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ARTICLE INFO ABSTRACT

Keywords: A diarylethene-based probe (Z)-N’-((2-amino-5-chlorophenyl) (phenyl)methylene)-2-hydroxy benzo-
Colorimetric P{Obe hydrazide (KBH) has been proficiently developed and its structure has been confirmed by single
Copper(Il) sensing crystal X-ray diffraction technique. It displays a selective and sensitive colorimetric sensing of
Blmm.agmg . cu®* ions in aqueous medium with a naked eye colour change from colourless to yellow. It ex-
Alzheimer’s disease s s o . . s .

Drosophila hibits a significantly low limit of detection as 1.5 nM. A plausible binding mechanism has been

proposed using Job’s plot, FT-IR, 'H NMR titration, HRMS and DFT studies. The chemosensor is
effectively reversible and reusable with EDTA. Test strip kit and real water sample analysis have
been shown to establish its practical applicability. Further, the potential of KBH for the early
diagnosis of Cu?* ion-induced amyloid toxicity has been investigated in eye imaginal disc of
Alzheimer’s disease model of Drosophila 3rd instar larvae. The in-vivo interaction of KBH with
Cu®" in gut tissues of Drosophila larvae establishes its sensing capability in biological system.
Interestingly, the in-vivo detection of Cu?" has been done using bright field imaging which
eliminates the necessity of a fluorescent label, hence making the method highly economical.

1. Introduction

Alzheimer’s disease (AD), accounting for about 60-80 % of dementia cases, is a neurodegenerative disorder leading to inabilities in
thinking, irreversible memory loss, behavioral disorders and severe deterioration of cognitive functions [1]. The disease is charac-
terized by two major neuropathological indications; the deposition of extracellular amyloid p (Af) plaques and intracellular neuro-
fibrillary tau tangles (NFT) [2]. Although multiple mechanisms have been reported for AD pathogenesis, the widely acknowledged
amyloid cascade hypothesis suggested the accumulation of Af plaques in the brain as the major incident in AD pathogenesis [3]. Af
plaques consist of peptides of 39-43 amino acids. Two polymorphic forms of Ap peptide; fibrillar and oligomeric aggregates have been
reported [4]. The longer peptides tend to aggregate easily into insoluble fibrils which are relatively inert. However, the small soluble
oligomeric aggregates are believed to be the most neurotoxic and the main agent of the AD pathogenesis. World Health Organization
report says that more than 50 million people worldwide suffer from dementia and it is expected to triple during the next 30 years [5].
Despite being a global concern and a century of research, there is still no known cure for the disease. Currently used treatments are
limited to slow down the progression of AD and also their efficiency is minimum and short-term [6-8]. However, early diagnosis and
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monitoring of AD would increase the effectiveness of the treatment methods resulting in reduced mortality and healthcare costs [9]. An
early diagnosis of AD is possible as the pathological changes start several years before clinical symptoms appear in patients. The
development of AD has been identified in six stages [10]. Stages I and II are considered as preclinical and asymptomatic. Stages III-V
are characterized by severe neuronal degeneration and the appearance of first clinical symptoms of AD. Finally, in Stage VI, the disease
affects the motor and sensory fields. Unfortunately, mostly the AD is diagnosed when significant damage has occurred in the brain.
Therefore there is an urgent need of the early diagnosis of AD in the preclinical stage of its development.

Several studies reported the occurrence of elevated concentrations of biometals in coexistence with Ap peptide in the senile plaques
of an AD brain [11]. Metals like copper, iron and zinc have the tendency to coordinate at metal binding sites of Ap peptide which
accelerates its aggregation and also stabilizes the oligomeric polymorph [12]. In particular, copper imbalance in body has been
claimed responsible for the AD pathogenesis, because of its ability to produce reactive oxygen species, which eventually exert oxidative
stress and neuronal damage in AD [13,14]. The role of copper in AD is controversial, as in few reports deficiency of copper was
observed in AD brain [15-17]. However, a series of scientific evidences have shown the increased level of copper in AD brain [18-20].
Consequently, the detection and monitoring of the increased concentration of copper in the brain could be helpful in the early
diagnosis of AD. Hence, we have designed and synthesized a chromogenic probe, KBH ((Z)-N’-((2-amino-5-chlorophenyl) (phenyl)
methylene)-2-hydroxybenzohydrazide) to specifically act as copper chelator by extracting copper from Cu-amyloid complex in AD brain.

The first copper chelator ligands used for AD therapy were 8-hydroxyquinoline derivatives, Clioquinol and PBT2 [21]. They were
able to bind with copper in Af plaques, however, failed due to their lack of efficacy and serious side-effects on long-term use. Further
several aminopyrine-based and phenol amino derivatives such as thioflavine-, resveratrol-, coumarin-, and benzothiazole-based
compounds have been studied as a promising chelating agent to detect copper in AD patients [22]. Inspired from these chelators,
we decided to explore the efficacy of diarylethene moiety as a metal chelator due to its exceptional photophysical properties and
chemical stability [23,24]. To the best of our knowledge, no study on the use of diarylethene scaffold as metal chelator in AD brain has
been reported. Moreover, several reports have established the Schiff bases as chromophores offering strong bonding with metal ions
because of their n-acceptor property [25,26]. Hence, a diarylethene based Schiff base could act as an efficient chromophore for metal
ion detection.

Although fluorometric sensing method is widely investigated for the detection of Cu®* [27,28], yet they suffer from the limitation
of necessity of complex fluorescence active probes and high cost instrumentation. However, colorimetric detection methods offer
major advantages including naked-eye recognition, high sensitivity and selectivity, low cost, simple equipment and real-time detec-
tion. Label-free colorimetric sensor comprising Au and Ag nanoparticles have been reported for diagnosing AD via monitoring Af
peptides [29]. Hu et al. has reported a nanozyme colorimetric sensor based on (Zn/Fe/Cu)-MnO- to observe the development of Ap
aggregates [30]. Inspired from all the development in the field of early diagnosis of AD, we developed KBH as a metal chelator to detect
the distribution of Cu®*via bright field imaging in the gut tissues and eye imaginal disc of the AD Drosophila. The use of bright field
imaging eliminated the limitation to use a fluorescent label, hence made our system an economical and simplified method of detection.

2. Experimental
2.1. Reagents and instrumentation

All the reagents and solvents were obtained from Sigma-Aldrich Chemicals, USA. Milli-Q water used in the experiments was freshly
prepared. 'H and '3C NMR spectra were recorded in DMSO-dg on Bruker India Scientific (Model-Avance Neo 600 MHz) multinuclear
spectrometer. FT-IR and HRMS spectra were recorded on FT/IR-4700 JASCO spectrophotometer and HRMS SCIEX X-500R QTOF,
respectively. The single crystal X-ray diffraction data was recorded on XtaLAB Synergy-I diffractometer and the structure refinement
and solution was carried out using Olex2 and SHELXTL program. A fluorescent microscope with NIS-Element BR4.30064 bit software
was used to capture the images of Drosophila.

2.2. Synthesis of KBH

In a round bottomed flask, a solution of 2-hydroxybenzohydrazide (0.152 g, 1 mmol) in methanol was mixed with the methanolic
solution of 2-amino-5-chlorobenzophenone (0.231 g, 1 mmol) slowly with stirring and refluxed for 5 h. The reaction mixture was
evaporated to obtain a yellow solid. Recrystallization was done in DMSO and the obtained yellow crystals (Yield 90 %) were filtered
and dried. m.p. 245 °C. 'H NMR (DMSO-ds, § in ppm): 11.08 (s, 1H, NH), 10.90 (s, 1H, OH), 7.96-6.49 (12H, Ar-H), 7.67 (br, 2H,
NH,); *C NMR (DMSO-dg): 161.40 (C=0), 156.19 (C=N), 155.71-117.04 (Ar-C). IR (v cm™}): (OH) 3486, (NH) 3285, (C=0) 1621,
(C=N) 1614, (N-N) 975; Anal. Calc. for CooH;6N30,Cl (365.0931): HRMS m/z: 366.0983 [M + H]™.

2.3. Spectroscopic experiments

The stock solutions (10~2 M) of KBH and metal salts in DMSO and Milli-Q water, respectively, were used for all the experiments.
HEPES buffer (pH 7.4) was used as the sensing medium. UV-Vis titration data was used to calculate the binding constant (K;) of
KBH-Cu?* by Benesi-Hildebrand plot equation (1).

1/(A _AO) =1 / (Ka (Amax - AO) [Metal]) +1 / (Amax - AO)- (1)
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where, A and Ag are the KBH absorbance values, with and without cu?, respectively; Apax is the KBH maximum absorbance value
with excess of Cu?". [Metal] is the concentration of Cu?>*. The limit of detection (LOD) was calculated by using equation (2), where o is
the standard deviation.

LOD =30/slope )
2.4. Biological experiments

2.4.1. Drosophila stocks and culture details

Drosophila stocks were obtained from Bloomington Drosophila Stock Center, Indiana, USA. The fly stocks used were OregonR™ as
wild type, ey-GAl4/CyO as driver line and UAS-Abeta-ey-Gal4/CyO as responder line. The AD model was generated using ey-GAl4/
CyO and UAS-Abeta-ey-Gal4/CyO flies. The culture of fly stocks was done in corn agar media at 28+1 °C in a BOD incubator.

2.4.2. Toxicity assay

The control flies were fed with normal food, whereas the test flies were exposed to various concentrations (50, 100 and 200 pM) of
KBH, Cu®" and KBH + Cu?" in each group for the median lethal dose (LDs) determination. The growth of OregonR™ f1 progeny was
monitored after 20 days of treatment.

2.4.3. Cell viability assay

Cell viability of 3rd instar larval gut tissues was observed using MTT assay. Larval gut was dissected (n = 10 in each group) and
treated with 50, 100 and 200 pM of KBH, Cu?" and KBH + Cu?" in the cavity slides in 1xPBS under stereo binocular microscope. The
gut tissues were washed thrice with 1xPBS and incubated in 0.6 mg/ml MTT in 100 pl at 37 °C for 2 h. The MTT was removed and the
tissues were washed with 1xPBS twice. Then added 100 pul DMSO and dissolved in the formazan crystal. The absorbance was recorded
at 575 nm by a multi-mode plate reader.

2.4.4. In-vivo interaction of KBH with Cu®" in gut tissues and eye disc of AD Drosophila

The larvae (n = 10 of each group) were dissected in 1xPBS and the tissues were fixed in 4 % paraformaldehyde for 20 min. After
washing thrice with 1xPBS, the tissues were incubated in KBH, Cu?* and KBH + Cu?" for 10 min. Again the tissues were washed with
1xPBS thrice and then mounted on slides in DABCO. Finally, the images were captured on a Nikon-NiU fluorescence microscope.

3. Results and discussion
3.1. Synthesis and spectral characterization of KBH

The KBH was synthesized efficiently using a facile procedure [31] as shown in Scheme 1. The final product was characterized by 'H
and 13C NMR, FT-IR and HRMS. The molecular structure of the probe was established using single crystal X-ray diffraction technique
for the first time.

'H NMR spectrum of KBH presented the N-H and O-H protons peaks at 11.08 and 10.90 ppm, respectively. The multiplets in the
range of 7.96-6.49 ppm showed the existence of aromatic protons (Fig. S1). 13C NMR spectrum of KBH displayed the distinguishing
peaks of C=0 and C=N carbons at 161.40 and 156.19 ppm, respectively (Fig. S2). The IR bands appeared at 3486, 3285 and1621
em ! ascribed to O-H, N-H and C=0 bonds, respectively. The band at 1614 cm ™! confirmed the imine (>C=N-) group (Fig. S3).
HRMS spectrum (Fig. S4) showed a molecular ion peak at m/z 366.0983 [M+H]".

The single crystal structural refinement data of the probe, KBH has been shown in Table 1. It existed as a monoclinic crystal system
(a=12.5067(4) ;\, b=8.1302(2) Aandc= 19.0534(5) 10\) with P2;/c space group. Fig. 1 represented the ORTEP structure of KBH and
the related bond lengths and bond angles has been presented in Tables S1 and S2. Structure of KBH is stabilized due to intramolecular
(N2-H2-01, 1.98 A) and intermolecular (0O1-H1---03’,1.87 A) hydrogen bonding. The double bond character of 02-C14 and N1-C7
bonds were confirmed by their bond lengths of 1.225 and 1.281 A, respectively.

o)

NH2
Methanol __N\ O
“Reflux, 5h O HN OH

(2-amino- 5 chlorophenyl) 2-hydroxybenzohydrazide
(phenyl)methanone

Scheme 1. Synthesis route for KBH.
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Table 1
Crystallographic data and structure refinement for KBH.
Empirical formula Cz1H19CIN303
Formula weight 396.84
Temperature/K 293(2)
Crystal system monoclinic
Space group P2,/c
a/A 12.5067(4)
b/A 8.1302(2)
c/A 19.0534(5)
a/° 90
B/° 94.993(3)
v/° 90
Volume/A3 1930.04(9)
Z 4
Pealcg/cm® 1.369
p/mm~* 0.225
F(000) 828.0
Crystal size/mm® 0.30 x 0.25 x 0.05
Radiation Mo Ka (A = 0.71073)

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I > 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

5.164 to 54.272
~15<h<16,-10 <k <10, 24 <1< 23
42121

4123 [Rip = 0.0483, Ryigma — 0.0303]
4123/0/268

1.075

R; = 0.0425, wR, = 0.1141

R; = 0.0585, wR, = 0.1233

0.55/-0.27

‘RI = X||F,| - |Fc||Z|F,|.

PR, = [Zw(|F2| - |F2))%/Zw|F3[21"2

Fig. 1. ORTEP image of KBH.

3.2. UV-Vis absorption studies of KBH with Cu®"

Prior to performing the in vivo experiments, we optimized all the sensing parameters. Preliminary colorimetric investigations were
conducted with KBH and a series of metal ions to examine the metal ion recognition ability of KBH. The solutions of KBH (30 pM) and
metal ions (30 pM) were added in 1:1 ratio in HEPES buffer and an immediate colour change from colourless to yellow occurred with
Cu®" only (Fig. 2a). Other cations were ineffective to produce any colour change in KBH solution. Form this naked eye experiment, the
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Fig. 2(a). Visible colour change and (b) UV-Vis absorption spectra of KBH (30 pM) after the addition of other metal ions (30 pM) in HEPES buffer
(c) effect of pH variation (error bars for n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. (a) UV-Vis titration spectra of KBH (30 uM) on increasing addition of Cu®>* (0-2 equiv.) in HEPES buffer (pH 7.4). (b) Job’s plot for
KBH-Cu?* complex. (¢) Binding constant of KBH with Cu?* was 0.12 x 107 M~ ! (R? = 0.99964). (d) LOD was calculated as 1.5 x 10™° M (R? =
0.99602). Error bars for n = 3.
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sensing ability of KBH for cu®* jons was established. The UV-Vis absorption spectrum of KBH (30 pM) in HEPES buffer displayed an
absorption peak at 374 nm due to n-t* transition [32]. After the addition of Cu?", the intensity of the absorption peak at 374 nm
disappeared and a new peak originated at 461 nm. The appearance of new band could be due to intramolecular charge transfer (ICT)
between KBH and Cu®" [33]. The sensing efficiency of KBH (30 pM) towards Cu?* was established by recording UV-Vis absorption
spectrum in the presence of various metal ions (30 pM) including Zn?*, Cu®*, Ni%*, Co?*, Mn2", cd?*, Hg?*, Pb?", Bi%T, Ba*, Cr®*,
Fe3t, AI**, Ag™, K* and Na* in HEPES buffer (Fig. 2b). No observable change was observed in the spectrum of KBH with other metal
ions.

Further, the stability of KBH and its sensing ability towards Cu®* in various pH environments was examined. The absorption
spectra of KBH (30 pM) and cu?t (30 pM) in different pH solutions (pH 1-14, HEPES buffer) were recorded (Fig. 2¢). KBH alone
showed great inertness in various pH environments and no observable change was seen in its absorption maxima. This also indicated
that its sensing ability was because of the Cu?" interaction only. However, the absorbance of KBH-Cu®* was greatly reduced at acidic
and highly basic pH. The maximum sensing efficiency of KBH was seen in the pH range from 7 to 12. Hence, KBH was proved to be
highly compatible to effectively work in the biological environment. As our motive was to use KBH in biological systems, we per-
formed all the experiments at pH 7.4.

3.3. UV-Vis titration, Job’s plot, binding constant and LOD

Further the UV-Vis titration experiment was performed to determine the binding constant and LOD of KBH towards Cu®*. To
conduct the experiment, absorption spectra of KBH (30 pM) were recorded with increasing concentration of Cu®* solution. As shown in
Fig. 3a, with increasing concentration of Cu?>" (0-2.0 equiv.), the intensity of absorption peak at 374 nm was seen decreasing, whereas,
a linear increase in the intensity of the newly originated band at 461 nm was observed. No further increase in absorption intensity was
found with excess amount of Cu®* ions. Job’s plot determined the 1:1 stoichiometry of KBH-Cu?* with intensity maximum at 0.5 mol
fraction of Cu®* (Fig. 3b). From the UV-Vis titration data, binding constant (K,) and LOD for the KBH-Cu?" were calculated by using
Benesi-Hildebrand equation [34] and found to be 0.12 x 10’ M! (Figs. 3c)and 1.5 x 107°M (Fig. 3d), respectively. The observed low
detection limit indicated that KBH is best suited for biological analysis, and hence, can meet the practical demands.

3.4. Competitive experiment

To establish KBH as a highly selective practical tool for colorimetric sensing of Cu®" in biological systems, competitive experiments
were conducted (Fig. 4). Absorption spectra of KBH (30 pM) were recorded in the presence of Cu*" ions (1 equiv.) in addition to other
metal ions (5 equiv.) in HEPES buffer (pH 7.4). No significant interference of other metal ions was observed for the detection of cu?t,
The selectivity of KBH for Cu?" indicated that it will not disturb the metal balance of the biological system by binding with other
coexisting metal ions.

3.5. Reversibility study

The reversibility of a chemosensor is an essential requirement to examine the variation in the analyte concentration. Therefore,
reversibility studies were performed by adding EDTA (30 pM) to in-situ generated KBH-Cu®* in HEPES buffer (pH 7.4).
With the addition of EDTA, a colour change from yellow to colourless was observed. This reversibility of the KBH-Cu?* was due to
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o
<
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Fig. 4. Competitive experiment of KBH (30 pM) and cu* (1 equiv.) with various metal ions (5 equiv) in HEPES buffer (pH 7.4, error bars for n
= 3).
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the stronger binding affinity of Cu®" towards EDTA. No significant change in absorption spectrum of KBH was observed with EDTA,
whereas, the sensing property was completely reversed by adding EDTA to KBH-Cu®". After adding EDTA, the KBH-Cu" spectrum
reversed back to the KBH spectrum (Fig. 5a). Further, the reversibility of KBH was investigated by alternate additions of Cu?* and
EDTA to the KBH. This resulted in corresponding appearance and disappearance of the yellow colour. This cycle was repeated 4 times
to validate the reversibility (Fig. 5b).

The reversible response of KBH-Cu®* with EDTA encouraged to examine its selectivity towards other anions (30 pM) such as CN™,
HCO3, Cl-, S0%~, Cl0z, CO%~, NO3, SCN ™, SO%~, OH™, CH3COO~ in HEPES buffer (pH 7.4). Fig. 6 showed no significant interference
of other anions indicating the selectivity of KBH-Cu?* for EDTA among several anions.

3.6. Proposed binding mechanism by FT-IR, 'H NMR titration and HRMS

3.6.1. Synthesis of KBH-Cu?* complex

The KBH-Cu?* complex was synthesized in a round bottom flask by adding 30 ml methanolic solution of copper(Il) nitrate (1
mmol) to 30 ml methanolic solution of KBH (1 mmol) slowly with stirring. The reaction mixture was then stirred for 2 h at room
temperature. The obtained light green solid was centrifuged, washed with methanol several times and dried (Scheme 2).

To determine the binding sites of KBH, FT-IR spectra of KBH and the synthesized KBH-Cu?" were compared (Fig. S3). In KBH
spectrum, the peaks at 3486, 3285 and 3231 cm ™! corresponded to the O-H, N-H and NH, groups, respectively. The distinguishing
peaks of C=0 and C=N groups in KBH appeared at 1621 and 1614 cm ™}, respectively. After complexation with Cu®", the disap-
pearance of N-H and C—=0 peaks in the spectrum of KBH-Cu?" indicated the involvement of N-H proton in enolization of C=0
(amide) and subsequent deprotonation for binding with Cu?*. This was supported by the generation of a new peak at 1377 em™!
corresponding to C-O group. However, O-H and NH; groups were not found to participate in bonding. A shift at lower wave number
(1594 ecm™Y) in the (C=N) of complex suggested the coordination of C=N group with Cu?".

For more detailed investigation of the binding interaction of KBH with Cu?>*, 'H NMR titration was performed. The spectra of KBH
were recorded in DMSO-dg by adding 0-1.0 equiv. of Cu(NO3),.3H0. Although all the proton peaks were broadened due to the
paramagnetic behaviour of Cu?, but still their positions could be compared with free KBH. With the increasing concentration of Cu*,
the NH proton peak at 11.08 ppm decreased gradually and disappeared at 1 equiv. Cu>*. The chemical shift values of O-H and NH,
protons at 10.90 and 7.67 ppm respectively, were unaffected upon complexation. No change in the position of aromatic protons was
observed (Fig. S5). These observations also suggested the involvement of N-H proton in enolization of amide C=O0 group. Hence, it is
evident that imine-N and amide-O are the binding sites of KBH. Based on FT-IR, 'H NMR titration and Job’s plot, a four coordinated
structure of KBH-Cu?" was proposed as shown in (Scheme 2). The chelation of Cu?>* with the enol form of KBH increased the charge
transfer, hence resulting in the red shift (87 nm) of the absorbance band. In HRMS spectrum of KBH-Cu®", the peak at 511.0655
[M+Na]™ (Fig. S6) validated its structure.

3.7. Theoretical investigation

Computational calculations were performed to investigate the binding mode and the relative energies of HOMO-LUMO of KBH and
KBH-Cu®" by density functional theory (DFT) method. The ground state geometries of KBH (Fig. S7a) and KBH-Cu" (Fig. S7b) were
theoretically optimized using Gaussian 09 computational program with B3LYP function using the 6-311G(d, p) basis set [35].

A comparison of the energy of HOMO and LUMO of KBH and KBH-Cu?" indicated that the complexation of KBH with Cu®* lead to
the more stabilized orbitals. After complexation, a decrease in the energy gap between the HOMO and LUMO was observed from 4.12
to 3.22 eV, inferring the increased stabilization of the complex. This stabilization was also reflected by the bathochromic shift in
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Fig. 5(a). Reversibility spectra of KBH-Cu>* (30 uM) with EDTA (30 pM) in HEPES buffer (pH 7.4). (b) Reversibility cycle of KBH with Cu®**and
EDTA, alternatively (error bars for n = 3).
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Scheme 2. Synthesis route for KBH-Cu?".

absorption wavelength of KBH. As shown in Fig. 7, before complexation the HOMO electron density was oriented over the diarylethene
moiety of KBH which was transferred to hydroxy-phenyl ring after binding with Cu*, indicating the intramolecular charge transfer
(ICT). The bond length and bond angles of KBH and KBH-Cu®" were obtained from geometry optimized structures. Upon coordination
with Cu®, the bond length of C=O0 increased from 1.214 to 1.283 A, whereas, a decrease in the bond length of amide C-N from 1.411
to 1.342 A was observed. These observations also supported the enolization of KBH during complexation. The bond angles of 0—=C-N
and C=N-N in KBH were found to be 123.26° and 120.11° which after complexation changed to 123.13° and 117.20°, respectively.
The observed changes in bond angles of KBH upon coordination with Cu®* further validated the binding of KBH via amide-O and
imine-N.

3.8. Test kit and real water sample analysis

To establish KBH as a practical tool for detection of cu?t, we developed an economical and easy to use paper strip kit. The test strips
were prepared by coating filter paper with KBH (30 pM) solution. These test strips were then dipped into Cu?" solution (30 uM)
exhibiting the colour change from colourless to yellow (Fig. 8a).

Encouraged by the colorimetric response of KBH, we tested its efficiency for the detection of Cu?* in real water samples. Tap water
and Ganga river water were spiked with various concentrations of Cu®* (4.9,9.9,15.7,19.6, 25.9 pM) and a blank solution of KBH in
HEPES buffer (pH 7.4) was used as control [36]. With the standard titration plot in Fig. 3a, the recovery percentage was calculated by
equation (3) as:

S
Percentage recovery =

x 100 3
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Fig. 8(a). Paper strip kit. (b) Real sample analysis of Cu®>" in tap and Ganga river water (error bars for n = 3).

where [S] and [B] are the KBH absorbance values, with or without Cu2+, respectively and [SS] is KBH-Cu®" absorbance in standard
solution (HEPES buffer, pH 7.4). The calculated recovery percentages (Fig. 8b) indicated that sensing property of KBH was unaffected
by the coexisting molecules.

3.9. In-vivo study of KBH interaction with Cu?" in gut tissues of AD Drosophila

Prior to explore the Cu?* detection efficiency of KBH in the biological system, the measurement of its toxicity to the tissues was
required. Hence, the toxic behaviour of KBH, Cu?* and KBH-Cu?* was checked in OregonR * F1 progeny. The F1 progeny of control
showed 100 % eclosion of flies. The F1 progeny treated with 50 pM of KBH showed no larval and pupal deaths with 78 % of eclosed
flies (Fig. 9a). However, with increasing concentration of KBH, a reduction in the eclosion of flies was observed. Similarly, 50 pM
concentration of Cu>" and KBH-Cu?*also didn't show any toxicity for fly development with 91 and 92 % of eclosed flies, respectively
(Fig. 9b and c).

Further, the MTT assay was carried out to examine the cell viability of larval gut tissues treated with various concentrations of KBH,
Cu®* and KBH + Cu?*. The control flies showed 100 % cell viability. The gut tissues treated with KBH showed good cell viability at all
the tested concentrations (Fig. 9d). However, the Cu?>" and KBH + Cu?* treated larval gut tissues exhibited a reduced percentage of cell
viability as compared to control (Fig. 9e and f). These results showed that concentration of 50 pM can be used for further experiments
due to its non-toxicity for flies.
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Fig. 9(a. b and c). The development of OregonR™ flies and (d, e and f) % of cell viability in gut tissues of AD Drosophila 3rd instar larvae on various
concentrations of KBH, Cu?>" and KBH-Cu®". The data were analyzed by one-way ANOVA and error bars for n = 3.

To explore the in vivo interaction of KBH with Cu?*, the bio-imaging experiment under bright field in gut tissues of AD Drosophila
3rd instar larvae was performed. The larvae fed with normal food, Cu?* and KBH alone showed no colour in gut tissues (Fig. 10a, b, c).
Most importantly, the KBH treated tissues when administered with Cu?*, displayed a yellow colour (Fig. 10d). This indicated that KBH
could detect Cu?" in gut tissues, hence confirmed its in-vivo sensitivity and selectivity towards Cu?* ions in the biological
environment.

Cuz+ KBH KBH-Cu?*

10pm

10 um

10 pm 10 pm

Control

e. f.

10 pm

10 um.

Fig. 10. The 3rd instar larval gut tissues shows no colour in (a) untreated, (b) Cu“—treated, (c) KBH- treated flies and yellow colour in (d)
KBH-Cu?*-treated flies. The 3rd instar larval eye imaginal disc shows no colour in (e) untreated, (f) Cu?*-treated flies and light yellow colour in (g)
KBH- treated and intense yellow colour in (h) KBH-Cu®*-treated flies. Scale bars are 10 pm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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3.10. In-vivo study of KBH interaction with Cu?* in eye disc of AD Drosophila

Drosophila’s 50 % gene homology with humans and short life cycle offers an attractive model for the accelerated therapeutic and
diagnostic study of Alzheimer’s like neurodegenerative diseases [37]. The highly organized compound eye of Drosophila containing
more than 60 % of brain nerve cells develops from an eye-antennal imaginal disc inside the larvae. The eye-antennal imaginal disc
grows and differentiates into the pupal retina and later into the adult eye comprising of many unit eyes known as ommatidia. Hence it
could be used as an excellent model to study the cause, progression and cure of neurodegeneration [38].

Subsequently, we have established a model system of transgenic AD Drosophila using ey-GAL4/CyO driver strains for misexpressing
A4z protein in the eye imaginal disc of the 3rd instar larvae [39]. The transgenic flies exhibited neurodegenerated phenotype in their
eye imaginal disc. As discussed earlier, the accumulation of AP, aggregates in AD patients is characterized by high concentration of
metals such as copper [40]. Hence, to examine the presence of Cu?" in A, aggregates accumulated in the eye imaginal disc of the AD
Drosophila, bio-imaging experiments were performed. The eye imaginal discs incubated in normal (Fig. 10e) and Cu?* treated food
(Fig. 10f) showed no colouration. However, the discs treated with KBH showed light yellow colour representing the formation of the
KBH-Cu?' complex (Fig. 10g), hence indicating the presence of Cu?" in AP, aggregates. Further the KBH incubated discs were
administered with Cu* solution, resulting in the more intense yellow colour (Fig. 10h). Previously, KBH incubated gut tissues of the
3rd instar larvae showed no colouration indicating the absence of Cu®" in gut tissues of AD flies (Fig. 10c). The above bio-imaging
experiments established KBH as a promising chromophore to be used in the early diagnosis of AD.

3.11. Comparison with the reported sensors

A comparison table has been incorporated to determine the efficiency of KBH as a Cu?t sensor with respect to other reported
colorimetric probes (Table 2). The results clearly indicated that other reported methods used toxic solvents as sensing medium,
whereas KBH worked in aqueous medium. KBH showed a very attractive LOD value, hence proved to be highly sensitive for Cu?".
Additionally, none of the compared methods showed the MTT assay of the probe, however KBH was established as a non toxic probe
for biological system by performing toxicity and cell viability assays. Most importantly, the majority of past sensors showed the
purpose for real water sample analysis, whereas KBH in addition to real water sample analysis was also used for the AD diagnostic
study and bio-imaging in Drosophila model. Hence, it showed great potential to be a capable probe for colorimetric detection of Cu?* in
various ecological and biological environments.

4. Conclusions

In summary, a diarylethene based chemosensor KBH was synthesized and characterized by various spectroscopic techniques. It
exhibited a great selectivity towards Cu®* in aqueous medium with an extremely low limit of detection value. Furthermore, KBH was
found highly reversible with EDTA. Binding mechanism was proposed by Job’s plot, FT-IR, 'H NMR titration, HRMS and DFT studies.
The practical applicability of KBH was shown by real water sample analysis and test strip kit. Bio-imaging in Drosophila 3rd instar
larval gut tissue and eye disc were done to examine the in-vivo KBH interaction with Cu®*. The capability of KBH for the early
diagnosis of Cu"- induced amyloid toxicity was investigated in eye imaginal disc of AD Drosophila 3rd instar larvae.

Table 2
Comparison table of previous reports on colorimetric cu®* sensing.
S. Chemosensor Solvent LOD Reversibility ~ Application Ref.
No. ™h
1. Chromone-based MeCN:H,0 46x1077  EDTA real water samples [41]
9:1)
2. Carbazol-based DMF-buffer 2.9x10°° EDTA - [42]
(1:1)
3. Pseudo-crown cysteine MeCN 6.6x10°° - - [43]
based
4. Azo-phenol based EtOH:H,O0 7.2x1077 - HelLa cells bioimaging [44]
(1:10)
5. Squaraine-based MeCN 1.8x1077 EDTA - [45]
6. Quinaldine-indole based MeOH:H,0 6.3 x 1077 — real water samples [46]
(9:1)
7. 2-Naphthaldehyde based PBS buffer 1.0x10°% - - [47]
8. 1H-Perimidine based MeOH:H,0 3.7x107° EDTA real water samples [48]
(1:1)
9. Pyrene-based H,0 40 x 107° - Bio-imaging in Bohonia Nigalandra and Monilia Albicans [49]
10. Acylthiosemicarbazide- DMSO:H,0 1.0x 1077 - test strips [50]
based 9:1)
11. Pyridoxal-based MeOH:H,0 0.14 x - - [51]
1:1) 107
12. Diarylethene-based H,0 1.5x107° EDTA AD diagnostic study and bioimaging in Drosophila and real ~ Our
water samples work
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