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Amoxicillin antibiotic with potential anticancer
and antidiabetic activity: acetaldehyde–amoxicillin
Schiff base and its vanadyl complex with DFT and
docking investigation

Hadeel M. Banbela,a Reema H. Aldahiri,b Amrajaa S. Abubakr,c

Magda F. Mohamedde and Safaa S. Hassan *e

New compounds based on the approved amoxicillin drug were prepared. The new Schiff base ligand (AA) was

generated by condensation between the amoxicillin drug and acetaldehyde. The mononuclear VO(II) complex

was successfully produced with a molar ratio of 1 : 2 relative to VO : AA, respectively. Spectroscopic and

physicochemical techniques such as elemental analysis, UV-Vis, FT-IR, 1H-NMR, mass spectrometry, molar

conductance and magnetic susceptibility were used to characterize the synthesized compounds. Various shifts

in the band positions in the FT-IR spectrum of the complex suggested coordination of the VO(II) ion through

the azomethinic N and carbonyl O-atoms of the AA ligand. They were moreover analyzed by the TGA thermal

technique to confirm the thermal stability of the complex. Furthermore, the compound’s formation

spontaneity was supported by activation parameters calculated from TGA. Quantum chemical features of both

AA and its VO(II) chelate were computed. The AA ligand and its vanadyl chelate revealed comparable

anticancer activities against the breast carcinoma (MCF-7) cell line with IC50 values of 93.64 � 0.65 mg mL�1

and 97.31 � 0.55 mg mL�1. Additionally, the antimigration test anticipated that the [VO(AA)2]SO4 would assist in

reducing the metastasis of MCF-7 cells that was suppressed by 46 039 mm over the untreated control at 48 h.

The high affinity of the synthesized compounds for DNA binding was explored using electrophoresis with the

quantification of the band intensities. The anti-inflammatory effect results indicated that the [VO(AA)2]SO4 had

a slightly higher inhibition percentage than the AA ligand in a concentration-dependent manner. The

molecular docking represented the active amino acids interacting with the epidermal growth factor receptor

tyrosine kinase. Additionally, the antidiabetic efficacy of the produced compounds was assessed using in vitro

investigation and molecular docking analyses of a-amylase inhibition. The enzymatic activity of a-amylase

progressively diminished with increasing concentrations of the produced AA, VO(II) chelate, and acarbose,

achieving maximal inhibitions of 89.9%, 82.8%, and 98.0%, respectively.

Introduction

The World Health Organization (WHO) identifies cancer dis-
eases as the second largest cause of mortality globally. In 2022,
there were 2.3 million women diagnosed with breast cancer and
670 000 deaths globally.1 Every 14 seconds, somewhere in the

world, a woman is diagnosed with breast cancer.2 According to
modern cell biology, breast cancer is caused by cell proliferation
and migration characterized by an unregulated cell cycle, persis-
tent self-renewal, and generation of cancer stem cells.3 As our
understanding of cancer as a systemic disease has changed,
chemotherapy and targeted therapy, which are used to kill
cancer cells that have spread to other parts of the body, have
taken on a bigger role in the treatment of cancer. The risks to
patient care posed by acquired resistance and/or the genotoxic
nature of these treatments have also begun to come into sharper
focus.4 Relapses occur in 50% of patients despite radical surgery,
and there is no curative therapy for metastatic breast cancer.5

Throughout their lives, higher animals, plants, and microbes
(such as bacteria, fungi, and actinomycetes) create secondary
compounds known as antibiotics that have anti-pathogen or
other properties that can impede the growth of other living
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cells.6 Antibiotics have been shown to decrease cancer develop-
ment, increase cancer apoptosis, and stop cancer metastases.7

Adjuvant antibiotics can boost the body’s immune system, fight
cancer, improve the general state of affairs, increase the effective-
ness of therapy, and successfully stop cancer from returning and
spreading.8 One of these promising antibiotics is amoxicillin,
which has a variety of biological activities. It is bacteriolytic,
containing the b-lactam antibiotic drug of the penicillin
class.9,10 Compared to ampicillin, which efficiently combats
germs, amoxicillin’s wide range of action is linked to superior
oral absorption and higher blood concentrations.11,12 Schiff base
ligands of amoxicillin have been extensively used as a potential
bactericidal agent attributable to their role in the treatment of
bronchitis, tonsillitis, throat infection, ear infection, typhoid,
pneumonia and urinary tract infections.13 Recent investigations
have highlighted the efficacy of the b-lactams: N-methylthio b-
lactam (A) and N-ethylthio b-lactam (B), as depicted in Fig. 1(A)
and (B). This novel class of pharmaceuticals has been shown to
elicit apoptotic responses in several cancer cell lines, including
those from human breast, leukemia, and prostate cancers.14

Consequently, this class of compounds is extremely useful in
the medicinal chemistry field. Amoxicillin (Fig. 1(C)) is regarded
as an abortive agent by several medical studies and requires
modification, either through alteration of ligand properties or
by complexation with metal ions. Antibiotic repurposing can be
achieved by metal complexation. It is found that the chelation
process improved the biological target of these antibiotics to be
used as metal-based drugs for chemotherapy. Metal coordination
may also help overcome resistance by protecting the b-lactam ring
from enzymatic degradation.15 Additionally, complexation with
vanadium can enhance lipophilicity and membrane permeability,
and introduce new mechanisms such as ROS generation or
DNA binding, thereby expanding its pharmacological potential
beyond traditional antibiotic activity.16,17 Dipicolinate (dipic)-
based vanadium(IV) complexes suppress tumor proliferation by

generating reactive oxygen/nitrogen species (ROS/RNS), triggering
apoptosis and cell-cycle arrest, and limiting metastasis in various
cancer cell lines.18 In comparison to cisplatin, a new macrocyclic
tetranuclear oxidovanadium(V) complex demonstrated greater
cytotoxicity against HepG2 liver cancer cells. It disrupted
the synthesis of b-tubulin by causing mitochondrial malfunction,
ROS-mediated DNA breakage, and cell cycle arrest at the S and
G2/M phases.19 Given this anticipation, metal complexes of
amoxicillin-derived Schiff bases will represent a promising
advancement in pharmacological substances for therapeutic
applications. Metal ions make a bridge between the drug sub-
stances and targeted disease proteins, and thus the field of metal
drug interaction chemistry is growing rapidly in the medical and
chemical sciences. Our prior research, which involved the con-
densation of the approved amoxicillin drug with 4-N,N-dimethyl-
aminobenzaldehyde, followed by chelation with the Pd(II) ion,
demonstrated significant efficacy against prostate cancer cells
(PC3), yielding an IC50 value of 22.6 mg mL�1.20 Initial studies in
the 1980s demonstrated that vanadium compounds could lower
blood glucose levels in streptozotocin-induced diabetic rats, pav-
ing the way for extensive research into its potential therapeutic
applications in type 1 and type 2 diabetes mellitus.21 Vanadium’s
capacity to mimic insulin by activating important signaling path-
ways linked to the insulin receptor is largely responsible for its
antidiabetic effects. This mimicry promotes glucose uptake, glyco-
gen synthesis, and the inhibition of hepatic gluconeogenesis.22,23

In both animal models and clinical trials, a number of vanadium
compounds, including sodium metavanadate and vanadyl sulfate,
have been demonstrated to have insulin-mimetic and insulin-
enhancing properties.24,25 In order to increase glucose uptake in
muscle and adipose tissues, vanadium compounds mechanisti-
cally alter important elements of the insulin signaling pathway,
such as the inhibition of protein tyrosine phosphatases (PTPs),
the activation of the phosphoinositide 3-kinase (PI3K)/Akt path-
way, and the enhanced translocation of GLUT4 to the plasma
membrane.26 In vitro tests on human colon fibroblasts revealed a
synergistic increase in GLUT4-mediated glucose absorption in
adipocytes when bis(maltolato)oxidovanadium(IV) or bis(picli-
nato)oxidovanadium(IV) was mixed with olive leaf polyphenols.27

David Morales et al. reported newly synthesized oxovanadium(IV)
pincer complexes that demonstrated normalized lipid and glu-
cose metabolism, alongside potent a-glucosidase inhibition, with
IC50 values comparable to antidiabetic agent acarbose (e.g., 14–
54 mM) in diabetic rats.28 Despite these encouraging results,
vanadium’s antidiabetic uses haven’t received the same level
of attention as its anticancer research. Therefore, vanadium’s
medicinal relevance must thus be reexamined from a more
balanced perspective, one that recognizes its dual potential in
the contexts of metabolic disease and oncology.

The goal of this work is to examine the anticancer and
antidiabetic potential of the amoxicillin nucleus after its com-
plexation, achieved through the generation of binding centers via
condensation with a simple aldehyde, such as acetaldehyde, to
form a new Schiff base capable of coordinating with the vanadyl
ion. Using DNA gel electrophoresis, the new compounds’ affinity
to bind DNA will be examined. Additionally, the inhibitory impact

Fig. 1 (A) N-Methylthio b-lactam, (B) N-ethylthio b-lactams and (C) free
amoxicillin.
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of bovine serum albumin (BSA) will be investigated. Molecular
docking analysis is recorded to predict the interactions between
the protein and the tested compounds.

Experimental part
Materials

Acetaldehyde (99.5% purity), vanadyl sulfate pentahydrate (96%
purity), and amoxicillin trihydrate (95% purity) were purchased
from Sigma Aldrich in the United States. Every solvent utilized
was of the analytical variety.

Preparation of (AA) Schiff base

To make the (AA) Schiff base, 15 mL of methanolic solution
containing 1 mmole of acetaldehyde and 25 mL of methanol
containing 1 mmole of amoxicillin were mixed. For two hours,
the prior mixture was refluxed. After the solution’s volume was
reduced, a yellowish-orange precipitate formed. After filtering, the
precipitate was dried. Ultimately, a 1 : 1 ethanol–water combination
was used to recrystallize the precipitate. Thin-layer chromatography
(TLC) was employed to evaluate the purity of the synthesized ligand.

C18H21N3O5S (AA): color: yellowish-orange; yield: 85.0%.
Calcd.: C, 55.23; H, 5.41; N, 10.73; found: C, 55.02; H, 5.20;

N 10.55.

Synthesis of the vanadyl complex

VO(II) chelate was prepared by mixing (AA) ligand (2 mmol in
ethanol) and vanadyl sulfate pentahydrate salt (1.0 mmol in
ethanol) when exposed to ultrasonic radiation (20 kHz, 150 W).
After full addition, the mixture was left in the ultrasonic bath
for 60 minutes. The precipitate was washed with a 50% water/
ethanol mixture and dried. Scheme 1 represents the synthetic
route of AA synthesis and its VO(II) complex.

C38H50N6O18S3V, [VO(AA)2]SO4�3H2O: color: yellowish green;
yield: 82.0%.

Calcd: C, 43.15; H, 5.03; N, 8.39; found: C, 43.02; H, 4.80;
N, 8.00.

Instruments used in analyses

See SI.

Biological screening

The cytotoxicity of the synthesized compounds on breast (MCF-7)
cell lines. The MTT assay employing 3-(4,5-dimethylthiazolyl)2,5-
diphenyltetrazolium bromide was performed to examine the cyto-
toxic impact of the evaluated samples.29 In summary, MCF-7 cells
(104 cells/100 mL) in complete RPMI (medium/well) were permitted
to form a fully developed monolayer sheet overnight, and then were
rinsed after 24 hours and exposed to a series of tested materials
that were diluted twice, with concentrations ranging from 0 to
250 mg mL�1. The right mass of the material was dissolved in
1 mL of PRMI medium with 2% fetal bovine serum (FBS). From each
diluted sample, 100 mL was added to various cultures. Wells were
conducted in triplicate with an incubation period of 24 hours in a
humidified incubator (37 1C, 5% CO2). Subsequently, the cells were

examined using an inverted microscope to observe the indications of
toxicity from the tested sample on the MCF-7 cancer cell line. MTT
solution (20 mL of 5 mg mL�1 phosphate-buffered saline [PBS]) was
administered in every well and the plate was agitated at 150 rpm for
5 minutes with incubation to enable MTT to metabolize and form
purple formazan crystals. The formazan crystals were re-dispersed in
200 mL of DMSO while shaking for 5 minutes at 150 rpm. The optical
densities (ODs) of the dissolved formazan crystals were measured
spectrophotometrically at 560 nm, and background subtraction was
done at 620 nm.30 Outcomes are represented in terms of IC50.

Cell viability = ODTreated cells/ODUntreated cells � 100

In vitro scratch wound healing assay

The scratch assay was employed to assess the wound–healing
effects of VO(II) chelate on MCF-7 cells.29 In summary, the cells
were transferred into six-well culture plates until they achieved a
confluence of 80.0–90.0%. Next, a sterile 200-mL pipette tip was
utilized to scrape the cell monolayers in each well, which was
followed by several rinses with PBS. Subsequently, the cells received
treatment with 93.64 mg mL�1 VO(II) chelate. Subsequently, at 0 and
48 hours of incubation, the inverted light microscope was utilized
to observe and record the progression of wound closure. The rate of
migration was determined in the following manner:

Rate of migration (RM) = wi � wf/t

where wi represents the average initial wound width (mm), wf

denotes the average final wound width (mm), and t is the
duration of the test in hours.

CT-DNA binding

See SI.

Alpha-amylase inhibition

The 3,5-dinitrosalicylic acid (DNSA) technique was used to
perform the a-amylase inhibition experiment.31 To achieve
concentrations ranging from 1.9 to 1000 mg mL�1, each synthe-
sized molecule was first diluted in a minimum volume of 10%
DMSO, followed by a dilution in buffer (Na2HPO4/NaH2PO4)
(0.02 M), and NaCl (0.006 M) at pH 6.9. Following a 10-minute
incubation period at 30 1C, 200 mL of the sample and 200 mL of
a-amylase solution (2 units per mL) were combined. 200 mL
of the starch solution (1% in water (w/v)) was then added
to each tube, and the tubes were incubated for three minutes.
The reaction was stopped by adding 200 mL of DNSA reagent,
which is composed of 20 mL of a 96 mM solution of 3,5-
dinitrosalicylic acid and 12 g of sodium potassium tartrate
tetrahydrate in 8 mL of 2 M NaOH. The solution was thereafter
heated for 10 minutes at 85–90 1C in a water bath. Upon
reaching room temperature, it was diluted with 5 mL of
distilled water, and the absorbance was measured at 540 nm
using a UV-visible biosystem 310 spectrophotometer. The 100%
control with full enzyme activity was established by replacing
the tested sample with 200 mL of buffer. A control reaction was
established for each sample at every concentration, excluding
the enzyme solution. The a-amylase inhibitory activity was
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expressed as percent inhibition, computed using the equation
presented below: the % a-amylase inhibition was graphed
against the sample concentration, and the IC50 values were
derived from the graph.

% a amylase inhibition = 100 � (Abs100% control � AbsSample)/
Abs100% control

Bovine serum albumin denaturation inhibition measurement

See SI.32

Computational methods

See SI.33–35

Results and discussion
Compound’s structure description

As shown in Table 1, the elemental analysis demonstrates that
the VO(II)-complex was produced in a molar ratio of 1 : 2 with
respect to AA and VO(II), respectively.

Scheme 1 Synthetic route of the amoxicillin–acetaldehyde Schiff base (AA) and its [VO(AA)2]SO4 complex.
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Fig. S1a and b show the FT-IR spectra of the AA ligand and its
VO(II) chelate. The peak shifting observations are a key method for
inspecting the binding coordination mechanism of the metal
chelates using vibrational frequency analysis.29,36–39 Frequencies
assigned to aromatic nucleus CQC, nNH, amidic nCQO, b-lactamic
CQO (nCQO), and carboxylate (nasCOO�) (nsCOO�) have all been
identified at 1519, 3510, 1689, 1550 and 1381 cm�1,40 respectively,
in the uncomplexed AA as described in Table 2. These results are
in accordance with the literature.41–43 A new absorption band at
1666 cm�1 was observed in the AA chart and is related to the
n(CQN) stretching vibration overlapping with the n(CQO) amidic
section, which is consistent with the designated values of the
1660 cm�1 region in supplementary work.44,45 According to
Hooke’s rule, the electron density near the prominent functional
groups may rise or fall depending on how the metal binds to the
ligand.46 Therefore, following cooperation with vanadyl salt, this
might display a lower or greater vibrational energy. This was
observed because the vanadyl center pulls electrons inductively
from the imine nitrogen and carbonyl oxygen. Furthermore, the
energy shift in this absorption band confirms the contribution of
the azomethinic N-atom and carbonyl O-atom in complexation
with the VO(II) ion.47–49 A broad band with an absorption max-
imum of 3510 cm�1 in the spectrum of the ligand is possibly due
to the collapse of N–H and O–H stretching peaks.50 The position
of this band, however, remains practically unaltered in the pre-
pared VO(II) complex, indicating non-involvement of the imino
nitrogen atom in coordination with the VO2+.51 The spectra of the
complex revealed a broad band around 3479 cm�1, which is
assigned to hydrated water molecules n(H2O).52–56 The bending
vibration of the hydrated water molecule in the outer sphere area
is responsible for the less strong infrared band at 616 cm�1. The
absorption bands at 970 cm�1 in the vanadyl complex have been
observed, and these bands can be attributed to the v(VQO)
vibration. This finding is consistent with previous reports describ-
ing this vibration.29,57 The discovery of additional bands in the
lower frequency regions at 425 and 532 cm�1 correspond to (V–N)
and (V–O) stretching vibrations that are absent in the AA ligand’s
infrared spectrum. It further supports the chelation process of the
VO(II) metal ion.

NMR observations in DMSO-d6 as a solvent: the 1H-NMR
spectrum of the synthesized AA presented all the predictable
protons as depicted in Fig. S2. The 1H NMR spectrum of the
amoxicillin ligand based on condensation with acetaldehyde
detected an extremely de-shielded singlet at a low-field area
d = 8.50 ppm attributed to the proton of the azomethinic d (H–
CQN) portion, in conformity with the reported values of
d = 8.36 ppm in previous investigations by Wasfi Abood Al-
Masoudi.58 In the lower-field region of the spectrum (d = 6.63–

7.30 ppm), distinct sets of signals can be observed. These
signals can be attributed to the protons found in the aromatic
constituents, specifically the benzene ring protons. In addition
to the peaks given by d (CO–CH) and d (N–CH) on the b-lactam
ring, they seemed to be at d = 4.6, 4.7 and d = 8.10 ppm,
respectively,59,60 in agreement with the reported values of d =
4.81, 3.83 and d = 8.20 ppm in similar earlier works.59–63 It is
worth noting that the protons of Ar–OH resonate as a singlet at
d = 5.15 and 4.83 ppm.60 A single peak attributed to the
hydroxyl group of carboxylic acid appeared at d = 9.85 ppm,64

in agreement with the reported value of d = 9.42 ppm in earlier
research investigations,60 as well as signal peaks at (d = 2.50,
3.70, 1.08, and 3.19 ppm) attributed to d solvent DMSO, the
d(–CH) proton of the amoxicillin skeleton, and the d(–CH3)
protons of the acetaldehyde fragment, respectively. The
chemical shifts of 1H NMR are listed and assigned in Table 3.

The electronic spectrum of the ligand (AA) presents two
absorption bands at 279 and 361 nm attributed to p - p*
(aromatic ring) and n - p* (CQO and CQN), respectively.65

These transitions were shifted in the chelate at (280–357) for the
VO(II) complex. The shift is ascribed to the complexation properties
of the ligand to the VO(II) ion.66 The solution of the vanadyl complex
exhibits a distinct absorption peak at lmax 357 nm, which is
attributed to the AA ligand-to-metal charge transfer (LMCT) transi-
tion. Moreover, the visible spectrum shows a peak at lmax 740 nm
(13 513 cm�1), corresponding to the 2B2 - 2E transition.36 These
findings are consistent with previous research at 13 280 cm�1 and
confirm the square pyramidal geometry of the oxovanadium(II)
complex67 that is supported by the magnetic moment value of
1.79 B.M. due to one unpaired electron.66 Fig. 2 observes the
mentioned transitions of the AA ligand and its VO(II) chelate.

The VO(II) chelate was tested at pH 3, 7, and 11 at room
temperature. It showed low stability in both acidic and basic
media, with rapid degradation and precipitate formation in the
basic conditions. In contrast, the complex remained stable with
minimal degradation at neutral pH (7), indicating that neutral
conditions favor its stability.

The thermal stability data of the VO(II) complex indicated
the subsequent degradation processes as illustrated in Fig. 3(a)
and Table 4. The VO(II) complex decomposes mainly in three
steps. The first step is attributed to the loss of three hydrated
water molecules from the outer sphere of the crystalline solid
(dehydration) and SO3 with a mass loss of (obs. = 14.0%, calc. =
13.43%). The decomposition of the coordinated organic ligand
was decomposed through three fast steps with a total mass loss
of (obs. = 81.12%, calc. = 81.46%) leaving behind vanadium
metal with a residual mass (obs. = 4.88%, calc. = 5.10%) that is
compatible with Al-Wasidi et al.68

Table 1 Physical characterization, and analytical results of the free AA ligand and its VO(II) complex

Compound Formula (M. wt) Color Yield %

Found (calc.)%

C H N

AA ligand C18H21N3O5S (391.44) Yellowish-orange 85% 55.02 (55.23) 5.20 (5.41) 10.55 (10.73)
VO(II) complex C36H50N6O18S3V (1001.95) Yellowish-green 82% 43.02 (43.15) 4.80 (5.03) 8.00 (8.39)
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Utilizing the Coats–Redfern (CR) and Horowitz–Metzger
techniques, the thermodynamic parameters (DE, DH, DS, and
DG) were assessed,69 as seen in Fig. 3(b) and (c) and summarized
in Table 4. The stability of the VO(II) chelate under investigation
may be connected to the high activation energy (E*) values. The
minor positive values of the activation entropies DS* might
suggest a little alteration in the ordered state of the reactants
and activated molecules.70 The positive number indicates a rise
in disorder during the response, despite the slight shift. The
processes are not spontaneous, as indicated by the positive
values of DG*. This suggests that the processes need an energy
input to continue and are not spontaneously favored.

Mass spectral evaluation and the proposed fragmentation of
the AA ligand and its VO(II) chelate are observed in Fig. 4(a) and
Table 5. The spectrum of AA displays a molecular ion peak at m/
z = 390 (17.00%), which is equivalent to [M+ + 1] and corre-
sponds to ligand fraction [(C18H21N3O5S) atomic mass 391.44].
The charged organic ligand without the b-lactamic oxygen was
thought to be the source of the second strong signal at 183.02
m/z, given the probable fragments. Moreover, the spectrum
demonstrates imperative fragments at m/z = 107.87 [C5H2NS]+

and 46.57 [CH2S]+. A proposed degradation pathway of free AA
is displayed in Scheme S2. The molecular ion peak for the VO(II)

complex was observed at m/z = 998.60 (23.73%), as seen in
Fig. 4(b). Besides, the spectrum displays miscellaneous fragments at
m/z = 997.55 [C36H49N6O18S3V]+, 937.03 [C34H45N6O18S2V]+, 666.68
[C26H31N6O10SV]+, 545.33 [C18H22N6O9SV]+, 360.61 [C11H15N5O6V]+,
152.85 [C7H10NO3]+, 100.88 [C7H6N]+ and 74.77 [C5H6N]+, corres-
ponding to the removal of a proton, C2H4S, C8H14O8S, C8H9O,
C7H7NO3S, C4H5N4O3V, O3H4, and two carbon atoms from the
[C36H50N6O18S3V] moiety. A proposed degradation pathway of the
free VO(II) complex is displayed in Scheme S3. The molecular
weight, as seen in Fig. 4(b), exceeds 1000 amu, confirming the
proposed structure. The mass spectra of the AA ligand and its VO(II)
chelate show good agreement with the investigated previous tech-
niques, confirming the postulated molecular formula (Scheme 1).

DFT study

The optimized structures of the AA ligand and its vanadyl
chelate are pointed out in Fig. 5 with estimated bond lengths
and angles in Table 6. The bond lengths of the AA ligand are
changed after its coordination to the VO(II) ion, especially the
bonds related to the donor sites. Some bonds experience
elongation [(C10–N11), (C12–O22), (C13–N14) & (C14–C26)]
and contraction [(C12–C13) & (C26–C27)] in order to attain

Table 2 The most important experimental and theoretical vibrational frequencies (cm�1) for the ligand and its VO(II) complex

Compound

Overlapping of n(CQN) imine

& nCQO + n(CQC) aromatic nCQO (b-lactamic) dNH (amide) + O–H moiety nasCOO� nsCOO� n(M–N) n(M–O)

DFT Exp. DFT Exp. DFT Exp. DFT Exp. DFT Exp. DFT Exp. DFT Exp.

AA 1669, 1525 1666, 1519 1696 1689 3525 3510 1552 1550 1390 1381 — — —
VO(II) complex 1651, 1516 1630, 1512 1696 1689 3526 3510 1522 1519 1438 1433 427 425 544 532

Table 3 Analysis of the 1H-NMR spectrum of the AA ligand experimentally and theoretically

Compound

Ar–OH + hydroxyl
group of carboxylic

Aromatic ring
protons

H–CQN
Protons

d(NH
sec.)
amide

d(CO–CH) and
d(N–CH)

d(CH–S)
skeleton

–CH3 protons of amoxicillin + CH and –CH3

protons of acetaldehyde

DFT Exp. DFT Exp. DFT Exp. DFT Exp. DFT Exp. DFT Exp. DFT Exp.

Ligand, AA 4.50–
4.95

4.83–5.15,
+9.85

6.25–
6.80

6.63–
7.30

8.20 8.50 7.80 8.10 3.60,
4.00

4.60,
4.70

3.20 3.39 1.20, 1.50 + 2.90,
0.95

1.27,1.55 + 3.70, 1.08 and
3.19

Fig. 2 Electronic transitions of the AA ligand and its [VO(AA)2]SO4 chelate, respectively.
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the intended coordination structure. After coordination, new
bonds are formed between the carbonyl oxygen and N of the
imine group with the VO(II) ion. Changes in the values of the

chelation surrounding angles were observed as [(C10–N11–
C12), (N11–C12–O22), and (C12–N13–N14)]. These changes
resulted due to the bonding during complex creation. The

Fig. 3 (a) TG curve of [VO(AA)2]SO4�3H2O chelate, and (b and c) Coats–Redfern and Horowitz–Metzger plots for the decomposition steps, respectively.

Table 4 Activation parameters for the decomposition of the [VO(AA)2]SO4�3H2O, determined using the Coats–Redfern and Horowitz–Metzger
methods

Compound Step r2 E* (kJ mol�1) DH* (kJ mol�1) DS* (kJ mol�1 K�1) DG* (kJ mol�1)

VO(II) chelate 1st 0.999 9.72 676 �0.22 88.73
0.989 16.17 13.20 �0.21 90.58

2nd 0.919 269.36 264.94 0.26 125.82
0.924 274.43 270.01 0.26 127.49

3rd 0.999 279.94 274.74 0.12 198.97
0.998 209.24 204.05 0.08 154.0

r2: Correlation coefficient.
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metal electron density was increased after chelation to become
+0.956 due to AA ligand to V charge transfer. Certain structural
reactive sites were identified by the molecular electrostatic
potential (MEP) study. Atoms possessing a positive electrostatic

potential can adhere to the sphere of negative electrostatic
potential, serving as active sites for the coordination of vanadium
ions. Overall, the vanadyl complex under investigation showed
negative regions on their coordination centers (N14 & O22) and

Fig. 4 (A) Mass spectra of the AA ligand, and (B) [VO(AA)2]SO4�3H2O chelate.

Table 5 Mass spectral fragmentations of the ligand (AA) and its VO(II)-AA chelate

Compound Fragmented ion

m/z+ values

Relative abundance (%) Missing speciesCalc. Found

AA ligand [C18H21N3O5S] 391.44 390.00 17.00 —
[C8H10NO3S]+ 199.00 199.71 73.28 C10H11N2O2

[C8H10NO2S]+ 183.71 183.02 46.37 O
[C5H2NS]+ 107.02 107.87 25.90 C3H8O2

[CH2S]+ 45.87 46.57 24.87 C4N
VO(II) complex [C36H50N6O18S3V] 1001.95 998.60 23.73 —

[C36H49N6O18S3V]+ 997.60 997.55 100 H
[C34H45N6O18S2V]+ 937.49 937.03 42.63 C2H4S
[C26H31N6O10SV]+ 666.97 666.68 27.82 C8H14O8S
[C18H22N6O9SV]+ 545.68 545.33 17.18 C8H9O
[C11H15N5O6V]+ 360.27 360.61 23.63 C7H7NO3S
[C7H10NO3]+ 152.67 152.85 14.09 C4H5N4O3V
[C7H6N]+ 100.85 100.88 8.54 O3H4C2
[C5H6N]+ 76.88 74.77 20.22
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positive electrostatic potential maps on their skeleton, which
increased their biological activity.71 The energy value of the
synthesized vanadyl complex was assessed utilizing density func-
tional theory (DFT),72 including several characteristics including
dipole moment, hardness (Z), softness (S), energy gap, chemical
potential (m), and electronegativity (w), as shown in Table 7. The
frontier molecular orbitals (FMO) are explored in Fig. 6. The DFT
analysis revealed that the VO(II) chelate demonstrated greater
negative values than the initial AA ligand, signifying the chelation
process. The previous parameters were calculated using the
following equations:

Z ¼ I � Að Þ
2

; S
1

2Z
; m ¼ � I þ Að Þ

2
; w ¼ I þ Að Þ

2

Based on the HOMO–LUMO energy gap, the VO(II) chelate was
shown to be a softer molecule compared to its parent AA ligand. A
reduced gap signifies a softer molecule, with the HOMO and
LUMO denoting the frontier molecular orbitals, as seen in Fig. 7.
The ability to receive electrons is referred to as softness, whereas
its opposite is termed hardness.73 The energy required to remove
an electron is characterized by the ionization potential, equivalent
to the energy of the highest occupied molecular orbital (HOMO),
whereas the energy of the lowest unoccupied molecular orbital

(LUMO) corresponds to the electron affinity, which releases
energy upon the addition of an extra electron to the system.29

The significant energy disparity between the HOMO–LUMO
energy values of the AA ligand and its chelate74 demonstrates
the stability of the molecules. Also, EHOMO of AA ligand o VO(II)
chelate. Thus, we may assert that AA possesses a greater capacity
to transfer its HOMO electron to the electron-accepting species.
However, the VO(II) complex exhibits greater sensitivity to receive
electrons from electron-rich species. The polarity of the AA ligand
diminishes upon interacting with the VO(II) ion, as shown by the
magnitude of their dipole moments.36 Following chelation, the
FMO orbital electron clouds spread out across the aromatic
portion of the AA ligand and expand to include the metal’s
coordination center.

Theoretical IR spectroscopy observations

The computation of the FT-IR investigations for the compounds
under study was carried out, which provides a comparison between
theoretical and experimental results. As observed in Table 2 and
Fig. S1, there is a complete agreement and matching between the
simulated peak characteristics for the AA ligand and its VO(II)
chelate with the experimental data. The accuracy of theoretical
FTIR frequencies is often assessed using the Mean Absolute Error
(MAE), with values below 10 cm�1 considered excellent.75 In our
study, the MAE values were 7 and 8.75 cm�1 for AA and its vanadyl
chelate, respectively, indicating strong agreement with experi-
mental data and confirming the reliability of the theoretical model.

Theoretical NMR. Theoretical 1H-NMR signals have been
detected as seen in Table 3 and Fig. S2. The mean absolute

Fig. 5 Geometric structure and MEP of the AA ligand and its
[VO(AA)2]SO4, respectively.

Table 6 Some of the optimized bond lengths, Å and bond angles, degrees, for the AA ligand and its VO(II) chelate using B3LYP/6-311G and B3LYP/
LANL2DZ, respectively

Bond length (Å) AA VO(II)-complex Bond angles AA VO(II)-AA

R(C10–N11) 1.44044 1.46837 A(C10–N11–C12) 121.580 119.474
R(N11–C12) 1.37137 1.33028 A(N11–C12–O22) 122.202 118.841
R(C12–O22) 1.21428 1.29851 A(C22–C12–C13) 123.566 118.107
R(C12–C13) 1.54768 1.52786 A(C12–C13–N14) 108.506 104.545
R(C13–N14) 1.45870 1.51904 A(C13–N14–C26) 117.855 118.243
R(C14–C26) 1.26626 1.30109 A(O50–N14–O22) — 75.352
R(C26–C27) 1.49677 1.48990 A(O50–O58–N14) — 62.533
R(O14–V) — 2.11330 A(O58–V–N14) — 100.783
R(O22–V) — 1.94909
R(O58–V) — 1.58317

Table 7 Ground state properties of the AA ligand and its VO(II) chelate
using B3LYP/6-311G and B3LYP/LANL2DZ, respectively

Parameter AA VO(II) complex

ET, Hartree �1637.01 �2643.90
EHOMO, eV �6.69 �10.75
ELUMO, eV �1.26 �7.23
DE, eV 5.42 3.51
I = �EHOMO, eV 6.69 10.75
A = �ELUMO, eV 1.26 7.23
w, eV 3.98 8.99
Z, eV 2.71 1.75
S, eV�1 0.18 0.56
m, eV �3.98 �8.99
Dipole moment (Debye) 5.44 2.92
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error (MAE) values typically range from 0.2 to 0.5 ppm for well-
optimized geometries.76 In our case, the calculated mean
absolute error (MAE) is 0.38 ppm, indicating a good agreement
between theoretical and experimental chemical shifts.

Measurement of cytotoxicity on MCF-7 cells with molecular
docking

It was favored to use one of the approved and cost-effective
drugs in the treatment of one of the most severe diseases,
breast cancer, which is one of the female malignancy cancer
types. The modified amoxicillin drug (AA) was tested, along
with its VO(II) chelate against the MCF-7 cancer cell line using
different concentrations. The proportions of growth inhibition

and remnant viable cells are depicted in Fig. 7. The cell line
cytotoxicity was found to be in a concentration-dependent
manner for both compounds and the viability of cancer cells
was dramatically decreased with increasing the concentrations
of AA and [VO(AA)2]SO4. In addition, based on the 50% inhibi-
tory concentration values (IC50), the chelation process
improved the inhibition of breast cancer cell growth relative
to the parent ligand. The [VO(AA)2]SO4 and AA ligand exhibited
IC50 values of 93.64 � 0.65 mg mL�1 and 97.31 � 0.55 mg mL�1,
respectively, which may be attributed to the ability of AA to
generate reactive oxygen species (ROS), disrupt mitochondrial
function, and interact with DNA, as previously reported for
VO(II) complexes by Manuel et al.77. Additionally, this improve-
ment may result from the coordinated ligand’s increased
acidity toward the metal ion because the metal’s positive charge
creates stronger hydrogen bonds, which boost biological activity.
Vanadyl activity may be related to the variable oxidation states
that can increase the probability of interactions between the
complex and protein constituents. The chelation process reduces
the polarity of metal atoms by partly sharing their positive
charge with donor groups and potential p electron delocalization
in the chelation rings. The chelation procedure enhances the
hydrophobic qualities of the central atoms, promoting their
penetration through cancer cells. The way it works might include
forming hydrogen bonds via the azomethine nitrogen atom with
the cell components’ active sites, which can disrupt the regular
cell functions.74 However, the small change between the IC50

values between the ligand and its vanadyl chelate indicates that
the activity is mainly due to the amoxicillin moiety. Therefore, we
can say that the amoxicillin moiety can be used as an anticancer
drug against the MCF-7 breast cell line. The anticancer activity
improved following coordination. The vanadyl complex exhib-
ited low toxicity toward normal cells, as evidenced by its high
IC50 value of 238.03 � 2.77 mg mL�1 against the WI-38 cell line,
as shown in Fig. S3. The IC50 values for cisplatin in MCF-7 cells

Fig. 6 FMO of the AA ligand and [VO(AA)2]SO4.

Fig. 7 An MTT assay demonstrated a remarkable reduction in the breast
cancer cell line (MCF-7) after being treated for 24 h with various con-
centrations of (AA &[VO(AA)2]SO4) and the inset plot represents their IC50

values.
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have been reported as 4 mg mL�1, while their resistant derivative,
MCF-7/DDP, showed an IC50 of around 15 mg mL�1.78 Although
our compounds exhibit relatively high IC50 values of 93 and
98 mg mL�1 against MCF-7 breast cancer cells, they remain
valuable candidates due to the well-established resistance of
MCF-7 cells to cisplatin and the drug’s serious side effects, such
as kidney and nerve toxicity.79 Doxorubicin demonstrated the
most effective anticancer potential against MCF-7 breast cancer
cells, as reported by Qiu Hong Fan et al.,80 with a low IC50 value
of 0.68� 0.04 mg mL�1. The lower activity of the vanadyl complex
compared to doxorubicin may be due to its bulkier structure,
which can hinder membrane permeability and cellular uptake.
This bulkiness may also reduce its binding affinity to essential
intracellular targets, leading to decreased cytotoxic efficacy.
However, despite their reduced activity, our compounds offer a
significant advantage in terms of cost-effectiveness and accessi-
bility, making them promising candidates for further develop-
ment. Notably, our compounds are based on amoxicillin—a
widely used, FDA-approved b-lactam antibiotic known for its
safety and affordability—providing a favorable foundation for
further modification.81 A comparison between the anticancer
results and our previously reported research studies of approved
drugs revealed similar behavior with the metformin Schiff base
with different metal ions, such as Pd(II), Pt(II) and VO(II). All
compounds exhibited IC50 4 50 mg mL�1 against breast cancer82

but the VO(II) chelate revealed a better IC50 of 25 mg mL�1 based
on the Schiff base formed between 4-(diethylamino)benzaldehyde
and metformin.83 Additionally, the condensation of the approved
amoxicillin drug with 4-N,N-dimethylaminobenzaldehyde, fol-
lowed by chelation with the Pd(II) ion, demonstrated significant
efficacy against prostate cancer cells (PC3), yielding an IC50 value

of 22.6 mg mL�1 20 that revealed the potential activity of metal
complexes of amoxicillin-based complexes against different can-
cer cell lines. The morphological alterations of treated cells were
visualized under an inverted microscope as shown in Fig. 8. The
most visualized apoptotic features due to AA and its VO(II) chelate
exposure were a higher decrease in cell density, cellular shrinkage,
membrane blebbing, echinoid spikes, and the presence of apop-
totic bodies.

Epidermal growth factor receptor (EGFR) plays an important
role in epithelial malignancies and its activity can promote
tumor growth, invasion and metastasis.84 In normal tissues,
the availability of EGFR ligands is tightly regulated to ensure
that the kinetics of cell proliferation fully obey the rules of
tissue homeostasis. However, in the case of cancer, EGFR is
often persistent due to the continuous production of EGFR
ligands in the tumor microenvironment. Therefore, the inhibi-
tion of the great growth of EGFR can play a role in cancer cell
killing. Molecular docking was performed to point out the
active amino acids participating in the interaction with the
synthesized compounds and the potential of our compounds to
retard the fast and great proliferation. It was found that both
compounds, the ligand and its VO(II) chelate, exhibited scoring
energies with negative signs that indicate a high stability of the
compound-protein complex formation and consequently reveal
the more favored interactions. The scoring energy values are
�5.32 and �9.77 kcal mol�1 with 2.34 and 2.41 root mean
square deviation (RMSD), respectively, which revealed the great
affinity of the chelate relative to its parent (AA) ligand as an
inhibitor for protein growth and consequently cancer
denaturation.85,86 As seen in Fig. 9, the Lys-721 amino acid
interacts with both the AA ligand and its VO(II) chelate through

Fig. 8 Morphological change of (AA &[VO(AA)2]SO4) treated MCF-7 cells under an inverted microscope. Photos were taken at 60� magnification.
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the sidechain donor, while the Cys-773 amino acid interacts
through the backbone donor and Asp-831 through the side-
chain acceptor in the case of the AA ligand. The different types
of carbonyl groups of the amoxicillin drug are the active
functional groups for hydrogen bond formation. To validate
the docking protocol, the co-crystallized ligand AQ4 from the
EGFR tyrosine kinase receptor (PDB ID: 1M17) was redocked
into its original binding site. The redocking process yielded a
binding energy of �4.28 kcal mol�1 and an RMSD of 2.8 Å,
indicating acceptable accuracy. Notably, AQ4 maintained a key
interaction with residue Thr-830, supporting the reliability of
the docking method as shown in Fig. 9.

Inhibition of migration/wound healing of MCF-7 cells

The migration of MCF-7 cells in response to treatment with
[VO(AA)2]SO4 was investigated by a wound healing assay. Overall,
the results of the experiment in Fig. 10 reveal that MCF-7 cell
migration was inhibited when treated with [VO(AA)2]SO4. At a
concentration of 93.64 mg mL�1, the MCF-7 cancer cell migration
was suppressed by 46 039 mm over the untreated control at 48 h.

These findings confirm that [VO(AA)2]SO4 has potential anti-
cancer effects on MCF-7 cells. Furthermore, it was anticipated
that the [VO(AA)2]SO4 would assist in reducing the metastasis of
the studied cancer cells.

Effect of the compounds on DNA binding and denaturation
inhibition of proteins

The affinity of drug binding to CT-DNA was assessed by tracking
changes in both electrophoresis mobility and the intensity of the
bands in an agarose gel using varying doses (5, 10, 15 mg mL�1)
of the investigated [VO(AA)2]SO4 complex and AA ligand. Fig. 11
displays the results of attaching the tested AA ligand and
[VO(AA)2]SO4 complex in relation to the free, unbound CT-
DNA, which causes a change in band intensity and migration
of CT-DNA. A decrease in the total charge and an increase in the
molecular mass of the CT-DNA due to interaction with the tested
medication and/or a change in the structural conformation of
the CT-DNA due to drug binding may be the reason for the
DNA’s decreased electrophoretic mobility.87 These results are
good and agree with other previous results of compounds based

Fig. 9 2D and 3D crystal structure of interactions of the synthesized ligand, [VO(AA)2]SO4 chelate and AQ4 with amino acid residues in the binding site of
the EGFR tyrosine kinase receptor (PDB Code: 1M17).
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on the amoxicillin Schiff base.88 One of the three primary causes
of the decrease in band intensity seen in Fig. 11 as the concen-
tration of each of the tested compounds increases is the covalent
binding of the compound to CT-DNA, which damages certain
regions of the DNA and reduces the amount of DNA available for
ethidium bromide (EB) staining. DNA length was shown to affect
the visible intensity of the stained DNA by ethidium bromide
intercalation.89 The second is the steric effect, which is brought
on by the DNA attaching to a VO-containing medication, which
reduces the DNA’s availability for ethidium bromide intercalations.

The drug’s planar aromatic moiety intercalates into neighboring
DNA pairs, which is the third explanation. This would prevent EB
from binding to CT-DNA in a competitive manner. Band intensities
were quantified using ImageJ software to ensure objective measure-
ment and to calculate the extent of binding. Densitometric analysis
revealed a concentration-dependent reduction in DNA band inten-
sity, supporting the formation of a stable complex between the
compound and DNA.90,91 The relative band intensity value was
calculated for each concentration. The values for the AA ligand and
its VO(II) chelate are (0.503, 0.147 & 0.133) and (0.815, 0.074 & 0.056)
at concentrations (5, 10, & 15 mg mL�1)/compound.

Non-steroidal anti-inflammatory medications reduce inflam-
mation by preventing protein denaturation, preventing enzyme
hydrolysis, or encouraging membrane stability. In general,
inflammation is brought on by either protein denaturation, as
in arthritis, or lysosomal enzymes secreted by leukocytes.92 In
order to conduct additional pharmacological and biological
testing, the prepared compounds were tested for their ability
to inhibit protein denaturation. Both compounds can prevent
protein denaturation in a manner that is dependent on the
concentration. Protein denaturation increased with concen-
tration for both the AA ligand and its VO(II) chelate. The AA
ligand showed denaturation percentages of 0%, 7.5%, 25%,
42%, and 55% at 0, 5, 10, 20, and 30 mg mL�1, respectively. In
comparison, the VO(II) complex induced 0%, 9%, 29%, 45%, and
65% denaturation at the same concentration. The higher values
observed for the VO(II) chelate suggest that metal coordination
enhances the ability to disrupt the protein structure. The test
makes the drug’s anti-inflammatory action easier to grasp, even
if additional research is required to fully understand and
validate it.

Antidiabetic activity

Alpha-amylase inhibition with molecular docking investiga-
tion. In the present study, the synthesized compounds were
screened for their inhibition activity against a-amylase. Fig. 12
depicts the inhibitory potency of the AA ligand and VO(II)
chelate on a-amylase activity compared to a positive control
(acarbose). The enzymatic activity of a-amylase progressively
diminished with increasing concentrations of the produced AA,
VO(II) chelate, and acarbose, achieving maximal inhibitions of
89.9%, 82.8%, and 98.0%, respectively. The half-maximal inhi-
bitory concentration (IC50) was utilized to compare the inhibi-
tory capacities of our substances. A reduced IC50 value indicates
an enhanced inhibitory action relative to the control. Both
compounds have a significant effect that can be used as a good
inhibitor of pancreatic a-amylase. The free Schiff base ligand
exhibited superior a-amylase inhibitory activity compared to its
VO(II) complex, with IC50 values of 48.86 � 0.58 and 94.96 �
1.65 mg mL�1, respectively. This reduced activity upon metal
coordination may be attributed to steric hindrance or dimin-
ished hydrogen-bonding interactions at the enzyme’s active
site, resulting from conformational changes or coordination
of key functional groups. The lower a-amylase inhibitory activ-
ity of amoxicillin-based compounds compared to acarbose
(IC50 = 6.84 � 0.15 mg mL�1) is likely due to their lack of

Fig. 10 The [VO(AA)2]SO4 effect on MCF-7 cell migration. The effect of
MCF-7 cells after [VO(AA)2]SO4 exposure at 93.64 mg mL�1 concentration
for 48 h using an inverted microscope at 10� magnification.

Fig. 11 DNA gel electrophoresis of CT-DNA bound to AA and
[VO(AA)2]SO4 showing different migration and band intensity in compar-
ison to the unbound CT-DNA, where lane ctrl is the unbound CT-DNA
(20 mg mL�1), while lanes 1, 2, and 3 are CT-DNA bound to the tested AA at
5, 10, and 15 mg mL�1, respectively, and lanes 10, 20 and 30 are the bound
complex [VO(AA)2]SO4 at 5, 10, and 15 mg mL�1 of the complex,
respectively.
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sugar-like features needed for strong enzyme binding, while
acarbose is designed for this target. Raj Kaushal et al.93

reported the IC50 value of various VO(II) complexes based on
chalcone nuclei. The ligands and complexes revealed IC50

values in the range of 164.06–707.59 mg mL�1. These values
are significantly higher than those of our investigated com-
pounds, showing that the amoxicillin-based compounds were
effective inhibitors. Therefore, we can say that the amoxicillin
nuclei succeeded in being a potent hypoglycemic agent. The
synthesized compounds also exhibited potent activity com-
pared to different reported natural compounds, such as gallic
acid, p-coumaric acid, syringic acid, 2,3,4-trihydroxybenzoic
acid, vanillic acid, caffeic acid and chlorogenic acid against
porcine pancreatic a-amylase.94 Therefore, we can say that the
amoxicillin nuclei have a promising effect in the area of
diabetes treatment. The inhibition role was indicated due to
the hydrogen bond formation between the synthesized com-
pounds and the enzyme, as seen in Fig. 13. The molecular
docking revealed six and eight potential binding poses of the

Fig. 12 Inhibitory effects of various concentrations of all compounds on
a-amylase.

Fig. 13 A three-dimensional image of the binding of the ligand, [VO(AA)2]SO4 chelate and glutamine to the active site of a-amylase.
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ligand and VO(II) chelate on a-amylase, respectively. The most
probable binding site was determined to be the position at the
active site with the highest absolute binding energy and the
lowest root mean square deviation (RMSD). The ligand revealed
(�6.56 kcal mol�1, 1.34) and its VO (II) chelate (�10.95 kcal
mol�1, 2.31). The observed negative scoring energy sign
indicates the high affinity of the interactions with the amylase
enzyme. Fig. 13 depicts the 2D and 3D docking sites. The active
site of a-amylase includes three active sites. The amino acids that
participate in the interactions are (Asp-356, Asp-197 & Glu-233),
Trp-59 and His-305 with sidechain acceptor, arene–arene and
arene–cation interactions, respectively. The docking method was
checked by redocking the co-crystallized ligand glutamine into
the active site of a-amylase (PDB ID: 1PIF). It gave a binding
energy of �2.07 kcal mol�1 and an RMSD of 1.22 Å, showing
good accuracy and important interactions with Glu-233 and Asp-
197 as seen in Fig. 13.

Conclusion

New compounds derived from amoxicillin are synthesized
through Schiff base formation using acetaldehyde and its
VO(II) chelate. Both compounds are precisely characterized.
The geometric arrangement of both compounds was confirmed
via DFT analysis. The novel compounds evaluated for their
effectiveness against breast cancer and diabetes demonstrate the
dual action of amoxicillin on these two conditions. The amox-
icillin derivative compounds were able to provide effective treat-
ment for both breast cancer and diabetes. An investigation of
DNA binding was conducted to verify the strong affinity of the
compounds for DNA fragments, often proving effective as an
anticancer agent. The compounds investigated showed signifi-
cant impact as anti-inflammatory medications that demonstrate
additional effects during cancer therapy. They not only served as
a binding agent to DNA and slowed its rapid growth, but also
assisted in addressing any inflammation caused during cancer
development. In conclusion, we can state that the amoxicillin
nuclei effectively aided in the treatment of two of the most severe
diseases globally after being modified to VO(II) chelate and Schiff
base through a straightforward method.
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72 C. Güleryüz, D. M. Hasan, M. A. Awad, A. S. Waheeb,
A. U. Hassan, A. Mohyuddin, H. A. K. Kyhoiesh and
M. T. Alotaibi, Molecular engineering on tyrian puprle
natural dye as TiO2 based fined tuned photovoltaic dye
material: DFT molecular analysis., J. Mol. Graphics Modell.,
2025, 134, 108894, DOI: 10.1016/j.jmgm.2024.108894.

73 E. M. Abdalla, S. A. Aly, A. H. Salama, S. S. Hassan,
A. M. Mongy, T. A. Salem and P. A. Khalf-Alla, Synthesis,
Characterization, DFT, TEM, Anticancer, Antibacterial, and
Electrical Properties Studies of Novel VO(II), Cu(II), Ru(III),
and Ag(I) Complexes With Hydrazone Derivatives., Appl.
Organomet. Chem., 2025, 39(3), e70073.

74 S. S. Hassan, S. A. Aly, R. A. Ismail, A. M. Aboelyazed,
M. H. Youssef and E. M. Abdalla, Molecular Structure,
Docking, Spectroscopic Characterization, Antibacterial,
and Anticancer Activity of Copper(I,II), Silver(I), and
Cadmium(II) Complexes, Appl. Organomet. Chem., 2025,
39(2), e7990.

75 J. P. Merrick, D. Moran and L. Radom, An evaluation of
harmonic vibrational frequency scale factors, J. Phys. Chem.
A, 2007, 111(45), 11683–11700.

76 A. Bagno, F. Rastrelli and G. Saielli, Prediction of the 1H and
13C NMR spectra of a-D-glucose in water by DFT
methods and MD simulations, J. Org. Chem., 2007, 72(19),
7373–7381.

77 M. Aureliano, A. Luı́sa De Sousa-Coelho, C. C. Dolan,
D. A. Roess and D. C. Crans, Biological consequences of
vanadium effects on formation of reactive oxygen species
and lipid peroxidation, Int. J. Mol. Sci., 2023, 24(6), 5382.

78 J. Zou, L. Zhu, X. Jiang, Y. Wang, Y. Wang, X. Wang and
B. Chen, Curcumin increases breast cancer cell sensitivity to
cisplatin by decreasing FEN1 expression., Oncotarget, 2018,
9(13), 11268.

79 L. Galluzzi, I. Vitale, J. Michels, C. Brenner, G. Szabadkai,
A. Harel-Bellan, M. Castedo and G. J. C. D. Kroemer, Sys-
tems biology of cisplatin resistance: past, present and
future, Cell Death Dis., 2014, 5(5), e1257.

80 X. J. Fang, H. Jiang, Y. Q. Zhu, L. Y. Zhang, Q. H. Fan and
Y. Tian, Doxorubicin induces drug resistance and expres-
sion of the novel CD44st via NF-kB in human breast cancer
MCF-7 cells., Oncol. Rep., 2014, 31(6), 2735–2742.

81 Amoxicillin – Drug Information. Drugs.com. Available at:
https://www.drugs.com/amoxicillin.html.

82 S. S. Hassan, E. F. Mohamed, A. M. Saleh, M. M. Shoukry
and P. A. Khalf-Alla, Design, structural characterization,
DFT, molecular docking, and chemotherapeutic activity of
novel platinum(II) and palladium(II) complexes derived from
Metformin-based Schiff base, J. Mol. Struct., 2024,
1315, 138830.

83 S. S. Hassan, E. A. Bedir, A. M. Hamza, A. M. Ahmed,
N. M. Ibrahim, M. S. Abd El-Ghany and N. N. Khattab,
The dual therapeutic effect of metformin nuclei-based
drugs modified with one of Tulbaghia violacea extract
compounds, Appl. Organomet. Chem., 2022, 36(9), e6804.

84 H. Masuda, D. Zhang, C. Bartholomeusz, H. Doihara,
G. N. Hortobagyi and N. T. Ueno, Role of epidermal growth
factor receptor in breast cancer, Breast Cancer Res. Treat.,
2012, 136(2), 331–345.

85 A. S. Waheeb, M. A. Awad, H. A. K. Kyhoiesh, A. M. Kadhum,
J. A. Thabit and S. A. Lazam, Synthesis, and characterization
of Ni(II), and Cu(II) metal complexes containing new azo dye
ligand (N, N, N) and evaluation of their biological activities
supported by DFT studies, molecular docking, ADMET
profiling, drug-likeness analysis and toxicity prediction,
J. Mol. Struct., 2025, 1321, 139867, DOI: 10.1016/
j.molstruc.2024.139867.

86 A. S. Waheeb and H. A. K. Kyhoiesh, Ni(II) and Cu(II)
Complexes With a Tridentate (O, N, O) Azo Dye
Antipyrine-Based Ligand: Synthesis, Spectral Characteriza-
tion, Cytotoxicity, and In Silico Approaches, Appl. Organo-
met. Chem., 2025, 39(5), e70144, DOI: 10.1002/aoc.70144.

87 H. Mansouri-Torshizi, S. Zareian-Jahromi, K. Abdi and
M. Saeidifar, Nonionic but water soluble,[Glycine-Pd-Alanine]
and [Glycine-Pd-Valine] complexes. Their synthesis,

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
1:

03
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1016/j.jmgm.2024.108894
https://www.drugs.com/amoxicillin.html
https://doi.org/10.1016/j.molstruc.2024.139867
https://doi.org/10.1016/j.molstruc.2024.139867
https://doi.org/10.1002/aoc.70144
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00567a


9494 |  Mater. Adv., 2025, 6, 9476–9494 © 2025 The Author(s). Published by the Royal Society of Chemistry

characterization, antitumor activities and rich DNA/HSA inter-
action studies, J. Biomol. Struct. Dyn., 2019, 37, 3566–3582.

88 S. S. Hassan, M. Nader, M. Nagy, M. Mohamed, M. Nader,
M. Zakaria, N. Mohamed, R. Waleed and F. B. Rashidi,
Antimicrobial screening involving Helicobacter pylori of
nano-therapeutic compounds based on the amoxicillin anti-
biotic drug, Helicobacter, 2023, 28(5), e13004.

89 T. Thibault, J. Degrouard, P. Baril, C. Pichon, P. Midoux and
J. Malinge, Production of DNA minicircles less than 250
base pairs through a novel concentrated DNA circulariza-
tion assay enabling minicircle design with NF-kB inhibition
activity, Nucleic Acids Res., 2017, 45(5), e26.

90 A. Ghatak, A. Das and S. Roy, Densitometric quantification
of DNA damage in gel electrophoresis, Methods Mol. Biol.,
2013, 920, 363–371, DOI: 10.1007/978-1-61779-998-3_28.

91 G. Zhao, W. Guo, M. Wang and Y. Wang, DNA binding and
cleavage studies of a novel copper(II) complex: experimental
and theoretical studies, J. Photochem. Photobiol., B, 2014,
130, 264–271, DOI: 10.1016/j.jphotobiol.2013.11.006.

92 K. S. R. Gunathilake and H. P. V. Rupasinghe, In vitro anti-
inflammatory properties of selected green leafy vegetables,
Biomedicines, 2018, 6(4), 107.

93 M. Kaur and R. Kaushal, Synthesis, characterization and
a-amylase and a-glucosidase inhibition studies of novel
vanadyl chalcone complexes, Appl. Organomet. Chem.,
2021, 35(1), e6042.

94 Y. Huang, S. J. Richardson, C. S. Brennan and S. Kasapis,
Mechanistic insights into a-amylase inhibition, binding
affinity and structural changes upon interaction with gallic
acid, Food Hydrocolloids, 2024, 148, 109467.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
1:

03
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1007/978-1-61779-998-3_28
https://doi.org/10.1016/j.jphotobiol.2013.11.006
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00567a



