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In the present work, glycine, the monomer N-acryloylglycine (NAG), and polymeric units of poly[(N-acry-
loylglycine)-co-(acrylamide)] p(NAG-co-Ac) are examined using density functional theory (DFT), and
experimental evidence is provided for their use in the therapy of cancer with a poor prognosis. Glycine
plays a pivotal role in cell survival, and most anti-cancer agents alter glycine metabolomics and suppress
cancer cell proliferation. Herein, we have utilized Frontier Molecular Orbital theory (FMO), and the results
revealed that the introduction of acrylamide/divinyl benzene into the glycine-based polymer increased its
biological activity by lowering the energy band gap. Heparanase and proteases are important in invasive
tumor progression and worsening of prognosis. In this context, we have synthesized co-polymeric
p(NAG-co-Ac) and revealed its protease inhibitory activities. It is revealed that the cross-linked homo-
polymeric and cross-linked hetero-polymeric tetrameric arrangements inhibit heparanase activity via
interacting at heparanase binding domain Il (HBDII) with a docking score of ~—11.08 kcal mol™ (K)) and at
heparanase binding domain Il (HBD Il1). The bathochromically shifted CD spectrum shows that the hydro-
gel interacts with heparanase and disturbs the secondary protein structure of the synthesized p(NAG-co-
Ac) polymer. It is found that the synthesized p(NAG-co-Ac) hydrogel has anti-proliferative activity, acts as
a migratory inhibitor of cancer cells, and favors programmed cell death. Further, the p(NAG-co-Ac)

Received 8th January 2025,
Accepted 17th February 2025

DOI: 10.1039/d5nr00079¢

hydrogel exhibited anti-angiogenic behavior. In conclusion, p(NAG-co-Ac), with its anti-angiogenic and
anti-tumorigenic capabilities, has a future as a potential anticancer polymer for the treatment of hepara-
nase-driven invasive malignancies without using any additional anticancer drugs, and is promising for

rsc.li/nanoscale cancer treatment.

(cc)

“School of Biomedical Engineering, Indian Institute of Technology, Banaras Hindu
University (BHU), Varanasi, Uttar Pradesh, 221 005, India.

E-mail: paik.bme@iitbhu.ac.in

bDepartment of Zoology, Banaras Hindu University (BHU), Varanasi, Uttar Pradesh
221005, India

tElectronic supplementary information (ESI) available: Fig. S1: docking poses
for complexes of GA9, GA15 and GA14, Fig. S2: wound scratch assay on L929 cell
line after treatment with p(Nag-co-Ac) hydrogel, Fig. S3: heparanase gene
expression in cancer obtained from Human Protein Atlas, Fig. S4. Heparanase
gene expression in brain cancer and in breast cancer obtained from Human
Protein Atlas Table S1: bioactivity score of (a) homopolymer of n-acryloyl glycine
(b) Linear hetero- polymer of n-acryloyl glycine and acrylamide and (c) cross-
linked homopolymer and (d) cross-linked heteropolymer represent p(NAG-co-Ac)
polymer. Table S2: DFT calculation for (a) homopolymer of n-acryloyl glycine (b)
linear hetero-polymer of n-acryloyl glycine and acrylamide and (c) cross-linked
homopolymer and (d) cross-linked heteropolymer represent p(NAG-co-Ac)
polymer, changes in dipole moment and Intramolecular hydrogen bonding in
different solvent. Table S3: HOMO LUMO energy difference with increase in size
of monomer to polymer and in presence of cross. See DOL https:/doi.org/
10.1039/d5nr00079c

iPresent Address: Datta Meghe Institute of Higher Education and Research,
(Deemed to be University) Wardha (M.S.) India-442001.

8544 | Nanoscale, 2025, 17, 8544-8562

1. Introduction

Due to the aggressive phenotypes, vast heterogeneity, and
unique pathophysiology of solid tumours, as well as the emer-
gence of resistance and negative receptor expression, invasive
and metastatic cancer are the second leading cause of death."?
Irradiation alters the invasion and migration of cancer stem
cells, and thus local recurrence and metastases remain a thera-
peutic challenge.®* Chemo-resistance and radiation resistance
contribute to treatment failure.* Further, it was recently noted
that heparanase is a signal protein that functions as an
enzyme as well as in a non-enzymatic way; it is involved in
chemo-resistance via its non-enzymatic function by accelerat-
ing angiogenesis.””” Proteases enzymatically cleave peptide
bonds and generate six major moieties: cysteine, serine, threo-
nine, glutamate, aspartate, proteases, and matrix metallopro-
teases. Matrix metalloproteases and urokinase plasminogen
activators stimulate the tumour surface, rupture the basement
membrane, and promote blood vessel sprouting.® Therefore,
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protease-inhibitor-based anticancer therapy is considered to
be an exciting option in cancer therapy. Another hallmark of
aggressive cancers is the overexpression of heparanase, which
is an endo-p-p-glucuronidase enzyme that cleaves the constitu-
ents of the fundamental extracellular matrix (ECM), ie.,
heparan sulphate (HS) proteoglycan, releasing heparan sul-
phate and affecting the ECM integrity. Thus, in addition to its
other activities, heparanase facilitates metastasis, neo-angio-
genesis and cancer stem cell migration. Furthermore, hepara-
nase has pleiotropic effects in tumour cells and is widely over-
expressed in glioblastoma,” TNBC,'° hepatocellular carcinoma,
oral cancer'' and melanoma,'? which are aggressive types of
cancer with poor prognoses and demonstrate poor outcomes
with low survival rates. Heparanase-mediated cell invasion is
enhanced in hypoxic conditions, along with induced angio-
genesis and metastasis. It also regulates the expression CD24
(a surface biomarker of tumour stem cells), as the over-
expression of heparanase consistently up-regulates CD24 and
leads to significantly shortened survival, and heparanase-
induced high-grade and low-grade glioma have been
reported.”® Recently, the heparanase inhibitor CV122 was
developed to manage sepsis and cytokine storm, but its use in
cancer therapy is not known." Veider et al. developed a hepar-
anase-responsive charge-converting nanocarrier for drug deliv-
ery and to overcome the intestinal barrier and achieve cellular
uptake.'® Hence, the design of effective heparanase inhibitors
and treatment using heparanase inhibitors are considered to
be future potential targets for cancer therapy. To the best of
our knowledge, to date, no heparanase inhibitors have been
clinically approved; hence there is great scope to improve
therapeutic efficiency using the amino-acid-based polymers
reported in this work.

In cancer therapy, biopolymers, with their variable struc-
tures, provide advantages such as improved bioavailability,
stability and target specificity, and co-delivery of multiple
therapeutic agents.'® Conventional chemo-therapy drugs are
inadequate due to limitations including low solubility in
media, high toxicity, multidrug resistance, restricted bio-
availability, inappropriate bio-distribution or pharmacoki-
netics, etc.'” Among the various synthetic polymeric systems,
amino-acid-based polymeric systems are considered to be
future green materials for therapeutic applications. In poly
(amino acid) polymers, the p-sheet crystal structure formation
results in a stabilized structure and the side chain cationic
pendent structures facilitate the development of reactive
oxygen species (ROS) to achieve significant in vitro/in vivo
tumour inhibition and antimicrobial activity.'® The use of con-
ventional ‘drug-free macromolecules’ for ‘anticancer activity’ is
an interesting concept in cancer therapy. Polymer-peptide con-
jugates, polymer-oligonucleotides and glycopolymers have
been used as drug-free macromolecules.’”” Amino-acid-based
polymers are used for various therapeutic purposes, and
several have been reported as drug-free macromolecules
having anticancer properties. For example, dual-acid-respon-
sive polymeric-micelle-forming cinnamaldehyde prodrugs
exerted a synergistic anticancer effect in a colon-tumour-
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bearing model." A sulphur- and methacrylate-based co-
polymer synthesized via RAFT was reported as an anti-
cancer cell membrane.”® However, to date, no polymers
have been reported to have heparanase inhibitory properties
and anticancer activity, and this area is still in the in silico
stage.”!

To design such a macromolecule, we adopted the in silico
approach. The bioactivity prediction module in the software
Molinspiration is a fragment-based method in which physico-
chemical properties, molecular features, and structural frag-
ments are used to estimate potential biological activity against
various target classes. Molinspiration uses the ZINC virtual
screening database for property calculation (https:/www.
molinspiration.com/). Similarly, density functional theory
(DFT) calculations are widely used to determine fundamental
properties. Electronic band gap values are obtained from stan-
dard DFT calculations. Smaller band gaps represent higher
electronic excitability, which ultimately indicates greater reac-
tivity under physiological conditions and is related to ROS**?*
generation.>*™2¢

Against this background, we first evaluated the biological
activities of acrylate glycine and acrylate glycine polymers into
which acrylamide units were introduced using the software
Molinspiration. DFT calculations were then performed, and
the electronic and solvation parameters for the monomeric
glycine unit and different acrylate glycine polymers incor-
porating acrylamide and the cross-linker (divinylbenzene)
were investigated by applying the B3LYP/6-311g* level of
theory. In order to determine the extent of reactivity and
anticancer properties of the polymeric system, the energy
band gap (HOMO/LUMO), chemical hardness and electro-
philicity were calculated. Furthermore, molecular docking,
enzyme inhibitory assay, and CD spectroscopy were per-
formed to investigate the heparanase inhibitory activity of
the acrylate co-polymer. In vitro cell viability/migratory
inhibitory assessment, flow cytometry analysis, and in ovo
anti-angiogenic assessments were implemented to investi-
gate the anticancer potential of this polymer for synergistic
applications. Based on an extensive literature review, it was
observed that only a few chemical moieties are known to
exhibit heparanase inhibition, while no polymers or hydro-
gels are known to have heparanase inhibition activity. This
is the first such work; herein, we have evaluated and com-
pared the heparanase inhibition activity of glycine, glycine-
acrylate monomers and their polymers. The dual effects of
the polymers, ie., protease inhibition and heparanase inhi-
bition activity, result in a novel polymeric hydrogel for
specific inhibition of heparanase-driven malignancies/
aggressive cancer.

2. Experimental
2.1. Computational methodology

For the evaluation of physicochemical properties and bioactiv-
ity, random arrangements were designed using ChemDraw
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https://www.molinspiration.com/
https://www.molinspiration.com/
https://www.molinspiration.com/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr00079c

Open Access Article. Published on 21 2025. Downloaded on 04-11-2025 20:17:27.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Ultra 8.0 software and categorized as: (1) linear homopolymers
(polymers of N-acryloylglycine (G), denoted as G, G2...Gn), (2)
linear heteropolymers (polymer of G and acrylamide (A), GA
(GA1), G-A-G...(GAn)), (3) cross-linked homopolymers (poly-
mers of G cross-linked by divinylbenzene (DVB), D1, D2...D6)
and (4) arranged cross-linked heteropolymers (polymers of G
and A cross-linked by DVB, also included in the series labelled
as D1, D2...Dn); the cross-linked polymer that was finally syn-
thesized is denoted as p(NAG-co-Ac) hydrogel. The bioactivities
of all structures were first evaluated using the software
Molinspration (https:/www.molinspiration.com). The pre-
dicted structures were determined using the software Avogadro
(version 1.2.0)*” and then optimized using the Merck mole-
cular force field (MMFF 94) at the molecular mechanics level.
DFT calculations were then carried out using the ORCA 5.3.2
computational package.*® The computing efficiency was accel-
erated by using the resolution of identity approximation with
the basis set B3LYP/6-311g*/def2-SVP level. Further, the CPCM
continuum solvation model was applied using the water,
ethanol, hexane and chloroform level (¢ = 80.4).

2.2. Molecular docking study

The crystal structure of the human heparanase complex with
the inhibitor CB678 (PDB ID 7PRT) was retrieved from the
RCSB protein data bank (https:/www.rcsb.org/structure/1Q5K)
having a resolution of 1.70 A with the 100 steepest descent
steps. The macromolecular structure preparation and energy
minimization were conducted on UCSF Chimera by applying
AMBER ff14SB and polar hydrogen atoms, and Kollman
charges were added. Reference ligand molecules such as cyclo-
phellitol, roneparstat and 2-acetamido-2-deoxy-beta-d-glucopyr-
anose were retrieved from PubChem, and energy minimization
was conducted using the PyrX interface by applying the
MMff94 force field in Autodock v4.2.6 tool.>® Simulation was
performed by generating the grid box, setting the genetic
algorithms of 30 runs and the Lamarckian parameter.
Furthermore, analysis of the data was performed using
AutoDock and Discovery studio.*°

2.3. Synthesis and biodegradation assessment of p(NAG-co-
Ac) hydrogel

The p(NAG-co-Ac) hydrogel was synthesized; an Indian patent
application has been filed for the method. The overall syn-
thesis method involved a modified version of the free radical
miniemulsion polymerization technique reported by the
authors of this work and confirmed through FTIR and NMR,
as previously described.®" After the synthesis and lyophilisa-
tion, the structural and surface morphology were studied
using field-emission scanning electron microscopy (FESEM)
(Model; Nova Nano SEM 450) with an accelerating voltage of
10 kv. The dynamic swelling behaviour and enzymatic degra-
dation were then determined at pH 7.4 using phosphate saline
buffer (PBS), 100 pg mL™"' lysozyme in PBS solution, 100 g
mL ™" proteinase K in PBS, and 100 ug mL™" collagenase I by
immersing nearly 10 mg of the p(NAG-co-Ac) hydrogel in 1 mL
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of the respective solutions. The swelling indexes were calcu-
lated using eqn (1).

Ws — W
MSI:—( s )

1

x 100 (1)

2.4. Invitro cytotoxicity assessment in healthy and cancer
cell lines

MTT colorimetric assay was used to investigate the effect of the
synthesized p(NAG-co-Ac) material on cell viability. The
MDA-MB-231, MCF7, LN229, 1929, HEK 293, HepG2 and A549
cell lines were obtained from NCCS-Pune repository, India. All the
cell lines were maintained in 10% fetal bovine serum (FBS) sup-
plemented with Dulbecco’s modified Eagle medium with 100 U
of penicillin-streptomycin antibiotic in a humidified CO, incuba-
tor at 37 °C. In brief, 1 x 10* cells were cultured for 24 h in a
96-well plate supplemented with complete medium followed by
treatment with glycine, N-acryloyl glycine monomer or p(NAG-co-
Ac) at different concentrations (from 2.5 mg mL™" to 10 mL™") for
another 24 h. After incubation, the hydrogel was removed, and
the cells were incubated with 5 pg mL™" of MTT reagent in fresh
medium for 4 h. Subsequently, the absorbance of the dissolved
formazan crystals/DMSO was measured at A, = 570 nm using a
microplate reader (Bioteck).

2.5. Hemocompatibility of hydrogel

Fresh RBCs were isolated from whole blood samples obtained
from Wister rats, and a homogenous suspension was obtained
in 5% dextrose solution (pH 7.4). To evaluate the haemolytic
impact of the p(NAG-co-Ac) hydrogel and N-acryloyl glycine
monomer, the RBCs were exposed to different concentrations
(1000, 500, 250, 125 and 62.5 ug mL™") of p(NAG-co-Ac) hydro-
gel for 8 and 24 h at 37 °C (with 100 RPM). Treatment with 5%
dextrose solution was used as a negative control, while treat-
ment with 0.1-1% Triton-X was used as a positive control.
Percent haemolysis was calculated using a spectrophotometer
at the maximum absorption of A,,x = 540 nm for each sample.

2.6. Wound scratch assay

The cell migration ability was analysed by performing wound
scratch tests on the LN229, MDA-MB-231 and L1929 cell lines.
The cells were seeded in 12 well plates and cultured until an
80-90% confluent monolayer was obtained. Scratches were
then made using 200 pL micropipette tips, and then cells were
washed twice using PBS. Further, three different concen-
trations of hydrogel, monomer and glycine were added separ-
ately with untreated cells as the control, and the cells were cul-
tured in complete medium for 48 h. Images were then
acquired using an inverted microscope at hour 24 and 48 of
incubation. The analytical tool Image] was used to estimate
the percentage wound closure area at different time intervals.

2.7. Live and dead assay

MDA-MB-231 cells were incubated with glycine, NAG, or
P(NAG-co-Ac) for 3 days to examine the comparative cellular
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death after the treatment. After 24 h and 72 h, the cells were
stained with acridine orange and ethidium bromide (100 pg
mL ") for 30 min. Macroscopic fluorescence images were then
acquired at 20x magnification.

2.8. Apoptosis and necrosis assay

After 24 h of treatment with glycine, NAG, or p(NAG-co-Ac)
hydrogel, the percentages of viable apoptotic and necrotic cell
death of LN229 cells (1 x 10° cells) were quantified using flow
cytometry. After 24 h of treatment, the cells were detached
using 1 mM EDTA solution and collected after washing with
PBS followed by staining with Annexin V/PI as per the manu-
facturer’s protocol (BD Biosciences FITC Annexin-V apoptosis
detection kit).

2.9. Reactive oxygen species (ROS) estimation assay

Flow cytometry analysis was conducted to evaluate the intracellu-
lar ROS level. After treatment for 24 hours with glycine, NAG, or
P(NAG-co-Ac) hydrogel, with H,O, treatment as the positive
control and untreated cells as the reference control, the adhered
cells were collected (1200 RPM/5 min) and washed with PBS three
times. The cells were then stained with a 50 pM solution of 2',7"-
dichlorofluorescin diacetate DCFDA and incubated at 37 °C for
30 min. The intracellular ROS production and peak shift were
analysed using a flow cytometer (Beckman Coulter).

2.10. Chicken embryo angiogenesis (CEA) assay

The vascular sprouting inhibition potential of the N-acryloyl
glycine monomer and p(NAG-co-Ac) polymer were evaluated in
an in ovo system. Certified purchased (Ramana Hatchery,
Varanasi, Uttar Pradesh, India) fertilized eggs were incubated
in a humid environment at 37 °C for 4 days. A small circular
examination window was generated, and 1.5 mL of albumen
was removed for the detachment of the developing chick
embryo chorioallantoic membrane. Three different concen-
trations (2.5 pg mL™', 25 pg mL™" or 100 pg mL™') of the
monomer and p(NAG-co-Ac) hydrogel were then applied via
pipetting. The changes in the vasculature were examined at 0,
2, 4, and 8 h by obtaining images using a stereo-zoom-micro-
scope-mounted Magnus camera (Magcam DC plus 10, Magnus
Opto Systems India Pvt. Ltd, New Delhi, India). Images were
analysed using the Image ] angio tool software.

2.11. Fondaparinux heparanase inhibitory assay

To determine the heparanase inhibitory activity of glycine,
N-acryloylglycine and p(NAG-b-Ac) hydrogel, a colorimetric fonda-
parinux heparanase inhibitory assay was performed using
heparin as a positive control for heparanase inhibition. First,
100 pL of the reaction mixture was placed on a 4% BSA in TBST
pre-treated plate. The 100 pL reaction mixtures consisting of 200
ng mL " of heparanase and 100 pM of fondaparinux sodium in
40 mM sodium acetate (pH 5) with/without inhibitor were incu-
bated for 18 h at 37 °C. Subsequently, the reaction was quenched
by incubation with 100 pL of 0.1 M NaOH with 30 pM of resa-
zurin at 45 °C for one hour. The change in the fluorescence was
recorded with 4 = 560 nm excitation at 4,5, = 590 nm emission.
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2.12. CD spectroscopy

Circular dichroism spectra for heparanase, N-acryloyl glycine,
P(NAG-b-Ac) and heparin interaction with/without
obtained using a 1 mm quartz cuvette and CD polarimeter
J-1500 (make JASCO). 1000 pl of reaction solution contained
750 ng mL™' of heparanase (prepared in 20 mM sodium
acetate of pH 5) and 200 mM NaCl containing buffer with or
without the addition of 250 ng mL™" of N-acryloyl glycine,
P(NAG-b-Ac) and heparin. Samples were scanned at 25 °C over
the range of 190-250 nm using a bandwidth of 1 nm with a
scanning speed of 50 nm min~'. Spectra were recorded in
triplicate, and the blank buffer spectrum was subtracted from
the results.

were

2.13. Statistical analysis

Herein, all data are presented as the mean (+) standard devi-
ation (SD). One-way ANOVA with Turkey’s test was used to
evaluate the statistical significance of the comparison groups
by considering p < 0.05 to be a significant difference. All ana-
lysis was performed using the software Origin.

3. Results

3.1. Theoretical bioactivity assessment of p(NAG-co-Ac)/
bioactivity assessment of p(NAG-co-Ac) through DFT
calculation

Synthesized polymers have wide applications in various
medical domains. Any molecule that interacts with the native
protein gives therapeutic effects. Therefore, to predict the bio-
logical activity of p(NAG-co-Ac), before synthesizing the
polymer, a bioactivity score calculation was conducted using
Molinspiration software, which employs a fragment-based
method, and the obtained values are listed in Table S1.t
Molecules with activity scores of more than 0.00 were con-
sidered to be bioactive. Those with scores from 0.50 to 0.00
were considered to be moderately active, and those with more
than —0.50 were presumed to be inactive molecules. The 58
designed molecules were categorized into four groups: (1)
linear homopolymers (LH) (G1 to G11), (2) linear heteropoly-
mers (LE) (GA series), (3) cross-linked homopolymers (CH) (D1
to D6) and (4) cross-linked heteropolymers (CE) (D7 to D25).
All these polymeric structures showed negative scores as
kinase inhibitors, ion channel modulators and nuclear recep-
tor ligands, and 55% of the polymeric structures showed posi-
tive scores for GPCR ligands (lower) and protease inhibitors
(higher) (see Table S1}). Among the random structures, most
of the compounds acted as potent protease inhibitors with the
highest scores for the LH, CH, and CE groups; specifically,
GA2, GA3, GA4 and D22 had the highest scores of 0.5 or more
(see Fig. 1a).

3.2. DFT calculations for randomized structures of p(NAG-co-
Ac) polymeric units

DFT offers a high level of accuracy with reduced time-consum-
ing empirical processes for designing biologically active

Nanoscale, 2025, 17, 8544-8562 | 8547
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Fig. 1 Bioactivity prediction through DFT calculations. (a) Graphical representation of bioactivity scores of random arrangements of N-acryloyl
glycine, acrylamide-containing and cross-linked structures, categorized as (1) linear homopolymer (LH) (G1 to G11), (2) linear heteropolymer (LE) (GA
series), (3) cross-linked homopolymer (CH) (D1 to D6), and (4) cross-linked heteropolymer (CE) (D7 to D25). Bioactivity measured in terms of mole-
cules with activity as protease inhibitors (blue), GPCR ligands (red), ion channel modulators (green), kinase inhibitors (violet), nuclear receptor
ligands (sky blue), and enzyme inhibitors (orange). DFT calculations and graphical representations of dipole moment (b) and intermolecular hydro-
gen bonding (c) of glycine, N-acryloyl glycine, and LH, LE, CH, and CE random structures in polar solvents water, ethanol and the non-polar solvents

chloroform and hexane.

materials. It is a less computationally expensive approach than
the ‘ab initio’ approach, which provides information about the
geometric and electronic characteristics and subsequently
gives an idea of the selected polymer as a drug delivery system.>*
Herein, DFT was performed to calculate the solvation parameter
and the energy band. The dipole moment and intermolecular/
intermolecular hydrogen bonding in the presence of different sol-
vents provide a correlation with the stability, polarity, reactivity
and swelling behaviour of the polymers.*> We hypothesized that a
reduction of the band gap might be observed with the acrylation
of glycine and polymerization of acrylate glycine. A narrow band
gap results in higher electronic excitability,>® promoting the gene-
ration of selected on the basis of torsion angle to allow flexibility
for the simulation. Torsion angle directly impacts the dimension-

8548 | Nanoscale, 2025, 17, 8544-8562

ality of the search space in the docking algorithm. A higher
number of torsional degrees of freedom increases the compu-
tational complexity and reduces the accuracy. Autodock has a
limit of 32 torsional angles for ligands, whereas DFT calculations
are suitable for ligands having more than 30 torsional degrees of
freedom.

DFT calculations were performed by relaxing the selected
polymeric molecular structures in a vacuum and in polar/non-
polar solvents, e.g., water, ethanol, chloroform and hexane.
The calculated intermolecular hydrogen bonding, dipole
moment and free energy (in HF) are listed in Table S2.1 High
dipole moment values are obtained for glycine (5.58, 7.27, 7.2,
6.85 and 6.24 Debye in vacuum, water, ethanol, CHCl; and
hexane, respectively). The conversion of glycine to N-acryloyl

This journal is © The Royal Society of Chemistry 2025
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glycine results in a significantly decreased dipole moment of 1.93
Debye (Fig. 1b). As the number of N-acryloyl glycine is increased
up to the pentamer (i.e., homopolymer (G5)), an increase in the
dipole moment is observed, while a sudden decrease in the
dipole moment is observed for the hexamer unit (G6). A similar
phenomenon is observed for all the LH, LE and CH. The intro-
duction of acrylamide to form heteropolymers resulted in a sig-
nificant increase in the dipole moment up to the pentamer unit
(GA11), while the incorporation of cross-linkers decreased the
dipole moment. The greatest dipole is observed for the CE
hetero-hexamer (D7) (Fig. 1b). Based on these results, the vari-
ation in the dipole moment is well correlated with the polar
(acrylamide) or nonpolar nature of the acrylamide/DVB in the
polymeric unit. In all cases, the dipole moments followed the
order water > ethanol > CHCI; > hexane > vacuum.

A decrease in the number of hydrogen bonds corresponds
to an increase in the swelling ratio of the polymers due to the
reduction in intermolecular interactions. The conductor-like
polarizable continuum model (CPCM) was used to calculate
the intermolecular energy for hydrogen binding for all struc-
tures in both polar (water and ethanol) and nonpolar (chloro-
form and hexane) solvents. The intermolecular energy was
found to follow the order CE > CH = LE > LH in water; as the
polarity decreased from water to hexane, the extent of inter-
molecular hydrogen bonding also decreased (see Table S2t
and Fig. 1c). The highest intermolecular hydrogen bonding
energies were observed for D7 and GA16 with values of
60.18 kcal mol ™" and 58.02 kcal mol™" in water, and 57.85 kcal
mol ™ and 55.77 keal mol™" in ethanol, respectively.

Furthermore, Koopmans’ theorem was useful in the identi-
fication of molecular reactivity in terms of ionization potential
(1), chemical hardness (i), softness (o), electronegativity (x)
and electrophilicity (o ).>> Molecular kinetic stability is indi-
cated in terms of the HOMO-LUMO energy gap (AE), as a
higher value corresponds to greater chemical stability, while a
lower value indicates more polarizability with higher biological
activities.>*** Glycine molecules contribute to chemical stabi-
lity, while acrylate glycine exhibits chemical reactivity. The
energy band gaps for acryloyl glycine, acrylamide, GA1 and D1
were calculated to be 6.006 eV, 5.99 eV, 6.95 eV and 5.018 eV,
respectively (Table S31 and Fig. 2). In almost all the cross-
linked structures, the energy band gap values are lower than
those of the LH and LE polymer (see Table S37). The well-
suited HOMO-LUMO energy band gap values of the mono-
mers and cross-linked polymers with molecular docking
results are presented in Fig. 2. Higher electrophilicity corres-
ponds with higher antimicrobial and anticancer properties.*?
It was reported that @ > 1.5 eV represents good biological
activity.>> However, in this work, the  values for all structures
were in the range of 1.6 eV-2.6 eV, except for GA17, for which a
sudden increase in @ was observed obtained (9.4 eV).

3.3. Comparative heparanase inhibitory activity of p(NAG-co-
Ac) polymeric units: molecular-docking-based investigation

The energy band gap and electrophilicity of the cross-linked
P(NAG-co-Ac) polymeric units provide an idea of the thera-
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peutic activity.'** However, no heparanase inhibitors have
been approved in clinical trials. Molecular interaction studies
between 38 random arrangements and human heparanase
(PDBID 7PRT) were performed using the geometrically opti-
mized structures obtained after DFT calculation in a vacuum.
The remaining structures were excluded from DFT calculation
and for molecular docking due to their higher number of
monomers (more than 6 units) showing the higher torsion
angles such as 6 = 32° (as the Autodock tool works best for
ligands with 32° torsion angles). At the molecular level, nega-
tive binding energy and H-bonding correspond to strong
protein-ligand interaction, while the inhibition constant
measures the therapeutic activity of the drug. The active form
of heparanase is composed of non-covalently linked 50 kDa
and 8 kDa subunits, an enzymatic site near Glu343 and
Arg272, and two heparin binding domains, heparin binding
domain I (Lys159-Val170) and II (GIn270-Lys280), as shown in
Fig. 3(a).*® Molecular docking was performed with the known
potent inhibitor roneparstat,*® which is in Phase II trials, and
with cyclophellitol,”” a natural glycosidase inhibitor, and its
derivative with heparanase 7PRT using the Autodock tool
(Fig. 3). Similarly, glycine, N-acryloylglycine and random LH,
LE, CH and CE polymer structures of N-acryloylglycine and
acrylamide were docked with heparanase 7PRT (Fig. 4 and 5).
The interaction binding energies for the reference molecules
and 38 interacting residues are listed in Table S4.1 The inhi-
bition constant (K;) for cyclophellitol was calculated to be
823.53 uM, and five hydrogen bonds with Ser422, GIn424,
Arg465 were formed with a binding energy of —4.2 kcal mol™*
(Fig. 3b and Table S47). Roneparstat interacted with a binding
energy value of —1.36 kcal mol™ at a K; of 100.76 mM by
forming two hydrogen bonds with the Asp183 and Arg382 resi-
dues (Fig. 3c). Glycine interacted by forming only one hydro-
gen bond (Lys232 residue) with a binding energy of —4.09 kcal
mol™ at K; = 1 mM (Fig. 4i) and N-acryloylglycine (Fig. 4ii)
interacted at K; = 166.36 pM, which is lower than the shown
reference value (Table S4%), and by forming four hydrogen
bonds, with a higher binding affinity value of —5.16 kcal mol™*
(Fig. 5). With the conversion of the N-acryloylglycine monomer
to an LH of six units (G6), the binding affinity increases from
—5.16 kcal mol™ to —7.62 kcal mol™* and for the CH of six
units (D5), the binding affinity increases from —6.83 kcal
mol™" to —10.45 kcal mol™" along with the increase in the
number of hydrogen bonds. The LH and CH mostly formed
hydrogen bonds at HBD II, with the most common interacting
residue being Lys280 for LH and Arg272 for CH (Fig. 4, 5 and
Table S4t). G6 formed 8 hydrogen bonds with a binding
affinity of 6.76 kcal mol™" (K; = 11.16 pM) (Fig. 5xiii), and simi-
larly, D5 formed 7 hydrogen bonds with a binding affinity of
—10.72 kecal mol™ (K; = 13.87 nM) (Fig. 5(xv) ). The addition of
acrylamide to the LH and CH yielded the LE and CE. The posi-
tion and change in the number of acrylamide moieties
affected the binding affinity and interaction with residues, as
shown in Fig. 4 and Table S4.f The dimer of acryloylglycine
(G2) interacted with HBDII by forming four hydrogen bonds,
while upon the introduction of acrylamide (GA), it interacted
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band gap of the tetramer and pentamer structures of the four groups

LH, LE, and CH and CE were compared with those of glycine and

N-acryloylglycine. The energy band gap decreased with increasing complexity of the structure.

at HBDIII by forming five hydrogen bonds. Similarly, as shown
in Fig. S1,T with the introduction of acrylamide into p(NAG-b-
Ac) structures, the interaction sites were found to be more
random. Similarly, with the introduction of more than two
units of acrylamide in the p(NAG-b-Ac) structures, the binding
score decreased. For most of the copolymers, such as GA1l
(Fig. 4(iv)), GA9, (Fig. Slat), GA14 (Fig. Sict) and GA1l5
(Fig. S1bt), with increasing the number of acrylamide units,
they interacted at the residue Ser422, along with other resi-
dues. This alteration mainly occurred due to the acrylamide

8550 | Nanoscale, 2025, 17, 8544-8562

unit AA dimers that interacted at the HBDIII sites and random
sites. As shown in Fig. 4(vi-viii), replacement of the central
unit A in for GA4 with DVB (D) resulted in an increased
docking score, whereas for the CE with ADG, the docking
score decreased, but remained relatively higher than that of
GA4 (D2 > D24 > GA4). All the CEs majorly interacted at
heparin-binding domain III, interacting with the residues
Lys280, Lys231, Arg272, Arg273, Gln328 and Lys227 and with
the lowest inhibitory constant at nano-molar K;. Recently,
Zhang et al. reported the heparanase SAR for inhibitors, in

This journal is © The Royal Society of Chemistry 2025
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which molecules interacted at residues Lys231, Glu225 and
Ser228,*® similar to the CE interaction region. It was further
observed that with increasing number of acrylamide units, the
docking scores decreased, as shown in Fig. 5 (D4 > D21 > D22).
We considered four units of glycine, one unit of acrylamide
and one unit of cross linker to be the optimum ratio for
designing the polymer, as in D20, which showed a docking
score equivalent to that of G6 (Fig. 5xiii). LH above G3 do not
show positive protease binding scores. The LE show maximum
protease binding. Furthermore, in the CH series, a positive
protease binding score was observed up to D4 (Fig. 5xi), while
above this, the protease binding scores were negative (Fig. 1).
The CE (D20) shows both protease inhibitory and heparanase
inhibitory activities (Fig. 1 and 5xvi).

3.4. Synthesis of p(NAG-co-Ac) hydrogel and Protease
inhibition

As reported in our previous studies, p(NAG-co-Ac) hydrogel was
synthesized using a mini-emulsion polymerization approach
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through free-radical cross-linking polymerization.>’ Fig. 6a
depicts the FESEM micrograph of p(NAG-co-Ac) hydrogel,
showing spherical nano-hydrogels with a particle size of
20-140 nm (Fig. 6b) in diameter with an average particle size
of 80 nm in diameter. It is difficult to obtain a narrow range of
particle size distribution for polymeric nanoparticles; however,
these particles are in an acceptable range for passive targeting.
The incorporation of the DVB cross-linker and acrylamide
results in the high swelling behaviour of the p(NAG-co-Ac)
hydrogel particles (Fig. 6¢). It is evident that the swelling
behaviour of p(NAG-co-Ac) varied when different solution
media were used, ie., 1063.26 + 46.53% in PBS, 1202.17 +
42.53% in lysozyme, 1495.55 + 74.77% in proteinase K, and
1579.59 + 78.97% in collagenase I after 12 h of incubation. A
decrease in the mass swelling ratio can be correlated with the

8552 | Nanoscale, 2025, 17, 8544-8562

degradation of p(NAG-co-Ac), as the mass swelling ratio was
found to be 706.12 + 28.24% in PBS, 843.49 + 28.24% in lyso-
zyme and 893.87 + 43.46% in collagenase I on day 14, The
lowest degradation of ~1280 + 64.25% was observed in the
solution of proteinase K at 5 min (see Fig. 6c ). On day 15™,
after re-lyophilization of degraded p(NAG-co-Ac) hydrogel,
FESEM micrographs were obtained and the results are shown
in Fig. 6d, f and h, and the distributions of the particle sizes
are shown in Fig. 6e, g and i. The decrease in the particle size
of the degraded p(NAG-co-Ac) hydrogel in PBS and lysozyme is
clearly shown in Fig. 6d and f, with a reduction in the particle
size to 40 nm (Fig. 6e) and 80 nm (Fig. 62) in diameter,
respectively. However, in the presence of proteinase K, the
P(NAG-co-Ac) hydrogel particles are agglomerated into larger
particles with a size of 100-400 nm in diameter, which is also

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Morphology, mass swelling ratio and degradation behavior of

poly-[(N-acryloylglycine)-co-(acrylamide)] hydrogel in different enzy-
matic solutions. (a) FESEM micrograph of p(NAG-co-Ac); (b) particle size
distribution obtained from Fig. 1(a). (c) Mass swelling ratios of p(NAG-
co-Ac) in PBS and enzymatic solutions of lysozyme, proteinase K and
collagenase | at a concentration of 100 ug mL™ of the enzyme. (d-i)
FESEM micrographs of degraded p(NAG-co-Ac) at the 15" day and par-
ticle size distribution from the respective micrographs: (d—e) p(NAG-co-
Ac) in PBS, (f—g). p(NAG-co-Ac) in 100 pg mL™! lysozyme, (h and i)
p(NAG-co-Ac) in 100 pg mL™* proteinase K.

important evidence for the protease inhibition activity. The
protease inhibition activity was further confirmed through
in silico results (Table S17).

3.5. p(NAG-co-Ac) hydrogel-induced enzyme inhibition and
CD spectroscopy

The synthetic pentasaccharide fondaparinux sodium with a
relative molecular mass of 1728 Da is a commercially available
substrate of heparanase. Heparanase hydrolyzes fondaparinux
and generates the one-reducing terminal of glucuronic acid,
which was detected using resazurin via the generation of fluo-
rescent resofurin. Heparin and its derivatives, such as the
N-acylated heparin derivative roneparstat, are well known
heparanase inhibitors that show 70% inhibition of heparanase
at a 1 pg mL™" concentration of heparin. Therefore, in the

This journal is © The Royal Society of Chemistry 2025
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present study, heparin was used as a positive control, and the
inhibitory activity of glycine, N-acryloyl glycine and p(NAG-co-
Ac) were tested via a fondaparinux-based inhibition assay.
Glycine does not show heparanase inhibition, while the con-
version of glycine to N-acryloylglycine and p(NAG-co-Ac)
resulted in heparanase inhibition at a concentration of 250 ng
mL™". At particle concentrations above 250 ng mL™', we
observed an almost equivalent percentage of heparanase inhi-
bition, as shown in Fig. 7a. These results corroborated that the
N-acryloylglycine and p(NAG-co-Ac) hydrogels exhibited hepara-
nase inhibitory activity.

Furthermore, CD analysis shows a significant change in the
protein secondary structure upon treatment with p(NAG-co-Ac)
hydrogel. Polymerization of N-acryloyl glycine to p(NAG-co-Ac)
hydrogel results in a decrease in the spectral intensity in the
CD analysis. The CD spectrum of heparanase shows 29%
a-helix (Fig. 7c) with a positive signal at 191 nm and negative
signal at 193.5 nm (Fig. 7b), which were disturbed by the
addition of the known heparanase inhibitor heparin, with a
slightly hyposochromic shift for the positive signal to 192 nm
and a bathochromic shift to 196 nm for the negative band
intensity. The polymerization of N-acryloyl glycine to p(NAG-
co-Ac) hydrogel results in the decrease in the intensity of the
CD spectrum. Similar to heparin, upon the addition of p(NAG-
co-Ac) to heparanase, there is a significant change in second-
ary structure of the protein, confirmed by the hyposochromic
shift in comparison to p(NAG-co-Ac) alone to 190 nm and the
bathochromic shift for the negative signal at 196 nm (Fig. 7b).
This loss of a-helix (Fig. 7c) and large shift is the result of the
disturbed secondary structure, and its occurrence may be due
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Fig. 7 Enzyme interaction and inhibition assay. (a) Heparanase inhibi-
tory activity of glycine, N-acryloyl and p(NAG-co-Ac) compared using
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N-acryloyl glycine and p(NAG-co-Ac) alter the secondary structure of
HPSE. (c) Comparison of the altered a-helix percentage of heparanase:
N-acryloyl glycine and p(NAG-co-Ac) alone and with HSPE.
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to the aggregation. A similar effect on the protein structure
was also observed when it was treated with N-acryloyl-glycine.
Furthermore, to evaluate the anticancer potential of p(NAG-co-
Ac) hydrogel, its in vitro cytotoxicity and anti-migratory effects
were investigated.

3.6. p(NAG-co-Ac) hydrogel enhances cytotoxicity in
aggressive cancer

Glycine is an amino acid involved in cell proliferation and in
tumor metabolomics, and therefore, upon treatment with
glycine at concentrations from 3 pg mL™" to 2.5 mg mL ™", all
normal cells (L929, Hek293, HepG2) and cancer cells (A549,
MDA-MB-231 and LN229 cell lines) showed 100% (P > 0.05)
cell viability, except for MCF7 cells, which exhibited 80% cell
viability at all the concentrations (P* < 0.05) (Fig. 8d).
N-Acryloylglycine monomer had no effect on the cell viability
of the L929, HepG2, and A549 cell lines (Fig. 8a, ¢ and e),
while significant toxicity was observed (P < 0.05) in Hek293
(Fig. 8b) at 1.25 mg mL™' monomer concentration and the via-
bility decreased to 80% in the MDA-MB-231 and LN229 cell
lines (Fig. 8f and g). The viability of Hek293 was significantly
improved for the polymerized form of N-acryloylglycine, i.e.,
P(NAG-co-Ac) (Fig. 8, green line). p(NAG-co-Ac) hydrogel pos-
sesses significant cellular toxicity toward the aggressive cancer
cells in the order LN229 > MDA-MB-231 > A549. The observed
ICs, for LN229 is 625 pg mL™" (P* < 0.01) and for
MDA-MB-231, it is 2.5 mg mL™" (P* < 0.01) (Fig. 8g). However,
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the MCF7 cell line remains 80% viable, which could be due to
the low expression heparanase (Fig. 8b and c).

Next, live-dead assays were performed using acridine
orange (AO) and propidium iodide (PI) staining (Fig. 9a). From
the results, it is evident that the polymerized hydrogel exhibi-
ted significantly higher cytotoxicity towards cancer cells than
the glycine and N-acryloyl glycine monomers. Further, the
hemolytic activity of the N-acryloylglycine monomer at
different concentrations was studied and found to be higher
than that of p(NAG-co-Ac). The hemolytic percentage for the
monomer at concentrations of 62.5, 125, 250, 500 and 1000 pg
mL™" was found to be —12.3580 + 0.056, —30.0772 + 0.0051,
2.8169 + 0.014, 17.3130 + 0.178, and 14.3116 + 0.007, respect-
ively (Fig. S2t). However, the hemolytic percentage of p(NAG-
co-Ac) at concentrations of 62.5, 125, 250, 500 and 1000 pg
mL ™" was found to be 0.14 + 0.09, 1.13 + 0.18, 1.58 + 0.46, 1.88
+0.13 and 13.56 + 1.04 at 24 h, respectively (Fig. 8b).

3.7. Pp(NAG-co-Ac) hydrogel mitigates cancer cell migration

The prognosis of metastatic cancer worsens with the migration
and invasion of cancer stem cells. Therefore, the migratory
mitigation effects of p(NAG-co-Ac) were investigated by per-
forming wound scratch assays on the MDA-MB-231 and LN229
cancer cell lines and 1929 normal fibroblast cell lines. Glycine
and N-acryloylglycine exhibited a non-significant effect on the
migration of the MDA-MB-231 and LN229 cancer cell lines,
while p(NAG-co-Ac) decreased the rate of migration for the
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Fig. 8 MTT assay cell viability results for the (a) L929, (b) HEK 293, (c) HepG2, (d) MCF7, (e) A549, (f) MDA-MB-231, and (g) LN229 cell lines treated
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Fig. 9 (a) Live—dead assay performed via AO/PI staining of MDA-MB-231 cell line treated with glycine, N-acryloylglycine and p(NAG-co-Ac) hydro-

gel, and (b) hemolysis (%) in treatment with p(NAG-co-Ac) hydrogel.

MDA-MB-231 and LN229 cancer cell lines. The wound closure
percentage for untreated LN229 was found to be 30.15 + 9.3%
and 51.44 + 8.64% (Fig. 10), and that for MDA-MB-231 was
8.81 + 4.53% and 48.30 + 9.31% (Fig. 11), after 24 h and 48 h
of treatment, respectively. Glycine enhances the LN229 cell
migration in a dose-dependent manner: 50 pg mL™": 44.08 +
3.37%; 100 pg mL™": 43.27 + 4.87%; and 250 pg mL™": 61.93 +
0.98% at 48 h. In MDA-MB-231, glycine treatment inhibited
wound closure with 15.13 + 2.37% at 50 pg mL™", 23.13 +
3.53% at 100 pg mL™" and 8.26 + 3.28% 250 pg mL ™" at 48 h.
N-Acryloylglycine and p(NAG-co-Ac) significantly inhibited the

This journal is © The Royal Society of Chemistry 2025

cellular migration of LN229 cells (P** < 0.001) (see Fig. 10) and
MDA-MB-231 cells (P** < 0.001) (Fig. 11). For LN229, the extent
of wound closure was observed to be 15.61 + 4.26%, 6.79 +
0.01%, and 7.22 + 5.67% for N-acryloylglycine and 11.56 +
4.82%, 12.72 + 6.87%, and 4.18 + 3.55% with p(NAG-co-Ac) at
concentrations of 50, 100 and 250 pg mL™", respectively, at
48 h. Similarly, in MDA-MB-231, the extent of wound closure
was observed to be 4.22 + 1.70%, 2.74 + 0.55%, and 6.27 *
4.76% for N-acryloylglycine and 8.05 + 5.89%, 5.96 + 3.11%,
and 4.05 + 0.20% for p(NAG-co-Ac) at concentrations of 50, 100
and 250 pg mL ™" at 48 h. The wound closure percentage in the
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Fig. 10 In vitro wound scratch assay results obtained using LN229 glioblastoma cells and applying different concentrations (50 pg mL™, 100 pg
mL~* and 250 pg mL™Y) of samples. Results obtained for (a) glycine, (b) N-acryloyl glycine, and (c) p(NAG-co-Ac). (d) Effect on migration. Inhibition

was measured in terms of wound closure percentage at 24 and 48 h.

untreated L929 control was calculated to be 16.56 + 1.65% at
24 h, and p(NAG-co-Ac) showed a non-significant migration
effect on L929 cells at 50 pg mL™" (38.67 + 3.86%), 100 pg
mL™" (19.88 + 12.82%) and 250 pg mL ™" (20.15 * 2.01%).

3.8. Pp(NAG-co-Ac) hydrogel elevated reactive oxygen species
(ROS) levels, leading to apoptotic cell death

Furthermore, to evaluate the cell death mechanism, ROS gene-
ration was evaluated using dichlorofluorescein diacetate and
annexin V/PI assay. The LN299 cell line was treated with 500 pug
mL™" and 1000 pg mL™' of glycine, N-acryloyl glycine or
P(NAG-co-Ac) hydrogel. In the control, it was observed that 80
+ 2.15% cells were healthy, 13.42 + 1.83% were in early apopto-
sis, 2.92 + 0.23% were in late apoptosis, and 3.45 + 0.21% were
in the necrotic phase. Glycine treatment induced necrosis, as
the major cell populations shifted to the necrotic phase with
21.32% (500 pg mL™") and 20.79% (1000 pg mL™") at 24 h.
With treatment with 500 pg mL™" N-acryloylglycine and

8556 | Nanoscale, 2025, 17, 8544-8562

P(NAG-co-Ac) hydrogel, the major cell population shifted to the
early apoptotic zone (24.63% and 23.12%, respectively) and
4.78% and 5.29% were in the late apoptotic phase. Similarly,
with 1000 pg mL™" of N-acryloylglycine and p(NAG-co-Ac)
hydrogel, 42.05% and 36.88% of the cell population were in
the early apoptotic death phase at 24 h of treatment. As com-
pared to treatment with 160 pM H,O, (positive control),
glycine treatment helped to generate more intracellular ROS
(Fig. 12b). However, comparison indicated that
N-acryloylglycine (Fig. 12c) and p(NAG-co-Ac) treatment
induced similar levels of ROS generation to the positive
control. Hence, this could be the reason for the necrotic cell
death upon treatment with glycine. For N-acryloylglycine treat-
ment, a relatively lower level of ROS production was observed
compared to p(NAG-co-Ac) treatment, and hence apoptotic
death was observed. However, this study was kept limited to
flow cytometry and evaluation of molecular markers to reveal
the clear inhibition mechanism.

This journal is © The Royal Society of Chemistry 2025
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3.9. Anti-angiogenic properties of p(NAG-co-Ac) hydrogel

Cell surface expression of heparanase induces angiogenesis
and metastasis of cancer. Therefore, a CAM assay was per-
formed to estimate the anti-angiogenic potential of p(NAG-co-
Ac) hydrogel, which was compared with that of the N-acryloyl
glycine monomer. As shown in Fig. 13a, vessel sprouting was
observed at lower doses of N-acryloylglycine, such as 2.5 and
25 pug mL™"; however, a higher dose of 1000 pg mL™" led to irri-
tation and blockage in the maturation of vasculature. In
Fig. 13a, it is evident that there is a reduction in the number
of vessels observed for p(NAG-co-Ac). Specifically, 8 h treatment
with 2.5 pg mL™" and 25 pg mL™' concentrations of
N-acryloylglycine (Fig. 13b—f) led to slight increases in vessel
area (122.42 + 3.32% at 2.5 pg mL™", 136.23 + 21.36% at 25 pg
mL™", 112.42 + 95% for reference control), total vessel length
(126.24 + 0.57% at 2.5 pg mL™", 139.84 + 26% at 25 pg mL™;
115.71 + 10% for reference control), junction density (102.68 +
2.12% at 2.5 pg mL™", 136.14 + 53.21% at 25 pg mL™'; 97.45 +
8% for reference control) and total number of junctions
(131.94 = 5.58% at 2.5 pg mL™", 176.23 + 83% at 25 pg mL ™",

This journal is © The Royal Society of Chemistry 2025

111.36 = 19% for control). Treatment with 1 mg mL™' of
monomer did not result in any observed change in the men-
tioned parameters. However, the differences in these values
are non-significant at the level of p < 0.05 compared to the
control. Further, it was identified that treatment with different
concentrations of p(NAG-co-Ac) hydrogel (Fig. 13g-k) led to
statistically significant decreases in vessel area, total vessel
length, junction density, total number of junctions and
average vessel length at all concentrations. Specifically, for
2.5 pg mL™", 25 pg mL™' and 1 mg mL™" concentrations of
P(NAG-co-Ac), the vessel area decreased by 38.4 + 51%, 54.03 =
12.68% (p*** < 0.001) and 57.74 + 27.36% (p* < 0.01);
the total number of junctions decreased by 75.49 + 19.48%
(p** < 0.005), 71.64 + 19.09% (*p < 0.01), and 44.6 + 19.92%
(p* < 0.01); junction density decreased by 63.12 + 26.90
(p** < 0.005), 78.46 + 2.86% (p*** < 0.001), and 36.78
25.48% (p = 0.05); total vessel length decreased by 26.24
17.25% (p* < 0.05), 36.33 + 12.87% (p** < 0.005), and 14.71
10.02% (p > 0.05) and average vessel length decreased by 81.86
+ 35.68% (p* < 0.05) 55.12 + 34.72% (p > 0.05) and 72.64 +
48.19% (P* < 0.05), respectively.
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Fig. 12 (a) Flow-cytometry-based quantitative analysis (using annexin V/Pl assay) of apoptotic and necrotic cell death induced by glycine,
N-acryloylglycine and p(NAG-co-Ac) hydrogel, and comparison with the untreated reference control. (b—e) Intracellular ROS generation induced by
(b) 50 and 500 pug mL™* glycine, (c) 50 and 500 pg mL™ N-acryloylglycine, (d) 50 and 500 pg mL™* p(NAG-co-Ac) hydrogel. () Comparison of intra-

cellular ROS generation between b, ¢, and d.

4. Discussion

chemotherapy is a primary successful treatment option, it has
many limitations, as chemotherapy is a key factor in the induc-

Designing an anti-tumorigenic polymer for heparanase-driven tion of heparanase expression®>?® Heparanase promotes the

malignancies is a key research area because of the increase in  aggressive malignant phenotype by creating the cancer stem

chemoresistance and heterogeneity in

8558 | Nanoscale, 2025, 17, 8544-8562

cancer. Although cell niche within the bone marrow microenvironment> and
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regulates inflammatory signalling molecules, leading to the
reoccurrence of cancer with poor prognosis. Previously,
Bentolia et al. developed a polymer possessing heparanase
inhibitory activity. However, they restricted their study to only
homopolymers. Among the various amino acids reported,
glycine was selected for the present study due to the preventive
effect of dietary glycine on cellular proliferation.”” Glycine

This journal is © The Royal Society of Chemistry 2025

nificance level of p < 0.05.

shows a dose-dependent biphasic role; at lower concentrations,
it shows pro-angiogenic activity, while at higher concentrations
it possesses an anti-angiogenic effect*® and cardioprotective
effect,® and further plays an important role in one-carbon
(1C) metabolism. However, the role of glycine in cancer is still
contradictory because of the involvement of serine/glycine in
the 1C metabolism pathway. We did not find any reports to
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date that have shown glycine activity against heparanase;
however, a heparanase inhibitor, and
functionalization with glycine improved the heparanase inhibi-
tory potency.’®*! Therefore, in the present study, a compara-
tive assessment between glycine, N-acryloylglycine, homopoly-
mers of N-acryloylglycine, heteropolymers of N-acryloyl glycine
and N-acrylamide, and cross-linked homo- and heteropolymers
was carried out.

Although computational approaches such as DFT for the
understanding of the mechanism of chemical processes have
various shortcomings, they can still provide many insights into
the stability, chemical reactivity, and biological activity of
newly designed polymers and give a brief idea of the under-
lying mechanism of the formation of the molecule.** Here, the
optimization of geometry and electronic properties for all the
homo- and heteropolymeric structures were performed using a
well-established basis set/force field combination (B3LYP/6-
311g*). From the calculations, it is observed that introducing
N-acrylamide into the homopolymer of N-acryloylglycine
causes an increase in the polarity and subsequently increases
the dipole moment. In contrast, the introduction of DVB to
the homopolymer causes a decrease in the dipole moment
value. However, the introduction of both acrylamide and DVB
to the homopolymer causes a decrease in the dipole moment
and accomplishes the formation of a stable structure. These
dipole moment values are quite important, with the solvation
parameters in selected solvents following a decreasing order of
polarity. Simultaneously, the HOMO and LUMO results for the
cross-linked heteropolymers showed a decrease in band gap
energy as compared to the homopolymers (Fig. 2 and
Table S31). Further, the introduction of cross-linkers and acryl-
amide provides an increase in the biological activity of the
polymers with a potential role in anticancer activity.
Additionally, synthesized polymers in biological systems most
commonly interact with G-coupled protein receptors, nuclear
receptors, ion channels, kinase and protease, and express
favourable pharmacological activity. Therefore, the prediction
of bioactivity scores via DFT helps in the determination of
potential applications and pharmacological categorizations.
Among all the random arrangements considered, most fell
under the protease inhibitory categories (Fig. 1). In malignant
tumours, protease production, activation and inhibition are
often disturbed, which further promotes tumour growth;>
hence, inhibitors are considered to be potent anticancer
agents. In an attempt to establish heparanase inhibitory
potential, blind molecular docking was performed in the
present work. Glu225 and Glu343 are critical residues for func-
tional catalytic activity. Gln270-Lys280 residues form the
heparin-binding domain II, which is further responsible for
the heparin binding, and Lys411-Lys417 and Lys427-Arg43
represent the third potential interactive sites (Illrd interactive
sites).>* Deletion of the GIn270-Lys280 residues results in an
inactive enzyme; hence, it is one of the potential domains for
heparanase inhibitor development. The homopolymers mainly
interact at heparin binding domain II, whereas with the intro-
duction of acrylamide, the hetero-linear polymer interacts at

benzoxazole is
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the third potential interactive site. The introduction of DVB to
the homopolymer does not alter the binding sites; however, it
induces increased binding affinity towards heparin binding
domain II. Further, with the introduction of both DVB and
acrylamide, the majority of the arrangements interact at
heparin binding domain II with a higher affinity at lower
inhibitory concentrations than the homo/hetero-linear poly-
mers, and some cross-linked heteropolymers bind at the IIIrd
interactive sites, which could be observed due to the formation
of a stable structure. Additionally, the anticancer properties of
P(NAG-co-Ac) were validated by in vitro studies. The syn-
thesized p(NAG-co-Ac) is 40-120 nm in diameter and showed
very high swelling behaviour (1579.59 + 78.97%) in the pres-
ence of collagenase and 1063.26 + 46.53% in PBS (Fig. 6). The
swelling behaviour is well correlated with the computational
findings, and we can infer that the highest swelling may have
occurred due to the increase in the intermolecular hydrogen
bonding energy (Table S2t). Similarly, in silico protease inhibi-
tory activity was validated and is depicted in Fig. 1 and 6(h, i),
where the p(NAG-co-Ac) hydrogel showed biodegradation in
PBS and in lysozyme; however, in proteinase K solution, an
increase in agglomeration was observed. A higher extent of
degradation was observed in PBS. This is because the polymers
mainly consist of NH, and COOH groups and degrade primar-
ily via hydrolysis, which is slow at neutral pH but can be accel-
erated by ionic interactions and temperature. In
Molinspiration, the bioactivity scores are based on compound
similarity with known bioactive molecules. Based on the posi-
tive bioactivity score, we can predict that certain functional
groups of p(NAG-co-Ac) or structural features resemble those of
known protease inhibitors. Proteinase K requires metal ions
for bioactivity, which may interact with COOH groups of
P(NAG-co-Ac). Furthermore, this group may chelate the metal
ions or form covalent bonds with the active residues of
Proteinase K, potentially could and a covalent bonds with the
active residues of Proteinase K, potentially could disturb the
enzyme structure. We consider that this could be the possible
mechanism for the proteinase K inhibition, however, evalu-
ation of the exact mechanism and kinetic study is a future
extension of this study. We have also considered that the
degradation products may yield similar arrangements of
hetero/homo polymers and may give the heparanase activity.
The in vitro cytotoxicity of p(NAG-co-Ac) hydrogel was
studied, and the results were compared with the cytotoxicity
results for glycine and N-acryloyl glycine. The p(NAG-co-Ac)
hydrogel showed higher cytotoxicity towards aggressive cancer
cell lines than normal healthy cell lines. N-Acryloylglycine
showed higher cell-killing efficiency in HEK293 (Fig. 8b);
however, it was reduced by the formation of the p(NAG-co-Ac)
hydrogel. We observed a lack of cell-killing effect of p(NAG-co-
Ac) hydrogel in MCF7 cell lines (Fig. 8d), which may be due
the lowered level of heparanase expression in MCF7 compared
to that in MDA-MB-231 (Fig. 8f) and LN229 (Fig. 8g). The
heparanase expression results in different cancer cell lines and
in healthy cell lines have been presented in ESI Fig. S3 and
S4,t which were analysed from supporting data obtained from

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr00079c

Open Access Article. Published on 21 2025. Downloaded on 04-11-2025 20:17:27.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

the human protein atlas data bank. Further, p(NAG-co-Ac)
hydrogel inhibits the migration of MDA-MB-231 (Fig. 10) and
LN299 (Fig. 11) cells and induces apoptotic death in both cell
lines. In LN299 cells, glycine induces necrotic death, which
may be due to excessive ROS generation. In contrast, p(NAG-co-
Ac) hydrogel induces programmed cell death by modulating
ROS production at a therapeutic level, as shown in Fig. 12. We
further observed reduced vessel area, total number of junc-
tions, junction density and total vessel length, which demon-
strate the anti-angiogenic behaviour of p(NAG-co-Ac) hydrogel
(Fig. 13). This behaviour may be due to the heparanase inhibi-
tory potency of p(NAG-co-Ac), as heparanase is tightly involved
in angiogenesis. As the database shows, the highest expression
of heparanase is observed in oesophageal cancers, bladder,
cervical, and colorectal cancers, etc. Therefore, p(NAG-co-Ac)
has huge potential for use in oesophageal, cervical and color-
ectal cancer therapy due to its heparanase binding capacity.

5. Conclusions

In this work, p(NAG-co-Ac) hydrogel has been successfully syn-
thesized using N-acryloylglycine and acrylamide. It consists of a
linear and cross-linked arrangement, and shows a positive score
protease inhibitory in in silico investigation. With the increase in
the dipole moment of the linear heteropolymer and cross-linked
heteropolymers, a decrease in the energy band gap is observed.
Cross-linking induces heparanase binding scores with lower K;
values in the nanomolar concentration range at heparin binding
domain II. In vitro study revealed that the anti-migratory, anti-
angiogenic and cancer-cell-killing potential of p(NAG-co-Ac)
hydrogel in aggressive heparanase-over-expressing cancer cell
lines is extraordinary. By increasing the ROS level, p(NAG-co-Ac)
hydrogel promotes programmed cell death in cancer. Having
revealed its anti-cancer mechanism at the molecular level, the
high swelling and drug loading potential further enhance the
future scope of this anticancer polymer in esophageal, cervical
and colorectal cancer therapy.
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