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ABSTRACT: The current work aims to generate novel Schiff bases by reacting
substituted aldehydes with amine derivatives catalyzed by a natural acid. The
developed compounds underwent diverse physicochemical analyses including
liquid chromatography−mass spectrometry, Fourier transform infrared spectros-
copy, scanning electron microscopy, 1H- and 13C-nuclear magnetic resonance, and
X-ray diffraction. Furthermore, differential thermogravimetric, thermogravimetric,
and differential thermal analysis techniques were employed in a nitrogen-free
environment to determine kinetic parameters. These data were then used in
model-free isoconversional methods (e.g., Friedman, Kissinger−Akahira−Sunose,
and Flynn−Wall−Ozawa). The Schiff bases were evaluated for their in vitro and in
silico α-amylase inhibitory activity. Schiff base-2 displayed the highest inhibition
compared with the reference drug acarbose. In comprehensive MTT assay
cytotoxicity investigations, both Schiff bases showed strong anticancer capabilities
against the human lung cancer cell line (A549). Moreover, this study
demonstrated effectiveness of synthetic compounds in screening Caenorhabditis elegans for anti-Alzheimer’s and stress resistance
properties. The simplicity of its biology allowed precise evaluation of the effect of compounds on neuronal function and stress
response. This research enhances drug discovery efforts for Alzheimer’s and stress-related disorders, potentially improving patient
outcomes.

1. INTRODUCTION
Schiff bases play a crucial role in synthesizing various
industrially and physiologically beneficial chemicals through
closure, cycloaddition, and replacement reactions.1,2 Addition-
ally, they exhibit a broad spectrum of well-known biological
effects,3−5 including anti-inflammatory, allergen inhibition,
radical scavenging, pain-relief, and antioxidant abilities.6−8

The swift progressions in pharmaceutical and medicinal
chemistry have diverted the attention of scientists toward the
development of drugs, even for intricate conditions such as
diabetes mellitus, a critical global health concern that emerges
from aberrant insulin production.9−11 Schiff bases have
demonstrated encouraging results across a range of research
domains, as they investigate their insulin-mimetic character-
istics. Schiff bases have notably exhibited antidiabetic potential,
as demonstrated by Szklarzewick’s group.12

Cancer poses significant challenges globally due to its
tendency to develop drug resistance and inadequate response
to cytotoxic treatments.13,14 Researchers are actively seeking

novel drugs with reduced systemic toxicity and improved
cytotoxicity. Numerous scholarly articles have emphasized the
anticancer properties of Schiff bases, utilizing diverse human
tumor cell lines.15,16

The utilization of Caenorhabditis elegans (C. elegans) as a
model organism holds immense promise in screening synthetic
compounds for their potential anti-Alzheimer’s and stress
resistance properties.17 With its well-defined biology and
simple nervous system, C. elegans offers a unique platform for
precise assessment of compound efficacy and toxicity. Through
systematic experimentation, researchers can expose the worms
to a diverse array of synthesized compounds, evaluating their
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effects on stress response and neuronal function. This
approach not only provides valuable insights into the
mechanisms of action of these compounds but also aids in
the identification of novel therapeutic interventions for
Alzheimer’s disease and stress-related disorders.18

In the present scenario, researchers are increasingly focusing
on reducing chemical waste, reaction time, and the use of toxic
compounds in organic transformations by adopting green
catalysts. Green synthesis involves substituting harmful and
costly catalysts with readily available biocatalysts.19,20 In this
context, the aim of this work is to utilize environmentally
friendly methods and reagents to enhance the production of
Schiff bases despite numerous existing techniques. Specifically,
we here employed a green approach to individually couple the
amine derivative 3,3′-dimethyl-[1,1′-biphenyl]-4,4′-diamine
with o-nitro benzaldehyde and p-hydroxy benzaldehyde,
yielding two distinct Schiff bases, Schiff base-1 (SB-1) and
Schiff base-2 (SB-2). This eco-friendly reaction offers
advantages over traditional reflux methods, including higher
product yields, moderate reaction conditions, and simplified
work processes.21,22 The Schiff bases that were synthesized
were then thoroughly characterized using a range of
physicochemical techniques, including melting point determi-
nation, thin layer chromatography (TLC), Fourier transform
infrared spectroscopy (FTIR), nuclear magnetic resonance
(NMR) spectroscopy (1H and 13C), scanning electron
microscopy (SEM), liquid chromatography−mass spectrome-
try (LC-MS/MS), and X-ray diffraction (XRD).23−26 Thermal
characterization was conducted by collecting thermogravimet-
ric (TG), differential thermal analysis (DTA), and differential
thermogravimetric (DTG) thermocurves under a nitrogen
atmosphere, with kinetic parameters computed based on the
thermocurve data.27 Furthermore, the synthesized Schiff bases’
potential biological activities were explored including in vitro
antidiabetic property, molecular docking study, and in vitro
cytotoxicity assays.28,29 A549 human lung cancer cells were

utilized to assess the cytotoxicity of the compounds, revealing
promising results in terms of the cytotoxic effects against lung
cancer cells. Additionally, current study utilized C. elegans as a
model organism to assess the synthetic compounds’ potential
anti-Alzheimer’s and stress resistance properties. Through
systematic experimentation, we evaluated their effects on the
worm’s stress response and neuronal function, highlighting the
significance of C. elegans in drug discovery and toxicity
research.30 This research contributes to identifying novel
therapeutic interventions for Alzheimer’s disease and stress-
related disorders, offering potential improvements in patient
outcomes.

2. MATERIALS AND METHODS
2.1. Materials. The materials used to develop Schiff bases

include 3,3′-dimethyl-[1,1′-biphenyl]-4,4′-diamine (minimum
assay, 97.5%, Spectrochem), o-nitro benzaldehyde, and p-
hydroxy benzaldehyde (minimum assay, 98%, Sigma-Aldrich),
and all the solvents used were purchased from Merck, Loba,
SRL, and Spectrochem and also tightly packed in airtight
bottles to reduce evaporation from the atmosphere. In
addition, they were distilled before use. Upon arrival, all
compounds were used without further purification, as they
were of analytical quality. The lemons used to make the juice
came from a local store.
2.2. Instrumental Methods. The melting points of the

synthesized Schiff bases were determined using Analab’s
melting point equipment. The unit crystal structure of the
product was determined by X-ray diffraction (XRD) utilizing
Cu−Kα radiation and a Rigaku Ultima IV Powder X-ray
diffractometer. A PerkinElmer FTIR L160000T spectrometer
was used to record the FTIR spectrum as part of the
physicochemical characterization process. JEOL ECZ600R 600
MHz 1H NMR and 13C NMR spectra were acquired with THF
or DMSO-d6 as solvents. Scanning electron microscopy was
performed using the Quanta FEG 250 model, a field emission

Figure 1. Synthesis of Schiff base-1 (SB-1) and Schiff base-2 (SB-2).
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scanning electron microscope. Mass spectrometry data were
acquired using a Shimadzu LC-MS/MS 8050. Thermal
analysis, including TG, DTA, and DTG curves, was conducted
by using the Seiko SII-EXSTAR TG/DTA-7200 thermal
analyzer. The thermocurves were measured in an inert nitrogen
atmosphere keeping a flow rate of 100 mL·min−1. The
measurements were done for three different heating rates,
10, 15, and 20 K·min−1. In all the measurements, the starting
sample weight was taken between 10 and 12 mg. The
thermocurves were recorded in the temperature range of
ambient and 430 K.
2.3. Protocol for the Synthesis of Schiff Base-1 (SB-1)

and Schiff Base-2 (SB-2).31,32 Ten millimoles of 4-hydroxy
benzaldehyde and 2-nitro benzaldehyde was dissolved
separately in a small amount of absolute ethanol in two
different beakers. These solutions were gradually poured into
two separate beakers containing a solution of 5 mmol of 3,3′-
dimethyl-[1,1′-biphenyl]-4,4′-diamine dissolved in ethanol,
with constant stirring. Then, while the mixtures were stirred
at room temperature, 2 mL of freshly squeezed lemon juice
was added to each reaction. After that, the reaction mixture
was constantly mixed while TLC was used to track and record
the reaction’s progress. The outcome yielded a solid tea-green
product for Schiff base-1 (SB-1) and a yellow-colored product
for Schiff base-2 (SB-2). These products were then filtered,
washed with water, and subjected to recrystallization using
DMSO. The synthetic pathway of Schiff base-1 and Schiff
base-2 is illustrated in Figure 1.
2.4. Biological Studies. 2.4.1. Antidiabetic Activity.

2.4.1.1. In Vitro α-Amylase Inhibitory Activity. The α-amylase
inhibition in vitro experiment was conducted according to the
techniques described in refs 33−35. The amylase enzyme
solution in this configuration was made in 0.1 M phosphate
buffer with a pH of 6.9. A 0.5 mL portion of a Schiff base
solution at a concentration of 1 mg/mL was added to start the
enzyme reaction. A 1% starch solution (0.5 mL) in 0.1 M
phosphate buffer at pH 6.8 was added after a 10 min
incubation period at 25 °C. An extra 10 min was spent keeping
the reaction mixture at 25 °C. A parallel procedure was
conducted for the control, where 0.5 mL of buffer was
substituted for the enzyme solution. Dinitrosalicylic acid
reagent was added to both the control and test reactions
after they had been incubated for 10 min. This was followed by
a further 10 min of incubation in a boiling water bath. After the
reaction mixture cooled, the absorbance at 540 nm was
measured with a UV−visible spectrophotometer. A specific
mathematical calculation was utilized to calculate the
inhibition percentage of the α-amylase enzyme.

%inhibition
absorbanceofcontrol absorbanceofsample

absorbanceofcontrol
100

=

× (1)

The kinetic parameter Vmax and Km values of both α-amylase
inhibitors were calculated by the Lineweaver−Burk equation
and graph fitting analysis using Microsoft Excel version
2019.36−38

2.4.1.2. Molecular Docking Study. Molecular docking was
performed on the protein−ligand complexes using Auto Dock
Vina.39 To get the 3D model of the RCSB Protein Data Bank’s
Wild-Type Human Pancreatic Alpha-Amylase (PDB ID:
4X9Y), we utilized AutoDockTools 1.5.6. Various components,
including water and solvent molecules, the bonded ligand,

polar hydrogen, and partial charges, had to be removed.
Storage of the generated structure was accomplished by using
the Auto Dock PDBQT format. ChemBio3D Ultra 14.0
software was utilized to optimize the structures of the
synthesized Schiff bases (SBs) and the reference medication,
acarbose, using the Merck Molecular Force Field (MMFF94)
technique.40 Following optimization, the Schiff bases’ mol2
format was converted to PDBQT files using AutoDockTools
1.5.6.41

Docking of the Schiff base model was conducted to elucidate
their binding mechanisms with the active sites of macro-
molecular targets. For this operation, the Lamarckian genetic
algorithm was run with its default settings. The receptor’s
autogrid settings were set to 40 in all dimensions, with a grid
spacing of 0.375 Å and grid centers of −8.289 in X, −5.639 in
Y, and 15.835 in Z.42 The outcomes were evaluated based on
free binding energy, and the distances between specific atoms
or molecules and amino acids were examined using the Biovia
Discovery Studio Visualizer.

2.4.2. In Vitro Cytotoxicity Studies. 2.4.2.1. In Vitro
Cytotoxicity Study by Using Human Lung Cancer Cell Line
A549. 2.4.2.2. Cell Culture and Cell Line. The A549 human
lung cancer cell line was obtained from the National Centre for
Cell Science (NCCS) in Pune, India. DMEM/F12, fetal
bovine serum, penicillin (50 μg/mL), and streptomycin (50
μg/mL) were provided by Gibco, Invitrogen, located in CA,
USA. The cells were cultivated at 37 °C in a humidified
atmosphere with 5% carbon dioxide in DMEM/F12 media
supplemented with 10% fetal bovine serum, 50 μg/mL
penicillin, and 50 μg/mL streptomycin. Until the cells attained
confluence, the medium was changed every 3 days, at which
time they were subcultured.43

2.4.2.3. Antiproliferative Test. The antiproliferative assay,
adapted from Gajera et al.,44 involves evaluating the
compatibility of the SB compounds with some adjustments.
Following the addition of the Schiff base, the culture medium
was diluted with water to achieve the required concentrations.
Preparation of new batches of compound solutions was carried
out immediately before their use. A 24 h incubation period was
followed by the placement of exponentially growing cells
(10,000 cells per well) onto 96-well plates with complete
media. Following this, the cells were cultured for a further 24 h
while being exposed to varying quantities of the test samples.
Subsequently, each treated well received 5 μL of MTT (5 mg/
mL), and the cells were grown for 3−4 h at 37 °C in a CO2
incubator to produce formazan crystals, resulting in a purple
color. The incubated media from every well were carefully
collected and mixed with 100 μL of DMSO, which is suitable
for tissue culture. Using a microplate reader, we measured the
absorbance of the final suspension at 570 nm. Cell viability is
then determined using the optical density (OD) data of the
antiproliferative assay and an equation that is provided.

%cell viability
absorbance value for sample nanoparticle treated cells

absorbance value of control cells
100

=

× (2)

%cell inhibition (100 %cell viability)= (3)

2.4.2.4. In Vitro Cytotoxicity Studies by Using C. elegans.
2.4.2.5. C. elegans Strains and Their Maintenance. The
strains of C. elegans used in this research included N2 Bristol
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(wild-type) and CL4176 (Alzheimer’s disease model). These
worms were cultured and kept at 16 °C in nematode growth
medium (NGM). NGM-agar media were prepared by blending
agar, NaCl, peptone, CaCl2, MgSO4, KPO4 buffer, and
cholesterol. NGM plates were then made and seeded with
Escherichia coli strain OP50, which acts as a food source for C.
elegans. E. coli OP50, a uracil auxotroph, was grown overnight
in Luria−Bertani (LB) at 37 °C in a shaking incubator. The
cultured E. coli OP50 was placed as a spot in the middle of
each plate and allowed to air-dry. The worms were
subsequently transferred from the master plate to the NGM
plates. All C. elegans strains and E. coli OP50 were obtained
from the Caenorhabditis Genetics Centre (CGC) at the
University of Minnesota in the United States.

2.4.2.6. Worm Synchronization. The synchronization
process is critical for C. elegans experiments to ensure that
the analysis is precise and free of errors. The maintained C.
elegans is always in various states of the cell cycle. Any
experiment requires that all of the worms be at the same stage
of their life cycle, which is accomplished through synchroniza-
tion. It can be done in a variety of ways, the most frequent of
which is bleaching. Bleaching can cause the outer cuticle of the
worm’s body to break apart, allowing gravid worms to release
their eggs. The eggshells that cover the eggs prevent them from
bleaching. Synchronization requires a huge population of
worms.45

Once a large number of eggs or gravid adults were visible,
the worms were moved to new NGM plates and allowed to
continue growing. This was followed by rinsing them with M9
buffer, which consisted of 5 g of NaCl, 3 g of KH2PO4, 6 g of
Na2HPO4, and 1 mL of 1 M MgSO4 diluted to 1 L with
distilled water. After spinning the sample at 1200 rpm for 2
min, the liquid on top was removed and replaced with M9
buffer. To eradicate bacterial contamination, the washing
operation was done 4 to 5 times. The alkaline hypochlorite
solution was created for the bleaching process by combining 1
N NaOH and 5% NaOCl. The bleaching solution was applied
to the washed worms and vortexed for 5 to 7 min. After the
eggs were collected, the M9 buffer was injected again to
neutralize the bleach effect. The eggs were rinsed again with
M9 buffer until the bleach smell was gone. After washing with
M9 buffer, the eggs were resuspended in an S-basal solution
and incubated overnight on a rocker at 20 °C. The eggs
hatched the next day in the L1 stage. The L1 worms were
subsequently moved to a fresh NGM plate with E. coli OP50
and allowed to incubate until they reached the L4
developmental stage.

2.4.2.7. LD50 to Determine Lethal Doses. After autoclaving
and before pouring, the compound was added to NGM to
make the experimental plates. Worms were subjected to
synthetic substances at doses varying from 10 to 100 μg/mL to
determine the LD50. The number of deceased worms was
recorded until all of the worms had perished. The
concentration at which 50% of the worms died was considered
as LD50 of respective compounds. The effect of various
synthetic compounds was explored in C. elegans by the

addition of compounds along with NGM agar at a dose
according to 1/10th of LD50 values.

46

2.4.2.8. Stress Resistance Assays. The stress resistance
capability sheds light on the interaction of internal and external
pressures as well as biological processes at the cellular and
subcellular levels. Stresses such UV radiation, cold stress,
oxidative stress, heat stress, a lack of oxygen, and high oxygen
levels all cause the activation of stress factors in C. elegans. In
this study, the investigation focused on the stress response
concerning thermal (heat) and oxidative stress. Synchronized
L4 wild-type worms were utilized for the stress resistance assay.
Initially, the worms were permitted to reach adulthood in both
experimental NGM plates and control plates. Subsequently,
after the treatments, the worms underwent thermal and
oxidative stress tests.
For the thermal stress assay, the temperatures of the treated

and control worms were kept at 20 °C. Thermal stress was
induced by exposing all worms to 35 °C for a duration of 12 h.
The number of deceased worms was tallied every 2 h
throughout the 12 h period. Subsequently, a survival curve
was generated to compare the stress resistance between the
treated and control worms.
For the oxidative stress assay, the treated and control worms

underwent a rinsing step with M9 buffer before being
subjected to oxidative stress resistance testing. After being
removed from the plates, the worms were centrifuged at 1200
rpm for 2 min at 4 °C, repeated three to four times.
Subsequently, the worms were immersed in a 20 mM hydrogen
peroxide (H2O2) solution for a maximum of 2 h. Worms were
given 16 h to recuperate after being exposed to hydrogen
peroxide before being placed on new NGM plates and placed
in an incubator set at 20 °C. We calculated the proportion of
worms that survived oxidative stress by counting the number of
worms that survived after recovery.

2.4.2.9. Paralysis Assay. The paralysis assay was used to
determine whether compounds may be used to treat
Alzheimer’s disease. The transgenic CL4176 C. elegans
contains a human A1−42 transgene that is heat-inducible
and expressed in muscle cells. The age-synchronized CL4176
worms were first reared under compound treatment at 16 °C
before being used in the paralysis assay. Along with the treated
worms, the control worms were also subjected to a 20 h
temperature shift to 25 °C. The paralysis was caused by raising
the temperature of the worms to a nonpermissive level, which
activated the amyloid-β (A) in their muscle cells. The worms
were examined every 2 h until they were all paralyzed after an
incubation period of 1 day at 25 °C. Worms were considered
paralyzed if they were alive but unresponsive to any mechanical
stimuli.

3. RESULTS AND DISCUSSION
3.1. Chemistry. The current Schiff bases are produced via

the condensation reaction of 3,3′-dimethyl-[1,1′-biphenyl]-
4,4′-diamine with two distinct aldehydes, 4-hydroxy benzalde-
hyde and 2-nitro benzaldehyde, in a 1:2 molar ratio utilizing
natural acid-catalyzed synthesis. The physical and molecular
characteristics of each synthesized compound are listed in

Table 1. Physicochemical Characterization Data of the Schiff Bases

compound molecular formula molecular weight (g/mol) color melting point (°C) yield

Schiff base-1 C28H24N2O2 420.51 tea green 260−270 85.22%
Schiff base-2 C28H22N4O4 478.51 yellow 200−220 95.15%
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Table 1. Figure 2a,b represents 3D structures for Schiff base-1
and Schiff base-2, respectively.
3.2. Characterization. 3.2.1. FTIR. The compounds that

were produced had their infrared spectra examined in the
450−4000 cm−1 range (Figure 3a,b). The presence of v(C�

N) azomethine stretching vibrations was confirmed by the
detection of medium absorption peaks at 1606 cm−1 for SB-1
and 1623 cm−1 for SB-2, which indicate the establishment of
Schiff base linkage. Furthermore, the lack of aldehyde- and
amine-specific C�O and NH2 stretching vibrations, respec-
tively, indicates the production of the imine bond, which is
important to the Schiff base reaction. In SB-1, a strong peak at
1320 cm−1 was associated with v(C−OH), while in SB-2, a
prominent peak at 1530 cm−1 was linked to v(C−NO).
Moreover, medium-intensity peaks at 1120 cm−1 for SB-1 and
1122 cm−1 for SB-2 were attributed to the (Ph-N) group.
Broad signals observed around 3000 cm−1 in both the
compound’s IR spectra were attributed to aromatic protons.

3.2.2. 1H NMR. Using DMSO-d6 as the solvent, the 1H
NMR spectra of the derived compounds (Figure 4a,b) were
recorded. In the case of SB-1, a signal was detected at 8.68
ppm, and for SB-2, it appeared at 8.80 ppm, indicating the
presence of α hydrogen in the imine linkage (HC�N). The
signals detected for SB-1 and SB-2, respectively, at 2.53 and
2.13 ppm were determined to be CH3 resonances. These
compounds showed aromatic rings, as evident from multiple
signals between 6.57 and 7.86 ppm for SB-1 and 6.51 and 8.11
ppm for SB-2, corresponding to aromatic proton resonance.
Furthermore, a signal at 10.15 ppm in SB-1 indicated the
presence of −OH functionality.

3.2.3. 13C NMR. Figure 5a,b shows the 13C NMR spectra of
the produced compounds in DMSO-d6. In the spectrum of SB-
1, the signal at 162.79 ppm indicated the carbon linked to the
hydroxyl group, while in the spectrum of SB-2, the signal at
165.79 ppm indicated the carbon linked to the nitro group.
The −CH3 group carbon contributed to the signal observed at
17.95 ppm in SB-1 and at 18.43 ppm in SB-2. The signals in
the spectra of SB-1 ranging from 110.60 to 130.14 ppm were
indicative of aromatic carbons in the benzene ring and 111.98
to 130.03 ppm in SB-2. In SB-1, for the α carbon of imine
linkage, the chemical shift value was found to be at 158.88
ppm, while in SB-2, it was at 158.53 ppm. A chemical shift was
observed for the carbon atom that was linked to nitrogen at
149.39 ppm in the case of SB-1 while at 150.17 ppm for SB-2.

3.2.4. Mass Spectrum (MS). For validation purposes, mass
spectra of the synthesized products were collected, and they
are shown in Figure 6a,b. A molecular ion peak at (m/z = 421
for SB-1 and m/z = 479 for SB-2) in the mass spectra of the
synthesized Schiff bases was seen, which is consistent with
their molecular weights of (420) and (478) for SB-1 and SB-2,
respectively, and contributes further support to their structures.
There is a strong correlation between the observed peaks of
both spectra and the suggested structures of the produced
molecules. Additional notable peaks were detected in the SB-1
mass spectrum at m/z values of 65, 75, 89, 178, 195, 287, 302,
and 314. Similarly, in the SB-2 mass spectrum, these peaks
were identified at m/z values of 65, 75, 89, 178, 224, 313, 331,
and 343. These peaks correspond well to the fragments of the
synthesized compounds that were proposed, as illustrated in
Figure 7a,b. The aforementioned findings provide strong
support for the formation of Schiff bases.
3.3. Scanning Electron Microscopy (SEM). The SEM

technique is electron microscopy that produces meaningful
pictures of a material by scanning its surface with a focused
electron beam.47,48 When the electron reacts with the sample
atom, it sends out different signals that reveal the surface

Figure 2. (a, b) 3D structures of SB-1 and SB-2, respectively. Dot and stick model: red tubes, oxygen; gray tubes, carbon; blue tubes, nitrogen;
white tubes, hydrogen.

Figure 3. (a, b) FTIR spectra of Schiff base-1 and Schiff base-2,
respectively.
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topography, size, and shape of the synthesized compound. In
modern materials chemistry, SEM is often used to figure out
the shape of a surface. We used our pieces of amorphous
powder to perform a SEM experiment. Figure 8a,b shows the
different pictures of SB-1 and SB-2. The SEM images showed
clearly that the sheets were spread out and overlapped. Figure
8a shows that Schiff base-1 has structures that look like sheets.
In the case of Schiff base-2 (Figure 8b), particles that look like
rods can be seen.
3.4. X-ray Diffraction (XRD). XRD stands as the primary

technique for discerning the crystallographic structure and
phase of materials. It offers swift analysis, yielding unit cell
dimensions, and is chiefly employed for identifying crystalline
material phases. The prepared samples underwent assessment
using the Rigaku Ultima IV Powder X-ray diffractometer,
employing Cu−Kα radiation with a wavelength of 1.542 Å (X-
ray), to ascertain their structure.49 The XRD patterns of Schiff
base-1 and Schiff base-2 are depicted in Figure 9a,b,
respectively. The synthesized compound SB-1 possesses a
triclinic crystal structure having lattice parameters a = 8.04 Å, b
= 13.55 Å, c = 14.07 Å, α = 68.65°, β = 76.41°, and γ = 81.65°,
while SB-2 possesses a tetragonal crystal structure having
lattice parameters a = 10.40 Å, b = 10.40 Å, c = 8.50 Å, α =
90°, β = 90°, and γ = 90°.49 The most prominent peak

observed for SB-1 is at 2θ = 17.36° (1 2 2). The most
prominent peak observed for SB-2 is at 17.22° (200).
The XRD spectrum reveals the polycrystalline nature of the

synthesized material. The presence of minor peaks in the XRD
pattern states decreases in degree of crystallization. The
decrease in the degree of crystallization deteriorates the
attributes of the material. The attributes change at the grain
boundary of the polycrystal, making the material behavior
anisotropic. For SB-1, the most significant peak found is at 2θ
= 17.360 (1 2 2), while the most prominent peak observed for
SB-2 is at 2θ = 17.22° (200). The XRD parameters are shown
in Tables 2 and 3 for SB-1 and SB-2, respectively.
To forecast the average size of a sample’s crystallites (in

nanometers), Scherrer’s relation is used.50,51

D k
coshkl

=
(4)

In this case, the X-ray wavelength is represented by λ, and
the shape constant k is given a value of 0.95 for organic
molecules. The full-width at half-maximum (fwhm) of
diffraction peaks or planes is represented by βhkl, while the
diffraction angle is indicated by θ. For SB-1 and SB-2, the
calculated values for D are found to be 24.64 and 28.59 nm,
respectively.

Figure 4. (a, b) 1H NMR spectrum of Schiff base-1 and Schiff base-2, respectively.
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In addition, the dislocation density is determined for the as-
synthesized compounds. The dislocation density values are
found to be 1.68 × 1015 and 1.22 × 1015 m−2 for SB-1 and SB-
2, respectively. The dislocation density is estimated through
the following relation.52−54

D
1

XRD
2=

(5)

Dislocation density in the unit area line is represented by δ.
3.5. Thermal Study. For Schiff base-1 and Schiff base-2,

the TG, DTA, and DTG thermocurves are measured
concurrently (Figure 10a−c for SB-1, while Figure 11a−c for

SB-2). Thermodynamic curves are recorded in a nitrogen-free
chamber at 10, 15, and 20 K·min−1 heating rates, with
temperatures ranging from ambient to 430 K. The TG curves
in Figures 10a and 11a demonstrate a correlation between the
heating rates and a constant weight loss in the sample. Figures
10b and 11b show the simultaneous DTA curves, which show
an initial endothermic phase followed by an exothermic
transition. The first endothermic behavior suggests that both
hydrous and loosely linked groups absorb heat, which results in
their loss.55 Analysis from the TG curves indicates decom-
position of the sample at higher temperatures, with a
subsequent exothermic character evident later in the process,

Figure 5. (a, b) 13C NMR spectrum of Schiff base-1 and Schiff base-2, respectively.
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as shown in Figures 10a and 11a. Figures 10c and 11c show the
unique and solitary decomposition peaks in the DTG thermal

curves, which are used to derive kinetic parameters. The
thermal decomposition of the sample with a rise in

Figure 6. (a, b) Mass spectra of SB-1 and SB-2, respectively.

Figure 7. (a, b) Proposed mass fragmentation pattern of SB-1 and SB-2, respectively.

Figure 8. (a, b) SEM Images of Schiff base-1 and Schiff base-2, respectively.
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temperature means that the temperature increase causes the
breakdown of order in the sample and disrupts the attributes of
the samples. Also, the interaction between the components
increases with heating rate.56

The weight loss percentages for each heating rate are shown
in Table 4.
Table 4 clearly reveals that the weight loss of SB-1 is more

than that of SB-2 due to analysis at comparatively higher
temperature. The increased weight loss can be ascribed to the
uneven heating of the samples, resulting in a more random
heating process. There is further breakdown of the material as
a result of this uneven heating. The DTA thermocurves first
exhibit endothermic activity when hydrated materials are
present. Then, exothermic activity is visible when the sample
decomposes.
3.6. Kinetic Analysis. Kinetic parameters are estimated

using isoconversional linear approaches such as Friedman

(FR), Flynn−Wall−Ozawa (FWO), and Kissinger−Akahira−
Sunose (KAS). FR is a differential method, whereas KAS and
FWO are integral procedures. With an isoconversional
approach, these approaches are most commonly employed in
non-isothermal kinetic research.

3.6.1. KAS Method. The Coats−Redfern (CR) estimate57,58

is the foundation of the integral KAS technique.59 Using this
approach, we use the formula

T
AR

E f
E

RT
ln ln

( )2
a

a=i
k
jjj y

{
zzz

i
k
jjjjj

y
{
zzzzz (6)

The heating rate, activation energy, phonon frequency
factor, absolute temperature where DTG peaks occur, integral
transform function, and universal gas constant are indicated by
variables β, Ea, A, T, f(α), and R in this equation. The phonon
frequency factor is a pre-exponential Arrhenius factor arising
due to the thermally activated lattice vibration. The lattice
vibrations are of finite frequency depending on the sample’s
crystal structure.60

The KAS plot of the sample with a single decomposition
peak is shown in Figure 12a,b.
With a given α value, a linear connection is obtained when

plotting ln(β/T2) versus 1/T. Indicators of the activation
energy (Ea/R) and ln(AR/Ea f(α)), respectively, are the slope
and intercept of this line. When calculating kinetic parameters
such as the activation energy (Ea) and phonon frequency factor
(A), the values of the slope and intercept are very helpful.

E R(slope )a = · (7)

A
E

R
exp.(intercept)a= ·

(8)

3.6.2. FWO Method. The integral FWO technique is
predicated on the following equation61,62:

E
RT

AE
R

fln 1.052 ln ) ln( ( )) 5.33a a= +i
k
jjj y

{
zzz i

k
jjj (9)

As in the KAS technique, each term in this equation has the
same meaning.
The FWO plot of the sample with a single decomposition

peak is shown in Figure 13a,b.
Plotting ln β versus 1/T yields a straight line with a constant

α value. The intercept and slope of the straight line are,

Figure 9. XRD patterns of (a) SB-1 and (b) SB-2.

Table 2. XRD Parameters of the Schiff Base-1-Derived
Product

(hkl) 2θ d (Å) intensity (a.u.)

(101) 11.90 8.71 523
(002) 13.78 7.42 4300
(−101) 14.62 6.42 16,022
(122) 17.36 5.58 23,660
(−120) 18.41 5.10 22,804
(023) 20.41 4.81 3787
(200) 22.84 4.21 6013
(131) 24.28 3.81 17,689
(124) 26.10 3.52 2727
(220) 27.54 3.41 11,271
(140) 29.74 3.16 2570
(225) 35.24 2.72 2080
(301) 36.59 2.54 1475
(101) 11.90 8.71 523

Table 3. XRD Parameters of the Schiff Base-2-Derived
Product

(hkl) 2θ d (Å) intensity (a.u.)

(001) 10.05 8.50 4129
(110) 12.43 7.35 4710
(101) 13.76 6.58 973
(200) 17.22 5.20 10,244
(210) 18.60 4.65 2551
(211) 21.55 4.08 1171
(220) 24.40 3.67 4154
(300) 25.32 3.46 7798
(221) 26.04 3.37 3589
(301) 27.55 3.20 3436
(311) 29.34 3.06 785
(330) 36.47 2.45 371
(001) 10.05 8.50 4129
(110) 12.43 7.35 4710
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respectively, ln(AEa/R) and 1.052(Ea/R). When calculating
kinetic parameters like activation energy (Ea) and phonon
frequency factor (A), the slope and intercept are helpful:

E
Rslope

1.052a = ·i
k
jjj y

{
zzz

(10)

A
R

E
exp.(intercept)

a
= ·

(11)

Figure 10. (a) TG, (b) DTG, and (c) DTA curves for SB-1 in a nitrogen atmosphere.

Figure 11. (a) TG, (b) DTG, and (c) DTA curves for SB-2 in a nitrogen atmosphere.

Table 4. Temperature Range and Observed Weight Loss of
the Sample

weight loss (%)

heating rate (K·min−1) SB-1, 308−550 K SB-2, 308−490 K

10 5.89 2.75
15 6.38 2.41
20 6.09 2.33
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3.6.3. FR Method. This following equation serves as the
foundation for the differential FR technique63:

t
A f

E
RT

ln
d
d

ln( ( )) a= ·i
k
jjj y

{
zzz (12)

The FR plot of the sample with a single decomposition peak
is displayed in Figure 14a,b.
In this instance, dα/dt represents the differential rate of

change in the degree of decomposition. When ln(β·dα/dt) is

plotted against 1/T, the existence of a linear relationship may
be shown by keeping α constant. The intercept and slope of
the fitted line are ln(A·f(α)) and −(Ea/R), respectively. With
these slope and intercept values, kinetic parameters such as
activation energy (Ea) and phonon frequency factor (A) may
be computed:

E R(slope )a = · (13)

Figure 12. (a, b) KAS plot of SB-1 and SB-2, respectively.

Figure 13. (a, b) FWO plot of SB-1 and SB-2, respectively.

Figure 14. (a, b) FR plots of SB-1 and SB-2, respectively.
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exp.(intercept)
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(14)

The values of activation energy (Ea) and phonon frequency
factor (A) determined by these three methods are tabulated in
Table 5.

3.6.4. Thermodynamic Parameters. The determined Ea
and A values from KAS, FWO, and FR methods were used to
derive the change in activation enthalpy (ΔH*), entropy
(ΔS*), and Gibb’s free energy (ΔG*)64:

H E RTa* = (15)
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G H T S* = * * (17)

The expected values for Ea, A, ΔH*, ΔS*, and ΔG* can be
seen in Table 5.
Table 5 shows the dynamic values that were found using the

three different methods. This result shows that the predictions
made by the three temperature methods are correct.
It is clear that heat absorption leads to decomposition since

the ΔH* values are positive. The disorder level increases when
the value of ΔS* is positive. The presence of positive ΔG*
values suggests that decomposition did not occur naturally.
The gradual and constant rise in the temperature is responsible
for this degradation.
3.7. Biological Activities. 3.7.1. Antidiabetic Activity

Using α-Amylase Inhibition Assay. The primary method for
assessing the produced compounds’ antidiabetic efficacy was
the inhibition of α-amylase, with comparisons made to the
conventional drug acarbose, which displayed 80.80% inhib-
ition. As shown in the data in Table 6, SB-2 surpassed both SB-

1 and the standard acarbose in terms of efficacy. With an
inhibition level of 86.7%, SB-2 demonstrated the highest level
of α-amylase inhibition. All of the structural elements of Schiff
bases, especially the phenyl ring with different substituents and
imine functionality present in both molecules, have con-
tributed to this increased inhibitory effect. Both compounds
share two important structural elements: phenyl rings and
imine functionality. Table 6 represents α-amylase inhibition by
synthetic compounds and the standard.

3.7.2. Kinetic Study of α-Amylase Inhibition Assay. As
shown in Figure 15, Schiff base-1 and Schiff base-2 were

chosen to examine kinetic investigations based on their
inhibition, ranging from 86.7 to 81.9%. Due to this, different
concentrations of the substrate starch (concentration: 30 mM;
aliquots: 0.1−1 mL) and the inhibitor (concentration: 1 mg/
mL; aliquots: 0.5 mL) were utilized.
Lineweaver−Burk plots were used to identify the different

types of α-amylase inhibitors. The reciprocal of the substrate
[S0] was plotted against the reciprocal of the reaction rate [V0]
to assess the impact of the inhibitors, or Schiff bases, on Vmax
and Km values. With the inhibitor, the values of Km and Vmax
fell between 0.4 and 0.5 M/min/mL and 6.9 mM, respectively.
Similarly, Km was 0.27 M/min/mL and Vmax was 6.9 M without
the inhibitor. Thus, it was determined that only the Km value
had changed; the Vmax value remained unchanged. Thus, there
was no influence on Vmax and a competitive kind of inhibition
was indicated by the rising value of Km for both Schiff bases.

3.7.3. Antidiabetic Activity by Using Molecular Docking
Study. Molecular docking investigations were undertaken to
predict how Schiff bases bind to pancreatic α-amylase and to
explore their specific intermolecular interactions. The wild type
of human pancreatic amylase (PDB ID: 4X9Y) was docked
with Schiff bases as well as the standard inhibitor, acarbose.
Here, Figure 16a demonstrates the interactions of Schiff base-1
with the active sites of receptor (4X9Y) in a 2D schematic.
Likewise, Figure 16b displays the interactions of Schiff base-2
with the same receptor. Additionally, Figure 16c exhibits the
interactions of standard acarbose with the receptor’s active
sites in 2D schematics.
Table 7 outlines the docking scores (binding energy).
Compared to acarbose, which had a binding energy of −7.50

kcal/mol, Schiff bases exhibited more favorable binding
energies of 9.0 and −9.5 kcal/mol. Using Discovery Studio

Table 5. Thermodynamic Parameters of Schiff Base Compounds

sample method Ea(kJ·mol−1) A (s−1) ΔS*(J·K−1·mol−1) ΔH*(kJ·mol−1) ΔG*(kJ·mol−1)

SB-1 KAS 177.44 9.13 × 1020 153.22 167.79 100.56
FWO 169.89 3.11 × 1018 105.92 166.25 119.77
FR 178.98 1.35 × 1016 60.68 175.33 148.71

SB-2 KAS 130.66 1.57 × 1014 23.14 126.78 115.99
FWO 131.56 1.01 × 1012 18.82 127.68 118.91
FR 128.38 1.27 × 1010 55.21 124.51 98.76

Table 6. α-Amylase Inhibition of Schiff Bases and Standard
Acarbose

compound name % α-amylase inhibition
SB-1 81.9
SB-2 86.7

acarbose standard 80.8

Figure 15. Lineweaver−Burk plots of reciprocal of the substrate
against reciprocal of the rate of reaction showing the effect of
competitive inhibition at fixed enzyme concentration.
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4.5, the binding mechanisms of acarbose and Schiff bases to
the receptors were investigated.
3.8. In Vitro Cytotoxicity Study. 3.8.1. In Vitro

Cytotoxicity Study by Using Human Lung Cancer Cell Line
A549. Following 24 h of treatment, the concentrations of Schiff
base compounds that result in a 50% suppression of the A549
cell line’s viability are highlighted in the data (Figure 17). SB-1
demonstrated an IC50 value of 139.1 ± 0.433 μg/mL, while
SB-2 exhibited a value of 359.5 ± 0.867 μg/mL against A549
cells. On the other hand, the IC50 value on A549 cells was
10.20 ± 1.82 μg/mL for the conventional medicine
Methotrexate. These results suggest that Schiff bases possess
significant cytotoxicity to A549 cells. Notably, SB-1 displayed a
lower IC50 value compared to SB-2, indicating its superior
anticancer efficacy.

3.8.2. In Vitro Cytotoxicity Studies by Using C. elegans.
Elevated levels of oxidative stress have been identified as a
significant contributor to the aging process and age-related
diseases. An evaluation of stress resistance and anti-Alzheimer’s
properties of synthetic compounds has been done on C. elegans
in the present study.

3.8.2.1. Evaluation of LD50 of Synthesized Schiff Bases. C.
elegans has been proved an effective model for toxicity studies
as it helps to predict the toxicity in mammals.65 LD50 was
determined using the concentration of synthetic compounds in
the range of 10−100 μg/mL, and counts of dead worms were
kept until every last one had died. The concentration at which
50% of the worms died was considered as LD50 of respective
compounds. The effect of various synthetic compounds was
explored in C. elegans by the addition of compounds along with
NGM agar at a dose according to 1/10th LD50 values. Figure
18a,b depicts the percentage of dead worms against the
concentration of compounds. The value of R2 and the slope
equation are displayed within each graph.
Using these graphs, the LD50 can be determined by applying

a slope equation (Table 8). The determined LD50 can be used
to finalize the concentration of compounds for further
experiments. The value that is 1/10th of the LD50 was used
for the remaining experiments.

3.8.2.2. Stress-Resistant Properties of Synthetic Com-
pounds in C. elegans. Additionally, the compounds’ impact
under stress circumstances was assessed. The tests for thermal
and oxidative stress resistance were conducted to examine the
worms’ ability to withstand stress in response to certain
chemicals.

3.8.2.3. Thermal Assay. To evaluate the impact of
compounds on C. elegans survival at elevated temperatures, a
thermal experiment was conducted. To lessen the heat stress,
the extract-treated and control synchronized worms were
transferred from 20 to 35 °C. Up to the 12th hour, the dead
worms were counted every 2 h, and the mean survival was
calculated using those data.
The mean survival of treated worms was higher than that of

untreated worms according to the data. Worms treated with
SB-2 had the highest mean survival rate (Table 9).

3.8.2.4. Oxidative Stress Assay. Another stress resistance
assay was performed to check the capacity of worms to fight
against elevated levels of oxidative stress. Soaking the
synchronized worms in a hydrogen peroxide (20 mM) solution
for 2 h caused oxidative stress in both the treatment and
control groups. After that, the worms were moved to a fresh
NGM plate and kept in an incubator at 20 °C for 16 h. The
live worms were counted after completion of 16 h. As the

Figure 16. (a−c) Interaction of SB-1, SB-2, and standard acarbose,
respectively, with the active sites of receptor (4X9Y) in a 2D
schematic.

Table 7. Binding Energy of Schiff Bases and Standard
Acarbose

compound name binding energy (kcal/mol)

SB-1 −9.0
SB-2 −9.5

acarbose standard −7.5
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results showed, worms treated with compounds survived more
than did control worms.
In comparison with the other extracts, the worms that were

treated with SB-2 exhibited the highest survival rate (Table
10). Research has demonstrated that a reduction in oxidative
stress is additionally associated with a decrease in age-related
maladies.

3.8.2.5. Influence of Synthetic Compounds on Mitigating
Paralysis Induced by Amyloid-β Expression. Synthetic
compounds were further applied to C. elegans to check its
therapeutic potential against diseases. It was analyzed using the
transgenic C. elegans CL4176, which is engineered to express
the human amyloid-β protein (Aβ) upon upshifting to a higher
temperature. When the temperature was increased from 16 to

25 °C, the induction of amyloid-β protein synthesis in the C.
elegans muscle cells led to paralysis in both the treated and
control worms. Every 2 h, the number of paralyzed worms was
counted, and the proportion of paralyzed worms was plotted
against time on a graph.
The study’s findings indicated that the treated worms had

delayed paralysis compared to the control worms (Figure 19).
Worms fed Schiff bases exhibited the longest period of
paralysis delay.

4. SAR STUDIES (STRUCTURE−ACTIVITY
RELATIONSHIP)

In the exploration of molecular docking, the binding models
indicate that the synthesized compounds are bound in the
active site via a variety of hydrogen bonding interactions.
Both compounds had high binding energies as compared to

those of standard acarbose. SB-2 showed the highest binding
energy (−9.5 kcal/mol). In the evaluation of antidiabetic
activity by α-amylase inhibition assay, both compounds were
found more potent than standard acarbose, and among them,
SB-2 showed the highest inhibition of 86.7% than SB-1
(81.9%) and standard (80.8%). This may be due to the
presence of methyl, nitro, and hydroxy groups in the aromatic
ring. The human lung cancer cell line A549 was used to assess
the in vitro cytotoxicity of the resultant complexes. Different
substituent groups in the salicyl ring in the Schiff bases suggest
various levels of cytotoxicity. The results show that SB-1 (IC50
= 139.1 ± 0.433 μg/mL) has superior cytotoxicity compared
to SB-2 (IC50 = 359.5 ± 0.867 μg/mL).
Although both the compounds possess the same funda-

mental structure, research into the relationship between their
structure and bioactivity shows that the various phenyl ring
substituents have a significant impact on both the compounds’
biological and physical characteristics.

5. CONCLUSIONS
A new, environmentally friendly, and safe method was
employed to synthesize Schiff bases utilizing lemon juice as a
catalyst. This method operates under moderate reaction
conditions and requires a relatively simple experimental
setup to achieve satisfactory results. XRD analysis revealed
that SB-1 has a triclinic structure, whereas SB-2 exhibits a
tetragonal crystal structure. Based on Scherrer’s formula
applied to the XRD data, the estimated sizes of the SB-1 and

Figure 17. Morphological changes induced by Schiff bases and Methotrexate standard drug on A549 cell lines.

Figure 18. (a, b) Percentage of dead worms against SB-1 and SB-2,
respectively.

Table 8. LD50 Values of Each Schiff Base Compound

compound name LD50 1/10th of LD50
SB-1 59.77 μg/mL 5.9 μg/mL
SB-2 47.67 μg/mL 4.76 μg/mL

Table 9. Mean Survival Rate of Treated and Control Worms
under Thermal Stress

compound name mean life span (h)

PC 9.333333
NC 9.233333
SB-1 11.36667
SB-2 11.6

Table 10. Percentage Survival of Worms under Oxidative
Stress

compound name percentage survival

PC 32.22
NC 37.77
SB-1 75.55
SB-2 67.77
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SB-2 crystallites are 24.64 and 28.59 nm, respectively. FTIR,
1H NMR, and 13C NMR spectroscopies verified the presence
of v(C�N). TG thermocurves were measured in a nitrogen
environment using three different heating rates (10, 15, and 20
K·min−1) over two temperature ranges: 308 to 550 K for SB-1
and 308 to 490 K for SB-2. Initially, the DTA thermocurves
displayed endothermic activity due to the loss of hydrated
samples, transitioning to exothermic behavior as the sample
underwent decomposition. Kinetic parameters were estimated
using the KAS, FWO, and FR techniques. SEM analysis
revealed that the SB-1 molecule has a sheet-like form, whereas
the SB-2 molecule has a rod-like structure. The compounds’ in
vitro activity against diabetes was examined. By inhibiting α-
amylase enzymes, these substances’ antidiabetic research may
lower the blood’s postprandial glucose level, which can be a
crucial tactic in controlling blood sugar. Schiff base-1 and
Schiff base-2 both exhibited potent cytotoxic effects on the
A549 human lung cancer cell line, with corresponding IC50
values of 139.1 ± 0.433 and 359.5 ± 0.867 μg/mL,
respectively. Also, in the case of C. elegans exposed to Schiff
bases, they demonstrated the highest survival rate among
tested extracts, suggesting their potential in combating
oxidative stress and age-related illnesses. Additionally, these
compounds delayed paralysis in treated worms compared with
controls, underscoring their beneficial properties. The findings
clearly suggest that these substances hold potential for use in
the food and pharmaceutical industries.
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■ ABBREVIATIONS AND SYMBOLS
SBL Schiff base ligand
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-

zolium bromide
IC50 half-maximal inhibitory concentration
TGA thermogravimetric analysis
DTA differential thermal analysis
TG thermogravimetric
NMR nuclear magnetic resonance
IR infrared
XRD X-ray diffraction
1H NMR proton nuclear magnetic resonance
13C NMR carbon nuclear magnetic resonance
C. elegans Caenorhabditis elegans
LC-MS/MS liquid chromatography−mass spectrometry
SEM scanning electron microscopy
FTIR Fourier-transform infrared spectroscopy
μM micromolar
°C degree Celsius
μL microliter
TLC thin-layer chromatography
M.P. melting point
RCSB Research Collaboratory for Structural Bioinfor-

matics
FWO Flynn−Wall−Ozawa
FR Friedman
NO nitrogen oxide radical scavenging
TZD thiazolidinediones
LC50 lethal concentration 50
UV ultraviolet
3D three-dimensional
AU arbitrary unit
Nm nanometer
m/z mass-to-charge ratio
Ppm parts per million
DMSO-d6 deuterated dimethyl sulfoxide
Ea activation energy
CR Coats−Redfern
fwhm full-width at half-maximum
MDR multidrug-resistant
ΔS* change in entropy
mM millimolar
PDB Protein Data Bank
KAS Kissinger−Akahira−Sunose
MMFF Merck Molecular Force Field
ΔG* Gibbs free energy change
A phonon frequency factor
ΔH* activation enthalpy
OPC oligomeric proanthocyanidins
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