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Abstract: In this study, a thiosemicarbazone Schiff base, (E)-2-(3-phenoxybenzylidene) hydrazine-1-
carbothioamide) [Probe-L] has been synthesized and has primarily been characterized by physical
methods and structurally by spectroscopic methods such as LC-MS, FT-IR and NMR spectroscopy.
The Probe-L exhibited turn-on fluorescent behavior with Pb2* ions, and it showed fluorescent
enhancement upon binding with Pb?* ions in acetonitrile solution. The binding constant (Ky) and the
Stern-Volmer quenching constant (Ksy) are calculated. The interaction of the synthesized ligand with
bovine serum albumin (BSA) and DNA (CT-DNA) has been studied using emission and absorption
techniques. The interactions of ligands with BSA, DNA, and p53 cancer mutant protein have been
further supported by molecular docking studies. The binding scores represent the strength of binding
affinity.
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1. Introduction

Heavy metal ions are a ubiquitous environmental pollutant that causes serious
health hazards to humanity [1]. These metals are, in fact, toxic and carcinogenic. They
accumulate in tissue and cause serious diseases and disorders. Heavy metal contamination is a
growing crisis that many developing countries are facing today. Lead toxicity has been known
to mankind for centuries [2-4]. Lead ion is considered a major environmental pollutant due to
its non-biodegradability, long half-life, bio-accumulation, and high health risk to humanity.
Although Pb?* ions concentration is very low in foods, its accumulation propagates through the
food chain and threatens people’s health. The prolonged exposure to Pb?" resulted in various
disorders [5]. The human health risks such as anemia, muscle paralysis, memory loss,
cardiovascular disease, and mental preparedness are due to inhalation, absorption through the
skin, contact with Pb?* polluted soil, and exposure to dust containing Pb?* ions sources.

Therefore, quantitative and sensitive detection of Pb* ions is important, particularly in
an aqueous environment. Many technologies have been developed to detect lead ions [Pb?].
ELISA has been developed as an effective tool for detecting lead ions. The detection of heavy
metal ions using LFA (Lateral flow assay) has emerged as a powerful analysis platform. Apart
from these, atomic absorption spectroscopy (AAS), inductively coupled plasma atomic
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emission spectroscopy(ICP-AES), Graphene furnace atomic absorption
spectroscopy(GFAAS), surface-enhanced Raman spectroscopy, colorimetry, biochemical and
electrochemical techniques such as anodic stripping voltammetry, cathodic stripping
voltammetry, adsorptive stripping voltammetry but these methods are time-consuming,
required expensive, sophisticated equipment and many have complicated sample pre-
treatment. Therefore, developing a novel method for Pb?" real-time sampling is highly
desirable. Recently, fluorescent spectroscopy has attracted considerable interest due to its
simplicity, low cost, high sensitivity, and selectivity [6-12]. Fluorescent molecular probes are
essential research tools that can provide sensitive and selective detection of chemical species
in real-time sensing targets. Fluorescent probes serve as a tool to understand the biological
activities in animals and plants that occur due to environmental uptake [13,14]. Herein, report
the synthesis of a new fluorescent probe—L derived from thiosemicarbazide conjugated with a
3-phenoxybenzaldehyde. Probe-L could selectively detect lead based on the turn-on
fluorescence mechanism among other metal ions. The synthesis of Probe-L is shown in
Scheme-1. The structure of probe-L was confirmed by Mass spectra, 1H-NMR, 13C-NMR,
and FT- IR spectra.

2. Experimental

2.1. Materials and methods.

All reagents, including BSA and CT-DNA were brought from Sigma-Aldrich and were
used without further purification. Solutions of 30 uM Probe-L and 10 uM tris HCI buffer (pH
7) were used to prepare protein solutions and for fluorescent titration experiments.

2.1.1. Preparation of stock solution.

Standard solution of Probe-L was prepared in CH3CN: H20 (v/v=3:7. Standard
aqueous solution of metal ions such as Fe(ll), Al(lI1), Cu(ll), Co(lIll), Zn(I1), Hg(ll), Pb(Il),
Cd(11) and Ni(l) (10* M) [nitrate and chloride salts of transition metals] were prepared and
diluted accordingly before experimentation.

2.1.2. Sensing experiments.

The sensing behavior of different metal ions was examined by taking 3 mL
aliquots of standard solutions of Probe-L (30uM) in a cuvette, and then metal ion solutions
(10uM) were added accordingly.

2.1.3. Instrumentation.

The melting point determination was uncorrected in an open capillary tube using a
precision digi-melting point apparatus. Mass spectra of synthesized compounds were recorded
using 1 2010 EV LCMS Shimadzu spectrometer. The *H and *3C NMR spectra were recorded
using Bruker Advance 500 (USA) spectrometer, and chemical shifts are given in ppm with
residual DMSO as reference. FT-IR spectra were recorded by PerkinElmer Spectrum Version
10.03.09 spectrophotometer in the range of 4000-400 cm™. UV-visible spectra were recorded
by using DU 730 Spectrophotometer, S/N 1333105, Instrument version: 1.05, with a diode
array detector. Fluorescence spectra were measured on a Varioskan Flash (4.00.53)
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Fluorescence spectrophotometer. The pH measurements were carried out using Eutech pH-700
instrument.

2.2. Synthesis of Probe — L.

Probe-L was synthesized by the 1:1 condensation of thiosemicarbazide with 3-phenoxy
benzaldehyde. Add a solution of thiosemicarbazide (0.15 g, 0.016 mole) in 8 mL of hot ethanol,
3-phenoxy benzaldehyde (0.326g, 0.0016 mole) in 10 mL ethanol was refluxed for 6 h. After
cooling to room temperature, the yellow solid precipitate of Probe - L was obtained. The
precipitate was filtered and washed with hot ethanol before being dried in a desiccator. The
progress of the reaction was monitored using TLC [ n-hexane: ethyl acetate = 8:2]. A pure
synthesized compound was obtained from continuous recrystallization. Yield =87%, mp = 174
°C. The synthesis of Probe-L is given in Scheme-1.
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(E)-2-(3-phenoxybenzylidene)hydrazine
-1-carbothioamide

Scheme 1. Synthesis of Probe-L.
3. Results and Discussion

3.1. NMR spectroscopy and mass spectrometry

The *H NMR and **C NMR spectra of Probe-L were shown in S1 and S2, respectively.
A sharp singlet that integrates as one hydrogen at 6 = 8.07 ppm is assigned to azomethine (-
CH=N-). The absence of coupling interactions due to the lack of availability of protons on
neighboring atoms renders singlet peaks for the imine protons. Another singlet at & = 11.67
ppm can be attributed to the proton attached to N. The multiple signals of Ar-H were observed
in the range of 7.06 — 7.48 ppm. The structure of the Probe-L was further evaluated by *C
NMR. The signals at 6 = 146.8 ppm and 6 = 178.5 ppm are attributed to carbon of azomethine
and carbon of C=S, respectively. The peaks observed between & = 118.9 — 157.1 ppm show
aromatic ring carbons. The formation of Probe-L was confirmed through mass spectrometry.
The mass spectrum of Probe-L and its complex with Pb?* were depicted in S3 and S4,
respectively. The molecular ion peak at m/z =270[M-1] is consistent with the mass of the
Probe-L (S3), and peaks at m/z = 477 and 749 correspond to 1:1 and 1:2 binding of Probe-L
with Pb?* (S4)[15].

3.2. FT-IR spectra.

The FT-IR spectra of Probe-L and its complex with Pb?* were shown in S5 and S6,
respectively. The characteristic band 1697cm™ is assigned to (-C=N-) stretching frequency.
The IR spectrum of Probe-L showed a band at 3400 cm™ due to (-NH) stretching vibrations
(S5). Upon complexation, the bands of the imine group and (-NH) group displayed a shift to
lower wavenumber (1531cm™) and (3384 cm™) as compared to Probe-L spectra alone indicates
that these groups involved in complexation (S6)[16].

https://nanobioletters.com/ 30f 20


https://doi.org/10.33263/LIANBS132.053
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS132.053

3.3. UV-visible absorption studies of Probe-L with different metal ions.

The sensing ability of Probe-L with different metal ions was studied by UV-visible
spectroscopy in CH3CN. As shown in Fig-1, UV-vis absorption spectra of Probe-L showed an
absorption band at a longer wavelength at 345 nm corresponding to n-m* transition. The
electronic absorption spectra of the compound display high energy bands in the region ~ 266-
270 nm, corresponding to 7t- 7* transition. The addition of Ni** and Zn?* to the solution showed
an absorption band at 370 and 375 nm, respectively. In the presence of Cd?*, Hg?*, and AI**,
the absorption bands are also shifted. This indicates that there is a partial interaction of these
ions with Probe—L. The Probe-L exhibits a weak fluorescence emission band at 500 nm, which
is shown in Fig-2. The photographs of Probe-L interaction with Pb?* and with different metal
ions under UV lamp were shown in Fig 3(a) and 3(b), respectively [17].
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Figure 1. UV-visible spectra of Probe-L recorded in CH3:CN after the addition of different metal ions.
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Figure 2. Fluorescence emission spectra of Probe-L in the presence of different metal ions (10puM).
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Figure 3. Photographs under UV lamp of Probe-L interacting with Pb?* (a) and different metal ions (b).
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3.4. Fluorescence titrations and binding studies.
3.4.1. Fluorescence titrations.

To further investigate the sensing properties of Probe-L, fluorescence titration of Probe-
L was carried out with different concentrations of Pb?". Fig-4, showed changes in the
fluorescence intensity of Probe-L with the addition of increasing concentrations of Pb2+ to a
solution of Probe-L in CH3CN. The fluorescence intensity of Probe-L at 500 nm was enhanced
gradually until the concentration of 10pM. The result indicated that the Probe-L could form a
stable complex with Pb?*. The association constant was determined by Stern-Volmer (S-V)
plot using a modified Stern-Volmer equation (eg-1)

FO 1 1

iF = 7at Faxa [Q] 1)

Where,

FO is the initial fluorescence intensity in the absence of a quencher, and fluorescence
intensity in the presence of a quencher is termed as F. Ka is Stern-Volmer constant, [Q] is the
guencher concentration. fa is the initial fluorescence in fractions, which is accessible to the
quencher. The Stern-Volmer plot of Probe-L with Pb2+ ions is represented in Fig-5. The

binding constant calculated by this method was found to be 1.022 x 103M-1 [18-19].
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Figure 4. Fluorescence spectra of Probe-L (30uM) in CH3CN upon addition of increasing concentrations of
Pb?*.
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Figure 5. Binding studies of Probe-L using Stern VVolmer plot.
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3.5. Metal ion competitive study.

The competitive binding studies were conducted to understand the recognition ability
of Probe-L in the presence of other coexisting metal ions, and the corresponding fluorescence
intensities were recorded (Fig-6). The fluorophore Probe-L(30uM) with 10 equivalents of Pb2+
was treated with the same equivalent of other metal ions. The resulting emission intensities
indicated that the addition of these competitive cations did not affect the emission of the Probe-
L-Pb?" complex (red bars in Fig-6). The data concludes that Probe-L is very much selective
and sensitive towards Pb?* ions, which suggests that the background metal ions showed a very
low interference in the detection of Pb?* metal ions and LOD and LOQ, obtained to be 3.4

10-6 M and 1.04 *10-7, respectively [20-21].
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Figure 6. Selectivity profile of Probe-L for Pb?* in CH3CN: H,O solution (v/v= 3:7; HEPES buffer,
pH=7.2). The red bars indicate the emission intensity of the solution of Probe-L(30uM) with 10 uM of different
metal ions, while the blue bars indicate the emission intensity after the addition of different metal ions to the
solution containing Probe-L and 10 uM of Pb?*

3.6. Binding stoichiometry.

In order to confirm the binding stoichiometry between Probe-L and Pb2+, Job's plot
and absorption titration spectra were carried out. As shown in Fig-7, a Job’s plot indicated a
1:2 stoichiometric complexation of Probe-L with Pb2+. The Probe-L exhibited maximum
fluorescence intensity at a mole fraction of 0.6, which is evidence of 1:2 stoichiometric

complexation between Probe- L and Pb?* [22].
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Figura 7. The Job’s plot examined between Probe-L and Pb?*.
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3.7. Effect of pH.

The effect of pH on the fluorescence of Probe —L with Pb?* was investigated in
acetonitrile - water solution (1:9). The pH of the solution was adjusted by using NaOH and
HCI as shown in Fig- 8, the Probe — L - Pb?* shows very good fluorescence behavior in the pH
range of 5.0 to 13.0 as observed against weak fluorescence behavior in the pH range of 1.0 -
4.0 due to the increased interference of H+ ions. The result of the pH titration indicates that the
Probe —L could be used to determine Pb?* ions under common environmental conditions [23].
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Figure 8. The variation in fluorescence intensity with the pH of the Probe —L(30uM) in the presence of Ph2*.

3.8. Bioassay studies.
3.8.1. BSA binding studies of Probe-L.

Electronic absorption titration

The BSA molecule consists of 583 amino acids bound in a single chain
cross-linked with 17 cysteine residues and has a molecular mass of 66000 Da. BSA is the most
studied serum albumin due to its structural similarity to human serum albumin (HAS). Human
serum albumin contains one tryptophane at the Trp-214 position, while BSA contains two
tryptophan residues, Trp 134 and Trp 214 [24]. To examine the BSA interactions of Probe-L,
10puM BSA solution was prepared in tris-HCI buffer (pH: 7.0). The absorption titration was
carried out by keeping the BSA concentration constant and varying the concentrations of
Probe-L. After 10 min of incubation at room temperature, absorbance was measured for each
solution in the range of 200 to 600 nm wavelength, and Amax was recorded at 310 nm, as shown
in Fig-9. The plot shown in Fig-10 is 1/(A-AQ0) v/s 1/[L] is a linear plot [where AOQ is the initial
absorbance of the BSA at 310 nm, A is the absorbance of BSA at different concentrations of
Probe- L] is used to determine the binding constant (Kb) [25-26].
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Figure 9. Electronic absorption spectra of BSA in the presence of Probe-L with increasing concentrations in the
range from 1-7 uM.
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Figure 10, Stern-Volmer plot of BSA with different concentrations of Probe- L.

3.8.2. DNA binding studies.

Electronic absorption titrations

Absorption titration experiments were made using different concentrations of CT-DNA
while keeping the Probe-L concentration constant. After 10 min of incubation at 4 °C each
sample solution was scanned from 200 to 800 nm and which is shown in Fig-11. The UV
spectral data were fitted into the Wolf-Shimer equation to obtain the intrinsic binding constant
(Kb).

[DNA] — [DNA] 1 (1)

ea—eb eb—ef = Kb(eb—ef)

Where, [DNA] is the concentration of DNA in base pairs, €a is the apparent extinction
coefficient (Aobs/ [Probe-L]), b is the extinction coefficient of the Probe-L in the fully bound
form, and the extinction coefficient for the Probe-L is ef. The plot of [DNA]/ea-€f v/s [DNA]
is a linear curve shown in Fig- 12, and the binding constant (Kb) can be obtained by the ratio

of intercept to the slope [27-28].
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Figure 11. Electronic absorption spectra of DNA upon addition of different concentrations of Probe-L.
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Figure 12. Stern-Volmer plot of Probe-L with increasing concentrations of DNA.

Fluorometric studies

The fluorescence spectra of the reaction mixture were recorded between 400 to 500 nm
at the excitation wavelength of 310 nm for BSA binding studies and between 450 to 650 nm at
the excitation wavelength of 280 nm for DNA binding studies shown in Fig- 13 and Fig-14,
respectively. The fluorescence quenching efficiency is evaluated according to the classical
Stern-Volmer equation 2. The binding constant (Kb) and number of binding sites (n) can be
determined from emission spectra with equation 3. The Stern-Volmer plot of log[(FO-F)/F] v/s
log [Q] is a straight line which is evident in Fig-15 and Fig-16, respectively.

= =1+ksvQ )

log(—==) = log kb + nlog[Q] ©)

The fluorescence intensities in the absence of a quencher are given as FO, and in the
presence of a quencher is termed F. The concentration of the quencher and Stern-Volmer
quenching constant are represented as Q and Ksv, respectively. The binding constant (Kb) for
BSA and DNA binding with the Probe-L was found to be 1.221* 103, and 1.374 * 103,
respectively. The Stern-Volmer quenching constant (Ksv) values were obtained to be 2.414 *
103 and 2.039 * 103 for BSA and DNA binding with the Probe-L, respectively. The Gibbs free
energy (AG) of formation can also be calculated by using the equation,

AG =-RT In (KD)

Where, KD = 1/ Ka is the dissociation constant, R is the universal gas constant, and T
is the temperature in Kelvin. The binding properties of Probe-L with Pb2+, BSA, and DNA are
tabulated in Table 1 [29-31].
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Figure 13. Fluorescence emission spectra of BSA in the presence of Probe-L with increasing concentrations in
the range from 1-7 uM; Aexc= 310 nm; Aems=445nm.
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Figure 14. Fluorescence emission spectra of DNA in the presence of Probe-L with increasing concentrations in

the range from 1-7 uM; Aexc= 280nm; Aems=540nm.
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Figure 15. Stern- Volmer plot of log[(Fo-F)/F] v/s log [Q](BSA).
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Figure 16. Stern-Volmer plot of log[(Fo-F)/F] v/s log [Q](DNA).

Table 1. The association constant (Ka), dissociation constant (Kp), Gibb’s free energy (AG) of Probe-L with
Pb%*, BSA, DNA, and corresponding linear correlation co-efficient R? data.

Complex Ka (M%) Kb (mMM) AG(KJ/mol) R?
Probe-L: Pb?* 1022.11 0.978 -7.594 0.9909
Probe-L: BSA 2036.72 0.491 -8.255 0.9951
Probe-L: DNA 1315.3 0.76 -7.779 0.9912
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3.9. Molecular docking studies.

Molecular docking studies were performed to interpret the non-covalent interaction of
the synthesized ligand [Probe-L] with bovine serum albumin (BSA), deoxyribonucleic acid
(DNA), and P53 cancer mutant protein. The proteins and DNA structures were retrieved from
Protein Data Bank [PDB ID: BSA (6QS9); DNA (1BNA) and P53 cancer mutant
protein(4L09)] [32]. Molecular docking simulations were executed by PyRx along with
Autodock tools such as Vina Wizard [33]. The PyMOL and Discovery studio visualizer was
used to analyze the results. Hydrogen bond interaction plots were obtained by 2D-PLOT [34-
35].

The receptors bovine serum albumin, transport protein 6QS9, 1BNA, and 4L09 were
prepared by deleting the water molecules and hetero atoms. Polar hydrogen and Kollman
charges were added. The grid box was generated with cell dimensions of 96.712 x 81.0870 x
82.3103 A0 for 6QS9; 26.9953 x 29.1469 x 38.3763A0 for 1BNA and 49.3170 x 39.9849 x
47.2022 A0 for 4L09, respectively. Ligand coordinates were prepared by adding polar
hydrogens. After performing docking simulations, the binding energy values for Probe-L with
6QS9, 1BNA, and 4L09 were found to be -7.4, -5.0, and -6.0 kcal/mol, respectively. The results
suggest the stronger, more efficient binding of Probe-L with BSA than DNA and P53 cancer
mutant protein [36].

The best-docked conformer of Probe-L with BSA is shown in Fig-17. The ligand is
deeply embedded into the cavity of BSA. All the interactions are shown in the 2D interaction
plot and hydrogen bonding plot (Fig-18a and Fig-18b). The amine group in the ligand
contributes to the formation of hydrogen bond contact with the residue ASP-108 and ARG-
144, respectively. The pi-alkyl interactions were observed between the phenol ring of the ligand
and amino acids ALA-193, ARG-196, and ILE-455. The pi-sigma interaction was observed
between the phenol ring of the ligand and the amino acid ARG-458[37].

The most stable docked conformer of Probe-L with 1BNA is shown in Fig-19. The
Probe-L is strongly binding to DNA at the major groove region. The non-covalent interactions
involved in the Probe-L-DNA are conventional hydrogen bonds along with carbon-hydrogen
short contacts. All the interactions are represented in the 2D-interaction plot shown in Fig-
20(a) and the hydrophobic plot shown in Fig-20(b). The nucleotides DT-A:7 and DT-A: are
involved in hydrogen bonding with nitrogen atoms, and DA-A:6 is involved in hydrogen
bonding with oxygen atoms of the phenyl ring, respectively. The nucleotide DA-A:5 is
involved in pi-pi interaction with the phenyl ring. In silico studies confirm that the Probe-L
exhibited a good binding affinity for the targets BSA and DNA, which are also verified with
experimental binding studies. (see section view).

The best possible interaction of Probe-L with P53 cancer mutant protein (4L09) is
shown in Fig-21. The Probe-L strongly interacts with the residues Phe: A-113, Tyr: A:32, Asn:
A-113 and Ser: A-269 by conventional hydrogen bonding, Trp: A-146 by pi-pi T-shaped
interaction, Tyr: A-126 by pi-pi stacked interaction, Pro: A-128 by pi-alkyl interaction and Gly:
A-112 by carbon-hydrogen bond interactions which is evident in 2D interaction plot (Fig-22).
The hydrogen bond interaction of Probe-L with the P53 cancer mutant protein is shown in Fig-
23.
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Figure 17. Best docked pose for BSA —Probe-L showed in 3D ribbon representation of protein BSA with
docked ligand (a) and 3D molecular surface representation with docked ligand (magenta colored stick
representation) disposed at the active site: (b) Full view (c) Close up view.
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Acceptor .

(b)
Figure 18. 2D-plot showing all the interactions between the protein BSA and the Probe-L (a); Hydrogen bond
interaction plot (b).

Figure 19. Cartoon representation of the best-docked pose of Probe-L with receptor DNA.
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Figure 20. (a) 2D-plot showing all the interactions between the protein DNA and Probe-L.
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Figure 21. The stable docked pose for Probe-L— 4L.09 (P53 cancer mutant protein) is shown in 3D ribbon
representation of the P53 cancer mutant protein.
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Figure 22. 2D-plot showing the interactions between the Probe-L and p53 cancer cell mutant.
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Figure 23. Hydrogen bond interaction plot showing interactions of Probe-L with 4L09 cancer mutant protein.

4. Conclusions

In summary, we have synthesized and characterized the simple fluorescent Probe

(Probe -L). *H-NMR,C-NMR, and LC-MS data support the structure of Probe-L. Probe —L
showed the turn-on fluorescent behavior with Pb?* ions in acetonitrile solution. Probe —L also
showed fluorescence enhancement upon binding with Pb?*. The Probe-L was found to be an
excellent fluorescent chemo sensor in the pH range of 5.0 to 13.0. Molecular docking
investigations also reveal that the Probe-L interacts effectively with BSA and p53 cancer
mutant protein with binding scores of -7.4 and -6.0 kcal/mol, respectively.
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Figure S2. 3C NMR spectrum of Probe-L
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Figure S3. Mass spectrum of Probe-L
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Figure S4. Mass spectrum of Pb?* complex
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Figure S5. FT-IR spectra of Probe-L
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Figure S6. FT-IR spectra of Pb?* complex.
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