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Abstract

a-Aminophosphonate and their related derivatives have garnered significant attention as a result of their use in many
biological and industrial applications, particularly in the fields of materials science. This research described synthesis and
characterization of novel a-aminophosphonate derivatives (ES1-ES4) based on poly(p-hydroxystyrene). The synthesis was
achieved by chemically modification of poly(p-hydroxystyrene) (PHS) with triphenylphosphite and various aldehydes
(vanillin, N,N'-dimethylaminobenzaldhyde, p-chlorobenzaldhyde, and 3,4,5-trimethoxybenzaldhyde). The chemical struc-
tures were confirmed using FT-IR, *H, 3C and 3!P-NMR besides the thermal analysis techniques. A significant increase
in molecular weight and radius of gyration were observed following functionalization, as evidenced by static laser light
dispersion. The degree of functionalization (DoF) ranged from 71.5 to 80.06. The electronic properties and physical char-
acteristics of these derivatives were elucidated through computational studies that employed DFT simulations. These stud-
ies revealed significant changes in the electron density distribution, electrostatic potential, and key polymeric properties,
such as optical characteristics, mechanical strength, and glass transition temperature. Based on antimicrobial investigation,
ES1 and ES4 showed potent inhibition against gram-positive bacteria and Candida albicans, indicating broad-spectrum
activity. With a selectivity index of 1.50-1.72, cytotoxicity evaluations demonstrated that derivatives coded ES2, ES3,
and ES4 exhibited reduced toxicity towards normal lung fibroblasts, recording 1Cs, of 181.37, 193.38 and 203.95 pg/
mL, respectively. On the other hand, higher selective toxicity against HepG2 liver cancer cells with 1Cg, values: 118.27,
121.75 and 121.18 pg/mL. These results demonstrated that a-aminophosphonate hybrid polymers have great promise as
antibacterial and preliminary anticancer potential against HepG2 cells, while maintaining moderate safety toward normal
fibroblasts at lower concentrations.
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1 Introduction

Novel polymeric systems provide significant opportuni-
ties for improving pharmaceutical technology in the man-
agement of health problems such as malignant tumors,
acute immunodeficiency, diabetes and ischemia. Recently,
researchers have focused on developing biodegradable poly-
mers and exploring their potential in innovative therapeutic
designs. Polymers containing phosphorus ester repeating
units in the backbone that are known as aminophosphonates
represent a privileged class in organophosphorus chemis-
try [1]. Because of their great biological efficiency, meta-
bolic stability, and little toxicity to living cells, they have
significance in drug design because they can break down
into environmentally friendly constituents under physi-
ological conditions [2]. The reactive functional groups in
the backbone of these polymers allow bioactive ingredi-
ents to conjugate to their chains, opening up an extensive
range of opportunities for the creation of novel medications
with enhanced therapeutic index. The numerous biological
activities of amino phosphoric acid derivatives are widely
recognized [2, 3].

a-aminophosphonates exhibited several pharmacologi-
cal activities as antibiotics, anti-thrombotic, inhibitors of
HIV protease, anti-cancer agents, anti-inflammatory, anti-
tubercular, catalytic antibodies, anti-oxidants, anti-micro-
bial, herbicides, anti-viral agents and carriers of hydrophilic
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organic molecules across the phospholipid membranes
[4-7].

Since the original synthesis in 1952, numerous tech-
niques for producing various a-aminophosphonates have
been reported [8]. The Kabachik-Fields (phospha-Mannich)
method, which involves the three-component condensation
of an amine, a carbonyl molecule, and diethylphosphite or
triethylphosphite, is one of the most popular and widely
used methods for the synthesis of a-aminophosphonate
derivatives [9]. Lewis acid catalysts and/or solvents are
usually used in these reactions, which maintain to be the
most effective, straightforward, widespread, and high-
yielding technique. The nature of reactants influences the
reaction's mechanism. It has been proposed that an imine
or a-hydroxyphosphonate may be employed as intermedi-
ates during the condensation. However, a number of these
techniques have certain disadvantages, including long reac-
tion periods, poor product yields, the need for stoichiomet-
ric quantities of catalysts, expensive and moisture-sensitive
catalysts, and the use of extremely toxic or hazardous cata-
lysts [10].

In previous work, Al-Jubori et al. [11] synthesized
Benzo[d]imidazole a-aminophosphate derivatives with
one-pot reaction of magnesium triflate as a catalyst that
evaluated their activities against microbial drug-resistance
species. Mungara et al. [12] synthesized carbazole-based
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a-aminophosphonates and evaluated their antiproliferative
activity.

Polymers bearing o-aminophosphates moieties are a
promising class of biologically active polymers [13, 14].
The biological activities of a variety of polymers, includ-
ing chitosan, cellulose, and derivatives of acrylic acid, have
been investigated [15]. Among the many synthetic polymers
used in the biomedical fields is poly (p-hydroxystyrene)
(PHS). Several studies have reported the biological effect
of PHS as in Kenawy et al., which studied the antimicrobial
effects of the cationic ammonium and phosphonium salts
of poly (p-hydroxystyrene) [16]. The presence of reactive
hydroxyl groups (-OH) in the PHS side chain allows for its
modification into numerous derivatives, thereby expanding
its applications in the biomedical field [17].

Recently, our research group studied the synthesis of
polyhydroxystyrene and their anticancer activities were
studied [18]. Thus, as a part of our continuing studies in
synthesis of biologically active polymers, new series of
polymers bearing a-aminophosphonates moieties have been
synthesized. To our knowledge, the a-aminophosphonates
derived from poly (p-hydroxystyrene) have not been studied
yet.

The aminophosphonates derivatives were designed via
the reaction of aminated polyhydroxystyrene with various
aldehydes and triphenylphosphite in the presence of zinc
chloride as a catalyst. The obtained aminophosphonates
were tested for their antibacterial and antitumor activities.

2 Experimental
2.1 Materials

Linear poly(p-hydroxystyrene) (PHS) was purchased from
TriQuest, LP, A ChemFirst Company. Chloroacetylchloride,
pyridine, Dimethyl sulfoxide (DMSO), nutrient agar, Sab-
ouraud dextrose agar, nutrient broth and Sabouraud dextrose
broth were purchased from El-Nasr pharmaceutical chemi-
cals, Egypt. Ethylenediamine, triphenylphosphite, Vanillin,
N,N’-dimethylaminobenzaldhyde, p-Chlorobenzaldhyde,
3,4,5-trimethoxybenzaldhyde, MTT [3(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide] and phosphate-
buffered saline (PBS) were supplied from Sigma-Aldrich,
(USA). Zinc chloride was supplied from Thermo Scientific
Chemicals (USA). Dimethylformamide (DMF), diethylether
and methylene chloride were supplied from EI- Gomhouria
chemicals company, Egypt. RPMI medium supplemented
with 2% serum as a maintenance medium.

2.2 Characterization techniques

FT-IR spectral data were recorded on Perkin Elmer 1430
ratio using KBr pellets within the wavelength range of
400-4000 cm!. Thermogravemetric analysis (TGA) and
Differential thermogravimetric (DTG) were carried out on
Perkin Elmer TGA 4000 Thermogravimetric analyzer using
5-10 mg of tested polymer and scanned from 40 to 800 °C
at a rate of 30 °C/min covered with N, with a flow rate of
20 mL/min. NMR spectra were captured on a Varian Mer-
cury 400 NMR Spectrometer using TMS as an internal ref-
erence and deuterated DMSO as a solvent.

2.3 Synthesis of chloroacetylated poly(p-
hyroxystyrene)

Chloroacetylated PHS was prepared as previously described
in our work [19]. Briefly, pyridine (8 mL) was added to a
solution of poly(p-hyroxystyrene) (8 g, 66.67 mmol) dis-
solved in 60 mL DMF, Afterwards, Chloroacetylchloride
(8 mL, 100.44 mmol) was added dropwise to the cold reac-
tion mixture. The mixture was then allowed to proceed at
room temperature for three days. After precipitating in 1N
HCI, the product was filtered and repeatedly purified with
distilled water. The product was coded as (CI-PHS).

2.4 Modification of chloroacetylated poly(p-
hyroxystyrene) with ethylenediamine

In a 100 mL round-bottomed flask containing ethylene-
diamine (EDA) (2 mL, 33.2 mmol), CI-PHS (0.32 g,
1.17 mmol) dissolving in 20 mL DMF was added. The mix-
ture was refluxed for 4 days at 80 °C, then the product was
precipitated in hot water and washed with diethylether. The
polymer was coded as (NH,-PHS).

2.5 General procedures for synthesis of
a-aminophosphonate based on poly(p-
hydroxystyrene)

Aminated PHS (2.26 mmol) and different aldehydes
(2.7 mmol) were stirred in 10 mL methylene chloride, then
triphenylphosphite (2.26 mmol) and 10 wt% of anhydrous
zinc chloride ZnCl, were added. The reaction mixture was
stirred for 24 h at ambient temperature. The product was
obtained by precipitation in distilled water then recrystal-
lized to obtain a pure product. The obtained modified poly-
mers were coded as (ES1-ES4).
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2.6 Antimicrobial activity assessment

The agar well diffusion technique was applied to assess the
antibacterial effect of PHS and its derivatives (ES1, ES2,
ES3 and ES4 [20]. The test microorganisms utilized in this
study were sourced from the Department of Microbiology,
Faculty of Science, Tanta University, Egypt. The patho-
genic strains comprised Gram-positive bacteria, including
Staphylococcus aureus (ATCC 25923) and Bacillus subti-
lis (ATCC 6633), Gram-negative bacteria such as Esch-
erichia coli 0157 (KY797670) and Klebsiella pneumoniae
(ST627), in addition to the fungal strain Candida albicans
(ATCC 10231). Each strain of bacteria was stored on nutri-
ent agar slants at 4 °C [21], while C. albicans was preserved
on Sabouraud dextrose agar [22]. Before testing, the bacte-
rial cultures were cultivated in nutritional broth at 37 °C for
24 h, while the fungal culture was cultivated in Sabouraud
dextrose broth at 28 °C for 48 h [23]. The microbiological
suspensions were calibrated to conform to the 0.5 McFar-
land standard (about 1.5x10® CFU/mL for bacteria and
1.5x10% CFU/mL for fungus) [24]. The parent polymer
(PHS) and its derivatives, aminophosphonate compounds
ES1, ES2, ES3, and ES4, were dissolved at a concentration
of 10 pg/mL in DMSO to create stock solutions [25]. To find
the minimal inhibitory concentration (MIC), serial dilutions
of 10, 5, 2.5, 1.25, and 0.625 pg/mL were made [26]. The
broth dilution method was used to calculate the minimum
inhibitory concentration (MIC) [27]. The relatively low MIC
concentration range applied in this study (10-0.625 pg/mL)
was selected based on preliminary inhibition zone results,
which indicated that the tested a-aminophosphonate deriva-
tives exerted strong antibacterial effects even at low doses.
The use of such a narrow concentration gradient allows for
a more precise estimation of minimal inhibitory levels and
is consistent with earlier reports describing high potency
of organophosphorus and cationic polymeric compounds
against Gram-positive and Gram-negative strains at com-
parable microgram ranges [28]. Differences between anti-
bacterial and cytotoxicity test concentrations are therefore
attributed to the higher resistance of mammalian cells to
polymeric materials compared with microbial cells. Each
study was carried out in triplicate, and the mean +standard
deviation (SD) was used to express the results.

2.7 Invitro anti-proliferative activity

2.7.1 Cell lines and culture conditions

The National Cancer Institute (Cairo, Egypt) provided the
HepG2 (human hepatocellular carcinoma) and WI38 (nor-

mal human lung fibroblasts) cell lines. The cells were culti-
vated at 37 °C in a humidified environment with 5% CO, in
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Roswell Park Memorial Institute medium (RPMI) supple-
mented with 2% serum [29].

2.7.2 Cytotoxicity assessment

The cytotoxic effects of PHS and its derivatives (ES1, ES2,
ES3 and ES4) were evaluated using the MTT assay [30].
After being seeded at a density of 1 x 10° cells/mL in 96-well
culture plates, the cells were left to form a monolayer for
24 h. The cells were treated with two-fold serial dilutions of
the test substances (31.25-1000 pg/mL) following mono-
layer washing. Only the maintenance medium was given to
the control wells. Following a 24-h treatment period, 100 pl
of cell suspension was added to each well, along with 10 pl
of MTT solution (5 mg/mL in PBS). After incubating for
four hours, the formazan crystals were dissolved in 200 pl
of DMSO after the supernatant was carefully removed. A
microplate reader was used to measure the absorbance at
620 nm. To ensure that the observed responses were solely
attributed to the synthesized compounds, the DMSO con-
centration in all experiments was kept below 0.5% v/v,
which is generally considered non-toxic under MTT assay
conditions. A vehicle control containing the same DMSO
level was included in each plate to exclude solvent-induced
effects. Cell viability was reported as a percentage in rela-
tion to the control, and untreated control wells were added
under the same circumstances. The percentage of cell via-
bility was determined using the formula below:

(Mean O.D. of treated cells/Mean O.D. of control
cells) x 100=cell viability (%) [31]. The cytotoxicity per-
centage was determined using the equation:

Cytotoxicity (%) = 100 — Cell viability (%) [32].

The 1Cg, values were calculated using GraphPad Prism
software (version X) through nonlinear regression analysis
of the dose-response curves. The cytotoxicity evaluation
against mammalian cells was carried out at higher con-
centrations (31.25-1000 pg/mL) to accurately determine
ICs, values. This approach is commonly adopted because
mammalian cells are generally more tolerant to polymeric
materials than microbial cells, requiring higher doses before
significant cytotoxicity is observed. Similar observations
have been reported for various polymeric antimicrobial
systems, where effective antibacterial activity was achieved
at 10 of pg/mL, whereas cytotoxic responses in mamma-
lian cells appeared only above several 100 pg/mL [33, 34].
The selectivity index (SI) of the compounds was calculated
according to the following formula:

SI = ICs0 (Wi38) /ICso (HepG2) [35].
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2.7.3 Morphological analysis

Cellular morphological alterations were analyzed with a
phase contrast inverted microscope. Structural alterations
in both WI38 and HepG2 cells were examined after a 24-h
exposure to varying doses of the test substances. Alterations
in cell surface characteristics and cytoskeletal configura-
tions were recorded and associated with cell viability met-
rics [36].

2.8 Statistical analysis

The variations in inhibition zones were examined using one-
way analysis of variance (ANOVA). To find statistically
significant differences between samples, a post hoc analysis
using Duncan’s multiple range test was performed. P-values
below 0.05 were regarded as statistically significant.

3 Results and discussion

Synthesis of a-aminophosphonate derivatives [ES1-ES4]
was followed the route as illustrated in scheme 1, where
the aminated polymer and different aldehydes as Vanillin,
N,N’-dimethylaminobenzaldhyde, p-chlorobenzaldhyde
and 3,4,5-trimethoxybenzaldhyde were reacted with triphe-
nylphosphite in the presence of zinc chloride as catalyst.
The chemical structures of a-aminophosphonates were con-
firmed by FTIR, *H NMR, *C NMR, 3P NMR and TGA.

3.1 Chemical characterization

The FTIR spectra of poly(p-hydroxystyrene) and its modi-
fications are presented in Fig. 1. Compared to the pristine
PHS, the chloroacetylated PHS's FTIR spectrum displayed
new peaks at 1729 and 1656 cm !, which indicated the

Scheme 1 Synthesis of a-aminophosphonates derived from poly(p-hyroxystyrene)
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presence of a C=0 group in the acetyl group. The aminated
polymer spectrum showed a peak at 3354 cm™!, attributed
to the stretching of terminal amino groups and the peak for
C=0 was shifted due to the near amino that strengthen the
band at 1655 cm™' and the band at 1513 cm™" indicated the
presence of N-H secondary amine. The FTIR spectral anal-
ysis of a-aminophosphonate derivatives (ES1-ES4) showed
broad absorption bands at the range of 3500-3573 cm!
for NH stretching and at 1600-1013 cm ™! for NH bending.
Absorption bands in the 1218-1234 cm ™! region appeared
due to the stretching vibration of P=0, a new band around
1100 cm™! appeared for P-O-C stretching, while the bands
at 950 cm ™! were referred to P-C [37, 38].

The NMR results further manifested the structure of ami-
nophosphonate polymers. For ES1: 'H NMR: & 1.2- 1.7 (d,
J=6.7 Hz, 2H, CH, in the main polymer backbone), 2.47
— 2.53 (m, 1H, CH-CH, in polymer backbone), 3.54 (s,
4H, CH,NH), 3.69 (s, J=6.5 Hz, 2H, COCH),), 3.83 (s, 3H,
0-CH,), 5.9 (s, 1H, OH), 6.3 —6.5 (m, 4H, C¢H;), 7.19-7.10
(m, 3H, C¢Hs),7.45 — 7.36 (m, 10H, C¢Hs), 6.75 (dd, 1H,
CHP). *C NMR (101 MHz, DMS0-d6) & 191.53 (C=0),
157.04, 155.40, 153.48, 148.62, 147.88, 146.31, 130.94,
130.86, 130.17, 129.85, 128.57, 126.55, 125.51, 120.86,
119.29, 116.04, 115.86, 115.83, 115.69, 115.34, 111.17 (C
Aromatic)» 08-22 (OCH,), 56.11 (CHP), 34.88 (COCH), 30.92
(NHCHCHNH), 19.58 (CH gjiphatic in polymer backbone).
$1p NMR (162 MHz, DMSO-d6) § 19.93.

Fig. 1 FTIR spectra of poly(p-hydroxystyrene) and its modifications
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For ES2: 'H NMR: 8 0.89 (d, J=6.7 Hz, 2H, CH, in the
main polymer backbone), 3.71 (d, J=6.6 Hz, 2H, CE)CHZ),
3.77 (s, 3H, OCHy), 3.86 (s, 6H, OCHy), 3.64 (d, J=9.3 Hz,
4H, CH,NH), 6.76 (d, J=8.2 Hz, 1H, CHP), 6.94 (s, 2H,
CeHs), 6.85 (d, J=9.4 Hz, 3H, C¢Hs), 7.38 — 7.24 (m, 10H,
CeH:) .1*C NMR (101 MHz, DMSO-d6) § 192.40 (C=0),
153.81, 153.25, 132.13, 130.96, 130.23, 130.12, 128.57,
125.50, 120.81, 120.76, 115.91, 115.17, 107.22 (Caromatic)>
60.71 (OCH,), 60.51 (CHP), 56.54 (COCH), 56.34
(NHCHCHNH). 3P NMR (162 MHz, DMSO) & 19.35.

For ES3: 'H NMR: & 1.80 (d, J=170.8 Hz, 2H, CH, in
the main polymer backbone), 3.77 (s, 4H, CH,NH), 2.79 (p,
J=1.8 Hz, 6H, N(CHy),), 3.20 (d, J=9.7 Hz, 2H, COCH,),
6.79 (s, 1H, CHP), 7.98 (m, 10H, 2 Ph-0), 7.68 — 7.52 (m,
2H, CgHs), 7.16 — 7.01 (m, 4H, CgHy). 3C NMR (101 MHz,
DMSO) § 190.34 (C=0), 154.68, 132.02, 130.84, 130.52,
130.43, 130.32, 130.16, 130.14, 128.58, 125.48, 125.00,
120.88, 120.84, 115.82, 115.18, 111.54 (C promatic)- P NMR
(162 MHz, DMSO) & 21.60.

For ES4: 'H NMR: § 1.50 (d, J=162.1 Hz, 2H, CH, in
the main polymer backbone), 2.55 (t, J=5.4 Hz, 1H, CH-
CHj, in polymer backbone), 3.18 (s, 2H, COCH,), 3.41 (s,
4H, CH,NH), 5.47 (d, J=12.6 Hz, 1H, CHP), 7.73 — 7.52
(m, 1H, C¢Hs), 7.45 (m, J=8.6 Hz, 1H, C¢Hy), 7.39 — 7.24
(m, 3H, CgHs), 7.22 — 7.00 (m, 5H), 6.86 (d, J=8.6 Hz, 1H),
6.80 — 6.66 (m, 4H). 3C NMR (101 MHz, DMSO) & 192.59
(C=0), 157.76, 156.12, 155.39, 134.63, 131.14, 130.75,
130.44, 130.30, 130.28, 129.94, 129.85, 128.60, 128.57,
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Fig.2 a TGA curves b and ¢ DTG curves of poly p-hydroxystyrene and its modifications

Table 1 TGA data of poly(p-hydroxystyrene) and its modifications

Code Tonet T s % Total Wt. loss
PHS 373 416 90

CI-PHS 351 409 100

NH,-PHS 363 424 87

ES1 170 474 77

ES2 156 380 83

ES3 143 489 68

ES4 204 426 72

128.53, 125.63, 125.59, 120.93, 120.89, 120.85, 120.76,
119.29, 115.70, 115.56, 115.19 (Caromatic)» 69-95 (CHP),
68.31 (COCHjy), 63.27 (NHCHCHNH), 54.07 (CH yjippatic in
polymer backbone). 3P NMR (162 MHz, DMSO) & 15.21
[39, 40].

The thermal characteristics of the polymers were estab-
lished using TGA and DTG as shown in Fig. 2a, b and c,
respectively. The chemical structure and intra- and intermo-
lecular forces of a molecule determine its thermal stability.
The temperatures at which the first breakdown took place

(Tonser)> 50% weight loss happened (T.gq y0), and the total
weight loss were listed in Table 1. The thermal degrada-
tion of the pristine PHS, CI-PHS and NH2-PHS exhibited
similar patterns of weight loss degradation. In the begin-
ning, there was a weight loss of 3% below 150 °C due to the
removal of bound water molecules and moisture. Pristine
polymer (PHS) started to degrade at 373 °C losing 65% of
its weight at 475 °C which could be attributed to the deg-
radation of polymer chains [41]. TGA of both CI-PHS and
NH2-PHS displayed initial weight loss earlier than the pris-
tine PHS due to the incorporation of hydrophilic moieties
such as chloroacetylchloride and amino groups. The onset
temperature of chloroacetylated polymer was at 351 °C and
the aminated one was at 363 °C. CI-PHS displayed weight
loss of 14% in the range of (140-234 °C), this revealed that
the substitution degree of the hydroxyl group with the chlo-
roacetyl group was 36%. NH,-PHS started to decompose
and lost 14% of its weight in the range of 174-373 °C due to
the decomposition of amine moieties. According to this, the
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degree of amination was estimated as 52%. Similar results
were reported by Morshedy et al. [42]. On the other hand,
the TGA patterns of the four aminophosphonates (ES1-ES4)
were different compared to the unmodified polymer, which
displayed multi-steps of degradation as shown in DTG
curves (Fig. 2¢). Polymer (ES3), which contains dimethyl-
aminobenzaldehyde moieties revealed the highest thermal
stability among other derivatives leaving a residual weight
of 32%.

3.2 Static light scattering

Static laser light scattering was used to measure the sec-
ond virial coefficient (A), radius of gyration (Rg), and poly-
mer molecular weight (M,,). A high-precision Abbe digital
refractometer was used to quantify the refractive index
increment (dn/dc), which is an essential metric for exam-
ining polymer—solvent interactions at various polymer
concentrations*®#!, The increment in refractive index was
calculated using the formula [43, 44]:

dn/dc|,_,, = I;i{{} (n — n,/c), where ¢, n,, and n repre-

sent concentration, solvent, and solution refractive indices,
respectively.

The samples' dn/dc values differed greatly from one
another, ES2 had the highest value (3.2662 mL/g), sug-
gesting that there was more light scattering because of the
higher molecular interactions. The generated concentrated
scattered light intensity angular distribution was assessed
between 40° and 140° using an Oriel photomultiplier tube

type 77,344 [Fig. 3a—€]. A 650 nm Nd-YAG laser was the
source of the incident light.

Using the basic Rayleigh scattering equation, the com-
puted scattering parameters for molecular weight (MW),
radius of gyration (Rg), and second virial coefficient (A,)
are displayed in Zimm plot Fig. 4a—e [45-48].

Ke 1 16m2\ 5 . 5 (0

Rie = m |:1 + < 3}\2 ) RGSI (2 + 2A2C

K = 27°n2 /ANy (dn/de)® (1 + cos?0)  and
Re = Ior2/1,V.

where

Where A is the wavelength of the scattered light, n, is
the solvent index of refraction, N, is the number of Avoga-
dro's, V is the scattering volume, 6 is the scattering angle,
and r is the distance between the scattering point and the
detector. Table 2 displays a summary of the computed scat-
tering parameter values and the refractive index increment.
Following functionalization, the molecular weight (Mw),
radius of gyration (Rg), refractive index increment (dn/dc),
and second virial coefficient (A,) all rose, indicating that
PHS had been successfully modified. Strong polymer—sol-
vent interactions are suggested by ES2's highest dn/dc value
(3.2662 mL/g), whereas ES1's lowest value (1.859 mL/g)
indicates lower solubility.

ES2 (71,740.4 g/mol)>ES4 (70,896.8 g/mol)>ES3
(70,230.8 g/mol)>ES1 (67,879.8 g/mol), indicating a con-
siderable rise in M,,. A similar pattern was seen in the R,
values, indicating that polymer expansion was a result of
functionalization. While ES1 had the lowest A2, indicating

Fig. 3 Scattering angular distribution of a PHS, b ES1, ¢ ES2, d ES3 and e ES4
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Fig. 4 Zimm plot of a PHS, b ES1, ¢ ES2, d ES3 and e ES4

Table 2 Measured molecular weight, radius of gyration, second virial coefficient and degree of Degree of Functionalization of PHS and its modi-

fications

M,, (Fun. G) dn/dc M,, (g/mol) R, (um) A, (mol.cm®/g?) DoF
PHS - 1.507 34,305.6 2.65 0.942 -
ES1 469 1.859 67,879.8 4.08 2.032 715
ES2 513 3.2662 71,740.4 6.99 9.156 729
ES3 466 1.4573 70,230.8 2.75 6.435 77.09
ES4 457 2.613 70,896.8 6.79 5.485 80.06

steric hindrance, ES2 had the greatest, indicating the best
solubility.

The molecular weight difference between the modified
and unmodified polymers was used to measure the Degree
of Functionalization (DoF), which is the number of func-
tional groups added per polymer chain as follows:

M., (modi fiedpolymer) — M,,(PHS)

DoF =
© M, (functionalgroups)

The values of Degree of Functionalization (DoF) and the
molecular weight of the functional groups of each modifi-
cation are listed in Table 2. Successful functionalization is
confirmed by the DoF values, which show that ES4 had the
highest (80.06) because of little steric hindrance and ES1
had the lowest (71.5) because of hydroxyl (-OH) interac-
tions. Steric and electronic effects are reflected in DoF
variations, with bulkier groups (ES2, ES3) displaying inter-
mediate values. This implies that the samples' functionaliza-
tion was effective yet varied.

3.3 TD-DFT simulations

The Local Density Approximation (LDA) functional in the
TD-DFT/DMol® module was used to model the electron
density distribution for poly(p-hydroxystyrene) (PHS) and
its derivatives (ES1-ES4) (Fig. 5). With its ability to effec-
tively capture short-range exchange—correlation effects, the
LDA technique offers a comprehensive knowledge of the
charge distribution inside molecular structures [49, 50].
PHS shows a stable conjugated system with a well-local-
ized electron density, mainly around the aromatic ring and
hydroxyl groups, as shown in the electron density maps.
ES1-ES4 exhibit notable electronic structural changes dur-
ing functionalization, with the type of substituents having
an impact on the redistribution of electron density. The
inclusion of m-conjugated groups in ES1 and ES2 results in
greater delocalization, while the addition of electronegative
or electron-donating groups in ES3 and ES4 causes more
polarized electron distributions. These electronic changes
are well captured by the LDA functional, showing that sub-
stituent-induced changes can drastically change molecule
reactivity and charge localization.
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Fig. 5 Electron density of a PHS, b
ES1, cES2,d ES3and e ES4

Fig. 6 electrostatic potential of a
PHS, b ES1,cES2,dES3and e
ES4

The TD-DFT/DMol® module with the Local Density
Approximation (LDA) functional was used to analyze the
distribution of electrostatic potentials (ESP) for PHS and
its derivatives (ES1-ES4) (Fig. 6). The charge distribution
across the molecular structures is shown by the ESP maps,
where yellow regions denote locations with a positive poten-
tial and blue regions show areas with a negative potential,
or electrons. The hydroxyl groups in PHS are highlighted as
active locations for possible interactions by the significant
negative potential that is seen surrounding them. When sub-
stituents are added, the system's electron-donating or elec-
tron-withdrawing properties change, resulting in substantial
changes in the charge distribution in ES1-ES4. Conjugated
systems in ES1 and ES2 lead to improved charge delocal-
ization, whereas electronegative substituents in ES3 and
ES4 provide greater localized electrostatic interactions.
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Using the Synthia simulation module in DFT simulations
at 298 °K, important polymeric physical characteristics were
calculated for PHS and its derivatives (Table 3) [47, 51].

Because of the various functional groups bonded to the
polymer backbone, the modified PHS derivatives (ES1-
ES4) exhibit notable differences in their physical character-
istics. From PHS (406.19 K) to ES derivatives, the glass
transition temperature (Tg) drops, ES2 has the lowest T,
(368.10 K), most likely as a result of the methoxy (-OCHj)
groups that lessen intermolecular interactions. Comparing
all derivatives to PHS, the molar volume also rises notice-
ably, suggesting that bulky substituents reduce packing
efficiency and add free volume. According to the density
trends, electron-donating groups in ES2 and ES3 decrease
density, however the addition of chlorine (ES4) increases
mass per unit volume. As predicted, the heat capacity (Cp)
rises with molecular complexity, ES2 has the highest Cp
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Table 3 Physical properties of PHS and its derivatives calculated using
DFT/Synthia simulations at 298°K

Physical PHS ES1 ES2 ES3 ES4
property

Glass transition 406.19  380.25 368.10 371.18 378.84
temperature Tg

(°K)

Molar volume  103.31  456.13  499.99 468.00 438.36
Density (kg/l)  1.162 1.253 1.231 1.215 1.277
Cp of solid (J 151.43 693.84 75548 70148  653.87
kg' K™

Surface tension  54.84 48.08 44.35 44.27 45.88
(Fedors) N.m™!

Thermal 0.14710 0.15326 0.15329 0.14970 0.14973
conductivity W

m K1

Refractive 1.6084 1.5781 15676 15751 1.5841
index

Molar refrac- 35.74 151.39 163.48 154.69 146.73
tion m2.mol ™!

Dielectric 3.333 3.339 3.203 3.149 3.189
constant

Diamagnetic 76.33 34237 37594 35217 333.94
susceptibility

Bulk modulus  5.794 4.559 3.950 3.963 4.239
(GPa)

Shear modulus  1.889 3.713 3.371 3.270 3.378
(GPa)

Young's modu- 5.113 8.762 7.873 7.694 8.008
lus (GPa)

Poisson'sratio  0.3529 0.1797 0.1677 0.1764 0.1851
Molar stiff- 35.98 122.13 12152 121.13 123.86
ness function

(N.m?)

(755.48 J/kg-K), most likely because of its flexible ether
groups, which aid in energy absorption. The reduced dipolar
interactions from the tertiary amine may be the reason for
the modest decrease in the dielectric constant in the substi-
tuted polymers, with ES3 having the lowest value (3.149).
According to mechanical properties, ES1 (8.762 GPa) is
the stiffest, indicating increased intermolecular contacts
from hydrogen bonding, whereas PHS has a lower Young's
modulus (5.113 GPa). On the other hand, ES2 and ES3 have
lower bulk and shear moduli, which is consistent with their
greater flexibility. The significance of large, electron-donat-
ing groups on decreasing polarizability is further supported
by the fact that the optical characteristics, especially refrac-
tive index, drop in the ES derivatives as compared to PHS,
with ES2 displaying the lowest value (1.5676). All things
considered, these structural changes dramatically change
the thermal, mechanical, and dielectric characteristics,
showing that these polymers may be customized for certain
uses like thermally stable resins, optical coatings, or dielec-
tric materials [52, 53].

3.4 Antimicrobial activity

The antimicrobial potency of PHS and its derivatives
(ES1, ES2, ES3 and ES4) against Gram-positive bacteria
(S. aureus (ATCC25923) and B. subtilis (ATCC 6633)),
Gram-negative bacteria (E. coli 0157 (KY797670) and
K. pneumonia (ST627) and the fungal strain (C. albicans
(ATCC 10231) was assessed using the agar well diffusion
technique. The results were shown in Fig. 7. The derivatives
exhibited a varied range of inhibition effects based on the
impact of the investigated derivatives on the microorgan-
ism. ES3 and ES4 had the greatest inhibitory effect against
S. aureus, surpassing the PHS. Conversely, ES1 and ES2
exhibited sufficient action, suggesting that particular struc-
tural alterations augment antibacterial efficacy [54]. This
observation supports with previous studies that refer to
the drivatives of aminophosphate can increase membrane
permeability so enhancing antibacterial action [55]. B. sub-
tilis presented high sensitivity to ES1 and ES4, recording
an inhibition zone of roughly 40 mm, while ES2 and ES3
demonstrated adequate effects. Against this strain, the origin
polymer exhibited the least effect of inhibition. The signifi-
cant antibacterial activity of ES1 and ES4 attributed to their
enhanced interaction with bacterial cell membranes, leading
to increased permeability and disruption of cellular integrity
[56]. Statistical analysis showed significant differences in
inhibition zones between the derivatives (p<0.05) as shown
in Fig. 8. While E. coli, resistance was observed for most
derivatives except ES1. This resistance is attributed to the
outer membrane of Gram-negative bacteria, especially E.
coli, which acts as a barrier to many antimicrobial agents.
The relatively low activity against E. coli supports by the
previous study [57]. K. pneumoniae showed the highest sus-
ceptibility to ES1 and ES4, whereas ES2 and ES3 exhibited
lower inhibitory effects. In contrast, C. albicans showed
moderate sensitivity to ES1 and ES4, while ES2 and ES3
showed minimal antifungal activity. The minimum inhibi-
tory concentration (MIC) of the compounds was determined
and is presented in Fig. 9. ES1 and ES4 showed the lowest
MIC values against most tested microorganisms, highlight-
ing their potent antimicrobial properties. In contrast, ES2
and ES3 required higher concentrations to achieve inhibi-
tion. The presence of standard error bars in Fig. 8 reflects the
variability observed in three independent experiments. Our
study demonstrated that the PHS and its derivatives (ESI,
ES2, ES3 and ES4) exhibited broad-spectrum antimicrobial
action against both types of tested bacterial strains, as well
as fungi. The greater susceptibility of Gram-positive bacte-
ria, including Staphylococcus aureus and Bacillus subtilis,
compared to Gram-negative bacteria such as Escherichia
coli and Klebsiella pneumonia [58, 59]. This difference is
likely due to the thick peptidoglycan layer in Gram-positive
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Fig. 7 Antimicrobial Activity of PHS and its derivatives ES1, ES2, ES3 and ES4 against (S. aureus), (B.subtilis), (E.coli), (K.pneumonia) and (C.

albicans) and C represent Control (DMSO)

Fig. 8 Antimicrobial Activity of
PHS and its derivatives ES1, ES2,
ES3 and ES4 against (S. aureus),
(B.subtilis), (E.coli), (K.pneumo-
nia) and (C.albicans). a, b, c, d
Statistical significant difference
(P<0.05)a>b>c>d

bacteria, which is more easily penetrated by its derivatives
compared to the outer membrane barrier of Gram-negative
bacteria [60]. To better contextualize the antimicrobial per-
formance of the synthesized a-aminophosphonate deriva-
tives (ES1-ES4), a comparative discussion with previously
reported antimicrobial polymers has been included. Prior
studies on cationic and phosphonium-based systems [59]
have reported MIC values within the microgram range
against Gram-positive and Gram-negative organisms, indi-
cating high potency of such functionalized polymers. In the
present work, the synthesized derivatives exhibited notable

@ Springer

antimicrobial activity at a considerably low concentration
range. ES2 and ES4 demonstrated MIC values down to
0.625 pg/mL against S. aureus, while maintaining activity
against E. coli and K. pneumoniae at similarly low levels.
These results indicate that the antibacterial activity of our
derivatives is comparable to several established antimicro-
bial polymeric systems [28]. This improved potency may
be attributed to the incorporation of phenyl-phosphonate
moieties, which enhance electrostatic attraction and hydro-
phobic interactions with microbial cell membranes, promot-
ing higher permeability and impairing cell integrity. The
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Fig. 9 MIC of PHS and its derivatives ES1, ES2, ES3 and ES4
against aStaphylococcus aureus (S. aureus),bBacillus subti-
lis (B.subtilis),cEscherichia coli (E.coli),dKlebsiella pneumonia

observed variations in antibacterial performance can be
attributed to the structural and electronic differences among
the derivatives [60]. The superior potency of ES2 may be
linked to the strong electron-withdrawing influence of the
para-chloro substituent, which enhances electrostatic inter-
action and facilitates membrane disruption [61]. The mod-
erate enhancement displayed by ES3 and ES4 is likely due
to the electron-donating methoxy and hydroxyl substituents,

(K.pneumonia) and eCandida albicans (C.albicans) with standard
error bars. Concentrations are expressed in pg/mL

which promote hydrogen-bonding affinity with microbial
surfaces [62]. These findings demonstrate a clear structure—
activity relationship where substituent-induced electronic
modulation plays a key role in optimizing antibacterial effi-
cacy among the synthesized a-aminophosphonate polymers
[63]. The higher antibacterial activity observed for ES2
and ES4, particularly against S. aureus and B. subtilis, is
consistent with the electronic structure variations revealed

@ Springer
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Fig. 10 Cytotoxic Effect of (PHS, ES1, ES2, ES3 and ES4) at various concentrations on a) WI38 (normal human fibroblast) and b) HepG2 (human

liver cancer) cell lines

Table 4 1C;, values and Selectivity Index of the parent compound and
its derivatives against WI38 and HepG2 cell lines

Samples  Calculated I1Cg, (pg/mL) Selectivity index (ST)*
WI38 HepG2

PHS 172.73+1.15 158.55+4.33  1.09

ES1 236.54+3.22 155.18+2.46  1.52

ES2 203.95£1.60 118.27+0.90 1.72

ES3 193.38+2.14  121.75+1.13  1.59

ES4 181.37+0.88  121.18+1.00 1.50

*Selectivity Index (SI)=ICs, value in normal cells (WI38) / IC50
value in cancer cells (HepG2)

through TD-DFT analysis. ES2 demonstrated the highest
electron delocalization and the most favorable polymer—
solvent interaction parameters (high dn/dc and positive A2
values), which facilitate stronger electrostatic attraction and
improved accessibility to microbial membranes. In contrast,
ES1 exhibited lower solubility and more restricted charge
distribution, supporting with its reduced antimicrobial
performance. These results indicate that functional group-
dependent electronic modulation directly influences bac-
terial susceptibility, confirming a strong structure—activity
relationship.

3.5 Cytotoxicity evaluation using MTT assay

The cytotoxicity assessment of the original polymer (PHS)
and its synthesized derivatives (ES1, ES2, ES3 and ES4) was
evaluated against normal human lung fibroblast cells (WI38)
and human liver cancer cells (HepG2) using the MTT assay.
The findings showed preliminary cytotoxic effects across all
tested polymer as shown in Fig. 10. In WI38 normal cells, the
IC5, values ranged from 172.73+1.15 to 236.54+3.22 pg/
mL (Table 4). The original polymer showed an ICy, of
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172.73+£1.15 pg/mL, while ES1 exhibited the highest ICq
value (236.54+3.22 pg/mL), refer to lower toxicity toward
normal cells. Derivatives ES2, ES3 and ES4 demonstrated
intermediate 1Cy; values of 203.95+1.6, 193.38+2.14 and
181.374+0.88 pg/mL, respectively.

A noticeable difference in cell response was observed
within the lower concentration range, where HepG2 cells
showed a more pronounced decrease in viability compared
with normal fibroblasts. This behavior suggests a degree of
preferential interaction with cancer cell membranes at sub-
toxic doses, supporting the classification of these materials
as having potential selectivity rather than clear-cut antican-
cer action (Table 4). Therefore, the interpretation has been
refined to emphasize the promising behavior observed at
lower dosages. These results showed that the synthesized
derivatives, particularly ES1, have safety profiles compared
to the original compound on normal cells [64, 65]. On the
other hand, the polymeric derivatives established enhanced
cytotoxic activity against HepG2 cancer cells with 1Cqg
values ranging from 118.27+0.9 to 158.55+4.33 pg/
mL (Table 4). The origin PHS showed an ICg, of
158.55+4.33 pg/mL, while ES2, ES3 and ES4 exhibited
significantly lower ICs, values of 118.27+0.9, 121.75+1.13
and 121.18+1 pg/mL, respectively. This recommends that
these derivatives possess improved anticancer potential
compared to the origin polymer. ES1 showed an 1Cg, value
(155.18+2.46 pg/mL) similar to the origin polymer. The
selectivity index (SI) (Table 4), calculated as the ratio of
IC;, values between normal and cancer cells, indicated that
the synthesized derivatives established enhanced selective
cytotoxicity toward cancer cells compared to normal cells.
ES2 showed the highest selectivity with an Sl of 1.72, fol-
lowed by ES3 (1.59) and ES4 (1.50), while the origin PHS



Macromolecular Research

Fig. 11 Morphological changes in Wi38 and HepG2 cells treated with
compounds HPS and ES1-ES4 at 1000 pg/mL. Representative micro-
scopic images showing the effect of parent compound (PHS) and its

and ES1 showed lower selectivity indices of 1.09 and 1.52,
respectively [66]. At higher concentrations (500-1000 pg/
mL), all compounds showed significant cytotoxicity in both
cell lines, with cell viability dropping below 5% (How-
ever, at lower concentrations (31.25-62.5 pg/mL), the
compounds maintained cell viability above 90% in normal
cells while showing moderate cytotoxicity in cancer cells,
particularly for derivatives ES2, ES3 and ES4 [65]. The
higher anticancer potential of aminophosphate ES2 driva-
tive, which contains 4-chlorobenzaldehyde moiety, suggests
that the electron-withdrawing chloro substituent at the para
position enhances interaction with cancer cell targets [67].
Similarly, the presence of electron-donating groups in ES3
(4-methoxybenzaldehyde) and ES4 (4-hydroxybenzalde-
hyde) also contributed to improved anticancer activity com-
pared to the origin compound [68]. Our study represented
that the structural modifications introduced in derivatives
ES2, ES3 and ES4 successfully enhanced their antican-
cer potential while maintaining relatively lower toxicity
toward normal cells. The improved selective cytotoxicity
of these derivatives makes them promising candidates for
further investigation as anticancer agents. A similar corre-
lation was evident in the cytotoxicity profile. ES2, which
showed the greatest electron delocalization and the lowest
glass transition temperature, also exhibited the lowest I1Cg,
value against HepG2 cells. The greater molecular flexibility
likely enables enhanced cellular uptake and interaction with
cancer cell components, explaining the more pronounced
reduction in cell viability. Conversely, the relatively higher

derivatives (ES1-ES4) on cell morphology of normal lung fibroblasts
(Wi38) and liver cancer cells (HepG2) after 24 h of treatment

rigidity and localized charge distribution observed in ES1
are consistent with its weaker cytotoxic behavior. These
correlations demonstrate that electronic structure and physi-
cochemical properties predicted by DFT calculations can
serve as strong indicators of biological performance.

3.6 Cell morphological alterations caused by tested
compound

Microscopic evaluation was performed to monitor dose-
dependent morphological changes following exposure to
the synthesized compounds at different concentrations
(31.25, 62.5, 125, 250, 500, and 1000 pg/mL). As pre-
sented in Fig. 11, representative images at 1000 pg/mL
demonstrated noticeable alterations in HepG2 cancer cells,
including rounding, reduced confluency, and weakened
attachment to the culture surface. Wi38 normal cells showed
milder changes at the same concentration, maintaining a
relatively typical fibroblast-like appearance. Detailed mor-
phological responses across the full concentration range are
provided in Supplementary Figure S1, where the alterations
were found to be gradual and dose-dependent. Minimal
changes were observed at<62.5 pg/mL, whereas more pro-
nounced disruption was evident at>125 ng/mL, particularly
in HepG2 cells. These qualitative observations support the
quantitative patterns obtained by the MTT assay, confirm-
ing an increased loss of cellular integrity with increasing
exposure dose [69].
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4 Conclusion

This study illustrated the successful synthesis and charac-
terization of new a-aminophosphonate (ES1-ES4) derived
from poly(p-hydroxystyrene) through chloroacetylation,
amination and aminophosphate production methods. The
chemical structures of these derivatives were thoroughly
validated using FTIR, NMR spectroscopy and thermal
analysis. Thermal study demonstrated that the inclusion of
aminophosphonate groups markedly modified the thermal
properties of the polymer, with ES3 displaying the greatest
thermal stability among the derivatives, maintaining 32%
of its weight after degradation. Static laser light scattering
tests yielded significant insights into the molecular proper-
ties of the produced derivatives. The significant increases in
molecular weight, radius of gyration and second virial coef-
ficient relative to the pristine polymer further validated the
effective alteration. ES2 demonstrated the highest refrac-
tive index increment (3.2662 mL/g). The computational
research employing DFT simulations elucidated signifi-
cant electronic and structural characteristics of the deriva-
tives. Antimicrobial testing revealed that the polymers had
remarkable effect against various pathogens. ES1 and ES4
had the most potent antibacterial activity, demonstrating
superior efficacy against Gram-positive bacteria compared
to Gram-negative bacteria. The results of the (MIC) corrob-
orated these observations. Cytotoxicity experiments indi-
cated that all derivatives exhibited reduced toxicity towards
normal cells (WI38) in comparison to cancer cells (HepG2).
ES2 exhibited the highest selectivity index (1.72), signify-
ing the optimal equilibrium between anticancer efficacy and
safety. Microscopic analysis demonstrated that the deriva-
tives elicited more significant morphological alterations
in cancer cells compared to normal cells, hence corrobo-
rating their selective toxicity. This research concludes that
a-aminophosphonate derivatives of poly(p-hydroxystyrene)
are attractive candidates for advanced materials exhibiting
multifunctional features, such as antibacterial activity and
anticancer uses.
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