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ARTICLE INFO ABSTRACT
Keywords: The activity of alginic acid as a cytotoxic agent was improved by structure modification using 4-
Alginic acid aminophenol (4-AP) through condensation and polymerization processes. Then, silver nano-

4-Aminophenol
Silver nanoparticles
Cytotoxicity

particles were employed through doping to further enhance the cytotoxic activity of the modified
polymer. The structure of the prepared materials was characterized by FT-IR, HNMR, UV
spectroscopy, X-ray diffraction, and electron microscopy, and the thermal behavior of all syn-
thesized materials was intensively studied. The cytotoxicity of the prepared compounds against
cell lines of human hepatocellular (HepG-2) and lung (A-549) carcinomas was investigated.
Alginic acid modified with 4-AP (Alg-4-AP3) showed the highest activity against HepG-2 and A-
549 among all tested materials with ICso values of 3.0 + 0.19 pg/mL and 3.63 + 0.23 pg/mL,
respectively. Multitargeted molecular docking was employed to explore the binding modes of our
compounds with the receptors EGFR, HER2, and VEGFR 2. The results revealed the inhibitory
activity of our tested compounds against the proposed protein receptors, findings coincided with
the in vitro results. In conclusion, the modification of alginic acid with 4-AP improved its cytotoxic
activity against HepG-2 and A-549 cancer cells. In addition, doping the new materials with silver
nanoparticles (AgNPs) further enhanced the cytotoxic activity.

1. Introduction

During the last decade, silver nanoparticles (AgNPs) have offered extraordinary potential for applications in the catalytic, elec-
trical, optical, biological, and medicinal fields because of their distinctive physical and chemical characteristics [1-6]. Owing to their
broad-spectrum therapeutic applications, AgNPs have recently attracted much attention [6,7]. AgNPs are generally obtained through
the controlled reduction of silver ions by employing strong reducing agents, including sodium borohydride in chemical synthesis
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pathways [8]. However, AgNPs possess high tendency to aggregate and their shape is altered throughout catalytic reactions as a result
of the high surface energy nascent from the high surface-to-volume ratio [9]. The aggregations might lead to considerable undesired
depression in the catalytic activity and selectivity [10], and polymers could prevent aggregation when utilized as capping and sta-
bilizing agents [11]. The production of AgNPs by conventional chemical routes are likely to involve harmful reagents and toxic
byproducts that are hazardous to the environment. Therefore, the use of polymers for capping the nanoparticle surface is of significant
value not only to prevent aggregation but also to protect the environment [12].

The synthesis of AgNPs is carried out using physical and chemical methods, biological or green methods, and photochemical
methods [13,14]. The physical strategies include spark discharging, evaporation-condensation, and transformation [15]. The green
synthesis approach in which environmentally friendly raw materials and/or sustainable synthetic methods is preferred [13]. The use of
non-toxic solvents, reagents and separation products, such as water and plant extracts, minimization of energy usage, and the use of
chemicals that are safe for both humans and the environment should all be incorporated into the syntheses whenever possible [16].
Green synthesis based on chemical or physical techniques such as ultrasound- or microwave-based synthesis, hydro- or solvothermal
synthesis, photocatalysis, etc., and biological techniques could be used to prepare AgNPs [17]. Photophysical (top to bottom) and
photochemical (bottom to up) are two strategies are commonly recognized for the photochemical synthesis of AgNPs, [15]. The former
employs metals in their metallic state and the latter utilizes their ionic precursor [18]. The direct photoreduction technique is also
employed for the synthesis of NPs of various metals [19]. Photosensitization is used to prepare AgNPs, where in metallic ion reduction
occurs with excited species generated photochemically [15]. The growing interest to environmental problems such as pollution and
waste disposal along with the subedited rules and regulations to these issues are leading factors to produce more eco-friendly materials
for industrial and medicinal applications. Alginic acid (Alg), algin, or alginate are widely used natural anionic polysaccharide
extracted from several brown seaweed, and could also obtained by the microbial fermentation [20,21]. Alginate could be prepared as a
biobased fiber by mixing wet-spun sodium alginate with a coagulating bath including aqueous calcium chloride (CaCly) solution [21,
22]. The large length-to-diameter ratio of the produced alginate fibers suggest them as an advantageous supporting material for
stabilizing AgNPs with easily accessible high surface area [2] The wide range of environmental and biological applications of alginate
is mainly attributed to its cost-effective, biodegradable, non-toxic and biocompatible characteristics [21].

Dysregulation of the expression of growth factor receptors (GFRs) promoted by genetic, epigenetic and somatic changes can
lead to cancer initiation and progression [23]. Vascular endothelial growth factor receptor (VEGFR), epidermal growth factor
receptor (EGFR), human epidermal growth factor receptor 2 (HER2) are upregulated in many different types of malignancies [23,
24]. Thus, suppression of EGFR, HER2 and VEGFR singling routes represents an efficient strategy for the production of novel
antitumor agents [25]. Two essential routes for chemotherapeutic treatment were proposed. These include the production of
active tyrosine kinase inhibitors and targeting the binding pocket domain EGFR and HER2 by means of monoclonal antibodies
that suppress the dimerization and consequently the biochemical cascade [26]. The suppression of EGFR family inhibits the course
of the cell cycle and increases apoptosis in a plethora of tumor types [27]. Drugs displaying inhibitory activity against HER2 by
inhibiting tyrosine kinase domain of the receptors were generally accepted for the chemotherapy of various types of cancers [27].
VEGEFR is believed to be one of the most effective pro-angiogenic signaling molecules responsible for angiogenesis in many
different malignancies [28]. Accordingly, drugs exhibiting inhibitory activity against EGFR and VEGFR-2 are clinically approved
for the treatment of many types of tumors [29]. However, drug resistance may be induced by administering the same treatments
repeatedly, necessitating the development of new candidate drugs. The in silico approaches have offered an effective route for the
identification of novel therapeutic agents against several diseases [30-32]. This work proposed the employment of three stages
synthesized Alg. modified with 4-aminophenol (4-AP)_doped with AgNPs as potent cytotoxic agents against hepatocellular and
lung cancer cell lines. The binding affinity of the tested agents against EGFR, HER2 and VEGFR-2 was investigated by molecular
docking (MD) assessments.

2. Materials and methods
2.1. Materials

Alg (Mwt. 80,000) was purchased from Alfa-Aesar (USA) and 4-AP was supplied by Across-Organics (USA). Ammonium persulfate
was purchased silver nitrate (AgNO3), xylene, and sodium citrate from Sigma (USA).

2.2. Methods

2.2.1. Synthesis of Alg. condensed with 4-AP

Alg. (2 g) and 4-AP (0.183 mol) were added to a round bottom flask with 100 mL of xylene and refluxed for 7 h at 200 °C using
Dean-Stark apparatus. The solid product (Alg-4-AP;) was separated by filtration and dried at room temperature. Ammonium per-
sulfate (0.0438 mol) dissolved in the least amount of water was added to 50 mL distilled water containing 1 g Alg-4-AP; in a flask and
adjusted at room temperature then 0.183 mol of 4-AP was added to the reaction mixture dropwise with stirring for 3 h. The solid
product (Alg-4-AP5) was separated, washed with water and methanol then dried under a vacuum at 60 °C (Scheme 1).
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Scheme 1. Alginic acid modified with 4-Aminophenol.

2.2.2. Preparation of AgNPs

Chemical reduction using a reducing and capping agent has been followed as previously reported [33,34]. 0.000941 mol of AgNOs3
was added to 100 mL distilled water and heated till boiling then 0.0968 mol of trisodium citrate dissolved in 10 mL of distilled water
added drop wisely with stirring at room temperature till the solution turned yellow. The reaction mixture was cooled down and stirred
for 4 h [35].

2.2.3. Assembling of Alg-4-AP, on AgNPs (Alg-4-AP3)
20 mL of colloidal AgNPs was added to Alg-4-AP; solution with stirring for 24 h till the solution color changed. The solid product
(Alg-4-AP3) was separated by filtration, washed, and dried under vacuum at 60 C.

2.2.4. Cytotoxicity assay

HepG-2 and A-549 cell lines (American Type Culture Collection (ATCC, Rockville, MD)) were cultured in RPMI-1640 (Lonza,
Belgium) supplemented with 10% fetal bovine serum (Sigma, USA), 1% r-glutamine, HEPES buffer, and antibiotics, and maintained at
37 °C and 5% COs. The cells were seeded in 96-well plates (1 x 10* cells/well) in 100 pl medium and incubated for 24 h. A fresh
medium containing different concentrations of the test agents or doxorubicin followed by incubation for 24 h. The MTT assay was
employed to determine cell viability. In brief, MTT (0.5 mg/mL final concentration) was added, and the plate was incubated at 37 °C
for 4 h and then 50 pl/well of DMSO. After 10 min, the absorbance was measured at 590 nm using a microplate reader (TECAN, USA).
The 50% inhibitory concentration (ICso) was calculated using GraphPad Prism 8.

2.2.5. In silico molecular docking (MD) analysis

The binding profiles of the synthesized drug (Alg-4-AP3) against EGFR, HER2, and VEGFR were examined by MD analysis. The
geometrical structure of the tested drug was fully optimized at the B3LYP exchange-correlation functional level of theory without
constraints [36,37] using the 6-311G (d, p) basis set [38]. Density functional theory (DFT) investigation was utilized in this work and
was executed using Gaussian 16 software [39]. Frequency calculations were implemented at the same level of theory to assure that the
tested drug is in the ground state and to confirm the absence of imaginary frequencies. The 3D crystal structure of the three targets was
downloaded from the Protein Data Bank (PDB). The pdb identification codes (ids) for the studied receptors are EGFR (PDB ID: 2J6M),
HER2 (PDB ID: 3PP0), and VEGFR (PDB ID: 3B8Q). The MD run was performed using Autodock Tools (ADT) v1.5.6 and AutoDock Vina
programs [40]. Different drug-receptor complexes were optimized for docking by removal of nonstandard amino acids residues,
stripping out solvent molecules, adding polar hydrogens, and adjusting the grid box to the active site amino acids residues [30,31].
These optimization processes were carried out through ADT v1.5.6. UCSF Chimera software was used to eliminate original drugs from
the original pdb structure and for clean original pdb generation [41]. PyMOL v2.4 was employed for high-resolution figures generation
and binding interactions molecular visualizations.
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2.2.6. Capacity of Alg-4-AP, grafting
The number of 4-AP units in the grafting side chain of Alg-4-AP; was calculated from the mole ratio between Alg-4-AP; and 4-AP in
the last step of graft as the chain length of 4-AP on Alg-4-AP; is found to be 4.8 ~ 5.

2.3. Instrumentations

UV-Vis spectra were recorded on Shimadzu 2040 instrument. Fourier transforms infrared (FTIR) spectrometer (VERTEX 70 F T-IR)
spectra were measured in ATR discs at room temperature within the wavenumber range of 400-4000 cm .. Bruker high-performance
digital FT-NMR spectrometer Avance III 400 MHZ was employed to perform routine 'H/!3C high-resolution spectra along with
common 2D experiments (COSY, HMBC, HSQGC, ...). The crystalline structure of prepared polymers was checked by X-ray diffraction
(2,020,964 PA Analytical Empyrean). A scanning electron microscope (SEM; JEOL (JSM-5200)) was employed to investigate the
morphologies of the prepared polymers. Samples were prepared by placing a slight part of a film on a carbon tube on a stub, which was
coated with a gold thin layer. Micrographs of the prepared new polymeric materials using a JEM-100S Transmission Electron Mi-
croscope (TEM, Jeol, Tokyo, Japan) were taken. The different area pictures were captured at adjustable magnifications that identify
the particle size and morphology. TGA-50H thermogravimetric analyzer was used to study the thermal stability of synthesized
polymeric materials. Samples were heated from 10 to 600 °C in a platinum pan with a heating rate of 10 °C min~! under an N at-
mosphere with a flow rate of 25 mL min~'.

3. Results and discussion
3.1. Characterization

3.1.1. IR
FT-IR was employed to figure out the functional groups present in Alg by means of typical vibration frequencies [42]. The following
vibrational frequencies were detected in Alg sample by means of FTIR spectra (Fig. 1). The obtained broadband in the range of
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Fig. 1. FTIR spectrum of alginic acid (Alg), alginic acid condensed with 4- aminophenol (Alg-4-AP;), alginic acid condensed with p-aminophenol
polymer (Alg-4-AP5), and alginic acid condensed with p-aminophenol dopped with silver nanoparticles (Alg-4-AP3).
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3700-3000 cm ! was detected for the OH stretching frequency and that in the range 3000-2300, cm ™! was assigned for C-H stretching
vibration [43]. Alg is known to be the building unit of mannuronic and guluronic acid residues comprising one —-COO group [44]. The
bands near 1650 cm ™! and 1400 cm™! in the obtained spectrum revealed an asymmetric and symmetric vibrations of carboxylate
0-C-O stretching, respectively [45]. The deformation of O-H and C-O stretching frequencies were noticed at 1395 cm ™! and 1333
cm ™, respectively. The bands around 1100 cm ™! -1027 cm ™! were assigned to the anti-symmetric stretch of C-O-C [45]. The band at
1150 cm~! showed the presence of o-acetyl ester in the bacterial alginates [46]. The first modification of alginic acid is condensation
with 4-amino phenol (Alg-4-AP;) which is confirmed by the IR (Fig. 1). It is noticed that the bands appear in the range of 3341-3284
cm™! which is assigned to the N-H stretching of primary amines. 1604 cm ™! was due to the N-H bending of aromatic amine and C-C
group stretching. 1512 cm™* was due to C-C in-ring stretching vibration peak. The vibration peaks for C-O were observed at
1031-1085 cm ™! and C-N stretching peaks were observed at 1269-1282 cm ™' which indicates the successful condensation between
Alg through the —-COO group and 4-AP through the OH group. The second modification is a polymerization process of Alg-4-AP; with
an excess of 4-aminophenol to give Alg-4-AP5 in polyaminophenol (Fig. 1). After the incorporation of AgNPs into the grafting process,
all the peaks have been slightly shifted indicating the assembling of Alg-4-AP, onto AgNPs by a chemical which we can observe a peak
at 3191 cm ! related to the bonding of Ag0 with N and/or O-atoms (Alg-4-AP3) (Fig. 1) [47]. The variations of the OH and —-COO
groups have been reported in the previous study on the synthesis of AgNPs with another polysaccharide [48].

3.1.2. 'HNMR

The 'H NMR spectra of Alg, Alg-4-AP;, Alg-4-AP,, and Alg-4-AP3 are represented in Fig. 2. Based on the 'H NMR spectrum res-
onances, the region between 3.2 and 4.4 ppm up-taking polysaccharides are sugar ring protons and the region from 4.4 to 5.6 up-taking
polysaccharides are anomeric protons [49]. In addition to Alg peaks, a new peak appeared related to 4-AP at 4.7 ppm for H of an amino
group and at 6.9-7 ppm for aromatic protons of the benzene ring. The disappearance of the shift related to the H for phenolic OH
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Alg-4-AP,
Il
Alg
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Fig. 2. Characterization by "H NMR spectroscopy of Alg, Alg-4-AP;, Alg-4-AP,, and Alg-4-APs.
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confirms the successful condensation between Alg and 4-AP. The very low-intensity peak related to aromatic protons of the benzene
ring (6.9-7 ppm) which can be related to the presence of silver metals which share with polymer chains between the benzene rings
with n-electrons of benzoid structure to form Sandwich composite was observed. Also, folded chains caused by the silver restrict the
functionality of H protons which causes the low intensity of benzene ring protons.

3.1.3. X-ray diffraction (XRD)

XRD of Alg, Alg-4-AP4, Alg-4-AP5, and Alg-4-APs are illustrated in Fig. 3. From the XRD pattern of Alg, 3 characteristic peaks were
observed at 20 = 13.07°, 21.5°, and 41.15°, suggesting long-range disorder along with the amorphous feature exists in the Alg [50-52].
For Alg-4-AP, some peaks appeared to overlap with Alg peaks at around 26 = 17.6°, 19.4°, 24°and 25°, revealing the crystalline nature
of prepared 4-AP. For polymerized Alg-4-AP, the crystalline form of the polymer was different as compared with Alg and Alg-4-AP,
where sharp peaks appeared at around 20 = 20° and small peaks appeared around 26 = 30. This observation suggested the suc-
cessful reaction between Alg and 4-AP. For loaded silver nanoparticles with polymerized Alg-4-AP, there are main peaks at 20.36°,
28.04°, 32.4°, 38.3°. These peaks are due to the crystalline and amorphous organic phases, accompanying crystallized AgNPs. Also, the
crystallite size after AgNPs loading became larger than before 918.453600 A, wherein the case of Alg-4-AP; was 55.132810 A,
polymerized Alg-4-AP, became 48.164050 A. These all observations confirmed the reaction.

3.1.4. UV-vis spectroscopy

UV-Vis spectroscopy has been used to determine the optical properties of the prepared materials (Fig. 4). The strong absorption
band at 290 nm for the Alg could be related to the n-n* transitions of carbonyl in the -COO group [52]. The presence of a new peak at
around 238 nm indicates the presence of 4-AP [37]. The peak for AgNPs is shifted to 339 nm due to the presence of prepared polymer.
The shift AgNPs peak in the UV-vis spectrum is mainly attributed to the doping of AgNPs to the newly synthesized polymer. Thus, the
absorption of AgNPs is strongly influenced by the tendency of polymeric materials to adsorb Ag" and AgNPs particles. Also, an increase
in the absorbance intensity with the introduction AgNPs because of the interaction of the nanosized particles with the polymeric
system was observed.
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Fig. 3. XRD spectrum of Alg, Alg-4-AP;, Alg-4-AP,, and Alg-4-APs.
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Fig. 4. UV spectrum of Alg, Alg-4-AP;, Alg-4-AP,, and Alg-4-APs.

3.1.5. Thermal analysis

Heliyon 9 (2023) e17106

TGA analysis of alginic acid, Alg-4-AP;, Alg-4-AP,, and Alg-4-AP3 is shown in Fig. 5 and Table 1. The thermogram of Alg revealed
weight loss in four succeeding steps. The 1% step (25-100 °C) a loss of moisture. The 2" step (100-190 °C) decomposition of bonded
water and degradation of —COO groups and consequent loss of CO, (decarboxylation). The weight loss in the 3rd step (190-270 °C)
could be ascribed to the fragmentation of the biopolymer backbone. Complete disintegration was observed in the 4th step
(300-600 °C) due to the absolute decomposition of the polysaccharide skeleton [53] with a residual weight of about 20% at 600 °C. For
Alg-4-AP;, three decomposition steps ((25-150 °C), (150-250 °C) and (250-600 °C)) with total residual weight 26% at 600 °C could be
observed. For Alg-4-AP,, three decomposition steps first one at (25-100 °C), the second one (100-200 °C) with a residual weight of
90%, and the third step started at 200 °C-600 °C with residual weight 44% were observed. For Alg-4-AP3, we observed a great increase
in thermal stability of the prepared materials as we can notice a slight decrease in (Alg-4-AP4) weight with an increase in temperature
from 25 to 600 °C with residual weight 73% which can be related to the doping of AgNPs.
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Fig. 5. TGA of Alg, Alg-4-AP;, Alg-4-AP,, and Alg-4-APs.
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Table 1

TGA fragment and assignments of Alg, Alg-4-AP;, Alg-4-AP,, and Alg-4-APs.
Temperature range (°C) Polymeric sample weight loss % Assignment Reference(s)

Alg Alg-4-AP; Alg-4-AP, Alg-4-AP3

25-100 93 90 92 98 Loss of moisture [53,65]
100-190 85 - - - Decarboxylation of bonded water [53]
100-200 - - 87 - Decarboxylation of bonded water -
150-250 - 45 - - Decarboxylation of bonded water -
190-270 48 - - - fragmentation of biopolymer backbone [53]
250-600 - 26 - - Complete disintegration -
200-600 - - 44 - Complete disintegration -
300-600 20 - - 73 Complete disintegration [53,65]
Residual weight at 600 °C 20 26 44 73 - -

3.1.6. SEM

SEM of Alg, Alg-4-AP;, Alg-4-AP5, and Alg-4-AP3 are shown in Fig. 6 (A, B, C and D, respectively). The images showed a difference
in surface morphology between all samples confirming the synthesis of new products. The smooth surface of Alg has been entirely
distorted and changed to different structures. It seems that the particles looked bulky and the backbone of Alg is covered with 4-AP.
SEM can be used as evidence of the modification process.

3.1.7. TEM

Fig. 7 shows TEM images of Alg (Fig. 7A), Alg-4-AP; (Fig. 7B), Alg-4-AP, (Fig. 7C), and Alg-4-AP3 (Fig. 7D). TEM images also
confirmed the modification of Alg with 4-AP in the two modification steps (condensation and polymerization) TEM images of AgNPs
show the spherical shape of the prepared particles in the range of 6.8-7.7 nm in addition to aggregated particles with larger size [54]
(Fig. 7D).

3.2. Cytotoxic activity

ICs is the most widely employed tool to investigate the anti-proliferative efficacy of a specific drug. It reflects the amount of a drug
required to inhibit a biological process by half, thus offering an effective tool to estimate the potency of an antagonist drug in
pharmaceutical studies [55]. The potent cytotoxicity of whole synthesized compounds towards HepG-2 and A-549 cells was evaluated
in vitro. The dose-response curves are introduced within Figs. 8 and 9 for HepG-2 and A-549 cells, respectively.

All tested compounds exerted a reduction influence on HepG-2 (Fig. 8A-E) and A-549 (Fig. 9A-E) cell viability. The outputs

X10,0008 {[1m m—

10{000 4 (im -

X 10,000 1 M m———

Fig. 6. SEM of (A) Alg, (B) Alg-4-AP;, (C) Alg-4-AP,, and (D) Alg-4-AP3.
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Fig. 7. TEM of (A) Alg, (B) Alg-4-AP;, (C) Alg-4-AP,, (D) Alg-4-APs.

revealed that increasing the concentration of the drugs led to a significant reduction of cell viability of the two tested cell lines. For
HepG-2, Alg showed the lowest anti-proliferative activity (ICso = 46.1 pg/mL) while Alg-4-AP3 was the most active compound (ICsp =
3.08 pg/mL). The same results also appeared for A-549 which showed that Alg has the lowest activity (ICso = 87.5 pg/mL) while Alg-4-
APj3 has the highest activity (IC5o = 3.63 pg/mL) (Fig. 9). Alg-4-AP; showed a higher cytotoxic activity against HepG-2 and A-549 cells
than Alg-4-AP,. This higher activity of Alg-4-AP; could be attributed to the formation of a newly polymeric structure (Sandwich
structure) which block the activity of free amino groups and restrict the activity of benzene rings in the polymeric chain. In addition,
the prepared materials exhibited higher cytotoxic activity against HepG-2 than A-549 cells with the following order Alg-4-AP3 > Alg-4-
AP; > Alg-4-AP, > Alg. By comparing the results with the positive control (Doxorubicin with ICsg = 0.95 pg/mL for A-549 cell line and
ICs0 = 2.62 pg/mL for HepG-2 cell line) we noticed that the prepared new materials exhibit a promising cytotoxic activity.

The efficacy of our newly synthesized compounds is mainly due to the introduction of amino groups and the cellular influence of
AgNPs in the new chain. Consequently, the prepared drug exerts its cytotoxicity by three main routes, including increasing reactive
oxygen species (ROS) production, depolarization of mitochondrial membrane and mitochondrial dysfunction [13]. Nevertheless, the
influence of AgNPs in tumors and normal cells is compared, the latter showed lower or no toxicity. These meager toxicities in normal
cells occurred due to the inclusion of natural compounds as surface capping for AgNPs or because of specific physical features of the
NPs. Besides, this effect is likely because of the highest uptake of AgNPs by tumor cells, an outcome of their anomalous metabolic
behavior and the increased proliferation rate which makes them more susceptible to AgNPs cell penetration.

3.3. MD analysis

Herein, we carried out a multitargeted MD to explore the potential binding profile of our newly synthesized compounds with three
target receptors namely, EGFR, HER2, and VEGFR. The binding energies, hydrogen bonding, and probable hydrophobic interactions
are represented in Table 2.

Drug-receptor polar and hydrophobic interactions are considered the main factors controlling the stabilities of biological macro-
molecules. Polar interactions are believed to be the leading factor affecting the binding of various drugs in the active site of the target
protein [56,57]. Thus, these interactions play a crucial role in maintaining ligands in the binding site of the protein, molecular
recognition, and conformational alignment in the binding cavity [58,59]. The binding affinity of the ligand to the binding site is the
second major factor affecting the stability of the drug-target complex. This energy is significantly influenced by the hydrophobic
binding of the ligand’s lipophilic surface to the hydrophobic residues in the active site [60,61]. The number of formed hydrogen bonds
was shown to affect the binding energy values considerably [58]. Thus, for a thermodynamically favorable drug-protein interaction, a
suitable geometrical alignment of the drug into the protein’s binding pocket is essential. The coincidence between the results of MD
and the biochemical outputs represents a chance to evaluate the efficacy of a specific drug as a potent cytotoxic agent.
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Fig. 8. Cytotoxic activity of Alg (A), Alg-4-AP, (B), Alg-4-AP, (C), Alg-4-AP3 (D), and doxorubicin (E) on HePG-2 cells.

The outputs of MD revealed the activity of our drug against EGFR as represented in Fig. 10A-C, a finding mainly attributed to the
obtained low binding affinity of —6.9 kcal/mol. The proposed drug was shown to dock into the main central channel of the receptor
surrounded by a dense network of hydrophobic interacting residues. Although the extent of polar interactions in EGFR bindings is not
very common, one polar bond was detected with a significant key residue Met793 in the binding site of this complex. Thus, our results
suggested a high probability for this drug to exhibit activity against tumor cells by targeting EGFR.

The binding affinity of the tested agent towards the kinase domain of HER2 was carried out using MD (Fig. 11A-C). This domain is
thought to be a potential target for chemotherapeutic remedies for different tumors in humans [62]. The compatibility of the syn-
thesized agent to the active site of HER2 is estimated from the obtained low binding free energy (—7.4 kcal/mol). Interestingly, six
polar bonds were detected in the binding site of this complex. This inference along with the location of the drug on the surface of the
main binding site suggests the formation of a stable drug-receptor complex. The low binding free energy and the involvement of
significant key residues in the binding interactions of this complex suggested the inhibitory activity of the tested agent against HER2
[63].

Because of the bioavailability of VEGFR as an essential receptor protein tyrosine kinase in charge of propagating signaling path-
ways, an MD analysis was executed to find out the activity of the proposed drug as an inhibitor (Fig. 12A~C). The results displayed the
high coexistence of polar and hydrophobic interactions, including active recognized residues in VEGFR inhibition pathways [64]. The
prepared drug was shown to occupy the main active site in the protein skeleton with a relatively low binding affinity (—6.5 kcal/mol).

4. Conclusion

Alginic acid was successfully modified with 4-AP, and the structure of the newly synthesized compound was confirmed by FT-IR,
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Fig. 9. Cytotoxic activity of Alg (A), Alg-4-AP; (B), Alg-4-AP, (C), Alg-4-AP3 (D), and doxorubicin (E) on A-549 cells.

Table 2
Binding affinities, polar bonding, and hydrophobic interactions of Alg-4-AP3 against the proposed target receptors.

Target Binding energy (kcal/ Polar bonding Hydrophobic interactions

mol)
EGFR —-6.9 Met793 Leu 718, Val 726, Ala 743, Lys 745, Glu 762, Leu 788, Thr790, Leu 792, Gly
796 and Leu 844
HER2 -7.4 Pro 761, Lys 765, Glu 764, Arg 966 and  Lys 957, Cys 965, Pro 967 and Glu 971
Glu 975
VEGFR —-6.5 Thr859, Thr861, Glu 917 and Glu 1038 Leu 836, Gly 837, Lys 838, Pro 839, Asp 857, Arg 863, Ser 1037 and Lys 1043
2

'HNMR, XRD, UV, spectroscopy, and electron microscopy. The obtained results showed that this modification improved its activity as
a cytotoxic agent against HePG-2 and A-549 cancer cells. Doping the new materials with AgNPs further enhanced the cytotoxic ac-
tivity. According to the obtained binding affinities, hydrogen bonds, and probable hydrophobic interactions of the tested drug against
the proposed protein receptors EGFR, HER2, and VEGFR, the results pointed to the involvement of these receptors in the observed
cytotoxic activity. However, further in vitro and in vivo studies are needed to explore the mechanism(s) underlying the anti-proliferative
and anti-tumor activity of the tested agent.
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Fig. 11. Binding site of Alg-4-AP3 with HER2. Residues are shown as stick model (A), surface representation of the binding cavity of EFGR occupied
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