
Citation: Nguyen, N.K.; Poduska, B.;

Franks, M.; Bera, M.; MacCormack, I.;

Lin, G.; Petroff, A.P.; Das, S.; Nag, A.

A Copper-Selective Sensor and Its

Inhibition of Copper-Amyloid Beta

Aggregation. Biosensors 2024, 14, 247.

https://doi.org/10.3390/

bios14050247

Received: 11 April 2024

Revised: 29 April 2024

Accepted: 11 May 2024

Published: 14 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biosensors

Article

A Copper-Selective Sensor and Its Inhibition of Copper-Amyloid
Beta Aggregation
Ngoc Kim Nguyen, Bella Poduska, Mia Franks , Manoranjan Bera , Ian MacCormack, Guoxing Lin ,
Alexander P. Petroff, Samir Das and Arundhati Nag *

Carlson School of Chemistry and Biochemistry, Clark University, 950 Main Street, Worcester, MA 01610, USA;
lekimberly99@gmail.com (N.K.N.); bpoduska@clarku.edu (B.P.); mgfranks@usc.edu (M.F.);
mbera@clarku.edu (M.B.); imaccormack@clarku.edu (I.M.); glin@clarku.edu (G.L.); apetroff@clarku.edu (A.P.P.);
samdas@clarku.edu (S.D.)
* Correspondence: anag@clarku.edu

Abstract: Copper is an essential trace metal for biological processes in humans and animals. A
low level of copper detection at physiological pH using fluorescent probes is very important for
in vitro applications, such as the detection of copper in water or urine, and in vivo applications,
such as tracking the dynamic copper concentrations inside cells. Copper homeostasis is disrupted in
neurological diseases like Alzheimer’s disease, and copper forms aggregates with amyloid beta (Ab42)
peptide, resulting in senile plaques in Alzheimer’s brains. Therefore, a selective copper detector probe
that can detect amyloid beta peptide-copper aggregates and decrease the aggregate size has potential
uses in medicine. We have developed a series of Cu2+-selective low fluorescent to high fluorescent tri
and tetradentate dentate ligands and conjugated them with a peptide ligand to amyloid-beta binding
peptide to increase the solubility of the compounds and make the resultant compounds bind to
Cu2+–amyloid aggregates. The copper selective compounds were developed using chemical scaffolds
known to have high affinity and selectivity for Cu2+, and their conjugates with peptides were tested
for affinity and selectivity towards Cu2+. The test results were used to inform further improvement of
the next compound. The final Cu2+ chelator–peptide conjugate we developed showed high selectivity
for Cu2+ and high fluorescence properties. The compound bound 1:1 to Cu2+ ion, as determined
from its Job’s plot. Fluorescence of the ligand could be detected at nanomolar concentrations. The
effect of this ligand on controlling Cu2+–Ab42 aggregation was studied using fluorescence assays and
microscopy. It was found that the Cu2+–chelator–peptide conjugate efficiently reduced aggregate size
and, therefore, acted as an inhibitor of Ab42-Cu2+ aggregation. Since high micromolar concentrations
of Cu2+ are present in senile plaques, and Cu2+ accelerates the formation of toxic soluble aggregates
of Ab42, which are precursors of insoluble plaques, the developed hybrid molecule can potentially
serve as a therapeutic for Alzheimer’s disease.

Keywords: Cu-amyloid beta; non-amyloid aggregate inhibition; fluorescent copper chelator

1. Introduction

Copper is an essential element in organisms [1,2] and many cytosolic [3], mitochon-
drial [4], and vesicular [5] enzymes require copper ion (Cu2+ or Cu1+) as a cofactor for their
activities [6]. Therefore, the detection of copper ions has been a significant topic of research,
both in vitro, such as the detection of Cu2+ in water [7] or urine [8], and in vivo, such as
tracking the dynamic copper ion movement inside cells [9]. Fluorescent sensors [10–12]
have been widely used for detecting and monitoring Cu2+ due to their high biocompatibil-
ity [13]. Copper has also been recently detected by peptide sensors such as the dipeptide
Trp-Phe [14], the human Gly-His-Lys peptide [15], and peptide sensors discovered through
peptide library screening such as Ser-Ala-Gln-Ile-Ala-Pro-His [16].

Copper homeostasis is essential for maintaining normal brain functions [17], and dys-
regulation of copper homeostasis is seen in neurodegenerative diseases such as Alzheimer’s
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disease (AD) [18]. Cu2+ is found in high concentrations in senile plaques, which comprise
amyloid-β (Ab) peptides aggregated to form β-sheet rich fibrils. Ab peptides are generated
from the amyloidogenic cleavage pathway of amyloid precursor protein (APP), due to
sequential action of membrane-bound β- and γ-secretases on APP. The β-secretase cleaves
the APP extracellular domain, generating a membrane-tethered β-C-terminal fragment of
APP [19]. This transmembrane β-C-domain is cleaved by γ-secretase to generate the Ab
peptides ranging in length from 38 to 43 residues [20]. The Ab42 variant is more hydropho-
bic and prone to fibril formation than Aβ40. Cu2+ can bind Ab and thus modulate the
aggregation process [21]. Ab bound to redox-active metal ions such as Cu2+ are considered
more toxic since they can produce reactive oxygen species (ROS), damaging the surround-
ing biomolecules [22]. Metals such as Zn2+ and Cu2+ form salt bridges predominantly
through a His13-metal-His14 coordination and bridge with His6 [23]. Cu2+ has been shown
to bind to His with greater affinity than Zn2+ and significantly stabilizes Ab aggregates [24].
The reduction of Cu2+–amyloid complexes to Cu1+–amyloid complexes produces hydrogen
peroxide, leading to the synthesis of pro-apoptotic lipid peroxidation products, which, in
turn, induces neuronal cell death in AD [25]. Therefore, designing bifunctional ligands
that can inhibit Ab aggregation and target metal homeostasis is an attractive strategy that
has been explored [26,27]. However, the reported ligands do not have intrinsic fluorescent
properties or selectivity for Cu2+ and adding a fluorescent dye to a small ligand can sig-
nificantly change its character and how it interacts with biomolecules. Here, we report on
developing a fluorescent Cu2+-selective bifunctional ligand that could bind to amyloid beta
aggregates and detect Cu2+. The bifunctional ligand consisted of two parts—the first part
being a known Ab42 peptide binder that prevented amyloid aggregation and the second
part being a ligand framework that selectively chelated to Cu2+ ions.

Ab42 contains two hydrophobic regions, Ala30–Val36 (at the C terminal) and Leu17–Ala21,
referred to as the Central Hydrophobic Core (CHC) [28,29]. Ab-based peptide inhibitors
are based on the structure of the C-terminal fragments (CTF) and the CHC sequences of
the Ab peptide [30]. They bind to the Ab peptide at specific sites and prevent its assembly
into amyloid fibrils. 17 LVFAA21, the CHC sequence of Ab42 is self-recognizing and a
critical nucleation site, and therefore, peptide inhibitors have been derived to prevent the
self-recognition and resultant nucleation at this site. The hydrophobic peptide LPFFD was
derived by replacing valine with proline and alanine with aspartic acid in 17LVFFA21 [31,32].
It recognized the CHC of the Ab fibril and inhibited Ab fibril aggregation. LPFFD also
reduced plaque load and decreased neurotoxicity [32]. LPFFD contains proline, a beta-sheet
breaker, and the lack of a proton on the secondary substituted nitrogen in the peptide bond
of proline residue could inhibit the formation of the intramolecular hydrogen bonds into
fibrils [32]. Therefore, we chose LPFFD as the inhibitory peptide arm or the first part of our
bifunctional ligand.

Next, we focused on developing tridentate or tetradentate imidazole or thiazole-
based fluorescent cores, focusing on Cu2+ selectivity. We synthesized a previously reported
tetradentate core, A1, and designed and synthesized a new tetradentate core (A2) and a new
thiazole-based core (A3) to coordinate Cu2+. The tridentate or tetradentate imidazole and
thiazole-based ligands were not soluble in the buffer. When the tridentate or tetradentate
ligand was coordinated with the peptide, the resultant peptide–chelator hybrid compounds
became water soluble, allowing Cu2+ detection in an aqueous condition at a physiologically
relevant pH. Moreover, the final compound, L3, that contained the A3 metal-chelating core
was selective for Cu2+ over physiological concentrations of other metal ions. Finally, we
demonstrated that this peptide–chelator hybrid compound decreased the aggregation of
Ab-Cu2+ aggregates using fluorescence assays and microscopy.

2. Materials and Methods
2.1. Materials

All materials used were purchased from Sigma Aldrich unless stated otherwise. Ascorbic acid
and 2,6-lutidine were purchased from Alfa Aesar. DMF (N, N′-dimethylformamide) and DCM
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(dichloromethane) and NMP (1-methyl-2-pyrrolidinone and DIEA (N, N-diisopropylethylamine)
were purchased from VWR, ChemPep, and Chem-Impex, respectively. Acetonitrile (ACN)
was purchased from VWR. All amino acids used in the peptide synthesis were purchased from
Chem-Impex and ChemPep. Rink amide resin (loading 0.51 mmol/g, size 100–200 mesh and
HATU ((2-(7-Aza-1H-benzotriazole-1-yl)- 1,1,3,3-tetramethylammoniumhexafluorophosphate)
were purchased from ChemPep. Coupling reagents used in automated peptide synthesis,
such as Oxyma (Ethyl cyanohydroxyiminoacetate), DIC (N, N′-Diisopropylcarbodiimide),
and HOBt (Hydroxybenzotriazole) were purchased from Chem-Impex. Copper (II) acetate,
iron(III) nitrate, manganese (II) acetate, and nickel (II) sulfate were purchased from Sigma
Aldrich. Sodium sulfate, zinc (II) nitrate, and cobalt (II) sulfate were purchased from Fisher
Scientific. Magnesium (II) sulfate was purchased from Amreco. The fluorescence assays
were carried out in buffer solutions of HEPES (Acros). Amyloid beta 1-42 (Ab42) was
purchased from GeneScript. The peptide was dissolved in HFIP (hexafluoroisopropanol)
purchased from TCI America. ThT (Thioflavin T) was purchased from Thermo Scientific
(Waltham, MA, USA).

2.2. Synthesis of Metal Chelator A1

A1 was synthesized by modifying the literature procedure [33]. A total of 23.9 mmol of
N-Methyl-1,2-phenylenediamine dihydrochloride was reacted with 11.4 mmol of iminodi-
acetonitrile in a reflux reaction for 100 h with 3 M HCl solvent to form the metal chelator A1.
The product was washed with ammonium hydroxide to form a precipitate. The precipitate
was recrystallized. Following the reflux reaction, the solution was made alkaline by adding
approximately 5 mL ammonium hydroxide (28.0–30.0%) in an ice bath. The round flask
was left in an ice bath for 20 min, and a black precipitate formed when the solution became
basic (pH = 8). The precipitate was slowly dissolved in 50 mL of 50:50 Ethanol: H2O
mixture. The dissolved solution was transferred to a 600 mL beaker on a heat plate with
a stir bar and slowly heated to boiling. After 12 min, the heat and stir were turned off,
and the product was allowed to cool down to room temperature (r.t). The product was
left at room temperature (r.t) to recrystallize over three days. No visible color change was
observed. The black product was collected and stored.

2.3. Synthesis of Metal Chelator A2

To synthesize A2, Boc-protected iminodiacetonitrile was synthesized by the reac-
tion of iminodiacetonitrile and three equivalents of di-tert-butyl-dicarbonate in a 1:1
dichloromethane, acetonitrile solution. Then, 1.5 equivalents of diisopropylethylamine
were added to the reaction mixture, and the reaction was stirred at room temperature for
12 h. The product was purified using a silica gel column with 7:3 hexane/ethyl acetate
solvent. For the next step of the reaction, 5 mmol of the synthesized Boc-iminodiacetonitrile
and 10 mmol of 2-aminophenol were dissolved in 10 mL of ethylene glycol. The reaction
mixture was refluxed for 8 h at 100 ◦C, cooled to room temperature, and allowed to crystal-
lize. The solid crystal was filtered and dried. Finally, Boc deprotection was done with 1:1
trifluoracetic acid and dichloromethane. The solvent was removed to get the product A2.

2.4. Synthesis of Metal Chelator A3

Potassium carbonate (250 mg,1.8 mmol) was suspended in acetonitrile, and A2 was
added to it. One equivalent of propargyl bromide (1.8 mmol) was added and a catalytic
amount of potassium iodide (0.1 equivalents) was added to the reaction mixture. The
reaction was refluxed at 90 ◦C overnight. The reaction was filtered to remove excess
potassium carbonate, and acetonitrile was removed under vacuum. Water was added to
the mixture, then the product was extracted in dichloromethane twice. The combined
organic phases were washed with brine and dried over anhydrous sodium sulfate to
yield A3 (85% yield). The alternate route for A3 synthesis was obtained by modifying
a literature method [34]. Commercially available 2-(chloromethyl)-1,3-benzthiazole was
reacted with propargyl amine in the presence of a catalytic amount of potassium iodide
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and 3 equivalents of potassium carbonate in acetonitrile under reflux condition for 12 h.
The product intermediate was isolated using solvent extraction to yield A3.

2.5. Synthesis of Aβ Inhibitor Peptide LPFFD by Alstra Microwave Peptide Synthesizer

A total of 250 mg of Rink amide resin (loading factor 0.51 mmol/g) was used for the
peptide synthesis. The synthesis was performed on the Biotage Alstra Microwave peptide
synthesizer, using a customized program. Rink Amide resin was first swelled in NMP at
70 ◦C for 20 min with an oscillating mixer, then the Fmoc protecting group from the resin
was removed by treatment with 20% piperidine in DMF at room temperature for 13 min
with an oscillating mixer on an on/off interval of 10 s/15 s. Amino acids were coupled
from the C-terminal to the N-terminal. Couplings of Leu, Pro, and Asp were done with the
corresponding Fmoc-protected amino acid, Oxyma, and DIC solutions in NMP at 75 ◦C for
5 min with the oscillating mixer on. For the coupling of two consecutive identical amino
acids in the LPFFD sequence, the first Phe was coupled at 75 ◦C for 5 min, and the second
Phe was coupled at 50 ◦C for 15 min, as per the Alstra synthesizer manual conditions for
optimal coupling of two consecutive identical amino acids.

2.6. Synthesis of Bifunctional Molecules L1 and L2

Conjugation of LPFFD peptide to bromoacetic acid: LPFFD peptide was swelled in
DCM for 90 min before the reaction. In a centrifuge tube, 5 equivalents of bromoacetic acid
and 5 equivalents of HOBt were dissolved in 3 mL of 1:9 DCM: DMF mixture. The dissolved
solution was added to 100 mg of swelled LPFFD peptide on the resin in solid-phase peptide
synthesis (SPPS) tubes (Restek, Bellefonters, PA, USA). Five equivalents of DIC were added
to the SPPS tubes to complete the reaction. HOBt and DIC activated the carboxylic group
on the bromoacetic acid, while DIC made the reaction faster. The SPPS tubes were placed
on the rotor for continuously shaking at r.t for 15 min before the solution was drained. The
reaction was repeated for another round by adding bromoacetic acid, HOBt, and DIC to
the resin and shaking for 15 min. Next, the resin was washed four times with DCM: DMF
(1:9), then with DCM, and dried.

Conjugation of A1 and A2 to brominated LPFFD peptide: 100 mg of each brominated
inhibitor peptide from the last step was transferred to a dried 25 mL round bottom flask
with a stir bar. In a centrifuge tube, three equivalents of the corresponding metal chelator for
each reaction were dissolved in anhydrous DMF. The brominated LPFFD peptide dissolved
in anhydrous DMF was added to the round flask. Next, two equivalents of anhydrous
2,6-lutidine were added to the round flask. The round flask was capped with a rubber cap,
placed in an oil bath at 45 ◦C, and stirred for 48 h. Following the reaction, the product was
transferred, washed with DMF and DCM, and dried.

2.7. Synthesis of Bifunctional Molecule L3

The sidechain-protected LPFFD peptide on rink amide resin was coupled with azido
acetic acid. Then, three equivalents of the chelator–alkyne product were added to the
azido-containing peptide in the presence of three equivalents of copper(I) iodide and ten
equivalents of ascorbic acid in 20% piperidine in DMF for 12 h. Then, the product was
transferred into an SPPS tube, and excess copper ion was removed by repeated washes
with a chelating solution of 5% sodium diethyl dithiocarbonate and 5% DIEA in DMF [35].
Finally, the resin was washed with DMF and DCM and dried.

2.8. TFA Cleavage and Lyophilization

Peptides and bifunctional molecules are cleaved from the resin before characterization
by HPLC, LC-MS, and for use in assays. For characterization, only 30–40 mg of dried resin
containing the peptide or bifunctional compound was cleaved with a TFA cocktail and
characterized. A TFA cleavage solution included 95% TFA, 2.5% TES, and 2.5% H2O was
prepared for each sample [36]. In a 34 mL glass vial with a stir bar, the resin was added
with 1–2 mL of TFA cleavage solution and stirred for 2 h. Afterward, the cleavage solution
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was pipetted through glass wool to remove the resin, and the filtrate precipitated into
cold diethyl ether. The precipitate formed a pellet on centrifugation, and the supernatant
ether was discarded. The pellet was resuspended in 2–3 mL of H2O. A minimal amount of
ACN was added if the pellet did not dissolve completely in water. The dissolved pellet
was frozen using liquid nitrogen and lyophilized overnight using a lyophilizer (Labconco,
Kansas City, MO, USA).

2.9. Purification of Bifunctional Molecule by Reverse-Phase High-Performance
Liquid Chromatography

After lyophilization, peptides were subjected to analysis in reverse-phase high-performance
liquid chromatography (RP-HPLC), Agilent 1260 using a gradient of HPLC grade H2O and
ACN, both containing 0.1% TFA. The collected fractions were lyophilized and used for
LCMS analysis.

2.10. Fluorescence Assays

All metal ions were selected based on their relevance in the biological systems. L1,
L2, and L3 solutions were prepared in 10 mM HEPES buffer pH 7.34. The absorbance
and fluorescence of the ligand samples were measured with 200 µL of sample added to
a high-performance quartz cuvette (200 µL capacity and spectral range 200–1500 nm).
For the ligand titration assays, the metal solution was added to the ligand solution in a
1.65 mL mini-centrifuge tube, vortexed to mix the solution, and then transferred to the
quartz cuvette. A total of 2 µL of 100× concentrated metal ions solutions were added to the
200 µL of each ligand solution and was added with so that the final peptide: metal was at a
1:1 ratio. For example, for L3, 2 µL of 200µM metal ions were added to a 200 µL solution of
2 µM L3 solution, and so that the final ratio metal-ion: ligand ratio was 1:1. Absorbance
and fluorescence measurements were taken using the cuvette module of the SpectraMax
M5 Multi-mode microplate reader. L1, L2, and L3 fluorescence intensities were recorded
with excitation and emission at 275 nm and 290–600 nm, respectively. The fluorescence
was measured immediately after adding and mixing the ions to the ligands L1, L2, and L3
and did not change with time. In the ThT fluorescence assays, the fluorescence intensities
were recorded with excitation and emission at 450 nm and 485 nm [26], respectively, and
fluorescence was recorded immediately after the addition and mixing of ThT.

2.11. Microscopy

Samples prepared for fluorescence assays were used for imaging to visualize how the
bifunctional ligand L3 affected the aggregation of Ab42. Following the fluorescence assays,
in which the Cu2+ was incubated with Ab42 for 48 h at 37 ◦C and then incubated with ThT
for 48 h, they were imaged using ZEISS Microscopy Apotome 3 with 40× magnification.
The microscope images were analyzed using ZEN 3.4 (ZEN pro) software. The microscopy
images were processed using the same setting on the camera raw filter in Adobe Photoshop,
dehaze 90%, clarity 80%, and contrast 30%, settings similar to those suggested to get better
microscopy images [37].

3. Results and Discussion
3.1. Development of Tri-Dentate and Tetra-Dentate Frameworks for Copper Detection

Three cores were developed for Cu2+ chelation (Figure 1). A1 (SI Figures S1 and S2)
and A2 (SI Figures S3–S5) incorporated benzimidazole or benzothiazole. A1 was synthe-
sized following a literature protocol [33] (approximate yield of 70%) (Figure 1A). A2 was
synthesized by modification of the method used to synthesize A1. A3 were synthesized
by modification of a literature method [34] (approximate yield 82% and 80%, respectively)
(Figure 1B,C). A3, in addition to the benzothiazole, contained an alkyne that later reacted
to form a triazole, which allowed a change in the coordination of Cu2+ and increased the
framework selectivity towards Cu2+. The schemes for synthesis A1, A2, and A3 synthesis
are shown in Figure 1. In the first route for A3 synthesis, A2 needed to be synthesized first.
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Briefly, Boc-protected Iminodiacetonitrile (Figure S3) was synthesized and heated with
2-Aminothiophenol to form its benzothiazole derivative A2 (Figure 1B). To form A3, A2
was reacted with propargyl bromide (Figure 1C). In the alternative scheme to synthesize
A3 (Figure 1C), synthesis of A2 was not required, and commercially available materials
were used to synthesize A3 (Figure 1C, alternative route). While the first route to synthe-
size A3 gave a high yield (approximately 80% yield), it required the syntheses of A2 and
A3, which involved more steps. The alternate route to synthesize A3, on the other hand,
did not require as many steps and could be done using commercially available starting
materials, but it did not have as high a yield (approximately 70% yield) as the first route.
Characterizations are provided in the Supplementary Information.

Figure 1. Synthesis scheme for tridentate and tetradentate Cu2+-chelator cores. (A) Synthesis scheme
for core A1. (B) Synthesis scheme for core A2. (C) Synthesis schemes for core A3, an intermediate
of L3.

3.2. Development of Bifunctional Peptide-Framework Hybrid Molecules

Hybrid molecules L1 (SI Figure S6) (yield approximately 30%), L2 (SI Figure S7)
(yield approximately 50%), and L3 (SI Figure S8) (yield approximately 75%) were made
by conjugating the LPFFD peptide to A1, A2, and A3, respectively, using the SN2 reaction
(SI Figures S9–S12) or the CuAAC click reaction (SI Figures S13 and S14). By conjugating
a metal ion chelator molecule with an Ab42 inhibitor peptide, we aimed to synthesize
bifunctional molecules with metal-chelating and anti-aggregation functions. The Cu2+-
binding and peptide-binding sites are within 3 amino acids in the Ab42 fibril structure [38]
(Figure 2B), which should be compatible with the length of the amide or triazole linkages.
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Figure 2. Structure of peptide-metal framework hybrid compounds L1, L2, and L3 and the binding
sites of the peptide and Cu2+ on Ab42 peptide. (A) Bifunctional ligands L1, L2, and L3 consist of
two parts—the peptide LPFFD (in red), a known inhibitor of amyloid beta aggregation, and the
developed Cu2+ chelator cores A1, A2 and A3, respectively (in black). (B) The known chelating sites
for Cu2+, His 13, and His 14 side chains are shown, and their proximity to the central hydrophobic
motif (depicted in pink), where LPFFD binds, is shown. PDB ID 2MXU [38] was created using The
PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.

3.3. Selectivity of Compounds L1, L2 and L3 towards Copper and Other Physiologically Relevant
Metal Ions

For measuring each compound’s fluorescence, a solution of the compound was excited
at 275 nm, and the fluorescence emitted was measured from 290 nm to 500 nm. The
absorbance spectra of L1, L2, and L3 in 10 mM HEPES buffer pH 7.34 are shown in SI
Figure S15. The fluorescence was measured immediately after adding and mixing the ions
to the ligands L1, L2, and L3 and did not change with time. SI Figure S16 shows that the
fluorescence of the ligand L3 monitored at 290–600 nm, when excited at 275 nm, remained
unchanged after 24 h.
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To determine the effect of each ion on L1, 2 µL of 2 mM of each metal ion solution
was added to 200 µL of 20 µM L1 solution so that the final concentration of each metal ion
is 20 µM, to get to a 1:1 equivalent between the ion and L1. It was expected that on the
formation of a complex with a metal ion, there would be a change in fluorescence of the L1,
L2, and L3 due to metal-induced fluorescence quenching. Quenching of fluorescence by
metals can occur following two processes: dynamic quenching, in which there is a decrease
in fluorescence due to the physical collisions among molecules, and static quenching, in
which fluorophores form nonfluorescent complexes with quenchers [39]. Since the L1, L2,
and L3 ligand frameworks were designed to form complexes with Cu2+, the decrease in
fluorescence would probably be due to static quenching [40] on the complexation of each
compound to Cu2+. It has previously been reported that Cu2+, when coordinating with a
benzimidazole derivative (such as L1), causes a decrease in fluorescence [41].

A significant lowering of fluorescence of 20 µM solution of the ligand L1, from
1600 units to 400 units in HEPES buffer pH 7.34, was observed on adding 20 µM Cu2+.
20 µM L1 was considered a suitable concentration for the fluorescence assay as it showed a
distinct change in fluorescence. Along with the decrease in fluorescence on Cu2+ addition,
there was a significant lowering of the fluorescence on adding one equivalent of 20 µM
Co2+ or 20 µM Ni2+. Therefore, while L1 preferred binding to Cu2+, it was not selective
enough because of its interactions with Co2+ and Ni2+ (SI Figures S17 and S18). Since the
20 µM L1 did not show the desired selectivity for Cu2+, no further explorations of the L1
fluorescence at other concentrations were done, and the ligand L2 was explored instead.

On adding 2 µL of 2 mM solutions of various ions to 20 µM L2 solution (to reach a final
1:1 ratio), a significant decrease in fluorescence from 400 units to 300 units was observed for
20 µM Cu2+ (SI Figure S19). However, the fluorescence of the 20 µM solution of L2 was sur-
prisingly low (400 A.U.), 4× less than that of the L1 solution (1600 A.U.), and aggregation was
also observed at this concentration. The low solubility was not unexpected as benzothiazole
has lower solubility than benzimidazole in an aqueous buffer [42]. Since L2, with the benzoth-
iazole core, should have had more fluorescence than L1, containing the benzimidazole core,
we hypothesized that self-quenching might be happening, leading to the low fluorescence.
It is known that at high concentrations of fluorophore solutions, the fluorescence emission
intensity decreases because of self-quenching [43,44]. Self-quenching can occur via various
mechanisms, such as collisions between excited fluorophores, the formation of non-fluorescent
dimers, and energy transfer to the nonfluorescent dimers [43,45,46].

Therefore, to verify if L2 had self-quenching and if using lower concentrations of L2
would help us avoid the problem, the L2 solution was diluted to 8 µM, and for this less
concentrated solution, we observed an increased fluorescence (800 A.U.) (SI Figure S20).
On titration with various metal ions with the 8 µM L2 solution in 10 mM HEPES buffer
pH 7.34, the distinct lowering of fluorescence only for Cu2+ was no longer observed. The
fluorescence intensity decreased to different extents for the various ions, with Cu2+ addition
resulting in the most significant change (SI Figure S20). The L2 solution was further diluted
to 0.2 µM, and its fluorescence was measured. The 0.2 µM L2 solution gave a fluorescence
of 600 A.U., and on titration with different metal ions, the 0.2 µM L2 solution showed a
trend similar to the 8 µM L2 solution, i.e., a lowering of fluorescence to different extents
(SI Figure S21). Therefore, while L2 contained the more fluorescent core of benzothiazole,
it was unsuitable as a selective Cu2+ sensor as it bound Cu2+ and other metal ions.

To increase the selectivity of the ligand for Cu2+, we designed a TBTA-like structure [47]
for the next ligand L3. L3 should have 4 coordination sites preferred by Cu2+ over three-
coordination sites like L1 and L2. We observed that the L3 had the highest fluorescence in
the pH 7 to 8 range, so a pH of 7.34 was suitable for the fluorescence assay (Figure 3A, bar
diagram SI Figure S22). For the 20 µM L3 solution, we observed a fluorescence of 250 units,
which decreased to 70 units with the addition of 20 µM Cu2+ (SI Figure S23). L3, which
contained a benzothiazole core and a triazole core, should have more fluorescence than
L1 (benzimidazole core) and fluorescence similar to L2 (benzothiazole core). Therefore,
we suspected that L3 was undergoing self-quenching at high concentrations like L2, and
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we did dilutions to study whether the fluorescence increased with dilution. Like L2, the
fluorescence of L3 increased with dilution, and therefore, we monitored the fluorescence of
a dilution series of the ligand L3 (Figure 3B, bar diagram SI Figure S24). Figure 3B shows
that the fluorescence of L3 can be detected at 200 nM concentration (400 A.U. fluorescence,
red line in Figure 3B). Based on this series, it was decided that the titration against ions
would be done using a 2 µM L3 solution, as that would allow the detection of fluorescence
change over a wide range.

Figure 3. Fluorescence of L3 at different pH and different concentrations. (A) Fluorescence intensities
of 20 µM L3 differed at different pH values from 6.0 to 8.0, and higher fluorescence intensities were
observed at pH values of 7–8. The highest fluorescence was seen at pH 8.0, but high fluorescence
was also seen at pH 7.5, close to the pH of 7.34 used in experiments. (B) Fluorescence intensity of
L3 changed at different concentrations from 20 µM to 20 nM at pH 7.34. The highest fluorescence
intensity was observed with 2 µM L3 (blue line), while 20 µM L3 was self-quenched and had a low
fluorescence intensity of about 220 A.U. (black line).

The fluorescence of 2 µM L3 in buffer pH 7.34 was ~2000 A.U., and with the addition of
2 µM copper (black line), fluorescence was significantly lowered to ~1250 A.U. (Figure 4A).
In contrast, there was no such effect on the addition of 2 µM Fe3+, 2 µM Mg2+, 20 µM Mn2+,
2 µM Na+, 2 µM Ni2+ or 2 µM Zn2+, while the addition of 2 µM Co2+ led to a slight increase
of fluorescence by ~300 A.U.—this could be due to the oxidation of Co2+ to Co3+. Therefore,
we could confirm that L3 was a selective Cu2+ binder and did not react significantly with
other ions in the 10 mM HEPES buffer at pH 7.34 (Figure 4B).

To examine the binding ratio between L3 and Cu2+, a Job’s plot experiment of L3 with
Cu2+ was performed in 10 mM HEPES buffer pH 7.34 (Figure 4C). Varying volumes (from
0 µL to 250 µL) of 2 µM Cu2+ solution were titrated into varying volumes (from 250 µL to
0 µL) of 2 µM L3 solution, so the ratio of L3 and Cu2+ varied, but the total volume of the
mixed solution (250 µL) was constant. Job’s plot [48] was drawn by plotting (Io-I)∆χ vs.
χ, where (Io-I) was the change in fluorescence intensity in the spectrum during titration
and χ was the mole fraction of the host, the ligand L3. When the equivalents of the ligand
L3 were equal to the equivalents of Cu2+, the change in fluorescence times fraction of L3
reached its peak, indicating that the binding of L3 and Cu2+ was optimal at a 1:1 ratio.
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Figure 4. L3 selectivity towards different metal ions and Job’s plot for L3 binding to Cu2+. (A) The
fluorescence changes of 2 µM L3 with different metal ions were measured from 290 to 500 nm. 2 µM
L3 in HEPES buffer pH 7.34 had an intensity at around 2000 A.U. (black line). Adding 2 µM Cu2+

decreased the intensity to around 1000 A.U. (blue line). Adding other metal ions did not lead to any
such significant change. (B) Normalized fluorescence change of 2 µM L3 with different metal ions at
the 315 nm peak. The binding of Cu2+ led to the most significant change in fluorescence intensity,
which was normalized. Changes for all other metal ions were expressed as a fraction of the largest
change. The samples were done in triplicate. (C) Job’s plot diagram of the formation of Cu2+ complex
with L3. ∆χ was the mole fraction of L3 and (Io-I) was the emission intensity change.

L3 was selected over L1 and L2 for studying the amyloid aggregation in the presence of
Cu2+, as it showed selectivity for Cu2+ over other metal ions, and therefore had the potential
to inhibit amyloid beta- Cu2+ aggregation with better selectivity. Further characterizations
of L1 and L2 were not done, and we moved on to studying the effect of L3 over amyloid
beta aggregation in the presence of Cu2+.

3.4. Effect of L3 on Cu2+-Ab42 Aggregation

Before investigating the effect of L3 on Cu2+-Ab42 aggregation, we studied the effect
of Cu2+ addition on Ab42 aggregation. The fluorescence of Ab42 peptide in 10 mM
HEPES buffer pH 7.34 was monitored by monitoring the tyrosine fluorescence. A total
of 20 µM Ab42 peptide in 10 mM HEPES buffer, pH 7.34, was incubated for 48 h at
37 ◦C following literature protocol [49], and the fluorescence at 310 nm, on excitation at
280 nm, was monitored. The peptide showed fluorescence from 290 nm to 360 nm with a
maximum intensity of 800 A.U. Then, Cu2+ was added to the Ab42 solution in a 1:1 ratio
and incubated for 48 h at 37 ◦C, following a literature protocol [26]. The fluorescence at
310 nm was monitored at the end of the incubation period. As seen in SI Figure S25, the
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fluorescence of Ab42 at 310 nm was completely diminished after incubation with Cu2+,
thereby showing the fluorescence quenching effect. The fluorescence quenching effect is
due to the paramagnetic nature of the Cu2+ complex [50]. The reduction of Cu2+ to Cu1+

can induce the formation of reactive oxidative species that cause the formation of tyrosine
cross-links by covalent ortho–ortho coupling of two tyrosine residues. A total of 310 nm
fluorescence monitoring did not help study the effect of L3 on Cu2+–Ab42 because L3 had
fluorescence at 310 nm, and even if the addition of L3 caused less quenching of Cu2+–Ab42,
it would not have been easy to distinguish the effect from the fluorescence of L3 itself. The
traditional assay of monitoring tyrosine fluorescence that had previously been successfully
used to determine the binding of ligand to Ab in the presence of Cu2+ [26] was, therefore,
unsuitable for our system.

Therefore, we explored the widely used assay for amyloid beta aggregation, by mon-
itoring Thioflavin T (ThT) fluorescence [26]. ThT binding to Ab42 fibrils causes high
fluorescence. However, other non-fibrillar aggregates of Ab42, such as soluble aggregates
have also been monitored successfully with ThT fluorescence [51,52]. When ThT is excited
at 450 nm, it emits fluorescence at 470 nm–700 nm, and ThT fluorescence is monitored
at 485 nm. When Ab42 aggregates, ThT fluorescence increases. Therefore, the more the
aggregation of the Ab42-Cu2+ sample, the higher the ThT fluorescence. Adding an inhibitor
of Ab42 aggregation should cause the ThT fluorescence to decrease. In our experiment,
Cu2+ was added to the 10 mM HEPES buffer solution of the commercially available Ab42
to represent the physiologically relevant concentration (10 µM), and this solution was
used to study the effect of L3. For studying the effect of L3 on Cu2+-Ab42 aggregation,
10 µM L3 was added to 10 µM Ab42 and 10 µM Cu2+ at pH 7.34 and incubated with light
shaking for 22 h at 37 ◦C. A sample of 10 µM Ab42 and 10 µM Cu2+ at pH 7.34, without
any L3 addition, was treated identically. ThT was added to each sample, and fluorescence
was measured (0 h timepoint). The control consisted of ThT in pH 7.34 buffer, which
showed minimal fluorescence (around 1 A.U.) (SI Figure S26, blue bars). For the Ab42-Cu2+

containing samples, with and without L3, fluorescence was higher immediately after ThT
addition, confirming that the fluorescence detected was due to the ThT binding to the Ab42
aggregates in the presence of Cu2+. The fluorescence intensity for ThT continued to increase
over 48 h for the equimolar 10 µM Ab42–Cu2+ mixture (1:1 ratio) (SI Figure S26, black bars),
whereas for the L3-containing Ab42 + Cu2+ sample (1:1:1 ratio), the fluorescence increased
to around 12 A.U. around 22 h, and then remained constant (SI Figure S26, red bars),
which indicated that L3 inhibited the formation of Cu2+-Ab42 aggregates. This experiment
was repeated in triplicate with 20 µM Ab42 mixed with 20 µM Cu2+ for 22 h at 37 ◦C in
HEPES buffer pH 7.34, with or without L3, and then treated with ThT (0 time point). ThT
fluorescence monitored over time showed that the fluorescence of the Ab42-Cu2+ solution
was getting high to around 55 A.U at 2 h and more or less remained constant (Figure 5, red
bars) after that time. On the other hand, when L3 was present in the Ab42-Cu2+ solution
mixed at a 1:1:1 ratio, ThT fluorescence more or less remained steady at around 20 A.U.
over time (Figure 5, blue bars). When 20 µM L3 was incubated with 20 µM Cu2+ solution
in the absence of Ab42 for 22 h at 37 ◦C, and then ThT was added, an initial fluorescence
around 13 A.U. was observed, which remained constant over time (Figure 5, green bars).
Therefore, there is a constant background interaction of L3-Cu2+ 1:1 mixture with ThT, but
L3 decreased Ab42-Cu2+ aggregation, as evident from Figure 5 blue bars.



Biosensors 2024, 14, 247 12 of 16

Figure 5. Monitoring aggregation of amyloid beta-copper solutions by ThT fluorescence in the
presence of L3. ThT fluorescence for the equimolar 20 µM Ab42-Cu2+ increased initially and then
became constant (red bars), whereas, in the presence of 1 equivalent of L3, the lower ThT fluorescence
intensity remained constant (blue bars). L3-Cu2+, in the absence of amyloid peptide, interacted with
ThT to produce a low constant background (green bars). Samples were done in triplicate.

It is known from the literature that ThT with Cu2+ does not produce fluorescence [53].
To ensure that the decrease in fluorescence in the presence of L3 did not arise from other
interactions, another experiment was run in which 20 µM Ab42, 20 µM Ab42 + L3 (1:1 ratio),
and 20 µM L3 were incubated with light shaking for 22 h at 37 ◦C in 10 mM HEPES buffer
pH 7.34, and then treated with ThT and its fluorescence was monitored (SI Figure S27). It
was observed that 20 µM Ab42, in the absence of Cu2+, underwent aggregation, as ThT
fluorescence increased initially to around 43 A.U. around 2 h and then remained constant
(SI Figure S27, red bars). However, the ThT fluorescence of 20 µM Ab42 in the presence
of 20 µM L3 was reduced and remained constant (SI Figure S27, blue bars). Therefore, L3
bound to Ab42 (even in the absence of Cu2+) and inhibited aggregation of Ab42. L3 also
produced a low fluorescent background with ThT that remained constant (SI Figure S27,
black bars). Combining the observations from Figure 5 and this experiment, we could
conclude that L3 could inhibit aggregation of both Ab42 and Ab42 with Cu2+.

To check the dose dependence of L3, we treated Ab42-Cu2+ with different concentra-
tions of L3 and incubated them for 22 h at 37 ◦C in 10 mM HEPES buffer pH 7.34, added
ThT, and monitored fluorescence over time. Generally, Ab42 must be used at higher con-
centrations (10 µM or higher) to show significant fluorescence in the ThT assay. Therefore,
20 µM Ab42 was used in the assay. A total of 10 µM L3 and 20 µM L3 were mixed with
20 µM Ab42 and 20 µM Cu2+ so that the ligand to receptor (L3 to Ab42-Cu2+) ratio was 1:2
and 1:1, respectively (SI Figure S28). In the absence of L3, the Ab42-Cu2+ formed aggregates
initially and then reached a plateau (SI Figure S28, red bars). The presence of 10 µM L3
decreased the fluorescence significantly (L3:Ab42–Cu2+ ratio of 1:2), further confirming
the L3 inhibits aggregation of Ab42–Cu2+ (SI Figure S28, blue bars). It was observed that a
higher ratio of L3 (1:1) caused more lowering of fluorescence, as expected (SI Figure S28). A
high fluorescence was observed when L3 was added at a higher ratio than the Ab42-Cu2+

solution (3:1 or 4:2), and ThT fluorescence was measured (not shown). This was probably
due to the aggregation of L3 at concentrations higher than 20 µM. Future investigation
will determine what phenomenon occurs when L3 is present at a greater percentage than
Ab42 + Cu2+.
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To ensure that the decrease in ThT fluorescence was not erroneously interpreted and
corresponded to a decrease in non-amyloid aggregate formation, DIC microscopy was
used to visualize the aggregates with and without the ligand L3 (Figure 6). Without the L3
ligand, when the Ab42–Cu2+ sample was incubated for 48 h and then treated with ThT for
48 h, a few large aggregates with an average area of 17.3 µm2 were observed, along with
smaller aggregates (Figure 6A). It has been reported that Cu2+ mediates non-amyloidogenic
aggregation of Ab40 at the equimolar ratio and that fibrils are not formed at a 1:1 ratio
of Cu2+ and Ab40 [52]. Our observations and fluorescent intensity values obtained for
Ab42 agreed with this previous report. The size of the large aggregates we observed
(17.3 µm2 area) was much larger than the one reported (>1 µm) for Ab40 [52], while some
others have reported large aggregates similar in size without Cu2+ [53]. The sample with
L3 added to Ab42–Cu2+ during the initial incubation for 48 h, then used for microscopy
48 h after ThT addition, did not show large aggregates but smaller soluble aggregates
(Figure 6B). This indicated that the L3 ligand inhibited the continued size increase of
Ab42–Cu2+ aggregates. The control experiment with Ab42 without Cu2+ (SI Figure S29A)
showed much smaller aggregates than Ab42–Cu2+ [54], further confirming the reported
literature that Cu2+ promotes the formation of larger non-amyloidogenic aggregates of
Ab42 [52,53]. Ab42, when incubated with L3 in a 1:1 ratio in the absence of Cu2+, showed
small aggregates like Ab42 incubated alone (SI Figure S29B). While the ThT fluorescence
assay on Ab42 aggregation in the absence of Cu2+ (Figure S27) clearly showed the difference
between Ab42 and Ab42-L3 and indicated that L3 successfully inhibited Ab42 aggregate
formation even in the absence of copper, the corresponding microscope images of Ab42
and Ab42-L3 in the absence of Cu2+ (SI Figure S29) did not show any such difference.

Figure 6. The brightfield image of amyloid beta- Cu2+ solution in the presence and absence of L3 48 h
after ThT addition. The amyloid beta- Cu2+ solution (A) formed large aggregates with an average
area of 17.3 µm2 and some smaller aggregates, while the L3-containing solution (B) contained much
smaller aggregates of around 2.17 um2.

4. Conclusions

We have successfully designed and synthesized three tridentate and tetradentate Cu2+

chelators and incorporated these into hybrid metal–chelator peptide complexes. These
complexes were water-soluble, which allowed us to use these as Cu2+ sensors under
aqueous conditions with a physiologically relevant pH of 7.34. We demonstrated that the
newly developed complex L3 was selective for Cu2+ binding and bound Cu2+ at a 1:1 ratio.
We studied the effect of this new complex on non-amyloidogenic soluble aggregates of a
1:1 mixture of Ab42 and Cu2+ using fluorescence assays and microscopy. We demonstrated
that L3 inhibited aggregation and prevented the formation of very large aggregates of
Ab42–Cu2+. It is known that micromolar concentrations of Cu2+ (up to 400 µM) are present
in senile plaques in AD brains [21] and that Cu2+ causes non-amyloidogenic aggregates
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of Ab42 to form at an equimolar ratio [52]. Given that Ab42 aggregates are toxic [51] and
accumulate early before insoluble plaque formation and cause cognitive impairment in
Alzheimer’s disease [55], the hybrid L3 molecule can potentially be used to slow down the
progress of the disease.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios14050247/s1, Figure S1, 1H and 13C NMR of A1 metal-
chelator, Figure S2, HPLC and Mass spectrometry characterization of A1 metal-chelator, Figure S3,
1HNMR of Boc-protected Iminodiacetonitrile, Figure S4, Mass spectroscopy characterization of Boc-
protected A2, Figure S5, 1H NMR of chelator A2 in CDCl3, Figure S6, Characterization of L1 by HPLC
and MS, Figure S7, Characterization of L2 by HPLC and MS, Figure S8, Characterization of L3 by
HPLC and MS, Figure S9, Synthesis of L1 on resin by amide coupling reaction, Figure S10, Cleavage
of bifunctional ligand L1 from resin, Figure S11, Synthesis of L2 on rink amide resin, Figure S12,
Cleavage of bifunctional ligand L2 from resin, Figure S13, Synthesis of L3 on rink amide resin,
Figure S14, Cleavage of L3 from resin, Figure S15, Absorbance spectra of L1, L2 and L3, Figure S16,
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various metal ions, Figure S22, Variation of fluorescence intensity of L3 with pH change, Figure S23,
Selectivity comparison of 20 µM L3 for various metal ions, Figure S24, Variation of fluorescence
intensity with concentration of L3, Figure S25, Ab42 tyrosine fluorescence at 310 nm in the absence of
and presence of Cu2+, Figure S26, ThT fluorescence assay of 10 µM Ab42 in the presence of 10 µM
Cu2+ and 10 µM L3, Figure S27, ThT fluorescence assay of 20 µM Ab42 and 20 µM L3 in absence of
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Author Contributions: Conceptualization, S.D., N.K.N., M.B., G.L., A.P.P. and A.N.; methodology,
S.D., M.B., G.L. and A.P.P.; software, G.L., A.P.P., S.D. and A.N.; validation, N.K.N., B.P., M.F. and
I.M.; investigation, N.K.N., B.P., M.F. and I.M.; resources A.N., S.D., G.L. and A.P.P.; writing—original
draft preparation, N.K.N., A.N. and S.D.; writing—review and editing, A.N. and S.D.; visualization,
N.K.N., S.D. and A.N.; supervision, S.D. and A.N.; project administration, A.N.; funding acquisition,
A.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Uriu-Adams, J.Y.; Keen, C.L. Copper, oxidative stress, and human health. Mol. Asp. Med. 2005, 26, 268–298. [CrossRef] [PubMed]
2. Graham, T.W. Trace element deficiencies in cattle. Vet. Clin. N. Am. Food Anim. Pract. 1991, 7, 153–215. [CrossRef] [PubMed]
3. Crapo, J.D.; Oury, T.; Rabouille, C.; Slot, J.W.; Chang, L.-Y. Copper, zinc superoxide dismutase is primarily a cytosolic protein in

human cells. Proc. Natl. Acad. Sci. USA 1992, 89, 10405–10409. [CrossRef] [PubMed]
4. Cobine, P.A.; Pierrel, F.; Winge, D.R. Copper trafficking to the mitochondrion and assembly of copper metalloenzymes. Biochim.

Biophys. Acta (BBA)-Mol. Cell Res. 2006, 1763, 759–772. [CrossRef] [PubMed]
5. Boal, A.K.; Rosenzweig, A.C. Structural biology of copper trafficking. Chem. Rev. 2009, 109, 4760–4779. [CrossRef] [PubMed]
6. Harris, E.D. Cellular copper transport and metabolism. Annu. Rev. Nutr. 2000, 20, 291–310. [CrossRef] [PubMed]
7. Karmakar, J.; Pramanik, A.; Joseph, V.; Marks, V.; Grynszpan, F.; Levine, M. A dipodal bimane–ditriazole–diCu(ii) complex serves

as an ultrasensitive water sensor. Chem. Commun. 2022, 58, 2690–2693. [CrossRef] [PubMed]
8. Cai, Y.; You, J.; You, Z.; Dong, F.; Du, S.; Zhang, L. Profuse color-evolution-based fluorescent test paper sensor for rapid and visual

monitoring of endogenous Cu2+ in human urine. Biosens. Bioelectron. 2018, 99, 332–337. [CrossRef] [PubMed]
9. Wegner, S.V.; Arslan, H.; Sunbul, M.; Yin, J.; He, C. Dynamic copper (I) imaging in mammalian cells with a genetically encoded

fluorescent copper (I) sensor. J. Am. Chem. Soc. 2010, 132, 2567–2569. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/bios14050247/s1
https://www.mdpi.com/article/10.3390/bios14050247/s1
https://doi.org/10.1016/j.mam.2005.07.015
https://www.ncbi.nlm.nih.gov/pubmed/16112185
https://doi.org/10.1016/s0749-0720(15)30816-1
https://www.ncbi.nlm.nih.gov/pubmed/2049666
https://doi.org/10.1073/pnas.89.21.10405
https://www.ncbi.nlm.nih.gov/pubmed/1332049
https://doi.org/10.1016/j.bbamcr.2006.03.002
https://www.ncbi.nlm.nih.gov/pubmed/16631971
https://doi.org/10.1021/cr900104z
https://www.ncbi.nlm.nih.gov/pubmed/19824702
https://doi.org/10.1146/annurev.nutr.20.1.291
https://www.ncbi.nlm.nih.gov/pubmed/10940336
https://doi.org/10.1039/D1CC07138F
https://www.ncbi.nlm.nih.gov/pubmed/35108349
https://doi.org/10.1016/j.bios.2017.07.072
https://www.ncbi.nlm.nih.gov/pubmed/28787679
https://doi.org/10.1021/ja9097324
https://www.ncbi.nlm.nih.gov/pubmed/20131768


Biosensors 2024, 14, 247 15 of 16

10. Sharma, S.; Ghosh, K.S. Recent advances (2017–20) inthe detection of copper ion by using fluorescence sensors working through
transfer of photo-induced electron (PET), excited-state intramolecular proton (ESIPT) and Förster resonance energy (FRET).
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 254, 119610. [CrossRef] [PubMed]

11. Liu, S.; Wang, Y.-M.; Han, J. Fluorescent chemosensors for copper(II) ion: Structure, mechanism and application. J. Photochem.
Photobiol. C Photochem. Rev. 2017, 32, 78–103. [CrossRef]

12. Pandey, R.; Kumar, A.; Xu, Q.; Pandey, D.S. Zinc(ii), copper(ii) and cadmium(ii) complexes as fluorescent chemosensors for
cations. Dalton Trans. 2020, 49, 542–568. [CrossRef] [PubMed]

13. Kong, L.; Chu, X.; Ling, X.; Ma, G.; Yao, Y.; Meng, Y.; Liu, W. Biocompatible glutathione-capped gold nanoclusters for dual fluores-
cent sensing and imaging of copper (II) and temperature in human cells and bacterial cells. Microchim. Acta 2016, 183, 2185–2195.
[CrossRef]

14. Li, X.; Qing, Z.; Li, Y.; Zou, Z.; Yang, S.; Yang, R. Natural Peptide Probe Screened for High-Performance Fluorescent Sensing of
Copper Ion: Especially Sensitivity, Rapidity, and Environment-Friendliness. ACS Omega 2019, 4, 793–800. [CrossRef]

15. Pickart, L.; Margolina, A. Regenerative and Protective Actions of the GHK-Cu Peptide in the Light of the New Gene Data. Int. J.
Mol. Sci. 2018, 19, 1987. [CrossRef] [PubMed]

16. Zhang, X.; Zhang, X.; Zhong, M.; Zhao, P.; Guo, C.; Li, Y.; Xu, H.; Wang, T.; Gao, H. A Novel Cu(II)-Binding Peptide Identified by
Phage Display Inhibits Cu(2+)-Mediated Aβ Aggregation. Int. J. Mol. Sci. 2021, 22, 6842. [CrossRef] [PubMed]

17. Scheiber, I.F.; Mercer, J.F.; Dringen, R. Metabolism and functions of copper in brain. Prog. Neurobiol. 2014, 116, 33–57. [CrossRef]
[PubMed]

18. Singh, I.; Sagare, A.P.; Coma, M.; Perlmutter, D.; Gelein, R.; Bell, R.D.; Deane, R.J.; Zhong, E.; Parisi, M.; Ciszewski, J. Low
levels of copper disrupt brain amyloid-β homeostasis by altering its production and clearance. Proc. Natl. Acad. Sci. USA
2013, 110, 14771–14776. [CrossRef] [PubMed]

19. Thinakaran, G.; Koo, E.H. Amyloid precursor protein trafficking, processing, and function. J. Biol. Chem. 2008, 283, 29615–29619.
[CrossRef] [PubMed]

20. Selkoe, D.J.; Wolfe, M.S. Presenilin: Running with scissors in the membrane. Cell 2007, 131, 215–221. [CrossRef] [PubMed]
21. Lovell, M.A.; Robertson, J.D.; Teesdale, W.J.; Campbell, J.L.; Markesbery, W.R. Copper, iron and zinc in Alzheimer’s disease senile

plaques. J. Neurol. Sci. 1998, 158, 47–52. [CrossRef] [PubMed]
22. Zhao, Y.; Zhao, B. Oxidative stress and the pathogenesis of Alzheimer’s disease. Oxidative Med. Cell. Longev. 2013, 2013, 316523.

[CrossRef] [PubMed]
23. Faller, P.; Hureau, C. Bioinorganic chemistry of copper and zinc ions coordinated to amyloid-β peptide. Dalton Trans.

2009, 21, 1080–1094. [CrossRef] [PubMed]
24. Nair, N.G.; Perry, G.; Smith, M.A.; Reddy, V.P. NMR studies of zinc, copper, and iron binding to histidine, the principal metal ion

complexing site of amyloid-beta peptide. J. Alzheimers Dis. 2010, 20, 57–66. [CrossRef]
25. Hewitt, N.; Rauk, A. Mechanism of Hydrogen Peroxide Production by Copper-Bound Amyloid Beta Peptide: A Theoretical Study.

J. Phys. Chem. B 2009, 113, 1202–1209. [CrossRef] [PubMed]
26. Rajasekhar, K.; Madhu, C.; Govindaraju, T. Natural Tripeptide-Based Inhibitor of Multifaceted Amyloid β Toxicity. ACS Chem.

Neurosci. 2016, 7, 1300–1310. [CrossRef] [PubMed]
27. Cho, H.-J.; Sharma, A.K.; Zhang, Y.; Gross, M.L.; Mirica, L.M. A Multifunctional Chemical Agent as an Attenuator of Amyloid

Burden and Neuroinflammation in Alzheimer’s Disease. ACS Chem. Neurosci. 2020, 11, 1471–1481. [CrossRef]
28. Jokar, S.; Erfani, M.; Bavi, O.; Khazaei, S.; Sharifzadeh, M.; Hajiramezanali, M.; Beiki, D.; Shamloo, A. Design of peptide-

based inhibitor agent against amyloid-β aggregation: Molecular docking, synthesis and in vitro evaluation. Bioorg. Chem.
2020, 102, 104050. [CrossRef] [PubMed]

29. Lührs, T.; Ritter, C.; Adrian, M.; Riek-Loher, D.; Bohrmann, B.; Döbeli, H.; Schubert, D.; Riek, R. 3D structure of Alzheimer’s
amyloid-β(1–42) fibrils. Proc. Natl. Acad. Sci. USA 2005, 102, 17342–17347. [CrossRef] [PubMed]

30. Jokar, S.; Khazaei, S.; Gameshgoli, X.E.; Khafaji, M.; Yarani, B.; Sharifzadeh, M.; Beiki, D.; Bavi, O. Amyloid β-Targeted Inhibitory
Peptides for Alzheimer’s Disease: Current State and Future Perspectives. In Alzheimer’s Disease: Drug Discovery; Huang, X., Ed.;
Exon Publications: Brisbane, AU, USA, 2020. [CrossRef]

31. Wood, S.J.; Wetzel, R.; Martin, J.D.; Hurle, M.R. Prolines and Aamyloidogenicity in Fragments of the Alzheimer’s Peptide.beta./A4.
Biochemistry 1995, 34, 724–730. [CrossRef]

32. Soto, C.; Sigurdsson, E.M.; Morelli, L.; Asok Kumar, R.; Castaño, E.M.; Frangione, B. β-sheet breaker peptides inhibit fibrillogenesis
in a rat brain model of amyloidosis: Implications for Alzheimer’s therapy. Nat. Med. 1998, 4, 822–826. [CrossRef] [PubMed]

33. Casella, L.; Gullotti, M.; Radaelli, R.; Di Gennaro, P. A tyrosinase model system. Phenol ortho-hydroxylation by a binuclear
three-coordinate copper(I) complex and dioxygen. J. Chem. Soc. Chem. Commun. 1991, 4, 1611–1612. [CrossRef]

34. Jain, S.; Bhar, K.; Bandyopadhayaya, S.; Singh, V.K.; Mandal, C.C.; Tapryal, S.; Sharma, A.K. Development, evaluation and effect
of anionic co-ligand on the biological activity of benzothiazole derived copper(II) complexes. J. Inorg. Biochem. 2020, 210, 111174.
[CrossRef] [PubMed]

35. Nag, A.; Mafi, A.; Das, S.; Yu, M.B.; Alvarez-Villalonga, B.; Kim, S.-K.; Su, Y.; Goddard, W.A.; Heath, J.R. Stereochemical
engineering yields a multifunctional peptide macrocycle inhibitor of Akt2 by fine-tuning macrocycle-cell membrane interactions.
Commun. Chem. 2023, 6, 95. [CrossRef] [PubMed]

https://doi.org/10.1016/j.saa.2021.119610
https://www.ncbi.nlm.nih.gov/pubmed/33684850
https://doi.org/10.1016/j.jphotochemrev.2017.06.002
https://doi.org/10.1039/C9DT03017D
https://www.ncbi.nlm.nih.gov/pubmed/31894793
https://doi.org/10.1007/s00604-016-1854-z
https://doi.org/10.1021/acsomega.8b02513
https://doi.org/10.3390/ijms19071987
https://www.ncbi.nlm.nih.gov/pubmed/29986520
https://doi.org/10.3390/ijms22136842
https://www.ncbi.nlm.nih.gov/pubmed/34202166
https://doi.org/10.1016/j.pneurobio.2014.01.002
https://www.ncbi.nlm.nih.gov/pubmed/24440710
https://doi.org/10.1073/pnas.1302212110
https://www.ncbi.nlm.nih.gov/pubmed/23959870
https://doi.org/10.1074/jbc.R800019200
https://www.ncbi.nlm.nih.gov/pubmed/18650430
https://doi.org/10.1016/j.cell.2007.10.012
https://www.ncbi.nlm.nih.gov/pubmed/17956719
https://doi.org/10.1016/S0022-510X(98)00092-6
https://www.ncbi.nlm.nih.gov/pubmed/9667777
https://doi.org/10.1155/2013/316523
https://www.ncbi.nlm.nih.gov/pubmed/23983897
https://doi.org/10.1039/B813398K
https://www.ncbi.nlm.nih.gov/pubmed/19322475
https://doi.org/10.3233/jad-2010-1346
https://doi.org/10.1021/jp807327a
https://www.ncbi.nlm.nih.gov/pubmed/19123835
https://doi.org/10.1021/acschemneuro.6b00175
https://www.ncbi.nlm.nih.gov/pubmed/27355515
https://doi.org/10.1021/acschemneuro.0c00114
https://doi.org/10.1016/j.bioorg.2020.104050
https://www.ncbi.nlm.nih.gov/pubmed/32663672
https://doi.org/10.1073/pnas.0506723102
https://www.ncbi.nlm.nih.gov/pubmed/16293696
https://doi.org/10.36255/exonpublications.alzheimersdisease.2020.ch3
https://doi.org/10.1021/bi00003a003
https://doi.org/10.1038/nm0798-822
https://www.ncbi.nlm.nih.gov/pubmed/9662374
https://doi.org/10.1039/C39910001611
https://doi.org/10.1016/j.jinorgbio.2020.111174
https://www.ncbi.nlm.nih.gov/pubmed/32652261
https://doi.org/10.1038/s42004-023-00890-w
https://www.ncbi.nlm.nih.gov/pubmed/37202473


Biosensors 2024, 14, 247 16 of 16

36. Borges, A.; Nguyen, C.; Letendre, M.; Onasenko, I.; Kandler, R.; Nguyen, N.K.; Chen, J.; Allakhverdova, T.; Atkinson, E.;
DiChiara, B.; et al. Facile de Novo Sequencing of Tetrazine-Cyclized Peptides through UV-Induced Ring-Opening and Cleavage
from the Solid Phase. ChemBioChem 2023, 24, e202200590. [CrossRef] [PubMed]

37. Sticker, M.; Elsässer, R.; Neumann, M.; Wolff, H. How to Get Better Fluorescence Images with Your Widefield Microscope: A
Methodology Review. Microsc. Today 2020, 28, 36–43. [CrossRef]

38. Xiao, Y.; Ma, B.; McElheny, D.; Parthasarathy, S.; Long, F.; Hoshi, M.; Nussinov, R.; Ishii, Y. Aβ(1–42) fibril structure illuminates
self-recognition and replication of amyloid in Alzheimer’s disease. Nat. Struct. Mol. Biol. 2015, 22, 499–505. [CrossRef] [PubMed]

39. Nouhi, A.; Hajjoul, H.; Redon, R.; Gagné, J.-P.; Mounier, S. Interactions between natural organic ligands and trace metals studied
by fluorescence lifetime and fluorescence quenching. In EGU General Assembly Conference Abstracts; EGU: Munich, Germany, 2017;
p. 1922.

40. De Costa, M.D.P.; Jayasinghe, W.A.P.A. Detailed studies on complexation behaviour and mechanism of fluorescence quenching of
naphthalene linked hydroxamic acid with transition metal ions by UV-visible and fluorescence spectra. J. Photochem. Photobiol. A
Chem. 2004, 162, 591–598. [CrossRef]

41. Jayabharathi, J.; Thanikachalam, V.; Jayamoorthy, K.; Sathishkumar, R. Selective quenching of benzimidazole derivatives by
Cu(2)+ metal ion. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2012, 97, 384–387. [CrossRef] [PubMed]

42. Ghose, A.K.; Crippen, G.M. Atomic physicochemical parameters for three-dimensional-structure-directed quantitative structure-
activity relationships. 2. Modeling dispersive and hydrophobic interactions. J. Chem. Inf. Comput. Sci. 1987, 27, 21–35. [CrossRef]
[PubMed]

43. Bae, W.; Yoon, T.Y.; Jeong, C. Direct evaluation of self-quenching behavior of fluorophores at high concentrations using an
evanescent field. PLoS ONE 2021, 16, e0247326. [CrossRef] [PubMed]

44. Jablonski, J. Self-depolarization and decay of photoluminescence of solutions. Acta Phys. Pol. 1955, 14, 295–307.
45. Evans, T.R. Singlet quenching mechanisms. J. Am. Chem. Soc. 1971, 93, 2081–2082. [CrossRef]
46. Chen, R.F.; Knutson, J.R. Mechanism of fluorescence concentration quenching of carboxyfluorescein in liposomes: Energy transfer

to nonfluorescent dimers. Anal. Biochem. 1988, 172, 61–77. [CrossRef]
47. Chouhan, G.; James, K. CuAAC Macrocyclization: High Intramolecular Selectivity through the Use of Copper–Tris(triazole)

Ligand Complexes. Org. Lett. 2011, 13, 2754–2757. [CrossRef] [PubMed]
48. Goswami, S.; Chakraborty, S.; Paul, S.; Halder, S.; Panja, S.; Mukhopadhyay, S.K. A new pyrene based highly sensitive fluorescence

probe for copper(ii) and fluoride with living cell application. Org. Biomol. Chem. 2014, 12, 3037–3044. [CrossRef] [PubMed]
49. Jan, A.; Hartley, D.M.; Lashuel, H.A. Preparation and characterization of toxic Aβ aggregates for structural and functional studies

in Alzheimer’s disease research. Nat. Protoc. 2010, 5, 1186–1209. [CrossRef] [PubMed]
50. Ryan, D.K.; Weber, J.H. Copper(II) complexing capacities of natural waters by fluorescence quenching. Environ. Sci. Technol.

1982, 16, 866–872. [CrossRef]
51. De, S.; Wirthensohn, D.C.; Flagmeier, P.; Hughes, C.; Aprile, F.A.; Ruggeri, F.S.; Whiten, D.R.; Emin, D.; Xia, Z.; Varela, J.A.; et al.

Different soluble aggregates of Aβ42 can give rise to cellular toxicity through different mechanisms. Nat. Commun. 2019, 10, 1541.
[CrossRef]

52. Pedersen, J.T.; Ostergaard, J.; Rozlosnik, N.; Gammelgaard, B.; Heegaard, N.H. Cu(II) mediates kinetically distinct, non-
amyloidogenic aggregation of amyloid-beta peptides. J. Biol. Chem. 2011, 286, 26952–26963. [CrossRef] [PubMed]

53. Kadlag, S.S.; Ghosh, M.; Singh, P.K.; Swain, K.K. Thioflavin-T-Enhanced Fluorescence in Cerium Adenosine Triphosphate
Coordination Polymer Nanoparticles for Selective and Sensitive Copper(II) Detection in E-Waste and Biological Samples. ACS
Appl. Nano Mater. 2024, 7, 1425–1436. [CrossRef]

54. Cao, Y.; Liu, X.; Zhang, J.; Liu, Z.; Fu, Y.; Zhang, D.; Zheng, M.; Zhang, H.; Xu, M.-H. Design of a Coumarin-Based Fluorescent
Probe for Efficient In Vivo Imaging of Amyloid0-β Plaques. ACS Chem. Neurosci. 2023, 14, 829–838. [CrossRef] [PubMed]

55. Habashi, M.; Vutla, S.; Tripathi, K.; Senapati, S.; Chauhan, P.S.; Haviv-Chesner, A.; Richman, M.; Mohand, S.-A.;
Dumulon-Perreault, V.; Mulamreddy, R.; et al. Early diagnosis and treatment of Alzheimer’s disease by targeting toxic
soluble Aβ oligomers. Proc. Natl. Acad. Sci. USA 2022, 119, e2210766119. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/cbic.202200590
https://www.ncbi.nlm.nih.gov/pubmed/36471561
https://doi.org/10.1017/S155192952000156X
https://doi.org/10.1038/nsmb.2991
https://www.ncbi.nlm.nih.gov/pubmed/25938662
https://doi.org/10.1016/S1010-6030(03)00419-2
https://doi.org/10.1016/j.saa.2012.06.012
https://www.ncbi.nlm.nih.gov/pubmed/22813989
https://doi.org/10.1021/ci00053a005
https://www.ncbi.nlm.nih.gov/pubmed/3558506
https://doi.org/10.1371/journal.pone.0247326
https://www.ncbi.nlm.nih.gov/pubmed/33606817
https://doi.org/10.1021/ja00737a058
https://doi.org/10.1016/0003-2697(88)90412-5
https://doi.org/10.1021/ol200861f
https://www.ncbi.nlm.nih.gov/pubmed/21526759
https://doi.org/10.1039/C4OB00067F
https://www.ncbi.nlm.nih.gov/pubmed/24671378
https://doi.org/10.1038/nprot.2010.72
https://www.ncbi.nlm.nih.gov/pubmed/20539293
https://doi.org/10.1021/es00106a009
https://doi.org/10.1038/s41467-019-09477-3
https://doi.org/10.1074/jbc.M111.220863
https://www.ncbi.nlm.nih.gov/pubmed/21642429
https://doi.org/10.1021/acsanm.3c05686
https://doi.org/10.1021/acschemneuro.2c00468
https://www.ncbi.nlm.nih.gov/pubmed/36749171
https://doi.org/10.1073/pnas.2210766119
https://www.ncbi.nlm.nih.gov/pubmed/36442093

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Metal Chelator A1 
	Synthesis of Metal Chelator A2 
	Synthesis of Metal Chelator A3 
	Synthesis of A Inhibitor Peptide LPFFD by Alstra Microwave Peptide Synthesizer 
	Synthesis of Bifunctional Molecules L1 and L2 
	Synthesis of Bifunctional Molecule L3 
	TFA Cleavage and Lyophilization 
	Purification of Bifunctional Molecule by Reverse-Phase High-Performance Liquid Chromatography 
	Fluorescence Assays 
	Microscopy 

	Results and Discussion 
	Development of Tri-Dentate and Tetra-Dentate Frameworks for Copper Detection 
	Development of Bifunctional Peptide-Framework Hybrid Molecules 
	Selectivity of Compounds L1, L2 and L3 towards Copper and Other Physiologically Relevant Metal Ions 
	Effect of L3 on Cu2+-Ab42 Aggregation 

	Conclusions 
	References

