 13). A similar
pattern is observed in the case of its precursor molecules that
do not contain the azo-stilbene functionality, thus suggesting

the nontoxicity of the azo group in these systems (A1�A4 and
B1�B4, Figure 13). A higher toxicity e�ect observed for AS-
HL2 is likely due to the presence of an additional pyridine
group in its molecular framework. Overall, these MFCs are not
much toxic to cells especially at lower concentrations, and the
results will be useful for any future design of such MFCs.

3. CONCLUSIONS
Two multifunctional molecules, AS-HL1 and AS-HL2,
consisting of the azo-stilbene moiety for amyloid interactions
and pyridyl-amine functions for metal chelation were
constructed and characterized in detail. They are studied in
detail for their e�ect on various factors linked to AD pathology.
The multifunctional nature of the compounds was established
through various spectroscopic techniques. The compounds
showed strong metal binding with Cu2+ and Zn2+ metal ions, as
evident from the high stability constants and pM values. Both
AS-HL1 and AS-HL2 could e�ectively chelate Cu from A�42.
The ability of the compounds to a�ect the aggregation of A�
both in the presence and absence of metal ions was also
studied. These studies revealed that the compounds can
control the aggregation of the A�42 peptide both in the
presence and absence of metal ions. A low nanomolar Ki value
in the ThT competition assay suggests the strong interaction
towards A� �brils. In addition, the compounds exhibited a
good cholinesterase inhibitory property in the micromolar
range, which could be explained by the interaction of the
compounds in molecular docking studies. Furthermore, results
of antioxidant assay show that our compounds exhibit good
antioxidant properties. Moreover, the cellular toxicity studies
showed the low neurotoxicity of the compounds, especially AS-
HL1, and suggest that extra pyridine groups may lead to higher
cell toxicity. Overall, the studies strongly suggest that our
compounds act as multifunctional chelators that can interact
with A� species and metal ions along with other desired
properties including controlling of A� aggregation and acting
as antioxidants.

4. EXPERIMENTAL SECTION
4.1. Materials and Methods. 2-Picolylamine (Sigma-Aldrich),

dipicolylamine (Sigma-Aldrich), aniline (Merck, India), benzyl
bromide (Sigma-Aldrich), salicaldehyde (Spectrochem, India),
sodiumtriacetoxyborohydride (Sigma-Aldrich), sodiumborohydride
(Spectrochem, India), sodium nitrite (Fisher Scienti�c), sodium
hydroxide (Fisher Scienti�c), and ascorbic acid (Spectrochem, India)
were purchased from the respective concerns and used as received. All
the solvents used in the reactions were distilled and dried following
common procedures. All aqueous solutions and bu�ers were prepared
using commercially available distilled water. Infrared spectra were
recorded at room temperature using a Thermo Nicolet, Avatar 370
FTIR spectrometer in the 4000�400 cm�1 range (STIC, Cochin,
India). UV�vis spectra were recorded at room temperature on an
Agilent Technologies Cary 60 UV�Vis spectrophotometer. 1H and
13C NMR spectra were recorded on a BRUKER-500 spectrometer
(500 MHz). Chemical shifts (�) are reported in ppm. Mass spectra
were recorded using an XEVO G2-S-QT mass spectrometer from
Waters Corporation (facility at MNIT, Jaipur, India). Fluorescence
measurements were done on a Cary Eclipse �uorescence spectropho-
tometer from Agilent. TEM analysis was performed at the Material
Research Centre at MNIT, Jaipur, using a FEI G2 Spirit Twin
microscope (200 kV). For the preparation of �brils and inhibition
studies, a laboratory thermomixer from Genetix Biotech Asia was
used. All the AChE, DPPH, and ABTS studies were performed on an
ELISA reader from ThermoFisher Scienti�c (MultiScan Go). The

Figure 13. Cell viability (% control) of Neuro2A cells upon
incubation with A1�A4: Pre-HL1 at 2, 5, 10, and 20 �M
concentrations, respectively; B1�B4: Pre-HL2 at 2, 5, 10, and 20
�M concentrations, respectively; C1�C4: AS-HL1 at 2, 5, 10, and 20
�M concentrations, respectively; and D1�D3: AS-HL2 at 2, 5, 10,
and 20 �M concentrations, respectively.
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compounds (1) Pre-HL1 and Pre-HL2 were synthesized according to
slightly modi�ed literature protocols.

4.2. Synthesis of Ligands. 4.2.1. 2-( (Pyridine-2-
ylmethylamino)methyl)phenol (1). A solution of picolylamine (1.1
g, 10.17 mmol) in MeOH (40 mL) was re�uxed with salicylaldehyde
(1.24 g, 10.17 mmol) for 3 h. The reaction mixture was allowed to
cool to 0 °C, and NaBH4 was added (0.769 g, 20.34 mmol) slowly in
an ice bath keeping the temperature at 0�5 °C. The reaction mixture
was allowed to stir for 30 min, and then, concentrated HCl was added
to bring the pH to � 2. Then, NaOH was added to increase the pH to
�12. The reaction mixture was extracted with dichloromethane
(DCM) (3 × 30 mL) and dried over sodium sulfate to yield the
product (2.05 g, 95% yield). 1H NMR (500 MHz, CDCl3): � (ppm):
3.93 (s, 2H), 4.01 (s, 2H), 6.80 (t, J= 7.0 Hz, 1H), 6.88 (d, J= 8.0
Hz, 1H), 6.99 (d, J= 7.5 Hz, 1H), 7.18�7.23 (m, 3H), 7.66 (t, J= 7.5
Hz, 1H), 8.59 (bs, 1H); 13C NMR (125 MHz, CDCl3): � (ppm):
49.80, 51.28, 116.68, 119.59, 123.17, 123.21, 130.04, 130.16, 137.16,
149.31, 154.10, 157.18 (2C’s).

4.2.2. 2-((Benzyl(pyridine-2-ylmethyl)amino)methyl)phenol (Pre-
HL1). To 2-((pyridine-2-ylmethylamino)methyl)phenol (0.5 g, 2.34
mmol) in CH3CN (10 mL) was added K2CO3 (0.65 g, 4.68 mmol)
and kept for stirring for 15 min. Benzyl bromide (0.4 g, 2.34 mmol)
was added to the stirring reaction mixture. The reaction mixture was
allowed to stir for 48 h. The reaction mixture was �ltered, and the
solvent was evaporated. Furthermore, it was washed with a saturated
solution of sodium hydrogen carbonate (10 mL). The reaction
mixture was extracted in DCM three times by adding 20 mL each
time to get a yellow solid compound (0.61 g, 85% yield); 1H NMR
(500 MHz, CDCl3): � (ppm): 3.72 (s, 2H), 3.81 (s, 2H), 3.83 (s,
2H), 6.81 (t, J= 7.0 Hz, 1H), 6.92 (d, J= 8.0 Hz, 1H), 7.07 (d, J= 7.0
Hz, 1H), 7.18�7.25 (m, 2H), 7.27�7.34 (m, 2H), 7.34�7.39 (m,
4H), 7.69 (t, J = 8.0 Hz, 1H), 8.64 (d, J = 5.0 Hz, 1H); 13C NMR
(125 MHz, CDCl3): � (ppm): 56.44, 57.01, 57.90, 58.76, 116.39,
119.10, 122.36, 122.43, 123.41, 127.51, 128.55, 128.96, 129.45,
129.61, 136.83, 137.28, 149.15, 157.54, 157.68.

4.2.3. (E)-2-((Benzyl(pyridine-2-ylmethyl)amino)methyl)-4-
(phenyldiazenyl)phenol (AS-HL1). To a �ask containing aniline
(0.154 g, 1.645 mmol) was added a solution of 1:1 concentrated HCl
(5 mL) and distilled water (5 mL). It was cooled down to 0�5 °C
using an ice bath, and a cold aqueous solution of NaNO2 (0.227 g,
3.289 mmol) was added to it drop by drop with constant stirring. The
resulting solution was stirred for 30 min. A solution of the tridentate
precursor, Pre-HL1 (0.5 g, 21.645 mmol) in the mixture of methanol
(2 mL) and NaOH (10% w/v, 8 mL) was added to the above-
mentioned diazonium salt solution while maintaining the temperature
at 0�5 °C. The resulting dark-red solution was stirred for 30 min and
then acidi�ed with few drops of conc. HCl to obtain a red precipitate.
It was �ltered and dried over high vacuum (0.56 g, 83% yield); 1H
NMR (500 MHz, CDCl3): � (ppm): 3.69 (s, 2H), 3.77 (s, 2H), 3.79
(s, 2H), 6.79 (t, J= 6 Hz, 1H), 6.88 (d, J= 8 Hz, 1H), 7.03 (d, J= 6.5
Hz, 1H), 7.14�7.20 (m, 3H), 7.23�7.24 (m, 2H), 7.25�7.26 (m,
2H), 7.30�7.34 (m, 5H), 7.64�7.66 (m, 1H), 8.61 (d, J= 4 Hz, 1H),
10.95 (b, s, 1H); 13C NMR (125 MHz, CDCl3) � (ppm): 57.1, 57.9,
58.8, 116.3, 119.1, 122.4, 123.4, 127.5, 128.5, 128.9, 129.3, 129.4,
129.6, 137.3, 149.2, 157.5, 157.7; IR (KBr, cm�1) 3437, 3055, 2925,
1605, 1477, 1241; UV�vis, MeOH, �max,nm, (�, M�1 cm�1): 352
(12,280); HRMS (ESI-TOF): m/z [M + H]+ calcd for C26H25N4O:
409.2028; found: 409.1907.

4.2.4. 2-((Bis(pyridine-2-ylmethyl)amino)methyl)phenol (Pre-
HL2). To salicylaldehyde (0.31 g, 2.5 mmol) in 1,2-dichloroethane
(40 mL) in a �ask were added dipicolylamine (0.5 g, 2.5 mmol) and
NaBH(OAc)3 (0.9 g, 4.3 mmol) under an argon atmosphere. The
resulting reaction mixture was allowed to stir at room temperature for
24 h in an argon atmosphere. After that, the reaction was quenched
with NH4OH (75 mL) and was extracted with DCM (3 × 30 ml) and
dried over sodium sulfate to yield the product (0.7 g, 91% yield); 1H
NMR (500 MHz, CDCl3): � (ppm): 3.78 (s, 2H), 3.87 (s, 4H), 6.77
(t, J= 7.0 Hz, 1H), 6.91 (d, J= 8.0 Hz, 1H), 7.06 (d, J= 7.0 Hz, 1H),
7.14�7.20 (m, 3H), 7.34 (d, J= 7.5 Hz, 2H), 7.62 (t, J= 7.5 Hz, 2H),
8.57 (s, 2H); 13C NMR (125 MHz, CDCl3) � (ppm): 56.9, 59.1,

116.5, 118.9, 122.3, 122.8, 123.2, 129.1, 130.2, 136.8, 148.9, 157.6,
158.2.

4.2.5. (E)-2-((Bis(pyridin-2-ylmethyl)amino)methyl)-4-
(phenyldiazenyl)phenol (AS-HL2). To a �ask containing aniline
(0.24 g, 2.55 mmol) was added a solution of 1:1 concentrated HCl (5
mL) and distilled water (5 mL). It was cooled down to 0�5 °C using
an ice bath, and a cold aqueous solution of NaNO2 (0.352 g, 5.1
mmol) was added to it drop by drop with constant stirring. The
resulting solution was stirred for 30 min, and the color changed from
dark brown to violet, probably due to the formation of the
intermediate diazonium chloride salt. A solution of Pre-HL2 (0.777
g, 2.55 mmol) in the mixture of methanol (2 mL) and NaOH (10%
w/v, 8 mL) was added to the above-mentioned diazonium salt
solution while maintaining the temperature at 0�5 °C. The resulting
dark-violet solution was stirred for 30 min and then acidi�ed with few
drops of conc. HCl to obtain a red precipitate. It was �ltered and
dried over high vacuum (0.9 g, 86% yield); 1H NMR (500 MHz,
CDCl3): � (ppm): 3.89 (s, 2H), 3.93 (s, 4H), 7.04 (d, J = 8.5 Hz,
1H), 7.18 (m, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.40�7.43 (m, 1H),
7.47�7.50 (m, 2H), 7.63�7.66 (m, 2H), 7.74(d, J= 2 Hz, 1H), 7.84�
7.86 (m, 3H), 8.56 (d, J = 5.0 Hz, 2H); 13C NMR (125 MHz,
CDCl3): � (ppm): 56.8, 58.9, 59.1, 117.4, 122.4, 123.2, 123.5, 124.9,
125.3, 129.0, 130.1, 136.9, 145.6, 148.9, 152.9, 158.1, 161.1; IR (KBr,
cm�1) 3452, 3055, 2922, 1587, 1479.3, 1269, 755; UV�vis, MeOH,
�max, nm, (�, M�1 cm�1): 351 (17,980); HRMS (ESI-TOF): m/z [M
+ H]+ calcd for C25H24N5O: 410.1981; found: 410.1964.

4.3. Acidity and Stability Constant Determination. UV�vis
pH titrations were employed for the determination of the acidity
constants of AS-HL1 and AS-HL2 and the stability constants of their
Cu2+ and Zn2+ complexes. For acidity constants, solutions of MFCs
(50 �M, 0.1 M NaCl, pH � 2) were titrated with small aliquots of 0.1
M NaOH at room temperature. At least 30 UV�vis spectra were
collected in the pH 2�11 range. Due to the limited solubility of AS-
HL1 and AS-HL2 in water, MeOH stock solutions (10 mM) were
used, and titrations were performed in a MeOH�water mixture, in
which MeOH did not exceed 20% (v/v). To compensate for the
expected methanol�water liquid junction potential, a correction of
0.015 pH units was done by subtracting from the measured pH
readings.81,82 Similarly, stability constants were determined by
titrating the solutions of AS-HL1 or AS-HL2 and equimolar amounts
of Cu(ClO4)2·6H2O (50 �M) or Zn(ClO4)2·6H2O (50 �M) with
small aliquots of 0.1 M NaOH at room temperature. At least 30 UV�
vis spectra were collected in the pH 2�11 range. The acidity and
stability constants were calculated using the HypSpec computer
program (Protonic Software, U.K.). Speciation plots of the
compounds and their metal complexes were calculated using the
program HySS2009 (Protonic Software, U.K.).

4.4. Amyloid-� Peptide Experiments. A� monomeric �lms
were prepared by dissolving commercial A� peptides (Anaspec) in
hexa�uoroisopropanol (HFIP) and incubating for 1 h at room
temperature. The solution was then aliquoted and allowed to
evaporate at room temperature. The aliquots were vacuum-
centrifuged and the resulting monomeric �lms were stored at �80
°C. A� �brils were generated by dissolving monomeric A� �lms in
DMSO, diluting into the PBS bu�er (pH 7.4), and incubating for 24 h
at 37 °C with continuous agitation of 400 rpm (�nal DMSO
concentration was <2%). ThT �uorescence assay (�ex/�em = 435/485
nm) along with TEM was employed to con�rm the formation of
�brils. For inhibition studies, the compounds (DMSO stock
solutions) at 25 �M (�nal concentration) were added to A� solutions
(25 �M) along with the reference (A� alone) and incubated for 24 h
at 37 °C with constant agitation at 400 rpm. The percent inhibition of
the A� aggregation due to the presence of the inhibitor was calculated
by following formula 100 � (IFi/IFo × 100), where IFi and IFo are the
�uorescence intensities obtained for A� in the presence and in the
absence of the inhibitor, respectively, minus the �uorescence
intensities due to the respective blanks.

4.5. Fluorescence Measurements. All �uorescence measure-
ments were performed using an Agilent Cary Eclipse �uorescence
spectrophotometer. For ThT �uorescence studies, the samples were
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diluted to 2.5 �M A� in PBS containing 10 �M ThT, and the
�uorescence was measured at 485 nm (�ex = 435 nm).

4.6. Binding with A� Fibrils. A�40 (Anaspec) was used for A�-
�bril binding studies. A� �brils were generated by dissolving
monomeric A� �lms in DMSO, diluting into the PBS bu�er (pH
7.4), and incubating for 24 h at 37 °C with continuous agitation at
400 rpm (�nal DMSO concentration was <2%). ThT �uorescence
assay was employed to con�rm the formation of �brils (�ex/�em =
435/485 nm). A single lot of A�40 was used for all experiments. For
A� �bril binding, ThT competition assay protocol was followed. For
ThT competition assay, 5 �M A� �bril solution with 2 �M ThT was
titrated with small amounts of the compound (0�10 �M), and the
decrease in ThT �uorescence was measured (�ex/�em = 435/485 nm).
For calculation of Ki values, a Kd value of 1.17 �M was used for the
binding of ThT to A� �brils. The experiment was performed in
triplicate, and the results were analyzed and �tted with Graph Pad
Prism 5 software using a one-site competitive binding model.

4.7. Transmission Electron Microscopy (TEM). Glow-dis-
charged grids (Formar/Carbon 300-mesh, Electron Microscopy
Sciences) were treated with preformed A� aggregates in the absence
and presence of the compounds for 30 min at room temperature.
Excess solution was removed using �lter paper, and grids were rinsed
with distilled H2O. Grids were stained with ammonium molybdate
(1% w/v, H2O) for 1 min, blotted with �lter paper, and dried
overnight at room temperature. Images were captured using a FEI G2
Spirit Twin microscope (200 kV). TEM analysis was performed at the
Material Research Centre at MNIT, Jaipur.

4.8. Molecular Docking Studies. The chemical structure of the
designed molecules was drawn using the Marvin Sketch v19.20
(https://chemaxon.com/products/marvin) computational tool, and
the 3D orientations were saved in the structure-data �le (.sdf) �le
format. The “LigPrep” module of Maestro v11.9 of Schro�dinger
software v2019 was used to prepare the ligand library.83 The ligands
were prepared at pH 7.0 ± 0.2 using the optimized potentials for
liquid simulations (OPLS) force �eld.

Next, the crystal structures of the target protein acetylcholinester-
ase of T. californica(TcAChE, PDB ID: 1ACJ)84 and humans
(hAChE, PDB ID: 6F25)85 were downloaded from the Protein Data
Bank (PDB). The downloaded proteins were prepared individually by
a multilevel process by adding hydrogen atoms, assigning bond
orders, adding missing amino acids, and removing water molecules
using “Protein preparation wizard” in the Prime module of Maestro
v11.9.86 The protein structures were optimized and minimized with
the OPLS force �eld at neutral pH. Molecular docking of the designed
compounds with TcAChEand hAChE was carried out using the Glide
extra precision (XP) approach implemented in Maestro v11.9.87 For
this purpose, the native ligands (tacrine in TcAChEand C-35 in
hAChE), which were present in the active site of the target proteins,
were used to generate a receptor grid box around the active site using
“Receptor Grid Generation” wizard of Maestro v11.9. Next, the
designed compounds were allowed to dock in the de�ned active site
of the target protein with the Glide XP default parameter. Later, the
docked �le was subjected to calculate the binding free energy (� G)
using Prime MM-GBSA.86 The top-ranked protein�ligand complexes
were analyzed carefully by studying the docking score, glide energy,
MM-GBSA score, and hydrogen and hydrophobic interactions.

For molecular docking studies with A�, the crystal structures of
A�40 (PDB ID: 2M4J) and A�42 (PDB ID: 5OQV) were downloaded
from the Protein Data Bank (PDB), and a similar experimental
protocol was followed.

4.9. AChE Inhibition Assay. Acetylcholinesterase (AChE, type
V-S, lyophilized powder, from electric eel, 1000 unit), acetylthiocho-
line iodide (ATCI), and 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB)
were purchased from Sigma-Aldrich. Potassium dihydrogen phos-
phate and dipotassium hydrogen phosphate were obtained from
Fisher Scienti�c. To measure AChEactivity, the modi�ed Ellman’s
method was performed.68 The assay was performed using a 96-well
plate reader (Thermo Scienti�c, MultiScan Go) at 25 °C. The assay
was carried out in 0.1 M KH2PO4/K2HPO4 bu�er, pH 7.4. The assay
solution consists of a total of 200 �L of solution. The solution

contains 20 �L of the AChE enzyme of 5 �g mL�1 solution (�nal
conc. 0.5 �g mL�1), 1.5 �M dithiobisnitrobenzoate (DTNB) in
solution, 0.3 �M substrate (acetylthiocholine) in solution, 20 �L
samples of various concentrations, and 0.1 M potassium phosphate
bu�er (pH 7.4, 25 °C). A control was also measured containing all
other reagents except the enzyme and substrate. The activity of AChE
was determined spectrophotometrically by the formation of 4-
nitrophenol at 405 nm.

The enzyme and samples were incubated �rst for 15 min, followed
by the addition of DTNB and ATCI, and the �nal volume was
reached by the addition of the bu�er, and they were incubated for 20
min before the absorbance was recorded. The data were analyzed, and
the IC50 value was calculated using Graph Pad Prism software.
Multiple assays were performed, and the results reported are at least
from the data collected in triplicate.

4.10. Inhibition of AChE-Induced A� aggregation. Inhibition
of AChE-induced A� aggregation was measured employing a ThT
assay. The monomeric A�42 �lm was dissolved in DMSO and diluted
into the PBS bu�er (pH 7) to a �nal concentration of 25 �M. For
coincubation experiments, 25 �M solutions of A�42 and AChE (20
�L, 1 �g mL�1, �nal concentration) in the presence and absence of
inhibitors (4 �L, 25 �M, �nal concentration) were incubated for 24 h
at 37 °C with continuous agitation at 400 rpm (�nal DMSO
concentration was <2%). Each inhibitor was examined in triplicate.
Fluorescence intensities of the respective blanks were subtracted in
the inhibition plot.

4.11. DPPH Assay. The DPPH assay is a well-known, simple, and
sensitive technique for the determination of radical-scavenging ability.
Antioxidant activity of compounds was evaluated using 1,1-diphenyl-
2-picrylhydrazyl (DPPH) assay. Di�erent concentrations of the test
compounds in MeOH were prepared, and the compound solution was
added to the methanolic DPPH solution (0.1 mM). The mixture was
kept in the dark for 30 min. Then, the absorbance at 517 nm was
measured using a microplate UV/visible spectrophotometer (Ther-
moFisher, MultiScan Go).

4.12. ABTS Assay. 2,2�-Azino-bis-(3-ethylbenzothiazoline-6-sul-
fonic acid)diammonium salt (ABTS), potassium persulfate (dipotas-
sium peroxodisulfate), 6-hydroxy-2,5,7,8-tetramethychroman-2-car-
boxylic acid (Trolox), and ascorbic acid were obtained from Sigma-
Aldrich (St. Louis, MO). Aqueous solutions were prepared using
deionized water obtained from Central Drug House Pvt Ltd. New
Delhi, India. Trolox was used as the antioxidant standard. A 4 mM
solution of Trolox was prepared in deionized water. ABTS was
dissolved in deionized water to 7 mM concentration. The solution of
ABTS radical cations (ABTS• +) was produced by mixing 7 mM ABTS
stock solution with 2.45 mM potassium persulfate aqueous solution in
equal quantities and allowing them to react for 12�16 h at room
temperature in the dark. For the working solution, the ABTS• +

solution was diluted to get �nal absorbance around 1 at �max 734
nm. Fresh working ABTS• + solution was prepared for each assay. The
radical scavenging capacity of the compounds was analyzed by mixing
20 �L of compounds (di�erent concentrations, ranging from 2 to 500
�m) with 80 �L of working solution of ABTS• +. The decrease in
absorbance was measured spectrophotometrically at 734 nm after 1 h
of mixing the solutions using a microplate UV�vis spectrophotometer
(ThermoFisher, MultiScan Go).

4.13. Cytotoxicity Studies. Mouse neuroblastoma Neuro2a
(N2A) cell lines were purchased from the American Type Culture
Collection (ATCC). The cells were grown in Dulbecco’s Modi�ed
Eagle medium (DMEM)/10% FBS, which is the regular growth
medium for N2A cells. N2A cells were plated to each well of a 96-well
plate with DMEM/10% FBS. The medium was changed to serum-free
medium. After 1 h, the compounds were added to each well (�nal
volume: 100 �L) with di�erent concentrations (2, 5, 10, and 20 �M),
followed by incubation for 24 h at 37 °C. Due to the poor solubility of
the compounds in water or media, their stock solutions were prepared
in DMSO and diluted in the medium. The �nal DMSO concentration
in this way was less than 1%. Our control experiments suggest that
there is no toxicity caused by 2% DMSO. At last, each well was
treated with 10 �L of alamarBlue reagent, and the cells were
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incubated for 1 h. The �uorescence (excitation: 560 nm, emission:
590 nm) was measured using an ELISA reader.
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