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Carrageenan grafted with acrylic acid and
sulfonamide induces apoptosis and suppresses

proliferation in A549 lung cancer cells: synthesis,
cytotoxicity, gene expression, and in silico studies
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This study was aimed at developing an effective, low-cost, safe, and selective anticancer agent through

a free radical-triggered grafting copolymerization process of carrageenan with acrylic acid (AA) and

sulfonamide derivative (Br-PS) in good yield. The resulting product, poly(Br-PS-co-AA)-g-carrageenan,

was subjected to energy dispersive X-ray (EDX) spectroscopy, scanning electron microscopy (SEM),

thermal gravimetric (TG)

analysis,
characterization. Compared with doxorubicin (ICsq = 16.1 pg/mL; SI =

and Fourier-transform infrared (FT-IR) spectroscopy for its

9.1), poly(Br-PS-co-AA)-g-

carrageenan exhibited a stronger growth inhibition and higher selectivity against A549 cells with ICsq =

12.3 ng/mL and SI = 11.7 after 48 hours, as assessed by the neutral red uptake assay. Meanwhile, gene

expression analysis revealed that treatment with poly(Br-PS-co-AA)-g-carrageenan decreased the

expression levels of C-myc and Cyclin D1 while elevating P21 levels in A549 cells, thereby suppressing

cell proliferation and promoting apoptosis. Furthermore, the electronic and structural properties of

poly(Br-PS-co-AA)-g-carrageenan were validated through density functional theory (DFT) calculations.
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Molecular docking and dynamic simulations demonstrated a potent affinity for binding to important

cancer-related targets, such as EGFR, C-myc, and P21, with stable conformational dynamics. The study
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1. Introduction

Carrageenans are natural galactans that are extracted from red
seaweed and can be used as medicinal excipients owing to their
excellent biomedical activity, biocompatibility, biodegrad-
ability, thermostability, hydrophilicity, and non-toxicity.»* One
significant benefit of carrageenan is the large number of
hydroxyl groups that are readily available in its chain. This is
primarily influenced by a chemical change that has been sug-
gested to alter its physiological chemical characteristics for
biological uses.>* Carrageenans are categorized into three main
types based on the sulfate group numbers per disaccharide
unit, as well as their position, in addition to the degree of sul-
fation: k-carrageenan possesses one sulfate group, i-carra-
geenan has two sulfate groups, and A-carrageenan comprises
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concludes that poly(Br-PS-co-AA)-g-carrageenan is a safe, effective, and promising option for treating
lung cancer that merits more preclinical research.

three sulfate groups.®® In the carrageenan family, iota-
carrageenan, an anionic water-soluble polysaccharide with 15—
40% of ester sulfates, is utilized in biomedical, food, and
pharmaceutical applications as an emulsifier, hydrophilic
gelling agent, hydrocolloidal carrier, thickener, and viscosifier
since it forms soft gels that are appropriate for topical delivery
and wound dressing.”” Additionally, it shows excellent anti-
bacterial, antitumor, anti-inflammatory, antiviral, and immu-
nomodulatory activities.*'*

To develop biological activity as an anticancer agent, iota-
carrageenan needs to be modulated to augment its efficiency,
hydrophilicity, selectivity, and sensitivity characteristics.
Accordingly, various synthetic polymeric materials, such as
polyacrylic acid and polyacrylamide, have been grafted onto the
carrageenan skeleton.”** Furthermore, grafting copolymeriza-
tion with various polymeric materials, such as sulfonamide
derivatives, could result in the incorporation of amide groups
and extra sulfate groups. These functional categories are
believed to help increase the potential anticancer activity of
carrageenan.

Lung cancer is the leading cause of cancer-related fatalities
worldwide, with 5-year survival rates ranging from 4% to 17%
based on stage and geographical differences.” One important
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factor that induces carcinogenesis is the C-myc oncoprotein. In
healthy cells, transcriptional and post-transcriptional processes
closely regulate the C-myc expression. Lung, breast, and colon
cancers are among the more than half of human malignancies
that activate C-myc by chromosomal translocations, gene
amplification, or insertional mutagenesis.'® The potent onco-
genic role of C-myc has been extensively demonstrated in both
murine models and cell culture systems.” C-myc functions as
a transcription factor that may transcriptionally control the
expression of target genes in conjunction with its partner
protein Max.'® Previous studies have suggested that C-myc
directly regulates 10-15% of genomic genes, while more
recent findings indicate that it acts as a global amplifier of
existing promoters.” C-myc controls several cellular functions,
such as cell division, proliferation, metabolism, and genomic
instability, by altering the expression of target genes.”® Another
key regulator is P21, also known as cyclin-dependent kinase
inhibitor 1A (CDKN1A) or P21Wafl1/Cip1, is crucial for
controlling cell division and preserving genomic integrity.** In
response to a variety of stimuli, including oncogene-induced
proliferation, it can cause G1 arrest and cell senescence.”
Beyond its canonical role in cell cycle arrest, P21 has been
applied in modulating drug resistance and proliferation in
cancer cells.”® Cyclin D1, a key regulator of the G1 phase, is
frequently overexpressed in a wide range of tumors largely due
to oncogenic signaling pathways.*»*® By accelerating the cell
cycle's transition from the G1 to S phases and enhancing its
regulatory role, overexpression of this gene may serve as an
oncogenic stimulus.”® In accordance with Ramos-Garcia et al.,””
overexpression of Cyclin D1 is a significant molecular alteration
in several malignancies that predicts prognostic and clinico-
pathological importance.

The current research aimed to structure an inventive, safe,
effective, selective, and low-cost anticancer agent based on
carrageenan grafting with a copolymer composed of AA and Br-
PS, which was verified through FT-IR, EDX, and SEM. We
examined the cytotoxic effect of carrageenan and poly(Br-PS-co-
AA)-g-carrageenan against the human lung cancer cell line A549
and the normal Madin-Darby Canine Kidney cell line MDCK. In
addition, we evaluated the mRNA expression levels of C-myc,
P21, and Cyclin D1 in A549 cells, which supports the findings
through theoretical DFT calculations and molecular docking
simulations against key cancer-related targets.

2. Experimental section

2.1. Materials

-Carrageenan (type two, commercial quality, and majority iota
carrageenan) was purchased from Sigma. Acrylic acid (AA,
<99%) was obtained from Merck and filtered using an alumina
column to eliminate the hydroquinone. The source of ammo-
nium peroxydisulfate (APS, 99%) was BDH. A novel monomeric
sulfonamide derivative, (E)-N-(4-(3-(4-bromophenyl)acryloyl)
phenyl)-4-methylbenzene sulfonamide (Br-PS), was manufac-
tured and evaluated in line with an earlier report.”® Water with
double distillation (DDW) was prescribed for all solution
production in this investigation.
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2.2. Characterization

The Shimadzu FT-IR 8101 PC infrared spectrophotometer
recorded the IR spectra. Energy dispersive X-ray analysis (EDX)
alongside scanning electron microscopy (SEM) shots originated
with JEOL-JSM-6390LV. The thermal analyses were carried out
using a Shimadzu DTG-60 simultaneous thermal analyzer with
a flow of nitrogen (50 mL min~"). Approximately 10 mg of the
dried sample was heated from 25 to 800 °C at a constant heating
rate of 10 °C min~". Weight loss and heat-flow curves were
analyzed using TA Universal Analysis software.

2.3. Poly(Br-PS-co-AA)-g-carrageenan structurization

Poly(Br-PS-co-AA)-g-carrageenan was synthesized using the
grafting copolymerization method induced by free radicals,
utilizing APS as the initiating agent. 0.5 g of carrageenan was
dissolved in 40 mL of DDW by stirring, along with heating at
50 °C. Thereafter, the dissolved carrageenan was sonicated with
0.05 g of Br-PS whenever completely suspended. Then, the
suspended mixture was carried to the reaction system
composed of a one-hundred-mL triple-necked flask comprising
a condensing tube, nitrogen inlet, in addition to a thermometer.
The polymerization process began and continued for 4 hours
after adding 0.075 g of APS dissolved in 10 mL of DDW, followed
by 1 mL of AA under a magnetic stirrer at 70 °C. The stable
emulsion formed was placed over a Petri dish containing hot
DDW to eliminate any remaining traces of unreacted carra-
geenan. The composite was soaked in both acetone and ethanol
for about seven days to get rid of homopolymers or unpoly-
merized monomeric materials. Following collection, the grafted
carrageenan composite was permitted to air-dry for one day at
around 40 °C prior to storing at ambient temperature, awaiting
analysis and conceivable uses.

2.4. Grafting degree percentage determination

The carrageenan grafting degree (GD) percentage with poly(Br-
PS-co-AA) was determined by the carrageenan weights prior to
and post the grafting copolymerization operation based on the
following equation:***°

GD(%) = Wa = W

100,
W,

where W}, and W, are the weights of carrageenan prior to and
post-grafting copolymerization.

2.5. DFT investigation

Utilizing the Gaussian 09W program,* the theoretical studies
were performed using the DFT/B3LYP/6-31 basis set level,
relying on the Berny method.**** Symmetry constraints were not
implemented during the optimization of geometry.** The wide-
ranging vibrational modes were assigned using the potential
energy distribution (PED), determined by the vibrational energy
distribution analysis (VEDA) program.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.6. Biological activity analysis

2.6.1. Cytotoxic neutral red uptake assay. After being
acquired from the American Type Culture Collection (ATCC),
the A549 and MDCK cell lines were maintained under optimal
conditions. A549 and MDCK cells were cultivated at 37 °C in 5%
CO,, humidified in DMEM (Dulbecco's modified Eagle's
Medium) supplemented with 10% fetal bovine serum (FBS), 100
U/mL penicillin, and 100 pg/mL streptomycin sulfate. Trypsin—
EDTA was used to disintegrate the cells and pass them. The
experiment employed cells in the logarithmic growth phase.
According to Repetto et al.,* the in vitro neutral red absorption
test was used to evaluate cytotoxicity. In brief, cells were seeded
at a density of 1 x 10* cells per well and treated for 48 hours
with 25, 50, 100, and 200 pg/mL of the compounds studied.
After incubation, all wells were filled with 100 pL of 0.4 pg/mL
neutral red working solution (Sigma-Aldrich, Germany), which
was then incubated for 2 h at 37 °C. Using a microtiter plate
reader spectrophotometer (Sorin, Biomedica S.p.A., Milan,
Italy), the neutral red color intensity of the extract was measured
at 450 and 630 nm as excitation and emission wavelengths. The
half maximum inhibitory concentration (ICs,) of the investi-
gated compounds is determined by the relationship between
the neutral red intensity value and the utilized log concentra-
tions. The examined compounds were substituted with medium
for the untreated cells (negative control). A 100% inhibition was
achieved using doxorubicin, a cytotoxic natural substance (Mr =
543.5), as a positive control. After dissolving these compounds
in dimethyl sulfoxide (DMSO), the final concentration on the
cells was less than 0.2%. Every test was conducted at least 3
times. In comparison to the control, the percentage of cell
growth was computed as follows:

% Cell growth = (absorbance of compounds/absorbance of
control) x 100

2.7. Selectivity index (SI)

The selectivity index (SI), calculated by the analyzed
compound's ICs, in normal cells against cancer cells, demon-
strates the cytotoxic selectivity (i.e., safety) of the studied
compounds towards cancer cells as opposed to normal cells.*”

2.8. Quantitative real-time PCR (qRT-PCR) analysis

The RN easy mini-Kit (Qiagen, Germany) (Cat. No.: 74104) was
used to separate RNA from A549 cells (3 x 10" cells per well)
after they had been treated for 48 hours. A NanoDrop 2000

Table 1 List of the primers for gRT-PCR

View Article Online

RSC Advances

spectrophotometer (Thermo Fisher Scientific, USA) was used to
measure the concentration and purity of the extracted RNA. The
260/280 nm absorbance ratio was utilized to assess the quality
of the RNA. Using the Revert Aid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, USA) (Cat. No.: K1621), the RNA from
each treatment was transformed into first-strand c¢cDNA in
accordance with the manufacturer's instructions. In Table 1,
certain primer sequences are mentioned. Using the Maxima
SYBR Green qPCR Master Mix (2X) (Thermo Fisher Scientific,
USA) (Cat. No.: K0221), the expression levels of the C-myc, P21,
and Cyclin D1 genes were normalized with respect to the f-Actin
transcript and computed using the 2 22T technique.*® The
following reaction conditions were used: 40 cycles of amplifi-
cation at 95 °C for 10 minutes, 95 °C for 15 seconds, 60 °C for 30
seconds, and 72 °C for 30 seconds. To determine gene expres-
sion, the DNA Technology Detecting Thermocycler DT Lite 4S1
(Russia) was used.

2.9. Statistics

Data are presented as mean + SEM (standard error of the
mean). Version 11 of the Sigma Plot was utilized to analyze the
data. The Student's ¢-test was employed to analyze the data and
identify any significant differences between the studied
compounds. Statistical significance was defined as p < 0.05.
Each set of data could be replicated.

2.10. Docking simulation

All molecular docking studies for this research were carried out
using the Molecular Operating Environment (MOE) and Auto-
Dock Vina modules integrated into Discovery Studio Client
v4.2.*%%> All receptor structures were obtained from the Protein
Data Bank (PDB) and prepared for molecular docking trials by
removing water molecules and co-crystallized ligands, adding
polar hydrogens, and geometry optimizing side-chain
complexes using the AMBER/CHARMM force field. Subse-
quent to receptor preparation, the ligands involved in the study
(i.e., carrageenan, poly(Br-PS-co-AA)-g-carrageenan, and doxo-
rubicin) were geometry optimized before docking using two
procedures at the DFT/B3LYP/6-31G level (in computational
chemistry), and acceptable docking methods applicable to
those ligands. Molecular dockings were executed with a cubic
grid box (60 x 60 x 60 A®) employing a grid spacing of 0.375 A,
with the center of the box being on each native ligand binding
pocket. Ten docking runs were conducted per ligand with
docking energy ranges and a threshold to convergence defined
at 3 keal mol " and an RMS gradient of 0.01. The docking plus
epidermal growth factor receptor tyrosine kinase domain with

Gene Primer forward (5'-3") Primer reverse (5'-3') References
B-Actin CCTTCCTGGGCATGGAGTCCT GGAGCAATGATCTTGATCTTC 39
C-myc AGAGAAGCTGGCCTCCTACC CGTCGAGGAGAGCAGAGAAT 40
P21 AAGACCATGTGGACCTGT GGTAGAAATCTGTCATGCTG 39
Cyclin D1 GAGGAAGAGGAGGAGGAGGA GAGATGGAAGGGGGAAAGAG 39

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4-anilinoquinazoline inhibitor erlotinib (PDBID: 1M17),*
crystal structure of MS0802, c-Myc-1 binding protein domain
from Homo sapiens (PDBID: 2yy0),** and structure of the 16S
rRNA methylase RmtB, P21(PDBID: 3RFH).** Additionally, EGFR
(PDB ID 1M17), C-myc (PDB ID 2yy0), and P21 (PDB ID 3RFH)
were selected because they all serve as key regulators in lung
cancer progression. EGFR is a tyrosine-kinase receptor overex-
pressed in A549 cells, and the inhibition of EGFR suppresses
tumor proliferation and survival signals. C-myc is an oncogenic
transcription factor that regulates cell cycle genes, and P21
(CDKN14) is a tumor-suppressor protein whose activation
brings about growth arrest and apoptosis. These three proteins
allow for a more direct mechanistic correlation of the in vitro
gene expression data presented in this study, which clearly
documents down-regulation of C-myc and up-regulation of P21
transcripts. Ten distributed docking simulations were con-
ducted using the standard parameters. Conformations were
created according to the E conformation, the overall data
organization, together with the proper positioning of pertinent
amino acids in each protein's linkage pocket.** Molecular
dynamics simulation of the investigated materials was per-
formed through GROMACS" in water with AMBER/CHARMM
alongside polymer-specific factors at 300 K. Conformations
identified or calculated with the lowest-energy binding energies
from a scoring function of the MD and/or docking software were
inspected for the assessment of interactions involving hydrogen
bonds and hydrophobic contacts, as viewed in Discovery Studio.
To justify all binding poses, short-time energy minimization
and re-scoring were performed.

3. Results and discussion

3.1. Grafting copolymerization with a poly(Br-PS-co-AA)-g-
carrageenan structure

Free radical-triggered grafting copolymerization is a well-
established technique for enhancing composites.**** Copolymer-
ization of Br-PS and AA monomeric materials on the carrageenan
skeleton was achieved depending on the ammonium perox-
ydisulfate decomposition upon heating, resulting in sulfate radi-
cals, which removed hydrogens of hydroxyl groups within the
carrageenan skeleton, generating corresponding alkoxy macro-
initiator radicals.**** The interaction between carrageenan and
APS led to a series of redox reactions that produced new active
centers that rapidly initiated monomeric materials, leading to
poly(Br-PS-co-AA)-g-carrageenan formation, as illustrated in
Scheme 1. The percentage of poly(Br-PS-co-AA) grafting degree
(GD%) upon the carrageenan backbone was 66.5% =+ 0.5%,
confirmed by the initial weight of carrageenan and its weight
resulting from the grafting copolymerization reaction. Poly(Br-PS-
co-AA)-g-carrageenan has two possible pathways concerning
Scheme 1. Consistent with the postulated structure (1), the alkoxy
macro-radical generated in the p-galactose portion from one unit
of carrageenan could target the double bonds within the mono-
meric materials. Further, the olefinic groups inside Br-PS and AA
could be attacked by the alkoxy macro-radical manufactured at
the p-galactose sections from two units of carrageenan, as per the
hypothesized structure (2).

48588 | RSC Adv, 2025, 15, 48585-48603
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3.2. FT-IR investigation

The main characteristic peaks of native carrageenan, Br-PS, plus
poly(Br-PS-co-AA)-g-carrageenan were verified through Fourier
transform infrared (FT-IR) spectroscopy within wavenumbers
ranging from 400 to 4000 cm " (Fig. 1(a—c)). The spectrum graph
of carrageenan in Fig. 1 showed a stretching broad band of O-H
(3390-3180 cm ') indicative of OH groups, stretching bands of
C-H (2970-2900 cm ™) according to the carbohydrate skeleton,
and notable SO; group stretching bands (1225-1037 cm ™ ') owing
to the asymmetric and symmetric stretching of 0SO;.** The
emerged bands at 804-843 cm ' and 970 cm™' indicate the
additional C-O-SO; that is only found in t-carrageenan.>* The
grafting copolymerization of AA and Br-PS upon carrageenan was
ascertained through variations between the spectral FT-IR for
carrageenan and Br-PS, in addition to the grafting copolymeric
one. Fig. 1(c) depicts the overlapping of the distinctive bands of Br-
PS and carrageenan with each other, as well as a minimal shift.
Asymmetrical stretching at 1187 cm™' and 1410 cm ™" with the
intense symmetrical bands on account of the S=O groups,
confirmed grafting polymerization. The sharp band around
3209 cm ™ with a wide band in the vicinity of 3350-3150 cm ™ was
attributed to the overlap between the OH groups from AA and
carrageenan and the N-H stretching group bands from the
sulfonamide derivative. Additionally, the bands close to 1720 cm™"
and 1657 cm™* corresponded to the bending vibrations of C=0
from AA and N-H from Br-PS, respectively.”® The presence of
distinct bands of carrageenan, sulfonamide derivative, as well as
those of acrylic acid, emphasized the grafting process involving Br-
PS copolymerized with AA upon the carrageenan skeletal.

3.3. SEM analysis

Morphological screening was studied using scanning electron
microscopy (SEM), including a thin gold layer applied to the
samples as a coating. Native carrageenan (Fig. 2(a)) showed
a compact surface with wrinkled layers; with magnification, the
surface appeared smooth, and some parts were cloudy and
smoky (Fig. 2(b)). However, after grafting copolymerization with
Br-PS and AA, the carrageenan surface had some porosity and
was covered with upper cluster layers of the grafting copolymer,
as shown in Fig. 2(c). When these clusters were magnified, it
was noticed that their pieces had cubical shapes, as illustrated
in Fig. 2(d). These images and observations proved the grafting
process of poly(Br-PS-co-AA) and its distribution on the carra-
geenan surface. Energy-dispersive X-ray (EDX) spectroscopy
analysis investigated the elemental composition with reference
to carrageenan, together with poly(Br-PS-co-AA)-g-carrageenan.
The EDX spectra of carrageenan indicate the presence of C, O,
and S; however, the EDX spectra for poly(Br-PS-co-AA)-g-carra-
geenan contained C, O, N, S, and Br, which indicated successful
poly(Br-PS-co-AA)-g-carrageenan synthesis.

3.4. Thermogravimetric and differential thermal analyses
(TG/DTG)

The TG and DTG curves demonstrated a multi-stage degrada-
tion profile typical of sulfated carrageenan. The first small

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Poly(Br-PS-co-AA)-g-carrageenan synthesis and its proposed structures.

weight loss (~8%) below 120 °C correlated to the evaporation of 420 °C, ~60%) occurred due to desulfation and depolymeriza-

moisture that was physically adsorbed on carrageenan, and
there was an endothermic peak. Most of the mass loss (200-

© 2025 The Author(s). Published by the Royal Society of Chemistry

tion of the glycosidic backbone, with evidence of broad endo-
thermic signals in the range of 260-350 °C. A small exothermic
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Fig. 1 FT-IR spectra for (a) native carrageenan, (b) Br-PS, and (c) poly(Br-PS-co-AA)-g-carrageenan.

event around 520 °C corresponded to the rearrangement and
carbonization of the residual char. The residue (~20%) corre-
sponded to a carbonaceous matrix that was thermally stable at
high temperatures. Overall, carrageenan was thermally stable
up to ~220 °C, consistent with its robust polysaccharide
structure. The TG and DTG thermal profiles (Fig. 3) provided
insights into the thermal modal behavior along with the
thermal stability parameters of the poly(Br-PS-co-AA)-g-carra-
geenan in a nitrogen environment. The small upfront weight
loss (=5%) before 120 °C corresponded to moisture desorption
as well as the loss of volatiles that were adhered to the polymer
surface. The TG curve of a simplified (two-step) behavior for
poly(Br-PS-co-AA)-g-carrageenan is due to uniform grafting and
a lower number of labile sulfate groups compared to neat
carrageenan. Grafting poly(Br-PS-co-AA) reduces both random
desulfation and thermal decomposition mechanisms con-
nected to moisture, resulting in a more distinct degradation
event from 280 to 460 °C. Neat carrageenan, however,
undergoes multiple overlapping mechanisms for desulfation
and depolymerization that yield a multi-step TG profile. The
higher percentage of residual carbon (~25%) also supports an
assessment of greater aromaticity, as well as a degree of
carbonization with increased temperature, in agreement with
the EDX evidence of Br, N, and S incorporation. The accompa-
nying weight loss stage represented degradation of the poly-
saccharide backbone and sulfonamide-grafted units and
occurred in the larger loss interval at approximately 280-460 °C.
The step nature of this degradation contributed to the overall
weight loss in the DTG and to the resolution of the change in the
DTG curve. In principle, an acute change in DTG indicates the
resolution of a degradation event common to any experimental
method governing a chemically bonded nature. A final gradual
weight loss above 600 °C demonstrated a carbonization effect,
creating a stable aromatic char that formed about 25% of the

48590 | RSC Adv, 2025, 15, 48585-48603

original weight. The elevated temperature and significant char
yield confirmed the thermal resistance imparted by the rigid
sulfonamide unit through improved interactions, as well as -7
stacking between potentially neighboring aromatic segments.
Therefore, a mechanistic description based on the chemical
structure and known literature on aromatic graft copolymers
suggests that the higher temperature of decomposition may be
because of aromatic sulfonamide units from the Br-PS moiety,
imparting - stacking and limiting the mobility of the poly-
mer chains. Additionally, the quantitative comparison illus-
trates that grafting causes Tonser and Tso to shift to higher
temperatures, indicating that the grafted copolymer possesses
greater thermal stability due to greater crosslinking and the
introduction of aromatic substitution derived from the acrylic
acid and Br-PS moieties, respectively, as displayed in Table 2.

3.5. Computational analysis

3.5.1. Optimization of the proposed structure. In this
study, we optimized the structures that were suggested for
poly(Br-PS-co-AA)-g-carrageenan using Gaussian (09)*°°*® by
means of DFT/B3LYP/6-31(G) basis set. Additionally, the phys-
ical descriptors of optimized proposed structure (1 and 2) were
concerning on absolute hardness (n),* electronegativities (x),*
absolute softness (¢),** chemical potential (P;),** global softness
(8),** global electrophilicity (w),** and electronic charge
(ANmax),* regarding the equations from (1)-(8) intended in
Table 2 alongside with Fig. 3(A-C).>>%%¢”

AE = Erumo — Enomo (1)

‘= ‘(ELUMOS’ Enowmo) )
(ELumo — Enomo)

— (o — Erovo) ®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images and EDX spectra of (a and b) native carrageenan and (c and d) poly(Br-PS-co-AA)-g-carrageenan.

o=1n (4)
P=—x (5)

S =12y (6)

w = P32 7)
ANpax = —Piln (8)

The optimization of the two proposed structures using
B3LYP/6-31(G) basis set was non-planar, as depicted in
Fig. 4(Aand B), with their physical descriptor (Table 3), and the
two structures showed the presence of one unit of carrageenan
or two units of carrageenan, which interact with Br-PS and

© 2025 The Author(s). Published by the Royal Society of Chemistry

acrylic acid. The proposed structure 1 manifested a total energy
of —65259.1934 eV, which is less stable than structure 2 with
—108412.6626 eV, which is more stable due to the stronger
electronic interaction. Additionally, the displayed HOMO-
LUMO gap energy for the proposed structure 1, with a high gap
energy of about 1.25 eV, was less reactive and more kinetically
stable (hard structure), and its HOMO = —7.954 eV (good
nucleophile) and LUMO = —6.701 eV (moderate electron
acceptor), as demonstrated in Fig. 4(A). The proposed structure
2 showed a very narrow gap with 0.096 eV, which is highly
reactive, has softness properties, and its HOMO = —0.069 eV/
LUMO = 0.026 eV (highly polarizable) (Fig. 4(B)). The electro-
negativity of proposed structure 1 showed a higher x (7.327 eV)
with a strong tendency to attract electrons, and proposed
structure 2 was approximately zero with 0.021 eV, which is a low

RSC Adv, 2025, 15, 48585-48603 | 48591
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Fig. 3 TG and DTG curves of (a) native carrageenan and (b) poly(Br-
PS-co-AA)-g-carrageenan.

electron affinity, likely a radical or highly delocalized system.
The surface morphology of proposed structure 1 showed a high
7 (0.626 eV) and ¢ (1.596 eV~ ') with a hard surface and less
polarizable, while the proposed structure 2 had low (0.048 eV)
and very high ¢ (20.942 eV ") with a softer surface and a highly
polarizable surface, which is easier for electron distortion. The
dipole moment (u) of them is approximately 13 debye with high
polarity; the electrophilicity index (w) of structure 1 has a very

Table 2 Thermal events for both native carrageenan and poly(Br-PS-
co-AA)-g-carrageenan, including the onset temperature (Tonset).
temperature of 50% weight loss (Tsg), and final residue percentage

Residue at
Sample Tonset (°C)  Ts0 (°C) 800 °C (%)
Native carrageenan ~200 °C ~310°C  ~20%
Poly(Br-PS-co-AA)-g-carrageenan ~ ~280 °C ~420 °C  ~25%
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Fig. 4 (A-C) Optimized structures, HOMO-LUMO gap energy, and
TD-DFT structures for the poly(Br-PS-co-AA)-g-carrageenan utilized
DFT/B3LYP/6-31G(d) basis set.

high w (42.854 eV) with a strong electrophile, and structure 1 is
near zero with 0.005 eV (minimal electrophilic character). There
is a variety of Max Electron Transfer (AN,.y), with structure 1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Physical descriptors for the proposed structures of poly(Br-
PS-co-AA)-g-carrageenan, employing the DFT/B3LYP/6-31G(d) basis
set

Proposed structure (1) Proposed structure (2)

Er (au) —2398.23 —3984.09
Eromo (€V) ~7.9536 —0.0691
Erumo (eV) —6.7008 0.0264
Eq (eV) 1.252822 0.096

u (D) 13.2691 12.981
x (eV) 7.327 0.021

7 (eV) 0.626 0.048

o (eV) 1.596 20.942
P; (eV) —7.327 —0.021
5 (eV) 0.798 10.471
Q (eV) 42.854 0.005
ANpay 11.704472 0.4375

having a high AN,.x (11.704), which can accept many electrons
in a reaction, and structure 2 having a low AN, (0.4375),
which limits electron acceptance. Therefore, we concluded that
structure 1 is a hard, polar, and electrophilic molecule with
moderate reactivity, while structure 2 is a soft, near metallic,
highly polarized system with extreme reactivity, and possibility
for conductivity. The TD-DFT of these two proposed structures
showed different wavelengths. Structure 1 showed a single
broad absorbance at 500 nm and exhibited a HOMO-LUMO
energy gap of ~2.48 eV. The TD-DFT of structure 2 with
a sharper peak at 450 nm (~2.75 eV) is a characteristic of
a radical-specific electronic transition and is a slightly larger
transition energy for that excitation, even though the material
overall behaves more like a near-metal. Additionally, structure 1
showed an FWHM of ~150 nm with a wide full-width at half-
maximum, indicating considerable vibronic coupling or
a distribution of closely spaced excited states. In practice, this
often means that the molecule has multiple conformations or
extended conjugation that smears out its absorption, while
structure 2, which shows an FWHM of ~80 nm, has a tighter
absorption peak, implying a more discrete electronic transition,
as shown in Fig. 4(C).

We concluded that theoretical calculations were performed
using two representative fragments of the synthesized copol-
ymer: one with one carrageenan unit (structure 1) and another
with two repeating units (structure 2) that were covalently
bonded to Br-PS and acrylic acid. These truncated models were
selected because the computational cost for a full polymer
chain would be prohibitive at the DFT/B3LYP/6-31G(d) level,
while short segments still preserve the essential electronic
interactions (hydroxyl, sulfonamide, and carbonyl groups) that
contribute to reactivity and binding. This approach is consis-
tent with previous DFT studies on polysaccharide-based graft
copolymers and provides reliable descriptors of the electronic
hardness, charge transfer, and dipole moments relevant to the
observed cytotoxicity from the experiments. To focus on the
findings, the DFT results were compiled to show relationships
with the SEM, FT-IR, and biologically relevant data. Structural 2
was more reactive and had a much lower HOMO-LUMO gap

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(0.096 eV), suggesting the reason for the better grafting effi-
ciency and stronger binding in docking/MTT assays, while
structural 1 had a much larger gap (1.25 eV), indicating that it is
less reactive and has a more rigid configuration like that of
carrageenan. The electrophilicity index (in volts, eV) calculated
for structure 1 (w = 42.85 eV) is very high, whereas for structure
2 (0 = 20.94 ev") it shows a significantly higher electronic
softness than structure 1. Therefore, both these characteristics
indicate a higher propensity for both structures to donate and
accept electrons, giving rise to a stronger attraction to the active
sites that were identified through docking analysis. Further-
more, these electronic properties support the experimental
results regarding the upregulation and downregulation of gene
expression. Finally, both structures have quite similar dipole
moments (approximately 13 D each), suggesting that they
possess segments of very strong charge polarity along the
polymer chain, which is typical of sulfonated polysaccharide
moieties. The discussion surrounding the HOMO-LUMO gaps
now describes them only as qualitative evidence of relative
reactivity and charge-transfer potential within the grafted
functional groups and not as absolute band gaps for bulk
polymeric materials. Representative oligomeric segments (one
and two repeating units of carrageenan) were subjected to DFT
optimization to model the electronic and structural character-
istics of the graft copolymer. The optimized geometries indicate
strong electronic coupling between the carrageenan backbone
and Br-PS/acrylic acid segments. The experimental grafting
degree (66.5%) and results from EDX elemental analysis quan-
titatively support the proposed composition, and DFT-
theoretically derived energy gap and dipole moment indicate
that the grafted network is more reactive and stable.

4. Biological activity investigation

4.1. Assessment of in vitro cytotoxic efficacy

Using the neutral red uptake test, which is based on viable cell
ability to incorporate and bind the supravital dye neutral red in
the lysosomes, the impact of the synthetic compounds, carra-
geenan and poly(Br-PS-co-AA)-g-carrageenan, on cell growth was
assessed on the studied cell lines, comprising A549 and MDCK
cells, with varying concentrations (25, 50, 100, and 200 pg/mL).
The reference drug doxorubicin (Dox) exhibited an ICs, value of
16.1 ng/mkL against A549 cells. After 48 hours of treatment, the
viability of the A549 and MDCK cells was not significantly
impacted using DMSO as a solvent. The data shown in Table 4
demonstrate that, compared to the control values, the
compounds investigated had a significant impact on the A549
and MDCK cells. According to the results shown in Table 4 and
Fig. 5(A), the compounds upon treatment had inhibited action
against A549 cancer cells in the following order: compound
poly(Br-PS-co-AA)-g-carrageenan > carrageenan. In comparison
to Dox, poly(Br-PS-co-AA)-g-carrageenan (12.3 pg/mL) exhibited
higher inhibitory effects after 48 hours. In addition, carra-
geenan demonstrated moderate suppression of A549 cancer cell
proliferation when compared to the control values. Each
compound's selectivity index (SI), which indicated its overall
activity, determined utilizing the ICs, for

was values
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Table 4 Cytotoxic impact of the investigated compounds on A549
cells, shown as ICsq (ng/mL) + SEM

ICso® (ng/mL) & SEM (s’
Compounds A549 MDCK A549
Doxorubicin 16.1 + 0.02* 147.1 £ 0.05* 9.1
Carrageenan 34.3 £ 0.06%  79.2 £ 0.02* 2.3
Poly(Br-PS-co-AA)-g-carrageenan  12.3 + 0.04* 144.4 + 0.06* 11.7

“1ICs is the concentration required to cause a 50% reduction in cell
viability. b (SI) = ICso MDCK cell/ICs, A549 cell. * significant difference
from control values at p > 0.05.

doxorubicin and the tested compounds on A549 and MDCK
cells, respectively. By comparing each compound’s cytotoxic
activity (ICso) against the cancer A549 cells with that of the
normal MDCK cells, the selectivity of the cytotoxic impact of the
examined compounds was observed. All the tested compounds
showed significant SI values: 9.1, 11.7, and 2.3 for Dox, poly(Br-
PS-co-AA)-g-carrageenan, and carrageenan on A549 cells,
respectively (Table 4 and Fig. 5(A and B)). The presented find-
ings illustrating that poly(Br-PS-co-AA)-g-carrageenan exerted
the most significant and selective cytotoxic impact on A549 lung
cancer cells.

4.2. Structure-activity relationship

In accordance with the structural activity relationship investi-
gation, the cytotoxic activity of these compounds was impacted
by the coupling of the carrageenan moiety with Br-PS. After 48
hours of incubation, the Br-PS moiety was added to carrageenan
to yield poly(Br-PS-co-AA)-g-carrageenan, which was more
effective than the original carrageenan compound against A549
cells. These findings point out the importance of the Br-PS ring
as an anticancer pharmacophore.

4.3.
agent

Molecular docking analysis of the developed anticancer

Carrageenan, poly(Br-PS-co-AA)-g-carrageenan, and doxorubicin
were molecularly docked using the MOE program*®** with the
epidermal growth factor receptor tyrosine kinase domain and
the 4-anilinoquinazoline inhibitor erlotinib (PDBID: 1M17)* for
the A549 tumor cells, as illustrated in Fig. 6 and Table 5. The
interaction with PDBID: 1M17 showed binding affinity of
poly(Br-PS-co-AA)-g-carrageenan (—16.84 kcal mol %), followed
by carrageenan (—15.83) and doxorubicin (—14.93) due to more
interaction between them, and their inhibitory constant (K;)
showed high potency with poly(Br-PS-co-AA)-g-carrageenan
(7.983 nM) is slightly more potent than carrageenan (8.98 nM)
and doxorubicin (10.83 nM) and their binding interaction
showed carrageenan and poly(Br-PS-co-AA)-g-carrageenan share
interactions with Tyr 740 and Lys 836 which showed strong
electrostatic interaction with amino acids (Lys/Asp/Glu), =-
cation (Tyr 740), while carrageenan showed H-bonds (Arg 807,
Glu 673), hydrophobic (Leu 837, Ala 674), while doxorubicin
binds to different residues H-bonds (Gln 677, Asn 676), -
stacking (Tyr 803). The van der Waals, H-bonds, and desolvation
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energies for poly(Br-PS-co-AA)-g-carrageenan with a value of
—15.83 kecal mol ™" and more ionic interaction. RMSD value of
the grafted carrageenan showed 0.73 A, indicating the best
stable position inside the pocket of protein. The MD trajectories
showed the RMSD with stable binding [poly(Br-PS-co-AA)-g-
carrageenan > carrageenan > doxorubicin], and their Heatmap:
reveals key residues driving interactions (electrostatic vs.
hydrophobic), and poly(Br-PS-co-AA)-carrageenan is most stable
with RMSD (~0.7-1.5 A), and its heat map showed binds
charged residues (Lys730/Asp737) >90% of simulation time.

4.4. Gene expression outcomes

Using the values of ICs, for the examined compounds [carra-
geenan and poly(Br-PS-co-AA)-g-carrageenan] after 48 hours, the
impact of these compounds on the mRNA expression levels of
the C-myc, P21, and Cyclin D1 genes was assessed. This was
achieved by calculating the ratio of their expression to that of -
Actin and comparing it to control values. C-myc and Cyclin D1
expression levels are known to be upregulated in A549 cells,
while P21 gene levels are downregulated in A549 cells according
to previous studies.®®”" Current results show that doxorubicin
significantly increased the expression levels of the P21 gene
(~970%) while significantly decreasing gene levels of the C-myc
and Cyclin D1 genes (~50% and 43%) relative to control values
in A549 cells (p < 0.05) (Fig. 7). Similarly, compared to control
values, poly(Br-PS-co-AA)-g-carrageenan significantly increased
the expression levels of P21 genes (~850%) while significantly
decreasing levels of C-myc and Cyclin D1 (~60% and 77%) in
A549 cells (p < 0.05) (Fig. 7). Meanwhile, carrageenan signifi-
cantly increased the P21 gene only (~270%) in A549 cells
compared to control values (p < 0.05) (Fig. 7). These results
indicate that poly(Br-PS-co-AA)-g-carrageenan inhibits cell
growth by downregulating C-myc and Cyclin D1, two important
genes that promote cell cycle progression and proliferation.
Concurrently, this compound increases P21, a tumor
suppressor and cell cycle inhibitor that stops cells from going
through the cell cycle and initiates apoptotic signaling path-
ways. Together, these molecular changes prevent uncontrolled
cell division, inhibit the growth of tumor cells, and encourage
programmed cell death, which explains the anticancer efficacy
against A549 cells.

Chemotherapy is an essential part of lung cancer treatment.
The majority of chemotherapeutic drugs induce apoptosis by
causing DNA damage or interfering with DNA replication.”
Since they may be possible targets for cancer treatment, the myc
proto-oncogenes—genes encoding transcription factors—have
been thoroughly studied. These genes are frequently overex-
pressed in cancer patients. In several human malignancies, myc
is linked to both carcinogenesis and tumor maintenance. L-
myc, N-myc, and C-myc are essentially the proteins that make
up the mye family.””® C-myc demonstrates a wide range of crit-
ical roles, considering the control of signaling in both healthy
and malignant cells. Angiogenesis, genomic stability, cell prolif-
eration, division, differentiation, and cell survival and death are
all impacted by C-myc.”® C-myc inhibits P21 expression by
binding to the P21 promoter.”” Xiao et al. demonstrated that C-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A and B) Effects of carrageenan and poly(Br-PS-co-AA)-g-carrageenan on A549 and MDCK cells after 48 hours.

myc is upregulated and P21 is downregulated when liver receptor
homolog-1 (LRH-1) is expressed ectopically, which is elevated in
HCC. Tumor development and cell proliferation were reduced
when LRH-1 was knocked off.”® One of the most important
mechanisms for regulating the growth of cancer cells is the cell
cycle in carcinogenesis. It is controlled by the synchronized
activation of the cyclin-dependent kinase (CDK)/cyclin complex.
In particular, the phosphorylation of tumor suppressor proteins
can regulate the activation of the cyclin E/CDK2 complex at the
early phase (G1/S) of the cell cycle when Cyclin E contacts
CDK2.7* Cyclin kinase inhibitors P21 and P27 bind to CDK and
proliferating cell nuclear antigen (PCNA) to control CDK. After
that, P21 and P27 cause cancer cell cycle arrest and stop DNA
synthesis, which prevents the growth of cancer cells.** Previous
studies have demonstrated the anti-apoptotic function of cyto-
plasmic P21 in senescent breast cancer cells induced by CDK4/6
inhibitors.*” P21 has an environmentally dependent function in
apoptosis and binds to and inhibits cyclin/CDK activity, causing
cell cycle growth arrest.** Cyclins drive cells through the cell cycle
by coordinating with their cyclin-dependent kinases."”> Among

© 2025 The Author(s). Published by the Royal Society of Chemistry

these, the well-known cell cycle regulator Cyclin D1 (CCND1)
combines with CDK4/6 to generate a complex that encourages Rb
phosphorylation and deactivation so that it can move from the
G1 to S phase. Nevertheless, Cyclin D1 overexpression and
accumulation may act as an oncogenic protein in a number of
cancer cells and cause genetic alterations in other cell cycle
regulating proteins.***

4.5. Docking investigation and MD of genes

The crystal structure docking of MS0802, the c-Myc-1 binding
protein domain from Homo sapiens (PDBID: 2yy0)* and the
structure of the 16S rRNA methylase RmtB, P21(PDBID:
3RFH),*® revealed interesting findings, as presented in Fig. 8
and Table 6. First, PDBID: 2yy0 showed that poly(Br-PS-co-AA)-g-
carrageenan has the strongest binding affinity (BE =
—13.96 kecal mol™, K; = 8.92 uM), making it the most potent
inhibitor. Carrageenan (BE = —10.86 kcal mol ', K; = 10.83 pM)
and doxorubicin (BE = —9.54 kcal mol ™', K; = 11.01 pM)
showed weaker but comparable binding abilities. The

RSC Adv, 2025, 15, 48585-48603 | 48595
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Table 5 Energetics of all conformers of proteins with carrageenan, poly(Br-PS-co-AA)-g-carrageenan, and doxorubicin with different torsion

angles
PDBID: 1M17
Binding Binding  Inhibitory constant, Binding amino vdW + H bond + Electrostatic Total internal,
Compounds energy (BE) distance  K; (uM) acids desolv energy energy unbound energy RMSD
Carrageenan —15.83 2.52,2.84, 8.98 nM Arg 807, Leu 837, —45.98 —12.83 —43.92 0.82
2.61 Glu 673, Tyr 740,
Ala 674, Lys 836
Poly(Br-PS-co-AA)- —16.84 2.34,2.76, 7.983 nM Lys 730, Lys 733, —50.83 —15.83 —46.95 0.73
carrageenan 3.62,2.74 Asp 737, Glu 734,
Tyr 740, Lys 836
Doxorubicin —14.93 2.45 10.83 nM Gln 677, Pro 675, —42.92 —11.34 —39.92 0.88

Asn 676, Arg 808,
Arg 807, Tyr 803

interaction of the carrageenan was bonded via Lys B75, Glu C58,
Lys A73, and Glu A77, suggesting electrostatic/ionic interactions
due to charged residues. Poly(Br-PS-co-AA)-g-carrageenan inter-
acted with 6 residues (ProA57, Glu B61, Asn C59, Glu C63, Glu
C58, and Arg C66), including both polar and charged residues
divided into electrostatic: Glu B61, Glu C58, and Glu C63
(negative) + Arg C66 (positive); H-bonding: Asn C59 (polar); and
hydrophobic: ProA57. The presence of Br might enhance van
der Waals interactions via halogen bonding with aromatic/
proline residues. Carrageenan is a linear polysaccharide that

showed sulfate groups likely forming salt bridges with Lys A73/
B75 and Glu A77/C58. Doxorubicin binds fewer residues (Lys
A73, Glu B68, and Glu 58) and may stack against hydrophobic
pockets (e.g., near ProA57), showing weak electrostatic energy
despite binding Glu/Lys; it lacks the multi-residue engagement
observed in carrageenans, possibly relying more on hydrophobic/
aromatic stacking. The van der Waals, H-bond, and desolvation
of poly(Br-PS-co-AA)-g-carrageenan had the strongest contribu-
tion (—28.49 keal mol ), indicating robust hydrophobic packing/
H-bonding, carrageenan (—22.98 kcal mol™"), and doxorubicin
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Fig. 7 Influences of doxorubicin, carrageenan, and poly(Br-PS-co-AA)-g-carrageenan on the expression levels of C-myc, P21, and Cyclin D1

MRNA in A549 cells. The data were repeatable, *, p < 0.05, and are shown as mean + SEM.
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g-carrageenan, and doxorubicin with PDBID: 2yy0 and PDBID: 3FRH,
respectively.
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(—20.93 keal mol™"). Their RMSD showed value (0.87-0.99 A)
which suggests stable docking poses and minimal deviation, and
their RMSD dynamic trajectory showed 0.90 A, with fluctuations
generally in the range of ~0.85-0.97 A. The fluctuations observed
in carrageenan were small compared to other compounds, indi-
cating that the carrageenan had been successfully positioned in
the binding pocket (i.e., the active site of the enzyme) with little
deviation over a prolonged period of time. On the other hand,
poly(Br-PS-co-AA)-g-carrageenan exhibited an average RMSD of
approximately 0.88 A with a narrow range of fluctuation between
0.82 and 0.94 A. This lower average and tighter stability range
than native carrageenan suggests that the graft copolymer had
a greater degree of constraint on ligand motion within the
binding pocket compared to the native ligand. Doxorubicin,
however, displayed the highest average RMSD (roughly 1.02 A),
with a wider range of fluctuation (about 1.00 to 1.15 A) compared
to the other two ligands; this higher value suggests that doxo-
rubicin was more mobile within the active site and had under-
gone greater conformational changes during the course of
simulation. The heat map of poly(Br-PS-co-AA)-g-carrageenan
shows the deepest blue at Arg C66 (—6.4 kcal mol™") and strong
contact with Glu C58 (—5.3 kecal mol "), indicating tight binding
via those residues. Carrageenan had its strongest contacts with
Glu C58 (—4.1 keal mol™") and Glu A77 (—3.5 kcal mol '), indi-
cating electrostatic anchoring to those glutamates, and doxoru-
bicin interacted most favorably with Lys B75 (—1.5 kcal mol )
and Glu B68 (—2.8 kcal mol ') but overall showed weaker
binding energies compared to the polysaccharide ligands.

The perceived differences in the strength of interaction when
binding PDBID:3RFH with carrageenan, poly(Br-PS-co-AA)-g-
carrageenan & doxorubicin have been documented. The inter-
action of PDBID:3RFH with poly(Br-PS-co-AA)-g-carrageenan
had the strongest binding affinity (—9.64 kcal mol "), followed
by carrageenan (—8.05 kcal mol™') and lastly, doxorubicin
(=7.05 kcal mol™"). These values are consistent with the inhi-
bition constants at which these compounds are effective at
inhibiting the protein (K;). The inhibition constant for poly(Br-
PS-co-AA)-g-carrageenan (K; = 9.08 uM) is the lowest of the three
and therefore represents the most potent inhibitor, while both
carrageenan and doxorubicin had comparable K; values
(~10.75-10.81 uM), indicating their relatively lower potential to
inhibit compared to poly(Br-PS-co-AA)-g-carrageenan. Moreover,
the binding distance of all compounds is =3.07 A, indicating
strong interactions, such as hydrogen bonds and ionic inter-
actions. Doxorubicin has the shortest interaction (1.35 A), likely
with a charged residue (e.g., Glu 86 or Arg 181). The interaction
with amino acids showed that carrageenan interacts with
positively charged residues (Arg 26, Arg 48, Arg 181) and
hydrophobic residues (Leu 159, Val 158), suggesting electro-
static and van der Waals forces with ionic (+charge attraction to
sulfate); poly(Br-PS-co-AA)-g-carrageenan binds to a mix of polar
(Gln 183, His 50) and charged (Glu 182) residues, indicating
diverse interactions due to the electron-withdrawing effect with
the Br atom and hydrogen bonding. Doxorubicin targets Tyr 56
(aromatic) and Glu 86 (negative charge), hinting at m-stacking
and salt bridges. Their energy contribution showed that elec-
trostatic energy is significant for carrageenan (—9.8 kecal mol ),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Energetics of all conformers of proteins with carrageenan, poly(Br-PS-co-AA)-g-carrageenan, and doxorubicin with PDBID: 2yy0 and

PDBID: 3FRH
Inhibitory
Binding Binding constant, vdW + H bond + Electrostatic Total internal,

Compounds energy (BE) distance K; (uM) Binding amino acids desolv energy energy unbound energy RMSD
PDBID: 2yy0
Carrageenan —10.86 2.52, 2.3, 10.83 Lys B75, Glu C58, —22.98 —10.83 —18.83 0.92

2.6, 2.59 Lys A73, Glu A77
Poly(Br-PS-co-AA)- —13.96 3.03, 2.72, 8.92 ProA57, Glu B61, —28.49 —14.30 —23.84 0.87
carrageenan 1.25, 2.55 Asn C59, Glu C63,

Glu C58, Arg C66

Doxorubicin —9.54 1.25, 2.81, 11.01 Lys A73, Glu B68, —20.93 -9.93 —14.75 0.99

1.33, 2.43 Glu 58
PDBID: 3FRH
Carrageenan —8.05 1.29, 2.82, 10.75 Arg 181, Arg 26, Asp 157, —27.95 —-9.8 —31.50 0.99

2.79, 3.07 Arg 48, Leu 159, Val 158
Poly(Br-PS-co-AA)- —9.64 2.85, 2.65, 2.48 9.08 Ala 184, Arg 181, Glu 182, —30.30 —10.36 —33.92 0.93
carrageenan Thr 47, GIn 183,

His 50, Gly 51

Doxorubicin —7.05 2.54, 2.33, 10.81 Tyr 56, Glu 182, —26.96 —8.65 —28.52 1.02

2.42,1.35 Arg 181, Gly 51, Glu 86

aligning with its Arg-rich binding site. Poly(Br-PS-co-AA)-g-
carrageenan (—33.92 kcal mol ) reflects high stability for all
internal energy. The RMSD of poly(Br-PS-co-AA)-g-carrageenan
has the lowest RMSD (0.93 A), suggesting an optimal fit. The
dynamic stimulation of RMSD with time in ns showed that
poly(Br-PS-co-AA)-g-carrageenan (orange) dips to the lowest
minimum (~1.0 A at ~40 ns), suggesting that it holds the
protein backbone most tightly in that middle window. Its fluc-
tuations (shaded band) also narrow most here, pointing to
increased rigidity. Native carrageenan (blue) is intermediate; its
minimum (~1.3 A) and fluctuation bandwidth sit between the
polymer and doxorubicin, indicating moderate stabilization.
Doxorubicin (green) showed the highest peaks (~3.0 A) and the
overall widest shaded band, reflecting the greatest backbone
drift and flexibility throughout the run. Their heat map showed
carrageenan with Arg181 (0.95) and Arg26 (0.88) are the hottest
spots; these two arginines form salt bridges or strong electro-
static contacts nearly the entire time, and Asp157 (0.72) and
Arg48 (0.68) are also moderately engaged likely through a mix of
charge and hydrogen bonding. Leu159 (0.45) and Val158 (0.40)
showed weaker, more transient hydrophobic packing. In addi-
tion, poly(Br-PS-co-AA)-g-carrageenan demonstrates its highest
interactions with arginine at position 181 and glutamic acid at
position 182, which were previously observed; however, now,
additional interactions become significantly stronger such as
alanine at position 184, threonine at position 47, glutamine at
position 183, and histidine at position 50 forming the complete
top set of poly(Br-PS-co-AA)-g-carrageenan to PERIPHERALLY
locate ligands compared to carrageenans. The presence of other
grafted chains provides additional ionic contacts (i.e., charged
and polar), enabling poly(Br-PS-co-AA)-g-carrageenan to
increase contact with the binding pocket over carrageenan.
Doxorubicin interacts with Tyr56 (0.93) as the standout,
reflecting persistent w— stacking or hydrogen bonding with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

aromatic core of doxorubicin. The residues Glu182 (0.81) and
Arg181 (0.77) were also included in the interaction, but their
influence was weaker than that of the polysaccharide
complexes. Gly51 (0.62) and Glu86 (0.58) provided secondary
contributions to the overall major contacts. In summary, Tyr56,
as the only aromatic hotspot for ligand attachment and with
relatively few electrostatic stabilizing points, produced a more
confined and localized binding footprint than carbohydrate-
based ligands.

The data for quantitative binding are presented in Tables 4
and 5. Against EGFR (1M17), poly(Br-PS-co-AA)-g-carrageenan
has the best binding energy (—16.84 kcal mol ") from hydrogen
bonding to Lys 730, Asp 737, and Tyr 740, surpassing carra-
geenan (—15.83) and doxorubicin (—14.93). For C-myc (2yy0),
binding energy was ranked poly(Br-PS-co-AA)-g-carrageenan
(—13.96) > carrageenan (—10.86) > doxorubicin (—9.54). The
grafted polymer achieved a binding energy of —9.64 kcal mol *
against P21 (3RFH) with stable hydrogen bonding to Arg 181,
Glu 182, and Gln 183. The corresponding inhibitory constants
(K;) were 7.98 nM (EGFR) to 9.08 uM (P21), demonstrating
strong and selective binding. After validating the dynamic
aspects of the receptors via molecular dynamics (MD) at 50 ns in
the GROMACS MD program using AMBER/CHARMM force field
at 300 K with explicit solvation, the resulting RMSD values of
approximately 0.7-1.0 A indicated that the complexes had
reached equilibrium. The heat map analyses also showed
continuous presence of electrostatic and hydrogen bond inter-
actions throughout the trajectories which corresponded with
the observed activity in experiments. Example ligand-receptor
binding mode diagrams are shown in Fig. 6 and 8.

4.5.1. Docking mechanism. To provide additional clarity
concerning the link between the in silico and in vitro outcomes
of this research, we included an explanatory paragraph
describing the mechanistic link between the docking results
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and our observed biological responses. The molecular docking
and MD simulations now provide a direct context for the
experimental results by demonstrating how poly(Br-PS-co-AA)-g-
carrageenan interacts with important molecular targets to
produce the observed cellular effects in A549 lung cancer cells.
The strong binding energy with EGFR (—16.84 kcal mol ")
indicates inhibition of EGFR-mediated phosphorylation
cascades that reduce cyclin D1 and halt unregulated prolifera-
tion. The strong binding affinity observed for C-myc (—13.96
kcal mol ") due to important amino acids (or residues), such as
Lys A73, Glu C58, and Arg C66, suggests that the C-myc/Max
transcriptional complex may be disrupted. This is consistent
with the fact that C-myc has been experimentally shown to
regulate the oncogenic C-myc pathway downwards. Addition-
ally, the good interaction with P21 (—9.64 kcal mol %), especially
from the contact made with amino acids (Arg181, Glu182, and
GIn183), indicate that P21 could also be activated. This supports
its known function of inducing G1 cell cycle arrest and
apoptosis. All these molecular events represent a mechanistic
pathway that can be summarized as follows: docking —
receptor inhibition (EGFR, C-myc) — signaling suppression —
P21 activation — cell-cycle arrest — apoptosis. This causal
chain crosses the computational predictions and the biological
outcome formed by the polymer's strong and stable target
engagement, leading to observable transcriptional modulation
and cytotoxicity. Dynamic simulations (RMSD =~ 0.7-1.0 A)
validated the conformational stability of each complex for 50 ns,
which indicates continuous binding on the same time scale as
the experimental incubation (48 h). The achieved rigidity and
stable hydrogen-bond occupancy had corresponding anti-
proliferative activity observed in the lab. The docking and MD
analyses corroborate the experimental gene-expression data,
indicating that poly(Br-PS-co-AA)-g-carrageenan tightly binds to
EGFR and C-myc, decreasing their transcriptional activity while
stabilizing P21, and resulting in increased protein levels. This
interplay between molecular binding and transcriptional
response offers a cohesive mechanistic explanation for the
apoptosis and growth inhibition we observed in A549 cells.

5. Conclusions

This study aimed to structure a safe, selective, effective, and low-
cost anticancer agent based on carrageenan grafted with
a copolymer of acrylic acid and sulfonamide derivative [poly(Br-
PS-co-AA)-g-carrageenan| through free radical copolymerization.
DFT and TD-DFT investigations shed light on the electronic
characteristics of the synthesized grafted copolymer, indicating
enhanced reactivity and molecular stability. Additionally, the
structural features and surface morphology confirmed
successful grafting. Poly(Br-PS-co-AA)-g-carrageenan demon-
strated significant cytotoxicity activity against A549 lung cancer
cells, displaying high selectivity compared to normal cells and
outperforming the standard chemotherapeutic agent doxoru-
bicin. It inhibited cell cycle progression and triggered apoptosis
by upregulating the P21 gene and downregulating the Cyclin D1
and C-myc genes. Molecular docking and dynamic simulations
supported these experimental findings, demonstrating strong
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and stable binding to crucial cancer-related sites. In conclusion,
poly(Br-PS-co-AA)-g-carrageenan represents a safe, promising,
and successful therapeutic approach for targeted lung cancer
that warrants further in vivo research and preclinical
development.
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