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ABSTRACT: An exceptional probe comprising indole-3-
carboxaldehyde fluorescein hydrazone (FI) performs multiple
tasks, namely, disaggregating amyloid f (Af) aggregates in
different biomarker environments such as cerebrospinal fluid
(CSF), Ap1—40 fibrils, f-amyloid lysozyme aggregates (LA),
and U87 MG human astrocyte cells. Additionally, the probe FI
binds with Cu®" ions selectively, disrupts the Af aggregates
that vary from few nanometers to micrometers, and prevents
their reaggregation, thereby performing disaggregation and
modulation of amyloid-f in the presence as well as absence of
Cu’" ion. The excellent selectivity of probe FI for Cu®" was
effectively utilized to modulate the assembly of metal-induced
Ap aggregates by metal chelation with the “turn-on”
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fluorescence via spirolactam ring opening of FI as well as the metal-free Af fibrils by noncovalent interactions. These results
confirm that FI has exceptional ability to perform multifaceted tasks such as metal chelation in intracellular conditions using A
lysozyme aggregates in cellular environments by the disruption of -sheet rich Af fibrils into disaggregated forms. Subsequently,
it was confirmed that FI had the ability to cross the blood-brain barrier and it also modulated the metal induced Af fibrils in
cellular environments by “turn-on” fluorescence, which are the most vital properties of a probe or a therapeutic agent.
Furthermore, the morphology changes were examined by atomic force microscopy (AFM), polarizable optical microscopy
(POM), fluorescence microscopy, and dynamic light scattering (DLS) studies. These results provide very valuable clues on the
Ap (CSF Ap fibrils, AB1—40 fibrils, f-amyloid lysozyme aggregates) disaggregation behavior via in vitro studies, which constitute
the first insights into intracellular disaggregation of Af by “turn-on” method thereby influencing amyloidogenesis.
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Izheimer’s disease (AD), the most prevalent cause of

dementia among elderly population, affects >40 million
people worldwide."” Early symptoms such as difficulty to
remember newly acquired information and other severe
symptoms such as mood and behavior changes, perplexity,
severe memory loss, and judgment alteration coupled with
difficulties in speaking, writing, and walking predominantly
begin to appear with aging. As per the AD hypothesis, the
aggregation of amyloid-f (Af) peptide is linked to the etiology
of the disease, since soluble monomeric forms are found in the
healthy brain while amyloid plaques are detected in an AD
patient’s brain.”* These micrometer sized aggregates provide an
important pharmacological target in the ability of drugs to (a)
disrupt the already formed Af aggregates, (b) prevent Af
aggregation, or (c) be capable of arresting and inverting the
progression of AD.>® Af40 and AB42 peptides are the primary
species in the structure of the senile plaques found in the brain
tissues of AD patients.é_8 Metal ions, such as iron, copper, and
zing, are known to interact with Aff peptides and promote their
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aggregation as well as generation of neurotoxicity.” ' They
also have the ability to modulate the aggregation of Af peptides
as observed by in vitro experiments.”'”** Despite being an
important pharmacological target for AD pathogenesis,
separation of toxic metals from Af peptide fibrils along with
their disruption and modulation remains unresolved.

The accumulation of metals such as iron, copper, and zinc
within the senile plaques can reach levels of up to 400, 950, and
1100 mm, respectively, which is 3—5 times higher in
concentration as compared to healthy brain.*~>" To reduce
the harmful effects of excess metal deposition, newer therapies
that focus on metal ion chelation for AD are being
developed.”®*° Metal chelators are potential therapeutic
prospects due to the metal ion hypothesis and the possible
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Figure 1. Nonfluorescent FI (3 uM) selectively detects Cu** ion (3 equiv) in HEPES buffer solution (pH 7.4, 10 mM).
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Figure 2. (a) Tyr fluorescence quenching in A1—40 (20 xM), 10 mM HEPES buffer (pH 7.4) upon the addition of 10 and 20 uM Cu?*. (b) Tyr
fluorescence dequenching upon the addition of 10 and 20 M FI into AB1—40—Cu?* (1:1) in 10 mM HEPES buffer (pH 7.4). (c) At excitation of
465 nm, the emission peak is obtained at 518 nm for FI-Cu** (0—42 h). (d) Modulation or disaggregation of Af1—40—Cu** aggregates by FI:
Fluorescent changes of Af1—40—Cu®" (20 uM) aggregates with FI (20 uM) were monitored with different time incubations at 465 nm excitation,
the “turn-on” fluorescent enhancement peak is obtained at 518 nm for FI-Cu** complex. (e) Modulation or disaggregation of Af1—40 aggregates by
FI: Fluorescent changes of Af1—40 (20 uM) aggregates with FI (20 uM) were monitored with different time incubations at 465 nm excitation; no
significant “turn-on” fluorescent enhancement peak is obtained at S18 nm.

contribution of metal-Af to AD. For therapeutic strategy, a
new type of compound based on inhibiting or modulating
metal—Af interactions, known as metal—protein attenuating
compounds (MPACs), are being designed and developed.
Compared with traditional chelators such as DFO and TETA,
there are two metal chelators which have accomplished phase II
clinical trials like clioquinol (CQ) and its derivative (PBT2)
that have been tested in murine AD models and AD
patients.”*” The hydroxyquinoline derivatives of clioquinol
(CQ) decreased Af aggregates and showed improved cognition
in phase II clinical trials for AD due to its ability to inhibit
binding of Cu(Il) to A via chelation.””*** In addition,
derivatives of 8-hydroxyquinoline ionophore PBT2 also
resulted in improved cognition ability (learning and memory)
by redistributing Cu(II) and Zn(II) and by lowering CSF levels
of Af in phase II clinical trials.”**® Both, CQ and PBT2 have
the ability to alter the metal levels as well as the Af clearance.
Hence, newer and appropriate efforts are necessary for
developing efficient molecules for targeting metal—Af species
and to overcome this challenge posed by both metals as well as
self-assembled peptides.”” ™' To study this relation between
metal—Af complexes with AD pathology, it is necessary to
desi%n and synthesize molecules with multifunctional abil-
ity."”~* The potential development of metal chelating
molecules and AD therapy could help in understanding the
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importance of fundamental mechanisms involving Cu(II)
binding with Af peptide and the successful implementation
of this strategy could guide the aspect of metal—Af-induced
aggregation and disaggregation.

The AB1—40 peptide contains several binding sites with the
hydrophilic N-terminal amine, three His moieties at 6, 13, and
14 as well as four carboxylic acid moieties at 1, 3, 7, and 11.%
The hydrophilic N-terminal part of A1—40 is responsible for
binding the metal ions, namely, copper, zinc, and iron, which
are accountable for the modulation of Af aggregation and
neurotoxicity.” The redox active metal ions and cofactors
(heme) bind Af peptides and can produce harmful and
partially reduced oxygen species (PROS) under physiological
conditions.” ™" They also lead to the formation of soluble
cross-linked dimeric species of Tyrl0 repeatedly by oxidization
of the A peptide side chains.”””" This process further leads to
the formation of Af aggregates responsible for progressive
neurodegeneration in AD. Tyrosine (Tyr) is a crucial amino
acid for both conformation as well as probing the biological
activity of Af due to its emission in the visible region.”” >
Thus, to conform the binding of copper in Af peptide, the
fluorescence of Tyr was carefully followed, since its
fluorescence is quenched on binding Cu?', whereas the
fluorescence is retained on withdrawal of Cu®** from Ap
peptide.*
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Figure 3. (a) Aggregation of A#1—40 with Cu®" in the presence of ThT and disaggregation of A}1—40—Cu?" in the presence of FL (b) Aggregation
of AJ1—40—ThT emission peak at 487 nm shows insignificant change on adding FI. (c, d) CSF aggregates in the absence and presence of Cu’* ion
with ThT (pH 7.4 in 10 mM HEPES) showed emission peak at 487 nm (4., 440 nm) and disaggregation of CSF Af} aggregates observed in the

presence of FI (1., 440 nm, 31 nm shifted to 518 nm with FI).

B RESULT AND DISCUSSION

The indole-3-carboxaldehyde fluorescein hydrazone probe (FI)
synthesized in high yields (Figure 1)°" was selected as a
modulator or anti-AD molecule, since it possesses several
exceptional properties such as easy synthesis, very high aqueous
solubility, easy cell penetrability, high fluorescence quantum
yield, high molar extinction coefficient value, and most
importantly a biofriendly nontoxic fluorophore for the highly
selective “turn-on” detection of Cu?' jon. Hence, the
modulation or disaggregation of Af peptides, such as Ap fibrils
(with and without Cu**) and Af aggregates in real CSF and f5-
amyloid lysozyme aggregates (LA) (with and without Cu®"),
were studied in the presence of multifunctional FI to control
the AD progression as well as to develop a method that could
lead to the design and development of better therapeutic
alternatives for eflicient control and prevention of AD.

Tyrosine Intrinsic Fluorescence Assay. Since Tyrl0 is
located in the close proximity to the three histidine residues (6,
13, 14), it is expected to be involved in metal coordination,
thereby resulting in metal-induced chemical changes.”® Tyr10 is
the main fluorophore for the intrinsic fluorescence of Af1—40
and has been utilized to investigate the formation of a complex
between AB1—40 and Cu®* ions.””~®* The tyrosine intrinsic
fluorescence of Af1—40 is quenched when Cu’* ion binds to
the AP1—40 peptide, whereas the fluorescence is regained on
adding Cu?* ion chelators (FI).°*~** This transformation in the
tyrosine intrinsic fluorescence assay was utilized to exploit the
capability of FI for chelating Cu®" ions from AB1—40—
Cu’*aggregates.

The modifications in the fluorescence of Tyr10 (in AB1—40
sequence) were monitored (Figure 2) by adding 10 and 20 uM
Cu®* to 20 uM AB1—40 in 10 mM HEPES buffer (pH 7.4). On
adding 10 uM concentration of Cu’* ions into the AS1—40
solution, the fluorescence quenching of Tyrl0 at 305 nm
(Figure 2a, blue line) occurs rapidly due to the formation of
AB1—40—Cu** complex with the three His moieties at 6, 13,
and 14 as well as four carboxylic acid moieties at 1, 3, 7, and 11.
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Further addition of up to 20 uM Cu® to Af1—40 solution
resulted in nearly complete quenching of Tyrl0 fluorescence
(Figure 2a, green and red lines).”® The fluorescence quenching
of Tyr10 occurred due to the significant increase in the electron
density at the Cu®" center which further results in the charge
transfer to other groups in close proximity such as Tyrl0
residue. This interaction was expected to reduce the
fluorescence intensity upon Cu’* binding by facilitatin%
nonradiative energy transfer from the excited state of Tyr10.”
Metal Chelation from AB1-40—Cu?* Aggregates
Using FI Chelator. After 24 h incubation of the Af1—-40—
Cu®* complex, the probe FI was utilized to monitor the
chelation of Cu®" from the complex of AS1—40—Cu*"
aggregates. The quenched intrinsic fluorescence of Tyr regained
rapidly upon addition of FI (20 4M). The resulting enhanced
fluorescence intensity was compared with the fluorescence
intensity of Af—Cu®" alone to determine whether FI (as
chelator) could extract copper and/or modulate Af1—40—Cu**
aggregates (Figure 2b). In a typical experiment, the addition of
up to 20 uM FI to AB1—40—Cu®" aggregates resulted in the
Tyr fluorescence being regained completely (without incuba-
tion) since the interactions between Cu®* and Tyr OH were
disrupted (Figure 2b). To further validate the role of Cu®** ions
in Af1—40, the Ap—Cu—FI complex was excited at 465 nm
(0—42 h time incubations), resulting in a new and prominent
emission peak at 518 nm (Figure 2¢, d) corresponding to the
formation of FI—Cu®* complex (Figure 1). When excited at 465
nm, Af—Cu—FI did not show any emission in the range of
500—600 nm at 0 h (Figure 2¢, light blue line), indicating that
FI remains in spirolactam ring form but disrupts the Tyr OH
interactions with Cu?* ions. After incubation (0—42 h), when
the AB—Cu—FI complex was excited at 465 nm, Cu** induced
the spirolactam ring opening of FI with a significant “turn-on”
fluorescence response at 518 nm and a highly bright green
fluorescence (Figure 2c, d; 0—42 h) was observed. The
apparent binding constant for the formation of the respective
complexes was evaluated using the Benesi—Hildebrand (B—H)
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plot and was estimated to be 6.33 X 10* M™' by the emission
spectral changes at 518 nm (Figure S1). However, in the
present study, the probe FI had a major influence on the Tyr
fluorescence of Af1—40—Cu®* aggregates (Figure 2b). These
results indicate that FI was able to chelate metal ions from
metal-bound Af species to different extents. When similar
experiments were performed with FI (20 uM) and Af self-
aggregates (without Cu®), no significant “turn-on” fluores-
cence response at 518 nm (Figure 2e, 0—60 h) occurred.
Moreover, we also performed control experiments to chelate
metal ion from AS1—40 (20 uM) + Cu®* (20 uM) aggregates
by nonfluorescent metal chelator (EDTA 2 equiv), while
monitoring Tyr fluorescence at 305 nm. No significant
dequenching was observed by EDTA (Figure S2) as compared
to the probe FI which confirms that FI has a stronger affinity
for Cu®" as compared to Af1—40. Thus, the probe FI could
retrieve Cu®* from A1—40 and modulate the Af aggregates.
Finally, these studies confirm the superiorr performance of FI
as compared to the previously reported metal chelators.”*~"°

Thioflavin T (ThT) Assay. ThT is one of the most widely
used fluorescent dyes to identify AB fibrils.”"’> A gradual
enhancement of emission peak at 487 nm (Figure S3a)
occurred (0—40 h incubation time, 4,, 440 nm) on addition of
monomer A1—40 to ThT (20 uM), signifying the formation
of Ap fibrils. The fluorescence intensity of ThT increased on
binding Af fibrils due to the changes in the rotational freedom
of the C—C bonds between the benzothiazole and aniline
rings.”> On monitoring the ThT assay in the presence of Cu®*
ions, the emission peak enhancement (487 nm) saturated after
12 h, which confirmed the formation of metal induced Af
aggregates (Figure S3b). The formation of Af1—40 aggregates
in the absence of Cu** was lesser (Figure S3a) compared to
that in the presence of Cu?*.”>~"° The presence of Af fibrils in
CSF was also confirmed by ThT fluorescence enhancement
(487 nm; Figure S3c).”®

The Ap peptide monomers are known to be less toxic.
When Cu** ions interact with Af} peptides, they promote their
aggregation into neurotoxic Apf fibrils.”™"® Hence, the
modulation and disruption of metal-Af interaction can
significantly influence the AD progression. To establish this
metal chelation behavior and disaggregation of Ap fibrils by FI,
in vitro experiments using ThT assay (Figure 3) were
performed. Probe FI containing Cu—Af1—40 complex was
31 nm red-shifted from the 487 nm emission peak of AB-ThT
to 518 nm (which is the emission peak of FI-Cu** complex)
after 12 and 36 h incubation at 37 °C (Figure 3a, orange and
green lines). This 31 nm red-shifted emission once again
confirms that probe FI has the ability to chelate Cu** ions from
the complex of Cu—Ap1—40 aggregated fibrils. This result also
strongly supports the metal chelation hypothesis which
confirms that trapping Cu®** ion from aggregated Af1—40—
Cu®* complex using FI frees the ion binding sites of Af1—40
peptides and modulates the Cu®* induced AfJ1—40 aggregation.
Further, the probe FI with AB1—40 self-aggregates also showed
a new emission peak at 518 nm with the emission of AS-ThT at
487 nm after 12 and 36 h incubation at 37 °C (Figure 3b,
orange and green lines) which was less prominent as compared
to that occurring in the presence of Cu®" due to the
noncovalent interactions between FI and Af fibrils, namely,
H-bonding or weak aromatic interactions.””~”° Furthermore,
we performed additional control experiments to disaggregate
AB1—-40—Cu®* aggregates by nonfluorescent metal chelator
(EDTA 20 uM), while monitoring the ThT fluorescence at 487
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nm, which showed ~20% quenching by EDTA (Figure S4) that
was insignificant as compared to the probe FI since FI showed
“turn-on” red-shifted emission at 518 nm on metal chelation.

CSF is one of the main pathological biomarkers produced in
the brain and analyzed routinely for neurological disor-
ders.*™® Hence, CSF samples were evaluated to ascertain
the presence of Af and metal deposits in it and further examine
the practical role of FI in the homeostasis process. This
experiment was designed to find a superior approach to
disaggregate the f-sheets rich A aggregates and also to prevent
their reaggregation. Since these experiments were performed
using real CSF samples, we tested the Af peptide aggregation
and the presence of fibrils in it by ThT fluorescence
enhancement study in the absence and presence of Cu®*
(Figure 3c, d, blue lines). The CSF samples were confirmed
to have aggregated fibrils (Figure 3c, blue line and $3¢).”° On
addition of external Cu?* (20 uM) (incubation for 12 h), the
emission peak at 487 nm enhanced significantly (Figure 3d,
blue line) due to the formation of excess Af aggregation in the
presence of Cu®". When FI was added into CSF—Cu?* complex
in the presence of ThT, the emission peak at 487 nm was red-
shifted by 31 to 518 nm which is the emission peak of FI—Cu*"
complex (Figure 3d orange and green lines correspond to 12
and 36 h).

These results validate the multiple ability of probe FI to
strongly chelate the Cu®*" ion present within the CSF—Cu
complex as well as disaggregate the Af fibrils (Figure 3d). The
FI mixed real CSF (without external Cu) sample also showed
the emission peak at 487 nm corresponding to Af—ThT. This
487 nm peak was also 31 nm red-shifted to 518 nm as above,
which is the emission peak of FI—Cu complex due to the likely
presence of Cu** ions in the real CSF sample and their
chelation by FI (Figure 3¢, orange and green lines correspond
to 12 and 36 h). Thus, multiple tasks such as modulation of A
peptides, disaggregation or disruption of Ap fibrils by
abstracting Cu®* ion from CSF, and preventing them from
reaggregating was demonstrated with FI and which has not
been perceived to date with any other class of probes or
materials. Further, this small molecule probe FI along with ThT
was also screened to identify newer lead compounds that could
modify the Af—Cu aggregates or Af self-aggregates. In order to
determine the influence of FI binding with Af—Cu aggregates
and Ap self-aggregates, the fluorescence changes of ThT in the
presence of Afi—Cu aggregates and Af self-aggregates with FI
(Figure 3) were monitored. Notably, the ThT fluorescence
intensity with FI in the presence of Af—Cu aggregates is much
lower than that without FI and/or Ap self-aggregates with FI
(Figure 3). After 36 h incubation of FI with Af-Cu aggregates
and ThT, followed by excitation at 440 nm, the ThT emission
maximum at 487 nm disappeared since there was a strong FI
emission at 518 nm (Figure 3) due to the metal chelation as
well as by the consistent energy transfer from donor ThT to
acceptor FI (FRET).*" The spectral overlap was confirmed
from the emission spectra of ThT dye in the presence of A-Cu
aggregates and the excitation spectra of FI (Figure SS). Finally,
the observed spectral overlap results confirm that the “turn-on”
fluorescence or red-shifted emission band appearing at 518 nm
were due to the formation of FI—Cu?** complex (Figure S5).**
Similarly, the experiment was also repeated with Af self-
aggregates by following ThT fluorescence with FI. When the
AP self-aggregate was incubated with FI in the presence of ThT
and excited at 440 nm, the ThT emission maximum at 487 nm
does not disappear like in the case of AB-Cu aggregates, but the
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Figure 4. (A) Modulation or disaggregation of A1—40—Cu*" aggregates by FI: (a) UV—vis spectra of AB1—40 (20 uM) (red curve) and the
formation of Af1—40—Cu’* aggregates in the presence of Cu** (20 uM) (blue curve). Disaggregation of Af1—40—Cu’* aggregates with FI (0.5 and
1 equiv) was monitored using UV—vis spectra after 24 h incubation time, with the appearance of new “turn-on” enhancement peak obtained at 492
nm. (b) UV—vis spectra of AB1—40 (20 uM) (red curve) and the changes of Af1—40 aggregates with FI (1 equiv) were monitored by using UV—vis
spectra after 0 (green curve) and 24 h (blue curve) incubation time, and no significant changes were obtained at 492 nm. (c) UV—vis spectra of FI
(20 uM) (blue curve) and the formation of FI-Cu** complex in the presence of Cu®* (20 yM) (green curve) showed the appearance of a new “turn-
on” enhancement peak obtained at 492 nm after 24 h incubation time. (B) (a) Hydrodynamic particle size (d, nm) of the molecular species of FI and
FI-Cu®" complex was determined by dynamic light scattering. (b, c¢) Hydrodynamic particle size (d, nm) of the aggregated A peptides (Af 1—40,
CSF) and disruption or disaggregation of Af peptides (Aff 1—40, CSF) in the absence and presence of Cu®* with and without FI in aqueous solution
measured by dynamic light scattering.
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Figure 5. (A) Lysozyme aggregated amyloid fibrils and plaques in the absence and presence of Cu?* with ThT (pH 7.4 in PBS) showed emission
peak (blue line) at A, 487 nm (4., 440 nm). (B) (a, c) SEM images of the morphologies of lysozyme aggregated fibrils (absence of Cu?* ion) and
aggregated amyloid plaques in the presence of copper ions (20 uM). (b, d) Lysozyme aggregated fibrils and aggregated amyloid plaques are
disaggregated in the presence of modulator FI (20 uM).

energy transfer from donor of ThT to acceptor FI (Figure 3b) spirolactam ring opening of the xanthene moiety because of the
was as expected. formation of FI—Cu®" complex by metal chelation. Further, a

UV-Vis Spectroscopy Study for the Modulation of Ag similar experiment performed with Af self-aggregates (without
Aggregates and Metal Chelation Confirmation. The Cu?") in the presence of FI (20 uM), showed no response at

retrieval of Cu®* from A1—40—Cu*" aggregates was confirmed 492 nm (Figure 4A, b). For the control studies, we performed
by UV—vis spectroscopy (Figure 4A, a—c) via formation of FI an experiment between FI and free Cu®* and the absorbance
+Cu?* complex.*> The enhanced absorbance of Af (20 uM) + behavior of FI was investigated before and after the addition of

Cu* (20 uM) aggregates (1:1) was obtained at ~264 nm Cu®* (Figure 4A, c). The maximum absorption band at 342 nm
which is 8 nm blue-shifted from the 272 nm of Af peptides due was obtained for FI in its closed-ring form. Upon addition of
to the charge transfer mechanism (Figure 4A, a). The Cu®* (20 uM) into FI (20 uM) (1:1), a new absorption band

absorbance behavior of FI (10 and 20 M) in the presence appeared at 492 nm, accompanied by a change in the color
of AB—Cu®" aggregates (1:1) was subsequently investigated from colorless to green which represents the open spirolactam
after 24 h incubation. The wavelength of absorption of the ring form of the xanthene moiety. Such a huge ~150 nm Cu*'-
closed-ring form of FI at 342 nm clearly vanished and a new induced absorption shift could be attributed to the high
absorption band appeared at 492 nm due to the formation of conjugation and planarity of the indole moiety of FI with the
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Figure 6. (A) AFM images of the morphologies of FI, Af1—40, and CSF fibrils (top left to right). Modulation or disaggregation effect of Af
aggregates were observed by FI mixed A1—40 in the absence and presence of Cu** and the modulation of CSF aggregates also observed in the
presence of FI (bottom left to right) (samples incubated for ~36 h). (B) Optical microscopy images of FI, -sheet rich spherical images of Af1—40,
and CSF Ap aggregates (Top left to right). Modulation or disaggregation effects of A} aggregates were detected by FI mixed Aff1—40 in the absence
and presence of Cu®* and FI mixed CSF (bottom left to right) (samples incubated for ~36 h). (C) FT-IR spectra of f-sheet rich A1—40 fibrils
(black); pink, green, and blue lines indicate random coil structures of AB1—40—FI, AB1—40—Cu**—FI, and CSF—FI, respectively. (D)
Disaggregation of f-amyloid LA was detected by fluorescence microscopy: (a—c) bright field images of LA—=ThT, LA—Cu**—FI and LA—FI after 2 h
incubation with U87 MG Human astrocytes cells. (d) Cells treated with f-sheet rich LA with ThT show fluorescence after 2 h incubation. (e)
Fluorescence detected for the cells treated amyloid-f3 LA in the presence of Cu®* with FI after incubation for 2 h. (f) No fluorescence was observed
for amyloid- LA with FI in the presence of Cu®* after 2 h incubation (excitation at 460 nm).

binding sites which favors maximum negative charge
distribution of the deprotonated receptor in the presence of
Cu2+.57

DLS Study to Determine the Size of Aggregated and
Disaggregated or Modulated Form of Amyloid Aggre-
gates. To determine the size of FI with aggregated Af peptides
(Ap1—40, CSF) and disaggregation or disruption of Af
peptides (Af1—40, CSF) in the absence and presence of
Cu?" in aqueous solution, DLS measurements were performed
on these samples. These experiments provided vital clues to
arrive at a conclusion that FI could accelerate the
disaggregation or disruption of Af peptides (A 1—40, CSF)
in aqueous solution as shown in Figure 4B, a—c. The control
experiments confirmed that the hydrodynamic particle diameter
of AB1—40 (530 + 70 nm), AS1—40—Cu** (615 + 100 nm),
and A peptides in CSF (712 + 100 nm) were bigger in size as
compared to the complex of FI-Af1—40 (295 + 50 nm), FI—
AB1—40—Cu?* (295—340 nm), FI-CSF (295 + 50 nm), and
FI-CSF—Cu** (255—295 nm). Therefore, these results further
validated that rapid and efficient disruption or disaggregation of
A peptide aggregates (Af1—40, CSF) could be achieved
efficiently by the introduction of FI in the presence as well as
the absence of Cu** (Figure 4B, a—c).

Preparation and Modulation of Lysozyme Af Ag-
gregates. Large aggregated Ap fibrils were obtained by heating
lysozyme solution for S days (10 mg in 1 mL) at pH 2, 65 °C.
The process of lysozyme fibrillation was confirmed by ThT
binding assay where ThT is a commonly used to detect Af
since it is reported to bind specifically to the characteristic f-
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sheet structure of Af fibrils (Figure S). Morphologies of the
formation of LA fibrils without Cu** and aggregated Af plaques
with Cu®* were detected by electronic microscopy images
(SEM). For the modulation of LA fibrils and aggregated Af
plaques, 20 uM of lysozyme aggregated fibrils (10 mM PBS, pH
7.4) were incubated without and with Cu** (20 uM) in the
presence of FI (20 uM) at 37 °C for 2 days. These results
demonstrated that FI treated lysozyme aggregated plaques and
the Ap fibrils were disaggregated or modulated completely due
to the metal chelation and noncovalent interactions by FI.
Confirmation Studies of Aggregation and Disaggre-
gation or Modulation of Af Aggregates. Morphological
evidence for the disaggregation and modulation of Af1—40
fibrils and Cu®"-Af1—40 aggregation in the presence of FI
(Figure 6A) was obtained by AFM images. As demonstrated,
AP1—40 aggregates showed well-defined Af fibrils after 36 h
incubation at 37 °C. The existence of matured aggregated Af
fibrils in CSF was also confirmed by AFM images (Figure 6A).
Further, in the presence of FI, the Cu*" induced AfS1—40
aggregates were disaggregated completely due to the metal
chelation by FI from the AS-Cu®** complex.**™® The same
experiment when performed using CSF Ap fibrils in the
presence of FI confirmed that the aggregated fibrils from the
CSF were also disaggregated due to the metal chelation (Figure
6A). The AFM images obtained after the modulation
experiments display completely different morphology unlike
the Ap fibrils (Af1—40 and CSF). Surprisingly the probe FI
disaggregated and modulated the Af self-aggregated fibrils even
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in the absence of Cu®" ions, due to the noncovalent interactions
between FI and Af fibrils.”"~"*

The polarized optical microscopy (POM) images (Figure
6B) demonstrated that aggregated Aff1—40 and CSF showed
presence of spherical Af aggregates. These spherical aggregates
of Aff1—40, when incubated with FI for 36 h, in the absence as
well as in the presence of Cu** and CSF mixed FI sample
(Figure 6B), get disaggregated completely, confirming the
ability of FI to convert Af aggregates into disaggregated forms.

The transformation of Af1—40 secondary structure was also
examined by FT-IR spectroscopy (Figure 6C). The presence of
a major band at 1629 + 2 cm™ indicates the parallel f-sheet
conformation of Af1—40 aggregates (Figure 6C, black
line).”>™”” The FT-IR spectra of FI mixed with fS-sheet rich
AB1—40 fibrils and with Af1—40—Cu?* are shown as pink and
green lines respectively (Figure 6C). The parallel f-sheet
conformation of Af}1—40 was transformed into the random coil
conformation due to the structure modulation and metal
chelation of Af1—40—Cu’* with FI, as illustrated by a major
band at 1644 + 2 cm™". Similarly, CSF on incubation with FI
for 36 h shows a major band at 1644 cm™" confirming that FI
converts f-sheet rich Af-aggregates in CSF into modulated
random coil conformations (Figure 6C, blue line).

To establish whether FI can disaggregate and modulate the
intracellular A aggregates, we monitored the intracellular A
accumulation in U87 MG human astrocyte cells that had been
loaded with Af3 LA overnight followed by treatment with Cu*"/
FI mixture. The cells treated with A LA and stained with ThT
shows bright green fluorescence in cell imaging experiments
(Figures 6D, S6). As a control, the Af§ LA spread throughout
the cells,”®®” when treated without and with Cu®* ions showed
no green fluorescence of A LA in the absence of ThT (Figure
S7). The FI treated cells also did not show green fluorescence
in intracellular A LA without Cu’* ions but in the presence of
Cu®* the A LA showed green “turn-on” fluorescence due to
the spirolactam ring opening of FI, proving that Cu** was
chelated by FI and is in agreement with the in vitro experiments
and the ThT assay results (Figures 6D, S6, and S7). This result
also proves that disaggregation or disruption of Af fibrils was
possible by abstracting Cu** ion from Af LA using FI probe in
intracellular condition which is a major advancement for AD.
Thus, FI has the exceptional ability to perform multiple tasks of
metal chelation in aggregated Af LA in cellular environment
and most importantly the disruption of f-sheets rich Ap
aggregates into disaggregated forms. Furthermore, FI also
prevented their reaggregation into toxic forms which is one of
the most crucial properties of a probe or a therapeutic agent to
stop recurring of AD.

Cell Viability Assays. Endothelial cells were harvested from
culture plate, and 25 000 cells were seeded per well in a 96-well
plate. Twelve hours later, cells were treated with different
concentrations of FI (0—200 M) for 12 h (Figure S8). The
dose dependent toxicity of FI was observed at various time
points by the standard MTT assay. After 12 h exposure of FI
(100 uM) to cells, less than 5% inhibition of cell growth was
observed. However, at 200 uM concentration, the cells
experienced ~15% toxicity. This observation led to utilization
of 100 uM FI for the endothelial monolayer permeability assay.

Endothelial Monolayer Permeability Assays. FI medi-
ated disaggregation of Ap fibrils were also studied in a cellular
environment. These fibrils are formed and accumulated within
brain neuronal cells during AD and the brain cells remain
protected by the blood-brain barrier (BBB). To act against the

1886

Ap fibrils, this FI had to cross the BBB. Therefore, to examine
the BBB crossing ability of FI, a monolayer of human
endothelial cells, EAhy926, was used as an in vitro BBB
model."*'" Prior to the BBB permeability assay, cytotoxicity
of FI to endothelial cells was assessed (Figure S8) and a
noncytotoxic concentration of 100 uM of FI was used to check
in vitro BBB crossing ability as described in the Methods. The
post experimental analysis revealed that, during the first hour,
the obtained level of FI in the lower chamber was ~65% + 1.
Later, the level of FI increased with time and reached maximum
~94% + 2 at 4 and 6 h (Figure 7). During this period, the

0 1 2 3 4 RS

100

2 3 4

Time (Hr)

Figure 7. FI can cross the endothelial monolayer barrier: Endothelial
cells were plated on 3 puM polycarbonate transwell membrane in
DMEM supplemented with 10% FBS and allowed to grow to
confluence. FI (100 uM) solution prepared in complete media was
added in the upper chamber, and after every 1 h media (~1 mL) was
collected from the lower chamber and level of FI was quantified by
fluorescence spectroscopy (excitation at 342 nm). The morphology of
the endothelial monolayer during the experiment was observed with
an inverted microscope TS100 attached to high resolution camera and
given in the inset.

5 6

cellular morphology remained unchanged and no visible cellular
damage or death was observed (inset, Figure 7). Thus, the
observation of in vitro endothelial monolayer permeability
model directly indicated that FI can across BBB.

B CONCLUSION

In summary, the disruption, modulation, and elimination of Af
fibrillar plaques along with metal ions such as Cu(II), Fe(I],
III), and Zn(II) are very vital for the prevention of several
neurological disorders. Development of metal chelating probes
that can selectively bind metals lying deep within the Ap
plaques, CSF, or larger systems such as A LA and competitive
cellular environment have never been attempted previously.
This multiple approach would have immense impact on the
etiology of AD and help in developing newer AD therapeutic
strategies. The simple indole-3-carboxaldehyde fluorescein
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hydrazone (FI) probe was nontoxic up to a concentration of
100 M and was observed to have endothelial monolayer
permeability, confirming its ability to cross the blood-brain
barrier. FI performs multiple tasks of disaggregating and
modulating the Af aggregates in the absence and presence of
Cu®" in Ap fibrils, CSF, and A LA in U87 MG human
astrocyte cells and prevents them from aggregating again. Most
importantly, FI effectively modulated the assembly of metal-free
Ap aggregates also by noncovalent interactions over and above
its exceptional ability to bind Cu®*" and disrupt the metal-
induced Af aggregates. This metal chelation resulted in the
“turn-on” fluorescence of FI probe via spirolactam ring
opening. Although intracellular disaggregation of Af fibrils in
presence as well as absence of cupric ions is demonstrated in
multiple environments by FI, more research is required to
improve our understanding on the role of copper and other
metals in the pathogenesis of AD and neurologic disorders
which would help to envision and design better therapeutic
molecules to influence the amyloidogenesis.

B METHODS

Materials. All the reagents and chemicals were purchased from
Aldrich Chemicals, Merck, or Ranbaxy (India) and were used as
received. Milli-Q water and HPLC grade solvents were used in all the
experiments. Solvents were degassed using three freeze—thaw cycles or
flushed with nitrogen for at least 1 h prior to use when necessary. -
Amyloid (1—40), human, was purchased from G L Biochem Ltd,,
Shanghai, China. The cerebrospinal fluid (CSF) samples were gifted
by Guwahati Neurological Research Center and Hospital, Guwahati,
India and were obtained as part of routine care from patients.
Nonetheless, information on explaining the purpose of this study was
specified at the time of sample collection adhering to the bioethics
policy of the hospital.

Instrumentation. UV—vis absorption spectra were recorded on a
PerkinElmer Lambda-25 spectrometer. Fluorescence spectra were
carried out on a Varian Cary Eclipse spectrometer. A 10 mm X 10 mm
quartz cuvette was used for solution spectra, and emission was
collected at 90° relative to the excitation beam. A Leica polarizable
optical microscope was used to image the aggregation and disruption
studies. A Nikon Eclipse 80i microscope was used to study the
fluorescent images. FT-IR spectra were recorded on a PerkinElmer
spectrometer with samples prepared as KBr pellets. A fresh glass slide
was used for every experiment. Deionized water was obtained from a
Milli-Q system (Millipore). SEM images were investigated by scanning
electron microscopy (SEM) on a LEO 1430vp instrument operated at
8—10 kV. Atomic force microscopy (AFM) was recorded on an
Agilent instrument, model 5500 series, with noncontact mode. DLS
were measured using a Zetasizer Nano series Nano-ZS90 instrument.
The POM images were obtained on a Leica DM 2500P microscope.

Preparation of Fl Stock Solution. The ligand FI stock solution
was prepared at the concentration of 1.0 X 10~ mL™" in 10 mL
DMSO. This stock solution was diluted to desired concentration for
each titration in 3 mL cuvette.

Preparation of HEPES Buffer Solutions. All the UV—visible and
fluorescence titrations were performed in 10 mM HEPES buffer and
pH maintained at 7.4 by using 4 M NaOH or S M HCI solution.

TFA/HFIP Treatment of Af (1-40). Ap (1-40) was
disaggregated using trifluoroacetic acid/1,1,1,3,3,3-hexafluuor-2-prop-
anol (TFA/HFIP) by an established method (references mentioned in
the Supporting Information). The amount of 0.5 mg of Af (1—40)
was added to a 2.5 mL eppendorf tube and dissolved in TFA to obtain
a homogeneous solution free of aggregates. TFA was then evaporated
using argon gas. Any leftover TFA was further removed by adding
HFIP followed by evaporation using an argon gas flow to obtain a film
like material. This process was repeated twice. To the eppendorf tube,
2.5 mL of HEPES (10 mM, pH 7.4) was added followed by sonication
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and vortexing to obtain a final concentration of 4.6 X 10~* M. Fibril
formation was monitored using a ThT binding assay.

ThT Binding Assay. ThT fluorescence was measured with
fluorescence excitation at 440 nm and emission detection at 487
nm. The 20 uM concentration of Af1—40 and ThT (20 uM) was used
in all the experiments. The concentration of 20 uM Cu®* and FI
solution were used where needed for the experiments. The sample was
prepared in a final volume of 600 L in HEPES (10 mM, pH 7.4) and
kept for incubation at 37 °C in water bath.

Tyrosine Fluorescence Spectroscopy. The 20 yM concen-
tration of Af1—40 and 10 or 20 uM Cu** and FI solution were used
where needed for the experiments. The sample was prepared in the
final volume of 600 L in HEPES (10 mM, pH 7.4) and dequenching
sample kept at incubation for 48 h at 37 °C in water bath.
Fluorescence measurements were performed in a 1 mL quartz
fluorescence cuvette with excitation at 274 nm (slit 10 nm) and
emission detection at 305 nm (slit 10 nm) in 10 mM HEPES buffer
(pH 7.4). Tyrosine fluorescence spectroscopy was used to monitor the
binding of Cu** to AB1—40. It is well established that Cu®* binds to
ApB1-40 and quenches the tyrosine fluorescence.

Confirmation of CSF Af Aggregates Using ThT Binding
Assay. The existence of Af fibrils in CSF was confirmed by the
addition of CSF sample up to 100 uL solution (20, 50, and 100 uL)
into ThT (20 uM) solution (pH 7.4 in HEPES) to observe a
enhancement in the fluorescence intensity of ThT at 487 nm
validating strongly the existence of aggregated Ap fibrils in the CSF
sample.

Sample Preparation for Atomic Force Microscopy (AFM)
Images. Morphologies of A1—40 and CSF aggregates were studied
by AFM. Af1—40 peptides (20 uM) in buffer solution (10 mM
HEPES, pH 7.4) were incubated with and without Cu** (20 uM) as
well as in the presence and absence of FI (20 uM) at 37 °C for 2 days.
Further, all the solutions were separately diluted by 10 times, and then
from the diluted solutions 5 pL of the sample was mounted onto the
freshly cleaned glass slide for 12 h incubation, gently rinsed with
deionized water, and dried at room temperature overnight and then
AFM was recorded on an Agilent instrument, model 5500 series, with
noncontact mode.

FTIR Sample Preparation. Af1—40 peptides (20 uM) in buffer
solution (10 mM HEPES, pH 7.4) were incubated with or without
Cu?* (20 uM) and in presence or absence of FI (20 uM) at 37 °C for
2 days. A volume of 10 L of the sample was mounted onto the freshly
cleaned glass slide for 12 h incubation, gently rinsed with deionized
water, and dried at room temperature overnight, and then FT-IR
spectra recorded on a PerkinElmer spectrometer with samples
prepared as KBr pellets.

Polarized Optical Microscopy Study. Images of Af1—40 and
CSF aggregates were detected by optical microscopy. AS1—40
peptides (20 yM) in buffer solution (10 mM HEPES, pH 7.4) were
incubated with and without Cu®* (20 uM) as well as in the presence
and absence of FI (20 uM) at 37 °C for 2 days. Samples were prepared
by spreading 30 uL of each solution on a glass slide and then
incubating at room temperature for 48 h. Then images were observed
for all the incubated samples under a Leica DM 2500P microscope.

Preparation of Lysozyme Fibrils. The amyloid fibrils were
obtained by heating lysozyme solution (10 mg in 1 mL) in pH 2 at 65
°C for S days. The process of lysozyme fibrillation was confirmed by
ThT binding assay, where ThT is commonly used as an amyloid
detector as it is reported to bind specifically to the characteristic -
sheet structure of amyloid fibrils.

SEM Images of Lysozyme Aggregated (LA) Fibrils and
Amyloid Plaques. Morphologies of the formation of LA fibrils
without Cu®* and aggregated amyloid plaques with Cu®* were detected
by SEM. For the modulation of LA fibrils and aggregated amyloid
plaques, 20 uM lysozyme aggregated fibrils (10 mM PBS, pH 7.4) was
incubated without and with Cu®* (20 uM) in the presence of FI (20
uM) at 37 °C for 2 days. Result show that FI treated lysozyme
aggregated plaques and fibrils were disaggregated or disturbed due to
the metal chelation and noncovalent interactions by FIL
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Cell Culture and Treatment. U87-MG cell line was procured
from NCCS, Pune. Cells were cultured in Dulbecco’s modified Eagle’s
media (DMEM) (Sigma, St. Louis, MO), supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin—streptomycin antibiotic (100
units/mL penicillin and 100 pg/mL streptomycin sulfate) and grown
at 37 °C in a humidified 5% CO, incubator. On the day of the
experiment, cells were washed with PBS and loaded with f-amyloid
lysozyme aggregate (LA) (1 mg in 1 mL). All wells were washed with
PBS at least two times and treated with Cu** (50 M) for 1 h. Cells
were washed again with PBS three times and treated with FI (100 uM
and 400 M) for 1-2 h. To detect LA inside the cells, all samples were
treated with ThT (100 pg/mL) for 1 h. Cells loaded with lysozyme
solution (1 mg in 1 mL) serves as a negative control.

Fluorescence Microscopic Detection and Disaggregation of
Lysozyme Aggregated (LA) Fibrils and Amyloid Plaques. Each
coverslip containing cells was fixed in 4% paraformaldehyde at 37 °C
for 30 min, mounted, and observed under fluorescence microscopy.
Cells loaded with $-amyloid LA gave intense fluorescence signal at 350
and 485 nm when cells were treated with FI/Cu?* mixture from 1 to 2
h. The fluorescence intensity increased significantly over time of
exposure of the probe to copper ions inside the cells containing
lysozyme fibrils.

Cell Viability Assays. DMEM-high glucose (D5648-sigma), FBS
(RM10432-Himedia), Thiazolyl Blue Tetrazolium Bromide (M2128-
Sigma), DMSO (61857105001730-Merck), and Whatman filter paper
42 (1442-125, GE Healthcare). Human endothelial cells (EAhy926)
were purchased from ATCC and cultured in DMEM high glucose
media containing 10% FBS.

Endothelial cells were harvested from culture plate, and 25 000 cells
were seeded per well in 96-well plates. Twelve hours later, cells were
treated with different concentration of FI (0 to 200 zM) for 12 h. Cell
viability was assessed by following the standard MTT assay protocol.
The formed formazone crystals were measured at 570 nm by using the
Spectromax M2e microtiter plate reader.

Endothelial Monolayer Permeability Assays. The immortal-
ized endothelial cells (EA.hy926) were plated on 3 ym polycarbonate
transwell membranes in DMEM supplemented with 10% FBS. After
reaching confluence, the media in the upper chamber was removed
and the complete media containing FI (100 M) was added to the
upper well. The media was collected at different time point intervals
(1-6 h) to quantify the FI compound level by using fluorescence
spectroscopy and simultaneously images were collected (1—6 h) by
using a Nikon TS100 microscope.
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